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ABSTRACT: The equilibrium ion-pair association constant for LiOH in supercritical water is determined bymeans of molecular dynamics
(MD) simulations via the potential of mean force calculation. Simulations are performed along three supercritical isotherms of (673.15,
773.15, and 873.15) K, covering a density range from (0.05 to 0.8) g 3 cm

�3. Over the examined temperature and density range, the obtained
association constant increases with increasing temperature and decreasing density. A significant increase in the association constant is
observed upon transition into the lowdensity (F<Fc) supercritical region. The obtained results are comparedwith the available experimental
data at the corresponding states. To determine the corresponding states, an accurate reference equation of state for the simulatedwatermodel
is used. An analytical expression for the association constant of LiOH in aqueous solution over the examined thermodynamic range is given.
The results are of practical interest for chemistry control in the supercritical water-cooled nuclear reactor heat transport system.

1. INTRODUCTION

The ionization behavior of electrolytes in supercritical water is
a subject of fundamental interest for hydrothermal chemistry. A
significant decrease in the dielectric constant of water upon
transition into low density (F < Fc) supercritical (LD-SCW)
region promotes the formation of ion-pairs, and further ion�ion
associations, at much lower concentrations than do solutions at
ambient conditions. A large fraction of our knowledge of ion
pairing in electrolyte solutions comes from the electrochemical
(conductivity) measurements. However, the concentration
range that can be accessible through these experiments is limited.
Despite significant recent advances in experimental methodo-
logy,1�4 experimental data on the ion-pair association constants
in LD-SCWare currently not available. Hence, there exists a great
practical need for theoretical (computational) evaluation of the
association behavior of electrolytes at high temperatures and
pressures (and low densities). Noteworthy, that the theoretical,
fully electrostatic models for estimation of the ion-pair associa-
tion constants can fail dramatically in LD-SCW, as these primi-
tive models do not properly account for the short-range ion�ion
and ion�solvent interactions.5,6

At present, molecular-based computer simulations provide the
only reliable route to the ion-pair association constant in LD-SCW.
In a molecular simulation, the association constant is normally
determined by evaluating the radial profile of the anion�cation
potential of mean force (PMF) at infinite dilution. This methodol-
ogy is nowwell-established and has been successfully applied for the
elucidation of the equilibriumbehavior of a number of electrolytes in
sub- and supercritical water; see refs 6�13 and therein.

The focus of this computational study is on the ionization
behavior of lithium hydroxide in supercritical water over a wide
range of state points, from liquid-like to gas-like. Elucidation of
the ion-pair association of LiOH in supercritical water is of great
practical importance for the development of chemistry control
strategy for the prospective Generation IV CANDU supercritical
water-cooled nuclear reactor. It is also worthwhile mentioning
that in many existing pressurized water reactors operating at
subcritical water conditions, LiOH is used to control the pH of
the primary coolant in the heat transport system.

The ionization behavior of LiOH(aq) has been examined in a
number of studies. Ion association of LiOH in dilute aqueous
solution at saturation vapor pressures has been studied by
Darken and Meier,14 Wright et al.,15 and Corti et al.16 Ho and
Palmer2 have determined ion association constants in dilute
aqueous LiOH solution up to 600 �C at pressures up to 300MPa
by electrical conductance measurements in a static cell. More
recently, accurate ion association constants for alkali hydroxides
along the coexistence curve of water up to the critical point have
been obtained by Ho et al. by using a flow-through conduc-
tivity cell.17 Unfortunately, reliable conductivity measure-
ments in supercritical water below its critical density are
extremely difficult to perform due to high degree of associa-
tion of electrolytes; hence little information on the association
constants is available for these conditions. Technical difficul-
ties in obtaining accurate association constants from conduc-
tivity measurements in low density supercritical water are
discussed in detail elsewhere.18

The primary goal of this study is to calculate the association
constant of LiOH in supercritical water using molecular dy-
namics (MD) technique and to provide its easy-to-use analytical
formulation, for general and engineering use. The remainder of
the paper is organized as follows. The methodology and simula-
tion details are described in Section 2. The simulation results and
empirical formulation for the association constant are found in
Section 3. Our conclusions are given in Section 4.

