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A B S T R A C T

A significant effort is under way to identify improved solvents for carbon dioxide (CO2) capture by chemisorp-
tion. We develop a predictive framework that is applicable to aqueous solvent + CO2 mixtures containing cyclic
amines, alkyl polyamines, and alkanolamines. A number of the mixtures studied exhibit liquid–liquid phase
separation, a behaviour that has shown promise in reducing the energetic cost of CO2 capture. The proposed
framework is based on the SAFT-𝛾 Mie group-contribution (GC) approach, in which chemical reactions are
described via physical association models that allow a simpler, implicit, treatment of the chemical speciation
characteristic of these mixtures. We use previously optimized group interaction parameters between some
amine groups and water (Perdomo et al., 2021), and develop new group interactions for the cNH, cN, NH2,
NH, N, cCHNH, and cCHN groups with CO2; a set of second-order group parameters are also developed to
account for proximity effects in some alkanolamines. A combination of literature data and new experimental
measurements for the absorption of CO2 in aqueous cyclohexylamine systems obtained in our current work,
are used to develop and test the proposed models. The SAFT-𝛾 Mie GC approach is used to predict the
thermodynamics of selected mixtures, including ternary phase diagrams and mixing properties relevant in the
context of CO2 capture. The current work constitutes a substantial extension of the range of aqueous amine-
based solvents that can be modelled and thus offers the most comprehensive thermodynamically consistent
platform to date to screen novel candidate solvents for CO2 capture.
1. Introduction

Reducing human emissions of greenhouse gases is a critical environ-
mental concern, which has motivated extensive research on pollutant-
gas capture in the search for more effective technologies. Among
the most accepted short-term strategies in this context is the cap-
ture and storage of carbon dioxide CO2 (CCS) [1]. Currently the use
f aqueous solutions of amines is the preferred option for reduc-
ng CO2 emissions from fossil fuel combustion. Industrially, the most
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commonly-used solvents for CO2 chemisorption are based on aque-
ous solutions of alkanolamines, such as monoethanolamine (MEA), di-
ethanolamine (DEA), N-methyldiethanolamine (MDEA), and 2-amino-
2-methyl-1-propanol (AMP). These solvents exhibit a high reactivity
with CO2, leading to the formation of stable carbonates, but the high
energetic cost of solvent recovery, the propensity of these solvents to
undergo degradation, their corrosiveness and the environmental and
health impacts resulting from degradation and solvent losses remain
important drawbacks to overcome [7]. There is therefore an urgent
vailable online 19 October 2022
378-3812/© 2022 The Authors. Published by Elsevier B.V. This is an open access a

ttps://doi.org/10.1016/j.fluid.2022.113635
eceived 5 June 2022; Received in revised form 10 October 2022; Accepted 13 Oc
rticle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

tober 2022

https://www.sciencedirect.com/journal/fluid-phase-equilibria
http://www.sciencedirect.com/journal/fluid-phase-equilibria
mailto:a.galindo@imperial.ac.uk
https://doi.org/10.1016/j.fluid.2022.113635
https://doi.org/10.1016/j.fluid.2022.113635
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fluid.2022.113635&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Fluid Phase Equilibria 566 (2023) 113635F.A. Perdomo et al.
Fig. 1. Representative cyclic, alkyl, and alkanolamines, and carbon dioxide alongside their corresponding SAFT-𝛾 Mie models: (I) piperazine (PZ); (II) 𝑁-ethylpiperazine (EPZ);
(III) 𝑁-methylpiperazine (MPZ); (IV) 𝑁-Methyl-1,3-propanediamine (MAPA); (V) Diethylenetriamine (DETA); (VI) carbon dioxide (CO2); (VII) monoethanolamine (MEA); (VIII)
diethanolamine (DEA); (IX) 𝑁-Methyldiethanolamine (MDEA); (X) 3-amino-1-propanol (MPA); (XI) 𝑁-methylcyclohexylamine (MCA); and (XII) 𝑁 ,𝑁-dimethylcyclohexylamine
(DMCA).
need to develop novel solvents that allow one to overcome these issues
and are suitable for the large-scale deployment of post-combustion cap-
ture (PCC) processes. Alternative solvents should thus exhibit desirable
properties such as high thermal and chemical stability as well as high
mass transfer and cyclic capacity, and a low cost of regeneration.
2

A number of aqueous solvent systems have been proposed in order
to meet the aforementioned criteria. Among solvents that exhibit high
CO2 solubility and resistance to degradation, aqueous solutions of
a wide range of cyclic amines have been studied in the search for
improved mass transfer and absorption capacity. For instance, cyclic
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Fig. 2. A simplified scheme of the experimental apparatus. A: CO2 tank; B: N2 tank; C and D: Pressure regulators; E: CO2 Mass flow controller; F: N2 Mass flow controller; H1–H4:
as wash bottles (250 mL); G: Thermostated bath; V: valves.
ource: Reproduced from Tzirakis et al. [2] with permission from Elsevier.
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iamines such as piperazine (PZ) have been investigated extensively as
hey exhibit faster mass transfer than alkanolamines [21–23], as well
s a higher resistance to thermal degradation. Cyclic amines have also
een considered as a good alternative to overcome the high volatility of
raditional solvents that results in amine losses and emissions [24]. As
ar as operational cyclic capacity and regeneration duty are concerned,
i et al. [10] investigated potential solvent candidates taken from a
et piperazine-based amines and their mixtures, suggesting that blends
omposed of MPZ and PZ are the most promising, delivering good
ffordability when the cyclic capacity is accounted for in the overall
ost of the process.

Amongst other approaches and technologies aimed at enhancing
erformance, those based upon the modification of the physico-chemi-
al properties of the solvent are of special relevance to our current
ork. In particular Kossmann et al. [25] studied the effect of adding
ater-immiscible organic compounds (e.g., 𝑛-hexane and 𝑛-octane) to
queous solutions of MEA in order to reduce the energy requirements
or regeneration. They demonstrated that the boiling temperature of the
eboiler can be lowered significantly due to the presence of a miscibility
ap at the desorber conditions. Following their study, amine-based sol-
ents with tunable phase behaviour have been considered as promising
lternatives to improve the energy efficiency of post-combustion carbon
apture [26–28].

In the CO2 absorption literature, aqueous solutions of amines (pure
r mixed) that exhibit demixing of the liquid phase are known as phase-
hange solvents (PCSs). PCSs present liquid–liquid demixing when
oaded with CO2 and/or when the temperature is changed, forming
ne CO2-lean liquid phase and one CO2-enriched liquid phase. The use
f these biphasic solvents has important advantages for absorption–
esorption CO2 capture processes, as the CO2-lean phase can be sent
ack to the absorber without regeneration, such that only the CO2-
nriched phase needs to be sent to the stripping section. Several ad-
antages are expected as a result: the overall energy requirements for
olvent recovery are reduced, a lower temperature is needed for solvent
egeneration, and there is a larger driving force to absorb CO2 due to
lower overall concentration of CO2 in the recycled solvent. These

eatures translate into a more efficient CO2 capture process [26–31].
A wide range of potential PCSs with varying molecular struc-

ures, including linear, branched aliphatic, and cyclic amines, are
urrently being considered in order to test their suitability for PCC
rocesses. Zhang et al. [31] investigated the fluid-phase behaviour,
bsorption–desorption performance, and thermal degradation of se-
ected biphasic cyclohexylamines, such as 𝑁 ,𝑁- dimethylcyclohexy-
amine (DMCA) and 𝑁-methylcyclohexylamine (MCA), and their blends
ith 𝑁-methyl-diethanolamine (MDEA) and 2-amino-2-methyl-1-propan

AMP).
hey found that TBS-3, a ternary mixture with a specific composition
f DMCA + MCA + AMP, met all the criteria to be considered a
3

esirable PCS (low phase-change temperature, high net CO2 loading,
nd remarkable chemical stability). By blending aqueous mixtures of di-
thylethanolamine (DEEA) with 3-(methylamino)propylamine (MAPA),
into et al. [29] found that, upon CO2 loading, some of the amine
ixtures (e.g., a blend of 5M DEEA and 2M MAPA) separated into two

iquid phases. This biphasic solvent was found to exhibit a high CO2
bsorption and cyclic capacity, and to regenerate at lower temperatures
han those used in the traditional MEA-based process. Liu et al. [27]
ater put forward two biphasic solvents comprising binary mixtures of
EEA + MEA and of DEEA + 2-((2-aminoethyl)amino) ethanol (AEEA),
oth exhibiting higher absorption loading and desorption capacity than
EA. These findings highlight the delicate balance that exists between
olecular structure and solvent performance, and the importance of
eveloping a good understanding of the link between the macroscopic
O2 absorption and the specific molecular interactions within CO2 +
mine + water mixtures to design effective novel solvents.

In view of the wide range of amine molecular structures that are
otentially suitable for CO2 capture and of the high cost and time
equirements of experimental screening efforts, it is highly desirable to
evelop predictive approaches to aid in the selection of the promising
andidates to be explored, thereby reducing the experimental effort.
s numerous combinations of potential solvent candidates can be pro-
osed (i.e., aqueous solutions of pure amines, blends of amines, or
mines + organic compounds) there is a need for the integrated consid-
ration of numerous property-based criteria to guide the identification
f solvents with high CO2 capture potential. From a thermodynamic
oint of view, however, the study of the properties of mixtures in-
olved in CO2 chemisorption and of the underlying phenomena is very
hallenging.

In aqueous solution amine groups tend to interact strongly with
urrounding water molecules through hydrogen bonds, giving rise to
omplex hydration structures [32,33] that crucially affect the solubility

of the amine (or blend) in water. The combination of the formation
of hydrogen bonds and the hydrophobic nature of the alkyl groups
can also lead to the demixing of the liquid phase, often bound by a
lower critical solution temperature (LCST) [34]; the mixtures are fully
miscible at temperatures below the LCST, but present two liquid phases
above this point. At higher temperatures heterogeneous azeotropes may
appear, which increase the complexity of the fluid-phase behaviour.

A further challenge arises when CO2 is dissolved in the aqueous
mine solution, as the mixture undergoes a complex set of chemical
speciation) reactions that lead to the formation of ionic species [35–

37]. CO2 reacts with water to form carbonic acid, with the hydroxide
ion to form bicarbonate, and with amines to form carbamates. When the
solvent contains tertiary amines, these promote the hydration of CO2 to
produce a greater amount of bicarbonate [38]. In solvents that exhibit
partial miscibility, such as in PCSs, depending on the temperature,
pressure, CO loading and solvent concentration, the ionic species that
2
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Fig. 3. Isothermal pressure-composition slices of the vapour–liquid equilibria of binary
mixtures of: (a) cyclohexane + CO2 [3,4] at 𝑇 = 283.15 K (circles), 298.15 K (squares),
nd 303.15 K (triangles); (b) methylcyclopentane + CO2 [4,5] at 𝑇 = 293.15 K
circles), 303.15 K (squares), and 313.15 K (triangles); (c) ethylcyclohexane + CO2 [6]

at 𝑇 = 310.93 K (circles), 338.71 K (squares) and 394.43 K (triangles). The symbols
correspond to experimental data and the continuous curves to calculations using the
SAFT-𝛾 Mie group-contribution approach.

result from the absorption of CO2 will distribute either in one or in
both of the liquid phases [39]. At higher temperatures, the two liquid
phases which contain a range of ionic species are in equilibrium with a
4

d

Fig. 4. Isotherms of the vapour–liquid equilibrium of PZ + H2O + CO2 mixtures shown
s partial pressure of CO2 as a function of the CO2 loading, 𝛩CO2

: (a) PZ concentration
of 2.0297 molal (15𝑤PZ%) at 𝑇 = 313.15 K (red triangles), 353.15 K (black circles),
93.15 K (blue squares); (b) PZ concentration of 0.9890 molal (8𝑤PZ%) at 313.15

K (black triangles) and of 4.0440 molal (26𝑤PZ%]) at 353.15 K (blue circles) and
393.15 K (blue squares). The symbols correspond to the experimental data [8], and
he continuous and dotted curves to calculations and predictions, respectively, using
he SAFT-𝛾 Mie group-contribution approach.

hird vapour phase that comprises only molecular species (CO2, water,
mine). Accounting for the impact of these chemical reactions and
etermining the phase equilibria of these mixtures is a demanding task,
equiring not only a detailed molecular model that captures a wide
ange of intermolecular interactions and provides a careful thermody-
amic formulation of the equilibrium and stability conditions, but also
suitable approach to overcome the resulting numerical complexity.

