
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
N

ov
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 1

2/
8/

20
25

 1
1:

45
:1

7 
PM

. 
 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-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Nanoscale insigh
aKey Laboratory of Urban Security and Disa

Beijing Key Laboratory of Earthquake Eng

University of Technology, Beijing, 100124, C
bDepartment of Civil Engineering, Qingdao U

266033. E-mail: dshou@outlook.com

Cite this: RSC Adv., 2020, 10, 40180

Received 8th September 2020
Accepted 26th October 2020

DOI: 10.1039/d0ra07717h

rsc.li/rsc-advances

40180 | RSC Adv., 2020, 10, 40180–
t on the durability of magnesium
phosphate cement: a molecular dynamics study

Yue Li, a Guosheng Zhang, a Dongshuai Hou *b and Zigeng Wanga

The sustainable green building material magnesium phosphate cement (MPC) is widely used in the fields of

solidifying heavy metals and nuclear waste and repair and reinforcement. Magnesium potassium phosphate

hexahydrate (MKP) is the main hydration product of MPC. The transport of water and ions in MKP

nanochannels determines the mechanical properties and durability of MPC materials. Herein, the

interface models of MKP crystals with sodium chloride solution in the [001], [010] and [100] direction

were established by molecular dynamics. The interaction of the MKP interface with water and ions was

studied and the durability of MPC in sodium chloride solution was explained at the molecular level. The

results show that a large number of water molecules are adsorbed on the MKP crystal surface through

hydrogen bonds and Coulomb interactions; the surface water molecules have the bigger dipole moment

and the dipole vector of most of the water molecules points to the solid matrix, when the crystal

surfaces of the three models all show hydrophilicity. In addition, plenty of sodium ions are adsorbed at

the MKP interface, and some potassium ions are desorbed from the matrix. In the MKP[001] model, the

amount of potassium ions separated from the matrix and diffused into the solution is the highest and the

interface crystal is the most disordered. Due to the attack of water and ions, the K–Os bond loses its

chemical stability and the order of the MKP crystal is destroyed, which explains the decline of MPC

performance after the erosion of sodium chloride solution at the molecular level. Besides, in the three

models, the Na–Cl ion bond is more unstable than the K–Cl ion bond due to the smaller radius of the

sodium atom. The stability of ionic bonds in the models is as follows: MKP[010] > MKP[100] > MKP[001].
1 Introduction

The production of Portland cement consumes huge amounts of
energy and produces billions of tons of solid waste, even
contributing 6–8% of the global anthropogenic carbon dioxide
emissions.1–3 Therefore, it is urgent to develop sustainable
green building materials that can replace Portland cement.
Magnesium phosphate cement (MPC) is considered as a new
type of environmentally friendly cementitious material, which
is one of the most promising green building materials and can
partially replace Portland cement.4 In addition, MPC is a new
type of gas-hardening inorganic cementitious material with
viscous properties, produced by an acid–base chemical reaction
and physical interaction between water, magnesium oxide
(MgO) and phosphate at room temperature. Magnesium
potassium phosphate hexahydrate (MgKPO4$6H2O, MKP) is the
main hydration product of MPC. In addition, industrial by-
products are one of the important sources of MPC raw mate-
rial magnesium oxide. For example, the magnesium oxide used
ster Engineering of Ministry of Education,
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by some scholars to make MPC was a by-product from the
calcination process of natural magnesite and the production of
Li2CO3 from salt lakes. The production of MPC using industrial
by-products as raw materials has positive signicance for the
environment and sustainability.5–7 MPC is not only environ-
mentally friendly but also has the advantages of fast hardening,
early strength and high viscosity. Hence, it is widely used in the
elds of repair and reinforcement, biomedicine, curing toxic
substances and nuclear waste, which is of great signicance to
improve the environment. MPC has attracted many scholars to
conduct a lot of research on its hydration mechanism,
mechanical properties, durability, etc.8–14

MPC was oen used to solidify toxic substances and nuclear
waste.15,16 Wang et al. comprehensively studied the effects of
original Pb concentration, water-to-solid (W/S) ratio, MPC
dosage and curing age on the leaching behavior of Pb-
contaminated soil treated by the MPC. It was found that
leachate Pb concentration increased with the increase of initial
lead concentration in the contaminated soil and W/S ratio,
while the leachate pH changed oppositely. The optimal W/S
ratio of the MPC was 0.5 for stabilizing lead-contaminated
soil, resulting in the lowest cumulative leaching amount of
lead. The main mechanism that controlled Pb leaching from
the MPC treated stabilization/solidication (S/S) samples
This journal is © The Royal Society of Chemistry 2020
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appeared to be diffusion.17,18 Cadmium pollution was also
a heavy metal pollution which endangers human health and the
environment. He et al. studied the effect of Cd2+ on the early
hydration process of the MPC. The results showed that MPC
had good potential in stabilizing/solidifying cadmium pollut-
ants and rapidly reducing the environmental toxicity of
cadmium ions.19 Liquid radioactive waste (LRW) was the
product of nuclear industry activities and has signicant envi-
ronmental hazards. The application of MPC matrix solidied
LRW was one of the most promising treatment methods,
providingmaximum radioecological safety for the environment.
Compared with Portland cement, the MPCmatrix to leaching of
137Cs, 90Sr, 239Pu and 241Am had higher hydrolytic stability and
high LRW salt lling.20,21 The MPC matrix were also feasible for
curing radioactive waste containing actinide and rare earth
elements.22 Josep et al. studied the leaching behavior of nickel
containing wastes stabilized/solidied with MPC and proved
the effectiveness of MPC for nickel inertization. Mg2+ and K+

were found in the leachant and the leaching mechanism of K+

was determined as diffusion.23 The migration, transport and
adsorption of water and ions in MPC determine the effective-
ness and safety of the solidication of toxic substances and
nuclear waste by MPC.

