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In the present study systematic long time (1112-2500 ns) non-equilibrium molecular dynamics (MD)
simulation have been carried out at the first time to study structural and dynamical properties of
hydrated Ca®* and water molecules in CaCl, aqueous solutions with an external AC electric field
produced by the electronic anti-fouling (EAF) system. The result of this study can help to understand
some mechanism of electronic anti-fouling. Our simulations reveal the change of structure and
dynamics of hydrated Ca®* and water molecules under external AC electric field with different
frequencies and amplitude values respectively. Within the range of electric field frequencies and
amplitude values in this paper, it was found that radius of the hydrated Ca®* changed smaller. Under
the electric field of 400 KHz and 70 v/m, the radius of the hydrated Ca** had the smallest value. All
electric field with different frequencies or amplitude values in our range could make the Ca**~water
coordination number from 4 to 5 for the first water shell, but almost no influence to the second water
shell. Self-diffusion coefficient of Ca** and water molecule changed larger under the external AC
electric field. Under the electric field of 400 KHz and 70 v/m, the self-diffusion coefficient of Ca®* had
the biggest value. It was also found that changing electric field amplitude values was more effectively
to increase the self-diffusion coefficient of water molecule than changing electric field frequencies.

Keywords: molecular dynamics; AC electric field; CaCl, aqueous solution; coordination number; self-
diffusion coefficient

1. INTRODUCTION

Scale problem is a key problem to the heat exchanger, such as cooling tower and boiler, and it
roots on using hard water. The electronic anti-fouling (EAF) system is a very useful electromagnetic
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field water treatment system to the scale problem. But the anti-fouling mechanism of EAF system is
still not all clear as yet. Cho et al. [1] supposed that the induced alternate electric field in the aqueous
solution generated by the excitation coil was the leading role to achieve the purpose of anti-fouling.
The induced alternate electric field changes the crystallization process of scale and stops precipitate
sticking to the water wall. There are many researchers do a lot of experiment researches based on the
above-mentioned anti-fouling mechanism of EAF system [2-6]. But the results are always quite
different, even opposite because of the different experiment conditions.

At the present stage experiment researches on mechanism of EAF system almost focus on
calcium carbonate (magnesium sulfate) crystallization process or the change of scale crystal structure
[7-8], but ignore the influence to the change of microcosmic particles structure in the aqueous
solutions by AC electric field. Actually, when EAF system is working, there are almost no scale-
forming negative ions because of the very low solubility of calcium carbonate (magnesium sulfate).
Ca®* (Mg?") exists in the aqueous solution as hydrated ion, and the hydrated Ca®* (Mg?") is also
combined with other water molecules by hydrogen bonding. Therefore, the study of hydrated Ca**
(Mg?) is a very important part of the calcium (magnesium) ion solution property research [9-14].
When AC electric field is applied to the aqueous solution, the structure of hydrated Ca®* (Mg?*) cluster
and water cluster will get some inevitable changes. Furthermore, these changes will impact the
crystallization process of scale. Therefore, the research of influence to the structure and dynamics of
hydrated Ca** and water molecules by AC electric field is very important to the study of anti-fouling
mechanism of EAF system.

Various methods have been used to study the microstructure and dynamics properties. Among
these methods, molecular dynamics simulation has been proven to be one of the most useful tools for
elucidating all kinds of detailed microscopic properties of aqueous solutions. On one hand, this kind of
simulations is convenient to do a real-time study to the structure and properties of particles in aqueous
solutions, which can avoid the error taken from sampling and detection process. On the other hand, the
results from molecular dynamics simulations are more convenient in comparing to experimental results
under wide range of concentrations, temperatures and pressures.

In the present study, CaCl, aqueous solution has be taken as the research object. Non-
equilibrium MD simulation is used to study the change of location of the first water shell of Ca®*, the
first coordination numbers for Ca®*, location of the second water shell of Ca®*, the second coordination
numbers for Ca**, self-diffusion coefficient of Ca** and water molecular under external AC electric
field with different frequencies and amplitude, and the influence to the crystallization process of scale
caused by the changes of these parameters is researched. The results of present study do not only
supply a theoretical basis for the research of anti-fouling mechanism of EAF system, but also provide a
theoretical guidance for optimization of EAF system in application.

