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ics simulation for the impact of an
electrostatic field and impurity Mg2+ ions on hard
water

Lin Zhu, a Yong Han, *a Chuanxin Zhang,a Ruikuan Zhaoa and Shoufeng Tangb

A detailed analysis of the structural parameters and dynamic parameters of hard water solutions under an

external electrostatic field was performed by molecular dynamics (MD) simulations with the presence of

impurity Mg2+ ions. The CaCl2 aqueous solution was chosen in the study as hard water because calcium

carbonate is the main component of water scale. The effects on the CaCl2 aqueous solution caused by

adding different numbers of Mg2+ ions and using an electrostatic field are examined in terms of the self-

diffusion coefficient of Ca2+ ions and water molecules, the residence time of water molecules in the first

water shell of Ca2+ ions, solution viscosity, characteristics of hydrogen bonds and some structural

parameters, and how these effects influence the formation process of calcium carbonate when there are

CO3
2� ions. The goal behind the study is to attain additional insights into the influence on the scale-

inhibiting performance with the presence of impurity Mg2+ ions when electrostatic anti-fouling

technology is used practically in hard water.
1 Introduction

The scale issue is a key problem in heat exchangers, such as
cooling towers and boilers. Scaling causes at least two prob-
lems: degradation in the performance of heat exchangers and
a decrease of ow rate or an increase in pressure drop across the
heat exchanger. To solve the scale problem, electrostatic anti-
fouling (EAF) systems are used. Many researchers have
studied the anti-fouling mechanism of the EAF system. Calcium
carbonate is the main component of water scale. Therefore, the
vast majority of researchers who investigate the anti-fouling
mechanism of EAF systems focus on the effect of electromag-
netic elds on calcium carbonate. It mainly includes two
aspects: the formation process of calcium carbonate crystalli-
zation and the change in the crystal structure of scale under an
electromagnetic eld. Qi et al.1 investigated the effect of an
electric eld (EF) on the crystallization of calcium carbonate.
Their results showed that the lattice structure and crystalline
morphology of CaCO3 can be tailored by the electric eld
applied to the solution during its crystallization. Liu et al.2

found that the content of aragonite increased in the scale
sample formed in electrostatic water.

However, although the composition of scale is mainly
calcium carbonate, there is a small amount of precipitation
tion Key Laboratory of Hebei Province,
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al Engineering, Yanshan University,
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formed by Mg2+ ions, such as magnesium carbonate and
magnesium hydroxide, which are produced by Mg2+ and exist in
natural water at high temperatures. Therefore some researchers
have studied the effect of Mg2+ ions on the crystal structure of
calcium carbonate. Mitsutaka Kitamura3 studied the crystalli-
zation and transformation mechanisms of calcium carbonate
polymorphs under the effect of Mg2+. The experimental results
showed that Mg2+ ions can inhibit the growth of calcite and
suppress vaterite transformation to calcite. Gutjahr et al.4

studied the inuence of the divalent cation Mg2+ on the growth
and dissolution rates of calcite and aragonite. The results
showed that ions of the transition metals exhibit stronger
inhibition than earth alkaline ions, and Mg2+ has no inuence
on the growth and dissolution of aragonite. DeLeeuw5 found
that the presence of magnesium and iron ions inhibits calcite
growth using molecular dynamics simulations. However, the
inuence on the microcosmic particle structure in aqueous
solutions containing impurity ions under an electrostatic eld
has received less attention.

There are almost no CO3
2� ions in hard water because of the

very low solubility of calcium carbonate. But many HCO3
� ions

exist. Ca2+ ions exist in aqueous solution as hydrated ions.
These hydrated ions are also combined with other water mole-
cules by hydrogen bonding.6–8 The structural and dynamical
properties of Ca2+ directly affect the formation, growth and
crystal structure of calcium carbonate precipitation. Therefore,
research to determine the inuence of an electrostatic eld and
Mg2+ ions on the structure and dynamics of hydrated Ca2+ may
help discern the anti-fouling mechanism of EAF technology.9–17

In the present study, a mixed solution of calcium chloride and
RSC Adv., 2017, 7, 47583–47591 | 47583
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Table 2 Lennard-Jones potential parameters used in the MD simu-
lations. According to Lorentz and Berthelot combining rules, i.e. 3ij ¼
(3ii3ij)

1/2 and sij ¼ (sii + sjj)/2

3/(kJ mol�1) s/nm

Ca2+ 0.5069 0.2813
Mg2+ 0.3126 0.1933
Cl� 1.2889 0.3470
O 1.7250 0.2626
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magnesium chloride was chosen. The structure and dynamics
performance of the CaCl2 aqueous solution (the viscosity of the
CaCl2 aqueous solution, the location of the rst water shell of
Ca2+, the structure of the hydrated Ca2+ and the self-diffusion
coefficient of Ca2+ and water molecules, and the hydrogen
bonding in solution) under an external electrostatic eld with
different numbers of Mg2+ ions added were studied using MD
simulations.
2 Model and simulation details

