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The Replica Ornstein-Zernike (ROZ) equations were used to study the adsorption of ions from electrolyte mix-
tures. The adsorbent was represented as a quenched primitive model +1:—1 size symmetric electrolyte, while
the mobile particles were ions differing in charge and/or size. The ROZ equations in hypernetted-chain (HNC)
approximation were tested against new Monte Carlo results in the grand canonical ensemble; good agree-
ment between the two methods was obtained. The ROZ/HNC theory was then used to study the exclusion
coefficients as a function of size and/or charge asymmetry of the annealed ions.
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1. Introduction

Partitioning of electrolytes between porous materials, adsorbents, and the bulk solution is
not only a matter of academic interest, but finds its practical application in many technological,
industrial and biological processes (desalination of water, ion exchange, membrane equilibria etc.)
[1]. In all these processes the selectivity of the adsorption of different kinds of ions is crucial:
the concentration ratio of competing ions in the adsorbent is different from that in the bulk
solution [2]. Apart from numerous experimental studies the phenomena have been extensively
studied theoretically, for review see, for example, [3,4]. While most of the earlier theories are based
on the empirical or semiempirical equations, the later theories have been developed that provide the
correct description of the phenomena based on the physical chemistry of these systems [1]. One of
the first theories of this kind is based on the classical Donnan equilibrium [5] where the rejection of
an electrolyte from the adsorbent is measured in terms of the so-called Donnan exclusion coefficient,
", which can be for a certain ionic species A, for this purpose, defined as [6]:

Qut — clp
U - (1)
A
where cp is the concentration of the ionic species A, and upper indexes “out” and “in” apply to
the bulk solution and adsorbent, respectively.

A more detailed model of electrolyte exclusion, in which the ion concentration profiles in the
adsorbent are evaluated from the properties of ions and the adsorbent, is based on the Poisson-
Boltzmann (PB) equation [7,8]. In contrast to the previous theories, different activity coefficients
inside and outside the adsorbent are taken into account [9]. Although the PB theory has successfully
described various experimental results it contains several statistical-thermodynamical approxima-
tions that can lead to unphysical results in some cases. In the last decades, new class of theories
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appeared in which the disordered porous materials filled with fluid are treated as partly quenched
systems in which some of the degrees of freedom are quenched and others are annealed. The sys-
tems differ from regular mixtures; the statistical-mechanical average which is needed to obtain
the free energy describing the confined fluid, becomes a double ensemble average [10-17]. The
thermodynamic and structural properties of these systems can be calculated using the computer
simulations and/or the replica integral equation theories. This work presents the continuation of
our previous studies of partly quenched systems containing charges [18-25]. The quenched “phase”
(we shall call it the matriz) is some frozen (quenched) equilibrium distribution of a symmetric
model +1:—1 electrolyte. Within such a matrix, a model mixture of two +1:—1 or +1:—1 and
+2z:—1 electrolytes can anneal (come into thermodynamic equilibrium with the surrounding bulk
solution of the same chemical composition) [24]. We present the results for the thermodynamic
properties (the excess internal energy, and the mean activity coefficient) of a model electrolyte
mixture confined in matrices of different densities. We were mostly interested in what way the
density of the matrix of random structure effects the confined electrolyte activities and therefore
the Donnan exclusion coefficients. Furthermore, we investigated how the size and/or charge asym-
metry effects the adsorption of ions from electrolyte mixtures. The results were compared with the
Monte Carlo simulation results obtained in the grand canonical ensemble.

2. The model and methods

The model used here was similar to the one described in several previous papers [19,21,22,24].
The system studied consisted of two subsystems: the first, here called the matrix, was composed
of the quenched, and the second of the annealed ions. The assumption is that the matrix does not
respond to the presence of the annealed fluid. The modeled system was considered at a McMillan-
Mayer level of description; the solvent was treated as a dielectric continuum with the dielectric
constant of pure water under conditions of study. We use the notation as it has already become
traditional in describing such systems: 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 of equal sizes (579r =0 =425 A ) is assumed to be formed by a rapid quench of a model
+1:—1 electrolyte at a certain temperature Ty. It is therefore assumed that the structure of the
matrix corresponds to an equilibrium state of an ionic fluid of concentration cg at Ty, governed by
the interaction potential between pair of particles:

Umn(r) _ [ oo r<(o"+0})/2, @)
kT sy, r2 (0 +07)/2,

where \p is the Bjerrum length of the matrix (m = 0, n = 0): A\g = Ao = e2/(4meoekpTn). €o
is the permittivity of the vacuum, € is the relative permittivity of the solvent in which the matrix
was equilibrated at temperature T' = T}, and z; is the ion charge. Finally, r is the distance between
centers of charges ¢ and j.

