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ABSTRACT

The Cubic Plus Association (CPA) equation of state and the Soave—Redlich—-Kwong (SRK) equation of state
coupled to Mathias—Copeman and volume correction parameters were used to correlate the vapor pressures and
densities of pure polar aprotic solvents (PAS). It is shown that the CPA model (with 2B scheme) performed
better than CPA (with inert scheme), SRK and its modifications in all cases for vapor pressure and densities.
The performance of two mixing rules, namely the van der Waals one—fluid (vdW 1f) and the Huron—Vidal (HV)
mixing rules, is evaluated for these models on correlating the bubble—point pressures of CO, + PAS mixtures.
The CPA-HV model performs best at several temperatures, with the global average absolute deviations equal
to 7.2% for CPA-HV, 8.1% for CPA—vdW1f and 8.7% for SRK-HV. No improvements were found in the
performance of the CPA—vdW 1f when the solvation between CO, and PAS was accounted for regression of

bubble—point pressures.

Keywords: CPA, SRK, polar aprotic solvents, CO, bubble—point pressures.



37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73

1. Introduction

The carbon capture and storage (CCS) concepts are abatement strategies for reducing anthropogenic carbon
dioxide (CO;) emissions, related with the greenhouse warming effect, that comprises separation of CO; from
power plant flue gases, compression and transportation for geological storage in saline aquifers and reinjection
of acid gases (hydrogen sulfide and CO) in deep reservoirs for enhanced oil recovery [1]. The large quantities
of CO; and H>S in expanding reserves of natural gas (more than 30% of the available gas fields are acid) defy
the progress of gas separation technologies using physical absorption [2].

The mature carbon capture technologies for the removal of CO; are the post—combustion from fossil fuel
power plants (CO; and N, separation) and natural gas sweetening from petroleum industry (CO; and H»S
separation), however, these individual process could increase the energy requirements of a plant by 25-40%
[3,4]. Regarding the gas processing, the acid gases are generally removed from natural gas/gas streams by
absorption/stripping process based in aqueous amine scrubbing (gas sweetening) solutions (typically between
15 to 60%), however its application in achieving zero emission is still not optimal, being necessary the
integration of co—combustion of biomass to be economically viable [5,6]. Aqueous alkanolamine solutions are
frequently used as solvent and present some disadvantages like a high corrosion rate (high concentrations),
contamination of the outlet purified gas due to the high—water amount, high energy demand for amine
regeneration process and high evaporation losses [6]. Therefore, technical challenges for separation
technologies regarding to absorbents and solvents that perform the acid gas removal is essential to improve the
design and optimization of gas treating process [7].

Recently, some polar aprotic solvents (PAS), like dimethyl sulfoxide (DMSO) and N-methyl-2—
pyrrolidone (NMP), have been investigated for capturing CO, due to the fact that they can easily solubilize
chemicals and pharmaceutical solutes, they are stable at elevated temperatures, water—soluble, low toxic, and
they have high vapor pressure, reasonable price and negligible environmental impact [6,8]. The DMSO was
reported as a solvent for ionic liquids for recovering CO; from industrial flue gas [8] and the NMP with
the amine 2—amino—2—methyl-1-propanol in mixture was indicated by Karlsson et. al [9] for use in biogas
purification and CCS. Other commercial PAS with high potential for CO, absorption, due to its low viscosities
(essential to mass transfer) are acetonitrile (ACN), acetone, tetrahydrofuran (THF), methyl-ethyl ketone
(MEK), N, N-dimethylformamide (DMF) and dichloromethane (DCM). Rochelle et al. [10] reported that the
utilization of solvents instead of water in amine solutions could reduce the energy consumption to 0.2 megawatt—
hour per ton of CO; due to the higher solubility of CO; in organic solvents and easy recovery of the solvent
during the regeneration step of alkanolamines. Therefore, new requirements in the CO; removal by solvents,
have been renewed and extended the necessity to obtain vapor—liquid equilibrium (VLE) data for CO, and proper
solvent mixtures to improve the design of gas treatment processes which are essential for refining and reinjecting
acid gases in geological formation to reduce CO; emissions.

Experimental thermodynamic data of the solubility of CO,in PAS over wide ranges of temperature and
pressure have been published in the literature and the solubility data were correlated with several

thermodynamic models. For example, the Peng—Robinson (PR) equation of state (EoS) was used for NMP,
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ACN, THF, acetone, MEK and DMSO [11-13]; the Henry’s constant or Gibbs energy correlated with a linear
free energy relationship (LFER) analysis (for DMSO) [14], the extended Henry's law and Pitzer's virial
expansion for the excess Gibbs energy and the Redlich—-Kwong (RK) EoS (for DMSO and DMF) [15], the
statistical associating fluid theory (SAFT) EoS for acetonitrile [16] and the quasi—chemical hydrogen—bonding
(QCHB) model for dichloromethane (DCM) [17]. To the best of our knowledge, the Cubic Plus Association
(CPA) EoS, has still not yet applied to correlate the experimental solubility data of binary mixtures of CO, and
PAS except for acetone [18]. In order to design new installations and reach the best conditions in industrial
scale, it is essential to improve the understanding of phase behavior of CO, and PAS mixtures and start with the
thermodynamic modelling of phase behavior of CO; and suitable solvents [19].

