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Abstract

The adsorption of electrolyte mixtures with a common anion in a disordered porous media containing charges was
studied using the grand canonical Monte Carlo method. The porous media (matrix) was prepared by a sudden quench of
amodel +1 : —1 electrolyte. A mixture of +1 : —1, +1 : =1 model electrolytes with ion sizes that correspond to HCI and
NaCl water solutions was than allowed to penetrate such a material for a thermal equilibrium with an external bulk
solution to be established. The systems were studied at different ionic strengths of the annealed electrolyte mixture and
at different matrix concentrations. The results show similar trends as for electrolyte mixture adsorption in charged
cylindrical micropores. At low matrix and annealed electrolyte mixture concentration the sorption of the ions is
observed while at high concentrations the electrolytes get excluded from the matrix. As expected, the exclusion is
stronger for the HCI solutions as a result of a weaker electrostatic attraction between H* and matrix ions.

Keywords: Electrolyte mixtures, primitive model electrolyte, random porous media, separation factors, Donnan
exclusion coefficients, ion-exchange isotherm, Monte Carlo simulation

1. Introduction

The partition of electrolyte solutions between an
isotropic bulk phase and a microporous material is impor-
tant for understanding many chemical and engineering
processes, desalination of water, ion exchange resins equi-
libria, and membrane equilibria being just few of them." In
all these processes the selectivity of the adsorption of dif-
ferent kinds of ions plays a crucial role. In the softening of
water, for example, the “hard” water is passed through
cation exchange resins in which calcium ions are replaced
by sodium ones. In the process of deionization of water, on
the other hand, the sodium ions from water are adsorbed in
the ion exchanger and replaced by hydrogen ions. Due to
different level of adsorption, the concentration ratio of com-
peting ions in the adsorbent is different from that in the bulk
solution, in other words, the adsorbent “selects” one species
in preference to the other. This selectivity is usually meas-
ured by the so-called separation factor, ocﬁ, defined as’:
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Here, A and B are the competing ions, the subscript
out denotes the concentration of the ion in the external
solution, and the subscript in denotes the concentration of
the ion in the adsorbent.

Because of their great practical importance, these
systems have been extensively studied experimentally and
theoretically, for more recent reviews see for example
Ref. 3-4. While most of the earlier theories are based on
the empirical or semiempirical equations, in the last few
decades theories have been developed that provide the
correct description of the phenomena based on the phy-
sical chemistry of these systems.! One of the first such
theories is based on the classical Donnan equilibrium’
where the rejection of an electrolyte from the adsorbent is
measured conveniently by the so-called Donnan exclusion
coefficient, which is for a certain ion A defined by®:

r=%_% @)

A more detailed model of electrolyte exclusion is
based on the Poisson — Boltzmann (PB) equation.7’9
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Although the PB theory has successfully described vari-
ous experimental results it contains several statistical-
thermodynamical approximations that can lead to unphy-
sical results in some cases. In the last few years some bet-
ter theories have been developed.'!"!

The method that, when properly applied, provides
the exact calculation for the thermodynamic properties of
a chosen model, is the Monte Carlo computer simulation.
When phase equilibria are involved in the calculation, the
grand canonical Monte Carlo method (GCMC) proves
particularly useful since its methodology already provides
the equivalency of the chemical potentials of two phases
involved, the condition that needs to be fulfilled for the
chemical equilibrium to be established.'” The method was
successfully used in several studies of electrolyte adsorp-
tion in charged microporous materials.® -1

In this paper a slightly different model of adsorbent
is used. A random microporous material is considered that,
in spite containing positive and negative charges, is elec-
troneutral as a whole.'® Adsorption of single electrolyte
solutions in such materials has been previously studied by
Monte Carlo computer simulations and integral equation
theories.'”?" Here we were interested in the preferential
adsorption of an electrolyte mixture with a common anion
in which the cations differ in size. The model was studied
using the grand canonical Monte Carlo simulations. The
paper is organized as follows. After this brief Introduction,
the Model and the Method used are described in Section 2.
The results are presented and discussed in Section 3 and
the Conclusion are summarized in Section 4.

