Applied Surface Science 540 (2021) 148320

FI. SEVIER

Contents lists available at ScienceDirect
Applied Surface Science

journal homepage: www.elsevier.com/locate/apsusc

Applied
Sll;l!)face Science

Check for

New insight into absorption characteristics of CO5 on the surface of calcite, [w&s

dolomite, and magnesite

Lin Tao?, Junchen Huang®, Davoud Dastan ”, Tianyu Wang “¢, Jing Li?, Xitao Yin®",

Qi Wang ™"

& School of Materials and Metallurgy, University of Science and Technology Liaoning, Anshan 114051, Liaoning, China

Y School of Materials Science and Engineering, Georgia Institute of Technology, Atlanta GA-30332, USA

¢ Harvard SEAS-CUPB Joint Laboratory on Petroleum Science, Harvard University, Cambridge, MA 02138, USA

4 State Key Laboratory of Petroleum Resources and Prospecting, China University of Petroleum (Beijing), Beijing 102249, China
€ School of Physics and Optoelectronic Engineering, Ludong University, Yantai 264000, Shandong, China

ARTICLE INFO ABSTRACT

Keywords: An electrochemical method and multiscale simulations were used to study adsorption performances of CO3 on
Calcite' the surface of three minerals (calcite, dolomite, and magnesite). Experimental results show that dolomite has the
DOlomlﬁe optimum adsorption performance at different temperatures due to shorter adsorption time and larger adsorption
I(\:’Igzg“eme capacity. The adsorption process of CO2 can be described by the pseudo-first-order kinetic model. The adsorption

rate constant of magnesite is the largest and that of calcite is the smallest, but the adsorption rate constant of
dolomite is closer to that of magnesite. Unexpectedly, multiscale simulations show that the adsorption interface
of COy can be divided into strong and weak adsorption layers. Under saturated adsorption conditions, the
adsorption capacity of CO, is determined by the weak adsorption layer. Results highlight the importance of the
effective adsorption distance for the first time. Furthermore, it confirms that the effective adsorption distance of
calcite is the longest and that of magnesite is the shortest, but the effective adsorption distance of dolomite is
closer to that of calcite. These findings could contribute to design advanced CO, capture and sequestration

Adsorption kinetic
Effective adsorption distance

techniques for achieving both improved shale gas production as well as alleviate the greenhouse effect.

1. Introduction

Global warming has been the focal point of environmental protection
caused by the rising concentration of CO2 in atmosphere [1-3]. In order to
alleviate the greenhouse effect, CO, capture and sequestration (CCS)
technique has been considered as one of the most promising ways [3-5].
Because CCS technique can not only reduce the concentration of CO, but
also enhance recovery of shale gas by injecting CO- into geological for-
mations [6-12].

For CO4 capture, it is mainly used in traditional heavy industries as
diverse as power plants, steel plants and cement plants, which generate
large amounts of flue gas (a CO2/Ny mixture) [3,13,14]. Currently, in-
dustrial process for CO capture is according to the use of liquid sorbents,
which suffers from comparatively low efficiency, toxicity, solvent loss,
and equipment corrosion [15,16]. To overcome the above problems,
membrane has given rise to more attention because of its advantages of
energy saving and no environmental emissions [17]. Still, membrane only
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has good separation performance for the gases that possess large dis-
crepancies in kinetic diameter or polarity. Separation of CO; from flue gas
is difficult, since they have a similar kinetic diameter and no electric
dipole moment [18]. Moreover, this method is costly and temperature has
a great impact on its adsorption performance [19,20].

In this regard, solid sorbents are advised to be environmentally
friendly materials [13,20]. CaO has low cost and high capacity of CO5
[21]. But CaO rapidly loses its potential to capture CO5 during repeated
cycles of annealing and carbonation, on account of the impassable accu-
mulation of calcite on the filling layer surface [22,23]. To avoid these
disadvantages, calcite is considered as an ideal candidate in light of its no
environment pollution, cheapness, large storage, and wide distribution.
Sun et al. [24] confirmed the feasibility of calcite capturing CO5 from flue
gas by molecular dynamics (MD) simulation. Further, Tao et al. [25]
achieved adsorption kinetic analysis of COy on calcite surface by the
electrochemical method.

