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Abstract—Molecular dynamic simulation was used to calculate the self-diffusion coefficients of ions in aqueous KCl
solution. The simulations were performed for enough time (12 ns) in the form of all-atom to determine the accurate
values of the self-diffusion coefficients. The values of the self-diffusion coefficients were calculated by Einstein equa-
tion. Two different force fields of Dang and Deublein were employed in the simulations, and we found that at low ion
concentration (equal or less than 3 mol/(kg of H,0)), the Dang force field is more accurate for prediction of the self-
diffusion coefficient of K* ions and Deublein force field is more accurate for Cl” ions. An Arrhenius type equation was
used to model the temperature dependence of the self-diffusion coefficients and the diffusion activation energies at dif-

ferent ion concentrations were reported.
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INTRODUCTION

Aqueous electrolyte solutions are very important in biological,
chemical and environmental processes [1-3]. Water is a strongly
polar liquid and the presence of charged ions in the water medium
can affect the mobility of water molecules. The physical behavior
of aqueous electrolyte solutions depends on water-ion interaction.
One of these solutions is aqueous KCl solution in which the K"
and CI ions are dispersed in the liquid medium. This aqueous elec-
trolyte solution is used in electrochemical capacitors [4]. In addi-
tion, this electrolyte contains important ions for human body [5].
Some of the recent works in usage of KCl electrolytes are available
in the literature [6,7]. One such work, published by Kim et al,, is
about the effect of KCl electrolyte on the electrochemical behavior
of electric double layer capacitors based on a porous silicon car-
bide electrode [7].

Molecular movement in the fluid medium is significant and af-
fects the bulk properties of material such as their transport proper-
ties. To design, control and optimize any chemical process, the trans-
port properties play important roles. Rheological, thermal and
molecular diffusion behaviors for many fluids have been investi-
gated broadly in literature [8-10]. These properties are related to the
molecular behavior of a fluid. Thus, the study of molecular behav-
ior of any material can lead to the calculation of these properties
[11]. One of these properties is the self-diffusion coefficient, which
shows the mobility of molecules in a mixture. The self-diffusion co-
efficient shows the diffusion of a species in the absence of a driv-
ing force and is related to the Brownian motion of that species.

The measurement of the self-diffusion coefficients of materials
is not straightforward because determination of diffusion flux of
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one component in the medium of the same component is infeasi-
ble [9]. Some of the methods for the measurement of self-diffusion
coefficients are nuclear magnetic resonance (NMR) [13], neutron
diffraction [14] and radioisotopic methods [15]. Furthermore, some
theoretical models have been developed to predict the self-diffu-
sion coefficient [16,17]. Molecular simulation is a strong tool for
calculation of the self-diffusion coefficient. Some of the recent works
on the calculation of the self-diffusion coefficients by molecular
dynamic (MD) simulation are available in literature [18-20].

Molecular simulation methods are useful for calculation of mate-
rial properties and prediction of chemical phenomena. Using this
tool, those properties of materials for which their measurement is
expensive, can be predicted. Moreover, some phenomena for which
their experimental study is difficult, can be simulated in computa-
tional space. These simulations consist of different methods, such
as molecular dynamics (MD) and Monte Carlo (MC) [21]. In MD,
governing equations are based on classical Newtonian mechanics
and the particle positions in each time step can be calculated by
the aid of these equations.

In molecular dynamics, the systems are simulated in the forms
of all-atoms or coarse-grain. In the all-atoms type, each atom in a
molecule is considered as an interaction site, while in the coarse-
grain model different atoms are grouped in a single interaction site
named “pseudo-atom”” Thus, in the coarse grain method, the speed
of simulation is higher than in all-atom one. The MD method can
be used in simulation of electrolyte systems. Some of the recent
works on MD simulations of electrolyte solutions can be found in
references [22-26].

