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DSP is an important by-product of alumina production via the Bayer process. Under Western Australian processing
conditions, the DSP has a sodalite-type structure that can incorporate anions within its framework. This is particularly useful
for removal of impurity anions from liquor recycled in the circuit. As a first step to gaining a fundamental understanding of
the incorporation process, we have undertaken molecular mechanics calculations to examine the interaction energy between a
series of anions and the sodalite framework, as a measure of the affinity of the anions for the sodalite cage. Our calculations
predict that the ions have an increased affinity for the cage along the series aluminate, chloride, carbonate, sulfate and
hydroxide. These calculations have successfully predicted the trends that we observe from competitive-uptake experiments in
our laboratory.

Keywords: Desilication product; Interaction energy; Binding; Bayer process

1. Introduction

Alumina production via the Bayer process is a major

industry in Western Australia (WA) and contributed

approximately A$885 million to the value of the WA

resource sector in the quarter ended March 2004 [1].

Australia is the worlds leading producer of alumina

and during 2004 exports of aluminium and

alumina product reached an estimated A$7.4 billion

in value [2].

The Bayer process is used exclusively in Australia to

refine alumina (Al2O3) from bauxite ore through a four-

step process:

. digestion of the ore, through heating in hot caustic

solution at elevated temperatures and pressures to

dissolve the aluminium-bearing minerals;

. clarification of the resultant slurry, to separate out

undissolved components of the ore from the alumi-

nium-rich solution;

. crystallisation of aluminium hydroxide through cool-

ing and seeding; and

. calcination of the aluminium hydroxide to produce the

final alumina product, with recycling of the remaining

caustic liquor.

In addition to the major steps of the process, there may

be a slurry storage stage prior to digestion, during which

the crushed ore is held at an elevated temperature (lower

than that of digestion) for an extended period. The

majority of “reactive silica” (predominantly aluminosili-

cate clays) will dissolve and re-precipitate during this

initial storage stage as sodium aluminosilicate desilication

product (DSP).

DSP has a sodalite-type structure under processing

conditions prevalent in WA and impurity anions can

incorporate into its cage structure during precipitation.

Incorporation of anions such as carbonate, sulfate and

chloride into precipitated DSP is an important mechanism
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for removal of inorganic impurities from the recycled

Bayer liquor.

This research extends our earlier experimental work

on the inclusion of selected anions into DSP [3] and

builds on the work of Riley et al. [4], which produced

an empirical model to describe competitive uptake of

selected anions that is used in the prediction of plant

impurity concentrations. The present study aims to

generate a more fundamental understanding of the

incorporation process. We are working toward devel-

opment of a mechanistic model to represent precipi-

tation of DSP, which is a dynamic, non-equilibrium

process, similar to many others encountered by

industry.

Studies of adsorbed molecules in zeolites have been

undertaken using computational techniques for a number

of years. Commencing in the 1980s, studies looking at

sites of adsorption were undertaken using molecular

mechanics, with force-fields based on the work of

Kiselev [5]. Later, Monte Carlo techniques proved very

useful as they yielded information on the temperature

and composition dependence of thermochemical proper-

ties. During the late 1980s, molecular dynamics

calculations were also undertaken, which allowed

time-dependent parameters of the studied system to be

examined. In parallel, quantum mechanical techniques

have been employed to allow characterisation of

active sites and reaction mechanisms [6]. These

techniques have been successfully utilised by various

researchers, allowing outcomes such as design of

structure-directing agents for the synthesis of micro-

porous solids [7].