For CO; sequestration, it can be used in an unconventional
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Fig. 1. Schematic diagram of experiment.

formations environment [9,26]. As shale gas is held in the pore struc-
tures of underground rocks, the injected CO5 can displace shale gas in
the pore space. Hence, CO5 sequestration can not only enhance shale gas
recovery, but also sequestrate the greenhouse gas into subsurface res-
ervoirs. Calcite is the major constituent in the subsurface reservoirs
[12,27]. Because of the complex reservoir conditions, further experi-
ments to investigate the adsorption of CO, on calcite surface might be
challenging [28].

Thus far, most of the researchers used simulation methods to obtain
thermodynamic feasibility. For instance, Mohammed et al. [12] re-
ported the effect of CO4 concentration on the distribution and structure
of asphaltenes in confined calcite nanopore by MD simulation. More-
over, MD simulation was used to investigate the adsorption behavior of
CO4 on the surface of calcite at various temperatures [29,30]. Stipp
group [31,32] performed density functional theory (DFT) method to
determine the adsorption energy on calcite surface for CO, molecule.
Besides, Economou group [33,34] described the anisotropic behavior of
CO> near calcite surface due to strong electrostatic interactions by MD
simulation.

However, the studies of CO2 adsorption mentioned above are all
based on the ideal calcite environment and do not consider the influence
of impurity Mg?* because dolomite-MgCa(COs), widely exists in natural
environment. In other words, the isomorphism phenomenon will often
occur in the crystal lattice of calcite, in which Mg?* can replace Ca?* at
the geological conditions [35,36]. To the best of the authors’ knowledge,
the influence of Mg?" on CO, adsorption behavior is rarely studied, let
alone the information of adsorption kinetic. In this study, three minerals
(calcite-CaCO3, dolomite-MgCa(COs3)2, and magnesite-MgCO3) were
chosen to represent the changes in Mg?" concentration, because they are
the most typical natural minerals in geological environment [27,37,38].

According to the previous work [25], the electrostatic interaction

between CO; and calcite can cause a change in electrical conductivity of
calcite surface, and the law of conductivity change can be characterized
by an electrochemical method. Thus, in the current work, the electro-
chemical technique was utilized to achieve the adsorption features of
CO-, on the surface of the aforementioned three minerals. Thereafter, the
pseudo-first-order kinetic model was employed to describe the dis-
crepancies in adsorption rates. Finally, multiscale simulations were
performed to reveal mechanisms of the difference in adsorption capac-
ities of CO2 on the three mineral surfaces. This study will not only
provide new methods for quantitative characterization of CO2 capture
and sequestration, but also propose new insights into the interaction
mechanism of gas-solid interface.

2. Experimental details
2.1. Electrochemical section

2.1.1. Preparation and characterization of samples

Three samples were made from the (104) cleave surfaces of calcite,
dolomite, and magnesite crystals, because the (104) cleave surface is
the most thermodynamically stable crystallographic plane [35,39].
Then, three samples were checked by X-ray diffraction (XRD) (PAN-
alytical X, RigakuD/max-Ra with CuKa, A = 0.15418 nm). As shown in
Figure S1, the pure calcite, dolomite, and magnesite phases were well
ascertained.

2.1.2. Apparatus

A home-made experimental apparatus [40-43] including a gas mass
flow controller (MFC), a tube electric furnace with a diameter of 38 mm
(operation temperature range: 298 to 1273 K), temperature-control
software, and an electrochemical workstation (CHI660E, Chenhua
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Fig. 2. Structures and parameters of three mineral surfaces as well as two gas molecules. The atomic designations are Ca (green), Mg (light blue), C (grey), N (blue),

and O (red).

Instruments, Inc., China) were used to obtain all electrochemical graphs
(Fig. 1).