In the present work, the KCI aqueous electrolyte solution was
simulated in the form of all-atom by molecular dynamics simula-
tion approach. The simulations were performed by using two dif-
ferent force fields for ions. The self-diffusion coefficients of ions over
the temperature range of 280-340 K and ion molality between 1.13-
6.17 mol/kg H,0, were calculated.
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METHODOLOGY

1. Theoretical Background

For calculation of transport properties by molecular dynamic
simulation, there are two approaches: non-equilibrium molecular
dynamics (NEMD) and equilibrium molecular dynamics (EMD)
[27]. Calculating the transport properties by EMD is based on the
linear response theory [28]. The correlation functions of micro-
scopic fluxes are naturally decayed in EMD runs and the transport
properties can be determined by Green-Kubo formulas [29]. Fur-
thermore, to obtain accurate results from EMD simulations, the
simulation should be done for a long time [30] and the integrals of
the flux correlation functions over the time converge poorly. On
the other hand, interpretation of the NEMD results is difficult due
to the problems related to the simulation techniques [27]. In the pres-
ent work, the EMD method is selected, and the simulations are
carried out for sufficiently long time.

In the calculation of self-diffusion coefficients, there are two gen-
eral methods with specific data. The first method deals with the
positions of molecules and the second one deals with their veloci-
ties. In the first method, the ensemble average of mean square dis-
placement (MSD) of the molecules is related to the self-diffusion
coefficient. This method is called Einstein method [30]. By this
method, the self-diffusion coefficient can be calculated according
to Eq. (1).

D; = 2dNt<z[r -0’ 1)

where D;, is the self-diffusion coefficient of specie i, r; is the cen-
ter of mass position of the molecule i, N is the total number of
molecules, t is the total simulation time and d is the dimensional-
ity of system (e.g., for 2d system d=2). The infinity symbol means
that the calculation should be done for sufficiently long time. Hence,
if the ensemble average of MSD is plotted versus time, a linear curve
is achieved and the slope of this line equals to 2dD;. The slope should
be calculated for a sufficiently long time. Special care should be
taken using the Einstein method for self-diffusion calculation be-
cause of applying periodic boundary conditions in the simulations.
In the second method, the self-diffusion coefficient is calculated by
integrating the ensemble averaged of velocity auto-correlation func-
tions (VACF) of the molecules over the time [30]. This method is
called Green-Kubo method (Eg. (2)).

D; 3NI <ZV (H)vi(0))dt @

where v; denotes the velocity of the molecule “” In contrast to
Einstein equation, in this equation, the time symbol denotes the
time step of VACE The second method is very time consuming
[30], and thus the first method is preferable to calculate the self-
diffusion coefficient. In the present study, the Einstein method is
used.

One of the factors that affect the value of self-diffusion is tem-
perature. Apparently, temperature increment leads to rise in the
self-diffusion coefficient. Temperature dependence effect on the self-
diffusion could be modeled by Arrhenius type equations (Eq. (3))
[30]. In Eq. (3), D, shows the limit of self-diftusion coefficient when
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Fig. 1. The initial structure for simulation of aqueous KCl solution.
White and yellow particles are ions and the others are water
molecules.

the temperature approaches infinity. Moreover, E is the diffusion
activation energy [30].

D=D exp( IfT) ©)

2. Simulation Details

When a halide salt such as KCl is dissolved in a water medium,
the ions which are in the lattice structure of halide are separated
from each other and disperse in the water medium and make aque-
ous electrolyte solution. According to this issue, the simulation of
this medium should consist of water molecules and separated ions.
In this work a cubic box was used to simulate the aqueous solu-
tion. In the initial configuration of system, the molecules and ions
were arranged layer by layer. One of These arrangements is shown
in Fig. 1.

To investigate the total potential energy of the system, the inter-
actions between atoms should be determined. The interactions
between atoms are in the forms of bonded and non-bonded inter-
actions. The non-bonded interactions contain van der Waals dis-
persion interaction and electrostatic Coulombic one. The dispersion
interactions were modeled by Lennard-Jones (6-12) relation accord-
ing to Eq. (4), and electrostatic interactions were modeled by Cou-
lombss law as stated in Eq (5). In these equations, r; is the distance
between atoms “i” and “f; & and o; are the parameters of energy
and distance of interaction 1n Lennard Jones model, respectively.
q; and q; are partial charges of atoms and &, is permittivity in the
vacuum.

