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ABSTRACT
In this work, we performed Molecular Dynamics simulations to investigate the solubility of CO2 in
both pure water and NaCl aqueous solutions, employing various force fields for water and NaCl. We
first focussed on the solubility of CO2 in TIP4P/2005 and TIP4P/Ice water models. We found that it
was necessary to apply positive deviations to the energetic Lorentz-Berthelot combining rules for the
cross interactions ofwater andCO2 in bothmodels to accurately replicate the experimental solubility
of the gas. Then we found a negative adsorption of ions at the NaCl solution–CO2 interface. We also
observed an increase of the interfacial tensions of the systemwhen adding salt which is related with
theobservednegative adsorptionof the ions at the interface. Furthermore,we found thatunit charge
models tend to highly overestimate the change in the interfacial tension compared to scaled charge
models. Finally, we also explored the salting out effect of CO2 using different force fields for NaCl.
Our findings indicate that unit charge force fields significantly overestimate the salting out effect of
CO2 while the scaled chargemodelMadrid-2019 accurately reproduces the experimental salting out
effect of CO2 in NaCl solutions.
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1. Introduction

The salting out effect refers to the phenomenon where
the solubility of a solute in a solvent decreases as the
concentration of a salt increases. In this paper we shall
consider the particular case in which the solute is in
the gas phase (as for instance methane) or in a dense
fluid phase (as in the case of carbon dioxide) and we
shall refer to the molecules of the solute as the molecules
of the gas. The contrary phenomenon is referred to as
salting in and involves an increase in the solubility of
the solute upon the addition of salt. When salts are dis-
solved inwater, they dissociate into ions, creating an ionic
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environment. This altered environment affects the inter-
actions between the solvent and the solute molecules.
In the case of the salting out effect, the presence of
ions weakens the interaction between the solute and the
water molecules (in the sense of modifying the solva-
tion free energy of the solute to make it less favourable),
leading to a decreased solubility of gases in the solu-
tion. The study of different gas solubilities in presence
of different salts have been experimentally addressed by
different authors [1–3]. The salting out effect has also
been suggested for the isolation and purification of pro-
teins [4–6]. As a result, there exists significant interest
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in understanding the interactions between ions and pro-
teins [7–10]. Extensive research has delved into under-
standing the impact of various salts on the solubility of
diverse solutes, primarily to correlate it with theHofmeis-
ter series [9–13].Moreover, the influence of different salts
on the solubility of gases has piqued theoretical interest,
leading to simulation-based investigations [14–26].

However, to achieve an accurate depiction of the salt-
ing out effect of gases in aqueous solutions, simulations
necessitate high-quality force fields for water, gases and
salts. In the case of the water and gas force fields we
demonstrated in previous works [27] that describing the
solubility of methane in water could be achieved by using
the TIP4P/2005 force field for water [28] and a sim-
ple Lennard-Jones model for methane [29, 30]. How-
ever, to obtain agreement with experiments, we had to
make modifications to the energetic Lorentz-Berthelot
(LB) combining rules [27]. This necessity extends to
other gases such as CO2 [31, 32] and H2 [33], where the
TIP4P/Ice model was employed [34]. Thus, it is evident
that when employing a TIP4P-like model and adjusting
the LB rules between water and gas, we can accurately
describe the solubility of the latter. It is clear that for water
the TIP4P/2005 provides excellent results [35] due to the
fact that was developed with a carefully selection of target
properties and taking into account not only the dipolar
but also the quadrupolar moment of water [36, 37]. In
fact, Rull and coworkers demonstrated the importance
of dipolar and quadrupolar moments in phase equilib-
ria [38–40]. To study the problem of the salting out of
gases, in addition to a force field for water and for the gas
solute, it is also necessary to introduce a force field for
the ions. Although there are a number of force fields for
ions, they were not tested in their capacity to reproduce
the salting out effect. Moreover, a debate is taking place
in the recent years regarding whether to use unit charges
(i.e. assigning ions charges of q = ±1) or scaled charges
(i.e. assigning ions charges with values lower than ±1).

