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The presence of divalent cations during the nucleation of barium sulfate can alter the properties of the

nucleated material. Here, a computational study of the effect of doping barium sulfate with divalent cations

(Ca21 and Sr21) is presented. The calculations provide information on the energies and lattice parameter

changes involved in the doping process and consequent lattice relaxation. Two methods were used to model the

doping process. Firstly, the Mott–Littleton method was used to calculate the solution energy of a single dopant

cation in the barite lattice, and secondly, the supercell method was used, which enabled varying dopant

concentrations to be modelled. The results were in good agreement with available experimental data.

1 Introduction

The inhibition of sulfate scale is influenced by many factors,
including system temperature and pressure,1 type of scale
inhibitor and the qualitative and quantitative ionic content
present in the medium.2,3 Of particular interest in this study is
the effect of divalent cations on barium sulfate (barite).

Barium sulfate has been studied in great detail2–9 due to
its presence in water treatment and offshore oil production
systems. The abundant presence of divalent cations in the
reservoir, for example, during or after the secondary well
treatment, could lead to the incorporation of such cations in
barium sulfate either during the nucleation phase or the growth
phase,2 or in a complex with an inhibitor which then effectively
docks onto the barite surface and promotes inhibition,10 or in
specific cases, reduces inhibitor performance.11 Experimental
evidence has shown that the presence of certain divalent cations
can affect the properties of the host barite.2

Early attempts at understanding the mechanism of scale
inhibition have been carried out by computer modelling12–14

and experiment.2–4,15–18 However, no modelling work has yet
been carried out on the effect of divalent cations on the bulk
barite structure and the subsequent effect on barite inhibition.
Early attempts at simulating the role of cations in a barite
inhibition system have been carried out,19 and complex forma-
tion involving monovalent cations was proposed.

Recent experimental results have shown that in the presence
of calcium ions in a nucleating barium sulfate system, a certain
number of calcium ions are actually incorporated into the
lattice of barium sulfate; these further promote inhibition
efficiency by altering the host lattice properties and theoreti-
cally provide a better fit between the inhibitor and the barite
surface.2 In this paper, the results of a computer modelling
study on the affinity of divalent cations (Ca21 and Sr21) to
barium sulfate are presented. Two techniques are employed:
first, the Mott–Littleton method20–22 is used to calculate the
solution energy for the substitution of an isolated cation in
an infinite barite host, and secondly, the supercell method23 is
employed, which enables the energetics of ion substitution

and the subsequent lattice deformation to be calculated as a
function of ion concentration. All structures were taken from
the Inorganic Crystal Structure Database.24

2 Computational method

2.1 Interatomic potentials

The potential model employed has been widely used in the
modelling of molecular ionic materials.25,26 It consists of
separate terms for non-bonded and bonded interactions. Non-
bonded interactions are represented by the Buckingham
potential supplemented by an electrostatic term:

Vnb(rij) ~ qiqj/rij 1 A exp(2rij/r) 2 Crij
26

Here, qi, qj are the charges on ions i and j (which are not part of
the same molecular ion), and A, r and C are parameters whose
values are obtained for each ion pair by empirical fitting
or direct calculation. Charges for the constituent ions in a
molecular ion are fitted with the constraint that the ion takes
the overall formal charge. Bonded interactions, i.e., in this
case, the S–O bond and O–S–O angle of the sulfate group, are
represented by harmonic terms:

Vb(r, h) ~ 0.5ks(r 2 r0)2 1 0.5kb(h 2 h0)2

Here, ks and kb are bond-stretching and bond-bending force
constants, and r0 and h0 are the equilibrium bond length and
bond angle, respectively.

For the host lattice and dopant–lattice interactions, the
interionic potentials were taken from Allan et al.,27 except that
the S–O bonded interaction was refitted as a harmonic poten-
tial of the form given above.26 Potential parameters are given
in Table 1.

2.2 Mott–Littleton calculations

The Mott–Littleton method20–22 is a well-established method
for calculating the geometry and energetics of point defects in
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ionic materials. Briefly, it considers the immediate surround-
ings of a defect in terms of two concentric spherical regions,
with ions within the inner region (region I) being treated
explicitly, while a continuum approximation is used for ions in
the outer region (region IIB). In this paper, the method is used
to model the substitution of a divalent cation at a barium site
in an otherwise pure barite system. The energy involved in this
process, the defect formation energy, is then converted to a
solution energy to enable the substitution of different cations
to be compared. Consistent region sizes of 10 (region I) and
15 Å (region IIA) were used throughout this study. The GULP
code28 was used for all calculations.