Weag, [(?)n (;ﬁﬂ @)

y y
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For water molecules, there are many potential force fields such
as SPC [31], SPC/E [32], TIP3P [33] and TIP4P [34]. For K" and
CI ions there are force fields such as Dang [35], Joung & Cheatham
[35] and Deublein et al. [36]. The models SPC, SPC/E and TIP3P
consider three interaction sites on each water molecule. One of



Prediction of the self-diffusion coefficients in aqueous KCl solution using molecular dynamics 979

-, S[) ~

S Sy

Fig. 2. The geometry of TIP4P model [37].

Table 1. The dimensions of TIP4P model [37]
h, () h, ()
0.15 0.9572

o (deg)
104.52

Table 2. The partial charges and constants for each model of water

molecule [37,38]
Model Species i qi (e) &; (kcal/mol) oi (A)
-0.82 .1 1
SpC (6] 0.8 0.1553 3.166
H +0.41 0.0 0.0
SPCJE (6] —0.8476 0.1553 3.166
H +0.4238 0.0 0.0
TIP3P (6] -0.83 0.102 3.188
H +0.415 0.0 0.0
TIP4P (@] 0.0 0.155 3.15365
H +0.52 0.0 0.0

these sites is on oxygen atoms and two other sites are on hydro-
gen atoms. But, the model TIP4P considers four interaction sites
on each water molecule. The three interaction sites of this model
are the same as other models. The fourth site is placed along the
bisector of HOH angle. Fig. 2 illustrates this model, schematically.
In this figure, Sy and S, are the interaction sites on hydrogen and
oxygen atoms, respectively. S; is the fourth site of interaction. The
dimensions of this model [37] are listed in Table 1. In all of the
models, the interaction type of site on hydrogen atoms is only
Coulombic. In TIP4P model the van der Waals interaction is only
considered for oxygen atom site. But in the other models the inter-
action site on the oxygen atoms has both van der Waals and Cou-
lombic interactions. The fourth site of the model TIP4P has only
Coulombic interaction and its partial charge equals to —1.04. The
magnitude of partial charges and constants of van der Waals inter-
actions are listed in Table 2 [37,38].

In the present study, the interatomic potential used for water

Table 4. Concentrations and molecular numbers used in simulations

Table 3. The values of parameters of potential functions for ions

Force field Species i q(e) & (kcal/mol) o (A)
Deublein et al. K +1.0000 0.1987 2.7700
[36] cr —1.0000 0.1987 4.4100
K* +1.0000 0.1000 3.3320

Dang [35] _
Cl —1.0000 0.1000 4.4010

molecules was SPC/E force field. The interatomic potential for ions
was calculated by two force fields: 1-Dang [35] and 2-Deublein et
al. [36]. The Dang interatomic potential was released in 1995, but
the Deublein et al. force field was released in 2012. The values of
parameters in the force fields of ions are listed in Table 3. The
Lorentz-Berthelot mixing rule was used to calculate the energy and
length parameters of Lennard-Jones pair function for two differ-
ent types of atoms:

Eij= N €iiGjj ©)

0j= %—Gﬂ @)

The cutoff distance was assumed to be 12 A for both van der
Waals and electrostatic potentials. The long term of electrostatic
interactions was modeled by PPPM (particle-particle, particle-mesh)
with accuracy of 10>, The PPPM method is much faster than
older methods such as Ewald. In this method, the long range elec-
trostatic interactions are calculated by particle-mesh method [39].
The bond lengths and angles of water molecules were fixed by
SHAKE algorithm. This algorithm was used to accelerate the sim-
ulations. Because the covalent bond stretching and angle bending
are fast motions and these motions determine the time step [40].
If the covalent bond and angle of water molecule are set to fixed
quantities, larger time steps could be used.

LAMMPS (Large scale atomic/molecular massively parallel sim-
ulator) [41], a free and open source software was used for simula-
tions. Simulations were performed for five different concentrations.
The number of water molecules, ions and concentration for each
simulation are listed in Table 4. The simulations are at five tempera-
tures ranging from 280 to 340 K. Note that the concentration of
K" ions equals to concentration of CI” ions. In the present work, for
each force field, 25 simulations were performed.