2. SIMULATION DETAILS

2.1. AC electric field wave form and parameters selection

In the present study, AC electric field wave form and parameters are confirmed according to
the induced electric field produced in aqueous solution by EAF system.
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2.1.1. AC electric field wave form selection

The wave form of excitation current signal produced by EAF system is sinusoid, and the
induced electric field in aqueous solution also changes as sinusoid [15]. Therefore, in the MD
simulation the external AC electric field wave form should be sinusoid.

2.1.2. AC electric field frequency selection

The induced electric field frequency should be equal to the excitation current signal frequency
[15]. In practical application the frequency range of excitation current signal produced by EAF system
is from several tens KHz to 1MHz. For the purpose of studying the influence to CaCl, aqueous
solution caused by electric field with different frequency and controlling the MD simulation time
within a acceptable range, the external AC electric field frequencies in the present study are chosen as
400 KHz, 500 KHz, 600 KHz, 700 KHz, 800 KHz, 900 KHz.

2.1.3. AC electric field amplitude selection

In practical application the amplitude range of excitation current signal produced by EAF
system is from several A to several tens A, and the corresponding induced electric field amplitude is
from several tens v/m to 200 v/m. For the purpose of studying the influence to CaCl, aqueous solution
caused by electric field with different amplitude, the external AC electric field amplitudes used in our
simulation are chosen as 10v/m, 30v/m, 50v/m, 70v/m, 90v/m, 120v/m, 150v/m.

When researching the influence to CaCl, aqueous solution caused by electric field with
different frequency, the AC electric field amplitude is a constant 10v/m, and the simulation time is a
constant 2500ns when the electric field frequency is changed. 2500ns is a cycle time of a signal with
400 KHz frequency. When researching the influence by electric field with different amplitude, the AC
electric field frequency is a constant 900 KHz, and the simulation time is a constant 1112ns when the
electric field amplitude is changed. 1112ns is a cycle time of a signal with 900 KHz frequency.

2.2. Simulation details

In the present study, the MD simulation in our work is a non-equilibrium MD simulation
process because of the external AC electric field applied on the CaCl, aqueous solution. The MD
simulations were performed with the software GROMACS 4.5.4 [16]. NPT ensemble is used to
perform MD simulations. Temperatures of all simulations were set as 300K. The simulation system
consists of a 1.6nmx1.6nmx=1.8nm box containing 8 Ca**, 16 CI and 111 water molecules. SPCE
model is used as water model [17-18]. The CaCl, aqueous solution concentration is 4mol-kg™, and the
concentration errors between simulations and experiments are below 0.5%. Periodic boundary
condition is used and the GROMOS force field [19-20] is used for ion-water interactions. For
Lennard-Jones interactions, a cutoff at 0.8 nm was applied, while electrostatic interactions were treated
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with the particle mesh Ewald (PME) [21] method and a real space cutoff of 0.7 nm. The time step of all
the simulations was set as 2.0 fs [19].

3. RESULTS AND DISCUSSIONS

All structural parameters in our study can be classified into two categories: (1) average radii
(R) of the first or second shell, including Reao, R" ca0: (2) coordination number (n), including nca o,
n"ca.o. Dynamic parameter in our study is Self-diffusion coefficient (D), including Dca, Do. R and n
are defined according to radial distribution function [g(r)], and D is defined according to the ‘Einstein
relation’ [22].

3.1. Verification for correctness of our MD simulations

For verifying the correctness of our MD simulations, in the present study we calculate
structural parameters and dynamic parameter of CaCl, aqueous solution without external AC electric
field. CaCl, aqueous solution concentration is 4mol-kg™. The results are compared with the results
from experiment and other references. The comparison is shown in Table 1.

Table 1. Simulation results from our work comparing with other simulation method and experiment

D ! ! ! 0.047 0.058 %, 0.205!

ca(CM®s™x107)
Do(cm“s™x10°)  0.312 0.309°
Rcao(A) 3.42 347 34°
R" cao(A) 5.6 5.3°
Nca o 4.5 7.7%,59°¢ 5.8973¢59"
n"cao 12.8 10.7° 9.2"
Location of first 2.44 2.45°
peak of the gcao(r)
(A)

Note: M1 is from our work, M2 is the result by other simulate method, M3 is from experiments.

% From ref.[19], by MD simulation; ® from ref.[23] using tracer method; ¢ from ref.[24] using MD
simulation;

9 from ref.[25] using X-ray; ©from ref.[26]using ND; " from ref.[27] using X-ray.

