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A theoretical study of a quenchednnealed system where both components were modeled as charge symmetric
+1:—1 primitive model electrolytes is presented. The adsorbed model electrolyte, mimicking lithium chloride
solution, was assumed to be in thermodynamic equilibrium with an external reservoir of the same electrolyte.
This partly quenched system was studied by applying the replica Oragteimike (ROZ) integral equation

in the hypernetted chain (HNC) approximation and the grand canonical Monte Carlo technique. The effects
of the concentration of matrix ions, pre-quenching conditions, and the electrolyte and solvent conditions on
the adsorption of electrolyte were examined. The results indicate that the mean activity coefficient of the
adsorbed electrolyte may differ substantially from the value of the corresponding quantity in the equilibrium
bulk solution. The concentration of the annealed electrolyte in the matrix can be higher (sorption) or lower
(rejection) than the corresponding equilibrium bulk concentration, depending on conditions of matrix preparation
and on the temperature of adsorption. An important observation of this study is that the ROZ/HNC
approximation can be solved for very high couplings, i.e., we can obtain valid results in the region of parameters
where the regular OZ/HNC, applied to the equivalent bulk electrolyte solution, fails to converge. The agreement

between the computer simulations and ROZ/HNC results for the adsorption isotherms is good.

1. Introduction system, to derive the so-called replica Ornstedernike (ROZ)
equation. The ROZ theory has been successfully applied so far

The equilibrium statistical thermodynamics of fluids in ; | model svstert& 14 Part hed svst tai
heterogeneous media is a topic of considerable practical and'© Several model systems.™ Fartly quenched systems contain-

amo oIS, . e
scientific importance. These systems can be found in industrial "9 Particles interacting via the Coulomb interactiort® have

applications such as heterogeneous catalysis, separation pro"EIISO been studied. Bratko and Chakrabrtytilized Monte

cesses, ion-exchange, and others. Theoretically, disordered-@r0 simulations to investigate the behavior of a dilute ionic
porous materials filled with liquid may be considered as partly fluid in a quenched d|sqrdered medium with ionic obstacles.
quenched systems, i.e., materials in which some of the degrees' Ne structure of the medium was assumed to correspond to that
of freedom are quenched, and others are annealed. The ensembff @n ionic fluid equilibrated at a certain pre-quenching
average used to calculate the thermodynamic averages in suclémperature and dielectric permittivity, different from the
systems becomes a double ensemble average: first over th&orresponding values under the conditions of observation.
annealed degrees of freedom, and then over all the possible In several recent contributions from our group the replica
values of the quenched variables. In this respect annealed Ornstein-Zernike theory was applied to study the adsorption
guenched systems differ from regular mixtures. The computer of a model ionic fluid in a disordered medium with ioHic?3
simulations of such systems are necessarily time-consuming ancor neutrad*?® obstacles. In these studies the matrix and the
development of more analytical theories is clearly warranted. adsorbed fluid were treated in the primitive model approxima-
In the past decade a new theoretical approach has beertion, i.e., the ions were modeled as charged hard spheres
developed by adaptation of ideas from liquid-state statistical embedded in a dielectric continuum. The matrix, represented
mechanics: 1! Extensive lists of references, together with as an electroneutral system of positively and negatively charged
discussion of important theoretical and experimental develop- hard sphere%23was assumed to be formed by a rapid quench
ments in this area of research, are given in recent review of the electrolyte solution being equilibrated at temperafyre
paperst?~14 Partly quenched systems seem to have been first and characterized by dielectric constantThe assumption was
studied by Madden and Glantt, who considered a fluid  that the distribution of matrix particles corresponds to an
introduced into a random structure that was statistically homo- equilibrium state of the ionic fluid of concentratiosy at
geneous on all but molecular length scales. Using methods oftemperatureT,. The annealed component, also pictured as a
topological reduction, they developed the Ornstefernike primitive model electrolyte in a solvent wite, was than
integral equations for the correlation functions. In an important gssumed to be distributed within the matrix at the temperature
contribution Given and Stélt® applied the so-called continuum  of ohservationT;. The adsorbed electrolyte is assumed to be in
replica method, which involves relating a partly quenched gqyilibrium with an external reservoir of the same model
system to a fully equilibrated system called the replicated gjectrolyte at this temperature: the condition of equilibrium
+ Corresponding author. required all perm_ea}ble ions to have equal chemical potential in
t University of Ljubljana. both “phases”. Limited comparison of the ROZ/HNC calcula-
*Instituto de Quimica de la UNAM. tions with the grand canonical Monte Carlo data indicated that
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the theory provides semiquantitatively correct predictions for potential for such an example is:
the equilibrium distribution of a-1:—1 electrolyte between the
matrix and the external solution for the conditions (temperature, 0 0
dielectric constant) examined in refs 22 and 23. Ui () = P e r
The present contribution is a continuation of our studies 447
described above. It represents further investigation of the
applicability of the replica OZ theory in the HNC approximation
to describe partly quenched systems with charged obstacles. Iqh
addition, the ROZ/HNC results are complemented by the grand . — ~
canonical Monte Carlo simulation of the same system. Of hfard spher?s with g:hargez;andezﬁ 2 - 1,2 = -1 and
considerable interest is to learn how the presence of obstaclesd"?‘n?me,rsmr a”‘?‘ o TPe sizes of the |10ns were chosen to
affects the structure and thermodynamics of the adsorbed™Mimic LiCl solution?® of; = 5.43 A anday, =3.62 A._Tr_]ese
electrolyte. There are two properties which are of central interest diameters are adjusted to the mean-spherical description of the
for this study. One is the chemical potential of the annealed Primitive model electrolyte and yield good agreement with
electrolyte, which actually determines the equilibrium between €XPerimental daté The total lonic nurrllber concentration of
the external electrolyte solution and the adsorbed electrolyte. @nnealed species is equaldp= o3 + p-, and the solvent is
This quantity is of primary importance for determination of the Modeled as a dielectric continuum with constanAdsorption
equilibrium distribution of electrolyte between the porous Was studied at condition$,, ¢ which are different from the
medium and the bulk phase. The second property of interest isconditionsTy, €o under which the matrix was equilibrated. The
the so-called osmotic compressibility, this quantity reflects the fluid—fluid Uj(r) and the fluid-matrix U;%(r) pair potentials
stability of the adsorbed electrolyte. The study presented hereare defined as:
complements our previous research in the following aspect: The

r < (0% +0%)2
r= (% +d°)2

@)

wherei andj assume values- and —.
The model for the annealed electrolyte is similar to that of
e matrix; it corresponds to an electroneutral system of charged

