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Molecular dynamics simulations were performed to investigate hydroxyl groups-CO, interactions. Three silica
surfaces with different hydroxyl group structures were selected and the effect of pressure was studied in the
range of 4.8-32.6 MPa. Radial distribution functions especially for O—O, pair show evidence for hydrogen
bonds between hydroxyl groups and CO, molecules. The hydrogen bonds structure was analyzed using the
mean number of hydrogen bonds. Pressure and hydroxyl group structures were found to affect H-bonding struc-
ture. These findings provide new insight for CO,-hydroxyl group interactions to better understand the effects of
CO; in carbon capture and sequestration process.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

The current high levels of CO, in the atmosphere motivate the efforts
to mitigate global climate changes to decrease anthropogenic green-
house gas emissions into the atmosphere. CO, capture and sequestra-
tion (CCS) is considered as one of the most promising options [1,2]. A
knowledge of CO,-solid interactions is critical for the design of im-
proved CCS technology.

Sorption of CO, on solid surfaces has been the subject of many ex-
perimental and simulation studies: silica [3-9], montmorillonite [10,
11], shale [12] and kaolinite [13]. We focus on CO, sorption on silica.
The isotherms of CO, sorption on silica found in former studies revealed
that the sorption of CO, strongly depended on the degree of silica sur-
face hydroxylation [7]. Thus, the sorption of CO, on silica surface should
be related with CO,-hydroxyl group interaction.

It has been found that the interaction between CO, and hydroxyl
group was so special that CO, was incorporated into the interparticle re-
gions attributed to the location of the inaccessible groups [14]. To inves-
tigate the sorption mechanism, the interaction between CO, and
hydroxyl group on silica surfaces were studied using experimental
and simulation methods. Three mechanisms were proposed: (1) The
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weak physi-sorption mechanism. Infrared spectroscopy was used to
probe the interaction of CO, with silica and spectra of deuterated silica
immersed in supercritical CO, showed a weak physi-sorption with the
surface silanols [15]. (2) The sorption of CO, on silica surface was due
to the formation of hydrogen bond between the surface hydroxyls and
CO, oxygen atoms. Using molecular dynamics (MD) simulation
methods, the density profiles, radial distribution functions as well as
the interfacial dynamics properties for the confined CO, fluid have
been simulated and it was demonstrated that the hydroxylated silica
surface gave a stronger confining effect on the supercritical CO, fluid
as compared with the silylated surface which were attributed to the
H-bonding interaction between the CO, molecules and surface hydroxyl
groups [16]. Study of the interaction of CO, oxygen atoms with protons
of muscovite hydroxyls revealed that the O—H distribution function
formed a small but distinct peak at 1.8 A, which was a clear sign of a hy-
drogen bond [17]. (3) A combination of physi-sorption and a weakly
bonding interaction. The separate contribution of the dispersive and
the quadrupole interactions to the adsorption energy were analyzed
and a weakly bonded adduct was found between H atom of hydroxyl
group and O atom of CO, [18].

Based on results of these studies, CO, can physically adsorb onto sil-
ica surface. Although several authors claimed that the sorption of CO, on
silica surface was due to the formation of hydrogen bond between the
surface hydroxyls and CO, oxygen atoms, they never analyzed the
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Water CO,

Fig. 1. The snapshot of one sample simulation box. The water droplet was placed to make
sure CO, was fully saturated with water when system is equilibrated.

details of hydrogen bonds [7,18]. In the present study, the hydrogen
bonding network was investigated using molecular dynamics simula-
tion methods to better understand the interaction between supercritical
CO, and hydroxyl groups.

2. Methods
2.1. System construction

Water is present in saline aquifers before supercritical CO, is injected
in. At equilibrium, water is saturated with supercritical CO,, while, CO,
is also saturated with water. To mimic the equilibrium status under geo-
logic sequestration conditions, the simulation system should be con-
structed with triple phases as mineral, water and CO,. So, the
simulation system was constructed following the methods which have
been applied to predict contact angles [19]. The snapshot of one simula-
tion box is illustrated in Fig. 1. The interface between the top silica

surface and the water saturated CO, was used to analyze saturated
CO,-silica interaction.