Numerous semi-empirical and theoretical approaches have been
sed to study the fluid-phase behaviour of CO2 with aqueous solutions
f amines. In most approaches the chemical (equilibrium) reactions
n the liquid phase are treated explicitly, with the distribution of
olecular and ionic species obtained based on measured chemical equi-

ibrium constants. The solution of the chemical and phase-equilibria
quations is carried out using activity coefficient models to treat the
eviations from classical behaviour that occur in the liquid phase,
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Fig. 5. Isotherms shown as the partial pressure of CO2 as a function of the CO2
loading for the vapour–liquid equilibrium of: (a) 𝑁-methylpiperazine (MPZ) + H2O
+ CO2 at 𝑇 = 313.15 K and concentrations of 10𝑤MPZ% (black crosses [9]), 30𝑤MPZ%
(blue triangles [9]), and 40𝑤MPZ% (red circles citeli2) (black circles); (b) 30𝑤EPZ%
𝑁-ethylpiperazine (EPZ) + H2O + CO2 at 𝑇 = 313.15 K (red triangles [10]) and 𝑇=
393.15 K (blue squares [10]). The symbols correspond to experimental data, and the
continuous and dotted curves to calculations and predictions, respectively, using the
SAFT-𝛾 Mie group-contribution approach.

and fugacities computed from an equation of state (EOS) to account
for non-ideal behaviour in the vapour phase [8,40–42]. One of the

ost widely-used activity coefficient models to describe the physical
nteractions of amines in aqueous solutions containing ionic species
s Pitzer’s model [43]. Bougie and Iliuta [40], Ermatchkov et al. [8],
nd Kamps et al. [44] have studied the absorption of CO2 in aqueous
olutions of piperazine (PZ) by calculating the activity coefficients for
ll the PZ-derived species with a virial equation of state to represent the
ugacities of molecular compounds in the vapour phase. Using Pitzer’s
arameters obtained from NMR measurements of the concentration of
he amine, bicarbonate, carbamate, and CO2, along with vapour–liquid
quilibria data, Böttinger et al. [45,46] modelled the absorption of CO2

in aqueous solutions of MEA, DEA, 𝑁-methyldiethanolamine (MDEA),
and of MDEA + piperazine (PZ), and thus calculated the distribution
profiles of ionic and molecular species in the liquid phase as well as
the CO2 solubility. The approach enables one to correlate the experi-
mental data and results in a good description of the properties of the
system within the range of measured temperatures and CO loadings,
5

2

Fig. 6. Isotherms shown as the partial pressure of CO2 as a function of the CO2 loading
for the vapour–liquid equilibrium of: (a) 3-(methylamino)propylamine (MAPA) + H2O +
CO2 at 𝑇= 313.15 K, 1M (black circles [11] and continuous black curve), 𝑇= 313.15
K, 2M (black triangles [11] and dotted black curve), 𝑇=353.15 K, 1M (blue circles
and continuous blue curve), 𝑇=353.15 K, 2M (blue triangles [11], and dotted blue
curve), 𝑇 = 393.15 K, 1M (red circles [11], and continuous red curve), and 𝑇 =
93.15 K, 2M (red triangles [11], and dotted red curve). The symbols correspond to
xperimental data and the continuous (1M) and dotted (2M) curves to calculations
nd predictions, respectively, using the SAFT-𝛾 Mie group-contribution approach. (b)
7 𝑤DETA% N-(2-aminoethyl)-1,2-ethanediamine (DETA) + H2O + CO2 at 𝑇 = 298.15

(black circles [12]), 𝑇= 313.15 K (blue circles [12]), 𝑇= 328.15 K (magenta
ircles [12]), 𝑇= 353.15 K (red circles [12]), and 𝑇= 373.15 K (green circles [12]).

All dotted curves correspond to predictions using the SAFT-𝛾 Mie group-contribution
approach.

but requires the introduction of a large number of state-dependent
empirical parameters, as well as the availability of an extensive set of
experimental data.

The extended universal quasichemical (UNIQUAC) [47] model has
also been implemented in this context, not only to consider the effect
of the speciation reactions in homogeneous CO2 chemisorption using
conventional alkanolamines (i.e., 𝑁-methyldiethanolamine) [41], but
also to predict the liquid-phase split in PCSs [48,49], An important
contribution of this work was to demonstrate that the amount of water
in the liquid phase plays a critical role in promoting the hydration of
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a
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Fig. 7. Differential heat of absorption of CO2 in aqueous solutions of (a) MAPA at
1 M and 𝑇= 313.15 K (black circles [13] and continuous black curve); 1M and 𝑇=
353.15 K (red circles [13] and continuous red curve); 2M and 𝑇=313.15 K (black
triangles [13] and black dotted curve); and 2M and 𝑇= 353.15 K (red triangles [13]
nd red dotted curve). The symbols correspond to experimental data and the curves
o predictions using the SAFT-𝛾 Mie group-contribution approach. (b) 20𝑤DETA% at T=

313.15 K (blue curve), T= 353.15 K (red curve), and T=393.15 K (black curve). All
curves represent predictions using the SAFT-𝛾 Mie group-contribution approach.

CO2 and hence determining the distribution of ionic species. Although
this approach requires fewer parameters than Pitzer’s model, it is based
on the limiting law of Debye–Hückel, and therefore the effects of
charged species in the model are represented through the ionic strength
alone.

More rigorous and thermodynamically consistent formulations of
the activity coefficients have also been used to describe the fluid-
phase behaviour and speciation arising from CO2 absorption in aqueous
solutions of amines. For instance, the refined electrolyte-nonrandom
two liquid (e-NRTL) model [50] has been used to predict the solubil-
ity of CO2 in aqueous solutions of alkanolamines such as MEA and
MDEA [42]. In this approach the inconsistency in the reference state
used in the calculation of the long-range interactions (infinite dilution
in a continuum) and that used to account for the effect of the short-
range interactions (infinitely diluted aqueous solution) were corrected
6

by incorporating a Born term [51,52] for the excess free energy of
solvation.

A different approach involves the direct implementation of an equa-
tion of state (EOS) to model all fluid phases. This has the advantage of
accounting for pressure effects and avoiding the selection of different
standard reference states for the different phases. Moreover, in order
to account explicitly for the set of chemical reactions in EOS models,
the composition profile of both the molecular and ionic species can be
expressed as a function of density, temperature, and the corresponding
equilibrium constant. Fürst and Renon [61] developed an expression
for the residual Helmholtz free energy that includes non-ionic and ionic
contributions. The approach was used to calculate the solubility of CO2
and other acid gases (e.g., H2S) in aqueous solutions of diethanolamine
(DEA) [62], 𝑁-methyldiethanolamine (MDEA) [63], and cyclic amines
(e.g., piperazine) [64]. The method delivers a very good representa-
tion of CO2 solubility and of the equilibrium pressure as a function
of temperature and solvent concentration. It relies, however, on the
availability of extensive experimental information on the equilibrium
constants of the chemical reactions.

Taking advantage of the fact that the chemical identity of the
reactants (CO2 and amines) does not change drastically during the CO2
absorption process, it is also possible to employ physical approaches to
account for the formation of new species (i.e., carbamate and carbon-
ate) in the system, thus bypassing the need for equilibrium constant
data. It has been shown that physical approaches based on perturbation
theories such as the statistical associating fluid theory (SAFT) [71–73],
lead to a description that is equivalent to that obtained with either
chemical or quasi-chemical theories for mixtures of species that form
hydrogen bonds [74]. In chemical approaches, an equation of state is
combined with a chemical-equilibrium scheme [75] to represent the
formation of new species and aggregates. On the other hand, in physical
approaches, the formation of aggregates and new species is represented
with a molecular model of association that forms an integral part of
the underlying equation of state. The free energy of an associating
(or reacting) fluid is thus obtained from an intermolecular potential
model that incorporates a number of associating (or reacting) sites that
mediate the formation of aggregates (or complexes).

A key advantage of the physical approach is that the nature of the
chemical reactions present in the system does not need to be specified
a priori and consequently there is no need to provide equilibrium
constants. This has allowed the development of an implicit treatment of
the speciation reactions relevant to CO2 capture [77–79]. For example,
using the statistical association fluid theory for potentials of variable
range (SAFT-VR) [80,81], with square well (SW) potentials, Rodríguez
et al. [78] predicted the degree of speciation of the mixture of MEA
+ CO2 + H2O by incorporating two acceptor sites placed on CO2 to
mimic the formation of tightly bonded aggregates that represent the
main ionic species (carbamate, bicarbonate) in solution. The model
allowed for accurate predictions of the mole fraction of carbamate
and bicarbonate in aqueous solutions of MEA without the need for
experimentally measured equilibrium constants.

Building on these findings, SAFT group contribution (GC) approaches
such as the SAFT-𝛾 SW [82,83] and SAFT-𝛾 Mie [84–86] EOSs have also
been used to model aqueous solutions of alkanolamines and CO2 [79,
87]. In these methods, a heteronuclear model is implemented, and the
group-contribution premise that the properties of a molecule can be
determined from the contributions of the chemical functional groups
(moieties) in the system is adopted. The advantage of GC approaches
is that the thermodynamic behaviour of mixtures including solvents
that have not been synthesized or tested can be predicted, provided
the relevant group parameters are available. In our previous work we
have shown that the use of the SAFT-𝛾 Mie GC EOS provides accurate
models of a wide range of amines, including linear, branched, and
cyclic amines, and their mixtures with water [87]. The parameters
describing the functional groups and their interactions were determined

in a sequential manner, such that the influence of the surrounding alkyl
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Fig. 8. Vapour–liquid equilibria of aqueous solutions of monoethanolamine (MEA) at (a) 𝑇= 323.15 K (cyan circles [14]), 𝑇= 343.15 K (black squares [14]) and 𝑇= 363.15 K (red
triangles [14]); (b) 𝑃 = 101.325 kPa (blue circles [15]); and vapour–liquid equilibria of aqueous solutions of monopropanolamine (MPA) at (c) 𝑇= 348.15 K (black circles [16])
and 𝑇= 368.15 K (red triangles [16]); (d) 𝑃 = 93.3 kPa (blue circles [16]) and 𝑃 = 79.993 kPa (black triangles [16]). The continuous curves represent calculations using the SAFT-𝛾
Mie group-contribution approach, and the symbols correspond to the experimental data.

Fig. 9. Vapour–liquid equilibria of aqueous solutions of diethanolamine (DEA) at (a) 𝑇= 365.15 K (black circles [17]), 𝑇= 373.15 K (blue triangles [18]); (b) 𝑃 = 26.7 kPa (black
circles [19], 𝑃 = 6.65 kPa (blue triangles [20]). The continuous curves represent calculations using the SAFT-𝛾 Mie group-contribution approach, and the symbols correspond to
the experimental data.
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Fig. 10. Vapour–liquid equilibria of aqueous solutions of methyl diethanolamine (MDEA) at (a) 𝑇 = 313.15 K (black circles [53]), 𝑇 = 333.15 K (blue circles [53], blue stars [54]),
𝑇 = 353.15 K (red circles [53]) and 𝑇 = 373.15 K (green circles [53]); (b) 𝑃 = 20.0 kPa (black circles and squares [55]) and 𝑃 = 40.0 kPa (blue circles and squares [55]); and
isothermal temperature composition slices (𝑃 –𝑥) of the vapour–liquid equilibria of aqueous solutions of N,N-dimethyl monoethanolamine (DMMEA) at (c) 𝑇 = 283.15 K (black
circles [56]), 𝑇 = 303.15 K (blue squares [56]), and 𝑇 = 323.15 K (red triangles [56]); (d) 𝑇 = 333.15 K (red triangles [56]), 𝑇 = 353.15 K (magenta circles [56]), and 𝑇 = 363.15 K
(green squares [56]). The continuous curves represent calculations using SAFT-𝛾 Mie group-contribution approach, and the symbols correspond to experimental data.
substituents on the ability of nitrogen atoms to participate in hydrogen
bonds was captured. The models developed for the various amine
chemical groups were shown to be transferable, leading to an accurate
representation of the fluid-phase behaviour of a variety of pure amines
and of aqueous solutions of amines, even in the presence of lower
critical solution temperatures (LCST) and heterogeneous azeotropes.
While the development of these models is a necessary step towards the
predictive modelling of CO2 absorption, no reactions were considered
nor was CO2 present in any of the mixtures.

In the current work, we develop predictive group-contribution mod-
els for the absorption of CO2 in a large set of aqueous solutions of
amines. New SAFT-𝛾 Mie group interaction parameters are developed to
be used for the prediction of the fluid-phase behaviour of the mixtures
of interest over broad ranges of temperature, pressure, and composi-
tion. This makes it possible to systematically explore and test a range
of alternative solvents and to identify promising candidates for CO2
capture processes. We also carry out experimental measurements of
the equilibrium solubility of CO2 in aqueous solutions of representative
biphasic cyclohexylamines (MCA and DMCA), following the procedure
described by Tzirakis et al. [2]. Ternary phase diagrams for diverse
types of PCS solvents + H2O + CO2 systems are predicted in order to
study the topology of the fluid-phase diagrams with temperature and
pressure. The information obtained from these diagrams is of direct
relevance to the search for optimal amine-based solvents for CO2 cap-
ture. It is worth mentioning also that global pressure–temperature (𝑃𝑇 )
8

phase diagrams are often useful, although we note that application
of the solvents studied in our current work rarely occurs in critical
conditions, as separation is not possible in such states. Additionally,
the determination of the global phase diagrams is numerically very
demanding. As such, 𝑃𝑇 global phase diagrams are beyond the scope
of our current work. In Section 2 the SAFT-𝛾 Mie GC approach and
the thermodynamic model used to describe the selected systems are
presented, highlighting the implicit treatment of the speciation reac-
tions that take place during the CO2 absorption. Additionally, we give
a summary of the main expressions of the SAFT-𝛾 Mie GC approach. The
experimental set-up is presented in Section 3, and the experimental and
modelling results are provided in Section 4. Brief conclusions are given
in Section 5.