The MD simulation used in the present study was an equilib-
rium MD simulation process. All MD simulations in this work
were performed using the Gromacs 5.0.2 soware.18 The length
of the simulation box is 4 nm � 4 nm � 3 nm. To study the
effect of Mg2+ on the CaCl2 aqueous solution system under the
electrostatic eld, four sets of aqueous solution systems were
built as shown in Table 1. The concentration of the CaCl2
aqueous solution was 4 mol kg�1, and the concentration
uncertainties between simulations and experiments were below
0.5%.12 The SPCEmodel was adopted for water molecules in our
work. The GROMOS force eld19–21 was used in this simulation
for ion–water interactions. For Lennard-Jones interactions,
a cut-off was applied at 0.7 nm, while electrostatic interactions
were treated with the particle mesh Ewald (PME)20 method and
a real space cut-off of 0.7 nm. The value of Fourier spacing is
0.12 nm. Table 2 presents the Lennard-Jones potential param-
eters for particles used in the GROMOS force eld. The time
step used for all the simulations was 2.0 fs. The simulation time
was 2.5 � 104 ps. Averages of parameters (except the data of the
self-diffusion coefficient) were obtained from the last 1.5 � 104

ps of every simulation and the averages of parameters were
obtained by calculating the average value of 1.5 � 104 ps, which
was divided into ten segments. The type of integration algo-
rithm for the equations of motion is the Leap frog algorithm.
The temperature was set at 300 K. The pressure was set at 1.01�
105 Pa. All simulations were carried out in NPT ensembles.

The study consists of two parts. In the rst part, a different
number of Mg2+ ions was added to the CaCl2 aqueous solution
compared to the condition of noMg2+ ions added. In the second
part, an external electrostatic eld was added compared to the
condition of no electrostatic eld. The electrostatic eld had an
intensity of 1 V mm�1. The electrostatic eld was applied along
a given direction (corresponding to the y-axis). The correctness
Table 1 Composition of the calcium chloride solution studied by
Gromacsa

Sample [H2O] [Mg2+] [Ca2+] [Cl�] [Total]

0M 1110 0 80 160 1350
1M 1110 10 80 180 1380
2M 1110 20 80 200 1410
3M 1110 30 80 220 1440

a Note: “0M” means no Mg2+ ions are added, “1M” means 10 Mg2+ ions
are added, “2M” means 20 Mg2+ ions are added and “3M” means 30
Mg2+ ions are added.

47584 | RSC Adv., 2017, 7, 47583–47591
of our MD simulations and error analysis has been veried in
previous work.22
3 Results and discussion
3.1 Self-diffusion coefficients of Ca2+ ions and water
molecules

In this section the self-diffusion coefficients of Ca2+ and water
molecules were studied when there is an external electrostatic eld
and a small number of Mg2+ ions in the CaCl2 aqueous solution
system. The self-diffusion coefficient of ions is an important
parameter which can inuence the chemical reaction process in
aqueous solution systems. In addition, the self-diffusion coeffi-
cient can vary signicantly when the structure of the cation or
anion changes or when some other kind of ion gets involved.23

In this paper, the self-diffusion coefficients of Ca2+ (DCa) and
water molecules (Do) are calculated based on the “Einstein
relation”:24

D ¼ lim
t/N

1

6t

D
½riðtÞ � rið0Þ�2

E
(1)

where ri(t) is the molecule position i at time t, hence ri(0) is the
initial position and the bracket represents the ensemble
average. A specic step in calculating the self-diffusion coeffi-
cient of particles is to t the slope of the linear portion of the
mean square displacement (MSD) and to divide by 6. The linear
portion of the MSD is determined by the RANSAC algorithm.
RANSAC is an algorithm for the robust tting of models in the
presence of data outliers.25