As a first step along the path of understanding anion

interactions within DSP, we have used the interaction

energies of selected anions with the zeolite cage as a

measure of their affinity for the cage. Calculations on

the strength of these types of interactions have been

used successfully by Lewis et al. [8] as a guide to the

efficacy of a selected molecule in templating a specific

zeolite framework. We have determined the interaction

energies in the first instance by using molecular

mechanics calculations. Sensitivity of results to the

charges utilised in the system description can be a

concern when using this type of calculation on polar

systems. Mabilia et al. [9] tested the effect of

electrostatic potential energy on the relative stabilities

of minimum energy structures in their study of the

sodalite cage. These authors found that although

absolute energies were influenced by the choice of

charge, all other energy contributions remained rela-

tively constant and there was no significant impact on

the optimised geometries due to charge. We have chosen

to use partial charges in our description of the sodalite

framework, as they have been shown to provide an

accurate description of absorption spectra [10] and to

reproduce the order of magnitude of host-guest

interaction energies [11] in zeolite structures. The only

deficiency of the partial charge, rigid-ion model is the

failure to predict low symmetry distortions of silica

frameworks in a small number of cases, such as

silicalite. However, this does not affect sodalite and this

structural effect is secondary to the requirement of

describing molecular binding correctly.

This paper outlines the results of our molecular

mechanics calculations and compares the optimised

structures obtained to those derived from diffraction

studies published in the literature. There is additionally

some discussion of quantum mechanical calculations that

were undertaken to verify our molecular mechanics

results.

2. Methodology

Initial crystallographic coordinates for the sulfate,

carbonate and hydroxide-containing sodalite-type struc-

tures (referred to hereafter simply as sodalite structures)

were taken from the literature [12–14]. In the

carbonate-containing sodalite, the carbonate is rotation-

ally disordered and a single orientation was chosen,

whilst in the sulfatic sodalite, water molecules in the

cages not containing sulfate were removed.

The hydroxide structure was utilised as reported in

the literature. The aluminate and chloride-containing

sodalite models were constructed using the framework

from the sulfate-containing structure, with insertion of

the relevant ion structure within the framework cavity.

Once the full unit cells had been generated, the

symmetry was converted to the triclinic, P1, descrip-

tion. All coordinates were fully relaxed during the

optimisation.

Energies of structures were minimised within the

GULP code [15], using the Newton–Raphson/BFGS

minimiser with a switch to the rational function

optimiser once a gradient norm of less than

0.1 eVÅ21 was obtained in order to ensure that the

Hessian is positive definite for the final structure. The

force-field potentials were made up of expressions

describing the framework interactions, intramolecular

interactions of the cage-filling anions and framework-

anion interactions. Framework interactions were

described by a series of Buckingham potentials [16].

Intramolecular potentials for each ion were described by

a combination of harmonic and Morse potentials, with

an improper torsion potential also used to describe the

carbonate ion [17–20]. Non-bonding interactions of the

framework with the cage-filling anions were described

via the Coulomb sum for the partial charges and

Lennard–Jones potentials for the Pauli repulsion and van

der Waals terms [17]. All potential forms and

parameters, as well as atomic charges, are given in

the Appendix.

We have used the non-bonding interactions of the

respective anions with the sodalite framework (binding

energies) as a measure of the affinity of the framework for

each anion. The binding energy is given by:

J. L. Lowe et al.36
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EðbindingÞ ¼½Eðunsolvated ion–containing sodaliteÞ�

2 ½Eðempty sodalite frameworkÞ

þ Eð2 £ NaþionsÞ

þ EðanionÞ* þ Eðsolvation of anionÞ*

þ Eðsolvation of 2 £ NaþionsÞ�

* values doubled for univalent anions so that calculations

effectively compare structures with two univalent anions

or a single divalent anion, with addition of two sodium

ions to all structures to maintain charge balance

Solvation energies were determined using the COSMO

algorithm of Klamt and Schueuermann [21], which is

based on a dielectric continuum model of the solvent. The

dielectric value selected was that for water (78.4) and the

solvent radius was set to 1Å.

The framework potentials and those used for the ionic

species have been well-tested on various structures by

their developers. It was necessary to convert the

potentials for carbonate of Pavese et al. [19,21] from

a core/shell model to a core only model, in order to

ensure consistency with the other components of our

force-field where shell model parameterisations were

not available. We have used the CVFF force-field to

describe the framework-to-anion potentials. However,

these were difficult to test since relevant experimental

data were not readily available.