MPC has the characteristics of fast hardening and early
strength, which is widely used in the repair and reinforcement
of roads, airports and concrete structures.24–26 The infrastruc-
ture of the MPC application is unavoidably served in harsh
environments, such as the erosion of rainwater, the corrosion of
seawater and deicing salts. When water and harmful ions enter
into MPC, it may reduce the bond strength of MPC, destroy the
microstructure of materials, even harmful ions penetrate into
the reinforced concrete structure through MPC, resulting in
corrosion of steel bars, affecting the safety and durability of
infrastructure. The durability of MPC will directly affect the
effect of MPC on solidifying heavy metals and nuclear waste, as
well as repair and reinforcement. Hence, the durability of MPC
is a common concern.27,28 Rouzic et al. studied the effect of the
magnesia to phosphate molar ratio (Mg/P) on the performance
of MPC. The results showed that excess potassium dihydrogen
phosphate (KH2PO4) had a negative impact on the overall
performance. High content of KH2PO4 resulted in poor water
resistance because anhydrous phosphates do not react
completely in the microstructure and were highly soluble.
When the sample was immersed in water, it produced a large
porosity.29 Yang et al. studied the corrosion resistance of MPC to
seawater. It was found that the strength deteriorated aer
seawater immersion, the molar ratio of potassium to phos-
phorus measured by EDS was less than 1, the potassium ions
with poor stability were partially hydrolyzed.10,30,31 MPC was
immersed in water, Na2SO4 solution and NaCl solution for one
year. It was found that the strength of MPC decreased, the
quality of the hydration product MKP decreased, which indi-
cated that the invasion of water and ions resulted in the
degradation of mechanical properties and microstructure of
MPC.8 Hou et al.32 studied the water resistance of MPC. It was
also found that the MPC had hydrolysis effect with the decrease
of the mechanical properties. The structure and dynamic
This journal is © The Royal Society of Chemistry 2020
properties of the MKP, the main hydration product of the MPC,
were simulated by molecular dynamics (MD) method. The
hydrolysis weakening effect and failure mechanism were
revealed.

MKP is the main hydration product of MPC. The transport of
water and ions in MKP nanochannels determines the
mechanical properties and durability of MPC materials. The
invasive water and harmful ions react with hydration products,
destroy the microstructure of materials, reduce the bond
strength of cement-based materials, induce the corrosion of
steel bars, adversely affect the durability of structures. This
directly affects the effectiveness of MPC on solidifying heavy
metals and nuclear waste, as well as repair and reinforcement. It
is challenging to study the structure and dynamics of water and
ions only through experiments, because there are some limi-
tations, such as the purity of materials and the measurement
accuracy of relevant length and time scale. In order to explain
the diffusion mechanism of water and ions at different scales, it
is necessary to study the origin of their properties at the
molecular level. Computational methods can help to explain the
experimental results and play a complementary role in under-
standing the structure and dynamic characteristics at the
molecular level. MD is a calculation method that can quanti-
tatively explain the structure, dynamics and energy of solid–
liquid interface. The characteristics of the interface between
silicate hydration products and ionic solutions were studied by
molecular dynamics methods. The durability of C–S–H gel has
been understood at molecular level, while there is no relevant
research about MKP.33–36

Therefore, the interfacial model between sodium chloride
solution and MKP, the main hydration product of MPC, was
established by molecular dynamics method. The interaction of
water, ions and MKP interface was analyzed and the following
characteristics of the interface model are obtained: (1) the
structural characteristics of water molecules at solid–liquid
interface, (2) the adsorption of ions by the MKP crystal surface,
(3) the dynamic properties of ions. Firstly, the interface models
of MKP crystal with sodium chloride solution were established
in the [001] direction, [010] direction and [100] direction of MKP
crystal respectively. Subsequently, the structure characteristics
of water molecules at solid–liquid interface zone were analyzed
by the density distribution, dipole moment distribution, dipole
angle distribution and hydrogen bond evolution of water
molecules. Then the adsorption of ions on the MKP crystal
surface was discussed by molecular conguration, ion density
distribution and coordination number. Finally, the dynamic
properties of ions were studied by time correlation function
(TCF) and mean square displacement (MSD).

2 Simulation method
2.1 Model construction

The simulation of the MKP crystal structure was based on the
MKP unit cell provided by Graeser.37 The MKP original crystal
cell is shown in Fig. 1(a). The MKP crystal is orthorhombic with
the space group Pmn21, the crystal parameters of a ¼ 6.903 Å,
b ¼ 6.174 Å, c ¼ 11.146 Å. In addition, it can be seen from
RSC Adv., 2020, 10, 40180–40195 | 40181
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Fig. 1(a) that the MKP crystal has an asymmetric structure with
different spatial distributions of atoms in the X direction ([100]
direction), the Y direction ([010] direction) and the Z direction
([001] direction), respectively. The migration and adsorption
behavior of chloride ions near the surface of the MKP crystals in
different directions may be different. Therefore, the interface
models of MKP crystal with sodium chloride solution were
established in the [001] direction, [010] direction and [100]
direction respectively, investigating the adsorption behavior of
ions.

The interfacial model of MKP crystal with sodium chloride
solution in the [001] direction of MKP crystal (MKP[001] model)
was built as follows: the MKP supercell containing 6 � 7 � 9
crystallographic unit cells was rst established. The size of the
supercell was a ¼ 41.238 Å, b ¼ 43.12 Å, c ¼ 99.783 Å and a ¼
90�, b¼ 90�, g¼ 90�. Secondly, the MKP supercell was cut along
the [001] plane to obtain a crystal matrix with a thickness of
2.1 nm and a vacuum region with a thickness of 6.9 nm in the Z
direction. Subsequently, 2495 water molecules were randomly
distributed in the vacuum region with a thickness of 4.2 nm
above the MKP crystal, while 38 Na and 38 Cl ions were
randomly distributed in the aqueous solution to obtain the
NaCl solution with the concentration of 0.85 mol L�1. That is, in
the MKP[001] model, the thickness of the MKP matrix was
Fig. 1 (a) Original crystal cell of the MKP (b) the interfacial model of MK
crystal (MKP[001] model) (c) MKP[010] model (d) MKP[100] model. The
represent phosphate tetrahedrons; the purple, green, light green and
respectively. The colored balls and sticks in the figure below represent t

40182 | RSC Adv., 2020, 10, 40180–40195
2.1 nm, the thickness of the NaCl solution was 4.2 nm, the
thickness of the vacuum region was 3.7 nm. The initial cong-
uration of the interfacial zone for the MKP[001] model is shown
in Fig. 1(b).

