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Abstract: CO; is a widespread fluid naturally occurring within the Earth crust or injected in deep
strata for technological issues such as Carbon Capture and Storage (CCS). At STP conditions, CO; is a
gas, with a net zero dipole moment. Growing pressures produce an increase in its density. The reduced
intermolecular distance causes a variation in the molecular structure, due to the intensification of
mutual interactions. Some published spot data reveal the departure from the planarity of the bond
angle while others provide few values of the CO, dipole moment. Based on a small amount of
literature-measured angle values, it was possible first to extrapolate a correlation between bond
angle and density (R? = 0.879). By fixing the partial charges distribution, we present a simple model
that allows the calculation of the CO, dipole moment directly from the geometry of the molecule,
in the range of 179-162 degrees, 1-degree step. Results give values up to about 1 D. Being aware
that this model is qualitative, it gives, however, an explanation of the experimental reactivity, and
it also provides a valid tool in identifying zones in the crust where these reactions are likely to
occur efficiently. Finally, we hypothesise the role of dry CO; in the carbonate formation through the
interactions with the basalts.

Keywords: Dry Carbon dioxide; dipole moment; high density; CO, rock interaction; metal solvation;
carbonates formation

1. Introduction

At standard conditions, CO; is gaseous; at standard temperature and at pressures
above 3.5 MPa, CO; changes to liquid, while at over 304.13 K and 7.4 MPa it reaches
supercritical conditions (Figure 1). The Carbon dioxide molecule is generally assumed as a
non-polar or at least as a non-dipolar molecule.
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Figure 1. CO; phase diagram, modified from [1].
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The geometry is linear: the Carbon is the central atom, and the two Oxygens are
on the sides, both linked with the Carbon by double covalent bonds. Due to the elec-
tronegativity difference between the Carbon and the Oxygens, the molecule has a high
charge separation between the central Carbon atom and the two side Oxygen atoms. This
configuration produces two C-O couples, each with a dipole moment, identical in value,
but pointing in opposite directions. The resulting molecule dipole moment is null; however,
the molecule has a quadrupole moment. This allows the CO; to act as a Lewis acid and/or
base [2,3]. Therefore, it is able to link to other molecules with hydrogen bonds [4]. Ef-
fectively, supercritical CO, (scCO,) is widely used as a green solvent in many industrial
processes such as in the lipid [5], food oil [6], caffeine [7] and pharmaceutical [8] industries,
and in hydrogenation catalytic processes [9]. On the other hand, if subjected to conditions
of temperature and pressure higher than the standard ones, dry CO, demonstrates its
capability to bind and to coordinate ionic molecules. On the one hand, the relationship
between CO; and ionic liquids has been sufficiently studied, also in different aggregation
phases, such as, for example, in ionic liquids [10], scCO; in liquid water [11] and water in
scCO; [12]; on the other hand, studies of its behaviour with ionic solutes has given quite
surprisingly different results.

As a matter of fact, some researchers point out the experimental affinity of liquid and
supercritical CO; for some ions, and for some ionic solutes as well. Regnault et al. [13,14]
demonstrated the solvent capability of dry scCO, with portlandite that lead to the formation
of carbonates after the attack. Criscenti and Cygan [15] investigated the partition of
alkaline and earth alkaline elements between water and liquid CO,. In addition to the
well-recognised effectiveness of water in ion solvation, the variable, albeit minor, ability
of CO, to bind alkaline ions and, more effectively, earth alkaline elements, stands out.
Furthermore, the less the density charge of ions (i.e., with increasing ionic radius and
fixed charge), the less the solvation energy gap between water and liquid CO,, which even
reduces close to zero, as in the case of Cs*. In other words, liquid CO;, and H,O have quite
the same capability to bind (solvation?) Cs*. Furthermore, in CCS lab experiments, Rempel
et al. [16] estimated partition coefficients between a brine and supercritical CO,, showing
that final concentrations of Na, Fe, Cu and Zn ions in the scCO, phase were in the range of
mg/kg, which is much higher than what was originally expected. High uncertainties in the
concentration measurements, however, did not allow drawing a correlation between metal
concentrations and scCO; density. It has also been observed that CO, has the capability to
bind cations and transition elements (see Section 4).

All these observations point out the possibility that, in specific conditions, CO, could
behave as a fluid with some ionic characteristics.

Di Noto et al. [17] detected variations in electrochemical values as soon as pressure
is applied on the gas: namely, the onset of a dipole moment of CO,—above 0.20 D—and
the increase in the dielectric constant well above 1. The explanation they give resides
in the fact that the geometry of single molecules changes due to the increase in mutual
intermolecular interactions.

At the same time, a series of direct measurements of the geometrical structure in liquid
and supercritical conditions have been accomplished in recent years (see Section 2, Table 1),
showing the departure of OCO angle well below 180° degrees in conditions of pressure
and, to a minor extent, temperature, above standard values. This geometry has also been
modelled with computational chemistry methods (see Section 2).