2. METHODOLOGY AND SIMULATION DETAILS

2.1. Simulation Methodology. The methodology for the
determination of ion-pair association constants from molecular
simulation has been described in detail elsewhere.6,9,10 Briefly,
the ion-pair association constant, Ka, for the equilibrium
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is related to the infinite dilution radial distribution function
(RDF) between ions, gAC

∞ (r), via:10

Ka ¼ γAC½AC�
γ(

2½Cþ�½A�� ¼ 4π 3R 3

Z r2

0
g∞ACðrÞ 3 r2 dr ð2Þ

where γ is the activity coefficient, R is a numerical conversion
factor to the desired units of Ka (e.g., L 3mol�1), and r2 is the
boundary of the second solvation shell in the anion�cation RDF.
Note that the ion association constant obtained in this fashion
accounts for both contact ion pair (CIP) and solvent-shared ion
pair (SShIP) configurations. The gAC

∞ (r) can be obtained from
the radial profile of the potential of mean force, W(r), between
ions as follows:

g∞ACðrÞ ¼ exp �WðrÞ
kT

� �
ð3Þ

The potential of mean force is evaluated by integration of the
total anion�cation mean force, F(r):

WðrÞ ¼ WðrmaxÞ �
Z r

rmax

FðrÞ dr ð4Þ

The reference mean force potential W(rmax) is calculated by
assuming the continuum limiting behavior at rmax, that is:

WðrmaxÞ ≈ 1
4π

qAqC
ε 3 rmax

ð5Þ

where ε is the static dielectric constant of the fluid. It is also
worthwhile noting that the determination of the association
constant for an electrolyte by the statistical-mechanical means
requires an accurate evaluation of the dielectric constant of the
modeled fluid at the respective state point.
Similarly to Ka, the equilibrium constant between CIP and

SShIP configurations, K2, is defined as:6

K2 ¼ ½CIP�
½SShIP� ¼

Z r1

0
g∞ACðrÞ 3 r2 drZ r2

r1

g∞ACðrÞ 3 r2 dr
ð6Þ

where r1 and r2 are the boundaries of the first and second
solvation shells.
2.2. Simulation Details. In this study, the simple point charge

extended19 (SPC/E) model for water was employed. The
thermodynamic and dielectric properties of the SPC/E model
at elevated temperatures have been recently evaluated to provide
accurate, reference quality equations of state20 over a wide
density range. This is an essential development for the present
case of thermodynamic calculations as it allows one to perform
the proper comparison between simulation and experimental
data via the corresponding states principle. It is important to
emphasize that our recent study20 has shown that the SPC/E
water somewhat underestimates the dielectric constant of real
water. (We recall that the dielectric constant is used in the
calculation of the reference PMF.) The deviations between the
dielectric constant of the real21 and the SPC/E water are most
pronounced for the high density states (see Figure 1), but below
the critical density they are generally less than 5 %.
The Li+-water interactions were modeled by using the poten-

tial developed by Flanagin et al.22 which was optimized based on
experimental and ab initio gas-phase ion�water complex data.
The interaction potential for hydroxyl was taken from the study

ofWeiner et al.23 The charges and Lennard�Jones parameters of
the employed models are given in Table 1. The Lorentz�
Berthelot mixing rules were applied to calculate the Lennard�
Jones interaction parameters for the ion pair.
In this study, we have performed the constrained dynamics

simulations between spherical Li+ and nonspherical OH� ions by
fixing the Li�O distance and allowing free rotation of the
hydrogen atom of OH�. The equations of motion were inte-
grated by the Verlet leapfrog algorithm subject to the periodic
boundary conditions in a cubic simulation cell with a time step of
2 fs. The SHAKE routine24 was employed to constrain molecular
geometries. The spherical cutoff radius was set at the half of the
simulation cell. The simulations were performed in the NVT
ensemble with temperature controlled by the Nose-Hoover
thermostat.25 Long-range electrostatic interactions were handled
by the Ewald method. Simulations were carried out using the
efficient parallel molecular dynamics code (M.DynaMix).26

Simulations were performed with 510 water molecules and 1
ion pair along the three isotherms, (673.15, 773.15, and 873.15)
K, over the density range of (0.05 to 0.8) g 3 cm

�3. At the
beginning of each simulation run, the ions were placed in the
middle of the simulation box in the contact ion pair configura-
tion, and the system was allowed to equilibrate for 500 ps. After
the initial equilibration period, the time averages of the ion�ion
and ion�solvent contribution to the potential of mean force
were accumulated over 80 blocks (50 ps each) by changing the
interionic distance from (1.4 to 9.4) Å with Δr = 0.1 Å. At each
constrained ion-pair distance (block), the system was allowed to

Figure 1. Comparison between the dielectric constant of real and
SPC/E water, where δ = F/Fc and τ = T/Tc are the reduced density
and temperature, respectively.

