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ABSTRACT: Because the CO,—calcite interface is of major importance in various environments and the energy industry, an
accurate description of the adsorption kinetics of CO, is critical for understanding the adsorption mechanisms involved. In this
study, a new electrochemical method was implemented to unravel the adsorption kinetics of CO, on a reconstructed calcite
surface. In addition, an atomic simulation was used to provide details of the adsorbed interface. The results showed that the
reconstructed calcite surface had different electrical conductivity under various conditions, which was attributed to differences in
band gap values. The CO, adsorption process on the reconstructed calcite surface was characterized by a change in electrical
conductivity. Consequently, the adsorption rate constant at different temperatures and the energy barrier to be overcome in the
gas adsorption process were obtained, with values of 0.0272—0.0412 s™" and 5.51 kJ/mol, respectively. This experimental result
was well verified by molecular dynamics simulation. This study proved that the electrical conductivity of the material surface can
accurately and quickly reflect the gas adsorption process, and the simulation method provided more details of the adsorption

behavior at the gas—solid interface.

1. INTRODUCTION

Calcite is one of the most important minerals in nature. The
calcite surface and CO, adsorbed interface are extensive
involved in a variety of biological and energy industrial
processes under various conditions such as biomineralization,'
geosequestration of CO,,” enhanced oil recovery,” and flue
gas separation.” Under complex conditions, it is difficult to
study CO, adsorption on a calcite surface by traditional
experimental methods.”” Most studies have been based on
molecular dynamics (MD) simulation methods to provide
thermodynamic feasibility.

So far, some typical studies on CO, adsorption on calcite
surfaces have been reported. For instance, Wang et al.” found
through MD simulation that CO, molecules can form an
apparently adsorbed layer on a calcite surface. Sun et al.>” used
an MD simulation method to investigate the competitive
adsorption of CO, and CH, on a calcite surface, proving that
CO, molecules have a much higher capacity than CH, to be
adsorbed onto calcite surfaces. Besides this, Economou’s
group™”'” focused on the thermodynamic properties of CO,
adsorption as well as the anisotropic behavior of the transport
properties of CO, confined by a calcite surface using classical
MD simulation. Tao et al.'' reported the effect of various
temperatures on the interface adsorption behavior of CO,
molecules. In particular, the calcite surface can also be used to
achieve CO, capture from flue gas.” Given that calcite is an
abundant and widely distributed mineral on Earth, calcite-
based substances are a promising alternative to replace other
materials and thus to weaken the greenhouse effect. The
teasibility of these adsorption processes has been well
demonstrated by MD simulation. Significantly, the adsorption
processes are attributed to strong electrostatic interactions
between CO, and the calcite surface.”'°”'* For sensitive
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materials,">'* gas adsorption can change surface electronic
properties, including electrical conductivity and electronic
structure. From the perspective of electronic properties, this
approach could be used to understand the adsorption
mechanism of gas on the material surface.

Therefore, it is reasonable to speculate that the electrical
properties of a calcite surface should be affected by
electrostatic interactions in the CO, adsorption process.
However, studies of the electronic properties of calcite surfaces
and CO,-adsorbed surfaces are rare. In addition, under
complex high-temperature conditions, it is still a challenging
problem to study the adsorption of fluids on material surfaces,
let alone to understand the kinetic behavior of adsorption in
depth.

In previous work by the authors, the gas-sensing mechanism
was based on changes in the sensing signal caused by gas
adsorption. Yin et al.' characterized the adsorption properties
of CO on a SnO, surface by measuring surface conductivity.
Furthermore, the adsorption mechanism of low concentration
H, on the SnO, surface was investigated through conductivity
variation patterns.'® Liu et al.'” revealed that a directly
proportional relationship between the limiting current and the
oxygen sensing performance of the solid electrolyte could be
successfully verified by surface electrical conductivity. How-
ever, the opposite process, that is, using the sensing signal to
study adsorption behavior, has rarely been reported. Therefore,
in this study, a simple new method was developed to measure
the effect of CO, adsorption on the electrical conductivity of a
calcite surface. It was expected that the adsorption process of
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Figure 1. (a) Single calcite crystal; (b) SEM of the calcite crystal surface; (c) SEM of calcite powders for XRD detection; and (d) XRD of calcite

powders.
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Figure 2. Schematic diagram of the experiment.

