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For the pyrochemical reprocessing of spent metallic nuclear fuels in molten salt baths it is 
important to investigate the adsorption selectivity of cations in aluminosilicates. A molecular 
dynamics simulation has been performed on sodalite and zeolite with exchangeable monovalent and 
multivalent cationic fission products at 673 K in order to calculate their self-diffusion coefficients 
in the aluminosilicate framework and estimate the selectivity of the exchangeable cations. The 
results enables us to conclude that the self-diffusion coefficients of monovalent cations decrease 
with increasing ionic radius. The order of the adsorption selectivity is Li < K < Na < Cs in 
sodalite and Li < Na < K < Cs in zeolite. The self-diffusion coefficients of multivalent cations are 
almost independent of the ionic radius, and these cations are in aluminosilicates more stable than 
monovalent cations. The results are consistent with the experimental results.
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1. Introduction

One should become able to separate fission prod­
ucts (FPs) like Cs and Sr from one another for inciner­
ation, utilization as medical tracers, precious materi­
als, and so on. For this purpose we have developed py­
rochemical processes [1] such as countercurrent elec­
tromigration [2] and electrowinning [3-71, as was 
proposed by the Argonne National Laboratory [8], In 
addition, we have estimated the enrichment degree 
and investigated the electrochemical behavior of Cs 
in molten alkali ternary chloride [9 - 11] and fluoride
[11] systems by both experiment and Molecular Dy­
namics (MD) simulation. These results lead to the 
conclusion that it is rather difficult to enrich and re­
cover Cs in these systems, although we demonstrated 
that one can recover La3+ [12], Nd3+ [13], and Dy3+ 
[14, 15]. There are other candidates for processes to 
function as inorganic ion exchangers [16- 18]. For 
example, aluminosilicates, e. g., sodalite and zeolite 
with their relatively rigid anionic framework which 
contains exchangeable cations and removable and re­
placeable guest molecules, are used commercially as

catalysts, molecular sieves, absorbents, and selective 
ion exchangers. Some zeolites can absorb alkali and 
alkaline-earth cations according to their ionic radii in 
holes of different size. This technique could also be 
applied for the treatment of molten salts containing 
nuclear fission products [19].

Most simulation work on zeolite systems has been 
studied by MD methods. For example, Demontis and 
co-workers reported the positions and vibrations of 
water molecules in the cages of natrolite [20, 21], 
the atomic coordinates and the crystal symmetry of 
dehydrated natrolite [22] and Linde zeolite 4A [23], 
the diffusive motion of methane in silicate [24] and 
the structural changes of silicate at different temper­
atures [25]. Cohen de Lara and co-workers also 
performed an MD study of methane adsorbed in 
zeolite-A [26] based on their potential-energy calcula­
tion [27]. The dynamics of Na+ ions inside a zeolite-A 
framework at several temperatures was described by 
a MD simulation by Shin et al. [28]. The purpose 
of the present work is to illuminate the selectivity 
of cations in the aluminosilicates framework through 
MD simulations at 673 K.
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Table 1.1. The parameters used in the calculation for the 
sodalite framework and for the exchangeable cations.

Ion Number z / e a! A b/A c/kJ1//2Ä3mol ' / 2

Sodalite framework, Na6Al6Si60 24 ■ 2 NaCl:
Na 160 1.0 1.260 0.080 10.000
Al 120 3.0 1.064 0.080 0.000
Si 120 4.0 1.012 0.080 0.000
O 480 -2.0 1.629 0.085 20.000
Cl 40 -1.0 1.950 0.090 30.000
Exchangeable cations:
Li 160 1.0 0.796 0.080 0.000
K 160 1.0 1.595 0.080 15.000
Cs 160 1.0 1.852 0.080 25.000
Sr 160 2.0 1.632 0.080 15.000
Ba 160 2.0 1.820 0.080 20.000
La 160 3.0 1.111 0.080 25.000
Nd 160 3.0 1.059 0.080 25.000

Table 1.2. The parameters used in the calculation for the 
zeolite framework and for the exchangeable cations.