It can be known from Table 1 that the results of D¢, , Do , Reao, R"ca0 and Ocao(r) from our
work are close to the results from other references. But nca o , N''ca.o from our work are a little larger
than the results from other references and experiments. It may be resulted from the following factors:
(@) the small simulation system may lead to more error [28]. The simulation system in our work is
smaller than the simulation system in other references. The particles quantity in our simulation system
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equals to 50% particles quantity of simulation system in ref. [19] under the same solution
concentration. Moreover, in our work the water model is SPCE model, but the other references are not.
Using different water model can make errors. For example, a slight revision to charge in the model
from SPC to SPCE can make self-diffusion coefficients sharply decreasing [29]. (b) n'ca0 from our
work is larger than the results from ref. [19] and X-ray experiment. It is because that the R"c..o from
our work is larger, which leads to a larger n"c..0.

According to the compare above, our MD simulation method is verified to be reliable, and it
can be used to study the properties of CaCl, aqueous solution with external AC electric field. In the
following, the change of the parameters value which is caused by external AC electric field will be
discussed on the basis of the result from our MD simulation in Table 1.

3.2. Structure parameters under different AC electric field

In this section, the values of Rca o, R"ca0, Neao » N'ca0, Which can be obtained from radial
distribution function [g(r)], are discussed under AC electric field with frequency 400KHz, 500 KHz,
600 KHz, 700 KHz, 800 KHz, 900 KHz and with amplitude 10v/m. 30v/m. 50v/m. 70v/m. 90v/m
+ 120v/m. 150v/m respectively. The expression of radial distribution function is shown as Eqg. (1)
[30]:

(Ps ()

e (r) =
< >Iocal
1

(1)

Na NB

= Ly

<’DB>IocaI A ieA jeB 47Z-r

Where Na is the quantity of particle A, and Ng is the quantity of particle B; <(pg(r) ) is the
particle density of particle B at a distance r around particles A, and {pg) 1ocal iS the particle density of
particle B averaged over all spheres around particles A with radius ryna. Usually the value of rpnay is
half of the minimum length of box.

The values of nca o and n''c,.0 are calculated using Eq. (2) [24]:

N, (1) = 4705 [ G0 (1)1 r 2

When calculating nca o, rs is the location of the first local minimum of gcao(r). When
calculating n''cs0, Is is the location of the second local minimum of dcao(r).

Since all of the electric field force applied to CaCl, aqueous solution by different AC electric
field are periodic, and the cycle is the same as the cycle of AC electric field, therefore in our work the
whole simulation time is divided into pieces, and the parameters value at the last part of each piece are
collected for researching the change of structure parameters during the MD simulation process. The
length of one piece is 1/4 cycle of the AC electric field. For example, the whole simulation time is
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2500000 ps, when the AC electric field frequency is 400KHz, then the 1/4 cycle of AC electric field is
625000 ps, and the whole simulation time is divided into 4 pieces; when the AC electric field
frequency is 500KHz, then the 1/4 cycle of AC electric field is 500000 ps, and the whole simulation
time is divided into 5 pieces.

The results of Rea o and R''ca.o under AC electric field with different frequency are shown in
Table 2 and Table 3, the corresponding graphs are shown in Figureure. 1. and Figureure. 2.

Table 2. Radii of the first water shell under AC electric field with different frequency

frequenc Time Time Time Time Time Time Time Time Time Avera
y (KHz) piece piece piece piece piece piece piece piece piece ge

1 2 3 4 5 6 7 8 9 value
400 320 320 320 3.18 3.19
500 324 328 328 328 342 3.30
600 334 336 326 332 312 330 3.28
700 343 324 317 329 312 343 324 3.27
800 348 326 328 328 336 330 322 328 3.31
900 328 334 322 338 334 328 332 332 336 332

Table 3. Radii of the second water shell under AC electric field with different frequency

frequenc Time Time Time Time Time Time Time Time Time Averag
y (KHz) piece piece piece piece piece piece piece piece piece e value
1 2 3 4 5 6 7 8 9
400 556 550 552 564 5.56
500 560 574 56 548 5.72 5.63
600 556 562 560 546 552 558 5.56
700 554 556 560 554 582 548 5.62 5.59
800 558 560 568 548 566 570 558 5.64 5.61
900 560 546 576 558 548 568 556 548 552 557