In addition, we performed optimisations of each

anion-containing structure using density functional

theory (DFT) calculations utilising the SIESTA method-

ology [23–25]. These calculations employed the non-

local density functional of Perdew et al. [26]. For all

elements, core electrons were represented by norm-

conserving non-local pseudopotentials. A double-zeta

basis set including polarisation functions was used to

describe the valence orbitals of chlorine, hydrogen and

carbon. The basis set here is numerical and consists of

the exact solutions of the pseudopotential for the atomic

state, divided in a smooth fashion to create multiple

zetas. A radial confinement localises the orbital,

corresponding to an orbital energy shift of 0.01 Ry, and

a split-norm value of 0.15 was used. Basis sets for the

remaining elements were taken from previous work

having been optimised according to the procedure

described by Anglada et al. [27]. Full details of the

SIESTA parameters are given in the Appendix.

Calculations were performed with a mesh cutoff of

250 Ry for the integration of the Hartree and exchange-

correlation energies.

3. Results and discussion

3.1 Stability of anions within the sodalite framework

In our initial binding energy calculations, we predicted the

order of stability of the selected anions within the sodalite

framework without accounting for the solvation of the

guest ions in solution. Our calculations suggest that

carbonate is the most-stable anion within the framework

and that hydroxide and sulfate anions have a similar

stability, followed by chloride and aluminate anions,

respectively (table 1).

Upon incorporation of solvation effects into the

binding calculations, the order of stability is significantly

altered and becomes consistent with the trend from our

laboratory results. In the laboratory, we performed

competitive uptake experiments, where amounts of each

of the sodium salts of carbonate, sulfate and chloride

were added to a caustic aluminate solution in such a way

that the total ionic strength for each of the anionic

species was constant. Kaolin was added and the solution

was heated at 958C. Solid and liquor samples were

collected at fixed intervals and subsequently subjected to

chemical analyses described elsewhere [3]. These

experiments showed that sulfate was by far the dominant

inclusion within the sodalite framework, with approxi-

mately 2/3 of cage pairs containing a sulfate anion. DSP

produced from an additional competitive uptake

experiment, with added chloride and carbonate ions

only, showed a slight preference for uptake of carbonate

ions, with approximately 3/8 of cage pairs containing a

carbonate ion and 1/4 of cage pairs containing a pair of

chloride ions. Each pair of cages can contain a

maximum of one divalent anion, or two univalent anions

in order to maintain the charge balance of the overall

structure.

The solvated binding energy calculations predicted

hydroxide to be the most stable anion within the sodalite

framework (table 1). In decreasing order of stability, we

calculated that hydroxide is followed by sulfate,

carbonate, chloride and finally aluminate ions. Experi-

mentally, however, the stability of hydroxide and

aluminate anions within the sodalite cage may not be

compared directly to sulfate, carbonate or chloride

anions, since aluminate and hydroxide ions may take

part in species forming the sodalite framework and

hence their availability for inclusion within the forming

framework cage is difficult to accurately assess.

Additionally, these ions are present in different

concentration ranges to the other anions, which makes

any comparison difficult.

The percentage of each sodalite-anion species, as a

function of the Boltzmann population was calculated

Table 1. Binding energies of anions within the DSP framework.

Binding energy
(kJmol21)

Binding energy with solvation
(kJmol21)

Hydroxide 22206 2502
Sulfate 22206 2443
Carbonate 22361 2426
Chloride 21817 2399
Aluminate 21603 2255

Incorporation of impurity anions into DSP 37
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using the binding energies from the solvated systems and a

temperature of 958C. Aluminate and hydroxide ions were
neglected in this process, for the aforementioned reasons.

The calculated percentages were 99.6% sulfate-containing
species and 0.4% of the carbonate-containing species,

with only negligible levels of the chloride-containing

species. The differences in the predicted proportion of
anionic species from the modelling, compared to that

actually obtained from experiment, may be due in part to
the choice of a simple dielectric constant approach to

solvation when the solution is likely to contain strong

directional bonds involving the anions. Additionally,
molecular dynamics studies would be useful for exami-

ning the energies of the most highly populated
configurations for each anion-sodalite compound at the

experimental temperature. Furthermore, the thermo-

dynamics of binding during growth may differ from that
within the completed framework, as well as there being

the issue of kinetic influences.