According to the principle that “like dissolves like”, it follows that non-polar solvents
react only with non-polar solutes, while polar solvents react and dissolves ionic compounds.
In fact, it has been noted that CO,, is a solvent for some compounds, not strictly belonging
to the quadrupolar class and/or not for molecular systems containing hydrocarbon chains.

In short, experimental facts support the hypothesis that dry CO; has also ionic solvent
capability; therefore, it is able to behave as a polar solvent within specific P/T ranges.
This issue is fundamental in many Earth Sciences disciplines, because CO, is a common
fluid in crustal environments. CO; originates naturally from the mantle [18], and minerals
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decarbonation reactions [19]; it is also artificially injected into deep strata for CCS [20] and
for hydrocarbon reservoir re-pressurisation [21]. Injection of CO, is even suggested for
geothermal heat extraction [22,23] and fault imaging [24].

In this paper, we first review the molecular structure of CO; and its geometry. Subse-
quently, we analyse the published data, focusing on the modifications induced by neigh-
bouring molecules in conditions of temperature and, above all, pressure above the standard
values, inducing the onset of a dipole moment. Finally, having observed a statistical corre-
lation between the OCO angle and the CO, density, we present a simple model to evaluate
the dipole moment, based on the OCO angle measured during laboratory experiments. The
bond angle values found in the literature determine the upper and lower limits of the field
of existence of our model. With our model, we produce a simple way to estimate the dipole
moment, according to the estimated density values compatible with a static profile of the
earth crust. Here, the principal aim is to indicate the depths where its polar behaviour is
likely to occur, speculating on its role in both the liquid and the supercritical phases and
in solvating and coordinate metal ions, and therefore in mineral dissolution/deposition
processes. As a final point, the role of dry CO; in carbonate formation is investigated.

2. CO; Molecular Structure Generalities and Geometry Variations

In the CO, molecule, the two C=0 bonds have a length of 116.21 pm (NIST data),
resulting in a significant opposite charge separation and a consequent dipole moment
within each bond. Due to the fact that the molecule has a linear geometry, the entire
molecule CO; has a zero total dipole moment, and the two opposite partial-moment vectors
nullify each other (Figure 2). However, at a molecular scale, the two dipole moments give
the molecule a quadrupole moment that causes a noticeable solvation capability by means
of quadrupole—dipole and quadrupole-induced dipole interactions [3].

- -+ + -

-0.36 = QL2 -0.36

Figure 2. CO, molecule charge separation with negative partial charge (—0.36 electron unit) on the
Oxygen atoms and positive partial charge (+0.72 electron unit) on the Carbon atom. Data from [3].

Carbon dioxide behaves, in general, as a Lewis acid /base by binding the nucleophiles
to the Carbon atom and the electrophiles to the two Oxygen atoms [25]. In self coordination,
the acid /base Lewis mechanism should result in the interaction between a lone pair of O of
one CO, molecule to the electron deficiency of C of the second CO, molecule (Figure 3). In
water coordination, the CO, Lewis acid/base behaviour results in an interaction between
a lone pair of the O atom of a H,O molecule and the lacking lone pair of the C atom of
a CO; molecule. Computational chemistry methods could give a useful framework on
intermolecular interactions and resulting geometry, both in CO, coordination chemistry, as
in the case of CO,-H,0 and in self-aggregation of the pure phase.
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Figure 3. CO, Lewis acid /base behaviour. Redrawn from [25].

Starting from the consideration that CO, is more soluble in water in comparison to
CO, Sato et al. [26] stress the apparent incongruence between experimental data and the
classic narrative that the solvation process is directly proportional to the dipole moment.

Some hypotheses indicate the possibility of CO; to establish hydrogen bonds. Xanth-
eas [27] observed that the hydrogen bonds could play an essential role in solvating highly-
polar molecules and ions in aqueous solutions. Therefore, the high carbon dioxide solubility
in water could be a consequence of the existence of hydrogen bonds between one of the oxy-
gens of the carbon dioxide molecule and the hydrogens of neighbouring water molecules
(cf. [26,28]). Hydrogen bonding is so effective in binding two different elements that the
CO; molecule should also establish hydrogen bonds with organic molecules by binding
one of its two oxygen atoms with a hydrogen atom bonded to their carbonyl carbon [3].