According to Table 2 and Figure.1, it is known that: 1 For every frequency, great majority of
the Rca o value at the end of time pieces is smaller than 3.42 A — the Rca_o Vvalue obtained under no
electric field. 2 Radii of the first water shell Rc, o is also the radii of hydrated Ca®*. It can be known
that under the AC electric field with different frequencies the Rca o value does not change regularly
during MD simulation process. When the AC electric field frequency is 400KHz, the average Rca o
value has the minimum 3.19 A. When the AC electric field frequency is 900KHz, the average Rca o
value has the maximum 3.32 A.
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Figure 3 shows the distribution of Ca®* and water molecule before and after MD simulation
under the AC electric field with 400 KHz frequency. In Figure 3, the cyan atoms are Ca®* and the red
ones are oxygen atoms, which stand for water molecules. The hydrogen atoms are leaved out for
making it easy to observe the change of the water molecules number around Ca?* after MD simulation.
The two pictures of Figure 3 show that the water molecules are more close to Ca®* after the MD
simulation. In other word, the radii of hydrated Ca®* changes smaller. The effective radius of water
molecule is 1.38 A, and the distance between Ca?* and the most inner-shell water molecules is 2.0 A.
Therefore, Ca?* is combined with water molecules as hydrated Ca®* by electrostatic interactions [31].
The smaller radii of hydrated Ca®* supports that the external AC electric field enhances the hydration
between Ca®* and water molecules. The first water shell of Ca** has hindering effect to the other
negative ion in solution [31]. If some carbonate ions were brought into the solution, the carbonate ions
would be more close to the Ca®* with a smaller first water shell than to the Ca®* with a larger one when
carbonate ions are hindered by the first water shell of Ca**, which means that the carbonate ions can
more easily product a chemical reaction with the Ca®* with a smaller first water shell. Therefore, the
calcium carbonate crystal growth is promoted. This result agrees with the experimental results from
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ref. [3] and ref. [32]. More calcium carbonate precipitate is formed in solution instead of being formed
on the water wall, and the precipitate in solution will be washed away by running water. Then the scale
problem can be prevented. Therefore, making the radii of hydrated Ca®* smaller is an important point
of the mechanism of electronic anti-fouling. In the present study, within the range of AC electric field
frequency, the radii of hydrated Ca”* has the minimum value when external AC electric field frequency
Is 400 KHz, which means that using AC electric field with 400 KHz frequency can make the best anti-
fouling effect.

(a) (b)

Figure 3. The distribution of Ca®* and water molecule before and after MD simulation (a) before MD
simulation.(b) after MD simulation

According to Table 3 and Figure 2, it is known that most of the R"c..o0 values obtained under
external AC electric field with different frequency are very close to 5.6A, which has no obvious
change according to the R" c..0 value obtained under no external AC electric field. Therefore, it is
supposed that the external AC electric field with different frequency almost has no influence to the
location of the second water shell of Ca?*.

The results of nca o and n''ca.o under AC electric field with different frequency are shown in
Table 4 and Table 5, the corresponding graphs are shown in Figure 4 and Figure 5.

Table 4. First water coordination number for Ca?* under AC electric field with different frequency

frequenc Time Time Time Time Time Time Time Time Time Avera
y (KHz) piece piece piece piece piece piece piece piece piece ge

1 2 3 4 5 6 7 8 9 value
400 572 554 574 576 5.69
500 577 562 577 581 585 5.76
600 562 557 568 573 583 566 5.68
700 550 570 570 580 586 573 571 5.71
800 583 573 565 571 566 573 564 5.62 5.70
900 548 552 575 590 554 580 569 569 567 567
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Table 5. Second water coordination number for Ca** under AC electric field with different frequency

frequenc Time Time Time Time Time Time Time Time Time Averag
y (KHz) piece piece piece piece piece piece piece piece piece e value
1 2 3 4 5 6 7 8 9
400 12.32 1184 1199 13.03 12.30
500 1268 1395 1272 1166 13.73 12.95
600 12.68 1395 1272 1166 13.73 12.68 12.90
700 1220 1242 1270 1218 1471 1166 12.13 12.57
800 1246 1270 1341 1164 13.20 1355 1248 1254 12.75
900 12.67 1143 1415 1252 11.65 13.36 13.23 11.64 1285 12.62
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Figure 4. Average nc, o Value under AC electric field with different frequency
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Figure 5. Average n'c..0 value under AC electric field with different frequency