Table 1. Interaction Parameters of the Employed Models

σio εio

model atom Å kJ 3mol�1 q/e

Flanagin et al.22 Li 2.720 0.100 1.0

Weiner et al.23 O 3.233 0.632 �1.3

H 2.083 0.231 0.3

SPC/E19 O 3.166 0.6507 �0.8476

H 0.4238
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equilibrate for 10 ps followed by 40 ps of the mean force
evaluation. The total length of each simulation run was 4500 ps.
Three independent simulation runs were performed at each
state point. To confirm the adapted simulation methodology,
we have evaluated the ion-pair association constants for NaCl in
supercritical water along the 673.15 K isotherm of the SPC/E
water. The Lennard�Jones parameters for Na+ and Cl� were
taken from Smith and Dang.27 The obtained ion association
constants for NaCl are in agreement with previously reported
values.10,28

3. RESULTS AND DISCUSSION

The radial profiles for the potentials of mean force obtained at
(673.15 and 873.15) K are shown in Figure 2. The first and
second minima of the PMF profiles reflect the geometry and
stability (well depth) of the CIP and the SShIP configurations. In
Figure 3, we display the corresponding radial distribution func-
tions obtained at 673.15 K. This figure clearly illustrates bound-
aries of the first and second solvation shells for the Li+�OH� ion
pair in dense supercritical water. The ions in CIP and SShIP
configurations are separated by (2.7 and 4.1) Å, with the minima
in pair density being at about (3.2 and 5.25) Å, respectively
(these minima are treated as the boundaries of the solvation
shells). The distance between ions in the CIP configuration
appears to be independent of the state conditions examined in

this study. As expected, the stability of the CIP configuration
increases with decreasing density and increasing temperature. In
contrast, the stability of the SShIP configuration decreases with
decreasing density and increasing temperature. The fraction of CIP
configurations as a function of density along the three isotherms is
plotted in Figure 4. As can be seen from this figure, at 0.8 g 3 cm

�3

the CIP configurations account for about (10, 31, and 45) % at

Figure 2. Radial profiles of the Li+�OH� potential of mean force
obtained at (a) 673.15 K and (b) 873.15 K.

Figure 3. Radial distribution functions for Li+�OH� ion pair in
infinitely dilute aqueous solution at 673.15 K.

Figure 4. Relative concentration of ion pairs in the CIP configuration.

Table 2. Logarithm of Molar Association Constants,
log10Ka(M), of Aqueous LiOH Solution

F T/K

g 3 cm
�3 673.15 773.15 873.15

0.05 17.84( 0.26 20.03( 0.28 20.48( 0.06

0.1 12.06( 0.28 14.34 ( 0.30 15.18( 0.25

0.2 7.15( 0.22 8.86( 0.15 10.01( 0.10

0.3 4.65( 0.07 6.16( 0.23 6.97 ( 0.30

0.4 3.22( 0.08 4.41( 0.08 5.25( 0.10

0.6 1.48( 0.07 2.19( 0.21 2.65( 0.12

0.8 0.44( 0.04 0.85( 0.19 1.17( 0.16



3640 dx.doi.org/10.1021/je2004808 |J. Chem. Eng. Data 2011, 56, 3637–3642

Journal of Chemical & Engineering Data ARTICLE

(673.15, 773.15, and 873.15) K, respectively. Coincidently, at this
density the SShIP fraction appears to be independent of tempera-
ture and amounts to approximately 30 %. The remaining solvent-
separated ion pairs (SSIP) contribute (61, 40, and 28) % at (673.15,
773.15, and 873.15) K, respectively. As density decreases, the
fraction of ions in the CIP configuration increases dramatically as
the critical density is approached and passed. Thus, at 0.4 g 3 cm

�3

and 673.15 K, more than 80 % of the total configurations are CIP. It
is interesting to note that at this density virtually all ion pairs are either
CIP or SShIP, where the SShIP configurations account for about
(15, 6, and 3) % at (673.15, 773.15, and 873.15) K, respectively.
Below the critical density of the SPC/Ewater (Fc = 0.276 g 3 cm

�3)20

more than 95 % are CIP.