ROZ/HNC calculation is extended into the range of parameters 1 00 r< (ail + ajl)/2
(T4, €) where electrostatic interactions are very strong. This is Uu ()= ezz-lql/er r > (0; + 0;)/2 @)
the range of parameters where the regular HNC approximation, - !
when applied to a bulk (unperturbed) electrolyte solution, may
b . o and
not provide convergent solutions. For the specific model used
in this work, we explored the influence of the temperature of 1
matrix preparation and its concentration, as well as the effects U*O(r) Y R r<(o+ ‘719)/ 2 ©)
of temperature of adsorption. The conclusion is that the HNC ! &€z Zler, 1= (o7 + 0))I2

approximation, when applied in the framework of the replica

formalism, can be solved for stronger couplings than the regular  Note also that other solvent averaged potential functions,
HNC approximation, which applies to unperturbed electrolytes. containing contributions from the overlap of the solvation shells

For example, the HNC approximation for a model electrolyte (see, for example, ref 27) may easily be incorporated into the
could not be solved for the reduced temperaflire= 60.15 K replica formalism. The numerical values of thermodynamic

in the whole concentration range, while the replica HNC parameters studied in this work may depend on the details of
equations for the adsorbed electrolyte give a convergent solutionthe solvent-averaged potential especially at higher electrolyte

for this and even lower temperatures. Moreover, these resultsconcentrations, but the trends observed in calculations are
are in fair agreement with the new computer simulations of these expected to be the same.

systems. In this paper most of the calculations apply to a matrix formed
atTo = 298.15 K and in a solvent witty = 78.54. The structural
2. Model System and thermodynamic properties of the annealed electrolyte were

examined for a set off; and ¢ values. Note that the two

The model system under investigation, for details see also parameterd; ande can be combined into one. For simplicity
ref 20, is composed of two subsystems. The first subsystem isof presentation we choose= ¢, so the strength of interaction
a quenched ionic fluid, called the matrix, and the second is an between the molecules of annealed fluid and the annealed-fluid
annealed electrolyte, which thermally equilibrates in the presencematrix ions is reflected solely in the value ®f.
of matrix particles. Note that the matrix particles do not respond
to the presence of the annealed fluid. The notation is as usual3. Replica Ornstein—Zernike Theory
in these studies: the superscripts 0 and 1 correspond to the
matrix and the annealed fluid species, respectively. The matrix,
represented as an electroneutral system of positively and
negatively charged hard spheres with chargﬂsand e? (Zf’F
= 1,2 = —1), is assumed to be formed as follows: at a
certain temperatur€, the electrolyte solutioneg) is subjected
to a rapid quench. It is assumed that the spatial distribution of
matrix ions does not change during the quench, and is therefore
completely determined byp. H'-c'=c¥® pOH01 +c'® pOH _ct?g lezl

In the present work we investigate the case where the matrix
is formed from a modet1:—1 electrolyte. The diameters of H'?— C?=C"® p°H”" + C' ® p'H*?+ C2® p'H'" —
ions were chosen to b€, = ¢° = 4.25 A as in some previous c2g le21 (4)
studies'®2° The matrix ions with the number concentrations
p and p°, respectively, are immersed in a dielectric con- where® denotes convolution. The first equation in this set
tinuum with a dielectric constantéo. The interaction pair describes the matrix subsystem. Since the electrolyte solutions

To obtain the properties of the model system we utilize the
replica Ornsteir-Zernike equations in the foraf:

HOO _ COO — C00® pOHOO

H10 _ ClO — ClO ® pOHOO + Cll® le 10 _ C12 ) lelo
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are two-component systems containing catiohsdnd anions q — %= pPg quOO
(=) p' has the formi(= 0,1):
10 10 __ 10 0,00 11 1.10
Pi 0 g — P " =d"Q®pqg +DP " ®pq
(O+ p'_) (5) qll _pl=—pg oq01 +plle plqll
12 12 10 0,01 11 1.12
Further,H™ as well asC™ are matrices of dimension 2 Q-9 =0"Q®pQq + P ®pq (10)
2, containing+ +, + — (—+), and — — functions. The

annealed fluid correlation functioridl! and C1! are divided Finally, the renormalized ROZ equations redd:

into connecting and blocking part® Blocking parts are
denoted asH!?2 and C'2 As explained elsewhe¥é* the
connected functions, for exampld!! — H12, account for the
correlation between a pair of fluid particles propagating via other
fluid particles, and the blocking functions account for the H(S) C(S) C(S)®p (H(S)+ %)+ o'®
correlations between fluid particles “blocked” from each other 1 1 1 1,
by the matrix particles. Co®p'(Hg+a) + @7 ® p'H -
To solve the set of integral equations written above, we need
to assume so-called closure conditions. For electrolyte solutions
the so-called hypernetted chain (HNC) closure is known for its

Hy — Clg = Cu ® p°(Hey + %) + % ® p’Hiy
(11)

PHS +

CE®p'(Hg+

q'9

accuracy and therefore often us&d? A disadvantage of the

11 _ ~11_ 10 01 10 o
H(S) C(S) C(s) ®p (H(s) +q)+ P ®p H(s)
C12

HNC theory is the limited convergence obtained for highly c(s)® P (H(s)+ qH+ ot le(lsl) S®p (H(s)+ g2y

coupled system® In this study we apply the HNC closure
condition in the form:

Cmn(r) — e[—,61Umr(r)+rmr(r)] _

CHr)=¢€"(r) - (6)

In this equation™ = H™ — C™" and the superscript®, n
assume values 0 and 1. Furthé&™ are the matrices of
interparticle pair potentials, angh = 1/kgT1, wherekg is the
Boltzmann constarf®

1—-1T™(r)

1-THr)

4. Renormalized Form of ROZ Equations

12
HG—Cé=
1 11 1
Cy®p'(Hg+a?) + " ®p'HG—Ci®
12

CS® p°(Hy +a™) + @ ® p°HYG +
lH 1

® p'HZ (12)

The integral equations given above (eqs 10 and 11) were
solved by direct iteration. Some details of the actual calculation
were given in our previous papei%?l24
5. Expressions for Thermodynamic Properties

In this section we present equations for the thermodynamic

~ The set of equations given in the previous section is not yet properties which can be calculated once the distribution func-
in a form suitable for numerical solution. To avoid divergence tions are known. The excess internal energy per annealed fluid

of the integrals with potentials proportional to?, we need to

apply a suitable renormalization scheme. In analogy with studies

of bulk electrolyte solutions, we split the correlation functions

C andH into short-range (denoted by the subscript (s)) and A1E7/N; =

long-range parts®
C™(r) = Ciglr) + ™)
C™M(r) = C(r) + @°(r)

CH(r) = Cin )

and

H™(r) = Hgr) + ™) ®)

where the superscripts, n assume the values 0, 1, 2. Further,
C24r) = C¥(r), C%Yr) = C%(r), HZ(r) = H(r), and ®?r)

= ®1Yr). The particles belonging to different replicas do not
interact and therefor®!%(r) = 0. The elementsy;"(r) of the
matrix @™Yr) are given in the form of Coulomb mteractlé’ﬁs

@) = —€2"Z IkgeTyr

@A) = €27 kgeoTor )

and the functiongg™{r) are chosen to satisfy the following
equations?

particle is given by?0.21.24

Z Z xipi [ dr gi(r) Up(r) +
EZf J_:Zixilpjof dr gﬁo(r) U%O(r) (13)

where, as beforefy = 1kgTy. Further,x = pllpy is the
fraction of particles of specigdn the annealed fluid and; =
N + N

In this work we focus on the excess chemical potential of
the confined electrolyte to evaluate the adsorption isotherms.
Namely, the equilibrium distribution of electrolyte between the
porous phase and bulk electrolyte can only be calculated if the
individual activity coefficients;/i1 of all mobile ionic species
are known. The activity coefficient of speciess defined as
In(y}) = P where u** is the corresponding excess
chemical potential and fot1:—1 electrolytes} = (yiyh)12
Recently, an expression for I;vfo valid within the ROZ/HNC
formalism has been proposed (see, for example, ref 23)

In(y) = — Z pyce;(0) — Z pilc;(0) — ¢ (0)] +
0.5 dr hy(hi° — .°) +0.5 dr [hy(hi* —
j=Z f K J'=Z f

o) — b2 - ¢ (14)
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wherec);(0) denotes the Fourier transform of the short-range } ' ' '
part of the direct correlation function &= 0. As shown in
our previous study? this approximate expression, in conjunction
with the replica OZ/HNC equations, yields good agreement with
Monte Carlo data for the state points studied so far.

The other thermodynamic property of special interest for this
study is the reduced isothermal compressibilitg.[0(51P)]T, g~
defined via the inverse relation:

oP
ﬂl(g) =1- Pl;z_ _7Z_x1.1le f dr [c(lsl)ij(r) - C(lsz)ij(r)]
T i=T,— j=T, (15)

where p; is the total number concentration of ions. Note that
[3p1/3(B1P)]+ defines the ratio between the isothermal compress- l\ ' ' T
ibility of the fluid of interest divided by the ideal gas value. a ) i
For the bulk electrolyte solutions treated at the McMittan i\
Mayer level of description (primitive model) this is actually A
|
|
|

the osmotic compressibilit$32 Isothermal compressibility is 2
intimately connected to the concentration fluctuations in the
solutiorf and therefore reflects the thermodynamic stability of g = \