CO, on a calcite surface could be represented by the electrical
conductivity of the surface. To the best of the authors’
knowledge, few experimental studies have been reported in the
literature on the electrical properties of calcite surface during
CO, adsorption at different temperatures.

In this study, a new electrochemical method was
implemented to measure the electrical current of a pure
calcite surface and a CO, adsorbed surface in situ at different
temperatures. Furthermore, the density functional theory
(DFT) and MD simulation were used to unravel the details
of surface and interface phenomena. As expected, synergistic
integration of experimental and simulation approaches reveals
more details of kinetic adsorption behavior and explains calcite
surface conduction in terms of electronic structure. Impor-
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tantly, the energy barrier to be overcome in the gas adsorption
process was obtained and then well validated by MD
simulation. This work provides a new physicochemical view
to understand the gas—solid interface (adsorption, catalysis,
sensor, etc.) according to the electrical properties of material
surfaces.

2. EXPERIMENTAL SECTION

2.1. Preparation and Characterization of Materials. The
(104) cleave surface was cut from an optical quality calcite crystal
(Iceland spar), because it is the most stable thermodynamically
crystallographic plane and is exposed to nature,'® *' as shown in
Figure 1. Then, the sample was checked by field emission scanning
electron microscopy (FESEM, ZEISS-XIGMA HD) and X-ray
diffraction (XRD) (PANalytical X, RigakuD/max-Ra with Cu Ka

DOI: 10.1021/acs.energyfuels.9b01771
Energy Fuels 2019, 33, 8946—8953


http://dx.doi.org/10.1021/acs.energyfuels.9b01771

Energy & Fuels

radiation, 4 = 0.15418 nm). It was ascertained that the calcite surface
was smooth and that the calcite phase was pure.

2.2, Apparatus. All electrochemical measurements were obtained
in a custom-designed experimental apparatus consisting of a gas mass
flow controller (MFC), a tube electric furnace (temperature range of
298—1273 K; tube diameter of 38 mm), dedicated temperature-
control software (computer), and an electrochemical workstation
(CHI660E, Chenhua Instruments, Inc., China), as shown in Figure 2.

2.3. Electrochemical Measurement. First, the platinum electro-
des were placed on the same surface of the calcite crystal, and the
assemblage was inserted into an electrical furnace. The sample was
heated to a target temperature (298, 373, 423, 473, 523, 623, and 673
K) at a temperature increase rate of S K/min with N, protection
(99.99%, 500 mL/min). The time of each measurement was fixed at
1200 s. The CO, gas (99.99%, S00 mL/min) was injected into the
test tube under the control of the mass flow apparatus at 600 s. The
electrical currents of the calcite surface in both N, gas and binary
mixture gas were measured by an electrochemical workstation. During
the experiment, i-t curve measurements under constant voltage (U =$
V) were obtained. The experimental result for each electrochemical
measurement contained three independent experiments. The
repeatability of the experiments was acceptable.

2.4. Computational Models. Figure 3 shows the initial
multilayered adsorption structure and the parameters of the gas—
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Figure 3. Model of gas adsorption on the calcite (104) surface. The
atomic designations are Ca (green), C (gray), N (blue), and O (red).

calcite system. Binary mixture gas was composed of CO, and N, in a
1:1 ratio. The top layer of the calcite surface was allowed to relax, but
the rest of the atoms were considered rigid in all MD simulations.""**
Because the fixed atoms are separately thermostated and are not
bonded to the surface atoms, fixing their positions has a negligible
impact on the simulation results.”*> A better three-site model with
three partial charges was introduced for CO,, whereas the two-site
model with L] parameters was used to calculate the neutral N, >*7>¢
The configurations of the gas molecules (CO, and N,) were
optimized and were consistent with literature results.**~>¢

2.5. Simulation Details. The Dmol® module*”*® was used to
calculate the band gap of the surface structure, within the framework
of the DFT. The exchange-correlation potential was considered in the
generalized gradient approximation (GGA),” combined with the
Perdew—Wang (PW91) exchange functional.®® The default value of
temperature calculated by the Dmol® module is 0 K. To calculate the
band gaps of the adsorption systems at different temperatures, MD
simulation was first used to obtain the structure of each adsorption
system at different temperatures, and DFT was applied to calculate
the band gap of each surface structure.

