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In the context of the increasing CO2 emissions and the corresponding
environmental problems, CO2 utilization processes that transform CO2 into
valuable compounds rather than just capturing and storing it can contribute to
the transition to a carbon-free economy, giving value to unavoidable CO2

emissions. Among the different technologies studied, hydrothermal conversion
stands out by the high yields achieved in comparatively short reaction times and by
the possibility to scale-up the process. The hydrothermal conversion uses CO2

dissolved in aqueous solutions as feedstock, in which bicarbonate is the reacting
species. Therefore, knowledge of the equilibrium concentrations of dissolved
species is of interest for the development of the process. In this work, a
thermodynamic model based on the activity coefficient model developed by
Pitzer, Sun and Duan model is implemented and solved. The influence of different
process conditions: temperature, pressure, composition of the initial solution, on
the equilibrium composition of the dissolution is analyzed with the model.
Experimental results obtained in hydrothermal reduction experiments are thus
interpreted with the aid of the model. It is observed that the process is favored by
moderate temperatures (<500 K), high initial concentrations of sodium
bicarbonate (up to 2 mol/kg) and moderate initial concentrations of sodium
hydroxide (below 1.5 mol/kg).
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1 Introduction

Carbon dioxide emissions are a huge contributor to global warming and climate change.
Human activities, such as burning fossil fuels, deforestation, and industrial activities, are
significant sources of carbon dioxide emissions, which have several negative impacts on the
environment [1–3]. Hence, reducing carbon dioxide emissions is a global concern as it is
necessary for mitigating the impacts of climate change. Governments, businesses, and
individuals all have a role to play in reducing carbon dioxide emissions through a variety of
measures, including transitioning to clean energy sources, improving energy efficiency, and
reducing reliance on fossil fuels.

Among the potential solutions, the capture, storage, utilization, and conversion of
carbon dioxide into useful and highly value-added chemical products stand out, since carbon
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dioxide is a safe, cheap, and abundant carbon source; this represents
a highly positive impact on the environment because it reintroduces
carbon dioxide into the carbon cycle [4–8].

Some alternatives for carbon dioxide conversion into valuable
chemical products are: electrochemical reduction, photochemical
reduction, and hydrogenation of carbon dioxide [9]; here green
hydrogen from water hydrolysis could play a key role. A common
limitation of these approaches is the high thermodynamic stability of
carbon dioxide, which means that for its chemical transformation,
elevated external energy is needed.

One option to overcome carbon dioxide stability is through
hydrothermal reduction, i.e., the conversion of CO2 dissolved in
high-temperature, high-pressure water, in a process that mimics the
reactions that take place in the natural environment of submarine
volcanoes [10]. This process offers the potential to turn a harmful
greenhouse gas into valuable chemical products that can be used in a
variety of industries, such as formic acid, methanol or methane.
Furthermore, a useful characteristic of hydrothermal reduction is
that it works with aqueous feeds, which means that the solutions
obtained by absorption of CO2 into alkaline water streams, which is
the most technically developed carbon capture process available at
the moment, can be directly used as feed for the hydrothermal
reduction process. For example, if CO2 is captured with aqueous
solutions of sodium hydroxide, the resulting solution, rich in sodium
bicarbonate, is a suitable inorganic carbon source for the
hydrothermal reduction process [11–13].

The performance of the hydrothermal reduction process is based
on the peculiar properties of water at high-temperature, high-
pressure conditions, close to the critical point of water (TC =
647.3 K and PC = 221.2 bar). For example, properties such as
dielectric constant reduce from 78 at ambient conditions (298 K
and 1 bar) to 6 at the critical point, a value typical of a nonpolar
solvent [14]. Besides, the solubility of some gases such as carbon
dioxide increase close to the critical point. The ionic product of
water (pKw) rises with temperature from 14 at ambient conditions
until a maximum of around 11.2 close to 473 K, and then under
supercritical conditions decreases until a value below 22. For that
reason, pure water near 473 K behaves as if it were simultaneously
more acid and more basic than pure water under normal
conditions [15].