Ion Num­
ber

z / e a/ bl 
A  A

c/kJ'/2 
A3 mol-1 / 2

Ion
pair

D/
1 0 -19

ß  r*/  
A

Zeolite framework, Na,2Al,2Si 12^48:
Na 120 1.0 1.388 0.120 10.000 Al-O: 44.0 2.0 1.710
Al 120 2.25 1.022 0.080 0.000 Si-O: 74.0 2.0 1.510
Si 120 2.4 0.942 0.090 0.000
O 480 -1.4125 1.908 0.150 29.200

Exchangeable cations:
Li 160 1.0 0.796 0.080 0.000
K 160 1.0 1.595 0.080 15.000
Cs 160 1.0 1.852 0.080 25.000
Sr 160 2.0 1.632 0.080 15.000
Ba 160 2.0 1.820 0.080 20.000
La 160 3.0 1.111 0.080 25.000
Nd 160 3.0 1.059 0.080 25.000

2. The Molecular Dynamics Simulation

(a) Sodalite, Na6Al6Si60 24 • 2 NaCl, P43n

920 particles were disposed in a periodic cube 
whose edge length L was determined from the den­
sity. The framework was assumed to be rigid and the 
following pair potentials were used with the initial 
position data of [29]:

c,c

+ fo (b i  +  b j )  exp (
d i  +  d j  — t  i 

b{ + bj ■) o)

I ' - 'J

where 2 is the positive or negative charge number, e 
the elementary charge and e0 the permittivity of vac­
uum. The first term in (1) represents the Coulomb 
interaction, the second the exponential repulsion and 
the third the dipole-dipole dispersion energy. Some 
data of the adopted values of 2, a, b and c are listed in 
Table 1.1. Rigid framework simulations were carried 
out by Leherteetal. [30- 33]. The Ewald method [34] 
was used for the calculation of the Coulomb forces; 
the cutoff distance in real space was L/2, and the re­
ciprocal lattice vectors \n2\ were counted up to 27. 
The convergence parameter a was 5.61L and the time 
step 2fs. At the beginning, MD runs were performed 
with the constant temperature method proposed by 
Woodcock [35]. After constant temperature (673 K) 
runs of several thousand steps, these were switched 
to constant energy runs. From the runs during more

than 104 time steps, using Verlet’s Algorithm after 
attainment of equilibrium, the self-diffusion coeffi­
cients and the adsorption selectivity were estimated.

(b) Zeolite, Na12Al12SiI20 48, Pm3m

The zeolite framework is modeled by the pseudo 
cell, (SiA104)12, or the Pm3m space group which con­
tains 12Na+ ions. The framework atoms are fixed in 
space at the positions determined by the X-ray diffrac­
tion experiment of Pluth and Smith [36] for the de­
hydrated zeolite. For the MD simulation, 840 parti­
cles were employed with the initial position data. The 
interatomic potential functions consist of Colombic, 
short range repulsion, van der Waals attraction, and 
Morse potential terms applied only to the interactions 
among aluminum, silicon and oxygen. Because of the 
small charge of Al and Si in the zeolite framework 
estimated from a quantum chemical study [37], the 
applied MD of zeolite is following a partially ionic 
potential model:

13 47T£0^t

-  + Dij  ( exp (2ßijiXij - r*j))

+  /o(&; + 6j)exp (
CLi CLj T i 

bi + b-i ■) (2)

-  2 exp (ßijirij -  r*j))),

where r tJ is an interatomic distance and /o is a con­
stant. The parameters, 2, a, b and c, are for the atomic
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Time t/ps

Fig. 1. Relationship between the mean squares displace­
ments of sodalite framework and the time at 673 K. Al: solid 
line, Si: broken line, O: chain line, Cl: double chain line.

species, and Dij, ßij and r*3 are for the A l-0 and 
S i-0 pairs. All the parameters employed for zeolite 
are tabulated in Table 1.2. The calculation methods of 
the zeolite and sodalite systems, such as the algorithm 
are similar.