What is the reason for this debate? In recent years, sim-
ulations have become important for tackling problems
previously deemed computationally prohibitive. Con-
sequently, when evaluating various properties, it has
become evident that many of them are not captured
by conventional salt force fields, such as the Joung and
Cheatham (JC) model [41] or the Smith and Dang (SD)
model [42]. Indeed, these models fall short in reproduc-
ing crucial transport properties like viscosity, diffusion
coefficient, or electrical conductivity [43–46]. Addition-
ally, these models tend to underestimate salt solubilities
when compared to experimental values [44, 47]. Notably,
some models, including others apart from the men-
tioned ones, have even exhibited precipitation and clus-
ter formation phenomena [48–51]. Within this context,

Leontyev and Stuchebrukhov [52] introduced a correc-
tion that aimed to accurately represent ions in water,
involving the assignment of charges of ±0.75 to the ions.
Subsequently, Kann and Skinner proposed the use of
scaled charges as well, but based on the idea of recover-
ing the Debye–Huckel law [53]. Taking inspiration from
these concepts numerous research groups have devel-
oped new force fields for salts using scaled charges. In
our case, we have also developed amodel for a large set of
salts by using a charge of±0.85 and the TIP4P/2005 force
field for water. This scaled charge model called Madrid-
2019 [54, 55] has proven to be effective in accurately
describing various properties, including the tempera-
ture of maximum density (TMD) in different electrolyte
solutions [56, 57], the freezing temperature depression
of ice [58] or the three-phase equilibria of methane
hydrates [59].

Nonetheless, scaled charges have recently demon-
strated success in describing another interesting prop-
erty: the salting out effect of methane. In 2007, some of
us investigated this problem using a unit charge model,
which resulted in an overestimation of the experimen-
tal salting out effect [18]. In other words, the simula-
tions predicted lower gas solubilities (more gas expelled
from the solution) than what was observed experimen-
tally when salt was added. This problem was revisited
in 2020, but employing the Madrid-2019 model featur-
ing scaled charges, we showed a quantitative description
of the salting out effect of methane [22]. Thus, revealing
that scaled chargemodels improve the description of salt-
ing out effect. In this work, we will undertake a similar
investigation using scaled charges, but this time focussing
on another intriguing gas: carbon dioxide. The salting
out effect of a gas like CO2 in salty water is a complex
phenomenon with important implications for various
fields, including environmental science, chemistry and
energy production [60–62]. Understanding these inter-
actions is crucial for accurately modelling and predicting
the behaviour of gases in saline environments and their
impact on natural processes and industrial applications.

2. Simulation details

We have employed the TIP4P/2005 [28] and TIP4P/Ice
[34] to model water. Salt has been modelled by using the
Madrid-2019 force field [54, 55] which has been devel-
oped in combination with the TIP4P/2005 water model.
Finally, for CO2 we have used TraPPe potential [63]. All
the parameters of these models are collected in Table 1.

The Lennard-Jones (LJ) parameters for the inter-
actions not collected in Table 1 follow the LB rules
except the CO2–water interactions. These interactions
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Table 1. Force field parameters of the water, NaCl and CO2 mod-
els used in this work.

Molecule q (e) σ (Å) ε (kJ/mol)

Water
TIP4P/2005
Ow 0 3.1589 0.7749
H 0.5564 – –
M −1.1128 – –
TIP4P/Ice
Ow 0 3.1668 0.88218
H 0.5897 – –
M −1.1794 – –
NaCl
Na +0.85 2.21737 1.472356
Cl −0.85 4.69906 0.076923
Na-Cl 3.00512 1.438894
Na-Ow 2.60838 0.793388
Cl-Ow 4.23867 0.061983
CO2
C 0.70 2.8000 0.224478
O −0.35 3.0500 0.656806

Water molecules are described using the TIP4P/2005 model [28] and
TIP4P/Ice [34]. NaCl parameters are those from Madrid-2019 force field [54,
55] and LJ interaction parameters for CO2 are taken from Ref. [63].

have been obtained by employing the standard Lorentz-
Berthelot combining rules for the distances, but the
energy parameter was obtained by multiplying by χ =
1.11 the value obtained using default Lorentz-Berthelot
energetic combining rules according to Equation (2)

σij = σi + σj

2
(1)

εij = χ
√

εi · εj (2)

When χ = 1, the Lorentz-Berthelot (LB) combining
rules are recovered. In this study, as will be discussed
in Section 4, we will adjust the CO2–water interactions
by setting χ = 1.11 to achieve a closer match with the
experimental solubility of CO2 in water.