A reliable hypothesis foresees the acquisition of a dipole moment due to the OCO angle
variation, caused by the influence of water molecule. Jena and Mishra [28] analysed the
CO; geometry in the case of interaction with H,O. They conducted an ab initio simulation
focusing on CO, molecular structure variation in the case of a mutual relationship in the
[CO,-(H20)n] coordination group, with 1 < n < 8. Their simulation focused attention on
the distortion of both CO, and H,O bond angles as soon as the two molecules establish an
interaction. With n = 1, the coordination has two, simulated, possibilities; the first one is
a unique bond between the central Carbon of CO, and the central Oxygen of H,O (angle
of 178.1°), and the second one similar to the first one with a hydrogen bond between one
hydrogen and the peripheral oxygen of CO, (angle of 178.5°). In this second case, the CO,
angle is closer to linearity compared to the first one. H,O is rotated in respect of the first
one, and a link is established when a hydrogen reaches a distance of around 2.78 A with the
CO; oxygen. As a consequence, the second oxygen of the CO, becomes closer to the central
H,0O oxygen. The result is that the OCO angle is forced back to the slightly wider values.

With growing coordination numbers, the variation of OCO angle is often higher.
Results seem to indicate that one of the most reliable mechanisms responsible for the CO,
bond angle variation is its response to the proximity of an external force, due to other
polarised CO; or H,O molecules.

The analysis of the self-aggregation structure, again by means of computing chemistry
methods, shows a modelled framework with some common points. The dimeric structures
are the most common forms of CO; molecule binding in self-aggregation. Two of them are
the principal dimeric forms: slipped-parallel, and T-shaped (Figure 4).
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Figure 4. CO, dimers after [29]: (A) slipped-parallel and (B) T-Shaped.

In a slipped-parallel structure, a hydrogen bond is established between the central
Carbon atom of one molecule and one Oxygen of the coordinated molecule, while the
Carbon of the second molecule binds the second Oxygen of the first molecule (Figure 4A).
This configuration prevails mostly in the gas phase [17]; its prevalence decreases with
growing pressure, becoming minor in the liquid and supercritical phases [30], where the
T-shape configuration prevails (Figure 4B). In this configuration, the axis of the two binding
molecules forms a 90° angle, lying on the same plane, and the oxygen of one molecule
binds the central carbon of the other molecule.

A third structure in self coordination has been theorised, which is crossed geome-
try [30] or distorted T-shape [31]; it is similar to the T-shaped structure, but the molecules
of the dimer lie on different planes, forming an angle. Nonetheless, in a recent work,
Mi et al. [32] calculated the angular distribution function of the CO, molecules of the first
solvation shell at T = 304.2 °C and a pressure of 7.4 MPa and found that the angle between
the two planes was close to zero.

Anisotropy is present in low-density states, due to localised clusters of molecules [29,30].
With growing density, the anisotropy tends to disappear; in its place, the structure assumes
a more ordered geometry. Saharay and Balasubramanian [33] have explained in detail
the reasons, presenting the results of an ab initio molecular dynamics simulation on the
scCO; coordination along the 318.15 K isotherm and pressure ranging from 19 to 502
MPa. The first coordination shell is located in the equatorial plane; it is constituted by
about six CO; molecules around a central one, generally linked with distorted T-shape
geometry, through lone pairs of one equatorial oxygen to the central carbon [31]. At
a density around 1400 kg/m?, the equatorial CO, molecules of the first shell change
orientation: they assume a configuration that tends to return to slipped-parallel geometry.
On both poles, a total of six more CO, molecules complete the scCO; structure with a
configuration similar to CO; crystals (density = 1740 kg/m?>); here, the polarisation of the
central CO; should disappear. In this framework, they argue that the interaction with
near neighbours induces a dipole moment, and that density has, not a quantifiable, but
a systematic effect on the intramolecular structure (i.e., on the OCO bond angle). Even if
based on little data, Anderson et al. [34] suggested that the bond angle varies mostly as a
function of temperature. At present, it is reasonable to accept that a series of factors can
influence the geometry of the CO, molecule; among these, there are the density and the
thermodynamic conditions.

In order to detect the potential factors affecting the variations of CO, bond angle in
response to variations in the environmental conditions, we analyse the bond angle values,
as indicated in Table 1. These values are exclusively from experimental measurements. The
correlation matrix in Table 2 shows the matches among variables. Bond angle has a high
correlation with density.
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Table 1. Bond-angle values at different temperature, pressure and density conditions. Specific
Enthalpy, Internal Energy, Cv and Cp have been calculated using NIST facility after [27,32,34-36].

