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ABSTRACT

For the coupled reaction-extraction-alcohol precipitation
process, it is necessary to investigate the effect of
ethanol on MgC03:3H,0 at the molecular level. In this
study, DFT calculations of the nesquehonite growth
models were performed to analyze the growth unit
adsorption mechanism in the presence of solvent
molecules. Furthermore, molecular dynamics
simulations of solid-liquid interface models and
Mg(HCOs); solution boxes were conducted. The
calculated results showed that with the ethanol effects,
the adsorption rate of GU was increased by weakening
competition of water molecules and the transformation
rate of Mg(HCOs); to nesquehonite was raised by
reducing the coordination number of magnesium ions.
Keywords: MgCO5:3H,0, ethanol, CO, mineralization,
DFT, molecular dynamics simulation

1. INTRODUCTION

Mineralizing CO; is an effective way to reduce the
greenhouse effect. However, most CO, utilization
projects are difficult to be commercialized due to high
costs!!). Coupled reaction extraction alcohol precipitation
process? to mineralize CO; is an effective and achievable
method, in which waste MgCl, and greenhouse gas
carbon dioxide are transformed into high-valued
magnesium carbonate and hydrogen chloride. The
process mentioned above can be described by the
following equation:

2MgCl, +2CO, +14H,0 +4R ;N (0) —,
2MgCO,-3H,0 { +(R;N), (HCI), (H,0), (o)

(1)

Nesquehonite is a naturally occurring magnesium
carbonate with a chemical formula of MgCOs3:3H,0.
Because of its excellent physico-chemical properties,
such as non-toxicity, high physical strength and high

electrical insulation, nesquehonite is widely applied in
medical, cosmetics and electronics industries ¥, etc.

As generally known, Ethanol strongly affect the
morphologies of crystals and influences their phase
stabilities in mixed water—ethanol solutions®7. The
previous studies mainly focused on the effect of ethanol
on the reaction rate and yield of crystal®®. However, the
effect of ethanol on the morphology of the MgCO3-3H,0
is still unclear.

In this study, the effect of ethanol on crystal growth
and morphology of MgC0Os:3H,0 was investigated from
the aspects of DFT calculation and molecular dynamics
simulation. The main aim was to explain the growth
mechanism of MgC03:3H,0 in the presence of ethanol at
the molecular level. The results of this study would fill
the gap between crystallographic characteristics and the
crystal morphology.

2. EXPERIMENTAL
2.1 Materials and synthesis of MgCO3-3H,0

Ethanol (299.7wt%) and analytically pure MgCl,,
Na,CO; were purchased from Sinopharm Chemical
Reagent Co., Ltd., China. CO, with 99.9% purity was
supplied by Air Liquide (China) R&D Co., Ltd. Each
experiment was conducted with deionized water.
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The experimental device used in nesquehonite
crystallization experiments was illustrated in Fig. 1. The
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Fig. 1. Schematic illustration of the experimental device
(1-jacketed reactor;2-stirrer;3- thermostatic water bath)
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1991 (PW91) exchange
correlation  function for generalized gradient
approximation (GGA) in the CASTEP program of
Materials Studio software was adopted to perform all
the periodic DFT calculations through this work. A plane-
wave cutoff energy of 540 eV was chosen for the
nesquehonite DFT calculations, while Brillouin-zone
integrations were sampled with k-point of a 3x5x2 grid,
which were the most appropriate for the system.
Particularly, a set of ultrasoft pseudo-potentials
designated as 00.usp were employed for H, C, O and Mg
elements to describe the electron-ion interactions!®. For
self-consistent electronic minimization, the SCF
tolerance was set as “fine” with high accuracy of 1x10®
eV/atom for energy convergence. Geometry structures
were optimized until the changes in forces and energy
less 0.05 eV/A and 2x10° eV/atom, respectively, in two
successive iterations.
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Fig. 2. Schematic representation of the solid-liquid box modeling procedure

Mg(HCOs); solution with a concentration of 0.20 mol/L
was newly prepared for each experiment because it is
unstable. First, 500 mL Mg(HCOs), solution was added to
the jacketed reactor. The reaction temperature was
controlled at 25°C by thermostatic water bath and the
agitation rate was maintained at 300 rpm. Then, a
certain amount of ethanol was added into the reactor
rapidly. After reaction, the suspension was filtered,
washed with deionized water, and dried at 40°C for 24 h.