2.1.3. Electrochemical test process

Initially, two platinum electrodes were connected on the (104)
surface of specimen, and then, the sample was placed in the electrical
furnace and fixed for the measurements. Next, the specimen was
annealed to the desired temperature (473, 523, 573, 623, and 673 K) ata
rate of 5 K/min in presence of Ny gas (99.99%, 500 mL/min). The
measurements were run for 1200 s and the CO5 gas (99.99%, 500 mL/
min) was flown into the tube using mass flow apparatus at 600 s. An
electrochemical workstation was employed to measure the electrical
properties of three minerals in presence of nitrogen as well as binary
mixed gas at a constant voltage of 5 V. Each measurement was repeated
thrice to make sure the repeatability of the obtained results.

2.2. Simulation section

2.2.1. Molecular dynamics simulation model and details

First, structures of three minerals were obtained from Materials Studio
software package, and their lattice parameters were demonstrated in
Figure S2. The initial structures and parameters of three (104) surfaces
and two gas molecules were illustrated in Fig. 2. The whole adsorption
structure contained a (1 04) mineral surface and a vacuum region of 50 A
(Figure S3). Mixed binary gases of Ny and CO5 in a 1:1 ratio was flown
into a vacuum tube exposed to the mineral surface. In all MD simulations,
we posited that the upper layer of the mineral surface was free and the
remaining atoms were considered fixed [25,44]. A three-site model with
three partial charges was defined for carbon dioxide while a two-site

model with Lennard-Jones parameters was introduced to evaluate the
neutral Ny [45]. Afterwards, the COMPASS force field and Forcite module
were employed in carbon dioxide adsorption systems [46,47].

This force field is the first ab initio force field which precisely pre-
dicts thermophysical and structural features for various inorganic and
organic materials [48-50]. The short-range van der Waals and the long-
range electrostatic interlayers were evaluated by the Lennard-Jones 9-6
function and the Columbic interactions, respectively. The Columbic and
Lennard-Jones 9-6 interlayers were assessed via the Ewald and the
atom-based techniques, respectively. The number, volume, and tem-
perature parameters were considered constant for all the performed
simulations. The temperature was controlled by nose thermostat. Based
on the fact that the mean time is proportional to the ensemble average
[28], the Boltzmann distribution and the initial velocity of the gas
molecules were identical. The calculation steps of 5 x 10° was consid-
ered in each MD simulation. The time step and the total simulation time
were 1 fs and 5 ns, respectively. The equilibration was achieved in the
first 4 ns, and data analysis was performed in the last 1 ns. Three in-
dependent runs of 1 ns after the equilibration were used to obtain the
statistical analysis for every adsorption structure.

2.2.2. First-principle calculation model and details

First, CO, molecules are adsorbed on the three mineral surfaces in
vertical configuration based on our previous studies [25,51]. Consid-
ering the different physicochemical properties of Ca%* and Mg?*, two
CO- molecules were selected to be adsorbed on the three mineral sur-
faces, and then their average values were calculated. Initial adsorption
configurations of CO on the three mineral surfaces and their lattice
parameters were shown in Fig. 3. A vacuum region of 20 A
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Fig. 3. Initial adsorption configurations of CO, and lattice parameters of three mineral surfaces. The pentagram represents the adsorption site of CO,.
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Fig. 4. Electrical currents of three mineral surfaces at different temperatures.
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Fig. 5. Adsorption capacity of CO, as a function of time at different temperatures.

perpendicular to a (1 04) surface was used to avoid interactions between
periodic structures.

Then, adsorption properties of CO5 on mineral surfaces were calcu-
lated by Dmol® module, within the framework of the DFT [52,53]. The
exchange-correlation interaction was calculated by the generalized

Table 1
Adsorption capacity and response time of CO, on three mineral surfaces at
different temperatures.

Temperature  Adsorption capacity (ig/m?) Response time (s)

K

® CaCO;  MgCa MgCO; CaCO3 MgCa MgCO3
(CO3)2 (CO3)2

473 504 485 426 160 126 119

523 467 438 367 142 110 105

573 409 389 315 125 101 92

623 358 334 264 109 92 80

673 314 282 211 100 85 70

gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE)
exchange functional [54]. In order to accurately describe weak in-
teractions, a dispersion-corrected DFT (DFT-D) method with the
Grimme vdW correction was adopted in all calculations [55]. Besides,
the real-space global cut-off radius was 4.9 A and the Brillouin zone was
sampled by 2 x 2 x 1 k-points using the Monkhorst-Pack scheme.