The periodic boundary condition was applied to systems in three
dimensions. The time step was considered 1fs for every simulation
and velocity the Verlet algorithm [39] was used for time integra-
tion. The initial velocity of atoms was set based on Gaussian distri-

Concentration level N0 Ny ng Molality of K* (mol K'/kg H,O) Molality of CI' (mol CI /kg H,O)
1 450 50 50 6.173 6.173
2 460 40 40 4.831 4.831
3 470 30 30 3.546 3.546
4 480 20 20 2.315 2315
5 490 10 10 1.134 1.134

Korean J. Chem. Eng.(Vol. 34, No. 4)
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bution with the temperature equals to 700 K. The simulations were
performed in five steps. In all steps that the simulation was run in
NPT ensemble, the Nose-Hoover thermostat and barostat was used.

o To disperse the ions in the water medium, first the systems
were simulated for 1000 time steps in NPT ensemble. The tempera-
ture and pressure of this ensemble were set to 700 K and 0.001 bar,
respectively. Applying high temperature and low pressure, led to
the expansion of the system.

o The system was simulated for 1000 timesteps in the same
ensemble with target temperature and a pressure equals to 10 bars
to compress the expanded system and reach to the liquid state.

o Equilibration was performed in NPT ensemble with the con-
dition of target temperature and atmospheric pressure. This stage
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Fig. 3. Variations of (a) temperature and (b) potential energy versus
time for simulation in NVE.

1100

was run for 1500 time steps.

« Then the system was simulated in NVE ensemble for 1000 time
steps. The main purpose for this step was to analyze the stability of
the simulation [42].

« Finally; the system ran about 12 ns in NPT ensemble with the
condition of target temperature and atmospheric pressure.

RESULTS AND DISCUSSION

To analyze the stability of simulation, the variation of parameters
of simulation in NVE step should be investigated. Thus, the tem-
perature and potential energy of system were selected. The varia-
tions of these two parameters in NVE steps for one of the simulations
are plotted in Fig. 3. According to this figure, the variations are neg-
ligible and the system is stable. Also, the equilibrium configuration
of the water molecules and ions is shown in Fig. 4.

1. Density of Aqueous Solutions

Variations of the aqueous KCl solution density with the salt molal-
ity equal 1.134 mol/kg H,O at 300K versus time are sketched in
Fig. 5. Deublein force field was used for this simulation. In this fig-
ure, each mentioned simulation step is demonstrated by a differ-

Fig. 4. The configuration of water molecules and ions in equilib-
rium state. Yellow and green particles are ions.
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Fig. 5. Density variation of aqueous KCI solution with molality equal to 1.134 mol/’kg H,O at 300 K during the simulation using the Deu-
blein force field. The simulation steps were: (a) Heating; (b) cooling; (c) equilibration; (d) NVE and (e) final step.
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Fig. 6. A comparison between the calculated densities by Dang and
Deublein force fields with experimental data [43] at 300 K.

ent letter (A to E). According to this figure, the required simulation
time for calculation of density is much lower than one for self-dif-
fusion coefficient. Thus, in the final step of simulation, the density
of solution changes with very slightly fluctuations.

The calculated densities for three aqueous solutions with differ-
ent molality at 300 K using both Deublein and Dang force fields
were compared with experimental data [43] as shown in Fig. 6. In
comparison with experimental data, the average relative errors for
predictions of Deublein and Dang force fields were about 0.58%
and 2.32%, respectively. Thus, it can be concluded that for calculat-
ing the density of aqueous KCl solution at 300 K and in this range of
molality, the Deublein force field will be more accurate than Dang
force field model.

2. Radial Pair Distribution Functions

Radial pair distribution function (RDF), which is commonly used
for validation of molecular simulation results, gives the average par-
ticle number density as a function of distance from arbitrary parti-
cles [44]. The structural characteristics of liquid phase can be checked
by this function. In electrolyte solutions, generally, there are three
types of interactions: water-water, ion-water and ion-ion interac-
tions. In the water-water group, there are three RDFs: O-O, O-H
and H-H. In the ion-water group there are four RDFs: K'-H, K'-
O, CI'-H and CI'-O. In the ion-ion group there are three RDFs:
K'-K', CI'-CI' and K'-CI'. In the present work, some of above
RDFs have been considered and the effects of temperature and ion
concentration were investigated.