Press Density Bond Specific Enthalpy Aggr. State Internal Energy ) )
Temp (K) (MPa) (kg/m®) Angle (kJ/mol) According NIST (kJ/mol) Cv (fmol-K)  Cp (J/mol-K) Ref
273.15 0.1 1.78 180 21.34 19.08 27.81 36.38
298 0.1 1.78 178.3 22.257 19.792 28.928 37.435 [27]
220 0.85 1167 166.27 3.8198 liq 3.7877 42.696 86.257 [35]
320 10.2 477.4 169.4 15.659 sc 14.719 46.314 328.55 [32]
222 0.65 1158 163 19.027 liq 17.354 28.374 41.522 [34]
310 10.1 690.36 169 13.046 sc 12.402 43.801 190.11 [36]
320 9.7 403 165.01 16.486 sc 15.427 46.475 315.33 [36]
320 9.2 335.8 165.01 17.327 sc 16.121 45.272 240.56 [36]
Table 2. Correlation matrix. Highlighted values are >10.7 | . The correlation matrix, carried out on
the data of Table 1, highlights that the variation of the geometry of the molecule, the angle, is mainly
due to the density.
Temp Press Density Bond Anel Specific Enthalpy Internal Energy Cv Cp
(K) (Mpa) (kg/m®) ° gle (kJ/mol) (kJ/mol) (J/mol'’K)  (J/mol-K)
Temp (K) 1.00 0.77 —0.67 0.15 0.34 0.38 0.50 0.72
Press (Mpa) 0.77 1.00 —0.07 —0.43 —0.14 -0.08 0.85 0.94
Density (kg/m®) -0.67 -0.07 1.00 —0.74 -0.69 -0.69 0.19 -0.08
Bond Angle 0.15 —0.43 —0.74 1.00 0.48 0.45 —0.56 —0.44
Specific Enthalpy (kJ/mol) 0.34 —-0.14 —0.69 0.48 1.00 1.00 —0.58 —-0.17
Internal energy (kJ/mol) 0.38 —0.084 —0.69 0.45 1.00 1.00 —0.54 —0.12
Cv (J/mol-K) 0.50 0.85 0.19 —0.56 —0.58 —0.54 1.00 0.88
Cp (J/mol-K) 0.72 0.94 —0.08 —0.44 -0.17 —0.12 0.88 1.00

The factor analysis in Table 3 provides a model that accounts for 87% of the dataset
total variance, with two factors. The first factor indicates a clear association of four original
variables: the bond angle, the density, the specific enthalpy and the related internal energy.
It accounts for 48% of the total variability of the model. The uniqueness of the density, the
enthalpy and the internal energy is high; these variables correlate only here and are highly
representative of this first factor. The uniqueness of the bond angle is sufficiently high,
being weakly represented in the second factor.

Table 3. Factor analysis and varimax rotation. Highlighted values are >10.7 1.

Factor 1 Factor 2
Temp (K) —0.53 0.83
Press (Mpa) 0.07 0.97
Density (kg/m3) 0.91 —-0.19
Bond Angle —0.72 -0.35
Specific Enthalpy (kJ/mol) —0.92 —0.11
Internal energy (kJ/mol) —0.91 —0.06
Cv (J/mol-K) 0.46 0.87
Cp (J/mol-K) 0.1 0.97
% Total Variance 48.53 39.41
Cumulative Variance 48.53 87.94
Eigenvalue 3.88 3.15
Cumulative Eigenvalue 3.88 7.03

The correlation between bond angle and density is presented in Figure 5 and may be
described by the following equation:

o =180.24 - 2.159 x In(pcon) 1)

where « is the bond angle and pcoy is the CO; density. In Equation (1), the correlation
coefficient, R?, is equal to 0.879; however, we realise that this value represents a limited
number of experimental data.
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Figure 5. CO;, bond angle versus density. Data are from Table 1.

These first observations suggest that the decrease in the OCO angle seems to be directly
correlated to the decreasing internal energy and inversely correlated to the increasing
density. The reduction of intermolecular distances probably produces the deviation from
linearity that in turn could be responsible for the onset of the molecular dipole moment.

In fact, Di Noto et al. [17], showing the correlation between the pressure and the
temperature of the gaseous/liquid CO, and the dipole moment, indicated how even
in the gaseous phase a closer intermolecular distance is able to yield distortion in the
CO, molecules. Sharp changes in the trends apparently indicate a transition from the
slipped—parallel to the T-shaped CO, molecules configurations. The slipped-parallel
configuration contributes only to about 0.04 D of the static dipole moment, while the base
contribution of a T-Shaped configuration reaches about 0.3 D.

Furthermore, Jena and Mishra [28] found that, at standard conditions, the OCO bond
angle in complexes deviates from linearity up to 2.3°, just like the H-O-H angle, which
varies by about 1°. The dipole property appears (in the case of CO,) and varies (in the
case of H,O) so that, in a CO,-H,O solution, the group [CO, (H,O)n] also obtains a dipole
moment. The authors reported a value of 4.19 D withn = 5 and 4.42 D with n = 7, the
lowest value being at n = 3 with 0.84 D (Table 4).

Table 4. Coordination number of water molecules with carbon dioxide and complex dipole moment.
Data from [27].

Number (n) of Water Molecules Dipole Moment (Debye)

0.837
2.325
4.192
1.235
4.419
3.400

O 3O U~ W
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The intramolecular OCO bond angle of the central molecule of each group is 178.23°,
with a slight deviation of the O-O intramolecular distance of about 0.01 A.