The Soave—Redlich—-Kwong (SRK) and the PR equations of state (EoS) are typically employed as primary
choice models in petroleum industries, gas processing, etc. Nonetheless, these EoS do not provide accurate
vapor pressure [20] and density [21] estimates at all conditions, attributed mainly to the limited amount of data
available (critical properties and vapor pressures of heavy hydrocarbon compounds) for developing the original
alpha function pertaining to both the SRK and PR EoS [22]. Thus, the Peneloux volume correction (1982) was
developed to improve the predictions of the SRK EoS on liquid density up to 15% for hydrocarbon mixtures
and up to 25% for water and methanol (polar compounds) [20,23]. Applying the constant volume translation
(SRK—Peneloux), Lundstrem et al. [20] achieved good results for liquid density data at 298.15 K and 373.15
with an error of 0.4% and 0.09%, respectively. When a constant volume translation is coupled to an EoS, the
vapor pressure is unaffected [24], therefore, it requires an alpha correction, such as Mathias—Copeman
coefficients to increase the accuracy of saturation pressure calculations [25].

It is common to use EoS in reservoir simulation with the classical mixing rule i.e. van der Waals one—fluid
(vdW1f) mixing rule due to the ability for modeling phase equilibria for mixtures of hydrocarbons and the
inorganic gases (CHa, N2, CO», etc.) at low— and high—pressure. However, some limitations as the poor modeling
of VLE/liquid—liquid equilibria of mixtures in the presence of associating compounds and/or polar compounds
have been reported [26,27]. Therefore, other mixing rules can be coupled to EoS aiming to avoid such
limitations. For example, a successful mixing rule was formulated by Huron and Vidal (HV) [28] using the
definition of the excess Gibbs energy from an EoS in 1979 [29]. Later still, Michelsen et al. [30] (1990)
developed a modified Huron—Vidal (MHV) mixing rule for cubic EoS, incorporating directly parameters from
existing G (for excess Gibbs energies) correlations, such as the nonrandom two-liquid (NRTL) model, for
mixtures with more complex interactions. Pedersen et al. [31] applied satisfactorily the SRK—HYV to predict the
solubility of CH4 in water.

The CPA EoS was developed in 1996 by Kontogeorgis et al. [32] which has been providing a practical and
rigorous thermodynamic framework to model multicomponent mixtures relevant to oil and natural gas systems,
e.g. those containing CO; with ethylene glycol (MEG), diethylene glycol (DEG) and triethylene glycol (TEG)
[33], HaS [34], water [35], alkanes [36], biofuels [37] and alcohols [38] using the classical van der Waals (CPA—
vdW1f) mixing rule and covering a wide range of operation conditions from liquid to supercritical states. With

the Huron—Vidal mixing rule, CPA (CPA-HV) has been applied to predict the phase equilibria for acetic acid,
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water and other compounds [39]. Very recently, the CPA—HV was used by Xiong et al. [40] (2020) to predict
satisfactorily the VLE of CH4 and H,O systems with a percentage average absolute deviation of 4.23% against
10.68% (CPA—vdW1f) and 20.86% (SRK—HYV) for H,O content in the CHs—rich gas phase. Commonly, the
SRK—-HYV is applied in modelling mixtures with acid gases, for example SRK with Huron—Vidal mixing rules
obtained similar results to those calculated by CPA—vdW 1f for CO,—water—methane system using temperature—
dependent binary interaction parameters [35,41]. On the other hand, Austegard et al. [41] (2006) reported that
the CPA-EoS does not fit as well as the SRK—HYV for the solubility of H>O in liquid CO; and Pedersen et al.
[42] (2001) used SRK-HV to predict the solubility of CO, in water with an absolute average percentage
deviation of 5.2% using temperature dependent interaction parameters ranging from 288.15 to 548.15 K and 1-
300 bar.

In this work, we have investigated the performance of the CPA EoS for correlating physical properties
(vapor pressure and density) from the literature against the prediction of SRK EoS and its modifications
(Mathias—Copeman coefficients and volume correction parameters), as well as the ability of the vdW1fand HV
mixing rules coupled to CPA EoS in the description of VLE of CO, + PAS binary systems over a wide

temperature and pressure ranges.

2. Thermodynamic models

2.1 The Cubic Plus Association (CPA EoS)
The CPA-EoS, proposed by Kontogeorgis et al. [32], combines the SRK EoS with as association term similar
to that of SAFT,

7 = zPhys. 4 zassoc. — 1 _ ap _1(1 + palﬂ)zx.Z(l -X )
1—bp RT(1+bp) 2 op ) Lat . Al 1)
i i

where a is the energy parameter, b the co—volume parameter, p is the molar density, g a simplified hard—

sphere radial distribution function, X4 the mole fraction of pure component i not bonded at site 4, and x; is the
mole fraction of component i. The pure component energy parameter of Eq. (2), a, is obtained from a Soave—
type temperature dependency:
a(T) = aq [1 + c1(1 - \/Tr)] 2 (2)
where apand c; are often regressed (simultaneously with b) from pure component vapor pressure and liquid
density data. Xy; is related to the association strength A4*® between sites belonging to two different molecules

and is calculated by solving the following set of equations:

1
X, =
! +p2jx ZB]-XBjAAiBj )
A:B; EAiBj A:B;
where  A4%%1 = g(p) [exp (?) - 1] b 4)

where &% and " are the association energy and the association volume, respectively. The simplified radial

distribution function, g(7), is given by [43]:
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where 1= %bp = % (5)

9(p) = - o

where p is the pure compound density.
The objective function for parameters estimation is presented in the following equation:
exp cal n ex cal
— P pi —p
OF = < exp ) + Z <#> (6)
i Pi
For binary mixtures, the energy and co—volume parameters of the physical term of the CPA EoS are

calculated employing the Huron—Vidal (HV) [28] and the conventional van der Waals one—fluid mixing rules:

a = ZLZ] xl-xjal-j where al-j = 1/al-aj(1 - kU) (7)
bi+b;
b =33, xxb; where by =222 (1—I;;) ®)

where the binary interaction parameter, k;, is the only adjustable binary interaction parameter.

For the Huron—Vidal mixing rule proposed by Huron and Vidal, a parameter of the SRK EoS is:

G
Z]x]bexp( a;j TL,J)G
DRTEOR
- bi In2 GU
i i 2jxj bjexp | —a;; = T

where the asymmetric matrix G is temperature dependent

a
b

Gij = G} (10)

Gj; = Gﬁ (1)
An important advantage of the HV mixing rule is that by setting a;; = a;; = 0 and by choosing G;; and
Gj; appropriately the classical one—fluid mixing rule (vdW1f) with k;; is recovered. More details about the
NRTL developed by Renon and Prausnitz [29] can be found in the literature [44,45].
When the CPA EoS is extended for mixtures containing two associating compounds, combining rules for
the association term are required. The CR—1 combining rule was used in order to estimate the cross—associating

parameters:

A;B; Aij
AB) — % (12)

BAB) = /'BAL'BL' pAiBi (13)

or alternatively, the so—called Elliott combining rule (ECR) [34]

AAiBj = JW (14)

Assuming solvation (cross—association between a non—self—associating fluid and a self-associating one)
between CO, and PAS, the modified CR—1 (mCR-1) was used in some cases [38]:

B48i = fitted to the experimental data (15)
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In order to evaluate the performance of different models or modeling approaches, the percentage average

&

absolute deviations (% AAD) between experimental thermodynamic data and calculated value from the models

were obtained by:

cal

1
% AAD(Q) ZZZ

i=1

e — 1 % 100 (17)

where () and # are the corresponding property and the number of experimental data points, respectively.

2.2 The Soave—Redlich—Kwong (SRK) EoS and its Modifications
The SRK EoS was developed by Soave in 1972 [22], in which the attractive pressure term of the Redlich—

Kwong EoS [46] was replaced with a temperature dependent term “a(7T)” for pure compound, to give:

p_ KT a(T) 12
“V-b V(V+h) (1%)
a(T) = ac.a(T) (19)

(RT,)?
ac = 042747 —5— (20)
a(T) = [1+m(1 - JT,)|" @1
m = 0.480 + 1.574w — 0.17 w? (22)

RT,

b = 0.08664— (23)

c

In order to provide a better description of the vapor pressure of polar compounds, Mathias—Copeman (SRK—

MC) [25] suggested to modify the temperature term a(7T) as:

2 312
a(M) = [1+C,(1-JT) + C,(1-T) + G (1-JT.) | (24)
where a(T) is the Mathias—Copeman temperature—dependent term, which is a function of reduced temperature

T, = T/TC' These three parameters are fitted to the experimental data of vapor pressure.

A procedure for improving the volumetric predictions of the SRK EoS by introducing a volume correction

6,

parameter “c” into the equation was developed by Peneloux et al. [23]:

p= RT a(T) 75
" V—-b V+c(V+b+20) (25)
Vpeneloux = Vsgx — ¢ (26)
bpeneloux = bsgx — ¢ (27)

where Vspg and Vyenoroux are SRK and Peneloux molar volumes, respectively.
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The ¢ parameter is the volume translation (VT) that in the original article by Peneloux was assumed as
a constant and temperature independent for lighter components. In this work, the ¢ parameter was obtained by
the mean difference between the experimental and the molar volumes from the SRK EoS in the temperature

range of the experimental data, as follow:

n
1
C=ZZ|V—Vexp| (28)
i=1

For binary mixtures, the SRK EoS was also coupled with the Huron—Vidal mixing rule as described above.

3. CPA pure fluid parameters for polar aprotic solvents

The CPA EoS needs three pure component parameters in the cubic term (ag, ¢; and b) for non—
associating components (inert scheme), while for associating compounds, two additional parameters in the
association term (¢ and §) and an associating scheme according to the nomenclature of Huang and Radosz [47]
are required before calculations. It is important to emphasize that although the CPA EoS reduces to the SRK
model for non—associating fluids, the pure fluid parameters are usually obtained by fitting the model to
experimental data, whereas the SRK EoS uses critical properties (¢, Pc and ) for thermodynamic calculations.