The hydrothermal reduction process can be carried out either
using gaseous hydrogen as reductant, or using water itself as
hydrogen source; in the second case, an additional reductant to
promote the decomposition of water into hydrogen and oxygen,
such as a metal [16, 17] or an organic reductant [18, 19], must be
provided. Typically, formic acid is the main product yielded by this
process [12, 18], but several products can be obtained from carbon
dioxide under hydrothermal reduction using metal reductants and
catalysts. For instance, methane was obtained from sodium
bicarbonate using Raney Ni nanoparticles as a catalyst [20], and
acetate was produced using a catalyst based on cobalt [21].

For the elucidation of the reaction mechanisms and the
optimization of the process, a crucial aspect is to determine the
ionic species present in the solution as a function of the reaction
conditions. Indeed, upon dissolution in water, CO2 undergoes
transformations to carbonic acid, bicarbonate and carbonate
according to its acid-base equilibrium. Of this species, it is
considered that bicarbonate is the most reactive one, while

carbonic acid and carbonate show a lower reactivity [11, 12].
Hence, it is of the highest significance to determine if the
dissolution equilibrium of CO2 is displaced towards bicarbonate.

This acid-base equilibrium is influenced by several factors, such
as, of course, pressure and temperature, but also by the presence of
other substances dissolved in the medium, and particularly ionic
species such as those produced by the dissolution of salts. This
equilibrium is also significant for geological studies, and as such has
been studied by different authors [22], as discussed in detail in the
following Section 2.

Based on these considerations, the objective of this work is to
model the thermodynamic behavior of a mixture of water, carbon
dioxide, and hydrogen under high temperature and pressure
conditions, relevant for the development of the hydrothermal
CO2 reduction technology, in order to determine the molality of
the species in reaction conditions for these process. In particular,
conditions that favor the displacement of the equilibrium towards
bicarbonate, which is the reactive species, are sought. The study aims
to contribute to the field of carbon dioxide reduction transforming
waste into economically valuable chemical products helping achieve
the Sustainable Development Goal (SDG) due to the potential of
hydrothermal reduction as a viable method for capturing and
converting carbon dioxide into useful chemical products, with a
focus on the production of formic acid.

2 Thermodynamic equilibrium of the
electrolytic solution

The thermodynamic model considered in this work describes
the speciation equilibrium of H+, Na+, OH−, Cl−, HCO3

−, CO3
2-,

CO2, and H2 in an aqueous solution of carbon dioxide, hydrogen,
sodium chloride and sodium bicarbonate at hydrothermal
conditions.

The equilibrium between the different species is a function of
pressure, temperature, and composition. Two sorts of
physicochemical equilibrium are essential to have a whole
understanding of the systems; these are chemical equilibrium and
phase equilibrium. Both are complex functions of pressure,
temperature, and molality.

The model developed by [22] for the phase equilibrium of
water, carbon dioxide, and sodium chloride was used to describe
the behavior of the mixtures applied in the hydrothermal
reduction of CO2. This model considers a temperature range
from 273.15 to 523.15 K and a pressure range from 0 to 1,000 bar;
it is based on the previous model of [23] which considers a
hydrate phase and an aqueous phase [24]. The parameters
required to apply this model were taken from the literature, as
detailed below. This model has been coupled with adequate
Henry constants of the gas species, CO2 and hydrogen, also
collected from the literature [25].