Similarly, for the MKP[010] model, the MKP supercell con-
taining 6 � 16 � 4 crystallographic unit cells was rst estab-
lished with the size of a ¼ 41.238 Å, b ¼ 98.56 Å, c ¼ 44.348 Å,
a ¼ 90�, b ¼ 90�, g ¼ 90�. Then, the crystal matrix with the
thickness of 2 nm and the vacuum region with the thickness of
6.7 nm in the Y direction were obtained by cleaving the MKP
supercell along the [010] plane. Subsequently, 2627 water
molecules were randomly distributed in the vacuum zone with
the thickness of 4.3 nm above the MKP crystal and 40 Na and 40
Cl ions were randomly distributed in the aqueous solution,
acquiring the NaCl solution with the concentration of
0.85 mol L�1. Thus, the MKP[010] model was composed of the
MKPmatrix with the thickness 2 nm, the NaCl solution with the
thickness 4.3 nm and the vacuum region with the thickness
3.6 nm. Fig. 1(c) shows the initial conguration of the interfa-
cial zone for the MKP[010] model.

Similarly, for the MKP[100] model, the MKP supercell
including 15 � 7 � 4 crystallographic unit cells was rst
established. The size of the supercell was a ¼ 103.95 Å, b ¼
43.12 Å, c ¼ 44.348 Å, a ¼ 90�, b ¼ 90�, g ¼ 90�. Secondly, the
P crystal with sodium chloride solution in the [001] direction of MKP
red and white sticks represent water molecules; the purple-red sticks
blue balls represent potassium, magnesium, chloride, and sodium,
he same meaning.

This journal is © The Royal Society of Chemistry 2020
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MKP supercell model was cut along the [100] plane to obtain the
crystal matrix with the thickness of 2.2 nm in the X direction
and the vacuum region with the thickness of 8.2 nm. Thirdly,
2811 water molecules were randomly distributed in the vacuum
region with a thickness of 4.4 nm above the MKP crystal and 43
Na and 43 Cl ions were randomly distributed in the aqueous
solution to obtain the NaCl solution with the concentration of
0.85 mol L�1. That is, in the MKP[100] model, the thickness of
the MKP matrix was 2.2 nm, the thickness of the NaCl solution
was 4.4 nm, the thickness of the vacuum zone was 3.8 nm. The
initial conguration of the interfacial zone for the MKP[100]
model is shown in Fig. 1(d).
2.2 Force eld and molecular dynamics procedure

Randall T. et al. developed a general force eld ClayFF for
simulating hydration and multi-component mineral systems
Fig. 2 The density distribution of water molecules (a) along Z direction in
direction in MKP[100] model.

This journal is © The Royal Society of Chemistry 2020
and their interfaces with aqueous solutions.38 With good
transferability and reliability, the ClayFF force eld has been
widely used in the simulation of mineral–solution interfaces,
the molecular structure of various cement hydration products,
the adsorption of cations and anions on the hydroxide
surface.39–45 In particular, the ClayFF force eld was successfully
applied to simulate the structure, dynamics and mechanical
properties of the MKP, verifying the rationality of the ClayFF
force eld for the MKP system.32

The interface model of the MKP and sodium chloride solu-
tion was simulated by the soware LAMMPS, which stood for
large-scale atomic/molecular massively parallel simulator. The
entire simulation process used the NVT ensemble with the
temperature of 300 K. The Nosé–Hoover (NH) thermostat was
applied in MD simulations.1–5 The Verlet algorithm with the
time step of 1 fs was used to integrate the atomic motion
MKP[001] model, (b) along Y direction in MKP[010] model, (c) along X

RSC Adv., 2020, 10, 40180–40195 | 40183
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equation. The MD process consisted of three stages: rst, the
MKP crystal matrix was set as rigid body, when the solution
system was free to move for 1000 ps. Secondly, the rigid body
was loosened and both the substrate and the solution were
subjected to a balanced free motion of 3000 ps. Finally, the NVT
simulation of 3000 ps was continued. The three models recor-
ded trajectory information every 0.1 ps, including atomic
coordinates and velocities. The structural and dynamic analysis
was based on the data generated by the last 3000 ps simulation.
Then based on the MATLAB program, the various properties of
the model were analyzed: (1) the structural characteristics of the
water molecules at the solid–liquid interface, (2) the adsorption
of ions by the MKP crystal interface, (3) the dynamic properties
of water molecules and ions.
3 Results and discussion
3.1 The interfacial structure of water molecules

3.1.1 Density distribution of water. The atomic density
distribution can show the water molecular structure in the
vertical direction of the MKP matrix. Since the thickness of the
MKP matrix in three directions was slightly different, the
coordinates in the vertical direction of the substrate mentioned
Fig. 3 The iso-surface of water molecules in the range of 0–1.5 Å (a) pro
XZ plane along Y direction in MKP[010] model, (c) projected in ZY plane

40184 | RSC Adv., 2020, 10, 40180–40195
below were the relative coordinates referenced to the solid–
liquid interface line in each model for the convenience of
description. That is, the coordinate of the solid–liquid interface
line was 0, the coordinates of the solution above the interface
line were positive, the coordinates of the solid matrix below the
interface line were negative. The density distributions of water
molecules in the MKP[001], MKP[010] and MKP[100] model are
shown in Fig. 2(a), (b) and (c), respectively. The position of the
interfacial phosphate tetrahedron was dened as the solid–
liquid interface indicated by the green line.