2. Theory and thermodynamic model

2.1. The SAFT-𝛾 Mie equation of state

In the SAFT-𝛾 Mie group-contribution approach [84–86] a heteronu-
clear model is implemented, with molecules subdivided into distinct
functional groups representing the various chemical moieties (see Fig. 1
for a SAFT-𝛾 Mie representation of the molecules of interest here).
Each group 𝑘 is modelled as a fused spherical segment (or 𝜈∗𝑘 identical
segments). Segments 𝑘 and 𝑙 are assumed to interact through Mie
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Fig. 11. Isothermal–isobaric excess molar enthalpy of mixing 𝐻𝐸 for aqueous solutions
of alkanolamines of varying mole fraction 𝑥. The symbols represent the experimental
data and the continuous curves the predictions with the SAFT-𝛾 Mie group-contribution
approach: (a) Methyldiethanol amine + water at 𝑃 = 0.1 MPa and 𝑇 = 298.15 K (black
circles [57]), 𝑇 = 303.15 K (blue squares [57]), 𝑇 = 313.15 K (red triangles [57]);
(b) N,N–dimethylmonoethanolamine + water at 𝑃 = 0.1 MPa and 𝑇 = 298.15 K (black
circles [58]), 𝑇 = 313.15 K (blue squares [58]), 𝑇 = 323.15 K (red triangles [58]).

potentials of variable attractive and repulsive ranges:

𝛷Mie
𝑘𝑙 = 𝐶𝑘𝑙𝜀𝑘𝑙

[

(

𝜎𝑘𝑙
𝑟𝑘𝑙

)𝜆𝑟𝑘𝑙
−
(

𝜎𝑘𝑙
𝑟𝑘𝑙

)𝜆𝑎𝑘𝑙
]

, (1)

where 𝑟𝑘𝑙 represents the centre–centre distance between groups 𝑘 and 𝑙,
𝜎𝑘𝑙 is the average segment diameter, obtained as the arithmetic mean of
the diameters of segments 𝑘 and 𝑙, −𝜀𝑘𝑙 is the minimum in the potential
energy of interaction between segments 𝑘 and 𝑙, and 𝜆𝑟𝑘𝑙 and 𝜆𝑎𝑘𝑙 repre-
sent the repulsive and attractive exponents of the inter-segment inter-
actions, respectively. The energy and exponents can either be obtained
via appropriate combining rules based on the corresponding parameters
for like interactions [84], or can be estimated from experimental data.
The prefactor 𝐶𝑘𝑙 is a function of the exponents and is given by

𝐶𝑘𝑙 =
𝜆𝑟𝑘𝑙

𝜆𝑟𝑘𝑙 − 𝜆𝑎𝑘𝑙

(𝜆𝑟𝑘𝑙
𝜆𝑎𝑘𝑙

)

𝜆𝑎𝑘𝑙
𝜆𝑟𝑘𝑙−𝜆

𝑎
𝑘𝑙 . (2)

Hydrogen bonding is mediated by embedding a set of short-range
square-well sites on a segment 𝑘. Each site is assigned a type 𝑎 where
9

𝑎 ∈ ST,𝑘, the set of site types for group 𝑘. The number of site types for
group 𝑘 is defined as 𝑁ST,𝑘, and there can be multiple sites of each type
on a group. The parameters to describe the association between sites of
type 𝑎 on a group 𝑘 and of type 𝑏 on a group 𝑙 include the energy 𝜀HB𝑘𝑙,𝑎𝑏
and the range (in the form of the bonding volume) 𝐾𝑘𝑙,𝑎𝑏. In the case
of amine groups, two site types, H and e, are typically specified, where
e represents the lone pair of electrons on the N atom, and one H site is
included per hydrogen atom, with only e–H bonding allowed. For CO2
molecules, two site types 𝛼1 and 𝛼2, which can interact with amine e
sites, are included to mediate the relevant chemical reactions with the
amine molecules (note that 𝛼1–𝛼2 bonding is not permitted).

The total Helmholtz free energy 𝐴 of a mixture of 𝑁C non-ionic
components for a temperature 𝑇 and volume 𝑉 is given as the sum of
four contributions arising from the perturbation approach:

𝐴 = 𝐴IDEAL + 𝐴MONO + 𝐴CHAIN + 𝐴ASSOC, (3)

where 𝐴IDEAL is the ideal free energy of the mixture, 𝐴MONO is the
residual free energy due to the interactions between monomer Mie
segments, 𝐴CHAIN is the contribution due to chain formation, and
𝐴ASSOC accounts for the contribution to the free energy due to inter-
molecular association. For a complete description of the theory and full
expressions for each of the contributions, we direct the reader to the
original SAFT-𝛾 Mie publications [84–86,88].

It is worth describing in detail the contribution to the free energy
due to association as it relates to the implicit model of speciation used
in our current work. It is given by [89–92]:

𝐴ASSOC

𝑁𝑘B𝑇
=

𝑁C
∑

𝑖=1
𝑥𝑖

𝑁G
∑

𝑘=1
𝜈𝑘,𝑖

𝑁ST,𝑘
∑

𝑎=1
𝑛𝑘,𝑎

[

ln𝑋𝑖,𝑘,𝑎 +
1 −𝑋𝑖,𝑘,𝑎

2

]

(4)

where 𝑁 is the number of molecules in the mixture, 𝑘B is the Boltzmann
constant, 𝑁G is the number of groups in the mixture, 𝑥𝑖, 𝑖 = 1,… , 𝑁C,
is the mole fraction of component 𝑖, 𝜈𝑘,𝑖 is the number of groups of type
𝑘 in molecule 𝑖, 𝑛𝑘,𝑎 is the number of sites of type 𝑎 on group 𝑘, and
X𝑖,𝑘,𝑎 represents the fraction of molecules of component 𝑖 that are not
bonded at a site of type 𝑎 on group 𝑘; it is obtained from the solution
of the mass action equation [73].

Of specific interest for our work is 𝑋CO2 ,CO2 ,𝛼𝑠 , the fraction of CO2
molecules not bonded at site 𝛼𝑠, with 𝑠 = 1, 2 (note the double CO2
subscript reflects the fact that CO2 is a molecule, or component 𝑖, and
a group 𝑘). Sites 𝛼1 and 𝛼2 represent the two acceptor sites of the
CO2 molecular group interacting exclusively with sites of type e on the
amine groups. The interaction potential between an e site on an amine
group 𝑙 and an 𝛼𝑠 site on CO2 is modelled as a square well potential
with an energy depth of 𝜀HB

CO2 ,𝑙,𝛼𝑠 ,e
, and a bonding volume 𝐾CO2 ,𝑙,𝛼𝑠 ,e.

The fraction of CO2 molecules not bonded at 𝛼𝑠 is given by

𝑋CO2 ,CO2 ,𝛼𝑠 =

(

1 + 𝜌
𝑁C
∑

𝑗=1
𝑥𝑗

∑

𝑙∈𝐺A

𝜈𝑙,𝑗𝑛𝑙,e𝑋𝑗,𝑙,e𝛥CO2 ,𝑗,CO2 ,𝑙,𝛼𝑠 ,e

)−1

for 𝑠 = 1, 2, (5)

where 𝐺A is the set of amine groups (𝐺A = {NH2, NH, N, cNH, cN,
cCHNH, cCHN}), 𝜌 is the mixture density, 𝛥CO2 ,𝑗,CO2 ,𝑙,𝛼𝑠 ,e represents the
association strength between site 𝛼𝑠 on CO2 and site e on the 𝑁 atom
of amine group 𝑙 (𝑙 ∈ 𝐺A) of component 𝑗, given by [84–86]:

𝛥CO2 ,𝑗,CO2 ,𝑙,𝛼𝑠 ,e = 𝐹CO2 ,𝑙,𝛼𝑠 ,e𝐾CO2 ,𝑙,𝛼𝑠 ,e𝐼CO2 ,𝑗 , (6)

where 𝐹CO2 ,𝑙,𝛼𝑠 ,e =
[

exp
(

𝜀HB
CO2 ,𝑙,𝛼𝑠 ,e

∕(𝑘B𝑇 )
)

− 1
]

is the Mayer function
and 𝐼CO2 ,𝑗 is a polynomial temperature–density correlation for the
association integral for a Lenard-Jones monomer [85,86].

2.2. Speciation and phase equilibria

When carbon dioxide dissolves in aqueous amine solutions, it reacts
with water to form bicarbonate (HCO−

3 ) and with the amine molecules
to form a range of ionic species. In the case of secondary and primary
amines, the most prominent route involves the formation of a zwitteri-

onic form of carbamate followed by a proton exchange reaction to form
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Fig. 12. Isothermal pressure-composition (𝑃 −𝑥) slices of the vapour–liquid equilibria for (a) ethanol + carbon dioxide at 𝑇 = 293.15 K (circles [59]) and 303.15 K (triangles [59])
and for (b) propanol + carbon dioxide mixture at 𝑇 = 293.15 K (squares [60]) and 303.15 K (diamonds [60]). The symbols correspond to experimental data, and the continuous
curves to calculations with the SAFT-𝛾 Mie group-contribution approach.
the respective amine carbamate [38]:

CO2 + 2R′RNH ⇌
[

R′RNHCOO− + R′RNH+
2
]

, (7)

nd
′RNHCOO− + H3O+ ⇌

[

R′RNH+
2 + HCO−

3
]

, (8)

here R′ represents either an alkyl-substituent for secondary amines
r a hydrogen atom for primary amines. Ternary amines react with
O2 by an indirect path promoting the hydration of CO2 to produce
icarbonate as follows:
′′R′R-N + H2O + CO2 ⇌

[

R′′R′R-NH+ + HCO−
3
]

. (9)

he speciation reactions described by Eqs. (7)–(9) are characterized by
heir reversibility, and by the fact that there is little change in the chem-
cal identity of the reactants (CO2 and amines). In our current work we
ake advantage of these features to develop an implicit model of the
eactions, thus avoiding the need to specify a priory the dependence of
he equilibrium constant on the thermodynamic conditions.

In an implicit description it is possible to extract the fraction of
olecules (not) bonded at a given association (reactive) site by con-

idering the association free energy of the system (Eqs. (4) and (5));
his type of information can be used to predict the degree of speciation
n the system [78,79]. The ion pairs represented with square brackets
n the right hand side of Eqs. (7) and (8) are assumed to be neutral
pecies with no net overall charge. The concentration of carbamate can
e deduced from the concentration of CO2 molecules bonded at both
1 and 𝛼2 sites, while the concentration of bicarbonate can be obtained
rom the concentration of CO2 molecules bonded at only one site:
[

R′RNHCOO−] = 𝑥CO2

(

1 −𝑋CO2 ,CO2 ,𝛼1

)(

1 −𝑋CO2 ,CO2 ,𝛼2

)

, (10)

and
[

HCO−
3
]

= 𝑥CO2

(

𝑋CO2 ,CO2 ,𝛼1 +𝑋CO2 ,CO2 ,𝛼2 − 2
(

𝑋CO2 ,CO2 ,𝛼1𝑋CO2 ,CO2 ,𝛼2

))

. (11)

The expressions for the concentration of carbamate and bicarbonate are
the result of the conservation of the chemical elements given the fact
that, in our model, CO2 molecules can only bond to amine molecules,
i.e., there is no CO2–CO2 and CO2–H2O association.

In order to calculate the distribution of the molecular species in each
of the coexisting phases, the necessary conditions for phase equilibrium
[93,94] are solved for a given number of phases or the solution of the
phase stability and equilibrium problem is performed with the HELD al-
gorithm [95,96]. This approach, combined with the fact that the nature
of the chemical equilibrium present in a given mixture does not need to
10

be specified explicitly, facilitates the modelling of the solvent mixtures.
2.3. Parameter estimation

In order to specify fully the expressions for the Helmholtz free
energy presented in Eq. (3) and model the mixtures of interest, a
number of like and unlike group interaction parameters need to be
characterized. All of the like parameters are determined by solving a
least-squares parameter estimation problem, using experimental data
for molecules containing the groups of interest, while the unlike pa-
rameters are initially determined using combining rules and then es-
timated from experimental data when necessary. The combining rules
are summarized in Appendix A.

An advantage of the heteronuclear model used in our approach is
that pure component data are sufficient in some cases to obtain an
accurate estimate of the values of these unlike energetic parameters.
Whether pure component or mixture data are used, optimized parame-
ters are obtained by minimizing an objective function 𝐹Obj comprising
the sum of squares of the relative deviations between experimental
data and calculated values of relevant properties, such as saturated-
vapour pressures, partial pressures of CO2 in the vapour phase or the
composition of loaded solvent. The objective function is given as

min
𝛩

𝑓obj =
1

𝑁exp

𝑁S
∑

𝑠=1

𝑁P
𝑠

∑

𝑝=1

𝑁D
𝑠,𝑝

∑

𝑖=1
𝑤𝑠,𝑝,𝑖

(

𝑋exp
𝑠,𝑝,𝑖 −𝑋calc

𝑠,𝑝,𝑖(𝛩)

𝑋exp
𝑠,𝑝,𝑖

)2

, (12)

where 𝛩 is the vector of model parameters, 𝑁exp is the total number
of experimental points considered in the parameter estimation, 𝑁S is
the number of systems (pure components and mixtures) used in the
estimation, 𝑁P

𝑠 is the number of types of properties for system 𝑠, 𝑁D
𝑠,𝑝

is the number of experimental data for system 𝑠 and property 𝑝, and
𝑤𝑠,𝑝,𝑖 is a weight that controls the relative importance of data point 𝑖 for
property 𝑝 of system 𝑠. We consider here the same weight for each point
(i.e., 𝑤𝑠,𝑝,𝑖 = 1, for all (𝑠, 𝑝, 𝑖)). 𝑋exp

𝑠,𝑝,𝑖 is the 𝑖th measured value of property
𝑝 of system 𝑠, and 𝑋calc

𝑠,𝑝,𝑖(𝛩) is the corresponding value calculated
with SAFT-𝛾 Mie and the parameters 𝛩. The estimation of the group
parameters is carried out using either the parameter estimation facility
of the commercial software package gPROMS ModelBuilder 7.0.7 [97]
or that in the software package gSAFT Material Modeller (gSAFTmm)
version 1.0.0 [98], both of which use the same implementation of the
SAFT-𝛾 Mie EOS. In order to assess the quality of the description, the
percentage absolute average deviation (%AAD) of a property 𝑝 for a
given system 𝑠 is determined as follows:

%AAD[𝑝] = 1
𝑁D

𝑁D
𝑠,𝑝

∑

|

|

|

|

𝑋exp
𝑠,𝑝,𝑖 −𝑋calc

𝑠,𝑝,𝑖
exp

|

|

|

|

× 100. (13)

𝑠,𝑝 𝑖=1 |

|

𝑋𝑠,𝑝,𝑖 |

|
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Fig. 13. Isotherms of the vapour–liquid equilibrium of alkanolamines + H2O + CO2 in
a (a) 30𝑤MEA% aqueous solution of MEA at 𝑇 = 298.15 K (blue circles [65]), 313.15 K
(black squares [65]), 333.15 K (red triangles [65]), 353.15 K (magenta diamonds [65]),
and 373.15 K (cyan diamonds [65]); and (b) 20𝑤DEA% aqueous solution of DEA at

= 313.15 K (black circles [66]) and 373.15 K (red triangles [66]). The symbols
orrespond to experimental data and the curves of corresponding colours to calculations
ith the SAFT-𝛾 Mie group-contribution approach. The filled symbols indicate the

xperimental data thate are used in the parameter estimation procedure.