The amount of carbon dioxide and hydrogen present in the
aqueous dissolution of the system depends on its solubility in the
vapor-liquid equilibrium according to Eqs 1, 2. This solubility was
calculated as a function of temperature, pressure and gas
composition with the corresponding Henry constants [25]. The
equilibrium acid-base reactions involved in the aqueous
dissolution are:
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CO2 g( ) ↔ CO2 aq( ) (1)
H2 g( ) ↔ H2 aq( ) (2)

H2O + CO2 aq( ) ↔ HCO−
3 +H+ (3)

HCO−
3 ↔ CO2−

3 +H+ (4)
H2O ↔ H+ + OH− (5)

Eqs 3, 4 represent the dissociation of the carbonic acid, and Eq 5
the autoionization of water. The respective equilibrium constants
(K) are defined as follows:

K1 �
mH+γH+( ) mHCO−

3
γHCO−

3
( )

mCO2γCO2
( )aH2O

(6)

K2 �
mH+γH+( ) mCO2−

3
γCO2−

3
( )

mHCO−
3
γHCO−

3
( ) (7)

Kw � mH+γH+( ) mOH−γOH−( )
aH2O

(8)

Here m represents molality, γ molal activity coefficient, and aH2O is
molal activity of water.

The ionic product of water (8) was calculated following the
model developed by [15], shown in Eq 9; this model was selected
because of its wide T-P range of applicability. The parameters from
A to G can be found in [22].

logKw � A + BT−1 + CT−2 +DT−3 + E + FT−1 + GT−2( )logρw (9)
The other equilibrium constants (6) and (7) were obtained with

the following Eq (10):

lnK � a1 + a2T + a3T
−1 + a4T

−2 + a5 lnT

+ a6T
−1 + a7T

−2 + a8T
−1 lnT( ) P − Ps( )

+ a9T
−1 + a10T

−2 + a11T
−1 lnT( ) P − Ps( )2 (10)

Where PS is the saturation pressure of water calculated
through the IAPWS-IF97 [26]. Parameters a1 to a11 were
provided by [22]; these parameters were obtained by fitting
experimental data.

To find the equilibrium of the different species: cations, anions,
and neutral molecules of the system, it is necessary to calculate the
activity coefficient (γ) in the electrolytic dissolutions. Thus, the
activity coefficients of the different species were obtained with the
model developed by Pitzer and co-workers [27–32]. The model is
based on the Debye-Hückel model. For the activity coefficient of
hydrogen, the Eq 20 listed below, presented by [33], was used, which
estimates the molality of hydrogen in aqueous sodium chloride
solutions (0–5 mol/kg) at temperatures and pressures of
273.15–373.15 K and 0–230 bars; this equations is also based on
the Pitzer model.

All the different Virial Pitzer parameters (β(0), β(1), Cφ, λ, θ, and
ψ) for the mixture H2O-CO2-NaCl at different temperatures and
pressures were obtained from the work of [22]; these parameters
were used to solve the equilibrium compositions of the system
H2O-CO2-NaHCO3-NaCl-H2. For the case of hydrogen, the
parameters were obtained from [33]. Besides, experimental data
on activity coefficients of hydrogen and other gases in different
aqueous salt solutions can be found in [34].

The equations presented below describe the proposed model
based in the model of Pitzer and co-workers [27–32] for the studied
mixture. The Eqs 16–18 describe the activity coefficients, where M,
X, and N in equations represent specific cations, anions, or neutral
molecules, respectively. Eq. 19 calculates the water activity and with
Eq. 20 the activity coefficient of hydrogen is obtained. Eqs 21–27
show how those parameters were obtained, the remaining
parameters used to determine the activity coefficients were
calculated with the polynomial functions of T and P developed
by [22].

Aφ � 1 /

3 2πNAρw1000( )1 /

2 e2

4πϵ0ϵrkT
( )3 /

2 (11)

I �1 /

2∑mizi (12)
Z � ∑

i

mi zi| | (13)

F � −Aφ I
1 /

2

1 + 1.2I
1 /

2
+ 2
1.2

ln 1 + 1.2I
1 /

2( )( ) +∑Nc

c�1
∑Na

a�1
mcmaBca

′

+ ∑Nc−1

c�1
∑Nc

c′�c+1
mcmc′Θ′

cc′ + ∑Na−1

a�1
∑Na

a′�a+1
mama′Θaa′

′ (14)