Three silica surfaces with different terminations were selected
namely Q?, crystalline Q* and amorphous Q3. A unit cell of alpha-quartz
was selected to create Q? silica surfaces on the {0 0 1} plane with an area
density of SiOH groups of 9.4/nm?. The unit cell and the Q? surface are
shown in Fig. 2. A unit cell of alpha-cristobalite was used to create crys-
talline Q> surfaces on the {2 0 — 2} plane with an area density of SiOH
groups of 4.7/nm?. The amorphous Q> surface was adapted from Mate-
rials Studio and it contains some Q? and —SiOSi-environments with a
total of 4.7 SiOH groups per nm?. The crystalline and amorphous Q? sur-
faces are shown in Fig. 3. The parameters of simulation boxes are sum-
marized in Table 1.

2.2. Force fields and simulation details

A force field optimized for simulating interfacial properties of silica
with different functional groups was selected to describe the interac-
tions of silica and a flexible SPC water model coupled with silica force
field was used [20]. The potential energies of CO, molecules were calcu-
lated by a fully flexible force field [21] which was modified based on a
semi-flexible EPM2 model [22]. The interaction parameters between
unlike atoms were calculated using the Lorentz-Berthelot combing
rules.

All simulations were performed using package NAMD [23]. Periodic
boundary conditions were applied in all dimensions. Nonbonded
Lennard-Jones (L) interactions were calculated using neighborhood
and switching function cutoff techniques. The switching process was
operated between 10.0 and 12.0 A with a cutoff of 13.5 A. The Coulombic
potential was split into short-range and long-range interactions using a
cutoff of 13.5 A. The long-range Coulombic interaction was calculated by
a Particle mesh Ewald (PME) method [24] using a cubic PME interpola-
tion order with a direct sum tolerance of 10~ . The PME grid sizes in
three dimensions were selected based on grid spaces which were
about 1.0 A. To improve computational efficiency and also prevent

Fig. 3. The amorphous (left) and crystalline (right) Q° surfaces.
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Table 1

Parameters of simulation boxes. p is system pressure (MPa). Nc and N,, are the numbers of
CO, and water molecules, respectively. Ly, Ly and L, are dimensions in x, y and z directions
(nm), respectively.

P NC Nw Lx Ly Lz

Q? surface

5 823 2085 20.95 3.47 11.66
6.1 1073 2085 20.95 3.47 11.66
8.6 1388 2085 20.95 3.51 11.66
26.4 4571 2085 20.96 3.51 11.66
32.6 5137 2085 21.20 3.72 11.66
Crystalline Q> surface

54 793 2085 20.30 3.48 12.99
6.4 1020 2085 20.20 3.48 12.99
8.1 1337 2085 20.02 3.51 12.99
18.6 3307 2085 20.06 3.51 12.99
324 4874 2085 20.18 3.72 12.99
Amorphous Q> surface

4.8 990 2568 20.30 4.29 12.83
5.9 1223 2473 20.31 4,50 12.89
11.7 2530 2085 20.33 4.39 13.17
145 3103 2085 20.33 4.39 13.19
23.2 7011 2608 20.15 4.15 12.43

unphysical oscillation of the mineral slab, atoms in minerals except for
those in hydroxyl groups were held fixed during simulations using the
SHAKE algorithm [25]. A multiple time steps integration technique r-
RESPA [26] was adopted to calculate nonbonded LJ interaction and
short-range Coulombic potential at each time step while calculating
long-range Coulombic potential at every two time steps. All MD simula-
tions were conducted in NVT ensembles after simulation boxes con-
struction. A Langevin dynamics method with a damping coefficient of
5/ps was used to maintain temperature at 383K [27]. A total of 15 ns
runs were performed with a time step of 1 fs. Data were collected
from trajectory files generated in last 3 ns.

2.3. Hydrogen bonds

The geometrical criteria are usually selected to define a hydrogen
bond. For a potential hydrogen bond X—H---A, the length H--- A, the
angle XHA and the angle HXA are frequently applied by defining a cutoff
for each parameter: the length H---A is smaller than r, the angle XHA is
larger than 0; and/or the angle HXA is smaller than 6-. For the silica-CO,
interaction, a possible hydrogen bond should be Oc—Hjs--O, where Os,
H; are the O and H atoms in a hydroxyl group and O, is the O atom in a
CO, molecule. The length Hs---O. and the angle H;0,0. are selected to
define hydrogen bonds. The cutoff of the length Hs---O. was determined
from the radial distribution functions for the atom pair Hs—O, (Fig. 4).
The cutoff of the angles H;0,0. was selected as 30° as used in former
studies [28].