It can be seen from Fig. 2(a) that the water molecular density
of MKP[001] model uctuates signicantly in the interface
region and the Ow atomic density distribution has two peaks at
1.95 Å and 3.87 Å. The density oscillation gradually disappears
and tends to be 1 g cm�3 away from the matrix 7 Å. The H atom
density distribution has three peaks at 0.94 Å, 2.97 Å and 4.88 Å,
respectively. The peaks of atomic density indicate the strati-
cation for the interfacial water molecules. It should be noted
that the rst peak of Hw is closer to the matrix 1 Å than that of
the Ow density peak. This means that the hydrogen atoms are
distributed closer to the solid matrix in the rst layer of water
molecules approximating the MKP[001] surface. The affinity of
the hydrogen atom implies the hydrophilicity of the MKP
jected in XY plane along Z direction in MKP[001] model, (b) projected in
along X direction in MKP[100] model.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 The dipole moment distribution of water molecules in the MKP
[001] model.
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surface, which mainly due to the fact that the phosphate
tetrahedrons on the [001] surface of the MKP crystal provide
many non-bridged oxygen atoms. In the region below the
interface line, the sharp water peaks with high intensity indicate
that the water molecules in MKP crystals are arranged regularly
in layers.

Fig. 2(b) and (c) show that the water molecular density also
uctuates signicantly in the interface region of MKP[010] and
MKP[100] models. The maximum water molecular density is
1.3 g cm�3 and the minimum is 0.5 g cm�3, the difference is
relatively large. The density oscillation gradually disappears
during the process away from thematrix, tending to 1 g cm�3. In
addition, in the MKP[010] and MKP[100] models, the Hw
distributions in the rst water molecule layer are closer to the
solid matrix, indicating the hydrophilicity of the MKP[010] and
[100]surface.

3.1.2 The iso-surface of the water molecule. The structure
and arrangement of interfacial water molecules can be reacted
by iso-surface. Fig. 3(a), (b) and (c) display the iso-surface of
water molecules in the range of 0–1.5 Å in the MKP[001], MKP
[010], and MKP[100] model, respectively. The black diamond
Fig. 5 The histogram of the average dipole moment for interfacial
water molecules in the range of 0–2 Å.

This journal is © The Royal Society of Chemistry 2020
pattern in each gure represents the contour plane of the top P
atoms in the corresponding model and the contour plane of the
water molecules is exhibited by the red lines. The distribution of
water molecules near the interface is analyzed with reference to
the relatively xed position of the P atoms. It can be seen from
Fig. 3 that the contour planes of the P atoms in the three models
are highly concentrated and orderly distributed, indicating that
the motion of the P atoms in the crystal region is strongly
restricted. Attracted by the hydrogen bond of and the negative
charge from the phosphate, the water molecules in the range of
0–1.5 Å ow around the phosphate tetrahedrons.

3.1.3 Dipole moment. The hydrophilicity of the MKP
surface was evaluated by the dipole moment of water molecules.
The normalized dipole moment distribution of the water
molecules in the MKP[001] model is shown in Fig. 4. Compared
with the average dipole moment of bulk water (2.44 D), the
average dipole moments of water molecules in the range of 0–2
Å and 2–4 Å along the Z directions are 2.49 D and 2.47 D,
respectively. The average dipole moment of water molecules
decreases to the value of bulk water when it is 20 Å away from
the substrate. The variation trend of the dipole moment
distribution of water molecules in the MKP[010] and MKP[100]
models is the same as that of MKP[001] model: the average
dipole moment of water molecules in the ranges of 0–2 Å, 2–4 Å
and 20–22 Å decreases in turn. Fig. 5 shows the histogram of the
average dipole moment for interfacial water molecules,
distributing in the range of 0–2 Å for the three models. It can be
seen that the average values of dipole moment for the MKP[001]
model, MKP[010] model, MKP[100] model are 2.492 D, 2.474 D
and 2.467 D, with the standard deviation of 0.1424, 0.1441 and
0.1445, respectively. The average dipole moments of water
molecules near MKP surfaces are all larger than 2.44 D, which
indicates that three MKP surfaces are hydrophilic. In addition,
the hydrophilicity of the MKP[001], MKP[010] and MKP[100]
models decreases in turn. Because three oxygens in phosphate
tetrahedron of the MKP[001] model protrude into the solution
with stronger negative charge, while only one oxygen protrude
into the solution at the latter two models with the weaker
negative charge.

3.1.4 Orientation prole. The dipole angle distribution can
further characterize the orientation preference of water mole-
cules near the MKP surface. As shown in Fig. 6(a), the vector
perpendicular to the substrate is normal vector Vn, the angle
bisector of the two hydrogen atoms in the water molecule is
dipolar vector Vd, the angle between the two vectors is dened
as the dipole angle.46 The dipole angle distribution and local
molecular conguration of water molecules in the MKP[001],
MKP[010] and MKP[100] models are shown in Fig. 6(b), (c) and
(d), respectively. It can be seen from Fig. 6(b) that the MKP[001]
model has two peaks in the dipole angle distribution of water
molecules in the range of 1.5 Å from the solid matrix, which are
located at 70–100� and 140–180�, respectively. The rst peak
represents a dipole vector perpendicular to the substrate,
mainly from crystalline water molecules slightly separated from
the crystal surface. The orientation preference is caused by
a combination of hydrogen bonding of oxygen on the phosphate
and Mg–Ow attraction. The second peak indicates the dipole
RSC Adv., 2020, 10, 40180–40195 | 40185
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Fig. 6 (a) Schematic diagram of the dipole angle of water; dipole angle distribution and local molecular configuration of water molecules (b) in
the MKP[001] model, (c) in the MKP[010] model, (d) in the MKP[100] model.
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vector of water molecules points to the solid matrix. The oxygen
atoms on the tetrahedral phosphate accept the hydrogen bonds
from these water molecules. Within 1.5–3 Å from the solid
substrate, the rst peak between 70� and 100� disappears and
the second peak decreases to between 120� and 160�. This
means that the interaction with magnesium ions becomes quite
weak and the phosphate has strong negative charge due to the
three oxygen atoms, which plays a dominant role in attracting
hydrogen in water molecules.

As shown in Fig. 6(c), the dipole angles of water molecules in
the range of 1.5 Å from solid matrix are mainly distributed
between 80� and 160� in the MKP[010] model. It's mainly
because the negative charges of the phosphate attract water
molecules, resulting in the large dipole angle of some water
molecules. In the range of 1.5–3 Å from solid matrix, the dipole
angle of water molecules only has a weak peak near 130�, and
the overall distribution is relatively uniform.