ϕ − 1 � 2∑
i
mi

⎛⎜⎜⎜⎜⎝ ⎞⎟⎟⎟⎟⎠ − AφI
3 /

2

1 + 1.2I
1 /

2

⎛⎝ ⎞⎠ +∑Nc

c�1
∑Na

a�1
mcma Bφ

ca + ZCca( )
+ ∑Nc−1

c�1
∑Nc

c′�c+1
mcmc′ Θϕ

cc′ +∑Na

a�1
maψcc′a

⎛⎝ ⎞⎠
+ ∑Na−1

a�1
∑Na

a′�a+1
mama′ Θϕ

aa′ +∑Nc

c�1
maψaa′c

⎛⎝ ⎞⎠ +∑Nn

n�1
∑Nc

c�1
mnmcλnc

+∑Nn

n�1
∑Na

a�1
mnmaλna +∑Nn

n�1
∑Nc

c�1
∑Na

a�1
mnmcmaζnca (15)

The equations for determining the activity coefficients of the
various ions and neutral molecules are given below, in addition to
the equation for calculating the activity of water.

Ln γM � z2MF +∑Na

a�1
ma 2BMa + ZCMa( )

+∑Nc

c�1
mc 2Θϕ

Mc +∑Na

a�1
maψMca

⎛⎝ ⎞⎠ + ∑Na−1

a�1
∑Na

a′�a+1
mama′ψaa′M

+ zM| |∑Nc

c�1
∑Na

a�1
mcmaCca + 2∑Nn

n�1
mnλnM + 6∑Nn

n�1
∑Na

a�1
mnmaζMna

(16)

ln γX � z2XF +∑Nc

c�1
mc 2BcX + ZCcX( ) +∑Na

a�1
ma 2ΘXa +∑Nc

c�1
mcψXac

⎛⎝ ⎞⎠
+ ∑Nc−1

c�1
∑Nc

c′�c+1
mcmc′ψcc′X + zX| |∑Nc

c�1
∑Na

a�1
mcmaCca + 2∑Nn

n�1
mnλnX

+ 6∑Nn

n�1
∑Nc

c�1
mnmcζncX (17)

ln γN � 2∑Nn

n�1
mnλNn + 2∑Nc

c�1
mcλNc + 2∑Na

a�1
maλNa +∑Nc

c�1
∑Na

a�1
mcmaζNca

(18)

aH2O � exp −MH2Oϕ

1000
∑
j

mj
⎛⎝ ⎞⎠ (19)
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ln γH2
� 2∑Nc

c�1
mcλH2c + 2∑Na

a�1
maλH2a +∑Nc

c�1
∑Na

a�1
mcmaζH2ca (20)

The different Virial parameters of the Pitzer model are described
in the following equations:

Bca
′ � 2β 1( )

ca

α2I2
−1 + 1 + αI

1 /

2 + 1
2
α2I( ) exp −αI 1 /

2( )( ) (21)

Bφ
ca � β 0( )

ca + β 1( )
ca exp −αI 1 /

2( ) (22)

BMX � β 0( )
ca + 2β 1( )

ca

α2I
1 − 1 1 + αI

1 /

2( ) exp αI
1 /

2( )( ) (23)

Cca � Cφ
ca

2 zMzX| | 1 /2 (24)

Θϕ
ij � θij + E

. θij. I( ) + IE. θij
′. I( ) (25)

Θij � θij + E
. θij. I( ) (26)

Θij
′ � E

. θij
′. I( ) (27)

Where θij is the second Virial parameter for each pair of cations
or each pair of anions. The terms E

. θij.(I) and E
. θij

′.(I) describes the
electrostatic effects of unsymmetrical ion mixtures [35]. The Eqs
25–27 were obtained by [30]. The most important characteristic of
E
. θij.(I) and E

. θij
′.(I) is that they only depend on the charges of the

ions and the total ionic strength (I). Furthermore, they do not
represent an extra parameterization of the model. E

. θij.(I) and
E
. θij

′.(I) are set to zero when the ions have the same charge.
Some Virial parameters were set to zero; for instance, the second

virial parameter (β(0)ca , β
(1)
ca , and Cφ

ca) of the following combinations:
H+-OH-, H+-HCO3

-, and H+-CO3
2-, because their influence on the

activity coefficient is small. Furthermore, the third virial coefficients
(θ′s and ψ′s) related to H+, OH−, HCO3

−, and CO3
2- also can be fixed

to zero due to their minor impact on free energy. Besides, the third-
order interaction (ζ) of CO2-Na+-HCO3

- also can be set to zero
because of the small contribution of the third virial coefficient. These
assumptions were taken before by other researchers [22, 36].