According to Table 4 and Figure 4, it is known that the nc, o value do not fluctuate obviously
during the MD simulation process, and in every time piece the nc, o value is larger than the value 4.5
under no electric field. The average nca o Value under the electric field with different frequency is
similar. The average nca o value has the maximum 5.76 when the electric field frequency is 500 KHz,
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and the average ncao value has the minimum 5.67 when the electric field frequency is 900 KHz. All
average Nca o Value in Table 4 have about 1 larger than 4.5, which means that the AC electric field
makes the first water coordination number for Ca®* increased 1.

The more first water coordination number for Ca* is also caused by the enhanced hydration
between Ca’* and water molecules. The enhanced electrostatic interaction does not only make hydrated
water molecules more close to Ca®*, but also attract one more water molecules as hydrated water
molecule. The increase of the first water coordination number for Ca?* enhances the inhibition to
carbonate ions, which seems inconsistent against above conclusion that external AC electric field
increases the probability of forming calcium carbonate precipitate. Actually, electrostatic interaction is
a kind of physical interaction, and during the Ca*" and carbonate ion are associating the interaction
between them is chemical interaction. Therefore, the enhancement of chemical interaction caused by
reducing the distance between Ca*" and carbonate ion is too much stronger than the inhibition to
carbonate ion caused by enhancing electrostatic interaction.

Table 6. Radii of the first water shell under AC electric field with different amplitude

amplitude Time piece Time piece Time piece Time piece Average
(v/m) 1 2 3 4 value
10 3.28 3.34 3.22 3.38 3.31
30 3.24 3.36 3.32 3.32 3.31
50 3.28 3.28 3.26 3.36 3.29
70 3.22 3.34 3.18 3.28 3.25
90 3.22 3.36 3.24 3.38 3.30
120 3.34 3.50 3.22 3.38 3.36
150 3.34 3.4 3.33 3.38 3.36

Table 7. Radii of the second water shell under AC electric field with different amplitude

amplitude Time piece Time piece Time piece Time piece Average
(v/m) 1 2 3 4 value
10 5.60 5.46 5.76 5.58 5.60
30 5.6 5.68 5.48 5.72 5.62
50 5.64 5.58 5.50 5.48 5.55
70 5.72 5.54 5.54 5.62 5.61
90 5.70 5.58 5.66 5.70 5.66
120 5.56 5.52 5.46 5.64 5.55
150 5.50 5.50 5.58 5.58 5.54



app:ds:carbonate
app:ds:inconsistent
app:ds:carbonate

Int. J. Electrochem. Sci., Vol. 7, 2012 10018

AAAAAAAAAAAAAAA
—@— AC electric field

-—- .
0.345 no electric field

°
®

0.335

Radii of the first water shell for C&* (nm)
o
8

o
w
R
a

S 7 S S S S S S T S S S S S
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

AC electric field amplitude (v/m)

Figure 6. Average Rca o value under AC electric field with different amplitude

—®— AC electric field
==6-- no electric field

Radii of the second water shell for C& (nm)
&
&

[0 =71 S S Y S S S S S Y S S S S S -
0O 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160

AC electric field amplitude (v/m)

Figure 7. Average R'"...o value under AC electric field with different amplitude

According to Table 5 and Figure 5, it is known that most of the n"c..0 values obtained under
external AC electric field with different frequency are very close to 12.8, which have no obvious
change according to the n''c,.o value obtained under no external AC electric field. Therefore, it is
supposed that the external AC electric field with different frequency almost has no influence to the
second water coordination number for Ca®*.

The results of Rea o and R'ca.0 under AC electric field with different amplitude are shown in
Table 6 and Table 7, the corresponding graphs are shown in Figure 6 and Figure 7.