Different association schemes for CO, were used in the CPA model to correlate physical properties and
predict phase equilibria of binary systems containing acid gases. Depending on the mixture under investigation,
the molecule of CO; was treated either as a self—associating fluid (having two, three or four association sites,
i.e., 2B, 3B and 4C, respectively) [33,34], a non—self—associating fluid (inert) or solvating, assuming cross
association, with polar/hydrogen bonding molecules (water or alcohols) [48]. Satisfactory results were found in
modeling VLE for CO;—alcohol/water mixtures (CO, was modeled as inert fluid) [34], for CO,—alcohols
systems assuming solvation (with 1 associating site) [38] and for CO»—alcohol/water/diethyl ether systems when
a 4C or self-associating CO; molecule was assumed [18,48,49]. Therefore, in this work, CO, is considered
either as 4C association scheme (two proton donors + two proton acceptors) due to the exceptional performance
for pure properties and phase behavior in previous works or as inert association scheme mainly for a comparison
purpose.

On one hand, PAS are a group of substances with very weak capacity of proton—donating, because of the
lack of O—H or N-H bonds, which means that they essentially do not associate with themselves, that is, these
nucleophiles are relatively “free” in solution [50]. On the other hand, PAS are actually complex molecules with
polar functional groups (atom double bonded to an oxygen atom) which normally dominate the characteristics
of the solvents [51]. Although the CPA EoS does not take the polar effects into account explicitly, Folas et. al
[52] and von Solms et. al [53] used an alternative approach to predict/regress the phase equilibria of systems
containing polar compounds by assuming that these solvents are “pseudo—associating” or self—associating
molecule having two association sites (2B) as well as in case of acetone [18]. Therefore, in this work, acetone
and all polar aprotic solvents are considered as pseudo—associating compounds described with 2B scheme and

for comparison purposes, the inert scheme is also considered. The new CPA pure compound parameters of PAS
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were fitted to the available vapor pressure and liquid density data taken from the National Institute of Standards
and Technology Thermo Data Engine (NIST TDE) in Aspen Plus V9 [54] (Table 2).

The energy (ao), co—volume (b) and c; parameters were plotted against the van der Waals volume (vdW)
of the compounds as shown in Figure 1. As we can see, the trends of energy (ao) and ¢ pure parameters of the
CPA EoS can be described very well by a quadratic polynomial equation while the co—volume (b) parameter
can be accurately described by a linear correlation. In prior studies, it was observed that there is a correlation
between the CPA pure parameters and vdW of glycerides, organic acids, n—alkanes, n—alcohols, methyl esters,
ethyl esters and propyl esters [55,56]. The CPA pure parameters were also illustrated regarding molar mass of
PAS and a clear polynomial trend was observed for the energy parameter and ¢; while the co—volume parameter
is described by a straight line, as can be seen in Figure 3S (Supplementary Material). In this way, these
correlations can allow the prediction of the corresponding CPA parameters for polar aprotic solvents in cases

of lack of experimental data.

Table 2

CPA parameters for pure CO and Pure Polar Aprotic solvents

vdW ay b &
Solvents  Tc (K) M(kg/mol) (em*/mol) scheme (L2. bar/mol®) (L/mol) ¢ p (bar.L/mol) References
Tnert 3507 00272 076 - -
CO: 30420 4401 19.70 4C 3.140 00284 069  0.0297 39.23 [34]
Tnert 12.640 0.046 0.63 - - .
ACN 54541 41.05 2837 i 4 500 0005 Lle o080 13730 This work
Tnert 11.170 0.052 0.79 - - .
DCM 50796 8493 34.71 o . 0,003 L0 oall 75096 This work
2B 7.875 0.059 099 0289 111.73 [18]
Acetone  508.06  58.08 39.04 Inert 13.71 0.060  0.8002 - - This work
2B 7.927 0.059 097 0226 116.68
Tnert 21390 0.069 0.84 - - .
DMSO 7220 78.13 42.88 2B 11.154 0.065 091  0.104 22035 This work
Tnert 15.480 0.068 0.80 - - .
THF 54013 7211 44.62 o o 0.007 ool 029 5674 This work
DMF 596.6 73.10 46.81 Inert 18.260 0.069 1.05 N - This work
: : : 2B 12225 0.067 089  0.042 199.09 18 wor
Tnert 17.710 0.076 0.86 - - .
MEK 53645 721 49.27 2B 13.441 0.075 082  0.126 117.64 This work
Tnert 28397 0.087 0.88 - -
NMP 2074 99.11 60.3 This work
7217 ? 2B 23.068 0.087 077  0.089 150.47 15 wor
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Figure 1. Variation of CPA parameters (2B) against van der Waals volume of Polar Aprotic Solvents: (a)

energy “ao”, (b) co—volume “b” and (¢) “ci”

4. Vapor Pressure and Density Calculations

The performance of the CPA EoS against the SRK EoS and its modifications in the calculation of vapor
pressures and densities of polar aprotic solvents was evaluated over large temperature and pressure ranges. The
polar aprotic solvents studied in this work are ACN, Acetone, THF, DMF, DMSO, MEK, DCM and NMP and
they are modelled with the CPA EoS with two association schemes (inert and 2B), which were compared to the
SRK EoS, the SRK EoS coupled to Mathias—Copeman (MC) and volume correction (VC) as well as the Antoine
equation (only for vapor pressure).