Fig. 7 shows some RDFs of ion-water type. The first peak of
Fig. 7(a) occurs at shorter distance than Fig. 7(b), which is related
to the intermolecular forces. According to the types of intermolec-
ular forces that are present in the simulation, the electrostatic force
can affect the distance of the first peak. The potassium ions and oxy-
gen atoms have attraction electrostatic force due to opposite charges,
but the charges of chloride ions and oxygen atoms are similar. Thus,
they repulse each other. The distance between potassium ions and
oxygen atoms is shorter due to the attraction forces (Fig. 7(a)). On
the other hand, the repulsion force makes the distance between chlo-
ride ions and oxygen atoms longer (Fig. 7(b)).

According to Fig. 7, it seems that as the ion concentration in
aqueous solution increases, the value of the first peak of the RDF

(a) ) —6.173 mollkg H20
5 4 —4.831 mol’kg H20
3.546 mol'kg H20
4] —2.315 mollkg H20
1.134 mollkg H20
FE
@
24
14
0+ ;
0 2 8 10
rA]
4
(b) —6.173 mol/kg H20
—4.831 mollkg H20
5 3.546 mol/kg H20
—2.315 mol/kg H20
1.134 mol/kg H20
T 2
L=
m
1 4
y
0 —_— ]

0 4 4 6 8 10
r[A]

Fig. 7. Some RDFs of ion-water type at 300 K in various concentra-
tions. (a) O-K and (b) O-Cl.

decreases. To investigate this issue, the hydration number of ions
should be determined. The hydration number of ions in aqueous
solution can be determined by the following equation [45]:

n;= 4”szoJO rzgi, HZO(r)dr ®

where pyo is the number density of water molecules and r,,,
denotes that integration must be performed up to the first mini-
mum of the RDE In the present work, the hydration numbers of
potassium ions at 300 K for several concentrations were calculated
and compared with the data reported by Mancinelli et al. [46]. The
results are shown in Fig. 8. According to Fig. 8, as the potassium

65
=]

a5

—&—Present Study
© Mancinelli et al Study

Hydration Num.
"
4
o
q

0 1 2 3 4 5 6 7
Molality [molikg H20]

Fig. 8. A comparison between the hydration numbers of potassium
ions in the present work and another study [46].
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Fig. 9. The RDFs between potassium and chloride ions at 300 K for
several ion concentrations.
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Fig. 10. The RDF between potassium jons and oxygen atoms for sev-
eral temperatures with concentration equal to 3.546 mol/kg
H,0.

ion concentration in an aqueous solution increases, the hydration
number of the ions decreases because at high concentration of ions,
the number of ion pairs increases [47]. Thus, the number of ion-
oxygen pairs decreases and the first peak in the RDF of ion-oxy-
gen decreases. Increasing the number of ion pairs leads to increase
in the first peak in the RDF of ion-ion. This fact is shown in Fig, 9.

Fig. 10 shows the RDFs between potassium ions and oxygen
atoms in several temperatures for an aqueous KCl solution with
molality equals to 3.546 mol/kg H,O. According to this figure, when
the temperature of the solution increases, the value of the first peak
of RDF decreases. To investigate this issue, the local number den-
sity of water molecules near the potassium ion should be consid-
ered. Local number density of water molecules near the potassium
ion is shown in Fig. 11. In Fig. 10, the distance of the first peak in
the RDF is equal to 2.65 A. According to Fig. 11, when the distance
between water molecules and potassium ion is 2.65 A, it seems
that as the temperature of solutions increases, the local number
density of water molecules approximately decreases. This is due to
increment of kinetic energies of water molecules and ions. As the
temperature of the aqueous ionic solution increases, the velocity of
water molecules and ions grows and the solution expands. Because
molecules and ions move faster than previous state, the residence
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Fig. 11. Local number density of water molecules near the potas-
sium ion.
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Fig. 12. The RDF between potassium and chloride ions for several
temperatures at ion molality equal to 3.546 mol/kg H,O.

time of water molecules in the hydration layer of the ions decreases
and thus the density of water molecules around the ions is de-
creased. Fig. 12 shows the RDF between potassium and chloride
ions for several temperatures. According to this figure, when the
temperature increases, the first peak of the RDF grows. At higher
temperatures, the molecules and ions move faster, the number of
ion pairs grows and the first peak of the RDF moves up.