3. Results and Discussion

(a) Sodalite

The mean squares displacements (MSD) of the ions 
of the sodalite framework with time are shown in 
Figure 1. It is seen that the Cl-  ions are highly mo­
bile and exchangeable. The MSD’s of monovalent 
and multivalent cations are shown in Figure 2. The 
self-diffusion coefficients of the exchangeable cations 
within the sodalite system were calculated from the 
MSD’s according to the Einstein equation [38] as 
summarized in Table 2.1 together with the ionic ra­
dius. The results obtained by the simulation predict 
that in the sodalite the order of the self-diffusion co­
efficients and the estimated adsorption selectivity for 
each cation would be

Des < -^Na < D k < (3a)
(monovalent cations in sodalite)

-^ La ~  -^Ba ~  “̂ N d <  -^Sr (3 b )

(multivalent cations in sodalite)

Table 2.1. Self-diffusion coefficients, calculated from the 
mean squares displacement in the sodalite framework and 
exchangeable cations.

Ion Ionic radius/pm D /10"6(cm2/s)

Sodalite framework:
Na 117.0 2.17
Al — 0.39
Si — 0.33
O — 0.74
Cl 158.5 3.12

Exchangeable cations:
Li 81.6 7.57
K 146.3 3.07
Cs 172.0 1.68
Sr 118.0 2.86
Ba 135.0 1.08
La 103.2 0.88
Nd 98.3 1.24

Table 2.2. Self-diffusion coefficients, calculated from the
mean squares displacement in the zeolite framework and
exchangeable cations.

Ion Ionic radius/pm D/10~6(cm2/s)

Sodalite framework:
Na 117.0 6.21
Al — 0.39
Si — 0.33
0 — 0.74

Exchangeable cations:
Li 81.6 9.03
K 146.3 2.57
Cs 172.0 1.42
Sr 118.0 0.92
Ba 135.0 1.08
La 103.2 1.57
Nd 98.3 1.00

Li < K < Sr < Na < Cs < Nd < Ba < La (3c)
(adsorption selectivity in sodalite)

The self-diffusion coefficients of multivalent cations 
are smaller than that of the K ion. This means the mul­
tivalent ions, Na and Cs are more stable in sodalite 
than K and Li.

The velocity autocorrelation functions (VCF) for 
monovalent and multivalent exchangeable cations are 
shown in Figure 3. The VCF’s oscillate continuously, 
decay rapidly to zero and have different depth and 
position of the first peak. The behavior of the MSD’s 
is common: a short, rapid increase and then slow, 
flat changes, which also indicates random moving in 
closed cages, but of different sizes.
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Time f/ps

Time t/ps

Fig. 2. Relationship between the mean squares displace­
ments of exchangeable cations in sodalite framework and 
the time at 673 K. Top: Monovalent cations. Li: solid 
line, Na: broken line, K: chain line, Cs: double chain line. 
Bottom: Multivalent cations. Sr: solid line, Ba: broken line, 
La: chain line, Nd: double chain line.

(b) Zeolite

During several picosecond the temperature con­
trolled runs most Na ions have remained near the 
starting X-ray positions. The MD system used for 
the simulation in the Pm3m space group was a cubic 
box of 24.584 A side. The MSD’s for monovalent 
and multivalent cations are shown in Figure 4. The 
obtained self-diffusion coefficients from MSD’s and

Step number (step/2fs)

Step number (step/2fs)
Fig. 3. Relationship between the normalized velocity au­
tocorrelation functions of exchangeable cations in sodalite 
framework and the step number at 673 K. Top: Monova­
lent cations. Li: solid line, Na: broken line, K: chain line, 
Cs: double chain line. Bottom: Multivalent cations. Sr: solid 
line, Ba: broken line, La: chain line, Nd: double chain line.

estimated adsorption selectivity in zeolite are as fol­
lowing orders

^Cs < < ^Na < ^Li (4a)
(monovalent cations in zeolite)