The hydrogen bonds structure at silica-CO, interface was analyzed
using the mean number of hydrogen bonds. The percentage of O
atoms which form i hydrogen bonds with Hg atoms is defined as
n'(0.), where i denotes 0, 1, 2 and 3. Similarly, the percentage of H
atoms which form i hydrogen bonds with O, atom is defined as n'(H;).
The percentage of CO, molecules which are involved in i hydrogen
bonds is defined as n'(C). The mean number of hydrogen bonds per
0./Hs/C can be calculated from the percentages and referred as n(Oc),
n(Hs) and n(C), respectively.

3. Results and discussion
3.1. Radial distribution functions
Fig. 4 illustrates the radial distribution functions of different atom

pairs at Q2—CO,, crystalline Q*—CO0, and amorphous Q>*—CO, inter-
faces under different pressures. Three atom pairs were analyzed namely

0s—C, Oc—O0O,, H—O,. One or more peaks can be found at these radial
distribution functions. The peak values depend strongly on pressure.
However, the peak positions show no dependence with pressure. The
well structure of radial distribution functions for Os—C pairs shows
the interaction between hydroxyl groups and CO, molecules. The inter-
action may be caused by physi-sorption or hydrogen bonds [15-17]. For
Q? and amorphous Q3 surfaces, the first peak occurs at r = 4 A and the
first minimum is shown when r = 5.5 A. However, the first peak posi-
tion is 3.5 A and the position for the first minimum is 5 A at crystalline
Q>—CO, surface.

For the three interfaces studied, the radial distribution functions for
0s—O, pairs get the same positions for the first peak (3.3 A) and the first
minimum (4.3 A). The peak and minimum positions show evidence for
hydrogen bonds between hydroxyl groups and CO, molecules [17,30].
The existence of hydrogen bonds can be further confirmed by the radial
distribution functions for H—O, pairs. For Q> surfaces (both crystalline
and amorphous), the H—O, distribution function forms a small but dis-
tinct peak at about 2.0 A, which is a clear sign of a hydrogen bond [30].
The peak position of 2.0 A is the same as that for ethanol—CO, hydrogen
bond interaction [17,30]. However, this peak disappears on the H—O.
distribution function at Q>—CO, interface. The hydroxyl group density
at Q? surface is much higher than those at Q> surfaces and hydrogen
bonds form between hydroxyl groups connected with the same Si
atom [31,32]. As a result, the chances for hydroxyl groups to form hy-
drogen bonds with CO, molecules decreased which has been confirmed
by hydrogen bonds analysis. In the following analysis, the position of the
first minimum 4.3 A for Oc—O, distribution functions was selected to
define hydrogen bonds between hydroxyl groups and CO, molecules.

3.2. Atom axial density distributions

The number densities of atoms in CO, molecules as a function of the
distance normal to silica surface at different pressures are shown in Fig.
5. The silica surface is located at the average position of outmost Si
atoms. It is clearly observed that the interfacial CO, molecules appear
layering phenomena [16]. In all conditions studied, the number densi-
ties of C and O atoms in CO, molecules have the same shape but differ-
ent values. The pressure has a great impact on the density profiles. The
final number density far away from the silica surface increases with
pressure as expected.

Near Q? surface, the density profile displays a peak at about 3.3 A and
the first shell ends at 5.1 A. At high pressures, a second peak can be
found about 7 A away from the surface. However, the second peak dis-
appears at low pressures. The peak locations for C and O atoms in CO,
molecules are same and show no dependence on system pressure.
Same results can be found by analyzing the number densities normal
to crystalline Q> surface except that the peak values are much smaller
compared with that near Q? surface. The situation near amorphous Q*
surface is different. At all pressures studied, only one peak can be
found, the peak location changes with pressure and the density distri-
bution curve is much rougher. The effects of silica surface on density
profiles are related with hydroxyl groups on silica surfaces. Compared
with the two Q2 surfaces, on Q? surface, the density of hydroxyl groups
is larger leading to higher peak values. This is consistent with former
studies where the attraction between hydroxylated silica and CO, was
found to be significantly weaker compared for dyhydroxylated silica [7].