It must be emphasized that the parametrization of the model
used in this work, based on the work of [22], considered all species
present in the hydrothermal conversion process, except hydrogen.
Due to its nature and its relatively low concentration in the solution,
it is not expected that hydrogen has a significant impact on the
activity coefficients of other compounds in the solution. However,
the inverse may not be true, and in particular the dissolved CO2

species, that are not included in the parametrization of the activity
coefficient model for hydrogen, may have a certain influence on this
activity coefficient that is not considered in the model used.

Finally, the pH was calculated as the product between the
concentration and the activity coefficient while the pOH as the
difference between pKw and pH.

pH � −log mH+ · γH+( ) (28)
pOH � pKw − pH (29)

3 Methodology

The speciation equilibrium was represented by a nonlinear
problem formed by four equations (ecs. 30–33 listed below) and

four variables: mH+, mOH−, mHCO3
-, and mCO3

2-. The
thermodynamic system was calculated and solved using the
commercial computing software MATLAB® R2022b. The
program was divided into three main parts: auxiliary functions,
equilibrium functions, and a solution file. The flow diagram of the
code can be seen in Figures 1, 2.

The auxiliary functions consist of five function codes that resolve
different parts of the system: equilibrium constants, activity
coefficients, Henry’s Law, saturation pressure of water and water
density. The equilibrium constant function solves Eqs 6–8. The
activity coefficient function computes the activity coefficient of every
specie in the dissolution through the Pitzer model according to the
Eqs 11–19. The density function returns the density of water
according to the PC-SAFT equation of state [37], using an open-
source program from [38].

The equilibrium functions file contains the four functions:
obj_F (1), obj_F (2), obj_F (3), and obj_F (4), which are described
in equations from (30) to (33); these are the function that must be
solved by the computing software to calculate the
thermodynamic equilibrium. The functions obj_F (1), obj_F
(2), and obj_ F (3) represent the difference between the
reference equilibrium constants calculated with Eqs 9, 10; and
the named in Eqs 6–8 after dividing by its respective reference K
to scale the function and facilitate the convergence of the
numerical resolution method; and the fourth equation obj_F
(4) describes the charge balance between the different ions,
again scaled to facilitate convergence.

To solve the nonlinear equation system, formed by the four
equilibrium functions named above, the fsolve function of
MATLAB® was used; this command takes an initial vector as
initial guess and iterates until made zero the functions
established in the equilibrium functions file by minimizing the
sum of squares of the functions. Then the solution obtained is
taken as the initial point for the next iterations. Some of the initial
points were taken from the condition of pure water or water and
carbon dioxide mixtures.

obj F 1( ) � 1 − K1calc

K1
(30)

obj F 2( ) � 1 − K2 calc

K2
(31)

obj F 3( ) � 1 − Kwcalc

Kw
(32)

obj F 4( ) � mH+ +mNa+ −mOH− −mCl− −mHCO−
3
− 2mCO2−

3
( )/
× mH+ +mNa+( )

(33)
The algorithm used by the MATLAB® function fsolve to find

solutions to the nonlinear systems is the trust-region-dogleg
algorithm: fsolve tries to solve a system of equations by
minimizing the sum of squares of the components. If the sum
of squares is zero, the system of equations is solved. The trust-
region-dogleg algorithm is an iterative method for solving
nonlinear systems of equations. The algorithm starts with an
initial approximate solution and then uses a trust region to
gradually adjust the solution until a satisfactory solution is
found. The trust region is a set of possible solutions that are
considered “reasonably close” to the true solution. At each
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iteration, the algorithm uses a root-finding method to find the
closest solution within the trust region. If this solution is
satisfactory, the process is stopped, and the solution is
returned. If it is not satisfactory, the trust region is adjusted,
and the process is repeated. The root-finding method used by the

trust-region-dogleg algorithm is the dogleg method. This method
combines two simpler methods: the Newton method and the
gradient direction method.