3.2 Calculated structures of sodalite-anion materials

3.2.1 Sulfate-containing sodalite structure (nosean).

We simulated the sulfate-containing sodalite structure by

relaxing the nosean unit cell coordinates described by

Hassan and Grundy [12] and optimising the entire system.

In our calculated minimum energy structure, the sulfate

anion is coordinated by a tetrahedron of sodium ions

within the sodalite cage, with a further tetrahedron of

sodium ions located within the adjacent empty cages

(figure 1). This configuration remains consistent with the

ideal structure for nosean reported by Hassan and Grundy

[12], which they produced from refinement of X-ray

diffraction data for water-containing nosean, followed by

further optimisation and minimisation of electrostatic

neutrality of their proposed structure.

In our calculated structure, the sodium ions sit closer to the

six-membered rings of the framework and the O–Si–O

and O–Al–O angles are closer to ideal tetrahedral angles
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Figure 1. Sulfate anion coordinated by tetrahedra of sodium ions within the nosean structure, viewed from side of cage (a) and from top of cage (b).
Dotted lines indicate distance of sodium atoms from sulphur in Angstroms, with line style consistent within each tetrahedron.

Table 2. Comparison of modelled nosean structure with ideal structure of Hassan and Grundy [12].

Hassan et al. GULP SIESTA

Distances

S–OSO4
1.504 1.437 1.536

Na1–S 2.591 2.789 2.826
Na1–O 2.498* £ 3/2.848* £ 3 2.382 £ 3/3.057 £ 3 2.537/3.081
Na2–S 4.074 3.912 4.061
Na2–O 2.996* £ 3/2.256* £ 3 3.048 £ 3/2.189 £ 3 3.045/2.289
O–Si 1.592 1.599/1.605† 1.647
O–Al 1.718 1.737/1.742† 1.764

Angles

Si–O–Al 143.39 141.39/140.82† 143.6/144.3
O–Si–O 100.46/112.25 107.79/108.95 107.29/107.95
O–Al–O 101.98/112.76 108.95/109.84 108.15/108.82
4 memb O–Si–O 109.88 111.20 113.44
4 memb O–Al–O 108.13 109.57 111.40
OSO4

–S–OSO4
109.47 109.47 109.47

All distances are in Angstroms and angles in degrees.
Italicised values are our measurements of values not quoted by Hassan and Grundy. We have followed this protocol throughout this paper.† Associated with the four-
membered ring.

J. L. Lowe et al.38
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compared with the Hassan and Grundy structure, as

shown in table 2. Asterisked measurements in this table

are our calculated values, quoted only where we

obtained a result that differed by more than the error

quoted by Hassan and Grundy. We have followed this

protocol in comparing all of the remaining models in

this paper. The length of Si–O and Al–O bonds in our

model are close to the values quoted by Hassan and

Grundy (within 1.1%). Our model predicts S–O bonds

in sulfate as slightly shorter (4.5%) than our initial

structure although angles are tetrahedral. Our potential

set may benefit from further balancing of inter and intra-

atomic potentials in order to obtain more accurate bond

distances within the anion. We have validated our model

using DFT calculations, which produced a structure that

gave similar tetrahedral angles to those obtained from

the force-field calculations, although it was slightly

closer to experimentally-derived angles between Si and

Al atoms in adjacent tetrahedra. This model predicted

bond lengths that were in general a little larger than

those predicted using atomistic methods or derived

experimentally by Hassan and Grundy [12], which is

characteristic of a GGA functional.