Fig. 6(d) shows that the MKP[100] model has two peaks in
the dipole angle distribution of water molecules in the range of
1.5 Å from the solid matrix, which are distributed between 40–
70� and 120–170�, respectively. When the distance from the
solid matrix is 1.5–3 Å, the dipole angle distribution is relatively
uniform and there is no obvious peak. It can be seen that within
40186 | RSC Adv., 2020, 10, 40180–40195
the range of 1.5 Å from the solid matrix, the dipole angles of
water molecules in the three models are mainly more than 90�,
and even the majority of MKP[001] model's dipole angles of
water molecules are more than 120�. In addition, within the
range of 1.5–3 Å from the solid matrix, most of the water
molecules with dipole angle greater than 90� still occupy the
majority in the MKP[001] model. However, the MKP[010] model
and the MKP[100] model have uniform dipole angle distribu-
tion in this range and there are no obvious peaks. This is
because there is only one oxygen protruding into the solution in
the later two models, and the negative charge at the interface is
weak, so the range of water molecules affected is limited. The
dipole angle distributions of the three models are different,
mainly due to the difference in atomic distribution character-
istics and charges distribution at the interface.

3.1.5 Hydrogen bond. Water molecules accumulate at the
interface mainly by forming hydrogen bonds with oxygen atoms
in adjacent phosphates and water molecules. As shown in Fig. 7,
there are two conditions for forming hydrogen bond (H-bond):
the distance between adjacent oxygen atom and hydrogen atom
is less than 2.45 Å and the angle of angle O–O–H (oxygen in
acceptor–oxygen in donator–hydrogen in donator) should be
less than 30 degrees. If these two conditions are met, the water
This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Schematic diagram of hydrogen bond structure.

Table 1 Hydrogen bond distribution of MKP[001] model in different
ranges

Type �3 to 0 Å 0–3 Å 3–6 Å 18–21 Å

Ow-d-Ow 0.17 0.78 1.47 1.56
Ow-a-Ow 0.49 1.04 1.33 1.61
Ow-d-Os 1.85 1.07 0.11 0.00
Total 2.51 2.89 2.91 3.17

Table 2 Hydrogen bond distribution of MKP[010] model in different
ranges

Type �3 to 0 Å 0–3 Å 3–6 Å 18–21 Å

Ow-d-Ow 0.71 0.98 1.42 1.51
Ow-a-Ow 0.45 1.54 1.53 1.62
Ow-d-Os 0.98 0.60 0.15 0.00
Total 2.14 3.12 3.10 3.13

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
N

ov
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 1

2/
8/

20
25

 1
1:

45
:1

7 
PM

. 
 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-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
molecule that provides a hydrogen atom to form the H-bond is
referred to as the donor, while the water molecule providing the
oxygen atom is the acceptor.47 On the surface of the MKPmatrix,
the oxygen atom (Os) in the phosphoric acid tetrahedrons and
oxygen atom (Ow) in the water molecules can be connected to
the surface-adsorbed water through H-bond. The average
numbers of H-bond in the different ranges along the vertical
matrix direction for the MKP[001], MKP[010] and MKP[100]
models are shown in Tables 1, 2 and 3, respectively. “a” and “d”
denote “accept” and “donate”. There are three types of H-bonds:
“Ow-d-Ow” implies that water molecules contribute hydrogen
bond to surrounding water molecules, “Ow-a-Ow” indicates that
Table 3 Hydrogen bond distribution of MKP[100] model in different
ranges

Type �3 to 0 Å 0–3 Å 3–6 Å 18–21 Å

Ow-d-Ow 0.67 1.16 1.53 1.52
Ow-a-Ow 0.57 1.39 1.50 1.59
Ow-d-Os 1.01 0.49 0.00 0.00
Total 2.25 3.04 3.03 3.11

This journal is © The Royal Society of Chemistry 2020
water molecules receive hydrogen bond from surrounding water
molecules, “Ow-d-Os” means that water molecules contribute
hydrogen bond to oxygen atoms in phosphate tetrahedral.
“Total” represents the total number of all types of hydrogen
bonds.

From Table 1, the numbers of H-bonds of the Ow-d-Ow and
Ow-a-Ow types at the interface, the transition of the matrix to
the solution, increases sharply for the MKP[001] model. It is
noteworthy that the number of H-bonds accepted by water
Fig. 8 The molecular configuration at 2000 ps (a) for MKP[001]
model, (b) for MKP[010] model, (c) for MKP[100] model.
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molecules is more than that of H-bonds contributed in the
region of 3 Å above the interface line. It is consistent with that
water molecules in this region prefer to point their OH vectors
toward the matrix and accept H-bonds from the upper water
layer. Therefore, the average number of hydrogen bonds
contributed is more than that of hydrogen bonds accepted for
water molecules in the region of 3–6 Å away from matrix. In the
region above 6 Å from the interface, the water molecule
contributes roughly 1.6 H-bonds and accept 1.6 H-bonds from
the surrounding water molecules (close to the bulk water value).
Besides, from 0 Å to 6 Å away from the crystal surface, the
number of H-bonds (Ow-d-Os) contributed by the water mole-
cules to the phosphate gradually decreases from 1.1 to 0. From
the substrate to the solution, the total number of H-bonds
increases from 2.5 and stabilizes at around 3.17 in the
process from matrix to solution.

As exhibited in Tables 2 and 3, the MKP[010] and MKP[100]
models have the same trend as the MKP[001] model for the
number of H-bonds of the Ow-d-Ow and Ow-a-Ow types at the
interface: sharp increase. In the solution far away from the
substrate, the amount of H-bonds contributed by the water
molecules is almost the same as that received from the
surrounding water molecules, all of which are about 1.6.
Moreover, from 0 Å to 6 Å away from the crystal surface, the
number of the Ow-d-Os H-bonds in the MKP[010] andMKP[100]
models gradually decreased from 0.60 and 0.49 to 0, respec-
tively. The total numbers of H-bonds for three models increase
from about 2.1 in the substrate to about 3.1 in the solution.
3.2 Adsorption of Na and Cl ions on the MKP surface

In Section 3.1, the molecular structure of the interfacial water
molecules was analyzed by the density distribution, the orien-
tation preference and the hydrogen bond. In addition to water
molecules, potassium, sodium and chloride ions also exhibit
local structural characteristics near the surface of MKP.