We conducted all simulations using the molecular
dynamics GROMACS package version 4.6.5 [64, 65]
within the NpT ensemble, maintaining a constant pres-
sure of 200 bar and a temperature of 323.1 K to com-
pare with experimental results. We employed the leap-
frog integrator algorithm [66] with a time step of 2 fs.
Temperature and pressure were kept constant using the
Nosé–Hoover thermostat [67, 68] and the anisotropic
Parrinello–Rahman barostat [69] respectively, both with
a relaxation time of 2 ps. For van der Waals and electro-
static interactions, a cutoff radius of 0.9 nm was applied.
We also incorporated long-range energy and pressure
corrections to the Lennard-Jones (LJ) part of the poten-
tial (except for the calculations of the surface tension
where we used a cutoff of 1.4 nm and did not applied
long range corrections to the LJ part of the potential). To
account for long-range electrostatic forces, we employed
the smooth Particle Mesh Ewald (PME) method [70].
Additionally, the LINCS algorithm [71, 72] was used to

Table 2. Initial number of molecules of the different phases
(aqueous NaCl solution and CO2-rich phase) in the range of con-
centrations used in this study.

Number of molecules

Molality (mol/kg) Water NaCl CO2

0 6660 0 3000
1 6660 120 3000
3 6660 360 3000

maintain the geometry of the water molecules through-
out the simulations.

Finally to illustrate the performance of a model with
integer charges we shall present some results for the
so called JC-TIP4P/2005 [73]. In this force field the
Joung and Cheatham force field of NaCl (proposed for
SPC/E) [41] is used along the TIP4P/2005 model [28] for
water and the interaction between the ions and water is
obtained from LB combining rules.

3. Methodology

The salting-out effect is assessed using the empirical
Setchenow equation [74]. This equation linearises the
natural logarithm of the ratio between the concentration
of CO2 (in moles of CO2 per kilogram of water) in pure
water (m0

CO2
) and in a salt solution (mCO2) with respect

to the salt molality, msalt (defined as moles of solute per
kg of solvent). The equation is represented as follows:

ln

(
m0

CO2

mCO2

)
= ksaltmsalt (3)

where ksalt is the salting out coefficient of the Setchenow
equation. To calculate the solubility of CO2 in pure water
and in salty water we have performed direct coexistence
simulations of pure water or an aqueous NaCl solution
and liquid CO2. We have run 5 independent seeds of
100 ns each one (the first 10 ns are used to equilibrate
the system, and the last 90 ns are used as the production
period). By analysing the density profileswithin the aque-
ous phase, we can compute the CO2 concentration in the
solution, following the same methodology employed in
our prior study on methane [22]. The exact number of
molecules employed for this work is collected in Table 2.

4. Results

4.1. Solubility of CO2 in water

The salting-out effect of a gas is defined as the reduc-
tion in the solubility of the gas when salt is added
to water. Consequently, the initial step in investigating
this phenomenon involves developing a model capa-
ble of accurately describing the experimental solubility
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in pure water (i.e. without the presence of salt). This
issue has previously been explored for various gases and
water models. For instance, the experimental solubility
of methane in water can be faithfully reproduced using
the TIP4P/2005 [28] force field for water, a simple LJ
model for methane [29, 30], and a positive deviation
of a 7% in the energetic LB rule (i.e. χ =1.07 accord-
ing to Equation (2)) [27]. Another intriguing example
is the behaviour of H2 gas when modelling in combi-
nation with the TIP4P/Ice water model. In this case,
achieving a faithful replication of experimental solubil-
ity also involves adjusting the interactions between H2
and water, but notably, the χ factor in this scenario is
temperature-dependent [34].

Let us analyse knowwhich would be the optimal value
of χ to reproduce the experimental value of the solubility
of CO2 at 200 bar and 323.1 K. To address this prob-
lem, we conducted simulations with different values of χ
(note that we tuned both interactions, C–Ow andO–Ow).
In Figure 1, we show CO2 solubilities in pure water as
a function of the χ factor for both models TIP4P/2005
(red squares) and TIP4P/Ice (blue dots).When we do not
apply deviations from the LB rules (i.e. χ = 1), the sol-
ubility of CO2 in water is significantly underestimated,
amounting to approximately half of its actual value. It is
also evident from the figure that an increase in the χ fac-
tor yields to an enhancement in the solubility of CO2 in
water. This relationship between χ and solubility is not
linear, although it appears to exhibit some linearitywithin
the range of 1.08 –1.13. Considering the inherent uncer-
tainty in the results, we propose that the optimal value
for reproducing the solubility of carbon dioxide in water
is χ = 1.11 for both models (which strikingly possess
the same trend). Notably, this value closely aligns with
the one suggested by Economou and coworkers [32] for
the TIP4P/2005, which was χ = 1.115 but differs slightly
in the case of TIP4P/Ice, where they proposed a value
of χ = 1.08 while we suggest also χ = 1.11. Therefore,
from now on, all the results presented in this work cor-
respond to results obtained using χ (or χCO2−H2O) =
1.11 and are the average value of 5 independent simula-
tions. At this point, an intriguing question arises: can the
parameter χ effectively reproduce the solubility of CO2
in water under varying thermodynamic conditions for
these twomodels? In pursuit of an answer, we performed
simulations at 200 bar and 284K, a point that lies on the
three-phase experimental coexistence of CO2 hydrate-
water-CO2. For TIP4P/2005, our simulations yielded a
solubility estimate of approximately 1.67mol/kg, while
the experimental value stood at roughly 1.7mol/kg [75].
Evidently, TIP4P/2005 demonstrates the capability to
accurately model CO2 solubility in water across differ-
ent thermodynamic conditions when χ is set to 1.11.