3.2.2 Carbonate-containing sodalite structure. Our

simulation found that the sodium ions were arranged

about the carbonate anion in such a way as to form two

interlinking tetrahedra, similar to nosean, although the

tetrahedra in the carbonate-containing structure were

subject to distortion (figure 2). Gesing and Buhl [13]

reported that four of the eight sodium ions in the structure

were contained within the anion-bearing cage, whilst the

remaining four were located within the empty cage. In

contrast, Sieger et al. [28] found that five of the anions

were located within the anion-bearing cage, with the

remaining three in the empty cage. Our calculations

produced a model that contained seven of the eight sodium

ions within the carbonate-containing cage. The structure

obtained from our atomistic calculations was again

validated by DFT calculations, which gave a consistent

structure.

Comparing our modelled structure further to the

experimentally derived structures of Gesing and Buhl

[13] and Sieger et al. [28] (table 3), we find that three of

the four sodium ions associated with the inner

tetrahedron reported by these authors moved outward a

short distance (we have denoted these sodium ions as

Na4 in table 3). The remaining sodium ion of this

tetrahedron was found at the same relative position as in

the experimentally determined structures. The outward

shift of three of the sodium ions was along the axis of

the C–O bond of the oxygen atom opposite each sodium

ion (figure 2(b)).

In addition, we found that three of the four sodium ions

associated with the outer tetrahedron reported previously

moved so that they were within the carbonate-containing

cage (ions denoted as Na3 in table 3). The position of these

ions may be comparable to the additional sodium position

reported by Sieger et al. [28], although these authors

report a lower occupancy at this position.

As a result of our simulation being based on a single

conformation of the carbonate molecule within the cage, it

has highlighted the impact of the carbonate conformation

on the surrounding sodium ions, which may not be

demonstrated so clearly with an averaged structure based

on multiple carbonate conformations. Differences in the

sodium positions of the experimentally-derived structures

proposed by Gesing and Buhl [13] and Sieger et al. [28]

could possibly be due to the differences in the averaged

carbonate conformation of their respective samples.

Molecular dynamic simulations of the carbonate anion

within the sodalite-type cage would shed further light on

this issue.

The angles and bond lengths for the sodalite framework

in our model are consistent with those reported by Gesing

Figure 2. Structure of carbonate anion within the sodalite cage. Dotted lines show position of sodium atoms relative to carbon, with line style consistent
for each tetrahedron and distances in Angstroms. Views from side of cage (a) and top of cage (b) show tetrahedral arrangement of sodium about carbonate.
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and Buhl [13]. We predict that the carbonate anion retains

its flat structure, with bond angles of 1208 which is

consistent with the structure proposed by Sieger et al. [28]

and in contrast with that reported by Gesing and Buhl [13].

Our bond length for the C–O bond in the carbonate anion is

shorter than that reported by both Gesing and Buhl [13] and

Sieger et al. [28].

3.2.3 Chloride-containing sodalite structure. In our

simulated model of the chloride-containing sodalite

structure, the chloride ions are coordinated by two

tetrahedra of sodium ions, as for the previous structures. In

this case, however, the structure is symmetrical, with each

cage occupied by a chloride ion. Our model was similar to

the experimentally-derived structure reported by Hassan

and Grundy [29] except that again we predict that the

sodium ions sit closer to the sodalite framework (table 4).

The structure is shown in figure 3.

3.2.4 Hydroxide-containing sodalite structure. The

hydroxide ions in each cage were coordinated by two

tetrahedra of sodium ions, as for the earlier structures. Our

modelled structure is similar to the structure proposed by

Luger and Felsche [14] (table 5) from refinement of

powder neutron diffraction data. As with earlier structures,

however, we find that the sodium ions lie closer to the

framework than predicted in the literature models. The

tetrahedra of sodium ions closest about the hydroxide ion

in our model are distorted, due to our use of a single

configuration of the hydroxide ion within the sodalite

cage. The primary distortion of the tetrahedra is in the line

of the hydroxide O–H bond, with the sodium atom (A)

along this line moving further from the hydroxide oxygen

(figure 4).

3.2.5 Aluminate-containing sodalite structure. In our

modelled structure of aluminate-containing sodalite

Table 4. Comparison of modelled chloride-containing sodalite structure
with the experimentally-derived structure of Hassan and Grundy [29].