3.2.1 Molecular conguration. Molecular congurations
can exhibit atomic congurations at different time, character-
izing the model stability and the adsorption and desorption of
ions. Fig. 8(a), (b) and (c) show the molecular congurations of
MKP[001], MKP[010] and MKP[100] models at 2000 ps, respec-
tively. As shown in Fig. 8(a), with the increase of simulation
time, potassium ions in the highlighted giant region were
separated from the surface of the MKP and diffused into the
solution. At 2000 ps, there were a large amount of potassium
ions separating from the MKP[001] surface and diffusing into
the solution. At the same time, a large amount of sodium ions
are gradually adsorbed and accumulated in the surface region.
More interestingly, a small amount of phosphate tetrahedrons
are pulled out of the crystal matrix. This means that the
desorption of surface water molecules and potassium ions can
interfere with the orderly atomic arrangement on the MKP
crystal surface. In addition, some potassium ions leave the
crystal matrix and remain in the solution.

Very few potassium ions are separated from the MKP surface
and diffused into solution at 2000 ps for MKP[010] model, as
shown in Fig. 8(b). Meanwhile, many sodium ions are gradually
40188 | RSC Adv., 2020, 10, 40180–40195
adsorbed on the surface region and accumulated in this region.
Interestingly, a small amount of the phosphate tetrahedrons
have large vibration and rotation and even individual tetrahe-
drons are pulled out of the crystal matrix, as shown in Fig. 8(b)
with phosphate tetrahedron in the blue dotted box. In addition,
some chloride ions diffuse into the vacant region between the
uppermost phosphate tetrahedrons and combine with the inner
potassium and magnesium ions. The above phenomena indi-
cates signicant differences in the ion adsorption and desorp-
tion betweenMKP[001] model andMKP[010] model. It is mainly
because the phosphoric acid tetrahedron in MKP[010] model is
in the outermost layer, which can restrict the diffusion of
potassium ions in the inner layer, when the larger space
between the uppermost phosphate tetrahedron gives the
opportunity for chloride ions to diffuse here.

As exhibited in Fig. 8(c), trace of potassium ions separate
from the surface of MKP and diffuse into the solution at 2000 ps
for the MKP[100] model, while plenty of sodium ions are
gradually adsorbed on the surface area. The phosphate tetra-
hedrons only vibrate near the in situ and have not been pulled
out of the crystal matrix. This is due to the very small amount of
potassium ion desorption, which does not perturb the originally
ordered atomic arrangement on the MKP crystal surface. Thus,
a large number of sodium ions are adsorbed at the interface of
all three models, and some potassium ions are desorbed from
the matrix. In the MKP[001] model, the amount of potassium
ions separated from the matrix and diffused into the solution is
the most, and a small amount of phosphate tetrahedron is
pulled out from the crystal matrix, the interface crystal is the
most disordered, and the repulsion to chloride ion is the
strongest. In MKP[010] model, the amount of potassium ion
desorption is the least, and chloride ions can enter into the
vacancy area between phosphate tetrahedrons. The interface
crystal of MKP[100] model is the most ordered. The atomic
spatial structure distribution characteristics of the threemodels
are different, resulting in three models exhibiting different ion
desorption, adsorption, and crystal disorder.

In conclusion, some potassium ions at MKP interface were
separated from connection of K–Os bonds and diffused into the
solution. A small amount of phosphate tetrahedron had large
vibration and rotation, and even individual phosphate tetra-
hedron was pulled out from the crystal matrix. Under the attack
of water and ions, the chemical stability of MKP crystal
decreased and the crystal order was destroyed. From a molec-
ular perspective, this explains the degradation of mechanical
properties and microstructure of MPC aer immersion in NaCl
solution.8,10

3.2.2 Density distribution of ions. The ion's intensity
prole can well characterize the distribution of ions at the
interface, reecting the adsorption and desorption behavior of
ions. The ion density distributions of MKP[001], MKP[010] and
MKP[100] models are shown in Fig. 9 (a), (b) and (c), respec-
tively. As displayed in Fig. 9(a) for the MKP[001] model, potas-
sium ions have high intensity peaks in the crystal region, while
surface potassium ions have two small intensity peaks with
wide distribution. It indicates that some surface potassium ions
initially combine with phosphate tetrahedrons and then
This journal is © The Royal Society of Chemistry 2020
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Fig. 9 The ion density distributions (a) for MKP[001] model, (b) for MKP[010] model, (c) for MKP[100] model.
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dissociate from the MKP matrix. A lot of sodium ions accu-
mulate on the MKP surface and form double peaks on the
density prole. The surface phosphate tetrahedrons have strong
attraction to both potassium and sodium ions.
This journal is © The Royal Society of Chemistry 2020
On the other hand, chloride ions do not distribute in the
range of 3 Å above the MKP crystal, which indicates that the
interface of MKP[001] model has a strong repellency to anions.
Magnesium ions have high intensity peaks in the crystal region,
RSC Adv., 2020, 10, 40180–40195 | 40189

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra07717h


Table 5 Coordination number of Na

Type MKP[001] MKP[010] MKP[100]

Na Ow 5.18 5.00 4.56
Os 0.77 0.67 1.07
Cl 0.02 0.10 0.07
Total 5.97 5.77 5.70
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meaning that magnesium ions are orderly arranged in the
crystal region. The phosphorus atoms also have a high intensity
peak in the crystal region, but a slow peak is branched at the
boundary, implying that part of the phosphorus atoms at the
interface move into the solution. This is consistent with the
phenomenon observed in Fig. 8(a) that a small amount of
phosphate tetrahedrons at the interface is pulled out from the
crystal matrix. The orderly atomic arrangement on the MKP
crystal surface can be disturbed by the desorption of water
molecules and potassium ions.