The Forcite module of Materials Studio and the COMPASS force
field®"** were employed to simulate CO,—calcite interface
adsorption. This is the first ab initio force field and has been
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validated to be capable of accurately predicting structural and
thermophysical properties for a broad range of _or§anic and inorganic
substances,>"** such as N,, CO,, and calcite.”>*>> The COMPASS
force field consists of bonded and nonbonded interactions. Bonded
interactions include bond stretching, angular bending, dihedral angle
torsion, out-of-plane interactions, and cross terms. Nonbonded
interactions are composed of the long-range electrostatic interaction
and the short-range van der Waals interaction, which were calculated
by Coulombic interactions and the Lennard—Jones 9—6 function,
respectively. The Coulombic interactions were evaluated by the Ewald
method, whereas the Lennard—Jones 9—6 interactions were
calculated by the atom-based method. All simulations were carried
out for a constant number, constant volume, and constant
temperature (NVT) ensemble. The temperature was controlled
using the Nose thermostat. The initial velocity of the gas molecules
was identical to the Boltzmann distribution according to the
assumption that the time average is equivalent to the ensemble
average.® Each MD simulation required $ X 10° calculation steps. The
time step and the total simulation time were set to 1 fs and S ns,
respectively. The first 4 ns were used for equilibration, and the last 1
ns of the MD simulation was used for data analysis. The full trajectory
was recorded, and the frames were output every 500 steps. The
statistical analysis for each adsorption structure consisted of three
independent runs of 1 ns after equilibration.

3. RESULTS AND DISCUSSION

3.1. Electrical Current Response of Calcite Surface.
Figure 4 shows the electrical current variation curves of the
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Figure 4. Electrical current of a calcite surface at different
temperatures.

CO, adsorption process that were obtained at different
temperatures. There was no clear change in the electrical
current after CO, adsorption below 473 K. When the
temperature was higher than 473 K, a significant decrease in
electrical current was observed, which was caused by CO,
adsorption. This phenomenon can be attributed to electro-
static interaction between CO, and the calcite surface,'”**
which changed the charge state of the surface. The electrical
conductivities of both pure calcite surfaces (N,-surface) and
adsorbed surfaces (CO,-surface) were both enhanced with
increasing temperature.
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Figure S. (a) Linear relationship between the response value of a calcite surface to CO, and temperature. (b) Response time of a calcite surface to

CO, at different temperatures.

To quantify the effect of CO, on the electrical current in a
calcite surface in the temperature range of 473—673 K, the
concept of response value is introduced. The response value
was defined as follows:

R= (Ipure - Iads)/Ipure (1)
where R is the response value of the calcite surface to CO,
(%), Lyue is the electrical current of pure surface (A), and Iy is
the electrical current of adsorbed surface (A). As shown in
Figure S (a), the response value of calcite surface to CO,
decreased with increasing temperature and was linearly
correlated with temperature according to the fitted curve. It
can be concluded that CO, adsorption on a calcite surface
followed a first-order kinetic model. From Figure S(b), the
response time of a calcite surface to CO, at high temperature
was faster than at low temperature. This indicated that the
higher the temperature was, the greater the surface activity of
the calcite was.

3.2. Reconstructed Surfaces and Electrical Structure
of Calcite. Interestingly, calcite is an insulator with a band gap
of 6.0 + 0.35 eV at 0 K.** However, the surface electrical
conductivity can be detected at a certain temperature and is
affected by CO, adsorption. First, this suggested that the
calcite crystal had special semiconducting properties at high
temperature, which is consistent with the literature.> Second,
it proved that calcite crystals provided almost entirely surface-
layer conduction. This conduction may be directly related to
the fact that the top layer of calcite was largely
reconstructed.””*”**