2.2.1 Solution energy calculations. In order to calculate the
energetics of ion substitution, consideration has to be taken
of all the steps incorporated in the substitution.29 In this
calculation, it is assumed that the dopant ion is introduced as
a sulfate into the barite lattice. The cation, e.g. Ca21, replaces
a Ba21 ion, which then combines with the SO4

22 anion to
produce a separate barium sulfate phase. The solution energy
is the total energy involved in this process, and it gives an
indication of the ease of substitution of the dopant ion. An
example of calculation of the solution energy for Ca21 in
barium sulfate is shown below:

CaSO4 1 BaBa A CaBa 1 BaSO4

The subscript Ba denotes the host cation of interest. The
equation above takes into account the source of the dopant
ion and any product formed after the substitution has taken
place. The solution energy, Esolution, is calculated as follows,
where the lattice energies [e.g. Elattice(CaSO4)] are assumed to
take negative values, and E(CaBa) is the defect formation
energy for substitution of a Ca21 ion at a Ba21 site.

Esolution ~ E(CaBa) 1 Elattice(BaSO4) 2 Elattice(CaSO4)

The calculations were then repeated for the other dopant cations.
The solution energy was used to give a comparison of relative
ease of substitution of the dopant cations in the barite lattice.

2.3 The supercell method

A (2 6 2 6 2) supercell consisting of 192 atoms was generated
to simulate the barite host. A single cation substitution was
then made in the supercell, and lattice energy minimisation
to constant pressure was carried out. The defect energy was
obtained from the difference between the lattice energies of the
perfect and the defective supercell; the results obtained can
be compared to the defect formation energy obtained from
the Mott–Littleton method. The calculations could then be

repeated with an increasing number of ion substitutions. The
doping process involves doping with calcium or strontium ions
until all the barium sites were substituted. The calculations
enabled the lattice parameter to be calculated as a function of
increasing dopant concentration; this was then compared to the
predictions of Vegard’s law and recent experimental results.2

Further simulations were later carried out using a (3 6 3 6 3)
host supercell to probe lower dopant concentrations.

3 Results and discussion

In this section, the results of the two techniques employed, the
Mott–Littleton method and the supercell method, will be used
to draw conclusions on barite doping by divalent cations. In
Table 2, a comparison of the ionic and atomic radii of the
atoms involved in the study is presented. By comparing the
ionic radii, it can be seen that strontium has the closest match
to a barium ion compared with the calcium ion.

3.1 Results of Mott–Littleton calculations

The defect formation energies for dopant substitution are given
in Table 3. Using the technique described in section 2.2.1,
the solution energies were then calculated for calcium and
strontium dopants in barite (see Table 4); these confirm that
strontium substitution would be energetically more favourable
than calcium substitution under the conditions of infinite
dilution represented by the Mott–Littleton approach. How-
ever, due to the nature of the ionic concentration in seawater,
particularly in the North Sea, where the concentration of
calcium ions is normally higher than strontium ions,10,11 it can
be concluded that, in a real environment, the supersaturation of
both ions within the system would play a bigger rôle than their
energetics. In any case, the latter do not take into account ion–
ion interactions, which are included in the supercell approach
described in section 3.2.

3.2 Supercell simulation results

Fig. 1 (representing the data shown in Table 5) shows that the
relationship between the unit supercell volume and the amount
of dopant follows a linear pattern for strontium and calcium
doping. The result for calcium doping is in good agreement
with experimental results obtained by Hennessy and Graham,
in accordance with the prediction of Vegard’s law. Deforma-
tion of the host a, b and c axes was calculated at all dopant
concentrations.

Fig. 2 illustrates the relationship between the lattice energy
and the amount of dopant incorporated in the host lattice for
calcium and strontium. The effect of cation doping on lattice

Table 1 Potentials and ionic charges used in this study

Buckingham potential
Interaction A/eV r/Å C/eV Å6

Ba–O 4223.84 0.2907 0.0
Ca–O 1651.35 0.2931 0.0
Sr–O 2509.44 0.2925 0.0
O–O 105 585.02 0.2000 25.98