The Newton method uses information about the curvature of
the function to find a faster solution. However, this method can

FIGURE 1
Flow diagram of the algorithm with the functions that must be solved to calculate the molalities.
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fail if the curvature of the function changes a lot from one
iteration to the next. The gradient direction method, on the
other hand, uses information about the slope of the function to
slowly move in the direction of the solution. This method is more

stable, but also slower. The dogleg method combines these two
methods to achieve a balance between stability and speed. It uses
the Newton method when possible, and the gradient direction
method when necessary.

FIGURE 2
Flow diagram of the main program.
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4 Results and discussion

Several parameters of interest for the hydrothermal reduction of
CO2 were analyzed with the thermodynamic model: temperature,
pressure, concentration of bases and concentration of sodium
chloride (which would be applicable in case that CO2 dissolved
as bicarbonate in sea water is used as feedstock for the reduction
process).

4.1 Effect of pressure and temperature

Figure 3 presents the results obtained at different pressures and
temperatures, considering a fixed initial concentration of NaHCO3

of 0.5 mol/kg in the dissolution (matching the conditions used in
experimental works, in which the aqueous CO2 solution was
prepared dissolving this concentration of sodium bicarbonate in
water [18, 19]) and a fixed hydrogen partial pressure of 20 bar. The
range of conditions analyzed comprised temperatures ranging from
300 K to 500 K and CO2 partial pressures in the gas of 20 bar, 50 bar,
75 bar and 125 bar. It must be noted that to facilitate visualization,
results are presented in logarithmic scale.

As presented in Figure 3, at comparatively low pressures and
temperatures, sodium bicarbonate maintains a concentration very
close to the initial value of 0.5 mol/kg. At a fixed pressure, the
concentration of sodium bicarbonate eventually drops to very low
values once that a threshold temperature is achieved; this threshold
temperature is lower at higher CO2 partial pressures, being about
500 K at 20 bar, 475 K at 50 bar, 450 K at 75 bar and 425 K at
125 bar. Conversely, the carbonate concentration slightly increases
in these ranges.

This behavior is relevant to explain the experimental results of
the performance of the process in terms of the yield of formic acid
obtained. Experimentally, it is observed that this yield increases with
temperature over a certain range of temperatures, while at higher
temperatures it drops drastically [10, 39]. In the original
experimental work, it was hypothesized that this result was due
to the evolution of kinetic factors: at high temperatures, the rate of
the decomposition reactions of formic acid would increase,
decreasing its yield [39]. Figure 3 provides an alternative
explanation in terms of the equilibrium composition: as the
concentration of sodium bicarbonate drops at high temperatures,
and, as already mentioned, bicarbonate is the reactive species, this
would justify the lower yields obtained in these conditions.

FIGURE 3
Variation of themolality of dissolved species as a function of pressure and temperature [(A): partial pressure of CO2 of 20 bar, (B): 50 bar, (C): 75 bar,
(D): 125 bar], with a fixed initial concentration of NaHCO3 of 0.5 mol/kg and a fixed H2 partial pressure of 20 bar. ○: molality of H2CO3, □: molality of
HCO3

−, △: molality of CO3
2-
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Figure 4 presents the evolution of pH and pOH in the same
range of conditions. As it can be observed, pH tends to increase at
higher temperatures and higher pressures, with pOH following
the opposing trends. In experiments with biomass materials as
reductants, it is known that alkaline conditions favor the
decomposition of biomass into the sugars and other reducing
compounds that can react with inorganic CO2 [11, 19].
According to Figure 4, higher temperatures favor the
decomposition of biomass, in agreement with experimental
results [18, 19]. Finally, Figure 5 presents the evolution of the
dissolved H2 concentration, which follows the typical behavior
of a dissolved gas, with lower concentrations at higher
temperatures.