the system. < o \ 1

6. Numerical Results =

We are concerned with the disorder effect on the structure —=
of a charge symmetri¢-1:—1 electrolyte. The diameters of the —
annealed electrolyte are chosen, if not stated otherwise, to mimic -1 / s 15 e 20
LiCl solutions? o7, = 5.43 A andog, = 3.62 A. The product r (A)
,Of temperature of observation gnd thg d'ele.Ct”C constaat Figure 1. Pair-correlation functions®_(r) andh’, (r) for the matrix
is a measure of the strength of interaction. Differ€ntvalues subsystemd® = ¢° = 4.25 A). Panel a (top):co = 0.5 mol/dni
were investigated during this study. In the laboratory, this (solid lines), 2.0 mol/dr (dashed lines)T, = 298.15 K. Panel b
product can be varied simply by changing the solvehtor (bottom): To = 298.15 K (solid lines)To = 148.15 K (dashed lines);
simplicity of presentation the temperatufe is chosen as a G = 0.5 mol/dnf.
single variable, keeping= ¢, = 78.54 constant. For illustration, _ o _
T, = 125 K here corresponds totel:—1 electrolyte studied at ~ restricted primitive model for &1:—1 electrolyte as obtained
room temperature but in a solvent with a dielectric constant for To and . For all calculations the diameters of matrix
~33. Experimentally this applies to electrolyte solutions in Pparticles are chosen to bd = 0° = 4.25 A. An example of
methanol. spatial correlations between the matrix ions is shown in Figure
The problems associated with the computer simulations of 1. First in panel a we present the results for pair-correlation
partly quenched ionic systems were explained elsewhere (refsfunctionsh?’_(r) andh%, (r) for the matrix subsystem & =
22 and 23 and the references therein) and will not be repeated298.15 K. The solid lines represent the resultscior 0.5 mol/
here. The configurational properties of an adsorbed fluid must dm?, and the dashed lines data for a higher matrix concentration
first (for a chosen matrix configuration) be averaged over the equal to 2.0 mol/df From these graphs we see that in the
annealed degrees of freedom, and then averaged over the matrixnore concentrated (denser) matrix oppositely charged ions
configurations. In principle, the second average extends overpossess a tendency to pair-formation, and therefore a somewhat
all possible configurational states of the matrix, but in practice, smaller ability to adsorb fluid ions is expected.
a small number of equilibrium matrix realizations (two or three) ~ Next, we wish to discuss the influence of the temperature of
seems to be sufficied23In this paper, most of the simulation ~ matrix preparatiorTy on the spatial correlation between ions.
results have been obtained via the classical minimum image These results are shown in Figure 1b. We consider two matrices
boundary conditiond® This approach is considered to be less of the same concentratiomy = 0.5 mol/dn?, one of them
accurate at higher electrostatic couplings, i.e., for low temper- prepared alo = 298.15 K (shown by solid lines) and the other
atures, in comparison with the use of the Ewald summation at the much lower temperatuiig = 148.15 K (dashed lines).
technique®® The disadvantage of the latter approach (Ewald The stronger electrostatic interactions in the latter case result
method) is that it is very time-consuming. To check our results in a higher probability of contact between oppositely charged
for the size effects we (i) studied systems with relatively large matrix ions, as well as in a shorter range of interionic
number of ions (about 12 000), and in several cases (e.difor correlations. As we will see later, the structure of the matrix
= 40.15 and 60.15 K) we also performed the calculations using appreciably influences the thermodynamics of adsorption (see
the Ewald summation technique. The conclusion is that the Subsection 6.3).
differences between the “minimum image” and “Ewald” type ~ The analysis of matrix structure, as discussed above, does
of calculations are within the numerical uncertainties of the not include fluid-matrix interactions, and therefore cannot be
single calculation of the average concentration of adsorbed helpful in understanding all aspects of adsorption. Besides the
electrolyte. These uncertainties are from 2 to 4%. temperature of preparatidi, the dimensionless number density,
6.1. Characterization of Matrix. As already mentioned the  p*, = (p0+ + po)o+%, or packing fractione* ; = 6no/z, are
matrix is represented by an equilibrium configuration of the important characteristics of the matrix. Alternatively, we can
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Figure 2. @, as a function of the matrix concentration Adsorption
of the modeLiCl in hard sphere matrices & = 298.15 K (symbols).
Lines denote adsorption in matrices formed frerh:—1 electrolyte
(03 = ¢% = 4.25 A): (a) dashed line, modeICI adsorption aff; =
298.15 K, To = 148.15 K, (b) solid lineliCl adsorption aff; = 298.15
K, To = 298.15 K, and (c) dotted line, adsorption N&Cl at T, =
298.15 K, Tp = 298.15 K.

also use a description in terms of electrolyte concentratign,
= pg/Na, whereN, is Avogadro’s numberdy = p,), rather

Vlachy et al.

015 1I 115 2.5
C, (m/)
Figure 3. @, as a function of the matrix concentration Adsorption
of the modeLiCl in hard sphere matrices & = 298.15 K (symbols).
Lines denote adsorption in matrices formed frer:—1 electrolyte
(03 = ¢° = 4.25 A): (a) dashed line, modeICl adsorption aff; =
298.15 K, To = 148.15 K, (b) solid lineliCl adsorption afr; = 298.15
K, To = 298.15 K, and (c) dotted line, adsorption B&Cl at T, =
298.15 K, To = 298.15 K.

other on average at smaller distances (cf. Figure 1b) tha@p at
= 298.15 K. In this way, the matrix ions are better screened

than of number density. The concentration of ions determines mytually and consequently electrostatic effects of the matrix

(due to the hard-sphere interaction) the matrix packing fraction,
which is related to what is commonly called porositypas 1

— 1o. However, the porosity defined this way does not provide
an insight into the affinity of fluid species to matrix obstacles.
To characterize the disordered material (matrix) in more detail,
we follow the ideas of Van Tass&The affinity of fluid species

to matrix obstacles is reflected in the value of the excess
chemical potential of the infinitely diluted fluid particles in a
matrix of concentratiorty:

®, = exp{ —fyt(c, = 0, ¢}

wherec; denotes the concentration of mobile electrolyte. Note
that ®. is equal to 1)1, wherey} is the mean activity
coefficient of the infinitely diluted annealed electrolyte under
these conditionscg, To, Ty). In this way,®.+ measures the effects
of matrix configuration at a given concentratiazy, and
temperature of its preparation, as well as the effects of the-fluid
matrix interaction affy. To evaluate;@wl = In(yi) values
for a trace of electrolyte in the matrix, we use the ROZ/HNC
expression for the mean activity coefficient given by eq 13
above. In accordance with the standard definijdn" = &,
and for the symmetrie-1:—1 electrolytes studied hera} =
(ala')V2 Note also that the mean activity coefficient of the
annealed electrolyte in the limig — O for To = Ty is equal to
the mean activity coefficient of the hypothetical fully annealed
matrix fluid.16:23

A set of results foxd, as a function o€y, is shown in Figure
2. The matrix is prepared from an electroneutral combination
of positive and negative ions Witbﬂ =% =4.25 A. We see
that at small matrix densitie®. becomes higher than unity

(16)

on @, are less pronounced. This yields a weaker affinity of
fluid ions to matrix particles and stronger “excluded volume”
effects. Next, we present a similar calculation f&Cl solution
introduced into the matrix afp = T; = 298.15 K (dotted line).
Due to the smaller radius of the sodium iam, = 3.87 Ain
comparison with the lithium iono(; = 5.43 A), its attraction
with negative charges of the matrix is stronger, which is reflected
in higher values ofb.. At the end we show thé_. values for
modelLiCl adsorption in a matrixqﬂ = 0% = 4.25 R), where
the matrix “ions” are striped of their charge. As expected, these
results are shown by symbol®;; for such a hard-sphere matrix
decreases with increasing matrix concentration.

