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Electromagnetic fields are used in water treatment and desalination to regulate scale formation and
extend the lifetime of membranes. External electric and magnetic fields can promote or suppress
mineral nucleation and growth. However, the molecular-scale mechanisms of such processes remain
unknown. Computing the free energies needed to form ion pairs under external fields provides
important insights into understanding the elemental steps during the initial formation of mineral scales.
In this paper, we used molecular dynamics combined with metadynamics simulations to investigate the
free energies of forming the [Ca—COs3]° ion pair, a fundamental building block of carbonate scales,
under a range of magnetic (up to 10 T) and electric (up to 10 V m™) fields in water. The presence of
constant magnetic or electric fields favored the ion pairing reaction and lowered the free energies by up
to 3% to 6%. The internal energy and entropic components of the free energy showed significant
changes and exhibited non-linear behavior with increasing field strength. The [Ca—COs]° ion pairing is
an entropy-driven process in the absence of an external field, but the mechanism shifts to an internal
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energy-driven process under selected external fields, suggesting possible changes in the nucleation
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1. Introduction

Reduction of scale deposits in water purification systems is a
significant technical and economic challenge."” Conventional
scale treatments involve pH adjustment using acids, addition
of antiscalants or scale inhibitors, and softening to remove
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hardness and other scale-forming minerals."* These processes
are costly, chemical-intensive, and may cause severe ecological
and environmental issues. However, it has been suggested that
many of these limitations can be avoided using electromagnetic
fields (EMF) to control scaling.>® EMF treatment is a low-cost,
antiscaling technology requiring low energy input.>® An EMF
can be applied using permanent or electro-magnets installed
inside or outside a water pipe (static or dynamic magnetic
systems), electromagnetically using an external inductor posi-
tioned near a water pipe (induction systems), or by introducing
alternating and pulsed currents of varying frequencies directly
onto water pipes (applied current systems). EMF treatment
has been found effective in preventing SiO,, CaSO,, and CaCO;
scaling during desalination of brackish and reclaimed water,
and in reducing the size and adherence of precipitates
such that simple hydraulic rinsing can recover membrane
performance.'?

While EMF can change the rates of nucleation and growth,
inconsistent results have been observed for different materials.
For instance, several studies have reported that a constant
magnetic field can decrease the nucleation and growth rates
of organic crystals. Zhao et al. reported that crystals of poly-
amide salt became more soluble under an applied magnetic
field up to 0.5 T," reducing the rates of nucleation and growth.
They suggested that this was due to an increase in the
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nucleation barrier caused by the directional motion of particles
under the magnetic field. Sazaki et al. studied the crystal-
lization of hen egg-white protein under a uniform 10 T magnetic
field.'* They found that fewer nuclei formed, and the crystals
became aligned with the field. Rao et al. showed that alternating
potentials applied to conductive membranes prevented the for-
mation of CaSO, and silicate scales.'” Theoretical work by
Kashchiev'® showed that an electric field can inhibit nucleation
when the dielectric permeability of the new phase is larger than
that of the old one.

In contrast, other studies showed that electromagnetic fields
either promoted nucleation or had no impact. For example,
Guan et al. studied the impact of magnetic fields on sodium
arsenate growth, and found a decrease in solubility, an increase
in nucleation rate, and a decrease in growth rate.'* Alexander
et al.’® showed that protein crystallization was significantly
enhanced under a wide range of EMF conditions including
internal and external, alternating (AC) and direct (DC) currents.
However, Konak et al. showed that the nucleation and growth
rates of gypsum crystals were not impacted by a magnetic field
using permanent magnets at fields up to 16 kOe.'® Yurov et al.
reported the promotion of NH,Cl and NH,Br nucleation under
an electric field, but no impact on growth rate of the crystals
was observed.'” Many studies also investigated the impact of
external fields on ice nucleation. Woo et al. showed that a DC
electric field induces an increase in ice nucleation whereas
an AC field delays ice nucleation and increases induction
time. Park et al. showed that water molecules polarized by a
10* V. m™" electric field on a clay surface can promote gas
hydrates nucleation such that the induction time was reduced
by 5.8 times."®