Although the density of hydroxyl groups on crystalline and amor-
phous Q [3] surfaces is the same, the disorder of hydroxyl group distri-
bution causes pressure dependence of peak location. The strong peak
near silica surfaces found from density profiles proves the interaction
between hydroxyl groups and CO, molecules. The features of atom
axial density distributions also imply that the interaction between hy-
droxyl groups and CO, molecules is affected by pressure and surface hy-
droxyl group structures. In fact, water contact angles on silica surfaces
under CO, atmosphere were found to strongly relate with pressure
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Fig. 4. The radial distribution functions of different atom pairs.

[33] as well as surface hydroxyl group density and space distribution
[32].

3.3. Hydrogen bonds analysis

3.3.1. Hydrogen bonds structure of Hy atoms

Fig. 6 shows the percentage of Hy atoms which are involved in hy-
drogen bonds or not. Fig. 7 illustrates the mean number of hydrogen
bonds per Hs atom formed with CO, molecules. As pressure increases,
the local density of CO, molecules rises near silica surfaces (as seen in
Fig. 5). More CO, molecules are present to interact with hydroxyl groups
and the percentage of Hs atoms which form one hydrogen bond with
CO, molecules becomes larger. Conversely, the percentage of Hs atoms
which are not hydrogen bonded with any CO, molecules decreases
with pressure. As a result, the mean number of hydrogen bond per Hg
atom increases with pressure (Fig. 7). At each Si site of Q? surface,
there are two hydroxyl groups which form hydrogen bonds with each

other [31]. The chance of each hydroxyl group interacting with nearby
CO, molecules decreases. On crystalline Q* surface, there are no hydro-
gen bonds formed between nearby hydroxyl groups [31] and each hy-
droxyl group can form hydrogen bonds with CO, molecules freely
without the influence of nearby hydroxyl groups. On amorphous Q> sur-
face, the hydroxyl group form hydrogen bonds with other hydroxyl
groups although much smaller compared with that on Q? surface [31].
As a result, the percentage of Hs atoms forming one hydrogen bond
with CO, molecules and the mean number of hydrogen bonds per Hg
atom follow the order of crystalline Q> > amorphous Q® > Q2. It should
be noted that as only one kind hydrogen bond can be formed between
hydroxyl groups and CO, molecules, the results for the Os atoms are
the same as that for Hy atoms.

3.3.2. Hydrogen bonds structure of O. atoms
To analyze the hydrogen bond structure of O, atoms, we focus on O
atoms which are located within the first hydration shell of Os atoms
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Fig. 5. The number densities of atoms in CO, molecules as a function of the distance normal to silica surface at different pressures.

(4.3 A away from the Oy atoms, Fig. 4). The percentage of O. atoms
which form different numbers of hydrogen bonds is illustrated in Fig.
8. The mean number of hydrogen bonds per O, atom formed with hy-
droxyl groups is summarized in Fig. 9. As pressure increases, the per-
centage of O, atoms which form one hydrogen bond with hydroxyl
groups on crystalline Q? surface decreases leading to decrease of mean
number of hydrogen bonds per O. atom. However, the effects of pres-
sure on n'(O.) and n(O.) are negligible for Q> and amorphous Q> sur-
faces. By average, 20% of O, atoms which are located in the first
hydration of shell of Os atoms form one hydrogen bond with hydroxyl
groups on silica surface.
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Fig. 6. The percentage of Hs atoms which are involved in 0 or 1 hydrogen bond as a
function of pressure on different silica surfaces.

3.3.3. Hydrogen bonds structure of CO, molecules

To analyze the interaction between hydroxyl groups and CO, mole-
cules from the viewpoint of CO, molecules, we focus on CO, molecules
of which at least one O, atom is located within the first hydration shell
of Os atoms. Among these CO, molecules, those form hydrogen bonds
with hydroxyl groups are classified as hydrogen bonds CO, molecules
and the others are classified as physi-sorption CO, molecules.