Because the surface is the termination of the 3D periodicity
of the bulk crystal, it has a large number of dangling bonds and
can become unstable. To reduce surface free energy, or lattice
stress, the surface atoms were displaced from their original
positions at nanoscale, and the symmetry of the resulting
structure was different from that of the bulk crystal.””~*
Consequently, the reconstructed surface had different surface
properties (conductivity, magnetic, and optical). In addition,
the reconstructed surface is also affected by temperature and
by adsorption of gas molecules, resulting in a change in the
surface electronic properties. However, it is difficult to achieve
this surface structure and electronic properties at high
temperature in experiments. Hence, in this study, MD
simulation was first used to obtain the reconstructed surfaces,
including the pure calcite surface and the adsorbed surface, at
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different temperatures. Then, the electrical properties of the
reconstructed surface were calculated by DFT.

Figure 6 shows reconstructions of a pure calcite surface and
an adsorbed surface at different temperatures. The recon-
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Figure 6. Structures of a reconstructed calcite surface at different
temperatures viewed from the ox vector. The atomic designations are
Ca (green), C (gray), N (blue), and O (red).

structed surface was different from the bulk phase structure
and is markedly affected by temperature. The simulation
results confirmed the description of the reconstructed surface
very well. When CO, molecules were adsorbed on the calcite
surface, the reconstruction remained. However, it was difficult
to distinguish between a pure and an adsorbed surface from
the geometric structure of the surface. For this reason, the
DFT was used in this study to calculate the band gap of all the
surface structures in Figure 6 because the band gap represented
the conductivity of a material. In Figure 7, the calculated
results showed that the band gap of both pure and adsorbed
surfaces decreased with rising temperature, leading to
enhanced surface conductivity. Furthermore, when the
temperature was below 473 K, the band gap of the calcite
surface was relatively wide. This results in low electrical
conductivity that was not enough to generate an apparent
electrical current. When the temperature exceeded 473 K, the
surface conductivity was enhanced because of the sudden
decrease in band gap. Hence, the effect of CO, on surface
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Figure 7. Trends of the band gap of a pure calcite surface and an
adsorbed surface with temperature.

electrical current was detected. In the light of Figure 7, it can
be stated that the difference in band gap between pure and
adsorbed surfaces decreased with rising temperature. This
trend was a good verification of the results shown in Figure
5(a).

3.3. Interface Adsorption of CO,. Although the number
of CO, molecules flowing through the surface was the same,
the response value of a calcite surface varied with temperature.
This indicated that the response value of a calcite surface had a
certain correlation with the amount of CO, adsorbed. Under
high-temperature conditions, it was difficult to study CO,
adsorpt1on on a calcite surface by traditional experimental
methods.®”® Simulations now routinely help unravel the details
of the interface behavior of fluids flowing across chemically
structured surfaces.”” Hence, it was necessary to obtain
information about CO, adsorption on calcite surfaces by
MD simulation.

The first step was to simulate the detailed adsorption
structure of CO, on a calcite surface at 473 K. Figure 8 shows

Figure 8. Snapshot of CO, adsorption structure on a reconstructed
calcite surface at 473 K viewed from the oy vector (a) and the ox
vector (b). The atomic designations are Ca (green), C (gray), N
(blue), and O (red).

the formation of the CO, interface near the reconstructed
calcite surface. The CO,—calcite system was equilibrated until
the CO, distribution became constant with time. The CO,
molecules had an apparent adsorption layer close to the
reconstructed calcite surface, and CO, molecules were
adsorbed onto the surface at the sites of Ca ions in a highly
oriented arrangement. The angle of CO, molecules with
respect to the (104) surface was approximately 40°—45°,
which was close to the angle of the carbonate group plane
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relative to the (104) surface. In addition, CO, molecules
occupying well-defined positions with respect to the crystal
surface could be attributed to electrostatic interaction between
the Ca ions in calcite and the O atoms in CO,. On the
contrary, the N, molecules had no distinct adsorption layer. N,
was sequestered from the surface by CO,. As mentioned
above, CO, molecules preferred to adsorb on the calcite
surface, whereas N, molecules showed a relatively uniform
distribution in the upper part of the calcite surface.