These sometimes contradictory and highly variable results
clearly imply that the effects of EMF on crystal nucleation and
growth are not fully understood. Nonetheless, a large variety of
EMTF devices are sold for residential and commercial use due to
the high demand for simple, low-maintenance, non-chemical
methods of scale control. The utility of these designs is,
unfortunately, uncertain. Electric or magnetic fields may impact
crystal nucleation and growth by affecting the dynamics of water
and dissolved ions, but no studies show precisely how EMF
treatment affects chemical reactivity, and thus there is no way
to evaluate potential new designs.'® A better understanding of
how EMF impacts nucleation and crystal growth in aqueous
solutions should, therefore, constrain the conditions under
which such an approach is most effective.

This study used classical molecular dynamics, coupled with
metadynamics simulations to calculate the free energy of
formation of [Ca-CO;]° ion pairs in water. This fundamental
chemical reaction may initiate mineral nucleation and is a
likely candidate for a process that would be affected by EMF. To
do so we split the free energy into internal energy (ion binding
energy) and entropic terms (re-organization of the solvent). The
internal energy was further decomposed into solvent and solute
portions to investigate the role of water reorganization during
the ion-pair formation. The results help explain how external
fields impact ion paring, which could lead to changes in
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nucleation, phase selection, and crystal growth habits observed
experimentally.

2. Computational details

Molecular dynamics (MD) simulations were performed using
LAMMPS,”**! and compiled with PLUMED?? in the canonical
(NVT) ensemble at 300 K and 320 K. The application of a
constant magnetic field, up to 10 T, was adopted from the work
of Panczyk et al., which was compiled as a separate plugin
for LAMMPS.>® This allows accurate calculations of forces
under acceleration. For simulation under electric fields up to
10 V. m~ ', the forces exerted on the charged particles were
computed using the fix_efield.cpp module in LAMMPS. For
both magnetic and electric fields, a constant field was applied
to the z-direction of the simulation cell. The force fields used
for simulating the [Ca-CO;]° ion-pair were specifically devel-
oped for the alkaline-earth carbonate system in water by Raiteri
et al., and are thermodynamically consistent with experimental
measures of ion hydration structures, ion hydration energies,
solubilities of carbonate minerals, and the ion-pairing equili-
brium constants.>* Parameters for water were obtained from
the SPC/Fw model.>® During the biased simulations, the dis-
tance between Ca*" and the C atom in the CO;*" ion was biased
in the well-tempered metadynamics simulation with a bias
factor of 8. Gaussian-shaped bias potentials were deposited
every 1000 steps (1 ps deposition time) at a height of
2.48 k] mol~! and a width of 0.1. The model had 12 536 atoms,
which included 1 Ca** and 1 CO;2” in a cubic box 50 A long,
filled with 4177 H,0 molecules, corresponding to a concen-
tration of 0.01 M CaCOj,q). The time step of the MD simulation
was 1 fs and the system was equilibrated for 10 ns unbiased
simulation followed by biased simulation up to around 200 ns
to obtain the free energy profiles. Most of the computed free
energy profiles reached their steady states beyond 150 ns and
showed a small fluctuation (£0.1 k] mol ') in the free energy
(ESL* Fig. S1, S2, and Table S1). We further analyzed the errors
of the computed free energies by using the block analysis*® and
the averaged errors were around +0.17 k] mol* (Fig. S3 and
Table S2, ESI%). The entropic and enthalpic contributions to the
free energy were calculated based on the finite-difference
temperature derivative of the free energy as:*’">°

F(T + AT) — F(T)
AT 1)

—TAS =T

AU = AF + TAS )

where T'= 300 K and AT = 20 K. To investigate the contribution
of solvent molecules to the free energy, we obtained the solvent
contribution to the internal energy as:

AUsolute = AU - Usolute (3)

where Ugouee IS the direct potential from the two solutes,
namely Ca®>*, and CO;>", which include the Lennard-Jones
short-range and long-term electrostatic interactions. To further
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exam the impact of electric and magnetic fields on the com-
puted free energy components, we performed additional simu-
lations of the free energy surface at 340 K, 358 K, and 365 K
under 7 T and 5 V m™* where the largest decrease in the free
energy minima were found. By plotting the calculated AF vs. T,
we can obtain the AS and AU from the slope and intercept
through a linear fitting process.

In addition to using the Ca-C distance as the primary
collective variable, the coordination number (CN) of Ca** by
water in the first hydration shell was used as a secondary
coordinate to obtain the two-dimensional free energy profiles.
The CN of Ca to O in water was defined by using the switching

function:
n
_ rCaO,- *d()
ro

CNcio = ZM (4)

ro

where rq,0 is the distance between surface Ca®>* and O atoms in
water. The other parameters used in the switching function are
ro=1.0 A, dy = 2.3 A, n = 6, and m = 18. Instead of obtaining
the free energy profile as a sum of the negative bias potentials,
the reweighting method used the time-dependent constant
of the free energy surface calculated on-the-fly to obtain free
energy profiles of a second collective variable that was not biased
during the simulations: the CN of Ca to water. We further
calculated the 2D free energy at two selected magnetic fields,
and then compared that with the free energy surface obtained
from reweighting. These comparisons provided the opportunity to
assess the consistency of results obtained by using both
reweighted and directly calculated methods (Fig. S4, ESI).

3. Results and discussion

3.1.
fields

The Helmholtz free energy (AF) curves for the [Ca-CO;]° ion-
pair at 300 K show subtle changes in the free energy minima
under constant magnetic fields up to 10 T (Fig. 1). The
collective variable, or reaction coordinate, used to trace the

Free energy profiles of ion-pair formation under magnetic
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formation of [Ca-COj;]° ion-pairs was the Ca-C distance. The
free energy at Ca-C distances of 12.5 A to 14.5 A was used to
align the free energy curves in order to compare the magnitudes
of the energy minima, especially those that are at less than 4.0 A
(Fig. 1(b)). The general shapes of the free energy curves are
similar under a series of magnetic fields at 300 K (Fig. 1).
Energy minima located at a Ca-C distance of 3.5 A showed the
lowest values and corresponded to the formation of a mono-
dentate contact [Ca-COj;]° ion pair, with a less favorable biden-
tate ion pair at 2.9 A. Local energy minima at 5.0 A and 7.1 A
correspond to the formation of solvent-separated ion pairs
mediated by water (Fig. 1(a)). The positions of the local minima
for the four ion pairs did not change upon applying the
magnetic fields, but the depths of the energy wells showed
slight decrease. The free energy minima for forming these ion
pairs are summarized in Table 1 and Table S3 (ESL%). The
corresponding dissociation constants listed in Table 1 were
calculated based on two methods (free energy difference vs.
integration of the free energy curves) described in the ESL} The
PKaiss calculated using the free energy difference method is
3.83 at 300 K without a magnetic field (Table 1), which is close
to the reported experimental values, which range from 3.0
to 3.2.>* At 300 K, the free energies for forming the contact
ion-pair first decreased from —21.89 k] mol™' at 0 T to
—22.44 k] mol " at 3 T and then reached a steady state up to
10 T. In general, applying a constant magnetic field decreased
the free energy minima of the ion-paring reaction and gener-
ated less than 3% change in the free energies when forming a
[Ca-CO;]° ion-pair.