Tables 1.1S and 1.3S (Supplementary Material) summarize the average absolute deviation (% AAD) and
the overall average absolute deviation (% OAAD) of vapor pressures results for the polar aprotic solvents by
using the SRK, SRK-MC-VC, Antoine Equation and CPA EoS. As expected, the SRK EoS, that is the original
version, does not provide accurate predictions of vapor pressure and density for the studied polar aprotic
solvents, as observed in Figure 2 (a and b) which depict the deviations between the experimental vapor pressures
(from literature) and the modeling results with the equation of states. More precisely, the % OAAD were 10.6%
for vapor pressures and 23.2% for densities, which clearly demonstrates the limitations of the SRK EoS with
regard describing these properties of PAS and the necessity to apply the Mathias—Copeman and volume
corrections, with which the deviation has been significantly reduced for vapor pressure (% OAAD = 1.25%)
and liquid density (% OAAD = 0.72%). This values can be adequate if we consider the results reported in the
literature, which indicate that deviations between 2 and 3% are considered satisfactory for liquid density for
alkanes up to n—C29 taking into account the uncertainty of the experimental data [33].

Vapor pressures and densities were also calculated with the CPA EoS using 2B (5 adjustable parameters)

and inert association schemes (3 adjustable parameters). The results for all PAS show that the CPA EoS presents
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lower deviations as compared to the SRK EoS and its modifications. As presented in Tables 1.1S and 1.3S, the
overall deviations (% OAAD) for bubble—points with 2B scheme and inert scheme were 0.5% and 0.68%,
respectively. These deviations are lower than 1.0% obtained from the Antoine equation correlations for this
property (parameters are listed in Table 1.2S). The results indicate that inert scheme gives very satisfactory
description, while extra adjustable parameters by using 2B scheme give further improvement in the performance
of the CPA to correlate vapor pressure of PAS, which are in very good agreement with previous studies [57],
as shown in Fig. 2 (a). Very recently, Pourabadeh et. al. [58] (2020) reported the deviation of 4.63% for the
bubble—points of NMP using the CPA EoS with inert scheme. In the case of densities, the % OAAD were 0.46%
and 0.80% for 2B scheme and inert scheme, respectively. Again, the results demonstrate good performance of

the CPA EoS (2B) on correlating experimental density data, as shown in Fig. 2 (b).

'
O
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mSRK SRK-MC-VC Antoine W CPA (Inert) ®CPA (2B)
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()
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S [ S [y
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% AAD in vapor pressure
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% AAD for density
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0 N ae Il '™ I ol | 0 [ | Em Em '™ e
ACN Acetone THF MEK DMF DMSO DCM NMP ACN Acetone THF MEK DMF DMSO DCM NMP

(a) ()

Figure 2. % AAD of models for vapor pressures (a) and densities (b) modeling

5. Modeling Bubble—Point Pressures of Polar Aprotic Solvent (PAS) + CO2 Mixtures

In this work, the experimental bubble—point data from literature (58 isotherms) of binary systems
containing PAS (ACN/Acetone/THF/MEK/DMF/DMSO/DCM/NMP) + CO: in a wide range of temperatures
and pressures were modeled using CPA—vdW 1f, CPA-HV and SRK-HV. In Table 1, eight different modeling
approaches (cases) for the CPA EoS were considered for the PAS + CO, mixtures: inert—inert (case A), inert—
4C (case B), 2B—inert (case C), and 4C-2B (case D), inert—inert (case E, HV), 4C-2B (case F, HV), 2B-
solvation (case G). All approaches were compared against each other based on the overall deviations between
the experimental data and modeling results and their accuracies were discussed and evaluated aiming to suggest
the best modeling scenario. In such approaches, the PAS are treated either as being inert fluids or associating
ones with two sites (2B), while CO, was modeled either as an inert compound (no associating sites), as a non—
associating compound but with one proton—acceptor site for solvation or as a self-associating compound with

four sites (4C).
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As reported in the literature, the approaches 2B—inert (for acetone—hydrocarbon mixtures) [57] and
solvation—4C (for acetone—CO, mixtures) [18,48,49] give satisfactory results. Therefore, it is important to point
out that the concept of “pseudo—association” (able to act as associating compounds) which was adopted for PAS
and CO; for accounting the polar interactions, with the intention to avoid explicit terms for the polar and/or
quadrupolar interactions [18]. A single adjustable parameter for binary interactions (k;) was estimated for each
binary system (cases A, B, C and D) for CPA—vdW1f by employing the combining rule CR—1 for the cross—
association energy (£4i8/) and the cross—association volume (84i€/) of mixtures in the case of modeling two
associating compounds. The best modeling approaches (A and D) from CPA-vdW 1f were selected and the HV
mixing rule coupled to the CPA EoS was applied in cases E and F. The HV mixing rule introduces two adjustable
parameters (G;j and Gj;) with the non-randomness parameter (a;) fixed to 0.3. In case G (solvation case), the
systems were modeled using eleven parameters, two adjustable parameters (the binary interaction parameter
and the cross—association volume), one cross—association energy and eight pure parameters. Note that the case
A utilizes less parameters than other cases (B, C, D, E, F and G modeling approaches), seven in total (6 pure

and 1 binary parameters).