Second, based on the results shown in Figure 8, the
differences in surface density of CO, adsorbed on the calcite
surface at different temperatures were compared. Because the
surface density of gas is equivalent to the amount of gas
adsorbed, the surface density reflects not only the adsorption
amount but also the adsorption structure. The surface density
was calculated as the number of CO, molecules adsorbed on
the calcite surface divided by the area of the calcite surface.
The surface density of Ca ions on the calcite surface was also
calculated, and the relationship between the surface density of
adsorbed CO, and the available Ca sites on the calcite surface
was analyzed. The results are shown in Figure 9; the surface
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Figure 9. Surface density of CO, and Ca®* as a function of

temperature.

density of CO, gas decreases with rising temperature and is
linearly correlated with temperature according to the fitted
curve. The surface density of Ca ions remains constant. At
approximately 623 K, the density of CO, was almost equal to
that of Ca ions, indicating that adsorption should be
monolayer at this moment, that is, each Ca ion was bound
to an O atom in CO, through electrostatic interaction. When
the temperature was lower than 573 K, the CO, molecules on
the calcite surface should exhibit a double-layer adsorption
structure because the surface density of CO, had exceeded the
surface density of the Ca ion. This result is clearly shown in
Figure 8.

3.4. Adsorption Kinetic. 3.4.1. Pseudo-First-Order
Kinetic Model. According to Figures 5(a) and 9, the response
value of a calcite surface to CO, and the surface density of CO,
were linearly related to temperature. Therefore, when the
surface density of CO, was converted to the amount of CO,
adsorbed, the relationship between the response value and the
amount adsorbed was linear, as shown in Figure 10(a). This
strongly indicated that the response value of a calcite surface to
CO, represented the amount of CO, adsorbed. In other words,
the process of electrical current change was the process of CO,
adsorption. Consequently, the electrical current change
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Figure 10. (a) Linear relationship between the response value of a calcite surface to CO, and the equilibrium amount adsorbed. (b) Amount of

CO, adsorbed as a function of time.

process, shown in Figure 4 (starting at 600 s), was converted
into the CO, adsorption process, as shown in Figure 10(b).
When the trend of the curve was stable, the corresponding
vertical axis was the equilibrium adsorption amount. An
adsorption kinetic study was essential to determine the energy
barrier to be overcome in gas adsorption processes and the
adsorption rate. Therefore, the pseudo-first-order kinetic
model was used to explore the adsorption process, which can
be described as

dq_

dt )
where t is the adsorption time (s), g, is the equilibrium
adsorption amount (ug/m?*), and g, is the adsorption amount
at time t. The variable k, is the pseudo-first-order rate constant
(s™"). By integrating for the boundary conditions (¢ = 0, q = 0;
t =t q = q), the following equation was obtained:

kl(qe - qt)

In(q, —q) =Ingq, -kt 3)

According to the pseudo-first-order kinetic model, the
kinetic parameters were calculated and are shown in Table 1.

Table 1. Kinetic Parameters Obtained from Pseudo-First-
Order Kinetic Model

T(K) g (ug/md)* g, (ug/m*)® ki (s7) R?
473 504.3 556.6 0.0272 09910
523 467.8 503.4 00314 0.9879
573 409.3 4470 0.0342 09818
623 358.1 396.6 0.0368 0.9865
673 3143 3583 0.0412 0.9748

“The variable g, is the experimental value. The variable q." is the
model prediction value.

It was clear that the increase in temperature from 473 to 673 K
brought about an increase in the adsorption rate constants k,
and a decrease in the adsorption amount g.. Besides, the model
prediction values g." were very close to the experimental values
g A linear dependency meant a good fit between experimental
results and model calculations.

After a series of adsorption rate constants, k;, of CO, at
different temperatures were obtained, the adsorption activation
energy of CO, could be calculated by means of the Arrhenius
equation:

k, = A exp(—E,/RT) (4)
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where E,, A, and R refer to the Arrhenius activation energy,
Arrhenius factor, and gas constant, respectively. Equation 4 can
also be expressed as

Ink,=InA — E,/RT (5)

According to the data in Table 1 and eq 5, the adsorption
activation energy E, can be directly calculated from the slope of
the fitted curve. Figure 11 shows plots of k; versus the inverse
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Figure 11. Linear dependence between k; and 1/T for calculating
CO, adsorption activation energy on the calcite surface.

temperature 1/T in an Arrhenius-type plot. The plots were
linearly fitted, with correlation coefficients R? greater than 0.99,
showing a good linearity between k; and 1/T. Therefore, the
energy barrier to be overcome by the process of CO,
adsorption on a calcite surface is available from the slope of
the fitted curve, which is 5.51 kJ/mol.