In addition to the matrix concentration and conditions of its
preparation, the temperature of adsorptibn has a strong
influence on theb.. values. This is illustrated in Figure 3. where
the result of trace.iCl adsorption at three different values of
T, are presented. The continuous line appliegte= 298.15
K, the dashed line to 198.15 K, and the dotted line to 148.15
K. In all three casesl, = 298.15 K. It is evident that by
decreasing the temperature of adsorption the fhutrix
attraction becomes stronger, and consequently electrostatic
effects dominate, making.. values larger than unity over a
wide region of matrix densities. In summary, the thermodynamic
parameters that influence the affinity of the model electrolyte
to a given matrix are the matrix concentration, conditions of its
preparation, and the actual temperature of adsorption.

6.2. Excess Internal Energy.The excess internal energy of
an electrolyte inside a charged matrix has been extensively
studied in our previous papet$?2*and is not of primary
interest in the present study. In Figure 4 we show the results
for the reduced (divided b¥sT;) excess internal energy per

and falls below this value for more concentrated matrices (larger fluid particle corresponding to the modeiCl electrolyte as a

Co). This behavior is a clear manifestation of the role of
electrostatic attraction between matrix and fluid particles. The
results shown by the full line apply t&; = To = 298.15 K.
The influence of the temperature of matrix preparafigrcan
be inferred from the same figure. The result Tor= 148.15 K

function of its mean actlvr[)ai The temperature of matrix
preparationTo, and the temperature of adsorptidn, were both

set to 298.15 K in this calculation. As in all other examples
studied here the matrix ions were assumed to be equal-sized
charged spheres with diamet@% = ¢° = 4.25 A. Matrices

(T, =298.15 K and remains unchanged) is shown by the dashedof different concentration were examined: the dashed curve in
line. Due to stronger electrostatic interaction between matrix Figure 4 (no symbols) applies to bulk electrolyte, and the curves
particles, the oppositely charged matrix ions encounter eachwith symbols (top to bottom) belong to matrix concentrations
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Figure 4. Reduced excess internal energy of adsorbi€d solution 0.3 T T
per particle as a function o&i. The dashed line (no symbols) o
represents results for bulkCl solution. The continuous curves denote 0.25 - //’ R
results of the ROZ/HNC theory, from top to bottongyg = 0.1, 0.5, =
1.0, and 2.0 mol/df The symbols are results of the grand canonical 02 L g ]
Monte Carlo simulation. Other parametefE; = To = 298.15 K,0°. = G
= O'(i =4.25 A TE) 0.15 /// 4
o
Co= 0.1, 0.5, 1.0, and 2.0 mol/dimin agreement with previous 01 - - ,
studies, we may conclude that the matrix medium has a strong =
influence on the excess internal energy of the adsorbed fluid. 0.05 | = ,
As expected, this influence is stronger for more concentrated //
matrices. Also, as discussed previou®¥¥24 due to the Iy Zz=ad s -
Coulombic nature of the interaction, the excess internal energy © 0% a o

is quite sensitive to the dielectric constant and temperature of igure 5. Adsorption isotherms (co+ntinuous lines with symbols) for

the annealed eleCtrOIytPf' The _agreement betv\_/een the ROZ/HN iCl model electrolyte in matrices of different concentration (from top

theory and computer simulations (symbols) is good. to bottom): co = 0.5, 1.0, and 2.0 mol/dnThe dashed line with no
6.3. Adsorption Isotherms.In analogy with previous stud-  symbols attached shows the results for bulk electrolyte. The symbols

ies?223it is assumed that the adsorbed electrolyte of concentra- denote the grand canonical Monte Carlo results. Panel a (fbp:

tion ¢, is in thermodynamic equilibrium with an external To= 298.15 K. Panel b (bottom)T; = 148.15 K andTo, = 298.15 K.

electrolyte solution. This means that the chemical potentials of In all caseso§ = o° = 4.25 A.

all mobile ions and solvent in the microporous phase must be

equal to those in the external electrolyte of the same chemicalCarlo results by symbols. Note that fdi = 148.15 K the

composition. In Figure 5 the concentration of adsorbed elec- €lectrostatic interactions between fluid ions, as well as between

trolyte is given as a function of the mean activig}, = (a fluid and matrix ions, are approximately twice as strong as in
a')l2 = ylc,. Several isotherms are shown: the continuous the previous case, whefg = 298.15 K. The matrix is prepared
curves from top to bottom belong to matrices wigh= 0.5, at To = 298.15 K, so this situation applies to the case where

1.0, and 2.0 mol/diy respectively. The results for an equilibrium ~ €oTo/éiT1 > 1 discussed in detail in ref 16. In such a situation
bulk electrolyte are shown by the dashed lines (no symbols an annealed ion will, on average, find itself in configurations
attached). Again, the symbols denote the grand canonical Montesuch that an opposite charge exceeds its own charge (see, for
Carlo data. example, Figure 8 of ref 19). As a consequence, one may expect
Let us discuss first Figure 5a, where the results applyoto the competition between adsorption of fluid ions on the matrix
=T, = 298.15 K. It is evident that the mean activity coefficient particles (see Figure 3, dotted curve), on one hand, and the
Vi for model LiCl in the matrix is higher than the same screened interactions between the annealed ions, on the other.
quantity in the equilibrium external electrolyte. In other words, Altogether, the situation here is much more complex than for
the electrolyte solution is “excluded” from the matrix under these Figure 5a, and the mean activity coefficient of the adsorbed
conditions; its equilibrium concentration in the matro, is electrolyte can be larger or smaller than the same quantity in
lower than that in the equilibrium outside solution with the same the external equilibrium solution. For strong couplings (low
value ofal. The exclusion is stronger for more concentrated Values ofT1), and concentrations of all species that are not too
matrices, and this is a consequence of the excluded volume.high, we may have sorption of the electrolyte into the matrix