The SAFT-𝛾 Mie models for water [88], CO2 [99], and all of the
mine groups [87,100] considered in this work are taken from previous
tudies. A total of 19 new first- and second-order group interaction
arameters are developed in the present study.

. Experimental measurements

In the case of two of the phase-change solvents considered in our
urrent work (the aqueous solutions of MCA and DMCA), little or
o experimental data are available. We carry out new experimental
easurements of vapour–liquid and vapour–liquid–liquid equilibria

nd of CO loading for aqueous solutions of MCA and DMCA, reporting
11

2

the compositions of the liquid phases in cases where liquid–liquid
phase separation is observed. The experimental setup and procedure
are described thoroughly in Tzirakis et al. [2] and are therefore only
described briefly here.

3.1. Materials

The materials used in the current work are shown in Table 1. All
materials were used as received without further purification.

3.2. Experimental apparatus and procedure

The experimental apparatus is presented in Fig. 2. Mixtures of CO2
and N2 pass through four gas wash bottles immersed in a thermostated
water/oil bath (the variability of temperature during the experiments
ranges between 0.8oC at 90oC and 0.1oC at 40oC). The first (H1)
gas-wash bottle contains pure water in order to compensate for va-
porization losses, the second (H2) contains the aqueous amine solution
(approximately 30 mL), while the third (H3), and the fourth (H4, held
at lower temperature) are used as traps for potential drifted droplets
(not observed in this study) and amine vapours, respectively.

As mentioned by Tzirakis et al. [2], the experimental apparatus
compensates, to the extent possible, for water vaporization losses.
However, there are also some amine losses due to vaporization, al-
though the amines present relatively high boiling points. Amine losses
are an important issue in pilot- (and full-) scale absorbers, such that
our experiments can, nevertheless, be considered representative of a
pilot-scale absorber. As a result of the amine losses, the experimental
procedure results in a reduction of the amine content of the loaded
solutions compared to the unloaded (initial) ones. The compositions of
both the initial aqueous solution of amine and the CO2 loaded solution
are presented in the following section.

Experiments were performed using CO2/N2 gas streams of different
composition (the CO2 partial pressure in the inlet gas stream ranged
from 10 to 80 kPa) and gas–liquid contact times of 2–5 h. At the end of
each experiment, samples of one or two liquid phases were immediately
taken with a calibrated syringe for further analysis. The CO2 loading
was measured using the barium chloride titration method and the total
amine content using an acid–base titration technique. In all cases the
results were confirmed by GC analysis using a thermal conductivity
detector (TCD). All other experimental details can be found in Tzirakis
et al. [2].

4. Results

4.1. Parameter tables

The SAFT-𝛾 Mie group-interaction matrix relevant to our current
work is presented in Table 2, with the corresponding values for like
and unlike group parameters given in Tables 3, 4, 5, 6, and 7. The
specific groups used for each of the compounds and mixtures studied
are presented in Appendix B. In addition, the workflow we follow for
the identification and characterization of new groups, including the
determination of second-order interactions is provided in Appendix C.

4.2. CO2 solubility in aqueous solutions of cyclo- and alkyl-amines

In order to describe the thermodynamic properties of solutions of
water + CO2 + cyclic or linear alkylamines, the unlike interaction
parameters between water and the amine groups (NH2, NH, N, cNH,
cN, cCHNH, and cCHN) developed in previous work [87] are adopted
here, as are interactions between linear alkyl groups (CH3 and CH2)
and CO2 [88]. The interaction parameters between cyclic alkyl groups
and CO2 are developed in this section, using binary mixture phase-

equilibrium data. Furthermore, the interaction parameters between
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Fig. 14. Predicted mole fraction of carbamate MEACOO− and bicarbonate HCO−
3 in the liquid phase of a 30𝑤MEA% MEA aqueous solution at (a) 𝑇 = 293.15 K and (b) 𝑇 = 313.15 K

t vapour–liquid equilibrium for the ternary mixture of MEA + H2O + CO2, as a function of the CO2 loading, 𝛩CO2
. The symbols correspond to the experimental data [45,67]

with open symbols corresponding to carbamate and filled symbols to bicarbonate. The predicted mole fraction of carbamate DEACOO− and bicarbonate HCO−
3 in the liquid phase

f a 20 𝑤DEA% DEA aqueous solution at (c) 𝑇 = 293.15 K and (d) 𝑇 = 313.15 K at vapour–liquid equilibrium for the ternary mixture of DEA + H2O + CO2 as a function of
he CO2 loading. The symbols correspond to the experimental data [45] with open symbols corresponding to carbamate and filled symbols to bicarbonate. In all cases, the curves
orrespond to the predictions with the SAFT-𝛾 Mie group-contribution approach.
Table 1
Chemicals used in the current work.
Product name Abbreviation CAS-number Purity Supplier

Carbon dioxide CO2 124-38-9 99.9 (vol%) Air Liquide
Nitrogen N2 7727-37-9 99.9 (vol%) Air Liquide
Helium He 7440-59-7 99.99 (vol%) Air Liquide
𝑁-methyl cyclohexylamine MCA 100-60-7 99% Sigma Aldrich
𝑁,𝑁-dimethyl cyclohexylamine DMCA 98-94-2 99% Sigma Aldrich
CO2 and amine groups are derived from ternary mixture data of aque-
ous solutions of alkyl- and cyclo-amines with carbon dioxide, as no
binary mixture data involving these groups are available.

4.2.1. Cycloalkane + CO2 mixtures: cCH–CO2 and cCH2–CO2 unlike in-
teraction parameters

Data for the isothermal vapour–liquid equilibria of binary mix-
tures of cycloalkanes (e.g., cyclohexane and cyclopentane) and mono-
substituted cycloalkanes (e.g., methylcyclohexane and methylcyclopen-
tane) with CO2 are used to estimate the values of the dispersion
energies 𝜀𝑘𝑙 that best describe the fluid-phase behaviour for the chem-
ical families of compounds comprising the cCH2 and cCH groups with
CO2. The interaction parameters are presented in Table 4.

Fluid-phase diagrams for cyclohexane + CO2 and methylcyclopen-
tane + CO2 binary mixtures at different conditions of pressure and
temperature are shown in Fig. 3. It is apparent from the figures that the
12
estimated SAFT-𝛾 Mie group parameters lead to an accurate description
of the experimental phase behaviour. The suitability of the approach
for the description of other mixtures involving the same groups is
confirmed by the results presented in Fig. 3(c), where a very good pre-
diction of the isothermal vapour–liquid equilibria for ethylcyclohexane
and CO2 is obtained using the same parameter values.

4.2.2. Cyclic amine + H2O + CO2 mixtures: cNH–CO2 and cN–CO2 unlike
interaction parameters

Isothermal vapour–liquid equilibrium (VLE) data for ternary mix-
tures of one cyclic amine (piperazine (PZ), methyl piperazine (MPZ),
or ethylpiperazine (EPZ)) with water and carbon dioxide are used to
estimate the unlike parameters characterizing the interactions of CO2
with the cyclic secondary and tertiary amine groups (cNH and CN,
respectively). In our model, the association interaction between the
e site of the nitrogen atom and the reactive 𝛼 and 𝛼 sites of CO
1 2 2
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Fig. 15. Isotherms of the vapour–liquid equilibrium of tertiary alkanolamines + H2O + CO2 in (a) 24𝑤MDEA% 𝑁-methyldiethanolamine (MDEA) at 𝑇=298.15 K (purple circles [68]),
=313.15 K (blue triangles [68]), 𝑇=323.15 K (black squares [68]), and 𝑇=333.15 K (red circles [68]); (b) 35𝑤MDEA% 𝑁-methyldiethanolamine (MDEA) at 𝑇= 313.15 K [69] and
= 373.15 K [69]; (c) 30𝑤DMMEA% 𝑁 ,𝑁-dimethylethanolamine (DMMEA) at 𝑇=313.15 K (green circles [70]), 𝑇=343.15 K (blue circles [70]), 𝑇=373.15 K (black triangles [70]),
nd 𝑇= 393.15 K (red circles) [70]. The symbols represent the experimental data, and the continuous and dotted curves of corresponding colours to calculations and predictions
ith the SAFT-𝛾 Mie group-contribution approach, respectively.
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re considered to be different. Six parameters therefore need to be
stimated for each amine group 𝑘: 𝜀𝑘,CO2

, 𝜆𝑘,CO2
, 𝜀HB

𝑘,CO2 ,e,𝛼1
, 𝜀HB

𝑘,CO2 ,e,𝛼2
,

𝑘,CO2 ,e,𝛼2 , and 𝐾𝑘,CO2 ,e,𝛼2 (𝑘=cNH,CN). The optimized parameters are
presented in Tables 4 and 5.

A comparison of the resulting SAFT-𝛾 Mie description of the VLE
of the piperazine + water + carbon dioxide mixture with the corre-
sponding experimental data [8] can be seen in Fig. 4 for a range of
temperatures (from 313 to 393 K) and amine concentrations (from 1
to 4 molal). The phase diagrams are presented in terms of the partial
pressure of CO2 as a function of CO2 loading, 𝛩CO2

(number of moles of
CO2 in the liquid phase/ number of moles of amine in the liquid phase).
The adequacy of the approach in describing the CO2 solubility at both
low and high temperatures can be appreciated in the figure. Moreover,
we note that only experimental data for the lower concentrations of
piperazine (1 and 2 molal) are used in developing the parameters; the
data corresponding to the solution of 4 molal PZ is used to test the
reliability of the model. As can be seen, a very good description of
the experimental data is delivered over the range of temperatures and
amine concentrations considered.

In order to develop a suitable model for substituted cyclic amines
in which one of the cNH groups of piperazine has been replaced by
a cN-R (R ≠ H) moeity, it is necessary to develop unlike interaction
parameters for the cN group. The cN-CO group interaction parameters
13

2 i
re estimated using isothermal vapour–liquid equilibrium data of aque-
us solutions of 30 𝑤% 𝑁-methylpiperazine (MPZ) with CO2 at 313.15
[9]. As in the case of PZ, the interactions between the e site of the

itrogen atom in the cN group and the 𝛼1 and 𝛼2 reactive sites of CO2
re assumed to interact with different energies, 𝜀HB

cN,CO2 ,e,𝛼𝑠
and bonding

olume 𝐾cN,CO2 ,e,𝛼𝑠 (𝑠 = 1, 2). The optimized values of the parameters
are presented in Tables 4 and 5.

A comparison of the calculated and experimental phase behaviour
of aqueous solutions containing 𝑁-methylpiperazine and 𝑁-ethylpiper-
azine (EPZ) and CO2 is presented in Fig. 5. In addition to the data
used in the parameter estimation, aqueous solutions with lower (10𝑤%)
nd higher (40𝑤%) concentrations of MPZ, and solutions of EPZ are
lso examined in order to test the predictive transferability of the
odel parameters. As can be seen in the figure both the calculations

nd predictions obtained using SAFT-𝛾 Mie are in good agreement
ith the experimental data in most cases. We note however the larger
iscrepancy in the prediction of the solubility of CO2 in the case of
he 30𝑤% EPZ solution at 393 K. A temperature-dependent model to
reat the association interaction between the e site of the nitrogen atom
nd the reactive sites of CO2 would lead to an improvement of the
greement with the high-temperature data; this type of temperature-
ependent model has been considered in other versions of the SAFT
pproach [102–104] but such an approach is not considered here as
nsufficient data are available to implement this for all groups.
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Table 2
SAFT-𝛾 Mie group-interaction matrix for the functional groups considered in our current study. The red shading indicates group interaction parameters developed in the current

ork; the blue shading indicates group parameters developed in previous work [87,88,99–101]; and the grey shading indicates group interactions derived from the combining rules
iven in Eqs. (A.1)–(A.7). The lined cells indicate second-order group interaction parameters developed in the current work (red) and those developed previously (blue) [100].
Table 3
Like group parameters for use within the SAFT-𝛾 Mie group-contribution approach: 𝑣∗𝑘, 𝑆𝑘, and 𝜎𝑘𝑘 are the number of segments constituting group 𝑘, the shape factor, and the
segment diameter of group 𝑘, respectively; 𝜆𝑟𝑘𝑘 and 𝜆𝑎𝑘𝑘 are the repulsive and attractive exponents, and 𝜀𝑘𝑘 is the dispersion energy of the Mie potential characterizing the interaction
of two 𝑘 groups; 𝑁𝑆𝑇 ,𝑘 represents the number of association site types on group 𝑘, with 𝑛𝑘,H, 𝑛𝑘,e, 𝑛𝑘,𝛼1 , and 𝑛𝑘,𝛼2 denoting the number of association sites of type H, e, 𝛼1, and 𝛼2,
respectively.

k Group 𝑘 𝑣∗𝑘 𝑆𝑘 𝜆𝑟𝑘𝑘 𝜆𝑎𝑘𝑘 𝜎𝑘𝑘∕Å
(

𝜀𝑘𝑘
𝑘B

)

∕K 𝑁ST,𝑘 𝑛𝑘,H 𝑛𝑘,e 𝑛𝑘,𝛼1 𝑛𝑘,𝛼2 Ref.