4.2 Effect of the concentration of sodium
bicarbonate

Figure 6 presents the equilibrium species and the pH of
solutions at a fixed temperature of 400 K and fixed partial
pressure of CO2 of 50 bar as a function of the initial
concentration of sodium bicarbonate in the solution. As
presented in this figure, an increase in the initial
concentration of sodium bicarbonate results in a near
proportional increase of the concentration of bicarbonate in
the equilibrium; this is, formation of bicarbonate is favored by
the acid-base equilibrium under the considered conditions. On
the other hand, pH increases and pOH decreases as a result of the
addition of sodium bicarbonate, which is favourable for the
decomposition reactions of biomass, that are promoted by
alkaline conditions. Both results agree with the experimental
observation of an improved reaction performance in presence of
higher initial concentrations of sodium bicarbonate [19].

4.3 Effect of the addition of NaOH

Figure 7 presents the equilibrium species and the pH of solutions
at a fixed temperature of 400 K, fixed partial pressure of CO2 of
50 bar and fixed initial concentration of sodium bicarbonate of
0.5 mol/kg, as a function of the initial concentration of sodium
hydroxide in the solution. This figure shows that the addition of
sodium hydroxide increases pH/decreases pOH in a larger extent
than the addition of the same initial concentration of sodium
bicarbonate (see Figure 6). Acid base equilibrium, while displaced
towards bicarbonate, shows also higher concentrations of carbonate
than in simulations in which sodium bicarbonate was added.
Especially at higher initial concentrations of sodium hydroxide,
the concentration of carbonate increases significantly. This result
is in agreement with experimental observations that show a lower
performance of the reaction when high amounts of sodium

FIGURE 4
Variation of pH and pOH as a function of pressure and temperature with a fixed initial concentration of NaHCO3 of 0.5 mol/kg and a fixed H2 partial
pressure of 20 bar.

FIGURE 5
Variation of H2molality as a function of pressure and temperature
with a fixed initial concentration of NaHCO3 of 0.5 mol/kg and a fixed
H2 partial pressure of 20 bar.
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FIGURE 6
Variation of the molality of dissolved species as a function of the initial concentration of sodium bicarbonate [(A): molality of H2CO3, HCO3

− and
CO3

2-, results presented in logarithmic scale (B): pH and pOH], with a fixed temperature of 400 K, fixedCO2 partial pressure of 50 bar and a fixedH2 partial
pressure of 20 bar. ○: molality of H2CO3, □: molality of HCO3

−, △: molality of CO3
2-

FIGURE 7
Variation of themolality of dissolved species as a function of the initial concentration of sodium hydroxide [(A): molality of H2CO3, HCO3

− and CO3
2--

, results presented in logarithmic scale (B): pH and pOH), with a fixed temperature of 400 K, fixed initial concentration of NaHCO3 of 0.5 mol/kg, fixed
CO2 partial pressure of 50 bar and a fixed H2 partial pressure of 20 bar. ○: molality of H2CO3, □: molality of HCO3

−, △: molality of CO3
2-].

FIGURE 8
Variation of the molality of dissolved species as a function of the initial concentration of sodium chloride [(A): molality of H2CO3, HCO3

− and CO3
2--,

results presented in logarithmic scale (B): pH and pOH), with a fixed temperature of 400 K, fixed initial concentration of NaHCO3 of 0.5 mol/kg, fixed CO2

partial pressure of 50 bar and a fixed H2 partial pressure of 20 bar. ○: molality of H2CO3, □: molality of HCO3
−, △: molality of CO3

2-].
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hydroxide are added to the initial solution [11]; this reduction in the
performance can be correlated with the displacement of equilibrium
towards carbonate.