3.2. Internal energy and entropic contributions

Unlike the changes in free energies, which showed minor
decrease under magnetic fields, the internal energies and
entropic terms exhibited significant variations (Fig. 2 and
Fig. S5, ESI%). Here, we focus on the parts of the internal energy
and entropy profiles relevant to forming the monodentate
contact ion-pair at the energy minimum of 3.5 A (Fig. 2(e)).
At 0 T, ion-pair formation was driven by the large negative value
of the —TAS term (—25.9 k] mol '), where the internal energy
was slightly positive (4.0 k] mol™"). These calculated values
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Fig. 1 (a) Free energy profiles of forming a [Ca—COs]® ion-pair under a series of magnetic fields (O T, 1 T, 3T, 5T, 7 T, and 10 T) at 300 K and

(b) A zoomed-in view at the region where the contact ion-pair was formed.
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Table 1 Free energies and corresponding dissociation constants of the [Ca—~COs]° ion-pair at 300 K under a series of magnetic fields

Magnetic field (T) AF (£ 0.16 k] mol )

PKaiss (free energy difference) + 0.03 pKajss

PKaiss (integration) £ 0.03 pKaiss

0 —21.89 3.83
1 —22.23 3.89
3 —22.44 3.93
5 —22.44 3.93
7 —22.56 3.95
10 —22.43 3.93

are similar to experimental data determined by the poten-
tiometric titration (AH = 8.7 + 2.4 k] mol™ ", —TAS = —26.7 +
2.4 k] mol").>® The internal energy (green curves) can be
further decomposed to obtain the solvent contribution to the
internal energy as AUsowen: (cyan curves in Fig. 2). In all cases,
solvent internal energy due to the insertion and removal of
water molecules showed more negative values than the total
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AU, implying that solvent reorganization energy is the major
driving force for the ion-paring. Positive internal energies and
negative —TAS terms observed at 0 T suggested the reactions
were entropy-driven (Fig. 2(a) and (e)). Under 1 T, 3 T, and 5 T
fields, however, the internal energy was more negative than the
entropic term, implying a switch in the reaction mechanism
from entropy- to internal energy-driven. At higher magnetic
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Fig. 2 Deconvoluting the free energy (AF) into internal energy (AU), internal energy of solvent (AUsowent), and entropic terms (—TAS) at 300 K
under (@) O T, (b) 1T, (c) 5T, and (d) 10 T. (e) Changes in free energies and associated free energy components with magnetic fields from 0 T

to10 T.
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Fig. 3 The reweighted 2D free energy for the formation of [Ca—~CQj3]° ion-pair at 300 K. Arrows indicated new structures formed as contact ion-pairs
under increasing magnetic fields. The white lines indicated the minimum energy path.

fields of 7 T and 10 T, the reaction switched back to an entropy-
driven process (Fig. 2(e)).

3.3. Changes in Ca”* solvation environment during ion-pair
formation under magnetic field

To explain the changes observed in the internal energy and entropic
components, we investigated the role of water solvation environ-
ments by tracking the coordination number of water molecules
around Ca®* during the ion pairing process. We obtained 2D free
energy surfaces by reweighting the 1D free energy profiles (Fig. 3
and Fig. S6, ESI). From these, we expanded the reaction coordinate
from 1D to 2D by adding the hydration environments of Ca*>" to the
original Ca-C distance coordinate (Fig. 3).

The results of this analysis showed that the ion-pairing
process was coupled with the desolvation of Ca*>*. This involved
a reduction of the Ca®>" CN from 7 to 5 and a decrease in the
Ca-C distance to less than ~3.5 A. Several local energy minima
were observed at Ca-C distances around 3.5 A and 2.8 A with
reduction of the CN of Ca*' from 7 and 5. At CN = 6, the two
local minima were observed corresponding to the formation of
bidentate and monodentate ion pairs (Fig. 4(a) and (b)). The
energy minima at a CN of 5.0 and a Ca-C distance around 2.7 A
correspond to bidentate ion pairs with a closer Ca-C distance
(Fig. 4(c)). A new, monodentate, contact ion-pair structure with
a larger Ca to C distance of 3.3 A to 3.5 A was observed with
increasing field strength (Fig. 3, arrows). This (Fig. 4(d)) formed
solely under the magnetic field. In addition, the 10 T 2D free
energy (Fig. S3, ESIi) also shows a new local state beyond a