1 cCH2 1 0.24751 20.386 6.0000 4.7852 477.36 – – – – – [88]
2 cCH 1 0.096095 8.0000 6.0000 5.4116 699.92 – – – – – [87]
3 CH2 1 0.22932 19.871 6.0000 4.8801 473.39 – – – – – [88]
4 CH3 1 0.57255 15.050 6.0000 4.0773 256.77 – – – – – [88]
5 cNH 1 0.16529 19.491 6.0000 4.9810 631.92 2 1 1 – – [87]
6 cN 1 0.071900 7.0024 6.0000 4.6120 174.04 1 0 1 – – [87]
7 N 1 0.15069 8.8970 6.0000 3.0755 62.971 1 0 1 – – [87]
8 NH 1 0.36589 19.999 6.0000 3.2568 100.00 2 1 1 – – [87]
9 NH2 1 0.79675 10.254 6.0000 3.2477 284.78 2 2 1 – – [87]
10 cCHNH 1 0.15346 9.2374 6.0000 5.5000 691.56 2 1 1 – – [87]
11 cCHN 1 0.10264 8.0016 6.0000 4.4454 709.98 1 0 1 – – [87]
12 H2O 1 1.0000 17.020 6.0000 3.0063 266.68 2 2 2 – – [88]
13 CH2OH 2 0.58538 22.699 6.0000 3.4054 407.22 2 1 2 – – [101]
14 CO2 2 0.84680 26.408 5.0550 3.0500 207.89 2 – – 1 1 [99]
g
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4.2.3. Linear alkylamine + H2O + CO2 mixtures: N–CO2 , NH–CO2 and
H2–CO2 unlike interaction parameters

Mono-functional linear alkylamines are not used in CO2 capture,
ainly because these substances exhibit a lower reactivity, a lower sol-
bility in water, and a higher vapour pressure than other amines. As a
onsequence, the experimental data for ternary mixtures of alkylamines
ith water and carbon dioxide are very limited. Aqueous solutions of
lkyl polyamines, which comprise two or more alkylamine groups in
heir structure, have however been shown to be promising for CO2
bsorption, as the increased number of amine groups leads to higher
oadings, with lower vapour pressures, and lower heat of absorption.
oreover, blends of alkylamines and alkanolamines result in phase-

hange solutions, which are also of current interest. The dialkylamine
-(methylamino)propylamine (MAPA) [11,13,29,30] and the trialky-
amine diethylenetriamine (DETA) [12,105] have been studied in most
etail. We use the data available for these systems in the parame-
er estimation of the unlike interactions between the primary (NH2),
econdary (NH), and tertiary (N) amine groups with CO2.

As before, the unlike interactions between the 𝛼1 and 𝛼2 reactive
ites of CO and the e site of the nitrogen atom present in an amine
14

2

roup 𝑙 (𝑙 = N, NH, NH2) are assumed to be asymmetric, such that
he parameters required to characterize the interactions are: the unlike
ispersion energy 𝜀CO2 ,𝑙, the unlike repulsive exponent 𝜆CO2 ,𝑙, the en-
rgies 𝜀HB

CO2 ,𝑙,𝛼1 ,e
, 𝜀HB

CO2 ,𝑙,𝛼2 ,e
, and bonding volumes 𝐾CO2 ,𝑙,𝛼1 ,e, 𝐾CO2 ,𝑙,𝛼2 ,e

f association between reactive sites of type 𝛼 and sites of type e. The
–CO2 and NH2–CO2 interaction parameters have been presented in
revious work [100]. The new unlike interaction parameters between
he secondary amine group, NH, and CO2 are determined using experi-
ental vapour–liquid equilibrium data for aqueous solutions of MAPA

1M concentration) with CO2 at 𝑇 =313.15, 353.15, and 393.15 K. The
nteraction parameters are reported in Tables 4 and 5.

A comparison of the SAFT-𝛾 Mie description and experimental phase
behaviour of ternary mixtures of MAPA + H2O + CO2 and DETA
+ H2O + CO2 is shown in Fig. 6. Even though the parameters are
stimated using experimental data for aqueous solutions of MAPA with
oncentration 1M only, an accurate prediction of the partial pressures
t higher concentrations of MAPA is also observed. Furthermore, as can
e seen in Fig. 6(b), the predictions of the solubility of CO2 in aqueous

solutions of DETA are also in good agreement with the experimental
values. These results confirm the robustness of the model parameters.
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Table 4
Unlike group dispersion energies 𝜀𝑘𝑙 and repulsive exponent 𝜆𝑟𝑘𝑙 between groups 𝑘 and 𝑙 for use within the SAFT-𝛾 Mie group-contribution approach. CR indicates that 𝜆𝑟𝑘𝑙 is
obtained from the combining rule given in Eq. (A.3). The dagger symbol (†) indicates that the parameter is developed in the current work.

𝑘 𝑙 Group 𝑘 Group 𝑙
(

𝜀𝑘𝑙
𝑘𝐵

)

/K 𝜆𝑟𝑘𝑙 Ref. 𝑘 𝑙 Group 𝑘 Group 𝑙
(

𝜀𝑘𝑙
𝑘𝐵

)

/K 𝜆𝑟𝑘𝑙 Ref.

1 2 cCH2 cCH 321.71 CR [87] 4 8 CH3 NH 530.87 CR [87]
1 3 cCH2 CH2 459.67 CR [88] 4 9 CH3 NH2 244.15 CR [87]
1 4 cCH2 CH3 355.95 CR [88] 4 10 CH3 cCHNH 406.97 CR [87]
1 5 cCH2 cNH 605.45 CR [87] 4 11 CH3 cCHN 761.79 CR [87]
1 6 cCH2 cN 536.66 CR [87] 4 12 CH3 H2O 358.18 100.00 [101]
1 7 cCH2 N 650.24 CR [87] 4 13 CH3 CH2OH 333.20 CR [101]
1 8 cCH2 NH 549.43 CR [87] 4 14 CH3 CO2 205.70 CR [99]
1 9 cCH2 NH2 332.15 CR [87] 5 6 cNH cN 812.26 CR [87]
1 10 cCH2 cCHNH 486.88 CR [87] 5 12 cNH H2O 523.83 8.4243 [87]
1 11 cCH2 cCHN 750.06 CR [87] 5 14 cNH CO2 80.101 39.706 †
1 12 cCH2 H2O 350.99 28.000 [87] 6 12 cN H2O 2990.0 66.109 [87]
1 14 cCH2 CO2 269.68 CR † 6 14 cN CO2 90.102 35.343 †
2 3 cCH CH2 522.57 CR [87] 7 12 N H2O 1481.3 21.217 [87]
2 4 cCH CH3 690.17 CR [87] 7 13 N CH2OH 440.99 CR †
2 12 cCH H2O 377.16 22.265 [87] 7 14 N CO2 100.58 50.000 †
2 14 cCH CO2 294.99 CR † 8 9 NH NH2 381.98 CR [87]
3 4 CH2 CH3 350.77 CR [99] 8 12 NH H2O 646.10 13.195 [87]
3 5 CH2 cNH 429.49 CR [87] 8 13 NH CH2OH 313.25 CR †
3 6 CH2 cN 508.54 CR [87] 8 14 NH CO2 100.01 49.529 †
3 7 CH2 N 348.30 CR [87] 9 10 NH2 cCHNH 101.61 CR [87]
3 8 CH2 NH 394.58 CR [87] 9 12 NH2 H2O 358.55 CR [87]
3 9 CH2 NH2 348.39 CR [87] 9 13 NH2 CH2OH 528.21 52.305 †
3 10 CH2 cCHNH 309.95 CR [87] 9 14 NH2 CO2 200.62 49.975 †
3 11 CH2 cCHN 893.50 CR [87] 10 12 cCHNH H2O 855.01 32.132 [87]
3 12 CH2 H2O 423.63 100.00 [101] 10 14 cCHNH CO2 100.52 31.233 †
3 13 CH2 CH2OH 423.17 CR [101] 11 12 cCHN H2O 1067.9 8.0010 [87]
3 14 CH2 CO2 276.45 CR [99] 11 14 cCHN CO2 161.38 33.269 †
4 5 CH3 cNH 583.72 CR [87] 12 13 H2O CH2OH 353.37 CR [101]
4 6 CH3 cN 710.00 CR [87] 12 14 H2O CO2 226.38 CR [99]
4 7 CH3 N 462.18 CR [87] 13 14 CH2OH CO2 312.30 CR †
t
N

The heat of absorption, which is obtained by summing the heats of
issolution and of reaction, is an important property to consider in the
esign of new solvent systems as it has a direct impact on the amount
f energy needed to regenerate the solvent. In order to validate further
he reliability of the interaction parameters between the alkylamine
roups and CO2, we predict the differential heat of absorption in
queous solutions of MAPA, in terms of the enthalpy change (−𝛥𝐻𝑎𝑏𝑠),

as function of the CO2 loading in the liquid phase at VLE conditions
as described in [106]. As can be seen in Fig. 7, a good agreement
with experimental data is observed. Although no experimental data
are available in the case of DETA, SAFT-𝛾 Mie predictions are also
presented in the figure for this system.

4.3. CO2 solubility in aqueous solutions of alkanolamines

Alkanolamines contain both alcohol and amine groups. These com-
pounds are often used in the context of CO2 capture, as the presence
f the hydroxyl group serves to reduce the solvent vapour pressure and
ncrease the solubility in water. In order to develop a model suitable
or the study of the phase behaviour of aqueous solutions of alka-
olamines with CO2, it is essential to account for the multi-functional
ature of alkanolamines, including the effects of the interactions of
he hydroxyl and amine groups with water, and of the close proximity
f these two groups within alkanolamine molecules. In the context of
he SAFT-𝛾 Mie group-contribution approach these effects can be taken
nto account by employing second-order group interactions [79,100].
pecifically, we introduce second-order interactions to model the unlike
nteractions between the NH2, NH, and N groups and H2O when the
mine group is in close proximity to a hydroxyl group within the
lkanolamine structure.

.3.1. Primary, secondary and tertiary pure alkanol amines: NH2–CH2OH,
H–CH2OH, and N–CH2OH unlike interaction parameters

Alkanolamine molecules of interest in our work comprise NH2, NH,
r N amine groups, the methyl hydroxyl group CH2OH, and a number
f CH and CH groups. The interactions between the amine groups
15

2 3
and the alkyl group, as well as the CH2OH–CH2 and CH2OH–CH3 in-
eractions have been presented in previous work [101]. The first-order
H2–CH2OH, NH–CH2OH, and N–CH2OH interactions are estimated

here using experimental data for pure alkanolamines. We also note that
the N–CH2OH determined in our current work has been successfully
tested in the modelling of mixtures including choline [107,108].

For the interactions involving NH2 and CH2OH, we use vapour-
pressure and saturated-liquid-density data for monoethanolamine (MEA)
and 3-amino-1-propanol (MPA), as well as isobaric heat-capacity data
for the liquid phase of pure MEA and MPA. Similarly, the unlike interac-
tions between the groups NH and CH2OH are obtained using vapour-
pressure, saturated-liquid-density, and isobaric heat-capacity data for
diethanolamine (DEA). The CH2OH group includes one site of type H
and two sites of type e, while the amine groups include one site of type
e due to the presence of the nitrogen atom, and one or two sites of
type H, depending on the number of hydrogens present. Consequently,
in the case of NH2 and NH groups, a set of six parameters has to
be determined: 𝜀𝑘,CH2OH, 𝜆𝑟𝑘,CH2OH, 𝜀

HB
𝑘,CH2OH,H,e, 𝐾𝑘,CH2OH,H,e, 𝜀HB

𝑘,CH2OH,e,H,
𝐾𝑘,CH2OH,e,H; 𝑘 = NH2, NH.

In the case of the tertiary alkyl amine group N only four parameters
need to be specified, as this group does not have an H site [87]. The
unlike interactions between groups N and CH2OH (𝜀N,CH2OH, 𝜆𝑟N,CH2OH,
𝜀𝐻𝐵

N,CH2OH,e,H, 𝐾N,CH2OH,e,H) are determined using experimental data for
pure 𝑁-methyldiethanolamine (MDEA) including the vapour pressure,
the saturated-liquid density, and the liquid-phase heat capacity.

The optimal values obtained for the unlike NH2–CH2OH, NH–
CH2OH, and N–CH2OH group interactions are given in Tables 4 and 5.
The calculated fluid-phase coexistence properties and the isobaric heat
capacity (𝐶𝐿

𝑝 ) for liquid MEA, MPA, DEA, and MDEA are compared with
available experimental data [109–117] in Table 8. As can be gleaned
from the absolute average deviations %AAD, very good agreement be-
tween theory and experiment is obtained for the primary alkanolamines
MEA and MPA. For DEA, a good description of the vapour pressure and
saturated-liquid density are achieved, with slightly larger deviations

𝐿
in the liquid heat capacity, 𝐶𝑝 . Deviations in the description of the
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Table 5
Group association energy 𝜀HB𝑘𝑙,𝑎𝑏 and bonding volume 𝐾𝑘𝑙,𝑎𝑏 parameters describing the interaction between site type 𝑎 on group 𝑘 and site type 𝑏 on group 𝑙 for use within the
AFT-𝛾 Mie group-contribution approach. The dagger symbol (†) indicates that the parameter is developed in the current work.

𝑘 𝑙 Group 𝑘 Site 𝑎 of group 𝑘 Group 𝑙 Site 𝑏 of group 𝑙
( 𝜀HB𝑘𝑙,𝑎𝑏

𝑘B

)

/K 𝐾𝑘𝑙,𝑎𝑏/Å
3

Ref.