The annealed subsystem was modeled as a mixture of two +1:—1 or +1:—1 and +z:—1 elec-
trolytes with a common anion. The potential function between two annealed ions (m =n = 1) as
well as between a quenched and annealed ion (m = 1,n =0 or m = 0, n = 1) is of the same form as
given by equation 2, but with Bjerrum length being Ag = Ap 1 = e2/(4mepe1kpTh). In general, the
conditions of matrix preparation, Tj, €, can be different from the conditions of observation, given
by T7 and €;. For simplicity, the temperature of observation was in this study assumed to be the
same as the temperature of the quench, Th =Ty =T = 298.15 K, and Ag,g = Ap,1 = Ap = 7.14 A.

2.1. The Replica Ornstein-Zernike theory

The derivation of the replica Ornstein-Zernike (ROZ) equations for a single electrolyte adsorp-
tion was in detail described elsewhere (see [22]) and will not be repeated here. In the case of
adsorption of an electrolyte mixture the general form of the equations in a matrix form remains
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the same. The distribution of matrix particles obtained in terms of the pair correlation functions
follows from the integral equation

HOO o C()O _ C()O ® pOHOO , (3)

where p? is a 2 x 2 diagonal matrix with diagonal elements pg_ = p%, and the symbol ® denotes
convolution. The correlation functions H and C are 2 x 2 symmetric matrices with the elements
OO (r) = f9.(r); f2(r) = £, (r), where f stands for h or ¢, h = g — 1 being the total, and ¢
being the direct correlation function [22].

The ROZ equations for the fluid-matrix and the fluid-fluid correlations read [22]:

HI —Cl0 — ¢ p'HY + C!l g p!HY — C12 g p'H
Hll o Cll _ ClO ® p()H()l + Cll ® lell o C12 ® p1H21

H!2 _C!2 = Cg p’H + Cll @ p'H2 + C12 @ p'H!! — 2C2 © p'H2. (4)

Here C'2 and H'? are the matrices containing the blocking parts of the relevant distribution

functions. p' is a 3 x 3 diagonal matrix with diagonal elements p} , = pj, p} 5 = pp, and pL.

The correlation functions H and C are also 3 x 3 matrices. For clarity, the elements of the first of
the above equation 4 are in k-space given below:

11 11 11
haa has hA,:|

[el, e 0 Pl 0 0 Y, Ry RGEL
+ c10 c10 0 0 0 pOT po7 BT
B,+ B,— P A B =

0 >
0, e o 0 0 0 ) 0 0
r 11 11 11 11 11 11
“aa AB A pa 00 faa s o
+1| ¢B,A ©°BB ©°B,— 0 pg O hga hpw Py
| elfy el il 0 0 pb || all, il pll

=
3o
oo

hga hgs hy_ |- (3

Indexes A and B denote different cationic species of the annealed electrolyte mixture.

0 0 »p

The integral equations written above can only be solved with the help of additional approxima-
tions, i. e. the so-called closure conditions. In this, as well as in many previous studies, we apply
the HNC closure condition in the form:

CT)’LTL(T) — e[—ﬁU’mn(T)_i_an(T)] 11— an(r), 012 (7,,) — 61"12(7,) _1_ F12 (7,,) (6)

In this equation I'™" = H™" — C™", and the superscripts m,n assume values 0 and 1. Further,
U™ are the matrices of interparticle pair potentials given by equation 2 and § = 1/(kgT), where
kg is the Boltzmann constant.

The set of equations 4 and 6 must first be re-normalized before it can be solved numerically.
The renormalization was carried out following the procedure described in [19,20]. The form of the
renormalized functions remains the same as in the case of single electrolyte adsorption [20], except
that k3 = 47 p}(2})?Ap,1 contains the sum over all (three) fluid species. A direct iteration on
a grid of 16,384 points with Ar = 0.05 A was used to solve the set of integral equations with the
related closure conditions given above.