Harmonic potential
Interaction k/eV Å22 r0/Å
S–O 150 1.48

Three body potential
Interaction k3/eV rad22 h0/u
O–S–O 15.0 109.47

Ionic charges
Ion Ba Ca Sr O S
Charge/|e| 2.0 2.0 2.0 20.84 1.36

Table 2 Comparison of ionic and atomic radii of ions involved in this
study

Barium Calcium Strontium

Ionic radius/Å 1.34 0.99 1.12
Atomic radius/Å 2.173 1.97 2.15

Table 3 Comparison of defect substitution energies

Dopant ion Defect substitution energy/eV

Ca21 21.73
Sr21 20.94

Table 4 Comparison of solution energies

Dopant ion Ca21 Sr21

Solution energy/eV 0.49 0.25
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energy was examined and it was found that the introduction of
calcium dopants leads to a lower lattice energy after 18% of the
available sites in the host are occupied by dopants, while below
the 18% level, strontium doping results in the lowest lattice
energy. This would imply that strontium dopants are less stable
than calcium dopants at dopant levels greater than 18%, but
that they are more stable at concentrations below 18%. How-
ever, upon performing further calculations using a (3 6 3 6 3)
supercell, it was noted that at approximately 0.9% dopant con-
centration, another transition point occurs (Fig. 3—representing
Table 6). Below 0.9% dopant concentration, calcium doping
produces the lower lattice energy compared to strontium
doping. This implies that between 0.9% and the very low
concentrations represented by the Mott–Littleton calculations,
calcium doping is more energetically favoured than strontium.

In oilfield conditions, the probability of calcium being incor-
porated at more than 18% into the lattice of barite is yet to
be reported. Hennessy and Graham have reported that the
calcium ion has been found to be incorporated into the barium
sulfate lattice at up to 12% of the available sites. Furthermore,
it can be seen that the substitution of dopants into the lattice
would alter its structure. At this level, it is believed that the
incorporated calcium would interact with the active inhibitor
branch to promote better inhibition,2 which could be triggered
by electrical30 and mechanical changes2 in the lattice structure.

Further simulations are currently being carried out to study
this phenomenon.

It is also possible to calculate the heat of mixing, DU, which
results from the addition of calcium or strontium to the lattice.
This quantity is defined as follows, for calcium substitution:

DU ~ U(CaBaSO4) 2 U(BaSO4)

Here, U(CaBaSO4) and U(BaSO4) are the lattice energies of the
doped and pure barite lattices, respectively.

Fig. 1 Plot of unit cell volume vs. dopant concentration.

Table 5 Lattice energy, heat of mixing and unit cell volume as a function of dopant concentration

% M No. of M ions Lattice energy/eV Normalised lattice energy/eV Heat of mixing, DU/eV Unit cell volume/Å3

M ~ Ca
0 0 2808.20 2101.03 0.0 2855.67
3.125 1 2809.90 2101.24 20.21 2841.03
6.25 2 2811.60 2101.45 20.43 2825.66

12.5 4 2814.94 2101.87 20.84 2793.01
18.75 6 2818.55 2102.32 21.29 2760.82
25 8 2822.04 2102.76 21.73 2727.42
31.25 10 2826.94 2103.37 22.34 2691.24
50 16 2841.20 2105.15 24.12 2592.88

100 32 2876.03 2109.50 28.47 2339.83

M ~ Sr
0 0 2808.20 2101.03 0.0 2855.67
3.125 1 2813.44 2101.68 20.65 2809.32
6.25 2 2814.50 2101.81 20.78 2798.63

12.5 4 2816.35 2102.04 21.01 2780.23
18.75 6 2818.18 2102.27 21.24 2764.51
25 8 2820.07 2102.51 21.48 2747.13
31.25 10 2822.33 2102.79 21.76 2727.31
50 16 2829.06 2103.63 22.60 2671.86

100 32 2846.07 2105.76 24.73 2533.02

Fig. 2 Normalised lattice energy vs. dopant concentration.

Fig. 3 Normalised lattice energy vs. dopant concentration for a
3 6 3 6 3 supercell.

Table 6 Comparison of lattice energy and heat of mixing at very low dopant concentration

Dopant ion Amount % Lattice energy/eV Normalised lattice energy/eV Heat of mixing, DU/eV

Sr 1 0.93 22728.37 2101.05 20.02
Ca 1 0.93 22729.06 2101.08 20.05
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By comparing the elastic constants from the doping process,
it was possible to monitor the elasticity changes in the struc-
ture. Changes in the structural parameters could also be moni-
tored. For example, when barite is progressively doped with
strontium, barytocelestine (Ba0.5Sr0.5SO4) is initially formed,
and then, after 100% substitution, celestine (SrSO4) is formed,
with good reproduction of the lattice parameters. This is in
good agreement with the work of Grahmann, reported by Deer
et al.31

4 Conclusions

The Mott–Littleton calculations have shown that under
conditions of infinite dilution, strontium substitution would
be favoured over calcium substitution in barite. The supercell
calculations have shown that the relative affinity of the two
ions depends on their concentration, with calcium substitution
being favoured at concentrations below 0.9% and over 18%.
Finally, the calculations reproduce the experimentally observed
lattice contraction of barite as calcium concentration is
increased.

The calculations presented in this paper have concentrated
on the substitution of dopants into the bulk crystal; future
calculations will consider the substitution of dopants at crystal
surfaces and their effect on morphology, following an
approach recently applied to cobalt doping of calcite.32
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