Fig. 9(b) shows that in the MKP[010] model, potassium ions
also have high intensity peaks in the crystal region, while
surface potassium ions have a small intensity peak with wide
distribution. It represents that a small amount of surface
potassium ions are desorbed from the MKP substrate. In
addition, the MKP surface accumulates more sodium ions with
strong attraction by the phosphate tetrahedron. On the other
hand, the position of the rst peak of the chloride ion density
distribution is about 1 Å deep into the crystal. It is due to the
diffusion of chloride ions into the vacant region between the
tetrahedron and chloride ions combine with the potassium and
magnesium ions in the inner layer. The distribution of chloride
ions at the interface for the MKP[010] model is signicantly
different from that of the MKP[001] and MKP[100] models.

Fig. 9(c) shows that in the MKP[100] model, potassium ions
are orderly arranged in the crystal region, while surface potas-
sium ions have a small intensity peak, which means that the
trace potassium ions are desorbed from the MKP matrix. Plenty
of sodium ions also aggregate on the surface of MKP. Never-
theless, the interfacial potassium ion density peak of MKP[001]
model is higher than that of sodium ion, while the interfacial
potassium ion density peak of MKP[100] model is lower than
that of sodium ion. It also certies that only a few surface
potassium ions in MKP[100] model diffuse into solution
observed in Fig. 8(c). On the other hand, the position of the rst
peak of the chloride ions at the interface coincides with that of
the sodium ions, because the chloride ions are adsorbed on the
surface by numerous magnesium ions and potassium ions at
the interface. The second peak of the chloride ions is located
further away than the second peak of the sodium ions. The
chloride ions at the second peak form ion pairs with the surface
cations (including the adsorbed sodium ions and the diffused
potassium ions). The distribution of chloride ions at the inter-
face of the MKP[100] model has signicant difference from that
of the MKP[001] and MKP[010] models. This is due to the weak
negative charges at the interface of MKP[100] model and the
plentiful magnesium and potassium ions on the surface
exposed to the solution.
Table 4 Coordination number of K

Type MKP[001] MKP[010] MKP[100]

K Ow 7.23 5.09 6.94
Os 0.35 0.00 1.00
Cl 0.04 0.23 0.05
Total 7.62 5.32 7.99

40190 | RSC Adv., 2020, 10, 40180–40195
3.2.3 Coordination numbers (CN). The interaction between
ions and the interface can be better understood by analyzing the
coordination number (CN) around the ions. The CN represents
the number of surrounding ions in the rst minimum region of
the RDF curve. The average CN distribution of ions of the three
models in the range of 0–5 Å is shown in Tables 4–6.

Table 4 shows the CN of potassium ions for three directional
models. In the MKP[001] model, there are 7.23 water molecules,
0.35 phosphate oxygen atoms and 0.04 chloride ions around
each potassium ion. In the MKP[010] model, potassium ions
have 5.32 coordinating atoms, including 5.10 water molecules
and 0.23 chloride ions. 6.94 water molecules, 1.00 Os and 0.05
Cl are distributed around the potassium ion for the MKP[100]
model. The number of Os around potassium ion in MKP[100]
model is the largest. It is because only a small amount of
potassium ions in the MKP[100] model are desorbed from the
matrix and diffused to the solution at a relatively close distance,
so there are more Os around the potassium ions. In addition,
the number of Cl around potassium ion in the MKP[010] model
is the largest, which is due to the fact that some chloride ions
enter the vacancy region of matrix. The interfaces of MKP[001]
model and MKP[100] model have some repulsion to chloride
ions. The results of the above coordination numbers are
consistent with the observed phenomena in Section 3.2.1.

The CN of sodium ions in the range of 5 Å of the three
models are shown in Table 5. The total CN of sodium ions in
MKP[001], MKP[010] and MKP[100] models are 5.97, 5.77 and
5.70, respectively. Compared to potassium ions, sodium ions
with smaller hydration radius have fewer CN. The coordination
number of Ow around ions is called the hydration number of
ions. In the MKP interface model, the average hydration
number of K+ and Na+ are between 5.09–7.23 and 4.56–5.18,
respectively, which are within the range of previous test results
and simulation results. The hydration number range of Na+

measured by X-ray and neutron diffraction methods is 4–8. The
hydration number range of K+ obtained by simulation calcula-
tion is 6.3–7.8. It can be seen that the interaction between ions
Table 6 Coordination number of Cl

Type MKP[001] MKP[010] MKP[100]

Cl Ow 2.14 6.60 7.72
K 0.45 0.06 0.44
Na 0.07 0.27 0.15
Total 2.66 6.93 8.31

This journal is © The Royal Society of Chemistry 2020
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Table 7 The resident time for K–Cl and Na–Cl (unit: ps)

Pair type MKP[001] MKP[010] MKP[100]

K–Cl 36.78 63.67 59.17
Na–Cl 24.46 45.01 37.62
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and water molecules calculated by the models in this paper is
accurate.48–50

Within 5 Å from the MKP crystal surface, the CN of chloride
ions for three models is listed in Table 6. The total chloride
coordination number of MKP[010] model and MKP[100] model
were 6.93 and 8.31, respectively, while that of MKP[001] model
was 2.66 and the least. It is because the MKP[001] model
Fig. 10 The time correlation functions of the chemical bond (a) for MKP

This journal is © The Royal Society of Chemistry 2020
interface has the strongest negative charge with the strongest
rejection to chloride ions.
3.3 Dynamics properties of water and ions in the interfacial
region

3.3.1 Time correlation function (TCF). Time correlation
function (TCF) can describe the dynamic characteristics of and
the stability of various chemical bonds, characterizing the
degree of ion curing. TCF is dened as:

CðtÞ ¼ hdbðtÞdbð0Þi
hdbð0Þdbð0Þi (1)

where db(t) ¼ b(t) � hbi, b(t) is a binary operator, if the bond is
formed between atoms, the value of b(t) is 1, otherwise it is 0.
hbi is the average of b at all times. As the simulation time
elapses, chemical bonds break or form. If the chemical bond is
[001] model, (b) for MKP[010] model, (c) for MKP[100] model.

RSC Adv., 2020, 10, 40180–40195 | 40191
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relatively stable and there is substantially no break, the TCF
value is 1. Conversely, if the chemical bond breaks frequently,
the TCF value will gradually decrease. The stability of the bond
can be evaluated by comparing the TCF curves of the ions in
different models.