The obtained overall ion association, Ka, and CIP/SShIP, K2,
constants for LiOH in aqueous solution are given in Tables 2 and
3, respectively. Equations 2 to 6 were employed, together with
the values for the dielectric constant taken from the reference
dielectric equation of state for the SPC/E potential.20 In this
study, the values of the molal ion association constant, Ka(m) =
F 3Ka, for LiOHwere fitted by using an empirical equation similar
to the commonly used “density” model:17

log10KaðmÞ ¼ a1 þ a2
τ

þ a3 þ a4
τ

� �
3 log10δ

þ a5 þ a6
τ

� �
3 ðlog10δÞ2 ð7Þ

where δ = F/Fc and τ = T/Tc are the reduced density and
temperature, respectively. The mean relative error of the fit was
estimated to be 2.64 %. The fitting parameters to eq 7 are given in
Table 4.

Table 3. Logarithm of Molar Equilibrium Constants,
log10K2(M), between the CIP and SShIP Configurations
(from eq 6) for LiOH in Aqueous Solution

F T/K

g 3 cm
�3 673.15 773.15 873.15

0.05 2.56( 0.17 2.85( 0.04 3.06( 0.07

0.1 1.73( 0.14 2.41 ( 0.04 2.73( 0.13

0.2 1.29( 0.10 1.93( 0.06 2.20( 0.05

0.3 0.89( 0.15 1.61( 0.05 1.77 ( 0.12

0.4 0.62( 0.04 1.20( 0.07 1.58( 0.10

0.6 �0.07( 0.12 0.46( 0.09 0.79( 0.09

0.8 �0.97( 0.06 �0.34( 0.08 �0.09( 0.01

Table 4. Fitting Parameters to eq 7

i ai

1 15.691

2 �11.590

3 �23.587

4 12.112

5 �7.958

6 14.404

Figure 5. Molal ion-pair association constants of LiOH in aqueous
solution. Lines represent fitted values from eq 7.

Figure 6. (a) Degree of dissociation of LiOH in a 10�4 mol 3 kg
�1

aqueous solution as a function of reduced density along three super-
critical isotherms. Solid lines represent the degree of dissociation
calculated assuming unity activity coefficients. The effect of the ionic
strength on the degree of dissociation is shown with dashed lines. (b)
Degree of dissociation of LiOH in a 10�4 mol 3 kg

�1 aqueous solution as
a function of reduced temperature along several selected isochors.
Dashed lines represent extrapolation.
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In Figure 5, our simulation results for the ion-pair association
constant for LiOHare comparedwith available experimental data as a
function of reduced density. Figure 4 indicates a very good agreement
between the constant of association obtained in this study and the
results from electrical conductance measurements.2 Thus, the pre-
dicted log10Ka(m) values of 1.75, 2.65, and 3.35 obtained from eq 7
compare very well with the corresponding experimental results of
2.32, 2.43, and 2.75 obtained by Ho and Palmer2 at 0.6 g 3 cm

�3 and
(673.15, 773.15, and 873.15) K, respectively. As can be seen from
Figure 4, log10Ka(m) values exhibit a strong isothermal density
dependence. A significant increase in the molal association constant
of LiOH is observed below the critical density. The log10Ka(m)
increases from2.87 (673.15K) and 4.89 (873.15K) at 0.4 g 3 cm

�3 to
16.78 (673.15 K) and 19.54 (873.15 K) at 0.05 g 3 cm

�3. A similar
behavior of the association constants forNaCl andHCl in lowdensity
supercritical states was reported previously.5,12

The degree of dissociation (eq 5, in ref 10) of 10�4 mol 3 kg
�1

solution of LiOH is plotted in Figure 6. This figure illustrates a rapid
decrease of the degree of the dissociation upon transition into low
density supercritical states. Our results indicate that below δ = 0.5
more than 99.6 % of LiOH ions in 10�4 molal LiOH solution
associate.

Obtained results are useful not only for analyzing electrolyte
behavior at extreme conditions, where experimental measurements
are scarce, but also provide a simple means to estimate the pH for
industrially relevant high temperature LiOH solutions. One of their
main applications is in nuclear power cycle chemistry control and
corrosion prevention.

4. CONCLUSIONS

The ionization behavior of LiOH in supercritical water has been
examined over a wide temperature and density range by means of
molecular dynamics simulation. The obtained ion-pair association
constants for LiOH agree well with available experimental data at the
corresponding state points of high density. An analytical expression
describing the behavior of the association constant of LiOH in
aqueous solution over the examined thermodynamic range is pre-
sented. A significant increase in the ion association constant for LiOH
is observed upon transitions into low density (F < Fc) supercritical
states, where CIP configurations account for more than 95 % of all
ion pairs.
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