Figure 1. Dependence of the carbon dioxide solubility in water
(in molality units) on the deviation factor χ of the energetic
LB cross interactions by using the TIP4P/2005 (red squares) and
TIP4P/Ice (blue dots) water force fields and the TraPPe model for
CO2. Solid red and blue lines are quadratic fits of their correspond-
ing simulation data and the solid black line is the experimental
CO2 solubility at 200 bar and 323.1 K.

In contrast, TIP4P/Ice, under identical thermodynamic
conditions (200 bar and 284K) and employing the same
value of χ (1.11), gives a significantly higher solubility
value of 2.26mol/kg. This result indicates that TIP4P/Ice
tends to overestimate the experimental solubility of CO2
in water in these particular thermodynamic conditions.
The reasons behind this different performance can be
ascribed to the thermodynamic behaviour of the water
models at lower temperatures, specifically involving their
temperature of maximum in density (TMD).

In Figure 2, we present the density of pure water at
200 bar as a function of temperature for the TIP4P/2005
and TIP4P/Ice force fields. Both models provide accu-
rate densities at 323K, the thermodynamic conditions
mainly employed in this study. However, a distinct con-
trast emerges as we delve into lower temperatures. While
the TIP4P/2005 model consistently provides accurate
density predictions, the TIP4P/Icemodel underestimates
the experimental densities.

This discrepancy in density predictions holds the key
to the divergent behaviours observed in the solubilities of
bothmodels. To accurately predict solubilities, it is neces-
sary to correctly describe the density of pure water. In the
context of a Widom insertion method [76], when den-
sities are underestimated, it implies that there is more
available space for the insertion of molecules, which con-
sequently leads to an overestimation of solubilities.

In our case, at 323K, both models effectively repro-
duce the experimental densities, resulting in accurate
solubility predictions. However, when we shift our focus
to lower temperatures, the TIP4P/2005 model accurately
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Figure 2. Density of pure water as a function of temperature at
200 bar and using the TIP4P/2005 and TIP4P/Ice force fields.

predicts both the experimental densities and, as a natural
consequence, the experimental solubilities. Conversely,
the TIP4P/Ice model falls short by underestimating the
densities at 284K, ultimately leading to an overestima-
tion of the experimental solubilities under those specific
conditions.

The results for the TIP4P/2005 water model suggests
that a constant value of χ in a certain moderate range of
T and p should be successful in reproducing the experi-
mental solubilities provided that the model of water used
is also able to describe the experimental densities of pure
water. The fact that for TIP4P/Ice, the value of χ =1.11
reproduces correctly the solubility of CO2 in water at
323.1 K but not at 284K (along the 200 bar isobar) is
rather due to the failure of the model in describing the
experimental densities of pure water and not to an error
in describing the strength of the water–CO2 interaction.

Obviously to reproduce the experimental solubility of
CO2 in pure water at 200 bar and 284 K using TIP4P/Ice
a smaller value of χ should be used to compensate the
error in the density of pure water (and in fact this has
been already suggested in previous works [31, 32]).

It is noteworthy that studies on the solubility of CO2
in water have been conducted employing Drude-type
polarisable models for water, specifically the BK3 [77],
GCP [78] and HBP [79] models, along with a polarisable
Gaussian chargemodel for CO2 (as discussed inworks by
Panagiotopoulos and coworkers) [80, 81]. In these works,
they successfully replicated experimental solubilities of
carbon dioxide in water. However, it was also neces-
sary to tune the cross interactions between water and
CO2 for accurate reproduction. Additionally, there exist
data-driven Many-Body Models for CO2 developed by
Paesani et al., though these models have not been applied
yet to calculate CO2 solubility in water [82, 83]. Finally,

a recent contribution by Panagiotopoulos and cowork-
ers introduces a neural network-based model for CO2
that shows promise [84]. Nonetheless, further research is
needed to evaluate the effectiveness of polarisablemodels
in accurately reproducing the solubility of CO2 in water
in the presence of salt (i.e. considering the salting-out
effect) since to the best of our knowledge studies involv-
ing polarisable models of water, salt and CO2 have not
been presented so far.