2.1.1. Thermodynamic properties

The excess internal energy of a charged fluid inside a charged matrix was calculated from
equation 7 [26]:

N =5 S Y aled [agf o)+ S Yl [l ouie). )

i=A,B,— j=AB,— i=A,B,— j=+,—
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where x! = pl/(pY + ph + pL). Another thermodynamic property of special interest for this study
is the excess chemical potential, i} = In v}, of the adsorbed fluid. The equation has been derived
for the single electrolyte in the adsorbent within ROZ/HNC approximation [22]. For the electrolyte
mixture the equation reads:

lnfyi1 Z p(;c(lso)u — Z pj [c(lsl)lJ(O) — C(S)IJ )] +0.5 Z p]/drhlo hlo 10)
Jj=+,— j=A,B,— J=+,—

105 S p]/drhn (R — el — B2(hE2 (2], (8)

Jj=A,B,—

where ¢ s)u( ) denotes the Fourier transform of the direct correlation function at & = 0.

2.2. The Grand Canonical Monte Carlo simulation

The matrix configuration was obtained using the canonical Monte Carlo simulation. After the
equilibration, the matrix ions were frozen in their positions. The annealed electrolyte ions were
then distributed within the matrix and the system was studied by the grand canonical Monte Carlo
(GCMC) method. The methodology of the method is well established and extensively described
in several previous papers and therefore is not repeated here [6,23,24,27,28]. The details of the
simulations are: the number of matrix particles was 1000 and the average number of a fluid cation
species distributed within the matrix varied from 50 to 400. The ions within the matrix were first
equilibrated over at least 106 GCMC steps. After the equilibration, the production run of 2-10%
attempted configurations was carried out to obtain the average concentration of the adsorbed
electrolyte species.

The mean activity coefficients of the annealed electrolyte, 71, were calculated from the equi-
librium relation

0k =k ((h) (L) )Y 5D = (@) = o () () e ()

where index + refers to one of the cation species, and out refers to the properties of the bulk
electrolyte mixture. The activity coefficients of the bulk electrolyte mixture, 73", were obtained
using the hypernetted-chain (HNC) theory which has proved to be very successful in describing

the properties of ionic fluids [24].

3. Results and discussion

3.1. Test of the method

The first step of this study was to test out the newly written ROZ equations in HNC approx-
imation in order to describe the thermodynamic and structural properties of electrolyte mixtures
adsorbed in electroneutral matrices. We compared the internal energy (equation 7) and excess
chemical potential (equation 8) obtained within ROZ/HNC theory with the newly obtained results
from GCMC simulations for two different mixtures of fluids: (i) za = z5 = +1, o} = 5.04 A (the
model for H* ion), oy = 3.87 A (the model for Nat ion), and 0! = 3.62 A (the model for C1~
ion) [29]; and (ii) 2o = +1, 25 = +2, 0§ = 5.04 A (the model for H* ion), oy = 7.03 A (the model
for Ca®* ion), and o> = 3.62 A (the model for C1~ ion) [29]. In all cases 21 = —1. The results
for thermodynamic properties are collected in table 1, and the comparison between different pair
distribution functions is for one case shown in figure 1.

Figure 1 shows an excellent agreement between fluid ion-ion and fluid ion-matrix pair distribu-
tion functions for the model (i), i. e. HC1 4+ NaCl: ¢g = 1.0 M, ¢y, = 0.1797 M, and ¢y, = 0.1987
M. The same agreement was obtained for other fluid/matrix concentrations, as well as for the
model (ii), i. e. the mixture of HCI and CaCls,. As a consequence, the results for the excess internal
energy and the activity coefficients that are in the ROZ/HNC theory calculated from the pair
distribution functions (equation 7 and 8) and are collected in table 1 also show a reasonably good
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agreement with the GCMC simulation, as was previously observed for a single electrolyte annealed
fluid [21,22].
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Figure 1. (a) Fluid-fluid pair distribution function g''(r) and (b) fluid-matrix pair distribution
function g'°(r) for model (i), i. e. HCl + NaCl. The lines show the ROZ/HNC results, and the
symbol results from the GCMC simulations. ¢co = 1.0 M, ca = 0.1797 M, c¢g = 0.1987 M.

Table 1. The excess internal energy per annealed fluid particle, —E*/N1kgT, and the mean
activity coefficient, v+, as obtained from ROZ/HNC theory, and GCMC simulation. The pa-
rameters of the two models are given in the text.