Table 1
Modelling approaches used with CPA for modelling bubble—points of PAS—CO, mixtures

Association Cross—association . Total
Modelling Association sites Interaction parameters
sites parameters parameters
approach for CO, YW B
for PAS Briti g4ibBj vdWif (k;) HV(G},G))/ay Pure Binary
Case A Inert (no sites) Inert (no sites) - - Adjustable - 6 1
Case B Inert (no sites) 4C CR-1 CR-1 Adjustable - 8 3
Case C 2B Inert (no sites) CR-1 CR-1 Adjustable - 8 3
Case D 2B 4C CR-1 CR-1 Adjustable - 10 3
Case E (HV) Inert (no sites) Inert (no sites) - - - Adjustable/Fixed 6 3
Case F (HV) 2B 4C CR-1 CR-1 - Adjustable/Fixed 10 5
1 Negative site ) )
Case G 2B Adjustable mCR-1 Adjustable - 8 3

(solvation)

4C: two positive-two negative sites; 2B: one positive—one negative sites.

The parameters calculated/estimated and overall deviations of modeling approaches are presented in Tables
3 to 6. The binary interaction parameters obtained for CO, and PAS mixtures were either negative or positive
values for A (inert—inert) and B (inert—4C) cases, as listed in Table 3 and illustrated in Figures 4.1S and 4.2S of
the Supplementary Material. It is interesting to notice that the case C (2B—inert) presents small negative k;
values, close to zero, whereas for the case D (2B—4C) all k; values were positives, as shown in Table 4.
According Kontogeorgis and Folas [27], positive &; values are needed in by far most cases, whereas negative k;;
values are required for several solvating systems such as acetone—chloroform, acetone—methane or acetone—
water due to that the cross—energy term is larger than the value provided by the geometric mean rule. Therefore,

the negative binary interaction parameters estimated for cases A, B and C, although in almost all cases a good
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representation of the bubble—points are obtained, suggest that the existing interactions must explicitly be taken
into account, as in the case D. The trend of the binary interaction parameter was plotted against molar mass in
Figures 4.1S to 4.4S. According to the correlations showed in that Figures, the binary interaction parameters
slightly increase as the molecular weight of PAS increases for the cases A, B and C, while they are more or less
constant for the case D. Similar behaviour (increasing k;) was observed with regard to the chain length of n—
alkanes with N, using the CPA EoS [59] while the &; values decrease with chain length for heavier alkanes with
CO,,with regardless of it considered as either a self—associating or non—associating molecule with the CPA EoS
[60]. However, some studies also showed that a constant trend of &; for asymmetric systems (CO>—n—C20 and
CO,—n—C28) with the sSPC-SAFT EoS [59], similar to what found in this work for the case D.

The performance of the CPA EoS coupled to the classical mixing rule (vdW1f) was evaluated in terms of
their % OAAD and the results are listed in Tables 3 and 4. More details are available in Table 5S in
Supplementary Materials. As presented in these tables, slightly better correlations (k;; # 0) were obtained using
the inert—inert (case A) and 4C-2B (case D) than cases B and C approaches for all binary systems at several
pressures and temperatures. For example, the deviations for the ACN + CO, mixture, the cases A and D give
8.1% and 11.3%, respectively, while the cases B and C 11.9% and 15.3%, respectively. Particularly, in the case
of MEK + CO; system, the cases A, B and C provided similar deviations 11.6%, 10.2% and 15.3%. In contrast,
large deviations were found for the CO,—DMSO mixture for the case B and C (69.7% and 39.4%, respectively).
These results suggest that for modeling the CO, + PAS mixtures either inert—inert or 4C—2B schemes could be
used with one binary interaction parameter fitted from the experimental VLE data. It is also worth highlighting
that the inert—inert approach uses 6 CPA pure component parameters and 3 binary interaction parameters while
the 4C-2B scheme uses 10 CPA pure component parameters and 3 binary interaction parameters. In both of
them, a single adjustable parameter (k;) is employed.

The CPA—vdW 1f results (cases A and D) were compared to those of CPA-HV (Cases E and F) and SRK—
HV. It can be seen from the results (Tables 3 to 7) that, in terms of deviations (% OAAD), the CPA-HV model
is slightly more accurate than the CPA—vdW 1f and SRK—HV models, which two are comparable for modeling
bubble—points for the ACN/Acetone/THF/MEK/DMF/DCM/NMP + CO, mixtures. For the THF—CO, mixture,
the CPA—vdW1fmodel in cases A and D yield 2.7% and 2.6% overall absolute average deviations, respectively,
while cases E, F and the SRK-HV model give 2.9%, 2.5% and 2.9%, respectively. These results are in
agreement to those reported in the literature [40], in which the accuracy (less than 6.91%) of the CPA-HV
model was better than the CPA—vdW 1f and SRK-HV models for VLE of CHs + H,O system. This can better
be observed for DMSO + CO, mixture, where the case F (CPA-HV) showed an improved accuracy of 4.9%,
whereas largest deviations were produced by the CPA—vdW 1f (case A=10.1% and case D=12.9%) and SRK—
HV (15.6%).