Table 2
Rate constant k; obtained from the pseudo-first-order kinetic mode.

Rate constant (s~*) Temperature (K)

473 523 573 623 673
k;(CaCO3) 0.0272 0.0314 0.0342 0.0386 0.0412
k;(MgCa(COs)2) 0.0294 0.0331 0.0365 0.0406 0.0431
ky(MgCO3) 0.0306 0.0348 0.0387 0.043 0.0461
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Table 3
Adsorption activation energies of CO on three mineral surfaces.
CaCO3 MgCa(CO3)» MgCO3
Ea(kJ/Mol) 5.51 4.81 4.66

3. Results and discussion
3.1. Results of electrochemical experiments

Based on our previous work [25], the change in electrical current of
CaCOj3 surface can reflect the adsorption process of CO; in situ. The
more the electrical current changes, the more the adsorption capacity is.
Moreover, the shorter the response time needs, the faster the adsorption
rate is. Therefore, we first measured the changes in electrical current
caused by adsorption of COy on three mineral surfaces through an
electrochemical method at different temperatures. Experimental results
are shown in Fig. 4. Before 600 s, the electrical currents of three mineral
surfaces keep in the equilibrium state under Ny condition. At 600 s, CO5
is gradually adsorbed on the mineral surfaces.

The adsorption of CO, makes significant changes in the electrical
currents of three mineral surfaces. Obviously, when the electrical cur-
rents of the three mineral surfaces reach an equilibrium state, the time
spent at each temperature is different. As the temperature increases, the
time required to reach equilibrium is shortened. This indicates that the
adsorption rates of CO5 on the three minerals are dissimilar and the
increase of temperature accelerates the adsorption rate. In addition, the
variation ranges of electrical currents caused by CO, adsorption are also
diverse, which suggests significant differences in the adsorption capacity
of CO5. The above phenomenon proves that the adsorption of CO2 on the
surface of three minerals shows different adsorption characteristics.

Furthermore, the adsorption capacity of CO2 as a function of time can
be obtained according to the relationship between the change process of
the electrical current and the equilibrium adsorption capacity. Details of
the calculation can be found in the authors’ previous article [25]. The
transformed experimental results are shown in Fig. 5 where the change
in the processes of COy adsorption capacity on three mineral surfaces
from O to the maximum is evidently demonstrated. Among which, the
horizontal curves indicate that the adsorption capacities of CO, are close
to the equilibrium state. To compare the adsorption performances of
CO5 on the surface of three minerals more accurately, adsorption ca-
pacity and response time are calculated and the results are presented in
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Table 1.

As can be seen from Table 1, both of the CO5 adsorption capacities
and the response time decrease after increasing the temperature.
Evidently, the adsorption capacities of MgCa(COs3), are closer to those of
CaCOg, and higher than those of MgCOs. Besides, the response time of
CO2 on MgCa(COs3), are closer to those of MgCOs, which are smaller
than those of CaCOj3. Therefore, compared with the other two minerals,
MgCa(CO3), has the optimum adsorption performance at different
temperatures because of shorter adsorption time and larger adsorption
capacity. To clarify the underlying mechanism, in Section 3.2, a kinetic
model is used to explain the differences in adsorption rates. In Section
3.3, multiscale simulations are performed to elucidate the root causes of
different adsorption capacities.

3.2. Adsorption kinetic

The pseudo-first-order kinetic model was used to obtain the kinetic
parameters. It is described by the following equation:

dq
A k(g - 1
a 1 (‘I %) (€D)]
where g, and g, are the equilibrium adsorption capacity (pg/m?) and the
adsorption capacity at time t, respectively, t is the adsorption time (s),
and kj is the pseudo-first-order rate constants (s™1). The above equation
converts to the formula (2) after applying the boundary condition (t = 0,

q=0t=tq=q):
In(q. — q:) = Ing, — kit 2)