Summarising, the deviation from the planarity of OCO angle and the relative ap-
pearance of the dipole moment of CO; seems to be correlated with the proximity of polar
substances (H,O) and to the reduced intermolecular distances in self aggregation driven by
density increase. By analysing this last case, we present a simple geometric model to obtain
practical values of the CO, dipole moment.

3. A Simple Model to Evaluate the Single Molecule CO; Dipole Moment

We present a simple geometric model to obtain practical values of the microscopic
dipole moment for the single carbon dioxide molecule, based exclusively on variations of
its molecular geometry, namely the bond angle and the bond length. This model does not
want to substitute the more accurate molecular-dynamic-based models that calculate the
distortion of the OCO bond angle from the first principles. It gives, though, a handy way
to obtain a “back-of-the-envelope” value for this bond angle.

First, we make the hypothesis that CO, can be considered to be composed of two
C=0 couples. The dipole moment of the molecule is the vector sum of each C=O cou-
ple vector dipole moments, which we assume to have directions towards the respective
electronegative Oxygen atom and is given by:

n=Q x L ()

where p is the dipole moment, Q is the total charge and L is the distance between the
central carbon and the bonded oxygen. The total charge is due to the electronegativity
difference between the two atoms. In the calculations, lone pairs and non-bonding electrons
have been taken into account, because they influence the charge separation. The model
calculates (a) the partial charge of the carbon and oxygen atoms, (b) the total charge of the
C=0 couple, (c) the dipole moment of the C=O couple and (d) the dipole moment of the
entire CO, molecule.

3.1. Partial Charge of Carbon and Oxygen Atoms

The following parameters take part in the partial charge calculation:

The valence electrons (V): Every electron on the last energy level. C has 4 valence
electrons, whereas O has 6 valence electrons.

The non-bonding electrons (Eny.): The number of electrons of an element not involved
in any bond. The CO, molecule is considered to be made of two identical C=O couples, so
the oxygen atom has two unshared electron pairs (4 electrons), and the carbon atom has
only one unshared electron pair (2 electrons), as in Figure 6.

:C=—=0:

Figure 6. C=0 couple structure.

The bonding electrons (Er): The number of electrons taking part in a bond. C=0
bond is covalent, and Carbon and Oxygen share two electrons each. So, C and O have
4 bonding electrons.

EN stands for electronegativity.

Following the general formula [37,38]

8(a) = V(@) — [ENL(@) * EL(a) X (EN()/(EN(q) + ENg,)))] 3)
and considering a single C=0 pair of the CO, molecule:

Vi =4 V) =6 4)
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EnvLe =2 Enpo) =4 @)
Ei=4ELo =4 (6)
EN|(q) = 2.55; EN(g) = 3.4. @)

we may write,

8 () = Vo — [Enr(o) + EL() X (EN(¢)/(EN(g) + EN(p)))]

=4 —[2+4 x (2.55/(2.55 + 3.44))] = +0.29 ¢; ®)
8(0) = V(o) — [Enr(0) + Er(0) X (EN(g)/(EN(o) + EN()))] ©)
=6—[4+4 x (3.44/(3.44 + 2.55))] = —0.29 e.
Because
e = electron charge = 1.609 x 10~ Coulomb (C);
then,
8o = +4.65 x 1072 C; (10)
S0y = —4.65 x 1072 C. (11)

3.2. Partial Charge of the C=0 Couple

Once the partial atom charge is obtained, we calculate the charge of the C=0O couple
within the CO; molecule. Each oxygen atom has a partial charge of —0.29 e. However, the
C atom must be considered twice, because each C takes part in both CO couples. Thus, the
partial charge of the carbon atom of the carbon dioxide molecule is +0.58 e. The CO charge
is calculated by adding two vectors, applied to the same point with opposite directions.

Q=algs!l —blg-1; (12)
Q=2Iqg+!l — Iq-1=058-0.29=+0.29e. (13)

3.3. The Dipole Moment of the C=0 Couple

The dipole moment of a couple is the product between its net charge and the bond
length. The bond length (L) between the Carbon and the Oxygen is between 112 pm and
122 pm, with an average value (arithmetic mean) of 117 pm. Therefore, the single C=O
bond dipole moment, by applying Equation (2), is:

H=QxL=+465x10"20Cx 1179 x 107" m=5482x 100 Cm=1.64D

3.4. The Dipole Moment of the Entire CO, Molecule

In order to obtain the dipole moment, we now need to vector sum the dipolar couple
of the molecule, following the general formula:

c= \/a2+ b? + 2ab cos 0 (14)

We define L, and L;, as the bond lengths of the two C=0 couples, u, and y, are the
two dipole moment vectors and 6 is the bond angle (i.e., the angle formed by p, and p,
vectors).

A different isotopic composition, coordination with other molecules such as water or
pressure increases, can also determine a change in the bond length, so that the two couples,
C=0, no longer have the same bond length.