According to Table 6 and Figure.6, it is known that: 1 For every amplitude, great majority of
the Rca o value at the end of time pieces is smaller than the Rc, o value obtained under no electric
field. It can be known that under the AC electric field with amplitude 70v/m, 90v/m and 120v/m the
Rcao value is up and down regularly as the frequency of the AC electric field during MD simulation
process. The average Rca o Vvalues are decrease and then increase with amplitude of AC electric field
increasing. When the AC electric field amplitude is 70 v/m, the average Rca o value has the minimum
3.25 A. When the AC electric field amplitude is 150 v/m, the average Rca o value has the maximum
3.36 A. Therefore it is known that using AC electric field with 70 v/m amplitude can make the best
anti-fouling effect.
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According to Table 7 and Figure 7, it is known that under external AC electric field with
different amplitude most of the R"c..0 values are very close to 5.6, which have no obvious change
according to the n''c.o value obtained under no external AC electric field. Therefore, it is supposed
that the external AC electric field with different amplitude almost has no influence to the second water
coordination number for Ca?".

The results of ncao and n''ca.o under AC electric field with different amplitude are shown in
Table 8 and Table 9, the corresponding graphs are shown in Figure 8 and Figure 9.

Table 8. First water coordination number for Ca?* under AC electric field with different amplitude

amplitude Time piece Time piece Time piece Time piece Average
(v/m) 1 2 3 4 value
10 5.48 5.52 5.75 5.90 5.66
30 5.41 5.56 5.69 5.92 5.65
50 5.52 5.31 5.78 5.86 5.62
70 5.48 5.48 5.66 5.83 5.61
90 5.40 5.62 5.87 5.61 5.63
120 5.58 5.53 5.76 5.91 5.69
150 5.72 5.85 5.72 5.49 5.69

Table 9. Second water coordination number for Ca** under AC electric field with different amplitude

amplitude Time piece Time piece Time piece Time piece Average
(v/m) 1 2 3 4 value
10 12.67 11.43 14.15 12.52 12.69
30 12.69 13.39 11.68 13.78 12.89
50 13.09 12.52 11.82 11.66 12.27
70 13.77 12.17 12.75 12.88 12.89
90 13.67 12.51 13.18 13.66 13.25
120 12.36 11.93 11.53 13.01 12.21
150 11.80 11.82 12.55 12.47 12.16

According to Table 8 and Figure 8, it is known that in every time piece the nc, o value is larger
than the value 4.5 under no electric field. The average nca o value under the electric field with different
amplitude is similar. The average nca o value has the maximum 5.69 when the electric field amplitude
is 150v/m, and the average Nnca, o value has the minimum 5.61 when the electric field amplitude is
70v/m. All average nca o value in Table 8 has about 1 larger than 4.5.

According to Table 9 and Figure 9, it is known that most of the n''c..0 values obtained is very
close to 12.8. Therefore, it is supposed that the external AC electric field with different amplitude
almost has no influence to the second water coordination number for Ca*".
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3.3. Dynamics parameters under different AC electric field

Self-diffusion coefficient of Ca®* and water molecular in CaCl, aqueous solution as an
important dynamic property was experimentally measured by quasi-elastic neutron scattering and
NMR measurements [33]. However, these experiments are involved in great uncertainties.

In the present study, our calculation of self-diffusion coefficient is based on the‘Einstein
relation’ [22]:

= lim— <[r(t)—r(0)] ) (3)

Where r; (t) is the molecular position i at time t and r; (0) is the initial position, the bracket
denotes ensemble average.

The results of D¢, and Do under AC electric field with different amplitude are shown in Table
10 and Table 11, the corresponding graphs are shown in Figure 10 and Figure 11.
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Table 10. Self-diffusion coefficient of Ca®* under AC electric field with different frequency

frequenc  Time Time Time Time Time Time Time Time Time  Averag
y (KHz) piece piece piece piece piece piece  piece  piece piece e value
1 2 3 4 5 6 7 8 9
400 0.125 0.102 0.272 0.122 0.155
500 0.086 0.063 0.069 0.077 0.104 0.080
600 0.163 0.129 0.085 0.091 0.113 0.143 0.121
700 0.168 0.105 0.159 0.105 0.148 0.076 0.113 0.125
800 0.122 0.105 0.166 0.095 0.132 0.088 0.084 0.095 0.111
900 0.089 0.098 0.106 0.154 0.162 0.055 0.104 0.117 0.096 0.099

Table 11. Self-diffusion coefficient of water molecule under AC electric field with different frequency

frequenc  Time Time Time Time Time Time Time Time Time  Averag
y (KHz) piece piece piece piece piece piece piece  piece piece e value
1 2 3 4 5 6 7 8 9
400 0.313 0.342 0.422 0.380 0.364
500 0.231 0.312 0.315 0.376 0.390 0.325
600 0.312 0.314 0376 0.345 0.437 0.474 0.376
700 0.406 0.421 0402 0.394 0.324 0.387 0.396 0.390
800 0460 0.360 0.375 0.319 0.405 0.337 0.347 0.412 0.377
900 0.440 0427 0350 0.406 0308 0.401 0349 0.386 0.413 0.387