5 5 cNH e cNH H 1511.6 87.651 [87]
5 6 cNH H cN e 901.35 1.1555 [87]
5 12 cNH H H2O e 1701.0 1.6177 [87]
5 12 cNH e H2O H 2838.4 37.395 [87]
5 14 cNH e CO2 𝛼1 5696.6 4.6758 †
5 14 cNH e CO2 𝛼2 6017.9 1.1003 †
6 12 cN e H2O H 5203.7 0.037400 [87]
6 14 cN e CO2 𝛼1 3388.6 1031.0 †
6 14 cN e CO2 𝛼2 3004.9 659.21 †
7 12 N e H2O H 2783.7 15.536 [87]
7 13 N e CH2OH H 1247.2 286.83 †
7 14 N e CO2 𝛼1 4270.8 0.46340 †
7 14 N e CO2 𝛼2 7439.8 0.0067500 †
8 8 NH e NH H 1370.3 10.062 [87]
8 9 NH H NH2 e 1682.1 0.58200 [87]
8 9 NH e NH2 H 1639.9 37.900 [87]
8 12 NH H H2O e 1064.5 400.82 [87]
8 12 NH e H2O H 3890.4 928.00 [87]
8 13 NH H CH2OH e 341.13 1499.8 †
8 13 NH e CH2OH H 1390.1 947.93 †
8 14 NH e CO2 𝛼1 6012.1 0.14157 †
8 14 NH e CO2 𝛼2 7420.5 0.43534 †
9 9 NH2 e NH2 H 1,070.8 95.225 [87]
9 12 NH2 e H2O H 1460.0 179.60 [87]
9 12 NH2 H H2O e 1,988.3 55.824 [87]
9 13 NH2 H CH2OH e 629.88 346.08 †
9 13 NH2 e CH2OH H 2403.8 26.192 †
9 14 NH2 e CO2 𝛼1 4023.9 120.35 †
9 14 NH2 e CO2 𝛼2 5981.4 1.0036 †
10 10 cCHNH e cCHNH H 1293.5 438.49 [87]
10 12 cCHNH H H2O e 5477.7 0.0095820 [87]
10 12 cCHNH e H2O H 5903.8 0.0020750 [87]
10 14 cCHNH e CO2 𝛼1 2246.0 0.14056 †
10 14 cCHNH e CO2 𝛼2 3870.8 6445.7 †
11 12 cCHN e H2O H 4115.4 0.23070 [87]
11 14 cCHN e CO2 𝛼1 4114.9 4686.4 †
11 14 cCHN e CO2 𝛼2 1013.9 1551.7 †
12 12 H2O H H2O e 1985.4 101.69 [88]
12 13 H2O e CH2OH H 621.68 425.00 [101]
12 13 H2O H CH2OH e 2153.2 147.40 [101]
12 14 H2O e CO2 𝛼1 1398.1 91.419 [99]
13 13 CH OH H CH OH e 2097.9 62.309 [101]
2 2
Table 6
Second-order unlike group dispersion interaction energies 𝜀𝑘𝑙 and repulsive exponent 𝜆𝑟𝑘𝑙 between groups 𝑘 and 𝑙. When group 𝑘 is present in the molecular environment indicated
y the square brackets, the parameters in the table are used instead of those presented in Tables 4 and 5; see Section 4.3 for details. The dagger symbol (†) indicates that the
arameter is developed in the current work. R=CH3, NH2, NH, N; R1 = CH3, CH2CH2OH.

𝑘 𝑙 Group 𝑘 Group 𝑙 Molecular environment of group 𝑘
(

𝜀𝑘𝑙
𝑘B

)

∕K 𝜆𝑟𝑘𝑙 Ref.

13 12 CH2OH H2O [R(CH2)𝑛]CH2OH; n=0,1,2 (excluding butanol) 358.02 CR [100]
9 12 NH2 H2O NH2[(CH2)𝑛 (CH2OH)]; n=1,2 339.89 CR †
9 14 NH2 CO2 NH2[(CH2)𝑛 (CH2OH)]; n=1,2 134.58 50.060 †
8 12 NH H2O [NHCH2CH2OH]2 488.28 49.901 †
8 14 NH CO2 [NHCH2CH2OH]2 90.008 49.983 †
7 12 N H2O R1CH3N[CH2CH2OH] 1569.8 37.928 †
7 14 N CO2 R1CH3N[CH2CH2OH] 241.18 CR †
i
b
t

vapour pressure are slightly higher for ternary amine MDEA, but 𝐶𝐿
𝑝 is

eproduced very accurately. Deviations for dimethylmonoethanolamine
DMMEA) are also included in the table. No experimental data for
his compound are included in the characterization of groups, so that
he good level of agreement reported in the table provides evidence
f the reliability of the group interactions. Phase diagrams comparing
he available pure-compound experimental data and our SAFT-𝛾 Mie
alculations for each of the alkanolamines discussed are also presented
n Appendix D.

.3.2. Alkanolamine + H2O mixtures: NH2–H2O, NH–H2O, and N–H2O
econd-order interactions in an environment of hydroxyl groups

In order to model the thermodynamic properties of aqueous solu-
ions of alkanolamines, amine–water and hydroxyl–water group
16
nteractions need to be characterized. All of the relevant groups can
e found in Tables 6 and 7. The parameters accounting for the in-
eractions between the CH2OH and H2O groups have been presented

previously [100]. Here, we are interested in modelling short-chain
alkanolamines, and second-order interactions between these groups
are used to improved the accuracy of the description. In order to
account for the polarization of the amine groups in the presence of the
hydroxyl group and of water, we find that second-order interactions
for each of the amine–water group interactions (NH2–H2O, NH–H2O,
N–H2O) are needed for a good description of the phase behaviour
of aqueous solutions of short alkanolamines. Finally, the CH2–H2O
interactions have been presented in previous work [101] and are
transferred directly without the need for second-order refinement.
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Table 7
Second-order unlike group association energies 𝜀HB

𝑘𝑙,𝑎𝑏 and bonding-volumes 𝐾𝑘𝑙,𝑎𝑏 between site type 𝑎 on group 𝑘 and site type 𝑏 on group 𝑙. When group 𝑘 appears in the molecular
environment indicated by the square brackets, the parameters in this table are used instead of those presented in Tables 4 and 5; see Section 4.3 for details. The dagger symbol
(†) indicates that the parameter is developed in the current work. R= CH3, NH2, NH, N; R1 = CH3, CH2CH2OH.

𝑘 𝑙 Group 𝑘 Site 𝑎 of group 𝑘 Group 𝑙 Site 𝑏 of group 𝑙 Molecular environment of group 𝑘
(

𝜀HB𝑘𝑙

𝑘B

)

/K 𝐾𝑘𝑙,𝑎𝑏/Å
3

Ref.

13 12 CH2OH H H2O e [R(CH2)𝑛]CH2OH; n=0,1,2 (excluding butanol) 600.00 490.19 [100]
13 12 CH2OH e H2O H [R(CH2)𝑛]CH2OH; n=0,1,2 (excluding butanol) 2000.6 130.02 [100]
9 12 NH2 e H2O H NH2[(CH2)𝑛 (CH2OH)]; n=1,2 1877.5 459.18 †
9 12 NH2 H H2O e NH2[(CH2)𝑛 (CH2OH)]; n=1,2 1364.4 22.450 †
9 14 NH2 e CO2 𝛼1 NH2[(CH2)𝑛 (CH2OH)]; n=1,2 3313.0 3280.3 †
9 14 NH2 e CO2 𝛼2 NH2[(CH2)𝑛 (CH2OH)]; n=1,2 4943.6 142.64 †
8 12 NH e H2O H [NHCH2CH2OH]2 305.80 0.011099 †
8 12 NH H H2O e [NHCH2CH2OH]2 1756.2 24.260 †
8 14 NH e CO2 𝛼1 [NHCH2CH2OH]2 7020.9 0.017360 †
8 14 NH e CO2 𝛼2 [NHCH2CH2OH]2 2490.6 686.82 †
7 12 N e H2O H R1CH3N[CH2CH2OH] 2876.5 0.84013 †
7 14 N e CO2 𝛼1 R1CH3N[CH2CH2OH] 5500.7 1.3695 †
7 14 N e CO2 𝛼2 R1CH3N[CH2CH2OH] 3437.4 2.7670 †
Table 8
Absolute average deviations %AAD from experimental values for the vapour pressure, 𝑃𝑣𝑎𝑝, the saturated-liquid density, 𝜌𝑠𝑎𝑡, and the liquid-phase isobaric specific heat capacity,
C𝐿
𝑝 , of MEA, MPA, DEA, MDEA, and DMMEA. The number of data points 𝑁𝑝 used for each property 𝑝 and the temperature range considered are also reported.

Compound T/K N𝑃 % AAD[P𝑣𝑎𝑝] Ref. T/K N𝜌 % AAD[𝜌𝑠𝑎𝑡] Ref. T/K N𝐶𝐿
𝑝

% AAD[𝐶𝐿
𝑝 ] Ref.

MEA 325–443 23 1.44 [109] 301–432 34 0.16 [110] 303–393 10 1.76 [111]
MPA 372–531 27 2.12 [112] 311–593 19 0.13 [112] 303–393 21 2.35 [111,113]
DEA 380–720 18 2.06 [114] 380–720 20 1.99 [114] 301–353 19 8.16 [114]
MDEA 409–543 21 29.12 [115] 316–661 14 3.99 [117] 303–393 10 0.50 [116]
DMMEA 274–365 12 12.25 [56] 260–570 16 4.50 [56] – – – –
The second-order interactions between the NH2 and H2O groups
in molecular environments containing the short-chain alcohol group
CH2OH are determined using experimental data for isothermal and
isobaric VLE of aqueous solutions of MEA [14,15] and of MPA [16],
and the resulting description is shown in Fig. 8. The optimal values esti-
mated for the second-order NH2–H2O interaction are given in Tables 6
and 7. The square brackets in NH2[(CH2)𝑛CH2OH] indicate that the
parameters relate to the NH2 group when bonded to the moiety in the
brackets, i.e., in a specific molecular environment, where 𝑛 corresponds
to the number of methylene (CH2) groups of the molecule; i.e., 𝑛 = 1
or MEA, and 𝑛 = 2 for MPA.

The second-order interactions between the NH and H2O groups
are developed using experimental information for aqueous solutions
of diethanolamine (DEA), i.e., isothermal [18] and isobaric vapour–
liquid equilibria [19,20] data. The optimal values for the second-order
unlike-interaction parameters are summarized in Tables 6 and 7. The
resulting description of the fluid-phase behaviour of binary mixtures
of DEA + water is presented in Fig. 9. The corresponding use of these
second-order interactions is represented as NH[CH2CH2OH]2–H2O in
the tables. In this case the molecular environment indicated with the
square brackets between the NH and H2O is characterized by the
presence of two short-chain ethylalcohols.

Finally, the second-order group interactions between the water
group and the tertiary amine group N are derived to model the equi-
librium properties of aqueous solutions of tertiary alkanolamines. The
molecular environment is described by [R1CH3]N[CH2CH2OH], where
R1 can represent either a methyl substituent (the CH3 group) as for
𝑁 ,𝑁-dimethylmonoethanolamine, or another short-chain ethylalcohol
[CH2CH2OH], as for methyldiethanolamine. Vapour–liquid equilibrium
data of aqueous solutions of methyldiethanolamine (MDEA) [53–55]
and 𝑁 ,𝑁-dimethylmonoethanolamine (DMMEA) [56] are used in the
parameter estimation. The optimized parameters are reported in Ta-
bles 6 and 7, together with examples of the use of second-order
groups. The adequacy of the approach is clearly apparent from Fig. 10.
We also assess the robustness of the group interactions by predicting
the excess enthalpies of mixing (which are not included in the pa-
rameterization procedure) of methyldiethanolamine (MDEA) + H O
17

2

and 𝑁 ,𝑁-dimethylmonoethanol amine (DMMEA) + H2O mixtures. A
comparison of the experimental data available [57,58] with our SAFT-
𝛾 Mie predictions is presented in Fig. 11. As can be seen, a very good
level of agreement is obtained.

The second-order group parameters presented here characterize
the interactions in aqueous solutions of short-chain alkanolamines, in
which there is a notable polarization effect due to the proximity of the
hydroxyl and amine groups. These interactions have only been tested in
the environments described in Tables 6 and 7. We do not expect these
interactions to be transferable to larger molecules where the proximity
of the hydroxyl group is expected to have a less significant effect.

4.3.3. Alkanolamine + H2O + CO2 mixtures: CH2OH–CO2, NH2–CO2,
NH–CO2, and N–CO2 second-order interactions

Having determined the unlike interaction parameters allowing us to
describe the effect of the proximity of hydroxyl groups on the interac-
tions between alkylamine groups and H2O, we consider the interactions
of the amine groups with CO2 in the same molecular environments. We
start our analysis by determining the unlike interactions between the
CO2 and CH2OH group, using experimental data of binary mixtures of
linear alcohols and carbon dioxide. Note that first-order interactions are
used for both groups, as there is no water present. We assume that no
association occurs between CO2 and the CH2OH group. Only the unlike
dispersion energy 𝜀CH2OH-CO2

is adjusted, using experimental isothermal
VLE data of binary mixtures of carbon dioxide with ethanol [59] and
1-propanol [60]. The unlike repulsive-range parameter 𝜆𝑟CH2OH-CO2

is
determined using the combining rule given in Eq. (A.3). The optimized
unlike interaction parameters are presented in Table 5, and the re-
sulting SAFT-𝛾 Mie description of the VLE for the ethanol + carbon
dioxide and propanol + carbon dioxide mixtures are compared to the
experimental data in Fig. 12. For both alcohols, the presence of a
region of liquid–liquid demixing at higher pressures is predicted with
the SAFT-𝛾 Mie model. Although there are no data on LLE for these
systems, Lam et al. [118] have observed VLLE for the mixtures of CO2
mixture linear alcohols from propanol to n-hexanol. Their experiments

did not identify any region of liquid–liquid immiscibility for the CO2 +
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Fig. 16. Isotherms of the fluid-phase behaviour of cyclohexylamines + H2O + CO2 as
a function of CO2 loading in (a) ≈ 35.5𝑤MCA% at T = 313.15 K (black circles) and 𝑇 =
33.15 K (blue squares), and (b) ≈ 26.7𝑤DMCA% at 𝑇 = 313.15 K (black squares) and
ata of Tan et al. [76] (black circles). All curves correspond to calculations with the
AFT-𝛾 Mie group-contribution approach.

thanol mixture. The prediction of immiscibilty in the latter mixture are
ikely a result of the overprediction of the LLE region with our models.