3.4.2. Activation Energy Validation: MD Simulation. From
the point of view of gas motion (diffusion), the main energy
barrier to be overcome in CO, adsorption on a calcite surface
was the gas diffusion energy barrier.”™"" The diffusion
activation energy can be obtained by calculating the gas
motion parameters according to MD simulation,*”** and by
this means, the energy barrier of CO, adsorption on a calcite
surface can be well verified. Therefore, the mean-squared
displacement (MSD) and diffusion coefficients (D,) were used
to investigate the diffusion properties of gases according to the
Einstein diffusion law; these quantities were computed by the
following equations: "~

DOI: 10.1021/acs.energyfuels.9b01771
Energy Fuels 2019, 33, 8946—8953


http://dx.doi.org/10.1021/acs.energyfuels.9b01771

Energy & Fuels

MSD(®) = — 3 (I(®) = r(0)P) o

1 d 5
D = —lim — ¥ (Ir(t) — r(0)I
) 6;{10&2!_:@() r(0)I)

(7)

where N is the number of molecules, ,(t) is the position of
molecule when the time is ¢, and r,(0) is the initial position.
According to eqs 6 and 7, the diffusion coefficients were
calculated and are shown in Table 2. Clearly, the increase in
temperature from 473 to 673 K brought about an increase in
the diffusion coefhicients D,.

Table 2. Diffusion Coefficient of CO, on a Calcite Surface at
Different Temperatures
T (K)
D, (1078 m?/s)

473
2.11

523
2.42

573
2.71

623
2.97

673
3.22

After a series of the diffusion coefficients, D, of CO, at
different temperatures were obtained, the diffusion activation
energy of CO, could be calculated by means of the Arrhenius
equation:

D, = D, exp(—E,'/RT) (8)

where E,/, A, and R refer to the Arrhenius activation energy,
the Arrhenius factor, and gas constant, respectively. Equation 8
can also be expressed as

D, = D, exp(—E,’/RT) 9)

According to the data in Table 2 and eq 9, the diffusion
activation energy E," could be directly calculated from the
slope of the fitted curve. Figure 12 shows the Arrhenius
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Figure 12. Linear dependence between D, and 1/T for calculating
CO, diffusion activation energy on a calcite surface.

temperature dependence of the diffusion coefficients along
with the activation energy for diffusion. Therefore, the energy
barrier to be overcome by the process of CO, diffusion to a
calcite surface was available from the slope of the fitted curve,
which was 5.60 kJ/mol. This result was consistent with the
energy barrier obtained by the gas adsorption experiment,
which indicated that at least 5.51 kJ/mol should be overcome
when CO, was adsorbed on a calcite surface.
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4. CONCLUSION

In this work, a new electrochemical method and MD
simulation were used to study the adsorption kinetics of
CO, on a reconstructed calcite (104) surface. It can be
concluded that the CO, adsorption process can lead to a
decrease in electrical conductivity and that the response value
of a calcite surface to CO, was linearly related to temperature.
With rising temperature, the degree of surface reconstruction
was increased, resulting in a decrease in the band gap. In
addition, when CO, molecules were adsorbed on the surface of
calcite by electrostatic interaction, a double-layer adsorption
structure was formed below 473 K. Because of the linear
relationship between the response value of a calcite surface to
CO, and the amount of CO, adsorbed, the process of electrical
current change was the process of CO, adsorption. Therefore,
the pseudo-first-order kinetic model was used to obtain the
adsorption rate constant, which ranged from 0.0272 to 0.0412
s”". The energy barrier to be overcome in the gas adsorption
process was calculated to be 5.51 kJ/mol by the Arrhenius
equation. This was consistent with the results of MD
simulation.
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