By integrating with eqn (2), the resident time (sres) of an atom
around the central atom can be obtained:

sres ¼
ðN
0

CðtÞdt (2)

The resident time describes the time required for an atom to
escape from the vicinity of a central atom. The resident time of
the ion pairs in different models is shown in Table 7. Fig. 10(a),
(b) and (c) display the chemical bond TCF of theMKP[001], MKP
[010] andMKP[100] models, respectively. As exhibited in Fig. 10,
the TCF of K–Cl at 100 ps decreases to 0.11, 0.59 and 0.34 for the
MKP[001], MKP[010] and MKP[100] models, respectively, while
Fig. 11 The MSD of the ions in the three direction models (a) potassium

40192 | RSC Adv., 2020, 10, 40180–40195
the TCF of Na–Cl drops rapidly to 0.00, 0.31 and 0.10, respec-
tively. In the three models, the TCF of Na–Cl decreases faster
than that of K–Cl, because the radius of the sodium atom is
smaller, resulting in the more unstable Na–Cl ion bond. In the
three direction models, the TCF curve of K–Cl in the MKP[010]
model declined the slowest. Besides, from Table 7, the resident
time of K–Cl in MKP[001], MKP[010] andMKP[100] models were
36.78 ps, 63.67 PS and 59.17 ps, respectively. The order of K–Cl
bond stability in different models is: MKP[010] > MKP[100] >
MKP[001]. This is because in the MKP[010] model, some chlo-
ride ions enter the matrix vacancy region with the low mobility
and the ionic bond formed with potassium ions is not easy to
break, the resident time with sodium ion also is the longest in
the three models. The interface in the MKP[001] model has
strong repulsion to chloride ions, which leads to weak stability
of K–Cl and Na–Cl ion bonds.

3.3.2 The mean square displacement (MSD) of ions. The
mean square displacement (MSD) is the statistical average of
ion, (b) chloride ion, (c) sodium ion.

This journal is © The Royal Society of Chemistry 2020
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the particle trajectories over time. It can be used to evaluate the
motion characteristics of water molecules and ions. The MSD is
dened as:

MSD ðtÞ ¼
Xn

i¼1

D
|riðtÞ � rið0Þ|2

E
(3)

where n indicates the number of atoms to be counted, ri(t)
represents the position of the i-th atom at time t, ri(0) denotes
the initial position of the i-th atom.

The MSD of the ions in the three direction models is shown
in Fig. 11. Fig. 11(a) shows the MSD curve of potassium ion in
the three models. The order of potassium ion movement rate in
different models is: MKP[010] > MKP[100] > MKP[001]. This is
because the MKP[001] model interface has strong negative
charge and strong adsorption capacity for potassium ions. At
the same time, the amount of potassium ions desorb from the
matrix in MKP[001] model is the largest, and a large number of
potassium ions hinder the mobility of each other. However, the
MKP[010] model interface has weak negative charge and only
a few potassium ions are desorbed from the matrix, so the
potassium ions can move faster. The MSD curve of chloride ion
in the threemodels is shown in Fig. 11(b). It can be seen that the
diffusion of chloride ion in MKP[010] model is very slow at rst,
This is because the chloride ions move in the vacancy region of
the phosphate tetrahedron and are constrained by the
surrounding atoms. Until 600 ps, the chloride ions escape from
the vacancy area and can move freely, so the MSD curve
increases sharply. The MKP[001] model interface has strong
negative charge and strong repulsion to chloride ions, so chlo-
ride ions can move faster. The MSD of sodium ions in the three
models are exhibited in Fig. 11(c). The sodium ions of MKP[010]
model move more slowly, which is due to the Coulomb inter-
action between the sodium ions and the chloride ions in the
vacancy region. The results in Section 3.3.1 also show that the
Na–Cl resident time of MKP[010] model is the longest, so the
sodium ions have weaker mobility due to the inuence of
chloride ion.
4 Conclusion

In this paper, the interface models of MKP crystal with sodium
chloride solution in three directions were established by
molecular dynamics. The interaction of MKP interface with
water and ions was studied, the durability of MPC in sodium
chloride solution was explained at the molecular level. The
following conclusions are drawn:

(1) A large number of water molecules are adsorbed on the
MKP crystal surface through hydrogen bond and Coulomb
interaction. Thus, near the interface, water molecule density
distribution form a peak, the dipole moment of water molecules
in the interface region increases, the dipole angle is distributed
at greater than 90� mainly. This means that the dipole vector of
most of water molecules points to the solid matrix and the
crystal surfaces in all three directions show hydrophilicity.
However, in the three-direction model, the atomic distribution
characteristics and charge distribution at the interface are
This journal is © The Royal Society of Chemistry 2020
different, resulting in slightly different inuence on water
molecules. Among them, MKP[001] model interface has the
most signicant effect on the orientation of water molecules
nearby.

(2) Plenty of sodium ions are adsorbed at the interface of all
three models, and some potassium ions are desorbed from the
matrix. In the MKP[001] model, the amount of potassium ions
separated from the matrix and diffused into the solution is the
most, the interface crystal is the most disordered, and the
repulsion to chloride ion is the strongest. In MKP[010] model,
the amount of potassium ion desorption is the least, and
chloride ions can enter into the vacancy area between phos-
phate tetrahedrons. The interface crystal of MKP[100] model is
the most ordered. Due to the attack of water and ions, the K–Os
bond loses its chemical stability and the order of the MKP
crystal is destroyed, which explains the reason for the decline of
MPC performance aer the erosion of sodium chloride solution
at the molecular level.

(3) In the three models, the Na–Cl ion bond is more unstable
than K–Cl due to the smaller radius of the sodium atom. The
stability of ionic bonds in the models is as follows: MKP[010] >
MKP[100] > MKP[001]. This is because in the MKP[010] model,
some chloride ions enter the matrix vacancy region with the low
mobility and the ionic bond formed with cation ions is not easy
to break. Therefore, the resident time with cation ion also is the
longest in the three models. It is also known from the MSD
curve of the ions that the chloride ion mobility of the MKP[010]
model is the weakest.
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