In order to model the thermodynamic properties of aqueous solu-
ions of alkanolamines and CO2, second-order interactions between the
mine groups in alkanolamines and CO2 are developed using relevant
xperimental data, treating the association between the reactive 𝛼1 and
2 sites of CO2 and the association sites of the amine groups as asym-
etric. The parameters for the second-order interactions between the
H and CO2 groups were presented in previous work [100]. The unlike
arameters characterizing the second-order interactions between NH2
nd CO2 in primary alkanolamines are obtained using experimental
apour–liquid equilibrium data of aqueous solutions of 30𝑤% mo-
oethanolamine (MEA) with CO2, at 𝑇 = 298.15 K and 313.15 K [65].
he resulting second-order unlike group interaction parameters are
resented in Tables 6 and 7. In Fig. 13, the available experimental data
or the variation of the partial pressure of CO2 with the CO2 loading
n aqueous solutions of MEA and DEA are compared with SAFT-𝛾 Mie
alculations. Although the estimation of the parameters is based on
18
two isotherms and only one alkanolamine, very good predictions of the
phase behaviour at higher temperatures are obtained for both systems.

In order to test the reliability of the implicit approach accounting
for the chemical speciation that occurs during the absorption of CO2
in aqueous solutions of MEA and DEA, we calculate the equilibrium
concentrations of the carbamate and bicarbonate species, following a
statistical analysis [78,79,119] of the fractions of CO2 molecules not
bonded at sites 𝛼1 and 𝛼2 which are calculated within the association
term of the SAFT-𝛾 Mie equation (see Eqs. (5) and (6)).

As detailed in Section 2.2, a carbamate molecule is formed accord-
ing to reaction (7), so that both 𝛼1 and 𝛼2 sites of CO2 are bonded,
and the corresponding concentration can be obtained using Eq. (10).
Similarly, bicarbonate is formed according to reaction (8), when one
of 𝛼1 and 𝛼2 sites is bonded. The corresponding concentration of
bicarbonate is given by Eq. (11). The concentration of free (molecular)
CO2, in solution 𝑥∗CO2

is obtained from the fraction of CO2 molecules
not bonded any site, i.e., [79,119]

𝑥∗CO2
= 𝑥CO2

𝑋CO2 ,CO2 ,𝛼1𝑋CO2 ,CO2 ,𝛼2 (14)

A comparison of the calculated and measured mole fractions of
carbamate, bicarbonate, and molecular CO2 as a function of CO2 load-
ing in the MEA + H2O + CO2 [45,67] and DEA + H2O + CO2
mixtures [45] is presented in Fig. 14. Very good agreement between
theory and experiment is apparent for both systems at the temperatures
considered. It is worth emphasizing that this accurate characterization
of the degree of chemical speciation of the mixture has been obtained
without speciation data, information for the chemical equilibrium con-
stants, or a detailed reaction mechanism. The ability to predict the
molecular speciation is a major benefit of the implicit approach to
reaction modelling within the proposed framework. Note that it would
also be possible to develop SAFT-𝛾 Mie models that include an explicit
treatment of the reactions and speciation, drawing on recent work on
the modelling of strong and weak electrolytes [120,121].

We conclude this section by presenting the set of second-order
parameters developed to describe the unlike interaction between the
tertiary amine group, N, and CO2 in aqueous solutions of short-chain
alkanolamines. We use experimental data for the partial pressure
of CO2 as a function of CO2 loading in aqueous solutions of two
ternary alkanolamines: 𝑁-methyldiethanolamine (MDEA), which con-
tains two hydroxyl functional groups, and 𝑁,𝑁-dimethylethanolamine
(DMMEA), with one hydroxyl functional group. The approach imple-
mented for the unlike interactions of secondary and primary alka-
nolamines with CO2 is followed, where the acceptor (reactive) sites
of CO2 are considered to be different and therefore a total of six
parameters are needed to characterize these second-order interactions:
𝜀N,CO2

, 𝜆𝑟N,CO2
, 𝜀HB

N,CO2 ,e,𝛼𝑠
, 𝐾N,CO2 ,e,𝛼𝑠 (for 𝑠=1,2). Experimental CO2 sol-

ubility data at varying conditions of solvent composition, pressure
and temperature are used to optimize these parameters. The resulting
second-order group interactions parameters are presented in Tables 6
and 7. A comparison of the experimental partial pressures of CO2 as
a function of loading and the description obtained with the SAFT-
𝛾 Mie is presented in Fig. 15. As can be seen, very good agreement
is generally observed between the experimental data and calculated
values, although larger deviations are apparent for the 35𝑤MDEA%
MDEA solution.

4.4. CO2 solubility in aqueous mixtures of cyclohexylamines

In previous work [87] we modelled the fluid-phase behaviour
of aqueous solutions of 𝑁,𝑁-dimethyl cyclohexylamine (DMCA), 𝑁-
ethylcyclohexylamine (ECA), and 𝑁-methylcyclohexylamine (MCA)
which exhibit liquid–liquid equilibria bounded by lower critical so-
lution temperatures (LCSTs). Here, we extend the analysis to treat
biphasic aqueous solutions of cyclohexylamines loaded with CO2 in

order to assess their potential as phase-change solvents. We present new
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Fig. 17. The ternary phase diagrams of MCA + H2O + CO2 mixtures at 𝑃 = 1.01 bar and (a) 𝑇= 313.15 K, (b) 𝑇= 333.15 K, and (c) 𝑇= 363.15 K, predicted using the SAFT-𝛾
Mie group-contribution approach. The two-phase boundaries, vapour + liquid (V+L) and liquid + liquid (L+L), are depicted using continuous curves and the corresponding tie
lines are shown as dashed lines. A three-phase vapour + liquid + liquid (V+L+L) triangular region can also be seen enclosed by solid lines.
d
experimental measurements of the phase behaviour of these mixtures,
obtained following the procedure described in Section 3.2, and use
these data to characterize the cCNH–CO2 and cCN–CO2 unlike inter-
action parameters necessary to model the phase behaviour of these
mixtures with the SAFT-𝛾 Mie approach.

4.4.1. Experimental results
Experimental measurements of the partial pressure and CO2 loading

in mixtures of MCA + H2O + CO2 were carried out at 313.15, 333.15,
and 363.15 K, starting from an aqueous amine solution with 40𝑤%
amine. The data measured are presented in Table 9. We find that
the mixture loaded with CO2 only exhibits vapour–liquid equilibrium
(VLE), with a single, homogeneous, liquid phase for the entire range of
pressures considered at 313.15 and 333.15 K. However, at 363.15 K,
while VLE is observed at CO2 partial pressures above 30 kPa, at partial
pressures below 25 kPa vapour–liquid–liquid equilibrium (VLLE) is
seen. The data corresponding to the partial pressure of CO2 over a
homogeneous liquid phase of loaded aqueous solutions of MCA are
presented in Fig. 16(a).

Measurements were also performed for DMCA + H2O + CO2 mix-
tures, at 313.15, 333.15, and 363.15 K, starting from a 3 M aqueous
solution of DMCA. The concentrations and partial pressures measured
are presented in Table 10. Most of the states considered are found
o exhibit VLLE, except for those at the higher partial pressures and
13.15 K. The data corresponding to 313.15 K are presented as a phase
19
iagram in Fig. 16(b), where a comparison with literature data [76] is
also provided. As can be seen from the figure, our measured data are
in good agreement with the published data.

4.4.2. SAFT-𝛾 Mie calculations: cCHNH–CO2 and cCHN-CO2 interactions
The cCHNH–CO2 and cCHN–CO2 unlike interactions are determined

using the experimental data for the partial pressure of CO2 over
aqueous solutions of 𝑁–methylcyclohexylamine (MCA) and 𝑁,𝑁–
dimethylcyclohexylamine (DMCA) described in the previous section.
We use only experimental points corresponding to states exhibiting
VLE with a homogeneous (single phase) liquid. More specifically, these
correspond to the data measured at 𝑇 = 313.15 K and 𝑇 = 333.15 K
in the case of MCA solutions (Table 9) and 𝑇=313.15 K for DMCA
solutions (Table 10). As with other amine groups, the interactions
between the association sites of the amine groups and the reactive sites
of CO2 (𝛼1 and 𝛼2) are treated as asymmetric. Hence, six parameters
are required to describe the cCHNH–CO2 and cCHNH–CO2 unlike
interactions: 𝜀𝑘,CO2

, 𝜆𝑟𝑘,CO2
, 𝜀𝐻𝐵

𝑘,CO2 ,e,𝛼𝑠
, 𝐾𝑘,CO2 ,e,𝛼𝑠 (for 𝑘=cCHNH, cCHN,

and 𝑠=1,2). The corresponding parameters are reported in Tables 4 and
5. A comparison of the experimental and calculated data can be seen
in Fig. 16, where our SAFT-𝛾 Mie model found to allow for a very good
description of the CO2 solubility in these mixtures.

It is also of interest to represent the fluid-phase behaviour of these
systems in terms of ternary phase diagrams at a specified pressure and
temperature over the entire composition range, as understanding the
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Fig. 18. The ternary phase diagrams for the DMCA + H2O + CO2 mixture at 𝑇 = 333.15 K and total pressure of (a) 𝑃 = 0.34 bar, (b) 𝑃 = 0.42 bar, (c) 𝑃 = 0.69 bar and (d)
𝑃 = 0.91 bar, predicted using the SAFT-𝛾 Mie group-contribution approach. The symbols correspond to experimental data measured in our current work (cf. Table 10). Two-phase
oundaries, vapour + liquid (V+L) and liquid + liquid (L+L), are depicted using continuous curves and the corresponding tie lines are represented by dashed lines. A three-phase
apour + liquid + liquid equilibria (V+L+L) triangular region can be seen enclosed by solid lines.
Table 9
The measured CO2 solubility in aqueous MCA solutions (40𝑤% of amine). 𝛩CO2

represents the CO2 loading, defined as the number of moles
of CO2 in the corresponding liquid phase per mole of amine in that phase. In cases of VLLE, data for the upper (U, organic) and lower (L,
aqueous) phases are reported. The ∗ indicates that the final amine content is expressed on a water basis.
𝑇 /K 𝑃CO2

/kPa Phase equilibria 𝛩CO2
Final amine content∗ 𝑤amine%

313.15 10.1 VLE 0.629 ± 0.031 35.9 ± 0.6
313.15 20.3 VLE 0.725 ± 0.051 35.6 ± 0.6
313.15 25.3 VLE 0.779 ± 0.050 34.4 ± 0.6
313.15 50.7 VLE 0.827 ± 0.051 35.0 ± 0.6

333.15 15.2 VLE 0.627 ± 0.036 38.6 ± 0.7
333.15 30.4 VLE 0.723 ± 0.049 33.4 ± 0.6
333.15 50.7 VLE 0.817 ± 0.049 33.7 ± 0.6
333.15 67.5 VLE 0.901 ± 0.043 31.8 ± 0.5
333.15 76.0 VLE 0.928 ± 0.071 33.1 ± 0.5

363.15 18.1 VLLE (U) 0.042 ± 0.003 67.4 ± 1.1
363.15 18.1 VLLE (L) 0.277 ± 0.041 13.3 ± 0.3
363.15 25.1 VLLE (U) 0.073 ± 0.005 59.0 ± 1.0
363.15 25.1 VLLE (L) 0.398 ± 0.039 8.3 ± 0.2
363.15 33.8 VLE 0.262 ± 0.013 34.7 ± 0.6
363.15 50.7 VLE 0.313 ± 0.013 36.8 ± 0.6
relationship between miscibility, solvent composition, and CO2 loading
is instrumental in making an appropriate solvent choice for the design
of the capture process. The number and type of phases coexisting at
equilibria predicted by our SAFT-𝛾 Mie model are presented in Figs. 17
and 18 for MCA + H2O + CO2 and DMCA + H2O + CO2 mixtures,
20
respectively. As can be seen from Fig. 17, CO2-loaded solutions of MCA
exhibit a three-phase region where an aqueous liquid phase, poor in
CO2, and an organic liquid phase, rich in amine and CO2, coexist with a
vapour phase. Phase diagrams at 𝑇 = 313.15, 333.15, and 363.15 K are
presented in the figure. The impact of changes in temperature on the
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Table 10
Measured solubility of CO2 in aqueous DMCA solutions. 𝛩CO2

corresponds to the CO2 loading, defined as the number of moles of CO2 absorbed
in the corresponding liquid phase per mole of amine in that phase. The upper phase is denoted as U and the lower as L. The ∗ indicates that
the final amine content is expressed on a water basis.
𝑇 /K 𝑃CO2

/kPa Phase equilibria 𝛩CO2
Final amine content∗ 𝑤amine%

313.15 12.7 VLLE (U) 0.015 ± 0.002 85.3 ± 1.3
VLLE (L) 0.911 ± 0.048 17.0 ± 0.5

313.15 19.0 VLLE (U) 0.017 ± 0.003 92.9 ± 1.4
VLLE (L) 0.955 ± 0.050 21.3 ± 1.1

313.15 33.8 VLE 0.865 ± 0.045 26.8 ± 0.6
313.15 50.7 VLE 0.958 ± 0.054 26.7 ± 0.9

333.15 9.7 VLLE (U) 0.013 ± 0.002 93.7 ± 1.1
VLLE (L) 0.917 ± 0.047 6.6 ± 0.7

333.15 13.9 VLLE (U) 0.014 ± 0.004 93.6 ± 1.1
VLLE (L) 1.039 ± 0.052 7.7 ± 0.4

333.15 22.0 VLLE (U) 0.017 ± 0.004 94.5 ± 1.1
VLLE (L) 1.101 ± 0.056 9.1 ± 0.3

333.15 48.6 VLLE (U) 0.018 ± 0.003 94.8 ± 1.6
VLLE (L) 1.047 ± 0.055 14.0 ± 0.5

333.15 70.9 VLLE (U) 0.019 ± 0.003 95.3 ± 1.1
VLLE (L) 0.935 ± 0.049 19.6 ± 1.8

363.15 10.1 VLLE (U) 0.014 ± 0.003 96.4 ± 1.2
VLLE (L) 1.177 ± 0.071 2.8 ± 0.3

363.15 20.3 VLLE (U) 0.014 ± 0.004 96.8 ± 0.6
VLLE (L) 1.181 ± 0.063 2.7 ± 0.2

363.15 30.4 VLLE (U) 0.019 ± 0.003 97.0 ± 1.8
VLLE (L) 1.237 ± 0.069 3.5 ± 0.2

363.15 40.5 VLLE (U) 0.017 ± 0.003 97.0 ± 1.1
VLLE (L) 1.219 ± 0.061 4.2 ± 0.2

363.15 68.6 VLLE (U) 0.017 ± 0.004 97.0 ± 1.6
VLLE (L) 0.894 ± 0.050 4.9 ± 0.6
phase behaviour of the mixture is remarkable; at higher temperatures
a much-reduced three-phase region is found.