This journal is © the Owner Societies 2024

(a) en(ca-0,) =6 (b) cN(ca-0,)=6

(c) enica-0,) =5 (d) enca-0,) =5

Fig. 4 Contact ion-pair formed at Ca to Oyaer CNs of (a), (b) 6 and (c),
(d) 5 with 5 T of magnetic field. In each coordination environment, either
bidentate or monodentate binding of COs>~ ion to Ca®" was shown.
Oxygen, hydrogen, carbon, and calcium atoms were shown as red, pink,
black, and cyan spheres.

3.0 A Ca—C distance at CN = 5 that is absent at 0 T. Thus, both
the reweighted and directly calculated 2D free energy profiles
show that a magnetic field promotes the formation of new ion
pair structures. These detailed configurational changes were
not observed in the 1D free energy profiles but were success-
fully resolved using higher dimensional analyses.
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under increasing external field.

3.4. Free energy profiles of ion-pair formation under electric
fields

The free energy profiles show larger changes under electric
fields when compared with those observed under magnetic
fields (Fig. 5 and Table S4, ESI}). The values of the free energies
at 3.5 A, corresponding to the formation of the monodentate
contact ion-pairs, decreased first with increasing field and then
reached steady states at higher field strength (Table 2 and
Fig. 5(c)). At 300 K, the free energy minima all decrease under
an electric field up to 6% (at 5V m ™), reflecting a change in the
dissociation constant of +0.25 pKy;ss (Table 2).

Internal energy, the internal energy of the solvent, and the
entropic terms show larger changes under the electric fields
when compared with changes in the free energy (Fig. 6 and
Fig. S7, ESIf). At 0V m™ ' and 10 Vm ™', the entropic terms were
more negative than the internal energies and the reactions are
driven by the entropy changes (Fig. 6(d)). Under a wide range of
external field from 1 Vm™" to 7 V. m ™, however, the reactions

were internal energy driven. For free energies that showed the
most significant decreases under 5V m™" and at 7 T (Fig. 5(c)),
we compared their free energy components (AU and —TAS)
obtained based on the finite-difference temperature derivative
method and the linear fitting method and found consistent
results that showed the reaction switched to an internal energy
driven process under external fields (Fig. S8 and Table S5,
ESIi).

The 2D free energy surfaces are similar to those observed
under magnetic fields, including the formation of new local
energy minima at a Ca-C distance of 3.3 A and CN of Ca around
5 (Fig. 7). New structures were also observed in the 2D plots
with external electric fields, including a local minimum near a
CN of 5.5 at a Ca-C distance of 3.7 A (Fig. 7 and Fig. S6, ESI
arrows). Overall, applying an electric field changed both the
free energy profiles and the free energy components, including
a decrease in the free energy minima and the appearance of
new close-contact ion pair structures.

Table 2 Dissociation constants of the [Ca—COgx]® ion pairs at 300 K under a series of electric fields

Electric field (V m ™) AF (£ 0.17 kJ mol ")

PKaiss (energy difference) + 0.03 pKyjss

PKaiss (integration) £ 0.03 pKaiss

0 —21.89 3.83
1 —22.71 3.98
3 —23.27 4.08
5 —23.31 4.08
7 —23.04 4.04
10 —23.08 4.04
27896 | Phys. Chem. Chem. Phys., 2024, 26, 27891-27901

4.61
4.73
4.83
4.85
4.81
4.78

This journal is © the Owner Societies 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp02041c

Open Access Article. Published on 06 September 2024. Downloaded on 3/5/2026 8:47:55 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