Finally, it is important to highlight a detail regard-
ing the equilibrium of CO2 with its other stable species,
namelyHCO−

3 .We can roughly estimate the quantities of
each species present in the solution. Considering that the
acid constant of carbonic acid is 4.7·10−7 M at standard
room temperature and pressure, along with the experi-
mental solubility of CO2 under the thermodynamic con-
ditions investigated in this study (1.29mol/kg), we can
deduce that approximately 99.94%of themolecules in the
solution are composed of CO2. Consequently, our sim-
ulation accurately represents the system with negligible
deviations from its true composition.

4.2. Adsorption of ions at the interface

When addressing interfacial systems, it is essential to
consider various interfacial phenomena that can take
place. In this particular scenario, it is likely that we will
observe a phenomenon where ions are adsorbed neg-
atively at the interface. As a result, the molality of the
aqueous phase may increase compared to our initially
proposed value. To calculate the adsorption of ions and
CO2 at the interface. we will employ the density pro-
files presented in Figure 3(a–b). The first step in studying
adsorption is to set the so-called Gibbs dividing surface
for the solvent (water). This surface is the one that gives
zero adsorption of water. Once fixed this value, the cal-
culation of the adsorption of any species at the solvent
interface can be calculated with the following equation:

�B =
∫ zA

−∞
(ρB(z) − ρB,H2O) dz

+
∫ ∞

zA
(ρB(z) − ρB,CO2) dz (4)

where zA is the position of the Gibbs dividing surface of
the water, ρB(z) is the number density function of species
B along the z-axis and ρB,H2O and ρB,CO2 are the average
number densities of B in water and carbon dioxide rich-
phases respectively. We calculated the adsorption of ions
and carbon dioxide at the interface using Equation (4)
and based on the density profiles depicted in Figure
3(a–b). The resulting numerical data are summarised in
Table 3. As anticipated, ions exhibit a negative adsorption
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at the interface, leading to an increase in surface tension
as we will explain in the next section. Interestingly, we
observe that both ions (Na+ and Cl−) exhibit the same
adsorption value in all cases (within the error bars), indi-
cating no preferential adsorption of either ion at the inter-
face. In other case, the interface will be partially charged,
leading to a lack of electroneutrality in the bulk phase.
Furthermore, this ion adsorption is consistent with in
silico calculations performed by other authors [85–88]
for a water-air interface. Various authors have addressed
this issue. In 2004, Bhatt et al. [85] observed an adsorp-
tion close to−0.5 NaClmolecules/nm2 at concentrations
of 2.4 and 4.1 M (although it is worth noting that their
calculations had a significant associated error). Subse-
quently, Santos et al. [86] found that, for NaI and KF
solutions, ion adsorption at the interface became more
negative as the concentration increased. This observa-
tion is consistent with the Gibbs equation (see [86] for
a detailed discussion):

� � − c
RT

∂γ

∂c
(5)

In this equation, it can be observed that if γ changes lin-
early with the salt concentration, the adsorption � also
changes linearly with the concentration. Subsequently,
D’Auria et al. [87] also observed negative adsorption for a
unit charge model of NaCl, with values of approximately
−0.3 molecules/nm2 at 1.2 M and −0.8 molecules/nm2

at 6.17 M. Our results are in concurrence with all these
computational calculations showing the trend of increas-
ingly negative adsorption with higher salt concentra-
tion. Furthermore, our calculated adsorptions of around
−0.12 molecules/nm2 at 1m and −0.55 molecules/nm2

at 3m are in quantitative agreement with those calcula-
tions, considering the differences in the system (air-water
vs. CO2-water), distinct thermodynamic conditions and
various employed models. Indeed, the choice of force
field has a substantial impact on adsorption phenom-
ena, as recently demonstrated by Breton and Joly [88].
They found that models with higher charges for ions (i.e.
unit charge models) result in more substantial negative
adsorptions than scaled charge models with lower ionic
charges. This observation aligns with our simulations,
where at 3m the unit chargemodel JC-TIP4P/2005 yields
larger adsorption values (around −0.64 molecules/nm2)
compared to the Madrid-2019 force field (approximately
−0.55 molecules/nm2). Additionally, we find a positive
adsorption of CO2 at the interface, which is consistent
across all models. Notably, this positive adsorption is
more pronounced in the absence of salt.

It is worth noting that the negative adsorption of ions
at the interface results in a bulk molality higher than the
one initially proposed as we have previously mentioned.