The value of evaluated using the above equation is reliable as the
pseudo-first-order kinetic model is applicable for these three minerals.
As illustrated in Table 2, the adsorption rate of three minerals increased
upon raised the temperature from 473 to 673 K and the constant of the
adsorption rate raised for CaCO3 from 0.0272 to 0.0412 s 1. Meanwhile,
the constant of the adsorption rate raised for MgCa(CO3), and MgCO3
from 0.0294 to 0.0431 s * and from 0.0306 to 0.0461 s~!, respectively.
Based on the above results, the adsorption rate of MgCOs is the fastest
while that of CaCOs is the slowest. Importantly, the adsorption rate
constants of MgCa(COs), are closer to those of MgCOs, reaching over
90%. This clearly explains that the response time of MgCa(CO3); is as
short as that of MgCOs. Furthermore, the influence of temperature on
the adsorption rate can be characterized by adsorption activation en-
ergy. The adsorption activation energies of COy on three mineral



L. Tao et al.

Applied Surface Science 540 (2021) 148320

Fig. 8. Snapshots of interface adsorption structures of (a) CO5-CaCOs, (b) CO2-MgCa(COs3)3, and (c) CO,-MgCO;3 systems at different temperatures. SAL, strong

adsorption layer; and WAL, weak adsorption layer.

surfaces were calculated based on the Arrhenius equation as follow:

ky = Aexp( — E,/RT) 3

where A, E,, and R refer to the Arrhenius factor (s_l), Arrhenius acti-
vation energy (kJ/mol), and gas constant (8.314 J/mol/K), respectively.
Next, Eq. (3) can be expressed as;

Ink, = InA—E,/RT C)]

Bring the data from Table 2 into Eq. (4), the linear dependence be-
tween In k; and 1/T can be obtained in Fig. 6. Finally, the adsorption
activation energies of COy on three mineral surfaces which were ob-
tained from the slope of the plot in Fig. 6 are demonstrated in Table 3.
The adsorption activation energy of CO5 on CaCOs is the largest, so the
temperature has the greatest influence on the adsorption rate of CO3 on
CaCOs surface. However, because the adsorption activation energies of
CO4 on MgCa(CO3), and MgCOs are similar and smaller than those of
CaCOg, the effect of the temperature on the adsorption rates of CO5 on
MgCa(CO3)2 and MgCOs are less than those of CaCOs. Thus, the thermal
stability of CO5 adsorbed on MgCa(COs)s is similar to that on MgCOs3.

3.3. Gas-solid interface interaction

In this section, to investigate the mechanism of differences in
adsorption capacities of CO3 on the three minerals, the detailed struc-
tures of the gas—solid interface are first obtained by MD simulation.
Thereupon, the potential energy curves of CO5 on the three mineral
surfaces are calculated by DFT. Finally, the potential mechanism of
differences in adsorption capacity is proposed.

3.3.1. Structure of adsorption layer

The surface densities of carbon dioxide and cations are evaluated in
order to demonstrate the structure of gas-solid interface. Because the
surface density can describe both the adsorption structure as well as the
equilibrium adsorption capacity. The surface density is described as the
amount of species (metal cations or CO, molecule) on mineral surface

upon the mineral surface area. Fig. 7 shows the surface densities of CO,
and cations on the surface of three minerals at various temperatures.
First, the surface densities of CO3 on MgCa(CO3), are closer to those of
CaCOg3 and larger than those of MgCOs. Secondly, in addition to MgCOs,
the surface densities of CO are greater than those of cations (Ca%*/
Mg2+) on CaCO3 and MgCa(COs3); at low temperatures. It indicates that
CO4, gas can form the double-layer adsorption structures on the surface
of CaCO3 and MgCa(COs); at low temperatures. However, as the tem-
perature rises, CO, begins to dissociate from the surface. When the
temperature exceeds 523 K, CO2 gas becomes a single-layer adsorption
structure on MgCa(COg3)s. When the temperature rises to 573 K, CO, gas
shows a single-layer adsorption structure on CaCOs.