Fig. 1 shows the effect of Mg2+ on the self-diffusion coeffi-
cients of Ca2+ and water molecules under an electrostatic eld
and with no electrostatic eld. The standard deviations of the
simulation data presented in Fig. 1 are conservatively estimated
to be in the range of 0.0046% � 10�5–0.0078% � 10�5 cm2 s�1

for self-diffusion coefficients. According to Fig. 1, the diffusion
coefficients of Ca2+ and water molecules both decrease with the
addition of Mg2+ whether there is an electrostatic eld or not.
Moreover, the more Mg2+ ions added, the lower the self-
diffusion coefficients of Ca2+ and water molecules are. Under
no electrostatic eld, when ten Mg2+ ions are added, Do and DCa

have maximum values of 0.5505 � 10�5 cm2 s�1 and 0.0570 �
10�5 cm2 s�1, respectively. When thirty Mg2+ ions are added, Do

and DCa have a minimum value of 0.3223 � 10�5 cm2 s�1 and
0.0250 � 10�5 cm2 s�1, respectively. In addition, Fig. 1(a) shows
that the external electrostatic eld can make the self-diffusion
coefficient of water molecules larger no matter how many
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 105 self-diffusion coefficient of watermolecules (Do) and Ca2+ (DCa) with noMg2+ ions added (0M), tenMg2+ ions added (1M), twenty Mg2+

ions added (2M) and thirty Mg2+ ions added (3M) under no electrostatic field and under an electrostatic field.

Fig. 2 103 average viscosity with no Mg2+ ions added (0M), ten Mg2+

ions added (1M), twenty Mg2+ ions added (2M) and thirty Mg2+ ions
added (3M) under no electrostatic field and under an electrostatic field.

Fig. 3 Geometrical hydrogen bond criterion.
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Mg2+ ions are added to the CaCl2 aqueous solution in all
simulations. According to Fig. 1(b), the external electrostatic
eld can make the self-diffusion coefficient of Ca2+ larger
without Mg2+ addition, which is consistent with the results of
our previous study.26 However, the electrostatic eld can make
the self-diffusion coefficient of Ca2+ smaller when Mg2+ ions are
added to the CaCl2 aqueous solutions, which means that the
combination of impurity Mg2+ and of an external electrostatic
eld can limit the activity of Ca2+ more strongly.

In the aqueous solution system, the valence state and structural
order of cations can inuence the diffusivity of water molecules.27

Mg2+ ions lose two electrons and, hence, have a strong binding
ability towards water molecules. The rst water shell of Mg2+,
which consists of six water molecules, has octahedral symmetry.
The stability of the nearest shell surrounding the Mg2+ ions
justies the assumption that the ion and its rst shell can be
considered as a solute.28,29 To sumup, whenMg2+ ions are added to
the CaCl2 solution, the strong ability of Mg2+ to bind water mole-
cules makes the activity of water molecules more limited.30 The
self-diffusion coefficient of water molecules decreases. And the
more Mg2+ ions added, the more limited the activity of the water
molecules is. The reduction of the self-diffusion coefficient of Ca2+

can be attributed to the presence of Mg2+. The electrostatic inter-
action between Mg2+ and water molecules makes the CaCl2
aqueous solution more compact, which limits the activity of Ca2+,
and hence reduces the self-diffusion coefficient of Ca2+.

When the electrostatic eld is applied to the pure water
solution, the order of the water molecules and the strength of
the hydrogen bonds are enhanced, which decrease the self-
diffusion coefficient of the water molecules.31 It means that
the electrostatic eld strengthens the correlation ability of the
Table 3 The mean dynamical residence time of water around Ca2+ (ps)

Without an electrostatic eld

0M 1M 2M 3M

gres (ps) 3.7123 3.7503 4.4396 5.97

This journal is © The Royal Society of Chemistry 2017
water molecules and the hydrogen bond network in a pure water
solution. However, the results in Fig. 1(a) show that the electro-
static eld can make the self-diffusion coefficient of water
in the four CaCl2 solutions

Under an electrostatic eld

0M 1M 2M 3M

46 3.5893 3.6639 4.1182 5.2266

RSC Adv., 2017, 7, 47583–47591 | 47585
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Fig. 4 Distribution of the hydrogen bond angle q without an elec-
trostatic field (solid line) and with an electrostatic field (dashed line).
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molecules larger for the four representative CaCl2 aqueous solu-
tions. Therefore, the increase of the diffusion coefficient of water
molecules in the CaCl2 aqueous solution should be due to the
activity of existing metal ions. The increase of the self-diffusion
coefficient of water molecules illustrates that the electrostatic
eld increases the ionic motion and inuences the relatively
stable water molecules’ hydrogen bond network.