With an average interfacial area of 27.5 nm2, account-
ing for two interfaces, and an average adsorption at 3 m
of about −0.5 molecules/nm2, we can estimate a deficit
of 27 NaCl molecules transitioning from the interface
to the bulk. This leads to a real bulk concentration of
approximately 3.2m (in the case of systems with an ini-
tial molality of 3m), a finding that is consistent with the
observations made in the density profiles. Considering
these results, all calculations presented in this work, from
this point onward, will be reported at the actual concen-
trations of the solution, accounting for the negative ion
adsorption phenomenon. Notice that this is also the case
of our previous study with methane (i.e. the actual bulk
molalities of that work [22] are slightly larger than the ini-
tial ones although this small change was not taken into
account in our previous work).

4.3. Interfacial tensions of NaCl aqueous
solution-CO2 system

The negative adsorption of ions previously observed,
can be related with an increase in the interfacial ten-
sion of the studied system. To connect both properties
we have calculated the interfacial tensions of the water-
CO2 system. To tackle this issue, we conducted similar
direct coexistence simulations as in the previous section,
but with an extended cutoff of 1.4 nm. This adjustment
was made because surface tension is a highly sensitive
property to the cutoff value [89–91], in contrast to the
salting out effect, which, as demonstrated in our prior
research [22], remains unaffected by changes in the cut-
off value. The interfacial tension of each model can be
determined using the following equation:

γ = Lz
2

(pzz − (pxx + pyy)/2) (6)

where pzz is the normal component of the pressure and
pyy and pxx are the tangential components of the pressure
(being the z axis perpendicular to the liquid-liquid inter-
face). Notice here that the CO2 phase is a liquid at these
conditions (200 bar and 323.1 K), with a density of about
880 kg/m3.

The results showing the variation of γ as a function of
NaCl concentration at 200 bar and 323.1 K are presented
in Figure 4(a), and the numerical data are summarised
in Table 4. Notably, the TIP4P/2005 model exhibits a
remarkable agreement with the experimental interfacial
tension observed in the water-CO2 interface (27.6 vs
29.6 mN/m). Considering that the surface tension of the
TIP4P/2005 model for the water-vapour system is 69.3
mN/m at 300K, as reported by Vega and de Miguel [89],
this model effectively captures the substantial reduction
in the interfacial tension when in contact with liquid
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Figure 3. Density profiles of water (black), carbon dioxide (red), sodium (green) and chloride (blue) at 200 bar and 323.1 K. The Gibbs
dividing surface is shown in magenta. (a) Water-CO2 system in absence of salt using the TIP4P/2005 force field. (b) 3m NaCl aqueous
solution-CO2 using the Madrid-2019 force field.

Table 3. Simulation results for the adsorption of carbon dioxide, Na+ and Cl− in aqueous solutions of sodium
chloride at 200 bar and 323.1 K (with initial molalities of 1 and 3m) and using the Madrid-2019 scaled charge
model and the JC-TIP4P/2005. As discussed in themain text due to the negative adsorption of NaCl the actual
concentrations are slighltly higher than the initial ones.

�CO2 �Na �Cl

Model Salt T (K) p (bar) mNaCl(mol/kg) (molecule/nm2)

TIP4P/2005 – 323.1 200 0 1.91(08) 0 0
Madrid-2019 NaCl 323.1 200 1.08 0.47(07) −0.12(01) −0.13(01)
Madrid-2019 3.20 1.13(07) −0.52(03) −0.58(03)
JC-TIP4P/2005 NaCl 323.1 200 3.28 1.01(06) −0.64(03) −0.64(03)

Results in the absence of salt for the TIP4P/2005 water model are also presented.

CO2. It is also evident from our results that the charge of
the ions does influence the surface tension, with the unit
charge model JC-TIP4P/2005 causing a significant larger
increase compared to the scaled charge models.

To gain deeper insights into this effect, we have plot-
ted the variation in interfacial tension (i.e. γ -γ0, with
γ0 being the interfacial tension of pure water) in Figure
4(b). All the models successfully reproduce the known
trend of increasing surface tension when salt is added
due to the negative adsorption of ions at the interface.
This phenomenon can be readily understood by employ-
ing the Gibbs equation (Equation (5)), which shows that
a negative adsorption value, denoted as �, leads to a pos-
itive change in surface tension, represented by γ , as the
concentration increases. Additionally, as we observe in
Figure 4(a), experimental observations of γ as a function
of concentration exhibit a linear upward trend. This trend
suggests that within this range, the adsorption value �

also exhibits a linear increase, albeit in negative values, as
the concentration rises.