2. The Model Description
and the Simulation

The model system under consideration consists of
two subsystems. The first subsystem, the adsorbent (also
called matrix), was modeled as an equilibrium distribution
of a primitive model +1 : —1 electrolyte with ion diameters
6% =06"=4.25 A (the upper index 0 indicates the matrix
particles). After the equilibration the electrolyte was sub-
ject to a sudden quench and the ions were frozen in their
positions. The second subsystem, a mixture of two +1 : —1
primitive model electrolytes with a common anion, was
than allowed to come in the thermal equilibrium with the
matrix, not influencing the matrix subsystem. The whole
system was treated on the McMillan-Mayer level of ap-
proximation: the solvent was treated as a dielectric contin-
uum with the dielectric constant €, or €,, respectively, and
the pair potential between ions of different species was:
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As before, the upper index 0 denotes matrix parti-
cles, while the index 1 denotes fluid particles. Although in
general, the temperature of the quench of the matrix, T,
can differ from the annealed fluid equilibration tempera-
ture, T,, both temperatures were taken to be the same
throughout this study, and namely 298 K, which corre-
sponds to the Bjerrum length, Ly =Ly, =L;=7.14 AB
= (kBTl)", where kj is the Boltzmann constant. e, is the
proton charge, and € is the permittivity of the vacuum.

As already stated, the parameters for the matrix
were zi =1,z"=-1, and Gf =0"=425 A. The annealed
fluid adsorbed in the matrix was a mixture of two +1 : —1
electrolytes with a common anion, z i A=Z J'r =1z T=_1.
The sizes of the ions were chosen to correspond to the
mixture of HCI and NaCl in water’': 61, =5.04 A, &
3.87 A, andcl, =3.62 A.

The matrix configuration was obtained using the
canonical Monte Carlo simulation. After the equilibra-
tion, the matrix ions were frozen in their positions. The
annealed electrolyte ions were than distributed within the
matrix and the system was studied by the grand canonical
Monte Carlo method. The methodology of the method is
well established and extensively described in several pre-
vious papers and is therefore not repeated here.® !> 7 22
The details of the simulations are as follows. The number
of matrix particles used was from 1000 to 5000, depen-
ding on the concentration. The average number of a fluid
cation species distributed within the matrix varied from
50 to 1500. The ions within the matrix were first equili-
brated over at least 10° grand canonical Monte Carlo
steps. After the equilibration, the production run of 2 x
107 attempted configurations was carried out to obtain
the average concentration of the adsorbed electrolyte
species.

To calculate the mean activity coefficient of the
annealed electrolyte from the equilibrium relation a! = y.

cicl =al" =" Nc{" ¢, where index + refers to one
of the cation species, and out to the properties of the bulk
electrolyte mixture, the activity coefficient of the bulk
electrolyte mixture, y:”’, has to be known in advance. The
values used were obtained using hypernetted-chain
(HNC) theory which has proved to be very successful in
describing the properties of ionic fluids.*

o _
Na+ —
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3. Results and Discussion

We begin this section by presenting the Donnan ex-
clusion coefficients,I, for both electrolytes in the mixture
at a constant mole fraction of HCI in the external solution,

H

and namely, x, = =0.5, as a function of the ma-

trix concentration. The exclusion coefficients are for sev-
eral ionic strength of the external solution (I = 0.1 M —
full lines, I°* = 0.3 M — dashed lines, and I = 0.6 M —
dotted lines) presented in Figure 1. The symbols represent
the Monte Carlo results while the lines are here only to
guide the eye.
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Figure 1. The Donnan exclusion coefficient, I', as a function
of matrix concentrations, c,. xi* = 0.5 and I°* = 0.1 M (full lines),
0.3 M (dashed lines), and 0.6 M (dotted lines). The full symbols
show the exclusion coefficients for H* ions and empty symbols for
Na* ions.

One can clearly see that in all cases studied the
exclusion coefficients for HCl model solution (full sym-
bols) are higher than the corresponding ones for NaCl
(empty symbols). Due to larger radius of the H* model
ion, its charge density is smaller than the one of Na* mod-
el ion. The electrostatic attraction between matrix anions
and H* model ions is therefore weaker, and the excluded
volume effect of the matrix larger, both effects causing
more intensive adsorption of the NaCl solution.

Very similar effects are seen in Figure 2 where
the Donnan exclusion coefficients are shown as a func-
tion of the ionic strength of the external solution at a
fixed mole fraction of HCL, x{{ = 0.5 (Figure 2a), and
as a function of the mole fraction of HCI at a constant
ionic strength of the external solution, I°* = 0.5 M
(Figure 2b), in both cases, for several matrix concen-
trations (¢, = 0.2 M — full lines, ¢, = 0.425 M — dashed
lines, and ¢, = 1.0 M — dotted lines). Again, the full
symbols apply to the HCI and empty symbols to the
NaCl solutions.
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Figure 2: a) The Donnan exclusion coefficient, I', as a function of
the ionic strength of the external electrolyte, I°*. x* = 0.5 and ¢, =
0.2 M (full lines), 0.425 M (dashed lines), and 1.0 M (dotted lines).
The full symbols show the exclusion coefficients of H* ions and
empty symbols for Na* ions. b) The Donnan exclusion coefficient,
T, as a function of x;‘“. I = 0.5 M, the rest as for Figure 2a.