To clarify the interface structures, the snapshots of CO5 adsorption
equilibrium on the three mineral surfaces were obtained in detail at
different temperatures. Fig. 8 displays that the double-layer adsorption
structures of CO, are found on the surface of CaCO3 and MgCa(CO3),,
and a single-layer adsorption structure of CO is formed on MgCOs3
surface. Besides, the highly oriented arrangement of CO, molecules
close to the surface of three minerals, it can be attributed to the strong
electrostatic interactions between CO; and the mineral surface
[2,33,34]. As the temperature rises, CO, gradually begins to dissociate
from the surface of the three minerals. Ny molecules are hardly adsorbed
on the surface of three minerals, then it presents the whole phase.
Therefore, the adsorption interface of CO, is divided into a strong
adsorption layer (SAL) and a weak adsorption layer (WAL).

Furthermore, in the SAL, not only a single CO, molecule is adsorbed
on a single Ca", but also a single CO, molecule is adsorbed on a single
Mg?*. This phenomenon indicates that the surface density of COy is
equal to the surface density of cation under a single-layer saturated
adsorption. Therefore, it can be concluded that the difference in
adsorption capacities of CO2 on the three minerals is determined by the
adsorption capacity of WAL. Moreover, we believe that the distance of
electrostatic interaction exceeds the thickness of the SAL. We speculate
that the difference in adsorption capacity of CO; is related to the
structure of mineral surface and the effective adsorption distance. Here,
the effective adsorption distance refers to the distance where the
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Fig. 9. Potential energy curves for CO, approaching the three mineral surfaces at different temperatures.

adsorption energy is greater than the adsorption activation energy
(energy barrier), when COx is close to the mineral surface. If the result is
the opposite, CO, cannot be adsorbed on the surface. It should be noted
that the adsorption activation energy can represent the energy barrier to
be overcome during the gas adsorption [25,56,57]. To verify our hy-
pothesis, the structures of three mineral surfaces and the potential en-
ergy curves should be obtained at different temperatures.

3.3.2. Potential energy curves

In this section, the reconstructed structures of three mineral surfaces
are first obtained at different temperatures. Then, the potential energy
curves of CO2 on three mineral surfaces are calculated. Finally, the
underlying mechanism of the differences in adsorption capacities of COy
on three mineral surfaces is proposed.

First of all, MD simulation was performed to realize the

reconstructed structures of the three mineral surfaces at different tem-
peratures, while DFT method is limited by temperature, accessible time,
and system size [25,58]. Figure S4 shows the rotating and distorting
carbonates on topmost layer of the three mineral surfaces, and the metal
cations also deviate from their ideal positions. It can be attributed to the
increased surface energy resulting from the termination of periodic
structures within the bulk phase. To minimize the surface energy, the
atoms rearrange and often the symmetry of the resulting structure is
different from that of the bulk phase [59,60].

DFT calculation is often used to calculate adsorption energy and to
reveal the behavior of gas-solid interface. The adsorption energy is
defined as

Euis = Erorar — (E.mrfave + Egas) (5)
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Fig. 10. Effective adsorption distances of CO, on three mineral surfaces at
different temperatures.

where E4; is the adsorption energy (eV), E;yy is the single point energy
of gas-surface system (eV), Eqyyace is the single point energy of mineral
surface (eV), and Eg; is the single point energy of gas molecular system
(eV). A more negative value represents a more powerful interaction
between gas molecule and the mineral surface. By comparing the
adsorption energies at different sites [51], we found the effect of the
position on the adsorption energy is almost negligible. Here, the con-
figurations of CO3 adsorbed on the three mineral surfaces are designed
in Fig. 3. Based on the reconstructed structures of three mineral surfaces
in Figure S4, adsorption energies of CO5 on three mineral surfaces as a
function of adsorption distance are depicted in Fig. 9 and Tables S1-S5.