This kind of behavior is in accordance with the resultsdor and not exclusively rejection, as for the example shown in Figure
(co) given in Figure 2, and has already been observed in previous5a. More precisely, in the region of smal, there is sorption
calculationg2:23.25 of electrolyte for all three matrix concentrations studied. For

A qualitatively different picture emerges at low temperatures minute amounts of adsorbed electrolyte the sorption is, in
of adsorption. In Figure 5b we present calculations for the same accordance with Figure 3, the highest for a matrix wigh=
electrolyte-matrix system as above, except that the temperature 1.0 mol/dn¥. Over a wider range of activities, however, the
of observationT; is 148.15 K. All other parameters remain strongest adsorption is observed for a matrix veglequal to
unchanged and the notation is as for the previous figure: the 0.5 mol/dni. With increasing activity of the external electrolyte
ROZ/HNC results for adsorbed electrolytes are shown by the there is a change in “sign” of the adsorption. For all three
continuous lines, the HNC results for the equilibrium bulk matrices (lines with symbols), there is a concentration where
electrolyte with the dashed line, and the grand canonical Monte these lines cross the “bulk curve” (dashed line). For such a point
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Figure 6. Adsorption isotherms foLiCl at T; = 298.15K: (a)To = Figure 7. Adsorption isotherms foLiCl at various temperatures of

298.15 K, matrix withco = 0.1 mol/dnd (top full curve), andc, = 0.5 observationT;; ¢o = 0.1 mol/dn¥, T, = 298.15 K. Legend, top to
mol/dm? (lower continuous curve); (b)o = 148.15 K,co = 0.5 mol/ bottom: T, = 40.15, 50.15, 60.15, and 70.15 K. The symbols denote
dm® (dashed line). As before the symbols denote the grand canonical the grand canonical Monte Carlo data as before. The dashed lines apply
Monte Carlo results. to bulk electrolyte aff; = 60.15 K (upper curve) and; = 70.15 K
(lower curve).
the concentration of adsorbed electrolyte is exactly equal to the ) ) )
concentration of external equilibrium solution. Note that the @ large intake of electrolyte by the matrix. This means that the
position of the crossover point is shifted toward smaller values mean activity coefficient of the adsorbed electrolyte is lower
of a. with increasing values af,. It is clear from these pictures  (influence of the matrix-annealed fluid interaction) than the same
that ROZ/HNC predictions agree very well with the computer quantity in the equilibrium bulk solution. Note that no conver-
simulations. gent solution of the OZ/HNC for the bulk electrolyte could be
In the next example, Figure 6, we consider two matrices of oPtained for the two lowest temperatufs= 50.15 and 40.15
the same concentratiag = 0.5 mol/dn3, but one of themwas K- The agreement between the ROZ/HNC theory and our grand
prepared afo = 298.15 K (lower continuous line) and the other canonical Monte Carlo results is reasonably good even for low
at To = 148.15 K (dashed line). The Monte Carlo results, temperatures. o .
depicted by symbols, follow the ROZ/HNC lines very well. The 6.4. Isothermal Compressibility. In the next flgures we
temperature of observationTs = 298.15 K. The difference in ~ present the ROZ/HNC results for the reduced isothermal
structure between the two matrices is shown in Figure 1b. compressibilityppi/a(51P)] of the adsorbed fluid as a function
Stronger electrostatic interactions in the latter cdge<(148.15 ~ ©of the mean activity. Note that eq 14 calculates the reciprocal
K) result in a higher probability of contact between oppositely Values to this quantlty. The_lsothe_rmal compreSS|b|I|t_y is related
charged matrix ions, as well as in a shorter range of correlationsto the fluctuations of the fluid particle number about its average
compared to the matrix preparedTat= 298.15 K. As a result value? In this way a large increase of isothermal compressibility
of better Screening between the matrix ions when prepared a’[fEf'ECtS a possible instability of the observed system. Unfortu-
lower temperature, such a matrix has a smaller adsorptionnately, the accuracy of the concentration fluctuation results, as
capacity. This again is in accordance with the calculations ~ obtained by the grand canonical Monte Carlo simulation, is
shown in Figure 2. The effect of variation @ is, however, relatively low and very long runs are needed to smooth out the
very small under these conditions. In the same figure we presentfluctuations in this quantity. For this reason, no comparison
the results forco = 0.1 mol/dn? (top continuous line). In this ~ between the ROZ/HNC and grand canonical simulation results
case the effect of, is even smaller and, due to the low matrix for the isothermal compressibility is presented.
concentration, the adsorption isotherms for both temperatures In Figure 8 we show results for the ROZ/HNC isothermal
are very close to each other, and therefore only the results forcompressibility, calculated with the help of eq 14, for a model

To = 298.15 K are shown. LiCl solution at four different matrix concentrations. The curve
In Figure 7, the results for an electrolyte confined to a matrix Connecting symbols (*) belong t = 0.1 mol/dn?, filled circles
with concentrationcg = 0.1 mol/dn$ and prepared alg = bE|0ng to a matrix withco = 0.5 mO'/drﬁ, and the lines with

298.15 K are given. In this example the temperature of squares and triangles denote the resultscjor= 1.0 and 2.0
observatiorT; is the parameter. These results correspond from mol/dm?, respectively. The model parameters correspond to
top to bottom taT; = 40.15, 50.15, 60.15, and 70.15 K. For all results for the adsorption isotherm shown in Figure 5 and
the temperatures studied here the replica OZ equation in thediscussed in the preceding section.