In Figure 4(b) we also show that the unit chargemodel
JC-TIP4P/2005 highly overestimates the experimental

increase in surface tension, whereas the scaled charge
model Madrid-2019 exhibits better agreement with the
experimental trend. The most significant increase in
surface tension observed for the JC-TIP4P/2005 aligns
with its more pronounced negative adsorption of ions
(−0.64molecules/nm2 at 3.28m) compared to the scaled
charge Madrid-2019 (−0.55 molecules/nm2 at 3.20m).
Surprisingly, the Madrid-2019 model also slightly over-
estimates the experimental increase in surface tension.
This contrasts with our earlier findings [45, 93], where
we observed that a charge of ±0.85 underestimated the
variation in surface tension for aqueous NaCl solutions-
vapour systems. In fact, we recently demonstrated that
the optimal charge for reproducing this variation is
±0.92 [45]. However, according to the results presented
in this work, it appears that for this system, a charge
slightly lower than ±0.85 would be necessary to accu-
rately replicate the experimental trend. These obser-
vations emphasise the uniqueness of each system and
underscore that findings obtained for the water-vapour
system cannot be directly extrapolated to the water-CO2
system.
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Figure 4. (a) Interfacial free energy at 200 bar and 323.1 K of the carbon dioxide-aqueous NaCl solution as a function of the salt concen-
tration. (b) Variation of the interfacial free energy at 200 bar and 323.1 K of the carbon dioxide-aqueous NaCl solution as a function of
the salt concentration. Experimental results have been taken from the work of Liu et al. [92]. Solid lines are fit to the experimental and
simulation results for: Experiments (black), Madrid-2019 (blue) and JC-TIP4P/2005 (green).

Table 4. Simulation results for the interfacial tensions at 200 bar and 323.1 K of the car-
bon dioxide-aqueous NaCl solution at different salt concentrations (with initial molality
of 3m) using the Madrid-2019 and the JC-TIP4P/2005 force fields.

γ

(mN/m)

Model Salt T (K) p (bar) mNaCl (mol/kg) Sim. Exp.

TIP4P/2005 – 323.1 200 0 27.59 29.55
Madrid-2019 NaCl 323.1 200 3.20 33.19 32.97
JC-TIP4P/2005 NaCl 323.1 200 3.28 34.06 33.31

Experimental results are from Liu et al. [92].

4.4. Salting out effect of CO2

Once we have determined the optimum value of χ to
achieve the accurate solubility of CO2 in pure water and
evaluated the correct bulk concentration due to the neg-
ative adsorption of ions at the interface, the next step is to
investigate its salting out effect in salty water. There exists
multiple sets of experimental data at 200 bar and 323.1 K
found in Refs. [94, 95] which are mutually consistent, as
demonstrated in Table 5. In our previous work [22] for
the salting out effect of methane we demonstrated that
the unit charge models tend to overestimate the exper-
imental trend. We found that the Madrid-2019 model,
featuring a charge of ±0.85, could successfully repro-
duce both qualitatively and quantitatively the salting out
effect of methane. However, tackling the salting out effect
of CO2 presents a more challenging endeavour due to
its quadrupole nature and significantly higher solubil-
ity in water, approximately ten more times than that of
methane. Figure 5(a) illustrates our findings regarding
the salting out effect of CO2, utilising different force fields
(these results are tabulated in Table 5). Similar to the
methane case, unit charge models tend to overestimate
the experimental trend, resulting in an excessive expul-
sion of CO2 from the solution, as was also shown by
Vorholz et al. [23]. Conversely, the adoption of a scaled

charge model such as the Madrid-2019 model leads to
improved results, bringing us closer to replicating the
experimental trends.

To compare the salting out effect of methane and
carbon dioxide, we present the experimental results for
both species in Figure 5(b) as solid lines. Additionally,
we provide dashed lines representing linear fits to our
simulation results, enforcing an intercept at (0,0) for con-
sistency. It is important to note that for methane, the
results are derived from our prior work [22], while for
CO2, we have used the results from this study, in both
cases using the Madrid-2019 model.