PCCP Paper

—
Q
-
H
o
]
>
c
—_
(=
-
S
o
|

N
o
1
N
o
1

Energy (kJ/mol)
e

N

s

Energy (kJ/mol)
e

-40 - -40 T T T T T T
2 2 4 6 8 10 12 14
Ca-C distance (A)
(©) 40- @ 10-
Internal energy-driven
35 20 S 0 i
£ E
3 2
< 04 < -104
& o
g 2
& -20- w -20+

-40- T T T T T -30- T E T T T T E 1

2 4 6 8 10 12 14 o 2 4 6 8 10
Ca-C distance (A) Electric field (V/m)

Fig. 6 Decomposition of the free energy (AF) as internal energy (AU), internal energy of solvent (AUsoent), @nd entropic terms (—TAS) at 300 K under (a)
1Vm™ (b) 5Vm and (c) 10 V m™ (d) Changes in free energy and associated free energy components with electric fields.

—_
()

~

©
J

=
o

~

©
|

300K_1V/m

300K_5V/m

Ca to Oy ater coordination number

T T T T T T T T
2 3 4 5 6 2 3 4 5 6
Ca-C distance (A) Ca-C distance (A)

Ca to Owater coordination number

—_
()

~

©
J

08

&

0.6

04

Aepunog=genem, .

02

0.0

300K_10V/m

T T T T
2 3 4 5 6
Ca-C distance (A)

Ca to Owater coordination number

Fig. 7 The reweighted 2D free energy for the formation of [Ca—COs3]° ion pair at 300 K. Arrows indicated new structures formed as contact ion pairs
under increasing electric field. The white lines indicated the minimum energy path.

This journal is © the Owner Societies 2024 Phys. Chem. Chem. Phys., 2024, 26, 27891-27901 | 27897


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp02041c

Open Access Article. Published on 06 September 2024. Downloaded on 3/5/2026 8:47:55 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

3.5. Implications for nucleation

A reduction in the free energy of forming the [Ca-CO;]° ion pair
in the presence of an external field could impact the nucleation
of calcium carbonate minerals. In the absence of an external
field, formation of [Ca-CO;]° ion pairs is largely driven by
the entropy change in the system, as the desolvated water
molecules around the Ca*>* ion gain greater degrees of freedom
(translational and rotational entropy), contributing to a large
negative (—TAS) term (Fig. 2(a)). When a magnetic or electric
field was applied, however, the changes in internal energy and
entropy do not follow simple linear relations with increasing
field strength (Fig. 2(e) and 6(d)). The free energy changes were
more negative when an electric field was applied and the free
energy minima decreased first with field strength and did not
show much variation beyond 5 T or 5V m ™" (Fig. 5(c)).
Nonlinear relations have also been observed in the response
of other chemical/physical properties of an aqueous solution to
an external field. Shafiei et al. studied the dynamics of water
under an alternating electric field using MD simulations.>'
While an alternating electric field affects the diffusion of
charged particles, and may impact hydrogen bond alignment
in water, these simulations, performed using both polarizable
and non-polarizable water molecules, showed no substantial
change in the water structure under a wide range of AC frequen-
cies (100 to 500 GHz). They also observed a non-monotonic
frequency dependence of the dynamic properties of water,
including rates of bond breaking and diffusion, as the fastest
dynamics were observed near 200 GHz instead of at 500 GHz.
Whether a magnetic field has any impact on the physical
properties of liquid water remains debatable. Wu et al. showed
that the proton concentration decreased under a multidirec-
tional magnetic field with an increase in the electrical con-
ductivity due to weakening of ions’ hydration shells.” However,
Panczyk et al. found that Lorentz forces had negligible effects
on aqueous solutions in static magnetic fields up to 1.0 T using
MD simulations.”® They reported that the diamagnetic properties
of the solution are negligible when small molecules (e.g., DNA) or
ions (e.g, Na" and CI") are the primary charged particles and
showed that the magnitude of the Lorentz force is up to eight
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orders of magnitude smaller than that of thermal fluctuations in a
liquid at ambient conditions. Other studies showed that the
magnetic field only has a significant impact on large particles,
such as cells and macromolecules in solution.*** Qur results
showed that the free energies of [Ca~CO;]° ion pairing showed
slight decrease under external fields and the reaction mechanism
switched from entropy-driven to internal-energy driven, possibly
having an impact on the nucleation of calcium carbonate minerals.