HNC approximation can be solved without difficulty. In other The results for isothermal compressibilityTat= To = 298.15
words, we did not encounter any convergence problems though,K are plotted in Figure 8a as a function of the mean activity of
however, some patience is needed in solving the set ROZannealed electrolyte. The compressibility curve for an unper-
integral equations. In the same figure (dashed lines) we presenturbed modelLiCl solution is shown in Figure 8a by a
the results for the bulk electrolyte as obtained by the regular continuous line with no symbols attach&dIn the bulk
OZ/HNC approach. Convergent solutions foy = 70.15 K electrolyte the increase of compressibility above the ideal value
(lower dashed line) can be obtained over the whole concentrationis attributed to the attractive long-range correlations between
range. ForT; = 60.15 K (upper dashed line) there is a region the ions before an excluded volume effect begins to have
of low concentrations where the HNC approximation fails to influence. For a low concentration matrig(= 0.1 mol/dn¥)
converge. One can see from this plot that the concentration ofthe behavior is qualitatively similar to that of symmetric bulk
adsorbed electrolyte in the matrix is considerably larger than electrolytes. The attractive electrostatic forces yield to increased
the bulk fluid concentration. For this low temperature there is compressibility in the low activity region, while for highai}t
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1.3 Figure 9. Isothermal compressibility results faiCl model solution

atT; = 298.15 K: (@)To = 298.15 K, matrix withco = 0.5 (circles)
and 0.1 mol/dr (stars); (b)To = 148.15 K,co = 0.5 (short dashed
line) and 0.1 mol/di(long dashed line). The continuous line represents
the results for bulk electrolyte at 298.15 K.

1.2

-
-

For adsorption performed at a lower temperature, shown in
Figure 8b, wherd; = 148.15 K, the electrostatic interactions
are stronger and their consequences more complex. The
isothermal compressibility, plotted as a functioregf after an
initial drop, increases and after reaching the maximum, it
decreases again. Foy= 0.1 mol/dn? the calculated values of
08 . . the isothermal compressibility & = 148.15 K are higher than

0 0.05 01 015 those obtained foll; = 298.15 K (Figure 8a). In contrast to

a . o .
) T ) this result, the compressibility of the same electrolyte in a dense
Figure 8. Isothermal compressibility results forCl model electrolyte matrix (o = 2.0 mol/dnd) is lower atT, = 148.15 K than at

in matrices of different concentratiortp = 0.5 (circles), 1.0 (squares), . .
and 2.0 mol/dri(triangles). Panel a (top)T; = To = 298.15 K. Panel higher temperature. The result for the bulk electrolyte solution

Compressibility

0.9

b (bottom): T: = 148.15 K andT, = 298.15 K. The curves fot, = is presented by the continuous line with no symbol.
0.1 mol/dn? are shown by a solid line with stars. The continuous line The effect on the electrolyte compressibility of matrix
with no symbols attached shows the results for bulk electrolyte. preparation o dependence) is shown in Figure 9. This figure

describes the situation previously studied in terms of the

values the compressibility decreases. Even for this very dilute electrolyte adsorption, with the results shown in Figure 6. We
maitrix the value of the maximum compressibility is substantially consider two matrices of concentration= 0.5 mol/dn$ and
depressed compared to that of the bulk electrolyte. In general,at T; = 298.15 K. One of the matrices is preparedgt 298.15
the effect of matrix concentration is such that it decreases theK (these results are shown by circles), and the othéfat
isothermal compressibility for all values of the mean activity. 148.15 K (short dashed line). The pair-correlations in the two

In contrast to results faxy = 0.1 mol/dn3, the compressibility matrices are discussed in relation to Figure 1b. In addition, we
curves calculated for other matrix concentrations (0.5, 1.0, and show similar results for a much less concentrated matrix with
2.0 mol/dn?) do not exhibit a maximum under these conditions Co= 0.1 mol/dn¥. The results, obtained faf, = 298.15 K, are
where electrostatic interactions are relatively weak. For these denoted by symbols *, and the results for the lower temperature
matrices the compressibility decreases from the ideal value, To = 148.15 K by the long dashed line. For adsorption in a
indicating that the presence of obstacles strongly suppresses théilute matrix €o = 0.1 mol/dn¥) the compressibility curves
concentration fluctuations in these systems. The immediate exhibit a maximum, which is higher for lower values .
decrease of compressibility seems to be a combined effect of For comparison, the result for a bulk electrolyte solution is
matrix density on one hand and the adsorption of fluid ions on shown by a continuous line.
matrix particles on the other. For example, in the most The compressibility results presented in Figure 9 can be
concentrated matrixgo = 2.0 mol/dn? studied in this work, explained in terms of the electrostatic interactions between the
the adsorbed fluid concentration is low. The annealed fluid ions annealed ions, and annealed ions and matrix particles. As seen
are to a large extent adsorbed on, or better stated attached, tin Figure 1b the correlations between ions in a matrix prepared
the matrix ions. As a result the compressibility value is low. atTo= 148.15 K are of shorter range than for those quenched
For the dilute matrix wherey = 0.1 mol/dn?, with a much at To = 298.15 K. In simple terms, the matrix influence on
lower number of adsorbing obstacles, the concentration of annealed ions is weaker if it is prepared at lower temperature.
adsorbed fluid is higher (cf. Figure 5a) for a given mean activity In this way the compressibility values for the fluid adsorbed in
of the external solution. Some of the annealed ions are attachech colder matrix (long dashed line) are higher compared to the
to adsorbing centers, but the remaining ions may correlate via “warmer” matrix prepared afp = 298.15 K (stars). The same
attractive electrostatic forces, and the resulting value of the explanation applies to results for matrix concentratiprs 0.5
compressibility is higher than that in the denser matrix where mol/dn¥, shown in the same figure. Note that the influence of
Co = 1.0 mol/dnd. In other words, the shape of the compress- variation of T on the adsorption isotherm is much smaller than
ibility curve reflects to what degree the electrostatic interactions that observed here (cf. Figure 6).
characteristic of the bulk electrolyte are perturbed by the  The compressibility results shown in Figure 10 are obtained
presence of obstacles. for the same conditions and values of parameters as the
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Figure 10. Isothermal compressibility foLiCl model solution at
various temperatures of observatidpas indicated in the figure. The
dotted lines are calculated for bulk electrolyte solution and the
continuous vertical lines connecting dotted curves indicate the points
where the ROZ/HNC solution is losty = 0.1 mol/dnf, To = 298.15