Hassan and Grundy GULP SIESTA

Distances

Na1–Cl 2.736 2.839 2.960
Na1–O 2.353(2)/3.087(2) 2.283/3.072 2.359/3.078
Na2–Cl 2.736 2.839 2.960
Na2–O 3.087(2)/2.353(2) 3.072/2.283 3.078/2.359
O–Si 1.620(2) 1.603 1.646
O–Al 1.742(2) 1.740 1.763

Angles

Si–O–Al 138.2(1) 137.98 139.62
O–Si–O 113.0(1)/107.7(1) 111.85/108.29 113.78/107.36
O–Al–O 111.0/108.7 109.69/109.36 111.89/108.27

All distances are in Angstroms and angles in degrees.

Table 3. Comparison of modelled carbonate-containing sodalite structure with experimentally-derived structures of Gesing and Buhl [13] and
Sieger et al. [28].

Gesing and Buhl Sieger et al. GULP SIESTA

Distances

Al–O 175 (7) £ 2/174 (6) £ 2 1.646*/1.779* 1.74/1.74 1.762/1.762
Si–O 160 (6) £ 2/161 (6) £ 2 1.673*/1.574* 1.60/1.60 1.645/1.647
C–OCO3

1.26 (5) £ 2 1.231(9) 1.138 1.312
C–OCO3

† 1.29 (5) £ 1 – – –

C–Na1 2.88 (5) £ 4 2.911 £ 4 2.767 £ 1 2.971 £ 1

Na1–O (inner T) 2.44 (4) £ 3/3.02 2.484 £ 3*/2.979 £ 3* 2.314 £ 3/2.996 £ 3 2.399/2.994
Na1–OCO3

2.54 (4) £ 2 2.526 £ 3* 2.988 £ 3 3.257
Na1–OCO3

† 2.40 (4) £ 1 – – –

C–Na2 4.225 £ 4 4.267 £ 3 5.051 £ 1 5.130 £ 1

Na2–O (outer T) 2.98 (4) £ 3/2.25 (4) £ 3 2.976(4) £ 3/2.320 £ 3* 3.068/2.255 3.041/2.373
Na2–OCO3

2.929 £ 3 3.130 £ 3 5.182 5.284
Na2–OCO3

† 3.666 £ 2 – – –

C–Na3 3.262 £ 1 3.434 £ 3 3.626 £ 3

Na3–O (outer T moved in) – 3.167*/2.384 £ 3 3.142/2.219 3.114/2.304
Na3–OCO3

– 2.137 2.356 2.403

C–Na4 2.800 £ 3 2.882 £ 3

Na4–O (inner T moved out) – – 2.354/3.084 2.501/3.089
Na4–OCO3

– – 2.492 2.555

Angles

Al–O–Si 144.2/142.9 147.2*/147.3(3) 139.5/139.5 142.7/142.8
O–Si–O 108(3)/107(3)

£ 2 108(3) £ 2/117(4)
107.6*/107.8(1)
£ 2 109.2(2) £ 2/114.6*

111.1/108.3/112.6 113.7/107.4/113.7

O–Al–O 114(4)/108(3) £ 2/109(3)
£ 2/107(3)

112*/110.8(1) £ 2/107.6(2)
£ 2/107*

109.3/109.3/110.2 111.6/108.3/112.2

OCO3
–C–OCO3

113(4) 120.0 120 120
OCO3

–C–OCO3

† 113(4) £ 2 – – –

All distances are in Angstroms and angles in degrees.† Additional oxygen position determined for carbonate by Gesing and Buhl [13].
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(figure 5), the aluminate ion is coordinated by two distorted

tetrahedra of sodium ions. There was a significant difference

in the conformation of the aluminate anion within the

sodalite cage as determined by force-field and DFT

calculations (table 6). This is most likely due to the

limitations inherent in use of a molecular mechanics force-

field in situations that deviate significantly from equilibrium.