The electrostatic eld can not only reduce the diffusion
coefficient of Ca2+ but also increase the diffusion coefficient of
water molecules in the CaCl2 aqueous solution when the Mg2+

ions are added. The less active the Ca2+ ions, the smaller the
chance of the chemical reaction produced by the combination
of Ca2+ and CO3

2� is. As the self-diffusion coefficients of Ca2+

ions decrease, less CaCO3 precipitate is generated in solution.
Therefore, the application of an electrostatic eld with the
addition of Mg2+ ions is benecial to scale inhibition, which is
consistent with some researchers’ work, who have pointed out
the inhibition effect of Mg2+ on calcium carbonate under an
electrostatic eld.5 Then the scale problem is alleviated.
3.2 Dynamical residence time

The residence time is another important parameter related to
the dynamic structure of the solution.32 The residence time
Fig. 5 Distribution of the hydrogen bond angle qwith noMg2+ ions added
(dash-dotted line) and thirty Mg2+ ions added (dotted line). (a) is under n

47586 | RSC Adv., 2017, 7, 47583–47591
describes the stability of the water molecules, and is related to
the strength of hydration.33 Dynamical residence time gres is
dened as how long an atom or ion stays in a certain shell of
another atom or ion.12 In the present paper the dynamical
residence time of water molecules in the rst hydration shell of
Ca2+ was studied to investigate the translational dynamics of
the water molecule. The dynamical residence time was calcu-
lated using eqn (2):34

g ¼ 1

Nh

XNh

i¼1

gi (2)

where Nh is the hydration number of the shell, and gi is the
residence time of the water molecule i, which is calculated with
eqn (3):

gi ¼
ti

ni
(3)

where ti is the total time length (picoseconds, ps) of water
molecules i staying at the layer assigned, and ni is the number of
times water molecules i leave and come back to the layer
assigned.

Table 3 shows the mean dynamical residence time of water
around Ca2+ in four representative CaCl2 aqueous solutions
under the electrostatic eld. The values of gres under no elec-
trostatic eld have been presented for comparison. The stan-
dard deviation of gres is between 0.0086 ps and 0.0095 ps.
According to Table 3, under the electrostatic eld the mean
dynamical residence time of water molecules around Ca2+

decreased. In addition, it can be found that themean dynamical
residence time of water around Ca2+ rises with the increase in
the number of Mg2+ ions added in CaCl2 systems whether the
electrostatic eld is applied or not.

Naor et al.35 studied Ca2+ in liquid water using the Car–Par-
rinello molecular dynamics simulation nding that the gres is
10 ps. Schwenk et al.36 studied the dynamics of the solvation
process of Ca2+ in water based on DFT/MM and QM/MM-HF
simulations and the results showed that gres is 1.2 ps and 2
ps, respectively. According to Table 3, the values of gres are
distributed in the range of 3 to 5 ps, which are similar to the
results given in the literature. The increase in the mean
(solid line), ten Mg2+ ions added (dashed line), twenty Mg2+ ions added
o electrostatic field and (b) is under an electrostatic field.

This journal is © The Royal Society of Chemistry 2017
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Table 4 The percentage of water molecules with n hydrogen bonds (fn), the number of Mg2+ ions added is M(n � 10M), the average number of
hydrogen bonds in water molecules (nHB) and the average lifetime of hydrogen bonds (s)

Without an electrostatic eld Under an electrostatic eld

0M 1M 2M 3M 0M 1M 2M 3M

f0 (%) 58.09 60.85 62.41 64.49 57.99 60.12 62.10 64.00
f1 (%) 31.17 29.36 28.25 28.19 31.08 29.44 28.52 28.39
f2 (%) 8.230 7.520 7.140 6.260 8.340 7.560 7.170 6.570
f3 (%) 1.560 1.330 1.260 1.010 1.630 1.340 1.270 1.140
nHB 580.67 537.14 514.11 485.63 584.43 545.16 518.18 495.33

Table 5 Average lifetime of hydrogen bonds (s) with a different
number of Mg2+ ions (nM) added

Without an electrostatic eld Under an electrostatic eld

0M 1M 2M 3M 0M 1M 2M 3M

s (ps) 52.06 53.18 54.27 55.99 52.21 53.23 54.54 56.37

Table 6 Average radii of the first water shell of Ca2+ and first water
coordination number of Ca2+ under the electrostatic field with
different numbers of Mg2+ ions added

Without an electrostatic
eld Under an electrostatic eld

0M 1M 2M 3M 0M 1M 2M 3M

RCa–O (nm) 0.282 0.282 0.280 0.282 0.278 0.280 0.276 0.280
nCa–O 5.62 5.30 5.07 5.00 5.70 5.41 5.22 4.90
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dynamical residence time of water molecules around Ca2+ is
because of the change in the diffusion coefficient of water
molecules. When Mg2+ ions are added to the calcium chloride
Fig. 6 Effects of Mg2+ ions on g(r) ion–water in the CaCl2 aqueous solu
(dashed line), twenty Mg2+ ions added (dash-dotted line) and thirty Mg2+

electrostatic field (b).