At low ionic strengths and low matrix concentra-
tions one actually observes the sorption of the electrolyte
into the matrix, the concentration of the electrolyte is
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Figure 3. The separation factor, g =L

Cya Ch
at 1 =0.5M, and ¢, = 0.2 M (full lines), 0.425 M (dashed lines),
1.0 M (dotted lines), and 5.0 M (empty symbols).
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higher in the matrix than in the external solution of the
same activity (I" < 0). At these conditions the excluded
volume due to the matrix is small and the matrix charges
are only poorly screened, causing the attractive forces bet-
ween matrix anions and fluid cations to “pull” the external
solution into the adsorbent. Again, the attraction is
stronger for the Na* ions (Figure 2a). No such sorption is
observed in the adsorbents containing no charges.**

At a given ionic strength of the external electrolyte,
the exclusion coefficient shows very little dependence on
the electrolyte composition (Figure 2b).

To see more clearly the difference between the ad-
sorption of the HCI and NaCl solution in the matrix, the

Jout _in

c H Na

separation factors, aj)’ = are for several matrix

.

concentrations (c, = 0.2 M — full lines, ¢, = 0.425 M —
dashed lines, ¢, = 1.0 M — dotted lines, and ¢, = 5.0 M —
empty symbols) presented in Figure 3. The ionic strength
of the external electrolyte in this case was [°" = 0.5 M. At
low matrix concentrations the separation factors do not
vary substantially with the mole fraction Xj;. This is con-
sistent with previous observations for the preferential ad-
sorption in charged cylindrical micropores®, as well as
with the experimental results.” As expected, the selectivity
coefficients are much larger at higher matrix concentra-
tions where both, the excluded volume effect, and the
electrostatic effect favor smaller Na* model ions with hig-
her charge density.

Another convenient form of showing the selectiv-
ity of the adsorbent is the ion-exchange isotherm pre-
senting the mole fraction of one competing ion within
the adsorbent, xX’, as a function of the mole fraction of
the same ion in the external solution, x‘j\”’. Some of the
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ion-exchange isotherms for the cases studied are shown
in Figure 4. In a system in which the adsorbent would
show no preference for one or the other ion, the ion-
exchange isotherm would be linear, while the curvature
signifies the selectivity. In our case the negatively
curved ion-exchange isotherms show the characteristic
of the adsorbent to prefer Na* ions to the H* ones. Here
the rombs (short-dashed line) show the results for
¢, = 5.0 M, the triangles (dotted line) show the results
for ¢, = 1.0 M, squares (long-dashed line) show the
results for ¢, = 0.425 M, and circles (full line) show the
results for ¢, = 0.2 M. The error-bars not shown in the
figure are smaller than the size of the symbols. In all
cases, [ = 0.5 M.

Consistently with our previous observations, the
selectivity of the matrix increases with its concentration
(Figure 4a). In Figure 4b the ion-exchange isotherms in
the matrix with the concentration ¢, = 1.0 M are present-
ed. The results for I°" = 0.05 M are shown with full lines,
for I°" = 0.2 M with dashed lines, and for I°* = 0.5 M
with dotted lines. The results for all the cases studied
visually coincide showing almost no dependence of the
matrix selectivity on the external electrolyte ionic
strength (Figure 4b).

To further support our explanation of the results pre-
sented above, we show some fluid-matrix radial pair dis-
tribution functions (pdfs) for the competing ions. Figure 5
shows the pdfs for the case where the ionic strength of the
external solution was 0.5 M, and xﬁ”’ = 0.5. At these con-
ditions, the corresponding equilibrium fluid concentra-
tions in the matrix with ¢, = 0.2 M were ¢y, = 0.244 M
and ¢, = 0.239 M (Figure 5a), and in the matrix with ¢,
=1.0M, ¢\, =0.199 M and ¢, = 0.180 M (Figure 5b).
The full lines show the H-matrix ion pdfs and the dashed
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Figure 4. Ion-exchange isotherms (Xli{n as a function of X; ) for the mixture of HCI + NaCl in +1 : 1 electrolyte matrix. a) I"=0.5M;¢,=5.0
M (rombs, short-dashed line), ¢, = 1.0 M (triangles, dotted line), ¢, = 0.425 M (squares, long-dashed line), and ¢, = 0.2 M (circles, full line) b)
c,=1.0M; I°* = 0.05 M (full line), I°** = 0.2 M (dashed line), and I°* = 0.5 M (dotted line). The solid line without symbols is showing the diagonal.
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Figure 5. Fluid-matrix radial pair distribution functions g, ,(r) for H*
— matrix (full lines) and Na* matrix (dashed lines). The upper curves
correspond to the matrix anion and the lower ones to the matrix
cation. I = 0.5 M and x{"* = 0.5. a) c;=0.2 M and b) ¢, = .OM.