Neither of the calculated conformations for the aluminate

anion gave Al–O–H bond angles similar to those suggested

by Adams and Haselden [30] from their Rietveld refinement

of the structure of a zeolite A-type structure that contained

aluminate ions in the b-cage. From our calculations it is

difficult to predict whether the aluminate ion will

incorporate readily into the DSP structure. However, our

force-field calculations suggest that this is not favourable.

Riley et al. [4] have suggested inclusion of aluminate ions

into the DSP cage, as an explanation for experimentally

measured levels of aluminium in DSP that were above that

required for the framework alone, working on the

assumption that Si:Al ratio in the framework could not be

greater than 1 according to Lowenstein’s rule.

Figure 4. Hydroxide anion within the sodalite cage, coordinated by two tetrahedra of sodium ions as indicated by dotted lines from hydroxide oxygen
to sodium atoms. Side of cage view (a) and top of cage view (b) shown, with dotted line style consistent for each tetrahedron and distances in Angstroms.

Figure 3. Chloride anion coordinated by tetrahedra of sodium ions within the sodalite cage, as viewed from side of cage (a) and top of cage (b).
Distances in Angstroms from chloride to sodium ions are indicated by dotted lines that are consistent for each tetrahedron.

Table 5. Comparison of modelled hydroxide-containing sodalite
structure with experimentally-derived structure of Luger and Felsche [14].

Luger and Felsche GULP SIESTA

Distances

OOH–HOH 1.09 0.980 0.980
Na–HOH 2.28 2.374 2.395
Na–OOH 2.401 2.393 2.446
Na–O 2.349 2.292 2.399
O–Si 1.635 1.602 1.649
O–Al 1.734 1.737 1.767

Angles

Si–O–Al 132.9 131.74 133.14
O–Si–O 108.1/112.4 108.78/110.85 107.70/113.09
O–Al–O 108.9/110.6 109.91/108.59 108.67/111.04

All distances in Angstroms and angles in degrees.

Incorporation of impurity anions into DSP 41

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
1
5
 
1
4
 
J
a
n
u
a
r
y
 
2
0
1
1



4. Conclusions

We have used molecular mechanics calculations to

examine binding energies as a guide to the affinity of

anions for a sodalite-type framework. The calculated

structures were validated by DFT calculations. We were

unable to compare the energetics of the DFT calculations

with the molecular mechanics since the isolated anions

were unstable in a vacuum and hence the analogous DFT

binding energies could not be calculated. Our calculations

successfully predicted the trend that we observed from

competitive-uptake experiments in the laboratory. Further

refinement of the solvent characteristics in our model may

allow us to predict more accurately the relative

populations of different anion-containing sodalite-type

structures than we have currently achieved. Molecular

dynamics calculations will also give a greater appreciation

of the structures present at the experimental temperature.

The final structures have been compared to published,

experimentally-derived structures. The carbonate,

hydroxide and aluminate-containing structures differed

from the published structures, although this was

anticipated since our model examined only single

anion conformations. Molecular dynamics studies would

additionally be of use in examining the behaviour of

carbonate and associated sodium ions within the sodalite

cage, and our potential set may benefit further from slight

adjustments in order to more accurately predict bond

distances within the anions.
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Figure 5. Aluminate anion coordinated by distorted tetrahedra of sodium ions, as indicated by dotted lines of consistent style for each tetrahedron. View
shown from side of cage (a) and above cage (b). Distances are given in Angstroms.

Table 6. Modelled aluminate-containing sodalite structure compared
with reported structure of b-cage containing aluminate from Adams and

Haselden [30].

Adams and Haselden GULP SIESTA

Distances

Alalum–Oalum 1.80 1.644 1.772
Oalum–Halum 1.00 0.998 0.977
Na–Halum 2.513 2.916 2.921
Na–Oalum 3.104 2.755 2.732
Na–O 2.327/3.038 2.593 2.699
O–Si 1.582(16)/1.677(11) 1.604 1.647
O–Al 1.653(19)/1.735(12) 1.742 1.766

Angles

Oalum–Alalum–Oalum 109.5 109.4 109.4
Alalum–Oalum–Halum 134.1 66.8 111.1
Si–O–Al 132.9(7)/150.5(10) 144.5 149.3
O–Si–O 102.9(7)/104.8(6) 109.3 109.5
O–Al–O 105.6(9)/105.8(7) 109.4 109.4

Distances are given in Angstroms and angles in degrees.
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Table A1. Atomic charges and force-field potential parameters used in this work.