The change in the ion pairing reaction mechanism from
entropy- to internal energy-driven could provide insights into
the nucleation pathways involved. The external fields impact
the ion-pair formation by affecting the internal energy and
entropy terms, although the free energy itself changed less
radically. The ion-pairing reaction changed from an entropy-
driven (0 T, 7 T, 10 T, and 10 V m™*)) to an internal energy-
driven reaction under selected magnetic or electric fields (1 T to
5Tand 1Vm™ ' to7 Vm™ ). Previous simulations implied that
the electrostatic forces between Ca®>" and CO,>~ ions, which
often are the primary interactions in water, do not contribute
significantly to ion pairing.** Entropy-driven ion pairing of
[Ca-CO;]° promoted the formation of disordered pre-nucleation
clusters in the form of DOLLOPs** (dynamically ordered liquid-
like oxyanion polymers). These are in the form of [Ca~CO;]° ion-
paired chains. The DOLLOP structures have been proposed to
favor the nucleation of carbonate minerals via non-classical
nucleation, where an amorphous calcium carbonate phase is
formed first and then transforms into crystalline calcite, ara-
gonite, or vaterite® (Fig. 8). On the contrary, internal energy-
driven ion pairing will likely favor the formation of individual
[Ca-CO;]° species. This process is driven by Coulombic inter-
actions between Ca®" and CO;>~ ions. Once the charge neutral
[Ca-CO;]° is formed, further aggregation of these ion pairs
into amorphous pre-nucleation clusters may need to overcome
a higher energy barrier than forming the dynamically ordered
clusters (Fig. 8). This change in the driving force of the
thermodynamic component can help us explain why CaCO;
formation was favored in some electromagnetic field but dis-
favored under other conditions observed during experimental
studies.
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Fig. 8 The schematic diagram showed two pathways leading to the formation of amorphous calcium carbonate under entropy- and internal energy-
driven processes at selected magnetic or electric fields. Oxygen, carbon, and calcium atoms are shown as red, black, and cyan, respectively.
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3.6. Implications for phase selection and precipitation at
charged mineral surfaces

Previous experimental studies investigating whether a mag-
netic field can promote or inhibit carbonate mineral nuclea-
tion, and which phases are likely to form under such a field,
have yielded inconsistent results. Tia et al. reported suppres-
sion in crystal growth rate under higher magnetic fields (up to
0.3 T), and that aragonite was the dominant phase formed.>*
Kobe et al. studied the crystallization of CaCO;, and found
increasing aragonite formation with increasing static magnetic
field strength.*® They attributed the phase difference to the
electric fields induced by the applied magnetic fields under
fluid flow and the presence of strong electric fields near a
conductive surface. Saban et al. showed, however, that a static
0.75 T field can increase the number of critical nuclei formed
and promote formation of parallelepipedic calcite.®”