The global deviations are 7.2%, 8.1% and 8.7% for the CPA—HV, CPA—vdW 1f (Cases A and D) and SRK—
HV models, respectively. The improvement results obtained from the CPA—HV model with regard to the CPA—

vdW1f model can be explained mainly due to the increase of number of adjustable parameters, whereas the
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associative term from the CPA EoS provided an advantage in the regression of experimental data regarding the
SRK-HV model. Therefore, the performance of the CPA EoS (both HV and vdW1f mixing rules) is very
satisfactory in correlating the bubble—point pressures for CO, and polar aprotic solvents mixtures over extensive
temperature ranges.

Figures 3 to 10 illustrate qualitatively the modeling approaches, which are concluded having better
performance: CPA—vdW 1f (2B—4C and Inert-Inert), CPA-HV (2B—4C and Inert-Inert), and SRK-HV, for the
bubble—points calculations for the PAS + CO, binary systems over wide ranges of temperature and pressure.
The four modeling approaches provide similarly satisfactory correlations/predictions of the bubble—points
pressures for the ACN/Acetone/THF/DMF/MEK/DCM/NMP + CO; systems. Similar behavior was observed
for the acetone—water binary where the results were improved by treating acetone as an self—associating
molecule with the CPA EoS [18]. It is interesting to note that the SRK—HV model (using critical properties of
pure substances and two adjustable parameters) shows worse deviations in predicting the bubble—point pressures
as compared to the CPA EoS using CR—1 mixing rule for DMSO/NMP + CO; systems, as also seen in Fig. 8
and 10.

The “solvation” between CO, and PAS molecules was accounted for the case G (Table 7). For mixtures
containing CO, and water/alcohols/glycols/ hydrocarbons, Tsivintzelis et al. [33] considered CO, as a non—self—
associating fluid but one able to cross—associate with the self—associating fluids, good results were obtained
when the mCR-1 was used to estimate the cross—association parameters. It is important to recall that the
depending on its environment, CO, can act as proton acceptor forming hydrogen bonds [61]. Thus, although
this treatment is helpful for mixtures containing water and glycols [52], the results of this work suggests that
the “solvation” between CO, and PAS molecules does not help much to improve the performance of the CPA—
vdW 1f when the cross—association is accounted for regressing the bubble—points. For example, for CO,+ ACN
system, the two solvation methods (cases E and F) yield errors of 8.7% and 8.1%.

In summary, the CPA EoS is a good model for the CO,—PAS mixtures by employing one or two adjustable
parameters per binary system, i.e., using vdW 1f or HV mixing rules. The difference of % OAAD between the
cases A, D, E and F (four investigated modeling approaches) is marginal. Therefore, the case A (inert—inert)
could be considered the best approach for modeling acid gas mixtures containing PAS and CO; as it uses the

fewest number of adjustable parameters.
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Table 3
CPA—vdW 1f Binary Interaction Parameters for acid Mixtures with PAS as Inert
Pressure Case A (Inert-Inert) Case B (Inert—4C)
Mixtures Temperature range/K rangelbar " % OAAD * i ﬂ AB; AiB; % OAAD "
CO,-ACN 298.00 — 348.20 0-120 —0.044 8.1 —0.140 17234 23593 11.9
CO,-Acetone 291.15 -353.18 0-120 —0.024 45 —0.091 17234 23593 45
CO,-THF 298.00 — 353.20 0-110 —0.004 2.7 —0.068 17234 23593 2.8
CO,-MEK 288.15 —353.18 0—100 0.002 11.6 —0.064 17234 23593 102
CO,-DMF 298.15 - 348.20 0-150 0.014 12.6 —0.057 17234 23593 13.6
CO,-DMSO 298.15 - 348.15 0-180 —0.037 12.9 —-0.004 17234 23593 59.7
CO,-DCM 308.20 — 333.00 0-100 0.068 2.7 0.009 17234 23593 2.3
CO,-NMP 243.10 - 398.15 0-320 —0.013 10.1 0.016 17234 23593 18.1
*% Overall AAD = % n=1% AAD, for bubble— points.
Table 4
CPA—vdW 1f Binary Interaction Parameters for acid Mixtures with PAS as 2B
Case C (2B-Inert) Case D 2B4C)
Mixtures Temperature range/K
ki BB e4Pi/K % OAAD*® ki BB e4Pi/K % OAAD*
CO,-ACN 298.00 — 348.20 —0.119  830.1 825.7 153 0.059 0.143  1061.6 113
COx-Acetone 291.15 -353.18 —0.129 4753 701.8 9.5 0.028 0082  937.7 43
CO,-THF 298.00 — 353.20 —0.086  544.1 521.7 2.7 0.038 0093  757.6 2.6
CO,-MEK 288.15-353.18 —0.079 3546 6473 15.6 0.058  0.161 14266 102
CO,-DMF 298.15 — 348.20 —0.025 2048 11973 13.4 0.114 0035 14333 12.6
CO,-DMSO 298.15-348.15 —0.003 3232 13252 39.4 0.096  0.058 13376 10.1
CO-DCM 308.20 — 333.00 0015  640.5  451.6 7.7 0.069 0066  429.9 2.3
CO,-NMP 243.10 - 398.15 —0.055 2878 6769 15.4 0.046  0.051 11419 11.4
"% OAAD = ~¥%_, % AAD.
Table 5.
CPA-HYV Interaction Parameters for CO, + Polar Aprotic Solvents Binary Systems
Case E (Inert-Inert) Case F 2B—4C)
Mixtures
s G}, a; = a; % OAAD* [ G}, a; = a; % OAAD*
CO-ACN —584.3 5477 0.3 7.8 894.2 -195.5 0.3 7.7
CO,-Acetone 41.8 -67.7 0.3 4.6 127.8 —7.06 0.3 43
CO,-THF 12.88 12.78 5382 2.9 —624.82 538.0 0.3 25
CO,-MEK -3.02 4.84 0.3 11.7 -81.76 142.9 0.3 9.9
CO,-DMF 256.2 -19.01 0.3 12.4 680.1 42.86 0.3 11.9
CO,-DMSO —24.55 26.59 0.3 12.0 351.5 1243 0.3 49
CO-DCM -209.6 3359 0.3 22 48.83 236.61 0.3 2.1
CO,-NMP -935.6 824.5 0.3 10.7 —935.67 824.52 0.3 8.6