4.4 Effect of the concentration of NaCl

Seawater is a natural sink for atmospheric CO2. Thus, CO2

dissolved in seawater, mostly as sodium bicarbonate, is a relevant
feedstock for a hydrothermal CO2 conversion process, as an
alternative to solutions produced by absorption of CO2

produced in industrial focal points. A major difference
between these solutions produced by an industrial absorption
process and seawater is the presence of NaCl in seawater. Besides
the effect that this compound may have in practical aspects such
as the required use of corrosion-resistant materials or
modifications in the design of equipment, NaCl may also have
a significant influence over the speciation equilibria studied in
this work.

Thus, Figure 8 presents the results obtained, again at fixed
conditions of 400 K, 50 bar of partial pressure of CO2 and
0.5 mol/kg initial concentration of sodium bicarbonate, as a
function of the concentration of NaCl in the solution. The
range of NaCl concentrations considered correspond to the
natural variations of the concentration of salt in different seas
and oceans, which on average is about 35 g/L (0.6 mol/kg). As it
can be seen in Figure 8, low concentrations of salt, in the range
of this typical average value of 0.6 mol/kg, have a very minor
effect on the speciation equilibria. Only at very high
concentrations, an increase of pH and a gradual
displacement of equilibrium towards carbonate is observed.
Thus, the presence of dissolved NaCl is not expected to have a
major impact on the process from the point of view of the
concentration of the dissolved species.

5 Conclusion

A thermodynamic model of the equilibrium species in the
hydrothermal conversion of CO2 dissolved in aqueous solutions has
been presented. The influence of different process conditions on the
equilibrium concentrations has been analyzed, including: the effect of
pressure and temperature, sodium bicarbonate concentration, sodium
hydroxide concentration and sodium chloride concentration, with a
focus on the concentration of bicarbonate, which is the main reacting
species, in the equilibrium achieved under each of these conditions. It
has been observed that high concentrations of sodium bicarbonate,
which in turn favor the performance of the reaction, are favoured by

moderate temperatures, high initial concentrations of sodium
bicarbonate and moderate initial concentrations of sodium
hydroxide. The presence of sodium chloride in the range of typical
concentrations in natural seawater has a negligible influence on the
equilibrium concentrations of dissolved species. These results provide
valuable guidelines for the development and optimization of
hydrothermal CO2 conversion processes.
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Nomenclature

aH2O Water activity

Aϕ Debye-Hückel coefficient for the osmotic function

B Binary interaction coefficient

C Ternary interaction coefficient

Cϕ Second virial parameter

Cp° Standard heat capacity at constant pressure

e Proton elementary charge

ΔG° Standard Gibbs free energy

ΔH Enthalpy

k Boltzmann’s constant

K Equilibrium constant

K1 First dissociation constant of carbonic acid

K2 Second dissociation constant of carbonic acid

Kw Dissociation constant of water

m Molality

mn Molality of a neutral molecule

mc Molality of a cation

ma Molality of an anion

MH2O Molecular weight of water

Na Number of anions

P Pressure

PC Critical pressure

PS Saturation pressure of water

R Universal gas constant

T Temperature

TC Critical temperature

z Ion charge

Greek symbols

β(0) Second virial parameter (for cation-anion)

β(1) Second virial parameter (for cation-anion)

γ Activity coefficient

γ* MacInnes convention

ρw Density of water

ϕ Osmotic coefficient of water (solvent)

θ Second virial parameter (for cation-cation and anion-anion)

Θ Second virial coefficient (for cation-cation and anion-anion)

ψ Third virial parameter (for cation-cation-anion and anion-anion-cation)

λ Second-order interaction parameter (for ion-neutral)

ζ Third-order interaction parameter (for neutral-anion-cation)

π Pi

r Relative permittivity of water

0 Permittivity of vacuum

Subscripts

a Anion

aq Aqueous

C Critical

c Cation

g Gas

M Cation

N Neutral

S Saturation

w Water

X Anion

Superscripts

O References state
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