La 7'é Lbr (15)

arpa=qxX Ly | by =q x Ly, (16)
i=(Ha® + 1p” + 2 paty X cos0)!/2, (17)
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if: nay # W, and 6 = 180°, (18)

then,
= (Ma® + Hp? — 20 pp)/2 #£ 0. (19)

From the data reported in [27], the bond length ranges from 112 pm to 122 pm.
Accordingly, in this model, the absolute difference between the two C-O bond lengths (AL)
ranges from 0 to 10 pm.

0 <AL <10. (20)

Here we anticipate results showing that the contribution of the bond variation has, in
this model and in the case of asymmetry in the bond length variation, an influence equal to
0.07 D; so, as will be presented below, the bond length variation has an influence that could
be considered negligible.

The dipole moment due to the bond angle variation is calculated as follows. Given
that

La=1Ly; (21)
then,
= (ta? + pp” +2 o -y X cos0)'/2, (22)
If:
Wa = 4 and 6 = 180° (23)
= (2ua? — 2192 =0 (24)

As expected, a linear and symmetric molecule has a dipole moment equal to zero.
Instead, if:

= (Ma® + Mp? +2 Ha X pp X c0s0)!/2, (25)

and if:
Wa = Wy, and 0 = 180°, (26)
= 2ua? + 2ua> X c:osG)l/2 # 0. (27)

Once the dipole moment for a single molecule is calculated, we can calculate the dipole
moment for a T-Shaped dimer. For the dimer calculation, we assume that this configuration
lies in the same plane and the angle between the two resulting vectors is 90° (Figure 7).

COz dipole moment vector 2

CO2 dipole moment vector 1

Figure 7. Outline of total dipole moment of dimer configuration, assuming that vectors of each CO,
molecule are coplanar.
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The results are plotted in Figure 8. According to the data reported in Tab. 1, the bond
angles used for calculations range from 180° to 160°. The data are based on the partial
charge calculations from Section 3.1, and as comparison, based on partial charge value
according to [3]. They calculate a charge separation with a negative partial charge of —0.36 e
on the Oxygen atoms, a positive partial charge of +0.72 e on the Carbon atom (Figure 2) and
a C=0 partial charge separation of 0.36 e. These results are based on the CHELPG scheme
(CHarges from ELectrostatic Potentials using a Grid based method, described in [39]);
the atomic charges are fitted to reproduce the molecular electrostatic potential (MEP) at a
number of points around the molecule.

12
“e. Monomer (present model)
“&.. T-Shaped Dimer (present model)
10} & Monomer (p.ch. by Raveendran et al., 2005)
- “A._ T-Shaped Dimer (p.ch. by Raveendran et al., 2005)
08t
&)
g
g 0.6
g 0
2
o]
Eh
]
04t
02r
0.0

180 178 176 174 172 170 168 166 164 162 160 158
Bond Angle (degrees)

Figure 8. Dipole moment versus molecule CO, bond angle. Blue and red graphics are based on the
partial charge values calculated in our model, according to Pauling electronegativity. Green and
purple graphics are the values calculated according to the partial charge calculated in [3]. Two cases
are presented: blue and green are values referring to monomer, red and purple refer to a T-shaped
dimer (see text for explanation).

The values of our model, instead, are based on the charge separation computed
using the valence electrons, the bonding and the non-bonding electrons, and Pauling
electronegativity, which give a partial charge of —0.29 e for the Oxygen and +0.58 e for the
Carbon, and, in turn, calculates a C=O partial charge separation of 0.29 e.

Differences in resulting values arise compared with the original parameter choice,
namely in the partial charge calculation method.

4. Discussion

The results illustrated in Figure 8 highlight both the considerable dipole moment
values, achievable with the molecule bending. Even if the different slopes of different lines
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are linked to the choice of the partial charge separation value, computed with different
methodologies, we present our model calculated with the two distinct values of partial
charges, considering them both valid. Indeed, whatever the choice of partial charge value,
we link the increase in the dipole moment to the decrease in the angle of the molecule,
within the angle value limits found in the literature. In other words, besides the noticeable
absolute values, especially those referring to the T-Shaped configuration, trends are for us
more important: they indicate a rising capability of carbon dioxide to act as a polar solvent
with decreasing bending values, i.e., with rising density.

In detail, for a bond angle of 160°, our model calculates a dipole moment ranging
from 0.57 D (for the monomer configuration) to 0.80 D (for the dimer configuration). If
we apply, instead, the partial charge separation calculated by Raveendran et al. [3], our
model calculates the dipole moments of 0.7 D (monomer configuration) and 1.0 D (dimer
configuration). As a comparison, Saharay and Balasubramanian [31] calculated, with the
quantum chemistry method, a dipole moment of 0.85 D at a density of 703 kg/m3. Given
this density and using Equation (1), we obtain a bond angle of 165.8°, which leads to a
dipole moment of 0.71 D (0.78 D if we would consider the eventual case of maximum
asymmetry in the bond length) for the T-Shaped configuration (cf. Figure 8), according to
the partial charge separation of [3].