The crystal morphology of the nesquehonite samples
was obtained by using a high-resolution scanning
electron microscope (SEM, Nava NanoSEM 450, FEl,
USA). The crystal structures of the samples were
determined by X-ray diffraction (XRD, D8 Advance,
Bruker, Germany). A laser particle size analyzer
(Mastersizer 3000, Malvern, England) was employed to
determine the particle size of the samples.

2.2 Computational Methods

2.3 The adsorption model

Three growth surfaces of Nesquehonite slab model
was optimized to calculate adsorption energies between
growth unit and crystal surface both in water and in the
presence of ethanol molecules. To reduce the impact of
human factors and ensure an adequate distribution of
the water layer and ethanol-water layer, the water layer
(54 water molecules) and ethanol-water layer (54 water
molecules and 13 ethanol molecules) were placed
respectively on the relaxed surface of nesquehonite to
construct an interface system. The molecular dynamic
simulation of the interface system was carried out in
Forcite module with NVT ensemble for 1500 picoseconds
to ensure the surface molecules relax within the
completely fixed surface. In order to save the calculation
cost, only the molecules closest to the surface were
retained for the following DFT calculations!*?). Structure



of the Dominant Growth Unit of nesquehonite was
obtained as described in reference*.,

The relaxed surfaces, the closest solution molecules
and the growth unit (GU) were used to construct the
adsorption models. After that, the Castep tool served to
optimize the structure of the adsorption models.

The binding energy of GU on the nesquehonite
relaxed surface were calculated by the formula below:

(2)

AE=E

system - EGU+squtior| - Esurf+so|ution + Esolution

where Eqstem is the total energy of the optimized
adsorption system; Egussolution iS the energy of growth unit
and closest solution molecules; Esurfsolution iS the energy
of nesquehonite relaxed surface and closest solution
molecules. Note that the more negative the binding
energy is, the much tighter binding between the growth
unit and surface.

2.4 MD simulations

All MD simulations were performed in the Forcite
program of Materials Studio software with the COMPASS
Il force field. The convergence level was ultrafine.
Temperature and pressure were controlled using the
nose method. The total energy while using the NVT
ensemble was recorded to determine the equilibrium.

To illustrate the interaction mechanism between
crystal surface and solvent, solid-liquid interface models
(Etotal) Were built to calculate the interaction energy of
water or ethanol (Esonent) On the fixed supercell surface
(Esurf), respectively. The models were relaxed by
geometry optimization and NVT (1500 ps, 298.15 K)
dynamic simulations. The interaction energy was
determined as follows:

E..=E Eoonvent — Esur (3)

Solution simulations were carried out for Mg(HCOs),
aqueous solutions with different ethanol concentrations.
The detailed information of Mg(HCOs); solution boxes is
shown in Table 1, which is based on real solutions. The
boxes were relaxed by geometry optimization, NPT (P =
10 GPa, T = 298.15 K, 1500 ps), and NVT (1500 ps, T =
298.15 K) dynamic simulations.

int Total —

Table 1. Detailed information of Mg(HCO3), solution boxes
wt/%  Mg?* HCOs H.0 EtOH p/gmL?

0% 3 6 780 0 1.029
13.0% 3 6 780 33 1.005
39.0% 3 6 780 195 0.955
60.0% 3 6 780 333 0.903

The mean square displacement (MSD) for evaluating
the Mg?* diffusion performance was calculated by the
formula below:

MSng(h’i(t)—n(O)r) (4)

where ri(t) is the position of the iion at time t, and r{0) is
the initial position.
The radial distribution function (RDF) between Mg

Table 3. Surface energies of different relaxed surfaces

Surface A/AR Relaxed Esurt (J/m?)
(1,0,1) 79.150 0.2376
(-1,0,1) 78.330 0.3537
(0,1,1) 102.286 0.5697

Fig. 4. Structures of different nesquehonite surfaces
a_(lloll)l b_(_lloll); c_(ollll)

ions and water molecules in the NVT frame represents
the position of the different water molecules relative to
the Mg ion. This could explain the influence mechanism
of ethanol for the Mg ions structure of liquid at atomic
level. The average number of solvent molecules around
an ion in the first solvation circle is defined as the
coordination number, which was calculated as follows:

CN(r) = Ior4rtr2pg(r)dr (5)

where CN(r) is the average coordination number, p is the
average number density, g(r) and r represent the radial
distribution function and the first peak-valley distance,
respectively.