^ S r ~  -^Nd ~  -^Ba <  ^L a (4 b)
(multivalent cations in zeolite)

Li < Na < K < La < Cs < Ba < Nd < Sr (4c)
(adsorption selectivity in zeolite)
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Time t/ps
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Fig. 4. Relationship between the mean squares displace­
ments of exchangeable cations in zeolite framework and 
the time at 673 K. Top: Monovalent cations. Li: solid 
line, Na: broken line, K: chain line, Cs: double chain line. 
Bottom: Multivalent cations. Sr: solid line, Ba: broken line, 
La: chain line, Nd: double chain line.

The obtained self-diffusion coefficient of Na+ agrees 
fairly with other reference data [39, 40] estimated by 
an other potential. The motion of Li ions is relatively 
more vigorous than that of the other ions, due to the 
small ionic radius. This is consistent with experimen­
tal observations [41] on the adsorption selectivity on 
zeolite. The self-diffusion coefficients of multivalent 
cations are smaller than those of monovalent cations. 
Thus, the multivalent ions are preferentially recov­

Step number (step/2fs)

Step number (step/2fs)
Fig. 5. Relationship between the normalized velocity au­
tocorrelation functions o f exchangeable cations in zeolite 
framework and the step number at 673 K. Top: Monova­
lent cations. Li: solid line, Na: broken line, K: chain line, 
Cs: double chain line. Bottom: Multivalent cations. Sr: solid 
line, Ba: broken line, La: chain line, Nd: double chain line.

ered within the zeolite frameworks. The Cs ion, due 
to its large ionic radius, remains which would be close 
to the cavity of the a-cage in zeolite.

The VCF’s of monovalent and multivalent ex­
changeable cations are shown in Figure 5. The VCF 
of the Na ions, very rapidly changing to negative val­
ues and then to positive ones, indicates that these ions 
are bouncing to the nearest framework atoms, back 
and forth, in the closed cages of the 8-ring windows.
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Fig. 6. Relationship between the self-diffusion coefficient 
of exchangeable cations in sodalite and zeolite frameworks 
and the ionic radius of monovalent cations in sodalite; white 
circles: monovalent cations in zeolite; black circles: diva­
lent cations in sodalite; white triangles: divalent cations in 
zeolite; black triangles: trivalent cations in sodalite; white 
squares: trivalent cations in zeolite; black squares: trivalent 
cations in sodalite.

This vibrational character of diffusion can be seen in 
their MSD in Figure 4. In addition, the mobility of the 
each monovalent ion is completely different, because 
the depth and position of the first peak in VCF are di­
vergent for each monovalent ions. The VCF decreases 
very rapidly at the initial, which means that mono­

valent ions are not kept at their sites and easily diffuse 
away. On the other hand, the position and depth of the 
VCF’s of multivalent ions are almost equal.

Relationship between the self-diffusion coeffi­
cients of exchangeable cations in sodalite and zeo­
lite frameworks, and their ionic radius is indicated 
in Figure 6. It shows that the adsorption selectivity 
of multivalent cations is similar and independent of 
the ionic radius. Then, the self-diffusion coefficient 
of the monovalent cations is decreasing with increas­
ing the ionic radius, and the adsorption selectivity of 
monovalent cations is consistent with the experimen­
tal results [41].

4. Conclusion

We have investigated the self-diffusion coefficients 
of exchangeable cations in aluminosilicates and the 
adsorption selectivity at 673 K by MD simulation. The 
self-diffusion coefficients of the monovalent cations 
are decreasing with increasing the ionic radii, and 
the orders of the self-diffusion coefficients calcu­
lated from the MD simulations are consistent with 
the experimental results. We found that the multiva­
lent cations are more stable in aluminosilicates than 
the monovalent cations. These results allow to con­
clude that it is effective to recover alkali metals, in 
particular Cs, in aluminosilicates framework after the 
multivalent cations have been removed from the melt 
bath.
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