Fig. 13 shows the RDF between atoms of water molecules. In
Fig. 13(a), as the concentration of the ions in aqueous ionic solu-
tion increases, the first peak of the RDF does not change, but it seems
that the second peak moves downward. The first peak in g 4(r)
shows the covalent bonds between oxygen and hydrogen atoms in
water molecules and they do not change during the simulation
due to applying SHAKE algorithm. But the second peak shows
the direct contact of oxygen and hydrogen of different molecules.
As the concentration of ions in the solution increases, the number
of oxygen-hydrogen pairs slightly decreases, and this leads to de-
creasing the value of the second peak of g, ;(r). The first peak of
RDF in Fig. 13(b) is also decreased as the ion concentration in-
creases. This can be attributed to the reduction of the number of
oxygen-oxygen pairs as the ion concentration increases.

3. Self-diffusion Coefficients

According to section 2.1, in these simulations, the Einstein

method is used to calculate self-diffusion coefficients. Thus, the sim-
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Fig. 14. Variation of self-diffusion coefficient during the simulation
time.

ulations were performed for a large period of time (about 12 ns).
The results of self-diffusion coefficient for one simulation during
the time are shown in Fig. 14. From this figure, the self-diffusion
coefficient converges to a constant value after passing approximately
5ns. Self-diffusion coefficients were calculated directly by LAM-
MPS simulator. The values of self-diffusion coefficients for all sim-
ulations are shown in Tables 5 and 6. The self-diffusion coefficients
of ions increase by an increase in the temperature and decrease by
an increase in the ion concentration. But some of exceptions are
present in the results.

Fig. 15 shows the difference between the self-diffusion coeffi-
cients of potassium and chloride ions based on Deublein force field.

Table 5. Values of self-diffusion coefficients in for all temperatures
and concentrations. The Dang force field is used for inter-
atomic potential of ions. Self-diffusion unit is (10~ m?/s)

Ion molality
(mol/kg H,0)
T=280K 0476 0933 0895 1173 0.980
T=300K 0808 0988 1215 1624 1878

K T=320K 1206 1192 1888 2371 2478
T=330K 1414 1723 2064 3.004 2.635
T=340K 1783 2191 2483 2391 2451

T=280K 0619 0709 0753 0958 0.622
T=300K 0982 1019 0915 1525 1381
CI'  T=320K 1295 138 1392 1880 1.182
T=330K 1752 1704 1852 1976 1535
T=340K 1754 1992 2208 3227 3.346

6.173  4.831 3546 2315 1.134

Table 6. Values of self-diffusion coefficients for all temperatures and
concentrations. The Deublein force field is used for inter-
atomic potential of ions. Self-diffusion unit is (10~ m’/s)

Ton molality
(mol/kg H,0)
T=280K 0551 0.639 0.654 0.880 1.133
T=300K 0879 1.019 1165 1.024 1298

K T=320K 1.054 1473 1870 1920 2329
T=330K 1343 1576 1.741 1955 2551
T=340K 1523 1886 2096 2225 2643

T=280K 0454 0614 0585 0919 0816
T=300K 0664 0902 1240 1841 1714
Ccr T=320K 1482 1274 1419 1682 2302
T=330K 1489 1343 1680 2659 1999
T=340K 1517 2166 2155 1543 2.677

6.173  4.831 3546 2315 1134

280K
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—— 340K

=
b

5
b

s
™

Self-Diffusion Difference [10* m¥s]
X

15 25 35 45 55 6.5 7.5
Meilality [mollkg H,0]

Fig. 15. The difference between self-diffusion coefficients of potas-
sium and chloride ions for several temperatures based on
Deublein force field.