K.

adsorption isotherms presented in Figure 7. In this way the
compressibility data complement the previous adsorption results.
The results are, as in other figures, plotted as a function of the
mean activity of annealed electrolyte. The dotted lines apply to
bulk electrolyte solutions (no matrix present) and are obtained
by using the regular OZ/HNC approximation. The temperatures
of observationT;, measuring the strength of electrostatic
coupling, are indicated on the figure. If we start to build The
isotherm at some high enough value of the mean activity o
adsorbed electrolyte and then decrea:%ewe may encounter
convergence problems. At a certain value of the mean activity,
and for a low enough value df, we may lose the numerical
solution. That is why the plots shown in this figure are not
complete; the vertical lines connecting the dotted lines show
the values oiaft where the algorithm stopped converging. The
numerical solution usually reappears for extremely low elec-
trolyte concentrations, but these results, for the sake of clarity
of presentation, are not shown in the figure. The lowest

f

temperature at which we have obtained a solution over the entire

range isT; = 65.15 K. On the other hand, for an electrolyte
adsorbed in a matrix of concentratien = 0.1 mol/dn§¥ and
prepared afp = 298.15 K, convergent results can be obtained
for much lower temperatures such®s= 50.15 and 40.15 K.
We have not attempted to obtain solutions at even lower
temperatures, nor to trace the range of solvability of the ROZ/
HNC algorithm. Note that electrostatic interaction between the
annealed ions and ionic obstacles is very strong in dilute

matrices, as is also documented in Figures 2 and 3. These

calculations are quite time-consuming and a more systematic
investigation for the matrices characterized by ottyeand Ty
values has to be postponed for future contributions.

7. Conclusions

In this paper we present the replica Ornstefternike and
grand canonical Monte Carlo results for a simple partly

Vlachy et al.

The quantities of primary interest for this study were the
chemical potential (mean activity) of the adsorbed electrolyte
and the isothermal compressibility. The adsorption and com-
pressibility isotherms are determined by varying the matrix
density, temperature of preparation, and other model parameters.
In the present study, we were particularly interested in the low-
temperature behavior of the replica OZ/HNC approach. An
attempt was made to investigate the adsorption of the model
electrolyte in charged matrices under the condition of strong
coupling, and to compare the observed trends with the corre-
sponding results for the bulk-electrolyte OZ/HNC calculations
and with a new batch of computer simulations. The adsorption
isotherms calculated via the ROZ/HNC theory agree well with
the grand canonical Monte Carlo results.

Since 1968, when the paper by Stillinger and Lotettas
published, there has been strong evidence that a fluid of charged
hard spheres undergoes a phase transition, analogous to the
liguid—gas transitior$®3” Very useful information about the
region of coexistence has been obtained from computer
simulations®®-41 On the other hand, the HNC approximation
is not well suited for these problems. An extensive analysis of
the behavior of the HNC integral equation near the two-phase
region has been performed by BellGRiHe showed that the
HNC equation has no solution inside a certain region of
parameters whose boundary line is not a spinodal line. As this
boundary is approached, the isothermal compressibility does not
diverge. The behavior of the OZ/HNC approximation is
universal, and applies to very different interparticle pair
potentials, not only to the primitive model electrolytes. Our
observations, based on numerous calculations, suggest that the
same behavior applies to the present replica OZ/HNC ap-
proximation. In other words, not getting a convergent solution
does not necessarily mean that we are at the spinodal line.

Theoretical studi¢8d and computer simulatioffssuggest that
for the restrictive primitive model the fraction of free ions is
negligible in the vicinity of the coexistence region. In this way,
the equilibrium properties of the system are mostly determined
by the neutral clusters present in solution, and free ions represent
merely a perturbation. Returning now to the electrolyte adsorbed
in the disordered matrix, it seems plausible to assume that the
matrix “stabilizes” an adsorbed electrolyte if its effect is such
to inhibit the cation-anion pair formation. The matrix in this
study is modeled as a charge and size symmetric—1
primitive model electrolyte. It is clear that such a matrix will
not promote pair-formation. If a cation and anion of the annealed
fluid are introduced into such a material, the cation will try to
bind to a negatively charged obstacle and the anion to a
positively charged obstacle. This will occur with greater
probability if the ions in adsorbed solution are fewer than the
matrix charges. In any case, oppositely charged pair-formation
is suppressed and we may expect a decrease of the critical
temperature under such conditions. The situation, however, may
be qualitatively different for dense neutral matrices: due to space
limitations pair-formation will be favored in this case. One may
speculate that adsorption, as well as the critical behavior of the
adsorbed electrolyte, may be governed by the changing com-

quenched system. The matrix subsystem is formed at temper-position of the matrix composed of neutral and charged species.

ature Tp from a charge and size symmetriel:—1 primitive
model electrolyte of concentratiayg and of dielectric constant
€o. The annealed electrolyte is another primitive motiét—1
electrolyte, characterized by a dielectric constgnand with
ionic diameters to mimitiCl solution. The annealed electrolyte,
distributed within the matrix subsystem at temperaflyrend

€, is assumed to be in thermodynamic equilibrium with an
external electrolyte solution of the same chemical composition.

We conclude with the observation that, at present, there is no
integral equation theory able to describe quantitatively the phase
transitions in charged systems with quenched disorder. We
believe that computer simulations may represent an adequate
tool to solve this problem soon.
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