Fig. 10 illustrates the percentage of CO, molecules which are in-
volved in 0, 1 or 2 hydrogen bonds as a function of pressure on different
silica surfaces. For Q? and amorphous Q> surfaces, the percentages show
no dependence on pressure. For Q2 surface, the percentage of CO,
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Fig. 7. The mean number of hydrogen bonds per Hy atom as a function of pressure on
different silica surfaces.
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molecules that form one hydrogen bond is ~25.4% and about 1.4% of CO,
molecules are involved with two hydrogen bonds. The rest 73.2% of CO,
molecules are physi-sorption CO, molecules. For amorphous Q> surface,
the percentage of physi-sorption CO, molecules is 76.7%. 22% and 1.3%
of CO, molecules are involved with one and two hydrogen bonds, re-
spectively. The results for crystalline Q> surface are different. As pres-
sure rises from 5.4 to 32.4 MPa, the percentage of physi-sorption CO,
molecules increases from 67.4% to 72.3%. The decrease of percentage
of hydrogen bonds CO, molecules is caused mainly by loss of CO, mol-
ecules which form only one hydrogen bond with hydroxyl groups
(dropping from 30% to 26%). In summary: for Q? and amorphous Q> sur-
faces, the percentages of physi-sorption and hydrogen bonds CO, mole-
cules remain constant as pressure increases; for crystalline Q> surface,
the percentage of physi-sorption CO, molecules increases with pres-
sure. These trends are consistent with the mean number of hydrogen
bonds per CO, molecule as drawn in Fig. 11. Each CO, molecule forms
0.28 hydrogen bonds with hydroxyl groups on Q? surface. The number
reduces to 0.245 when the surface changes to amorphous Q>. On crys-
talline Q> surface, the mean number of hydrogen bonds per CO, mole-
cule decreases from 0.35 to 0.29 dropping about 17%.
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Fig. 9. The mean number of hydrogen bonds per O atom as a function of pressure on
different silica surfaces.
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4. Conclusions

Molecular dynamics simulations have been performed to investigate
hydroxyl groups-CO, interactions. Three silica surfaces with different
hydroxyl group structures were selected and the effect of pressure
was studied in the range of 4.8-32.6 MPa. Radial distribution functions
and atom axial density distributions have been calculated and their fea-
tures show that the interaction between hydroxyl groups and CO, mol-
ecules is affected by pressure and surface hydroxyl structures. Radial
distribution functions especially for O—O. pair show evidence for hy-
drogen bonds between hydroxyl groups and CO, molecules.

Each H, atom at most forms one hydrogen bond with CO, molecules.
Based on pressure and surface hydroxyl group structures, 6.2%-26% of
H; atoms are involved in hydrogen bonds corresponding to 0.06-0.27
hydrogen bonds per Hg atom. For O, atoms which are located within
the first hydration shell of Os atoms, 15.9%-20.9% are forming one hy-
drogen bond with surface hydroxyl groups leading to 0.17-0.22 hydro-
gen bonds per O atom. The mean number of hydrogen bonds per Hg
atom formed between hydroxyl group and CO, molecules follows the
order as crystalline Q® > amorphous Q3 > Q2. For Q? and amorphous
Q3 surfaces, the pressure shows negligible effect on the percentage of
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Fig. 11. The mean number of hydrogen bonds per CO, molecule as a function of pressure
on different silica surfaces.
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O. atoms which are involved in 0 or 1 hydrogen bond as well as the
mean number of hydrogen bonds per O, atom. However, the percentage
of O atoms which form one hydrogen bond with hydroxyl groups on
crystalline Q3 surface decreases with pressure leading to decrease of
mean number of hydrogen bonds per O, atom. The mean number of hy-
drogen bonds per O, atom for crystalline Q*—CO, hydrogen bond is the
largest.

CO, molecules of which at least one O, atom is located within the
first hydration shell of O5 atoms were classified as hydrogen bonds
CO, molecules and physi-sorption CO, molecules. The percentages of
physi-sorption CO, molecules for Q% and amorphous Q> surfaces show
no dependence with pressure with values of 73.2% and 76.7%, respec-
tively. For crystalline Q> surface, the percentage of physi-sorption CO,
molecules increases from 67.4% to 72.3% when pressure increases
from 5.4 to 32.4 MPa. It's interesting that the percentage of physi-sorp-
tion CO, molecules for crystalline Q> surface is the smallest and the
value for amorphous Q? surface is the largest.

These findings provide new information to better understand the in-
teraction between supercritical CO, and mineral surfaces. The knowl-
edge of CO,-mineral interaction is essential to investigate wettability
of CO,/brine/mineral systems which is a key parameter to govern the
fate of supercritical CO, during CCS. However, further studies are re-
quired to construct direct relationship between CO,-mineral hydrogen
bonds interaction and CO,-mineral interfacial tension.
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