Atomic charges (a.u.)

Si 2.40000 S 1.360000
Al 1.40000 OSO4

20.840000
Oframe 21.20000 HOH 0.400000
Na 1.00000 OOH 21.400000
Cl 21.00000 Al 1.147000
C 1.13500 HAl(OH)4

0.423000
OCO3

21.04500 OAl(OH)4
20.959750

Buckingham Aexp^(2r/p) – C/r^6 [16]

i j Aij (eV) rij (Å21) Cij (eVÅ6) Cutoff (Å)
Oframe Oframe 1388.7730 0.362319 175.0000 10
Si Oframe 18003.7572 0.205205 133.5381 10
Al Oframe 16008.5345 0.208478 130.5659 10
Na Oframe 3542.2072 0.241864 0 10

Harmonic 1/2k2(r 2 ru)
2 [17]

I j k2 (eVÅ22) ru (Å)
OOH HOH 46.88699 0.96

Morse D{[1 2 exp(2a(r 2 r0))]2 2 1} [18][19][20]

i j Dij (eV) aij (Å21) r0ij (Å)
C OCO3

4.710000 3.800000 1.180000
Al OAl(OH)4

3.003840 1.463680 1.852950
OAl(OH)4

HAl(OH)4
4.645155 2.183340 0.975200

OSO4
S 5.000000 1.200000 1.505000

Three body harmonic – cosine 1/2k(cos u 2 cos u0)2 [18]

H I J k (eV rad22) u0 (deg)
Al OAl(OH)4

OAl(OH)4
27.124113 117.22000

OAl(OH)4
Al HAl(OH)4

2.014774 105.81000

Three body harmonic 1/2k(u 2 u0)2 [19][20]

H I J k (eV rad22) u (deg)
C OCO3

OCO3
1.690000 120.00000

S OSO4
OSO4

15.00000 109.47000

Torsion k*(1 2 cos(22*w 2 w0)) [22]

K (eV) C OCO3

0.112900

Lennard Aij/r
12 – Bij/r

6 [17]

i Oframe Si Al Na atom
j Aij

OCO3
325653.2156 927034.7530 8716.1604 135644.9731 OCO3

272894.7846
C 1074100.2365 3057633.7026 28748.4646 447397.0798 - -
OSO4

325653.2156 927034.7530 8716.1604 135644.9731 OSO4
272894.7846

S 2243.6564 6387.0011 60.0518 934.5546 - -
Cl 3151161.3737 8970389.2534 84341.3381 1312559.4323 Cl 25552052.0000
OOH 494545.9294 1407820.4714 13236.6009 205994.1867 OOH 629358.0000
Al 10401.2455 29609.1536 278.3910 4332.4512 Al 278.3910

OAl(OH)4
8716.1604

OAl(OH)4
325653.2156 927034.7530 8716.1604 135644.9731 OAl(OH)4

272894.7846
Bij

OCO3
9.717395704 595.1503575 918.2482231 0.479045142 OCO3

498.8788
C 15.8407711 970.1818134 1496.878419 0.780913392 -
OSO4

9.717395704 595.1503575 918.2482231 0.479045142 OSO4
498.8788

S 24.90661645 1525.427402 2353.558196 1.227838608 -
Cl 25.01898902 1532.309758 2364.176876 1.233378316 Cl 3307.0045
OOH 10.88093011 666.4120347 1028.196756 0.536404698 OOH 625.5
Al 17.8860704 1095.447949 1690.14959 0.881741919 Al 1690.14959

OAl(OH)4
918.2482231

OAl(OH)4
9.717395704 595.1503575 918.2482231 0.479045142 OAl(OH)4

498.8788
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