This journal is © The Royal Society of Chemistry 2017
solution, the electrostatic interaction between Mg2+ and water
molecules makes the diffusion coefficient of water molecules
decrease, which causes the water molecules around Ca2+ to move
in and out of the rst shell less frequently.37 According to Table 3,
the electrostatic eld can make the mean dynamical residence
time of water molecules around Ca2+ in the four representative
CaCl2 aqueous solutions decrease. This is because the activity of
water molecules is enhanced by the electrostatic eld, which
makes the water molecules around Ca2+ move in and out of the
rst shell much more frequently. Therefore the mean dynamical
residence time of water around Ca2+ decreased.
3.3 Viscosity of the CaCl2 aqueous solution

The dynamic viscosity of a liquid is a kinetic property that
inuences the rates of conformational changes of solutes in the
liquid. It can be inuenced by an electrostatic eld.38 The
viscosity (h) can be calculated using the following equation:

h ¼ A

V

r

k2
(4)

where r and V are the density and velocity, respectively; A is
a constant38 and from a cosine that satises both conditions:
tion system with no Mg2+ ions added (solid line), ten Mg2+ ions added
ions added (dotted line) under no electrostatic field (a) and under the

RSC Adv., 2017, 7, 47583–47591 | 47587
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ax ¼ A cos(kz), k ¼ 2p/lz (5)

where lz is the height of the box. We dene the instantaneous V
in the simulation as a Fourier coefficient:

VðtÞ ¼
2
XN
i¼1

mivi;xðtÞcos½kri;zðtÞ�

XN
i¼1

mi

(6)

where vi,x is the x component of the velocity; ri,z is the z coor-
dinate; mi is the mass of an atom. The average of V can be
measured aer the amplitude of the velocity prole has been
fully developed.

Fig. 2 shows the viscosity of four representative CaCl2
aqueous solutions under an electrostatic eld. The values under
no electrostatic eld are presented for comparison. From Fig. 2,
it can be found that the viscosity of the four representative
CaCl2 aqueous solutions increases under the action of Mg2+,
and there is a positive correlation between the viscosity value
and the number of Mg2+ ions added in the CaCl2 systems. In
addition, the electrostatic eld can make the viscosity of CaCl2
aqueous solutions smaller without the addition of Mg2+ ions.
But the electrostatic eld can make the viscosity of CaCl2
aqueous solutions increase when a certain amount of Mg2+ ions
is added to the CaCl2 aqueous solutions.

The dynamic viscosity can be described as a type of friction
caused by the uid’s motion inside the solution system. Its
value is proportional to the number of carbon–hydrogen bonds
and the particles’ molecular weight in the solution system. It
should be realized that the viscosity is a macroscopic property
that represents the average behaviour of a large number of
water molecules in aqueous solution.32 Therefore, the change in
dynamic viscosity can be attributed to the changes in the
structural and dynamics parameters of water molecules. Bak-
ker32 found that the large inuence of some ions on the viscosity
of water is due to the long lifetime of their rst hydration shells
using molecular dynamics simulations. The longer residence
times of the water molecules in ion hydration shells strongly
increases the viscosity. Since CaCl2 is an inorganic salt in an
aqueous solution, there is no carbon–hydrogen bond in it.
Therefore, the decrease in the viscosity of the CaCl2 solution
should only be attributed to the changes in the structural
change and dynamics parameters of water molecules.
Combined with Fig. 2, the addition of Mg2+ forms a water shell
which can result in a long residence time of water molecules in
the Mg2+ hydration shells. Moreover, the addition of Mg2+

makes the mean dynamical residence time of water around Ca2+

increase as discussed earlier, which can also increase the
viscosity of the CaCl2 aqueous solutions. This result can also
match with the data in Fig. 1. The activity of water molecules is
related to the viscosity of the solution. According to Fig. 1, the
activity of water molecules is more limited when more Mg2+

ions are added, and this can make the viscosity of the solution
increase. The results in Fig. 2, show that the electrostatic eld
can make the viscosity of CaCl2 aqueous solutions decrease
without the addition of Mg2+ ions. The electrostatic eld
47588 | RSC Adv., 2017, 7, 47583–47591
increases the activity of water molecules and decreases the
mean dynamical residence time of water around Ca2+, which
causes a decrease in the dynamic viscosity. In the case of the
CaCl2 solution containing Mg2+, although the electrostatic eld
increases the activity of water molecules that can result in the
viscosity decrease, the Mg2+ has a stronger binding ability with
water molecules than Ca2+ due to the smaller effective radius37

and the longer lifetime of water molecules around Mg2+.32 This
means that Mg2+ has a stronger ability to increase the viscosity
of the solution than Ca2+. The electrostatic interaction between
Mg2+ ions and water molecules can make the viscosity of the
solution increase. This ability is stronger than the ability of the
electrostatic eld to decrease the viscosity of the solution, which
causes an increase in the dynamic viscosity of the CaCl2 solu-
tion. To sum up, a certain amount of Mg2+ can increase the
viscosity of the CaCl2 aqueous solution, and when the electro-
static eld is applied to the CaCl2 solution containing Mg2+, the
viscosity of the CaCl2 aqueous solution can also be increased.
3.4 Effects of Mg2+ ions and electrostatic elds on hydrogen
bonds