—E/NiksT T R

ciol enal GCMC  ROZ  GCMC  ROZ  GCMC  ROZ
00712 03171 0.77(7) 0.791 1.07(0) 1.061 0.90(9) 0.907
0.1435 0.2384 0.77(0) 0.783 1.07(5) 1.070 0.91(5) 0.914
02161 0.1593 0.76(2) 0.774 1.08(2) 1.078 0.92(3) 0.920
02892 0.0796 0.75(3) 0.765 1.09(0) 1.087 0.93(2) 0.927
—E/NiksT

HCI
Y+
CHCI ccac, GCMC ROZ GCMC ROZ GCMC ROZ

CaCly
as

0.0278 0.1087 1.29(5) 1.248 1.03(6) 1.027 0.75(8) 0.775
0.0663 0.0961 1.19(2) 1.150 1.03(3) 1.035 0.76(6) 0.782
01220 0.0781 1.07(5) 1.096 1.04(0) 1.040 0.77(7) 0.787
0.2095 0.0500 0.93(9) 0.908 1.05(6) 1.064 0.79(3) 0.809

3.2. Donnan exclusion coefficients

Since, in general, the ions differ in size and charge we proceed with a systematic study of each
effect separately. First we studied the Donnan exclusion coefficient, I', of a cation B of different sizes
where all the other ions in an annealed electrolyte mixture were of the same size: zpo = zp = +1,
2zl = 1,0} =0 =425 A and o} = 4.25, 5.00, 6.00, or 7.00 A. The matrix was as described
above. The results for different mixture compositions (co = 1.OM, I"™ = 0535, 5 ¢j(2})* =05
M) are as a function of X3 = ¢ _/(c¥ _ + ¢ _) shown in figure 2a. As the size of the ion
increases, I increases to more positive values, which means that the big ion gets excluded from the
matrix to a larger extent. As previously established, this is a results of the excluded volume effect.

In figure 2b we show I of cation B, where o}, = 4.25 A but its charge, zp varies from +1 to
+4. Again, ¢ = 1.0 M, and I'™ = 0.5 M. With the increasing charge of the ion (increasing ion
charge deunsity), the Donnan exclusion coefficient I" decreases and finally (for zg = +4) becomes
negative, showing the actual sorption of the component: the concentration of the ion B is higher
in the matrix than in the bulk of the same chemical potential. This can be explained with the
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stronger electrostatic attraction between annealed ions with high charge density and oppositely
charged matrix ions.
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Figure 2. (a) Donnan exclusion coefficient I' for different sizes of cation B, of: 4.25 A (full
circles), 5.0 A (empty circles), 6.0 A (full squares), 7.0 A (empty squares). (b) I" for different
charges of cation B, zg: +1 (full circles), +2 (empty circles), +3 (full squares), and +4 (empty
squares). Other parameters are described in the text. All results were obtained using ROZ/HNC

theory.
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Figure 3. Donnan exclusion coefficient T' for H' cation in (a) model (i), i. e. HCl + NaCl, and
(b) model (ii), i. e. HCl + CaCly. I'™ = 0.5 M, and ¢o = 0.2 M (full circles), 1.0 M (empty
circles), 2.0 M (full squares), and 5.0 M (empty squares). All the results were obtained using
ROZ/HNC theory.

Both effects, excluding volume and electrostatics, result from the interaction with matrix parti-
cles. It is therefore to be expected that the matrix concentration importantly effects the exclusion
coefficients of ions. In figure 3 we show the Donnan exclusion coefficient for HT ion in models (i),
i. e. HCI + NaCl (figure 3a), and (ii), i. e. HCl + CaCly (figure 3b); I'® = 0.5 M, and cq varies
from 0.2 M to 5.0 M.

As the matrix concentration increases the Donnan exclusion coefficient increases to more posi-
tive values suggesting that the volume exclusion effect prevails over the electrostatic attraction.
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3.3. Preferential adsorption

For practical applications of electrolyte mixture adsorption, such as water softening and water
deionization, the mixture composition in the adsorbent versus the mixture composition in the bulk
is of particular interest. Figure 4 shows such ion-exchange isotherms obtained using ROZ/HNC for
models (i), i. e. HCl 4+ NaCl, and (ii), i. e. HCl + CaCly, for different matrix concentrations.