The existence of a dipole moment at specific thermodynamic conditions qualifies the
CO; as a polar solvent, whose solvent ability is currently not quantified. We believe that
the role of the CO; in crustal environments should be reassessed because it is generally
considered non-reactive in dry conditions. Indeed, it could effectively interact with ionic
minerals, and our model may provide a qualitative estimate of CO, reactivity in the
Earth crust.

Using density as a proxy for the dipole moment, we know that

P =pgh (28)

where P is the pressure, g is the gravity acceleration and h is the depth. In the hydrostatic
pressure case, paq = 1000 kg/m3, while in the lithostatic pressure case, p = 2700 kg/m? as
an average rock-grain density. Based on these values, the relation between pressure and
temperature is shown in Figure 9, assuming an average geothermal gradient of 0.025 K/m.
Given the increase in CO; reactivity with the density, the figures show that, at constant
temperature, the supercritical state should always be more reactive than the vapour phase, and
at constant pressure the liquid phase should always result more reactive than the supercritical
state. In other words, lower geothermal gradients should favour the CO; reactivity.
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Figure 9. Density of CO, in upper crust in a pressure versus temperature diagram that includes
the CO; phase diagram. In the graph, density values are in kg/ m3; average geothermal gradient is
0.025 K/m; arrows point toward conditions in the Earth crust where CO, is supposed to be more
reactive due to a higher dipole moment. (A) depths are based on the H,O hydrostatic pressure; (B)
depths are based on a lithostatic pressure.

Given the relation between the density, the OCO angle and the dipole moment, Saharay
and Balasubramanian [33] indirectly fixed the highest density limit for the dipole moment
to occur. In an ab initio MD study, they found that, close to the 1400 kg/m? density value
(not shown in the upper figures), the polarisation starts to nullify because of the structure
of the first shell solvation. A total of 12 CO, molecules spherically surrounded a central one
and disposed again in a slipped-parallel configuration. So, at this extreme density value,
no dipole moment exists, because every molecule has a planar configuration.

Capability of CO; to Bind and Solubilise Elements

Criscenti and Cygan [12] discussed the solvation capability of dry liquid and super-
critical CO; in comparison with water. They showed the formation of a first solvation shell
around alkali and alkaline-earth elements in liquid (770 kg/m?, 8 MPa and 300 K) and
suggested that a comparable structure can be found with scCO, (620 kg/m?, 20 MPa and
350 K). In particular, based on the calculated solvation energy, they found that the liquid
CO; solvates better the alkaline-earth than the alkali metals. The solvation energies of the
liquid CO; are, for the alkali metals, only slightly higher than those of the liquid water,
while for the alkaline-earth elements, they are much higher than for the liquid water.

Schaef et al. [40] studied the interaction of dry supercritical CO, (P = 9 MPa,
T =312 K, p = 200 kg/m?>) with montmorillonite rich in Na*, NH;* and Cs*. They calcu-
lated the free solvation energy of the cations with CO; in relation to the ionic radius (charge
density), obtaining values that were less negative than those of Criscenti and Cygan [12].
Nevertheless, they reiterated a sufficient affinity for the alkaline elements, noticing that
NH,4" and Cs* bind anhydrous scCO; in the montmorillonite interlayers, while Na* does
not. They conclude that this behaviour could be linked to the layer charge rather than to a
weak polar solvent character. Instead, in a cation partition experiment between brine and
supercritical CO,, Rempel et al. [16] demonstrated that the partition of Na* towards scCO,
is substantial, and it is a direct function of the density at constant temperature.

A comparative extraction and dissolution experiment carried out by Propp et al. [41]
from the solid sulphide used CO, and water at similar temperatures, comparable densities
and at an estimated pressure of about 27 MPa; the water was in liquid state, while the CO,
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was supercritical (Table 5). The results showed that some metals and metalloid elements
become more concentrated in the scCO, rather than in the liquid water.

Table 5. Comparison of extraction in two cases: pure CO, and pure water. Bold characters indicate
the higher solubility between the two solvents. From [39].

Fluid

Extraction (mg Metal/g Fluid)
As Cd Co Cu Pb Fe Ni Zn

Pure CO,
0.76 g/mL, 71 °C
Water 0.99 g/mL, 68 °C

76x107% 18x10° 11x107° 10x107% 28x107*% 42x10* 13x107%2 47x1073
24x1072 15x107% 22x107% 62x107° 20x10° 12x1072 32x10% 12x10°*

The dipolar character of CO, has been indicated in the experiments of
Sanguinito et al. [42], which show how Illite-smectite minerals of the Utica Shale absorb
more scCO; at increasing pressure, while the kerogen absorbance, because of its “organic
character”, has the opposite behaviour. Moreover, the FT-IR spectra show carbonate forma-
tion as a function of increasing CO, pressure.