3.4.1 Structure and number of hydrogen bonds. The char-
acteristics of hydrogen bonds are directly related to the physical
and chemical properties of the aqueous solution.39,40 In the
Gromacs soware, the hydrogen bond is dened as the distance
from a donor to an acceptor, which is less than the van der
Waals (VDW) distance of 3.5 Å (r) and the angle of the
hydrogen–donor–acceptor is smaller than 30�.41 Fig. 3 shows the
geometrical hydrogen bond criterion. In the present study
receptors and donors are oxygen atoms in water molecules. The
hydrogen bond angle calculated in this study is:HD–OD–OA (q)
which is a useful angle oen used in the literature that provides
valuable insight into the exibility of donor hydrogen bonds.42

When a molecule forms hydrogen bonds with another mole-
cule, the overall hydrogen bonding potential of the molecule
becomes larger. However, the angle variation will change the
distance between atoms and the Coulomb force and van der
Waals (VDW) force will also change, which inuences the
stability of hydrogen bonds. A hydrogen bond can be broken by
an increase of water rotation (increasing q).42

Fig. 4 shows the distribution of the hydrogen bond angle q

under the electrostatic eld and the value under no electrostatic
eld is presented for comparison. Fig. 5 shows the distributions
of the hydrogen bond angle q under no electrostatic eld and
under the electrostatic eld with different numbers of Mg2+ ions
added, respectively. For clarication, the peaks are enlarged in
the small gures. The distributions of the hydrogen bond angle
q shown in Fig. 4 and Fig. 5 are Poisson distributions, which are
similar to those obtained from other simulations.42,43

It can be seen in Fig. 5(a) that under no electrostatic eld the
peak coordinates of the distribution of the hydrogen bond angle
q are (11.5, 0.0560083), (9.5, 0.0569745), (8.5, 0.0562455) and
(9.5, 0.0588264) when 0 Mg2+ ions, ten Mg2+ ions, twenty Mg2+

ions, and thirty Mg2+ ions are added, respectively. According to
Fig. 5(b), when 0 Mg2+ ions, ten Mg2+ ions, twenty Mg2+ ions,
and thirty Mg2+ ions are added, respectively, under an
This journal is © The Royal Society of Chemistry 2017
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electrostatic eld, the peak coordinates of the distribution of
the hydrogen bond angle q are (9.5, 0.0585088), (8.5, 0.0585088),
(8.5, 0.0592885) and (7.5, 0.0558013). It is shown in Fig. 5(a) and
(b) that the positions of the statistical curve peaks all shi to
smaller angles. The heights of the peaks all rise with the
increase in the number of added Mg2+ ions and the application
of an electrostatic eld. Both the electrostatic eld and Mg2+

ions can change the distribution of the hydrogen bond angle
and make the average hydrogen bond angle smaller. It means
that the Mg2+ and the electrostatic eld can enhance the
hydrogen bonding between water molecules to a certain extent.

In the present study the number of hydrogen bonds (nHB)
and the percentage of water molecules with n hydrogen bonds
(fn) are also investigated. The fn and nHB in CaCl2 aqueous
solutions without Mg2+ ions added (0M), with ten Mg2+ ions
added (1M), with twenty Mg2+ ions added (2M) and with thirty
Mg2+ ions added (3M) are listed in Table 4. In addition, the
inuence of the electrostatic eld is also presented.

According to Table 4, the electrostatic eld can decrease the
fraction of molecules having no hydrogen bonds, while it can
increase the fraction of molecules having one to three hydrogen
bonds and the average number of hydrogen bonds per water
molecule whether Mg2+ is added or not. The reduction of f0 and
the increase of nHB, f1, f2, and f3 show that the activity of water
molecules is restrained and more water molecules shi from
a free state to a hydrogen-bonded state, which means that the
hydrogen bonding of water molecules was enhanced by the
electrostatic eld. The results in Table 4 also show that the Mg2+

ions can increase f0 and decrease nHB, f1, f2, and f3 whether the
electrostatic eld is applied or not. Furthermore, f0 increases
with the increase in the number of Mg2+ ions added, and nHB, f1,
f2, and f3 decrease with the increase in the number of Mg2+ ions
added to the CaCl2 systems.