For the three minerals in Fig. 9, CO, reaches into the attractive well
(adsorption equilibrium position) as the adsorption distance decreases.
As the distance decreases further, the repulsive force increases rapidly.
At the adsorption equilibrium positions of the three minerals, the order
of the adsorption energy is shown as MgCO3 > MgCa(CO3)2 > CaCOs.
From the point of view of charge distribution, the charge density map of
CO4 adsorbed on the surface of three minerals were plotted. As shown in
Figure S5-S9, results show that CO; is physically adsorbed on the sur-
face of three minerals because there is no overlap of electron clouds. In
addition, the degree of charge change between CO3 and MgCOj is the
largest, which also verifies the maximum adsorption energy between
CO4 and MgCOs. Interestingly, compared with experimental results of
adsorption capacity (Fig. 5), MgCOs has the smallest adsorption capacity
of CO2 but the largest adsorption energy, while the results of CaCOs are
just the opposite. These observations indicate that the differences in
adsorption capacities of three minerals cannot be expressed simply by
the adsorption energy at the adsorption equilibrium position. It is
necessary to consider the attenuation distance of adsorption energy, that
is, the effective adsorption distance.

The shorter the attenuation distance becomes, the smaller the
adsorption capacity will be. By comparing the adsorption energy profiles
at different distances, the absorption energies of MgCO3 decrease faster
than those of CaCO3 when CO; is far from the surface, so the effective
adsorption distances of MgCOs are less than those of CaCOs. Interest-
ingly, the effective adsorption distances of MgCa(COs)2 are closer to
those of CaCOs. To illustrate the underlying mechanisms of the differ-
ences in adsorption capacity more clearly, we accurately measured the
distances where the adsorption energy is greater than the adsorption
activation energy. For the adsorption activation energies of CO5 on three
minerals, they come from the values in Table 3. When the unit of
adsorption activation energy is converted into eV, the adsorption acti-
vation energies of CO5 on CaCOgs, MgCa(COs3),, and MgCOs are 0.057,
0.050, and 0.048 eV, respectively.
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By comparing adsorption activation energies with adsorption en-
ergies in Fig. 9, the effective adsorption distances of COy on three
mineral surfaces are shown in Fig. 10. As the temperature rises, all of the
effective adsorption distances decrease so that CO2 molecules gradually
begin to dissociate from the surface of the three minerals. After the
temperature exceeds 573 K, CO gas presents the single-layer adsorption
structure on CaCOs. For MgCa(COs3), CO, gas keeps a double-layer
adsorption structure until temperature exceeds 523 K to become a
single-layer. Significantly, CO2 can only be adsorbed in WAL when the
adsorption energy of WAL is greater than its adsorption activation en-
ergy. Since the adsorption energies of WAL on MgCOj3 do not exceed the
adsorption activation energy, CO, gas presents the single-layer adsorp-
tion structure on MgCOj3 in the whole temperature range. In addition, at
each temperature, the effective adsorption distance of CaCOs is the
longest and that of MgCOs is the shortest. Importantly, the effective
adsorption distance of MgCa(COs3), accounts for more than 90% of that
of CaCOs. Therefore, the adsorption capacity of MgCa(COs)s is closer to
that of CaCOs.

4. Conclusions

The electrochemical method and multiscale simulations were per-
formed to study the adsorption performances of CO3 on the surface of
CaCOg3, MgCa(CO3)2, and MgCOs. Experimental results show that CaCO3
has the maximum adsorption capacity, but its adsorption rate is the
smallest. Instead, MgCO3 has the largest adsorption rate, but its
adsorption capacity is the smallest. Interestingly, MgCa(COs) has the
optimum adsorption performances owing to the advantages of faster
adsorption rate and larger adsorption capacity. To clarify the underlying
mechanism of the differences in the adsorption performances, the
pseudo-first-order kinetic model was used to explain the differences in
adsorption rates. Results show that the adsorption rate constant of
MgCOgs is the largest. The adsorption rate constants of MgCa(COs), are
closer to those of MgCOs, reaching over 90%. Next, multiscale simula-
tions were performed to reveal mechanisms of the difference in
adsorption capacities. Simulation results show that the adsorption
interface of CO3 is divided into a strong adsorption layer (SAL) and a
weak adsorption layer (WAL). By comparing the potential energy
curves, for the first time, we highlight the importance of effective
adsorption distance in clarifying the difference in adsorption capacity.
The effective adsorption distance of CaCOs is the longest. The effective
adsorption distances of MgCa(COs), are closer to those of CaCOs,
reaching over 90%. Therefore, the above results demonstrate that MgCa
(CO3)2 has the optimum adsorption performances because of larger
adsorption rate constants and longer effective adsorption distances.
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