Accordingly detailed experiments by Regnault et al. [10,11] showed that the dry
scCO, reacts with some minerals, forming calcite and “secondary clays”. In particular,
they focused on the scCO, reaction with Portlandite and Anorthite, and secondarily with
Forsterite. The suggested reactions should be:

at 200 °C, 10.5 MPa, and pcop = 128.73 kg /m?

Ca(OH), + CO, = CaCO3 + H,O (29)
and at 200 °C, 16 MPa, pcop = 203.46 kg/ m? for the following two reactions
CaAlzsizog + COZ = CaCO3 + A125i207 (30)

Mg25104 + 2C02 = ZMgC03 + 8102 (31)

Equation (29) produces Calcite (carbonation reactions) and water; it is completed in
45 days. Equation (30) produces Calcite and a “generic clay mineral”. Equation (31) is
the weakest, described, however, as significant; the authors do not indicate final products.
Kwak et al. [43] demonstrated that Equation (31) occurs at even lower scCO; densities
(T=353.15K, P =7.7 MPa, pcop = 149.52 kg/m3), with a weak reaction forming amorphous
products. Rahmani et al. [44] point out that Equation (31) is thermodynamically favoured,
even if extremely slow; the addition of water, as well as acid and/or heat, increases the
kinetics of this reaction. We suggest that the slow kinetics of the reaction may be due to the
low density of the scCO;.

Finally, Sugama et al. [45] showed that scCO, at 523 K and 17.23 MPa, and 187.83 kg/m3,
reacts with a wet powder of granite and diorite, forming carbonates and other mineral phases.
Potentially, Dolomite and Siderite may also result from these reactions [46,47].

Liquid CO, of magmatic origin has been found in terrestrial environments at the
Eifucu Volcano at 1600 m bsl (Champagne vent [48]) and in a 2500 m deep borehole on
Mount Gambier (Australia [49]). Hence, we may speculate that the Dolomite found in the
lower 10 m of sediments of the ODP site 650, at a hydrostatic pressure of about 40 MPa
(Marsili Volcano, Tyrrhenian Sea [50]), could perhaps have been formed by the reaction of a
H,O-saturated scCO; phase, originating from the volcanic hydrothermal circulation and
the Ca-Mg-rich silicates.

Following the ideas developed for the Earth crust, we suggest in Figure 10 potential
applications for Mars, where the dominant fluid is CO,, with water existing as liquid
probably only deep into the crust [51]. In fact, the Urey-type carbonation reaction may
justify the dry formation of carbonates wherever the existence of carbonates has been
detected on Mars [52-54].
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Figure 10. Martian crustal profile and CO; state diagram. Three possible thermal gradients from
0.005 K/m to 0.015 K/m; lithostatic pressure calculated on basalts (3100 kg/m?) and Martian gravity
acceleration (3.711 m/s2). Density isolines are indicated, calculated from NIST data.

Again, because the CO, reactivity seems to be a direct function of the density and,
in turn, of the pressure, these findings may indicate that CO, will become more reactive
deeper in the Earth and even in Martian crust. In this respect, the dry carbonate formation
reaction proposed by Urey is as follows [55]:

MSiOg +CO, = MCO3 + Si0, (32)
where M is a divalent cation, such as Ca?*, MgZJr or Fe?*, and may well occur at some
depth, where denser liquid or supercritical CO, may be present without the need of
the water. Reactions may involve many silicate minerals such as olivine, pyroxenes,

wollastonite, amphiboles, serpentine or Ca-plagioclase, as desired for, as an example, in
CCS technology [56].

5. Conclusions

In the Earth’s crust, CO, aggregates in several ways according to the thermodynamic
values of the environment. Starting from the surface, where it is mainly found in gaseous
form, downward we may find liquid or supercritical phases. In particular, we point out
that these last two forms of aggregation have ionic properties that allow CO, to react with
the host rocks. The ionic polar solvent and reactive capacity of high-density CO, seems to
be more effective for earth-alkali rather than for alkali metals.

Our model computes the dipole CO, moment using a standard algebraic method
to calculate it from the OCO bond angle, and it produces high dipole moments for rela-
tively small angles. In turn, high dipole moments result in substantial molecular reactivity.
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Our model supports the experimental finding that correlate scCO, densities to ion con-
centrations of Na, Fe, Cu and Zn. Moreover, the dry carbonate formations proposed
here could find an exhaustive explanation, especially with divalent cations, here agreeing
in what has been observed by authors in computing liquid CO, reactivity through the
solvation energies.

One of the key points of CCS technology is the definitive capture of CO, through the
production of carbonates. Understanding the process of carbonate formation, even without
the action of water, becomes of fundamental importance in dry, and then in CO,-rich
fluids, so as to have a wider view of the eventual processes and reaction possibilities in the
different zones of CO; injection.
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