Predicted ternary phase diagrams for the DMCA + H2O + CO2
mixture at 𝑇 = 333.15 K and several pressures corresponding to the ex-
perimental partial pressures of CO2 reported in Table 10 are presented
in Fig. 18. Regions of vapour–liquid–liquid coexistence are also seen.
As the pressure is increased, the extent of the three-phase region is seen
to grow, mostly driven by the enhanced phase separation of the H2O +
CO2 mixture at the conditions considered.

5. Conclusions

We have developed thermodynamically-consistent group-
contribution models for use within the SAFT-𝛾 Mie approach that relate
the molecular structure and fluid-phase equilibria of several chemical
families of amines to the performance of aqueous solutions of these
compounds for CO2 absorption. We have complemented existing liter-
ature data on relevant mixtures with new data for the phase equilibria
of two phase-change solvents in aqueous mixtures with CO2.

Our description of the mixtures is based on intermolecular potential
models that incorporate association sites to mediate the formation of
aggregates representing the key species in the chemical reactions of
CO2 with amine-based solvents. Through our extensive studies of sev-
eral mixtures, this has been shown to enable accurate predictions of the
available speciation experimental data without the need to define reac-
tion equilibrium constants explicitly. The proposed modelling approach
has been found to deliver reliable calculations and predictions of the
CO2 solubility, chemical speciation, fluid-phase behaviour, and mixing
properties of aqueous solutions of carbon dioxide and alkylpolyamines,
alkanolamines and cyclohexylamines, including the prediction of re-
gions of vapour–liquid–liquid equilibria for varying conditions of CO2
loading, pressure, and temperature.

In the current work 19 new SAFT-𝛾 Mie group interactions have
been developed. To capture the effect of hydroxyl groups on the inter-
actions between amine groups and water in aqueous solutions of short
alkanolamines, second-order group parameters have been introduced.
These second-order group parameters have also been shown to provide
an accurate description of the solubility of CO in aqueous solutions of
21
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short-chain primary, secondary, and ternary alkanolamines. The models
have been used to predict the concentration of ionic species in mixtures
of MEA and DEA with water and CO2. A remarkable level of accuracy
has been achieved considering that no speciation has been used in
parameter estimation and that ionic species are modelled implicitly.

The transferability of the proposed parameters to other mixtures
of amines, H2O and CO2 and other conditions not used for the pa-
rameter estimation has also been demonstrated with predictions of
fluid-phase equilibria and heat of absorption. Good agreement with
experimental data has been observed across a wide range of systems.
This will allow one to assess the fluid-phase behaviour of candidate sol-
vents (alkylpolyamines, alkanolamines, and cyclohexylamines) based
on knowledge of their molecular structure only. Similarly, blends of
these compounds can be assessed predictively with this approach for
future use in solvent design studies. Our current work thus represents
a useful predictive platform to guide the search for optimal solvent
candidates in the context of CO2 capture. It has the potential to achieve
a substantial reduction in the experimental effort and time required
to screen and identify promising candidates from an absorption per-
spective. It can also readily be integrated into computer-aided solvent
design methods that allow one totake a much wider set of metrics
into consideration to assess solvent suitability, including safety, health
and environmental performance, as well as cost and energy consump-
tion [122]. This is especially important in view of the varying hazards
that are associated with individual solvents and the impacts that may
result from solvent losses and the formation of degradation products.
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Appendix A. Combining rules

The unlike segment diameter 𝜎𝑘𝑙 for groups 𝑘 and 𝑙 is always ob-
22

tained using the Lorentz arithmetic mean of the like diameters [123]:
𝜎𝑘𝑙 =
𝜎𝑘𝑘 + 𝜎𝑙𝑙

2
. (A.1)

he unlike dispersion energy 𝜀𝑘𝑙 between groups 𝑘 and 𝑙 is obtained
y applying an augmented geometric mean (Berthelot-like rule), which
lso accounts for asymmetries in size [124]:

𝑘𝑙 =

√

𝜎3𝑘𝑘𝜎
3
𝑙𝑙

𝜎3𝑘𝑙

√

𝜀𝑘𝑘𝜀𝑙𝑙 . (A.2)

he exponents of the unlike segment-segment interaction 𝜆𝑟𝑘𝑙 and 𝜆𝑎𝑘𝑙
are obtained as

𝜆𝑘𝑙 = 3 +
√

(

𝜆𝑘𝑘 − 3
) (

𝜆𝑙𝑙 − 3
)

, (A.3)

which results from the imposition of the geometric mean of the inte-
grated van der Waals energy (Berthelot rule) for a Sutherland fluid
of range 𝜆𝑘𝑙 [84]. The bonding volume 𝐾𝑘𝑙,𝑎𝑏 and association energy
parameter 𝜀HB

𝑘𝑙,𝑎𝑏 between unlike sites 𝑎 and 𝑏 (𝑎 ≠ 𝑏) on groups 𝑘
and 𝑙, respectively, can also be approximated following arithmetic and
geometric averages as

𝐾𝑘𝑙,𝑎𝑏 =

(

3
√

𝐾𝑘𝑘,𝑎𝑏 + 3
√

𝐾𝑙𝑙,𝑎𝑏

2

)3

, (A.4)

nd

HB
𝑘𝑙,𝑎𝑏 =

(

𝜀HB
𝑘𝑘,𝑎𝑏 𝜀HB

𝑙𝑙,𝑎𝑏

)
1
2 . (A.5)

or two sites of the same type, the interaction is usually set to zero:

𝑘𝑙,𝑎𝑎 = 0, (A.6)

nd
HB
𝑘𝑙,𝑎𝑎 = 0. (A.7)

hese combining rules provide a good first estimate of the values of
he required unlike group parameters; however, it is best to use experi-
ental data when available to estimate these parameters, especially in

he case of the unlike dispersion energies.

ppendix B. Group-based representation of compounds and mix-
ures
Table B.1
SAFT-𝛾 Mie group contribution representation of the systems studied in the current work. The systems are listed in the first column, and the corresponding groups used to represent
hem are listed in the second column following the numbering given in Table 2. The first-order unlike interactions used are given the third column using the format ‘‘group 1–group
". Their specific values can be found in Tables 4 and 5. Second-order unlike interactions are listed in the final column, with values given in Tables 6 and 7.
Compound/Mixture Groups First-order interactions Second-order interactions

MPZ 1, 4, 5, 6 1–4, 1–5, 1–6, 4–5, 4–6, 5–6 NA
MPZ + H2O + CO2 1, 4, 5, 6, 12, 14 1–12, 1–14, 4–12, 4–14, 5–12, 5–14, 6–12, 6–14, 12–14 NA
EPZ 1, 3, 4, 5, 6 1–3, 1–4, 1–5, 1–6, 3–4, 3–5, 3–6, 4–5, 4–6, 5–6 NA
EPZ + H2O + CO2 1, 3, 4, 5, 6, 12, 14 1–12, 1–14,3–12, 3–14, 4–12, 4–14, 5–12, 5–14, 6–12, 6–14, 12–14 NA
PZ 1, 5 1–5 NA
PZ + H2O + CO2 1, 5, 12, 14 1–5, 1–12, 1–14, 5–12, 5–14, 12–14 NA
MAPA 3, 4, 8, 9 3–4, 3–8, 3–9, 4–8, 4–9, 8–9 NA
MAPA + H2O + CO2 3, 4, 8, 9, 12, 14 3–12, 3–14, 4–12, 4–14, 8–12, 8–14, 9–12, 9–14, 12–14 NA
DETA 3, 8, 9 3–8, 3 −9, 8–9 NA
DETA + H2O + CO2 3, 8, 9, 12, 14 3–12, 3–14, 8–12, 8–14, 9–12, 9–14, 12–14 NA
MEA 9, 3, 13 9–3, 9–13, 3–13 NA
MEA + H2O + CO2 9, 3, 13, 12, 14 3–12, 3–14, 13–14 9–12, 9–14, 12–13, 12–14
MPA 9, 3, 13 9–3, 9–13, 3–13 NA
MPA + H2O + CO2 9, 3, 13, 12, 14 3–12, 3–14, 13–14 9–12, 9–14, 12–13, 12–14
MDEA 3, 4, 7, 13 3–4, 3–7, 3–13, 4–7, 4–13, 7–13 NA
MDEA + H2O + CO2 3, 4, 7, 13, 12, 14 3–12, 3–14, 4–12, 4–14, 12–14, 13–14 7–12, 7–14, 12–13
DMMEA 3, 4, 7, 13 3–4, 3–7, 3–13, 4–7, 4–13, 7–13 NA
DMMEA + H2O + CO2 3, 4, 7, 13, 12, 14 3–12, 3–14, 4–12, 4–14, 12–14, 13–14 7–12, 7–14, 12–13
DEA 3, 8, 13 3–8, 3–13, 8–13 NA
DEA + H2O + CO2 3, 8, 13, 12, 14 3–12, 3–14, 12–14, 13–14 8–12, 8–14, 12–13
MCA 1, 4, 10 1–4, 1–10, 4–10 NA
MCA + H2O + CO2 1, 4, 10, 12, 14 1–12, 1–14, 4–12, 4–14, 10–12, 10–14, 12–14 NA
DMCA 1, 4, 11 1–4, 1–11, 4–11 NA
DMCA + H2O + CO2 1, 4, 11, 12, 14 1–12, 1–14, 4–12, 4–14, 12–14 NA
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Appendix C. Workflow for characterization of SAFT-𝜸 Mie solvent groups
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Appendix D. Pure alkanol amine properties

The experimental data for the saturation and single-phase properties
of the primary and secondary alkanolamine solvents considered in
our work are compared to the SAFT-𝛾 calculations and predictions in
Fig. D.19 and the corresponding comparison for tertiary amines are
presented in Fig. D.20.

As can be seen from Fig. D.19 a good description of the vapour–
liquid equilibria in terms of the vapour pressure and saturated-liquid
density is obtained in the case of pure primary and secondary alka-
nolamines, specifically MEA, MPA, and DEA. In order to model these
amines, the NH2–CH2OH, NH–CH2OH interaction parameters are de-
termined in the current work. The saturation properties of MDEA
and DMMEA are given in Fig. D.20, together with a comparison of
the single-phase isobaric heat capacity of DMMEA. The N–CH2OH
24

interaction needed to model these two amines is determined including
available data of MDEA, but no data for DMMEA is used in the pa-
rameter estimation procedure. The calculations presented here for this
solvent are fully predictive.

In the SAFT-𝛾 Mie approach a heteronuclear model is implemented,
which means that pure compound data alone, mixture data only, or
pure and mixture data of related systems can be considered simultane-
ously in estimating group parameters. For example, some of the group
interactions used here to model the pure amines are determined by ex-
amining different families (e.g., the CH2–CH3 interaction is determined
based on data for the 𝑛-alkanes only). In modelling aqueous mixtures
of amines, mixture data is required, as water is a molecular group, but
often the data used relates to different mixtures altogether (e.g., data
for aqueous mixtures of alkylamines are used to determine the NH2–
H2O interactions). These interactions can then be transferred and used
in a fully predictive fashion to model the systems of interest (on the

proviso that they contain the same groups).
Fig. D.19. Vapour pressure 𝑃 (Clausius–Clapeyron representation) ((a) and (c)) and vapour–liquid coexistence densities 𝜌 as a function of temperature 𝑇 ((b) and(d)) for pure
lkanolamines. The symbols correspond to the experimental data (black circles for MEA [109,110], red triangles for MPA [112], and blue triangles for DEA [114]), and the
ontinuous curves to the corresponding SAFT-𝛾 Mie calculations.
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Fig. D.20. (a) Vapour pressure 𝑃 (Clausius–Clapeyron representation), (b) coexisting
apour–liquid densities 𝜌 as a function of temperature 𝑇 , and (c) isobaric (𝑃 =
.01 bar) liquid heat capacity of pure tertiary alkanolamines. The symbols correspond
o experimental data (magenta squares [115–117] for MDEA, and green circles [56]
or DMMEA). The continuous curves correspond to SAFT-𝛾 Mie calculations.
25
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