“95 0AAD = 2¥"_, % AAD
n
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Table 6.

SRK-HYV Interaction Parameters for CO, + Polar Aprotic Solvents Binary Systems

SRK-HV
Mixtures
G} Gji o = aj; % OAAD*

CO,-ACN 643.02 —70.87 0.3 8.7
CO,-Acetone -1.10 -2.87 0.3 3.9
CO,-THF 18.40 ~18.05 0.3 2.9
CO,-MEK -31.84 45.76 0.3 10.6
CO,-DMF 298.78 15.75 0.3 12.0
CO,-DMSO 0.048 6.75 0.3 15.6
CO,-DCM 68.82 133.51 0.3 3.1
CO,-NMP ~345.18 154.66 0.3 112

"% OAAD = ~¥1_, % AAD.

Table 7

CPA—vdW 1f Binary Interaction Parameters for acid Mixtures with Solvation of CO;

Case G
Mixtures Temperature range/K
kij BAiBI e4Bi/K % OAAD*

CO,-ACN 298.00 — 348.20 —0.017 824 825.6 8.7
CO,-Acetone 291.15-353.18 0.024 858 701.7 53
CO,-MEK 288.15—353.18 0.103 944 647.3 11.1
CO,-DMF 298.15 — 348.20 0.064 196 11973 10.5
CO,-DMSO 298.15—348.15 —0.285 1200 1325.2 458
CO,-DCM 308.20 — 333.00 0.172 1640 451.6 3.6
CO,-NMP 243.10—398.15 -0.013 122 676.9 12.5

“% 0AAD =~ ¥

% AAD.
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Figure 3. VLE experimental data of ACN—CO; (symbols) were taken from [16,62,63]. CPA-vdW 1f: magenta

lines (2B—4C) and blue lines (Inert—Inert). CPA—HV: black lines (2B—4C) and green lines (Inert—Inert). SRK—

HV: red lines.
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Figure 5. VLE experimental data of THF—CO, (symbols) were taken from [68—70]. CPA—vdW 1f: magenta

lines (2B—4C) and blue lines (Inert—Inert). CPA—HV: black lines (2B—4C) and green lines (Inert—Inert). SRK—

HV: red lines.
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Figure 8. VLE experimental data of DMSO—CO, (symbols) were taken from [62,75,76]. CPA—vdW 1f: magenta
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Figure 9. VLE experimental data of DCM-CO; (symbols) were taken from [17,63,76,77]. CPA—vdW1f:
magenta lines (2B—4C) and blue lines (Inert—Inert). CPA-HV: black lines (2B—4C) and green lines (Inert—Inert).

SRK-HV: red lines.
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6. Conclusions

The CPA EoS was better than SRK and its modifications (Mathias—Copeman coefficients and volume
correction parameters) in modeling vapor pressures and densities of polar aprotic solvents over extensive
temperature and pressure ranges. The CPA—vdWI1f provides goods results using 2B—4C and inert—inert
association schemes for modeling bubble point pressures of PAS—CO, binary systems with a single adjustable
binary interaction parameter and CR—1 combining rules for cross association parameters. The correlation of the
bubble point pressures of relevant acid gas mixtures containing PAS + CO, employing the CPA coupled to
Huron—Vidal (HV) mixing rules is slightly better than CPA coupled to van der Waals (vdW1f) and SRK-HV
models. The associative term in CPA-HV improved the performance in comparison with SRK-HV. The
solvation approach in the CPA— vdW 1f does not improve the accuracy of model for PAS—CO, even employing
one more adjustable parameter (case G). For all systems, such deviations are comparable to those calculated to
the best approaches modeling (cases A and D). It was demonstrated that the CPA is a flexible thermodynamic
tool for calculate accurately vapor pressure and density of pure PAS, as well as the bubble—point pressures of

acid mixtures containing PAS and CO; available in the literature.
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