The electrostatic eld of ions can inuence the hydrogen
bond structure when water molecules are in the vicinity of
cations that do not form any hydrogen bonds. The water
molecules in the cation hydration shells are also held through
ion–dipole interactions.44 When the cation is present, more non
hydrogen-bonded water molecules stay in the ion hydration
shell due to attractive ion–dipole interactions. The number of
water molecules bound by hydrogen bonding decreases. Then
a smaller number of hydrogen bonds are formed, the fraction of
molecules having no hydrogen bonds increases, and the frac-
tion of molecules having one to three hydrogen bonds and the
average number of hydrogen bonds per water molecule
decrease.

3.4.2 Hydrogen bond lifetime. Hydrogen bond strength
can be evaluated by calculating the lifetime of hydrogen bonds.
It is a positive correlation between the lifetime of hydrogen
bonds and the hydrogen bond strength.41 Since the water
molecules are in rapid vibration, the hydrogen-bonded water
molecules break at a certain time and then form hydrogen
bonds with other water molecules.45 The hydrogen bond life-
time is a parameter that measures the different hydrogen bond
lifetimes in different states throughout the dynamic process.

The lifetime of hydrogen bonds (sHB) can be calculated using
eqn (7):21
This journal is © The Royal Society of Chemistry 2017
sHB ¼
ðN
0

CðsÞds (7)

where C(s) is the hydrogen bond correlation function. The C(s)
is dened as:

C(s) ¼ hhi(t)hi(t + s)i (8)

where hi(t) ¼ {0, 1} is the Heaviside unit step function, and it
means that if two molecules formed hydrogen bonds at time
0 and t, the function value is 1, and otherwise 0.

According to Table 5, the electrostatic eld increases the
average lifetime of the hydrogen bond whether Mg2+ is added or
not. The increase of s due to the hydrogen bonding of water
molecules is enhanced by the electrostatic eld as discussed
earlier. In addition, the results in Table 5 show that the Mg2+

ions can increase the average lifetime of the hydrogen bond.
The hydrogen bond formed in the cationic water shell is rela-
tively strong.46 Therefore, the addition of Mg2+ can cause more
water shells to form with water molecules which increases the
average lifetime of the hydrogen bond.
3.5 Structure parameters

In this section, the average radii of the rst water shell of Ca2+

ions (RCa–O), the rst coordination numbers of Ca2+ (nCa–O) and
the RDF (radial distribution function) of Ca2+ and water mole-
cules are discussed under the addition of Mg2+ ions, the
external electrostatic eld and no electrostatic eld, respec-
tively. RCa–O can be obtained from the radial distribution
function [g(r)]. The form of [g(r)]47 is shown in eqn (9):

gABðrÞ ¼ hrBðrÞi
hrBðrÞilocal

¼ 1

hrBðrÞilocal
1

NA

XNA

i˛A

XNB

j˛B

d
�
rij � r

�
4pr2

(9)

where NA is the quantity of particle A, and NB is the quantity of
particle B; hrB(r)i is the particle density of particle B at
a distance r from particle A, and hrB(r)ilocal is the particle density
of particle B averaged over all spheres around particle A with
radius rmax. Usually the value of rmax is half of the minimum box
length.

The value of nCa–O is calculated using eqn (10)19

nOCaðrsÞ ¼ 4pr0

ðrs
0

gCaOðrÞr2dr (10)

For nCa–O, rs is the location of the rst local minimum of
gCaO(r).

Table 6 presents the effect of Mg2+ ions on the average radii
of the rst water shell for Ca2+ and the rst water coordination
number of Ca2+. The standard deviation of RCa–O is between
0.0014 nm and 0.0016 nm, and the standard deviation of nCa–O
is between 0.024 and 0.030. The results in Table 5 show that the
electrostatic eld can make the radii of the rst water shell of
Ca2+ smaller.

According to Table 6, the addition of Mg2+ had no signicant
effect on RCa–O. Meanwhile, Table 5 shows that nCa–O decreases
with the increase in the number of Mg2+ ions added. The
hydration between Mg2+ ions and water molecules is stronger
RSC Adv., 2017, 7, 47583–47591 | 47589
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than the hydration between Ca2+ and water molecules, which
means the existence of Mg2+ ions can make fewer water mole-
cule stay in the water shell of Ca2+. The addition of Mg2+ ions
has no obvious effect on RCa–O, but decreases nCa–O.

The RDFs of Ca2+ and water molecules with different
numbers of Mg2+ ions added under no electrostatic eld (a) and
under the electrostatic eld (b) are presented in Fig. 6. It shows
the effects of Mg2+ ions on gCa–water(r). It can be seen that the
rst and second peaks decrease with the increase in the number
of Mg2+ ions added, which means the addition of Mg2+ ions
weakens the interaction between Ca2+ and water molecules. It
matches the previous conclusion that Mg2+ weakens the inter-
action between Ca2+ and water molecules due to the Mg2+ ions
binding more strongly than Ca2+ to water molecules.