0.8 | 08 |
0.6 | 0.6 [
<2 <2
x x
04 | 0.4 |
02 0.2
o L&z . . . . o & . . . .
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
xout xout
HCI HCI

Figure 4. Ton-exchange isotherms (X{Ic; as a function of Xgg) for (a) model (i), i. e. HCI +
NaCl, and (b) model (ii), i. e. HCl + CaCly. I' = 0.5 M, and ¢o = 0.2 M (full circles), 1.0 M
(empty circles), 2.0 M (full squares), and 5.0 M (empty squares). All results were obtained using
ROZ/HNC theory.

For the lowest matrix concentration studied here (¢y = 0.2 M) almost no preferential adsorption
is observed (X{Ty ~ X34). At higher matrix concentrations, the larger cation (HT in model (i)
and Ca?* in model (ii)) gets partly excluded from the matrix. Note that the charge densities of the
model HT and Ca?T ions are approximately the same and the partition of the mixture components
is, therefore, determined by the excluded volume effect. As expected, the phenomenon is more
pronounced at higher matrix concentrations.

4. Conclusions

The ROZ/HNC equations for an annealed electrolyte mixture in an electroneutral matrix with
charges were tested against GCMC simulation results. Good agreement was obtained for structural
and thermodynamic properties, such as excess internal energy, and excess chemical potential. The
theory was then used to study the excluded volume and electrostatic effect in the process of the
adsorption of electrolyte mixtures with a common anion. The results show that in most cases
studied here the ions get excluded from the adsorbent, in other words, the excluded volume effect
prevails. Only in the case of highly charged annealed ions, the sorption occurs; the electrolyte gets
sucked into the adsorbent. A more systematic study of the matrix structure (quenching) and charge
density on the adsorption isotherms will be a subject of future work. We will pay special attention
to the charged matrices that will be used as a model to study the ion exchange phenomena and
will enable a direct comparison with experiments.
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3acTocyBaHHS rpaHNYHUX PiBHAHb OpHLwWTEeHa-LlepHike npu
BMBYEHHI apcopOuii cymillen enekTponiTiB y HEBNOPSAKOBaAHUX
MaTpULUaX 3apaaXEeHUX YaCTUHOK

M. Nykwiu!, . Tpedanst?, B. Xpibap-Ii

1 dakynbTeT XiMii Ta XiMiYHUX TexHonoril, YHiBepcuTeT JTiobnsaHu, JliobnsaHa, CnoseHis
2 IHcTUTYT iM. Moxeda Credana, Byn. Amosa 39, SI-1000 JliobnsHa, Cnoseris

OTtpumaHo 9 4yepsHs 2009 p., B ocTaTo4HOMY BUrnaai — 19 yepsHsa 2009 p.

PenniyHe piBHSIHHS OpHwTeliHa-LepHike (POLL) 3acTtocoBaHe as BUBYEHHS aacopObuii ioHIB i3 cymiluen
eneKTporiTiB. AOCOPOEHT PO3MSAAETLCS Y BUMSAI 3aMOPOXEHOI NPUMITUBHOI +1:—1 MoAeni po3mipHO
CUMETPUYHOIO eNeKTPOSITY, TOAI SK PYXOMi YaCTUHKM — Lie iOHU, Lo BiOpi3HAIOTLCA 3apsaom Ta/abo pos-
Mipamu. [aHi, Wwo otpumani 3 pisHaHHA POLL y rinepnaHutoxkoBomy HabnmxeHHi ([T1H), nopiBHSHO 3 Ho-
BMMU pe3ynbratamu MoHTe-Kapio MoaenioBaHHs y BEIMKOMY KaHOHIYHHOMY aHcamb11i | BUSIBNEHO XopoLLe
y3roaxeHHs Mix oboma metogamu. Teopito POL/TTIH pani 6yno BUKOPUCTaHO OJ151 BUBHEHHSI KOEDILEHTIB
BUKJTIIOYEHHS, B 3a/1€XHOCTI Bi, mapameTpiB po3MipHOi Ta/abo 3aps0BOi aCUMETPIN HEPYXOMUX iOHIB.

Knio4oBi cnoBa: cymiLi en1eKkTponitis, MpuMITYBHA MOAEJIb €J1eKTPOJITY, BUNaAKoBi MOpUCTI Matepiany,
koe@iyieHT BukmoYeHHs1 LJoHHaHa, pernnidHe iHTerpanabHe pisHsiHHS OpHLwTeliHa-LiepHike, MoaentoBaHHs
MoHTe-Kapro

PACS: 82.60.-s, 02.30.Rz, 61.20.-p
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