This difference shows the difference between mobility of ions. It
seems that at low temperature or high ion concentration the dif-
ference between the self-diffusion coefficients is small. Because the
difference between the molecular weight of potassium and chlo-
rine atoms is small, the effect of their masses on the mobility of ions
can be neglected. Thus, for investigating the difference between

Korean J. Chem. Eng.(Vol. 34, No. 4)
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Fig. 16. Comparison between simulation results of self-diffusion co-
efficient and reported data at 300 K: (a) Potassium ion and
(b) chloride ion.

self-diffusion coefficients, the effect of inter-atomic interactions
should be considered. At low temperature or high concentration,
the number of ion-ion pairs changes, and it can affect the difference
of self-diffusion coefficients. For example, when the temperature
of the aqueous solution decreases, the mobility of atoms and ions
decreases and then the number of ion-ion pairs becomes smaller.
4. Validation of the Simulations

In this section, the results of present simulation are compared
with the experimental results which were reported in refs. [35,48,49].
In these references, there are experimental data of the self-diffusion
coefficients of aqueous KCl solution. The comparison of the pres-
ent simulation results and the experimental reported data at 300 K
is shown in Fig. 16. At low concentrations of CI', which means low
concentration of K* (equal or less than 3 mol/kg H,0), the self-dif-
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Fig. 18. Linear fitting the self-diffusion coefficient data. The ion con-
centration of all data is 6.173 mol/kg H,O, The Deublein
force field is used.

fusion coefficients of potassium and chloride ions are predicted
well by Dang and Deublein force fields, respectively. The relative
error of each model from experimental data is calculated (see Fig.
17). At high concentration range, none of the above force fields
can predict the experimental data accurately and both force fields
have considerable deviations from the experimental data. In both
Figs. 16(a) and 16(b), the dashed lines indicate the saturated aqueous
solution of KCl for which its molality equals to 4.56 mol/kg H,O.

There is a large deviation of simulation results from experimental
data at high concentration range, which may depend on the force
fields used in the simulation. The force fields of water and ions may
fail in the high concentration range. Thus, repetition of simulations
with several force fields of water and ions reveals the effect of force
fields on the final results. On the other hand, there are only a few
experimental studies on the aqueous KCI solutions. In the case of
availability of sufficient experimental studies at the same condition,
the comparison of simulation results with experimental data will
be more accurate.
5. Modeling the Temperature Effect

As mentioned earlier; the temperature effect on the self-diffusion
coefficient can be modeled by an Arrhenius type equation. If the
natural logarithm of the self-diffusion coefficients is plotted versus
inverse of temperature and a linear curve is achieved, this effect can
be modeled by Arrhenius type equation. An example of this plot
is shown in Fig. 18. In this figure the natural logarithm of diffu-
sion coefficients of K* with molality of 6.173 mol/kg H,O is plotted
versus 1/T. Eq. (9) shows the variation of self-diffusion coefficient,
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Fig. 17. Relative Errors of predicted self-diffusion coefficient of ions by Dang and Deublein models at 300 K. (a) K" and (b) CI'".
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Table 7. The values of D, and E in for different ion concentrations based on Deublein force field

985

K* cr
Molality of ion — —
Dyx10" (m®/s) E (J/mol) D,x10" (m®/s) E (J/mol)
6.173 1.49 12979.82 9.74833 17873.44
4.831 2.75 14049.83 3.68804 14981
3.546 4.85 15207.14 5.36071 15641.96
1.134 2.51 1272291 4.18747 14204.47

which is plotted in Fig. 18. According to Eq. (9) the slope of this
plot shows the diffusion activation energy. Table 7 contains the
values for D, and diffusion activation energy (E) for different con-
centration of K" and CI ions.

12813.54)

Dy =1.49%x10" (—
K-K X €xp RT

©)

CONCLUSION

Fifty MD simulations were performed for aqueous KCl solu-
tions with two different force fields of ions. The performance of two
force fields was investigated by prediction of the self-diffusion co-
efficients of K" and CI” at various temperatures and ion concen-
trations. Also, the temperature effect was modeled by Arrhenius
type equation. Each simulation was performed for long enough
time (about 12 ns) to achieve accurate self-diffusion coefficients.
The effect of temperature on the RDFs was discussed in detail at
different temperatures and ion concentrations.

It was found that at low concentrations, the Dang and Deu-
blein force fields can be used to predict the self-diffusion coeffi-
cients of potassium and chloride ions, respectively. At high concen-
tration range, predicted data by both force fields approach each
other, but the deviation from experimental data was considerable.
Furthermore, using an Arrhenius type equation, diffusion activa-
tion energies at different ion concentrations were calculated.
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