The geometry of the contact [Ca—CO;]° ion-pair could pro-
vide insight into the origin of the phase selection effects of
magnetic or electric fields. Fig. 3, 4, and 7 show that the
primary configuration of the contact [Ca-CO;]° ion-pairs (CNc,
= 5) had a Ca-C distance of 2.7 A. This is closer to the Ca-C
distance in aragonite (2.9 A). With increasing magnetic field,
new contact ion pairs formed with a Ca-C distance (3.3 A)
closer to that of calcite (3.2 A) and vaterite (3.3 A) (Fig. 4(d)).
While nucleation of carbonates is complex, and involves multiple
elemental steps beyond simple contact ion pair formation,*®*° the
appearance of calcite- and vaterite-like [Ca—COs]° ion-pairs under
magnetic or electric fields implies that calcite and vaterite for-
mation may become energetically favored, although directly link-
ing the energetics of ion pair formation to phase stability requires
further investigations. Our simulation results were complemen-
tary with recent experimental investigations of CaCO; precipita-
tion under the electric field <0.15 V m ' and magnetic field
<0.03 mT.* At zero field vaterite was found to form first in a
super-saturated CaCO; solution which then transformed to cal-
cite. The rate of this transformation was, however, accelerated
with the presence of an external field, leading to more rapid
calcite formation. This observation is consistent with our simula-
tion data, which showed that applying an external field favored
[Ca-CO;]° ion pairing thermodynamically and may increase the
nucleation rate of carbonate minerals.

Electric or magnetic fields may also impact the formation of
ion pairs at interfaces. Alimi et al. found that the nucleation of
CaCO; in the presence of a magnetic field is strongly dependent
on the physicochemical properties of the pipe materials. The
amount of precipitation was significantly enhanced when the
magnetic field was applied to non-conductive materials,
whereas conductive materials adsorbed and shielded the elec-
tromagnetic energy, allowing less impact on nucleation.* This
implies that nucleation and crystal growth may be enhanced at
conducting solid-water interfaces in the presence of an electro-
magnetic field. For instance, the formation of contact ion pairs
appears to be more disrupted near the mineral surface than in
the bulk solution during [NaOH]® interaction with a gibbsite
surface.*’ Charged surfaces are also known to impact the
adsorption of metal ions and nanoclusters at negatively
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charged mineral surfaces such as muscovite.
tion results indicated that static electric or magnetic fields can
impact the energetics of ion paring by lowering the free energy
minima. This indicates that charged surfaces acting as the
source for a static electric field may play an important role
during the ion paring process. Recent laboratory and pilot
testing results demonstrated that both magnetic fields and
AC-induced electric fields were effective in reducing the adher-
ence of the CaCO; scale to the negatively charged reverse
osmosis membrane surface during wastewater treatment and
brackish water desalination. EMF treatment also led to for-
mation of soft, powdery mineral precipitation on the
membrane surface, which could be easily removed through
hydraulic flushing.***¢

4. Conclusion

We used a molecular dynamics/metadynamics approach to
simulate the free energy of formation of calcium carbonate ion
pairs in water to understand the complex effects of magnetic and
electric fields on mineral scale formation during water treatment.
Application of a constant field resulted in noticeable decreases in
ion-pairing free energies (up to 3% to 6% with the largest change
of —1.4 k] mol ). However, the internal energy and entropic
components showed more significant variations relative to
results at zero field. The results show that the ion-pairing is
entropy-driven in the absence of a magnetic or electric field but
can be switched to internal energy-driven under selected external
field conditions. New contact ion-pair structures separated by a
Ca-C distance of 3.3 A with CN of Ca to water around 5.0 were
observed with increasing magnetic or electric fields. Previous
simulation work primarily investigated the physical and chemical
properties of water and hydrated ions under external fields with
less focus on the impacts on the free energies of chemical
reactions.”**"*7>° We demonstrated that the ion pairing became
slightly energetically more favorable (decrease by about 1 kJ
mol ") under most external fields. A change in the reaction
mechanism from entropy-driven (0 T or 0 V m™ ") to internal
energy-driven under selected fields could change the mechanism
of nuclei formation and impact the nucleation pathways. The
contact ion-pair structures formed under external fields may be
used to explain how magnetic and electric fields change the
growth and formation of calcium carbonate polymorphs. Future
MD simulation may focus on the free energy of formation of
nano-sized nuclei in water under either constant or alternating
external fields. Future experimental analysis of EMF effects on
precipitation requires comprehensive experimental designs to
control all the factors that could impact nucleation, such as
surface properties, mixing process, supersaturation, and the
composition of background electrolytes.
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