According to Table 10 and Figure 10, it is known that in every time piece the D¢, value is
larger than the value 0.047 cm? sx10° under no electric field. The average Dc, value has the
maximum 0.155 cm? sx10”° when the electric field frequency is 400 KHz, and the average Dc, value
has the minimum 0.080 cm?s™x10™ when the electric field frequency is 500KHz. It is known from
Table 11 and Figure.11 that Do value in every time piece is larger than the value 0.312 cm?s™x10®
which is obtained under no electric field. The average D¢ value has the maximum 0.390 cm? s*x10°
when the electric field frequency is 700 KHz, and the average D¢, value has the minimum 0.325 cm?s’
1107 when the electric field frequency is 500 KHz.

Self-diffusion coefficient is an important dynamics parameter of CaCl, aqueous solution. The
change of self-diffusion coefficient can reflect the fluctuation of internal energy and particle’s activity
in solution. When internal energy of solution is rising, particle’s self-diffusion coefficient will change
larger, and particle’s activity is increasing accordingly. When internal energy of solution is falling,
particle’s self-diffusion coefficient and particle’s activity are decreasing accordingly. According to
Table 10 and Table 11, under AC electric field self-diffusion coefficient of Ca®* and water molecules
all changes larger, which means their activity increase accordingly. Ca®* with more activity has a
higher probability to produce the chemical reaction with carbonate ion. The increase of water
molecules activity can lead to the water clusters changing into monomers or dimers, and then the
resistance to carbonate ions from water clusters is decreased. So, when self-diffusion coefficient of
Ca®* and water molecules changes larger, the Ca?* and carbonate ion will generate precipitation more
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easily. Therefore making the self-diffusion coefficient of Ca®* and water molecules larger is the other
important point of the mechanism of electronic anti-fouling.
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In addition, according to Stokes-Einstein equation, self-diffusion coefficient of particle is
inversely proportional to particle radii. Stokes-Einstein equation is shown as Eq. (4).

KT

d(H)=
()3m]D

(4)

Where d(H) is particle radii, k is Boltzmann constant, T is absolute temperature, # is viscosity,
D is self-diffusion coefficient of particle. According to Table 10, self-diffusion coefficient of Ca**
under AC electric field with different frequency is larger than the value under no electric field, and
according to Table 2, radii of hydrated Ca®* under AC electric field with different frequency is smaller
than the value under no electric field. The changes of self-diffusion coefficient of Ca?* and hydrated


app:ds:molecule

Int. J. Electrochem. Sci., Vol. 7, 2012 10023

Ca’* radii meet exactly with Stokes-Einstein equation. The graphs of average value in Table 2 and
Table 10 changing with time are shown in Figure 12.
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Table 12. Self-diffusion coefficient of Ca** under AC electric field with different amplitude

amplitude Time piece Time piece Time piece Time piece Average
(v/m) 1 2 3 4 value
10 0.096 0.104 0.114 0.160 0.119
30 0.092 0.115 0.130 0.093 0.106
50 0.183 0.149 0.095 0.133 0.140
70 0.092 0.136 0.094 0.241 0.141
90 0.208 0.079 0.105 0.073 0.116
120 0.087 0.071 0.198 0.079 0.109
150 0.088 0.135 0.076 0.053 0.088

Table 13. Self-diffusion coefficient of water molecule under AC electric field with different amplitude