3. RESULT AND DISCUSSION
3.1 Crystal morphology of MgCQO3-3H,0

‘(011)

Fig. 3. (a) The lattice structure of MgCO3-3H,0 after
geometry optimization; (b) Crystal morphology of
MgCOs-3H20 predicted by AE model. (c) SEM image of
MgCOs-3H20 cultivated from water solvent.



The bulk crystal structure of the nesquehonite
displayed in Fig.3 (a) was obtained from the American
Mineralogist Crystal Structure Database (AMCSD). As can
be seen from Table 2, The lattice parameters of the
optimized nesquehonite structure were consistent with
the experimental results!*?.,

As shown in Fig.3, the crystal morphology of
nesquehonite predicted by the attachment energy
model (AE model) was in good agreement with the SEM

Table 2. Comparison of Experimental and optimized Lattice
Parameters of MgC0O3:3H.0

Parameter Experimental Castep Difference

a (A) 7.701 7.833 1.71%
b (A) 5.365 5.518 2.85%
c (A) 12.126 11.928  -1.63%
B () 90.410 90.648  0.26%

result of nesquehonite prepared from the water solvent.
The results showed that (101), (-101), and (011) were the
most commonly exposed surfaces. Therefore, (101), (-
101), and (011) surfaces was chosen as the further study
object for following simulations.

Accordingly, the Gibbs-Curie-Wulff theorem!3!
states that the growth rate of the crystal plane is in
proportion to the surface energy, and crystal
morphology is determined by the slow growth rate
surfaces with low surface energies. Based on the
calculations presented in table 3, (011) surface has the
highest surface energy expected to the fastest growth
rate. (101) and (-101) surfaces are more stable than (011)
surface, thus nesquehonite crystal tend to be needle-like
shape.

3.2 Growth Properties of nesquehonite Surfaces in
vacuum

The chemical structure of Mg(HCOs); in aqueous
solution is [MgHCO3(H20)4]", which was calculated
through first principles molecular dynamics simula-
tions!*. The optimized structure of [MgHCO3(H,0).]*
represents the growth unit of nesquehonite in agueous
solution.

In order to obtain the growth properties without
external influence, the adsorption models of GU on
nesquehonite surface in vacuum were investigated.

For (101) and (-101) surfaces, there is no exposed Mg
or C atom, meaning no ionic bond could be formed
between GU and surface. For the (011) surface, it has
three adsorption modes. One type is that one O atom of
HCOs; (O¢) in GU is put directly above the Mg atom of the
surface, while the second type is that one O atom of H,0O
(Ow) in GU is placed above the Mg atom. The third type
is two-point adsorption mode, which is put the GU on the

top site with its O and Mg atoms toward the Mg and O
atoms of the surface, respectively.
Table 4 shows the adsorption energies of GU onto
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Fig. 7. Side views of the growth unit with 10 water
molecules adsorbing onto the surfaces of nequehonite

nesquehonite surfaces in vacuum. The values of Erota are
negative than that of the (011) surface, indicating the

(011)

Fig. 6. Side views of the growth unit adsorbing onto the
surfaces of nequehonite

(101) and (-101) surfaces are more stable surfaces after
adsorption. The double point adsorption mode of (011)
surface is the dominant adsorption type because of the
most negative value of AEags.

3.3 The Growth model with H,O molecules

It is necessary to investigate the adsorption
behaviors of GU with H,O molecules on nesquehonite
surface because the solvent effect cannot be neglected.