lines show the Na-matrix ion pdfs. The figures corrobo-
rate our previous findings. The Na* model ions come clos-
er to the matrix ions. The height of the peaks is showing
that the probability of finding a Na* ion in contact with a
matrix anion is higher than the corresponding probability
for a H* ion.

Another interesting observation are the shapes of the
described pdfs. In both cases (c, = 0.2 M — Figure 5a, and
¢, = 1.0 M — Figure 5b) the cross-over of the ++ and +-
pdfs is observed. At a certain distance the interaction be-
tween fluid and matrix cations (anions) becomes attrac-
tive, and the interaction between oppositely charged ions
becomes repulsive. In the case of low matrix concentra-
tions this cross-over occurs at relatively large distances
(Figure 5a), allowing the sorption of the electrolyte in the
matrix (Figure 2a). At higher matrix concentrations the
cross-over is shifted to much shorter distances (Figure 5b)
causing the desorption of the electrolyte from the matrix
(Figure 2a).

4. Conclusions

In this work the preferential adsorption of an elec-
trolyte mixture with a common anion, and in which the
cations differ in the size alone, in a disordered porous me-
dia containing charges was studied using the grand canoni-
cal Monte Carlo simulation. The parameters of the model
were chosen to mimic a mixture of HCI and NaCl water so-
lution, while the adsorbent was chosen to be a frozen con-
figuration of an equilibrated symmetric +1 : —1 electrolyte.

The separation factors and the ion-exchange isother-
ms show the ability of the adsorbents to filter the electrolyte
mixture. The adsorbents considered in this work prefer the
Na* ions to the H* ones. This is the result of two effects
combined. Due to the larger size of the H* model ion the
excluded volume effect is more pronounced for these ions,
especially at higher matrix concentrations. At low matrix
concentrations the electrostatic effect is more important.
Again, due to smaller charge density, the electrostatic
attraction between H' model ions and the oppositely
charged matrix ions is smaller than for the Na* model ions.

To see the influence of the adsorbent structure on the
ability of the adsorbent to filter the mixtures of electroly-
tes, a comparison with the results for the adsorption of
mixed electrolytes in charged cylindrical micropores stud-
ied previously is of some interest. Although due to the dif-
ferences in the models no direct comparison is possible,
our observations show qualitatively similar trends as those
for the preferential adsorption in the cylindrical microp-
ores: While the separation factor depends strongly on the
density and/or the charge density of the adsorbent, it shows
almost no dependence on the adsorbing mixed electrolyte
composition at its constant ionic strength. Our conclusion
was that the selectivity of the matrix shows very little
dependence on the actual microstructure of the adsorbent.

Our observations are also consistent with the experi-
mental results. To get an even more direct comparison
with the experiment, we hope to investigate the preferen-
tial adsorption of the mixtures in the charged random
matrices in our future work.
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V tem delu smo s pomocjo metode racunalniske simulacije Monte Carlo v velekanoni¢nem ansamblu $tudirali
adsorpcijo meSanic modelnih elektrolitov v neurejeni porozni snovi. Adsorbent smo pripravili z zamrznenjem
uravnoteZene raztopine simetri¢nega +1 : —1 elektrolita. Adsorbatu, mesanici dveh modelnih +1 : -1 elektrolitov, ki
ustrezata vodnim raztopinam HCl in NaCl, smo dovolili, da se v tako pripravljenem adsorbentu porazdeli in pride z njim
v termi¢no ravnoteZje. RavnoteZja smo Studirali pri razli¢nih ionskih jakosti elektrolitskih meSanic in razli¢nih
koncentracijah adsorbenta. Rezultati kaZejo podobne trende kot za adsorpcijo elektrolitskih meSanic v nabitih
cilindri¢nih mikroporah. Pri nizkih koncentracijah adsorbenta in adsorbata pride do sorpcije elektrolita v adsorbent, pri
visjih koncentracija pa je koncentracija elektrolita v adsorbentu niZja kot v nemoteni raztopini enake aktivnosti. Kot
pri¢akovano je stopnja adsorpcije visja za Na* ione, kar je posledica njihove manjSe velikosti in ve¢je gostote naboja.
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