From this comparative analysis, several key insights
emerge. Firstly, we observe that methane experiences a
more pronounced salting out effect compared to CO2.
This observation underscores that the salting out effect is
not solely dependent on the added salt (recent research
by Koga and coworkers [19] highlights the role of ion
size in the salting out effect of hydrophobes) but also
varies based on the specific gas in question. In fact, it
appears that a more soluble molecule like CO2 exhibits
a lesser salting out effect. Secondly, our findings under-
score the significance of employing scaled charges in the
investigation of such phenomena. As depicted in Figure
5(b), our simulations not only anticipate a more signif-
icant salting out effect for methane but also capture the
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Figure 5. (a) Salting out effect quantified by the natural logarithm of the ratio of the molality of carbon dioxide in pure water (m0
CO2

)
and in aqueous NaCl solutions (mCO2 ), as a function of the molality of NaCl. Results were obtained at 200 bar and 323.1 K. Solid lines are
the experimental results obtained from Refs. [94, 95]; green filled diamonds stands for the JC-TIP4P/2005model and blue filled circles for
theMadrid-2019 force field. (b) Comparison between the salting out effect of methane (red) from our previous study [22] and the carbon
dioxide (black) calculated in the current work. Experimental results are plotted with solid lines. Dashed lines represent linear fits of the
Madrid-2019 force field simulation results with an enforced intercept at (0,0).

Table 5. Simulation results for the salting out of carbon dioxide in an aqueous solution of sodium chloride at 200 bar and 323.1 K with
initial molalities of 1 and 3m and using the Madrid-2019 scaled charge model and the JC-TIP4P/2005 unit charge model.

ln (
mo
CO2

mCO2
)

Model Salt T (K) p (bar) mNaCl (mol/kg) mCO2 (mol/kg) Sim. Exp. Duan Exp. Koschel

TIP4P/2005 – 323.1 200 0 1.34 0 0 0
Madrid-2019 NaCl 323.1 200 1.08 0.98 0.31 0.22 0.24

3.20 0.69 0.67 0.60 0.55
JC-TIP4P/2005 NaCl 323.1 200 3.28 0.41 1.18 0.61 0.56

Results in the absence of salt for the TIP4P/2005 water model are also presented. Experimental results are interpolated from Duan [94] and Koschel [95].

quantitative salting out effect for both gases in alignment
with experimental data. This highlights the effectiveness
of scaled charge models in providing accurate represen-
tations for both gases.

5. Concluding remarks

In this work, we have investigated the solubility of car-
bon dioxide in water using direct coexistence simula-
tions. Our initial focus was on replicating the experi-
mental solubility of carbon dioxide in pure water. In pre-
vious studies [31, 32], there were discrepancies regard-
ing whether it was necessary to introduce deviations
to the Lorentz-Berthelot energetic combining rules to
achieve agreement with experimental solubility data.
Furthermore, if deviations were indeed required, deter-
mining the optimal value for these deviations remained
an open question. To afford these problems, we have
employed theTraPPemodel forCO2 in combinationwith
the TIP4P/2005 and TIP4P/Ice water models. By vary-
ing the factor χ in the LB energetic rules (as shown
in Equation (2)), we found that a factor of χ =1.11
was necessary to accurately reproduce the solubility of
carbon dioxide under the specific conditions of tem-
perature and pressure and system size employed for
both TIP4P/2005 and TIP4P/Ice water models. How-
ever, TIP4P/2005 accurately described the solubility

in different thermodynamics conditions. Contrary, the
TIP4P/Ice was not able to provide an accurate value
of the solubility at lower temperatures due to its worse
prediction of the TMD.

Subsequently, we investigated the negative adsorp-
tion of ions at the interface and we linked it with the
impact of salt on the surface tension of aqueous NaCl
solutions in contact with a liquid CO2 phase. Inter-
estingly, all models exhibited an overestimation of the
experimental interfacial tension of the system. Notably,
the model that displayed the most significant overes-
timation (the unit charge JC-TIP4P/2005 force field)
also presented the largest negative adsorption of ions at
the interface. It is worth mentioning that the Madrid-
2019 force field has exhibited a negative adsorption
of approximately −0.5 molecules/nm2 at 3m for the
water-CO2 coexistence, a result consistent with find-
ings in other simulation works [85–88] for the water-air
system.

Finally, we encountered the problem of the salting
out effect of CO2 in NaCl solutions, akin to what we
observed in the case of methane [22]. It became evident
that unit charge force fields tended to significantly overes-
timate this effect [22, 23]. In order to quantitativelymatch
the experimental trend, we employed the scaled charge
model Madrid-2019. We found an excellent agreement
with experimental results in this context.
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In conclusion, this work contributes to the under-
standing of the impact of unit charge and scaled charge
models on various properties of aqueous NaCl solutions
in coexistence with a CO2 phase. Our results demon-
strate that for problems related to the solubility of CO2
in seawater, the combination of TIP4P/2005, TraPPe and
Madrid-2019 models represents an excellent choice. This
is again another property where the use of scaled charges
for the electrolyte force field improve the results obtained
by models using integer charges.
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