amplitude Time piece Time piece Time piece Time piece Average
(v/m) 1 2 3 4 value
10 0.440 0.427 0.350 0.406 0.406
30 0.519 0.654 0.555 0.536 0.566
50 0.639 0. 435 0.538 0.565 0.544
70 0.580 0.495 0.481 0.459 0.504
90 0.610 0.485 0.502 0.491 0.522
120 0.649 0.539 0.566 0.437 0.548
150 0.665 0.487 0.537 0.476 0.541
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The results of D¢, and Do under AC electric field with different amplitude are shown in Table
12 and Table 13, the corresponding graphs are shown in Figure 13 and Figure 14.
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According to Table 12 and Figure 13, in every time pieces the D¢, value is larger than the value
0.047 cm?s™x107° under no electric field. It also can be known that under the AC electric field with
amplitude 70v/m, 90v/m and 120v/m the D¢, value is up and down regularly as the frequency of the
AC electric field during MD simulation process. The average Dc, value has the maximum 0.141 cm? s°
1%10™° when the electric field amplitude is 70v/m, and the average Dc, value has the minimum 0.088
cm?s?x10™ when the electric field amplitude is 150v/m. Therefore, within the present electric field
amplitude range, the D¢, value changes steady and the average D¢, value is biggest when the AC
electric field amplitude is 70v/m, which means that using AC electric field with 70v/m amplitude can
make the best anti-fouling effect. This result meets exactly with the conclusion obtained in Part B of
Sec. IlI.

According to Table 13 and Figure.14, it is known that in every time piece the Do value is larger
than the value 0.312 cm?s™*x107 under no electric field. The average Do value has the maximum 0.566
cm? stx10™ when the electric field amplitude is 30v/m, and the average Do value has the minimum
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0.406 cm® s*x10™ when the electric field amplitude is 10v/m. Under the AC electric field with
amplitude 70v/m, 90v/m and 120v/m, the Do value is up and down regularly as the frequency of the
AC electric field. It also can be known that the average Do value curve is a multi-extreme curve. When
the electric field amplitude is 30v/m, 50v/m, 120 v/m and 150v/m, the average Do value is larger.

An important result is obtained by comparing Table 10 with Table 13 that the increment of Do
value under AC electric field with different amplitude is larger than the increment under AC electric
field with different frequency, which means increasing electric field amplitude is more effective to
enhance the self-diffusion coefficient of water molecule than increasing electric field frequency. In
other word, increasing electric field amplitude can make better anti-fouling effect.

4. CONCLUSION

For exploring the mechanism of electronic anti-fouling, in the present study the structure and
dynamics of hydrated Ca®* and water molecules in CaCl, aqueous solution under external AC electric
field with different frequency and amplitude are researched at first time by systematic long time non-
equilibrium molecular dynamics simulation. Within the range of the electric field frequency and
amplitude in this paper, some important conclusions obtained as follow that under external AC electric
field with different frequency and amplitude:

(1) the radii of hydrated Ca** is smaller than the radii under no external electric field. When the
AC electric field frequency is 400KHz and amplitude is 70v/m, the radii of hydrated Ca** has the
minimum. The smaller radii of hydrated Ca** means that the hydration between Ca®** and water
molecules is enhanced by external AC electric field. When there are carbonate ions appearing in the
CaCl, aqueous solution, a hydrated Ca®* with smaller radii can more easily combine with carbonate ion
and form calcium carbonate precipitate. Then the precipitate formed on the water wall is decreased.
Therefore making the radii of hydrated Ca** changing smaller is an important point of the mechanism
of electronic anti-fouling.

(2) the first water coordination number for Ca** changes from 4 to 5. The first water
coordination number for Ca** increasing also can be considered that the hydration between Ca®* and
water molecules is enhanced by external AC electric field.

(3) the location of the second water shell of Ca** and the second water coordination number for
Ca®* almost have no change. Therefore, it is considered that the external AC electric field has no
obvious impact to the second water shell of Ca?*.

(4) the self-diffusion coefficient of Ca®* is larger than the self-diffusion coefficient under no
external electric field. When the AC electric field frequency is 400KHz and amplitude is 70v/m, the
self-diffusion coefficient of Ca** has the maximum. The larger self-diffusion coefficient of Ca®* can be
considered that the activity of Ca®" is enhanced. The self-diffusion coefficient of water molecules
changes larger, which means that the activity of water molecules is enhanced too. When there are
carbonate ions appearing in the CaCl, aqueous solution, the increase of particles activity can make a
higher rate to form calcium carbonate precipitate. Therefore, the increase of particles activity is another
important point of the mechanism of electronic anti-fouling.
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(5) the increment of self-diffusion coefficient of water molecules under AC electric field with
different amplitude is more than the increment under AC electric field with different frequency. Since
a larger self-diffusion coefficient of water molecules can make a better anti-fouling effect, therefore in
the practical application the anti-fouling effect can be controlled by changing the current strength of
excitation signal produced by EAF system.
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