Table 5. Adsorption Energies of Growth Unit onto Surfaces

Surface H20 AE(J/m?) Ethanol AE(J/m?)
(1,0,1) -0.2943 -0.3324
(-1,0,1) -0.4456 -0.6992
(0,1,1) -0.6907 -1.0987

The adsorption energies with water molecules of the
(101) and (-101) surfaces increased, while the (011)
surface was decreased compared with vacuum
environment. This phenomenon might be explained by



the competitive adsorption between GU and water
molecules onto (011) surface.

3.4 Growth model with ethanol and H,O molecules

Fig.8 illustrates the adsorption behavior of GU at
presence of ethanol molecules. The adsorption energies
were more negative when ethanol molecules were
present as a result of weakening competition of water
molecules. Ethanol is a relatively low-polar solvent while
water is a strong polar solvent, so the polarity of the
solution will decrease continuously as ethanol is added
to water™., Therefore, the adsorption of GU on three
nesquehonite exposed planes were enhanced and hence
promotes the growth along all directions.
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Fig. 8. Side views of the growth unit with 12 water and 3
ethanol adsorbing onto the surfaces of nequehonite

3.5 Molecular dynamics simulation results

In order to simulate the change of solvent species,
the adsorption energy of different solvent layers on the
nesquehonite planes was calculated respectively by
changing the proportion of ethanol (wt%=0%, 39.0%,
100.0%) in the solution layer. The specific results were
displayed in Table 6. When the proportion of ethanol
increased from 0% to 100%, the value of interaction
energies between solvent layers and surfaces became
less negative. Therefore, during the process of
crystallization, it would be easier to remove solvent
molecules on the crystal growth surface due to the
presence of ethanol.

Table 6. Interaction Energies of between solvent and Surface
Eint(kcal-mol™-A2)

surface

H.0 0.39wtethanol ethanol
(1,0,1) -0.671 -0.658 -0.553
(-1,0,1) -0.576 -0.557 -0.450
(0,1,2) -1.825 -1.764 -0.972

Molecular dynamic (MD) simulations of different
Mg(HCOs3); boxes were carried out to provide
mechanistic insight into the ethanol influence on Mg ions
in aqueous solution.

The coordination numbers of Mg-O (oxygen in
water) in ethanol-water mixtures obtained by radial
distribution function analysis are shown in Fig. 9.

For pure water solution, the coordination number in
the first solvation circle of Mg ions is 6, which is
consistent with experimental results!*®!, indicating that
the molecular dynamics method adopted in this paper is
reliable. when the mass fraction of ethanol increases
from 13.0% to 60.0%, the coordination number
decreases from 5.66 to 4.33. In conclusion, the addition
of ethanol increases the transformation rate of
Mg(HCOs3), to nesquehonite by reducing the
coordination number of magnesium ions.
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Fig. 9. The running coordination number in solution.
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Fig. 10. MSD analysis of Mg ions in different solutions
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Fig. 11. SEM, XRD and particle size of nesquehonite

Fig.10 shows the mean square displacement (MSD)
of Mg?* in aqueous solutions with different ethanol
concentrations. The red line (wt%=60.0%) shows the
highest MSD values, corresponding to the highest
diffusion coefficient within the time interval (350 ps).
Meanwhile, changes in the diffusion coefficients of Mg?*
derived from the MSD data for high-concentration



ethanol solution (wt% >40.0%) are small (red and green
lines, respectively), reflecting higher concentration had
limited positive effect.

4. CONCLUSIONS

The influence of ethanol on crystal growth and
morphology of MgC0s-3H,0 was investigated through
DFT and MD simulations. The experimental results
showed that the particle size of MgCO;-3H,O was
increased in the presence of ethanol. The first principle
DFT calculations further reveals that the GU in form of
[MgHCO3(H20)4]* is the favorable adsorption
configuration on nesquehonite (011) surface. In addition,
GU adsorbed on the hydration surface of nesquehonite
(011) more strongly than that without ethanol
molecules. The MD simulation results of surface
interaction energy, radial distribution function and mean
square displacement show that the existence of ethanol
improve the transformation rate of Mg(HCOs), to
nesquehonite by reducing the coordination number and
improve the diffusion coefficient of magnesium ions,
respectively. Those findings could provide theoretical
foundations for the coupled reaction-extraction-alcohol
precipitation process to fix CO,.
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