According to Table 6, compared with the structure parame-
ters under no electrostatic eld, the values of RCa–O are smaller
and the values of nCa–O are larger under the electrostatic eld,
which means that an electrostatic eld can not only make the
Ca2+ ions and water molecules gather more compactly but it can
also increase the number of coordinated water molecules when
no, ten or twenty Mg2+ ions are added in it. Therefore when
there is an electrostatic eld, the decrease of RCa–O and the
increase of nCa–O all can be attributed to the enhanced hydra-
tion between Ca2+ ions and water molecules. The enhanced
electrostatic interaction not only causes the hydrated water
molecules to be closer to Ca2+ but also attracts more water
molecules as coordinated water molecules. The increase of the
rst water coordination number of Ca2+ ions enhances their
inhibition to carbonate ions, which shows that the electrostatic
eld decreases the formation probability of the calcium
carbonate precipitate.

4 Conclusions

The inuences of Mg2+ ions and the electrostatic eld on CaCl2
aqueous solutions were studied. The effects of different
numbers of Mg2+ ions were compared and the anti-fouling
performance under the inuence of an electrostatic eld and
under no electrostatic eld was compared, and the structural
changes and dynamic properties of CaCl2 aqueous solutions
under the electrostatic eld were researched by a systematic
long-time, equilibrium molecular dynamics simulation. Some
important conclusions were obtained.

The electrostatic eld decreases the mobility of the Ca2+ ions
when Mg2+ ions are added. The impurity Mg2+ ions can effec-
tively increase the viscosity of the CaCl2 aqueous solution and
decrease the self-diffusion coefficient of particles by the elec-
trostatic interaction between Mg2+ ions and water molecules.
The more Mg2+ ions are added, the bigger the viscosity of the
CaCl2 aqueous solution is, and the lower the diffusion coeffi-
cient of the particles is. Therefore, the presence of Mg2+ ions can
decrease the rate of the chemical reaction between Ca2+ and
CO3

2� ions by decreasing the activity of ions.
The addition of Mg2+ ions can make the average hydrogen

bond angle smaller and increase the average lifetime of
hydrogen bonds. The addition of Mg2+ ions can also increase
the mean dynamical residence time of water around Ca2+ ions.
47590 | RSC Adv., 2017, 7, 47583–47591
ThemoreMg2+ ions are added, the bigger the average lifetime of
hydrogen bonds is, and the bigger the mean dynamical resi-
dence time of water around Ca2+ ions is. The electrostatic eld
enhances the hydrogen bonding between water molecules
which reects in the decrease of the average hydrogen bond
angles, the increase in the number of hydrogen bonds, and the
average lifetime of hydrogen bonds.

Electrostatic elds can decrease the radii of the rst water
shell of hydrated Ca2+ ions. Under the action of an electrostatic
eld, regardless of whether or not Mg2+ ions exist, the ratio of
free water molecules in the calcium chloride solution decreased
and the binding force of the hydrated calcium ions to the
surrounding water molecule is enhanced.
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9 P. L. De and M. L. Chávez, Langmuir, 2005, 21, 10874–10884.
10 Y. I. Cho and R. Liu, Int. J. Heat Mass Transfer, 1999, 42,

3037–3046.
11 X. Xiaokai, M. Chongfang and C. Yongchang, Chem. Eng.

Technol., 2010, 28, 1540–1545.
12 J. Wang, X. Feng and W. Du, Mol. Phys., 2008, 106, 2685–

2697.
13 X. K. Xing, C. F. Ma and Y. C. Chen, Chem. Eng. Technol.,

2010, 28, 1540.
14 N. A. Hewish, G. W. Neilson and J. E. Enderby, Nature, 1982,

297, 138–139.
15 J. L. Fulton, Y. Chen and S. M. Heald, J. Phys. Chem. A, 2006,

125, 431.
16 G. Licheri, G. Piccaluga and G. Pinna, J. Phys. Chem., 1976,

64, 2437.
17 M. Zhang, C. Li and M. Benjamin, Environ. Sci. Technol.,

2003, 37(8), 1663–1669.
18 M. Nedyalkova, S. Madurga and S. Pisov, J. Chem. Phys., 2012,

137, 1.
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra09715h


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
O

ct
ob

er
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 7
:4

0:
34

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
19 A. A. Chialvo and J. M. Simonson, J. Chem. Phys., 2003, 119,
8052–8061.

20 R. E. IseleHolder, W. Mitchell and A. E. Ismail, J. Chem.
Phys., 2012, 137, 1133.

21 W. F. V. Gunsteren, Biomolecular Simulation: the GROMOS96
Manual and User Guide, Zürich, Groningen, 1996.
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