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Phase equilibrium and density of pure water, ethanol and CO, were evaluated considering 1868 data
points. VLE and saturated liquid density data were collected: 544 data points for CO,+water and 859 data
points for CO,+ethanol. Soave Redlich-Kwong (SRK) equation of state (EoS) with Cubic Plus Association
(CPA) was applied for calculation of these properties. Peng-Robinson EoS was evaluated to demonstrate

Key WordS:A - CPA improvement in properties description. The binary interaction parameters were estimated from
Phase equilibria S . o .
Density VLE. For pure compounds, the results indicated suitable description for both phase behavior and den-
High pressure sity. For CO,+water, density calculations were accurate (Ap=0.5%) and VLE was adequately described
Cubic plus association (AXp20=0.49% and Aycop =4.63%). CO,+ethanol volumetric behavior and VLE were also satisfactorily
Thermodynamic calculation described in CO; concentrations up to 30% (Ap =2.92%, Axgon =1.37% and Aycoz = 5.86%, respectively).
© 2020 Elsevier B.V. All rights reserved.
1. Introduction aration processes e.g. distillation and absorption are conducted

at high pressure to ensure economic feasibility. The study of

Nowadays, studies involving solvents and mixtures of solvents CO,+water system, for instance, is useful to represent pre salt reser-
athigh pressures have importantindustrial applications. Many sep- voir conditions due to the large amounts of CO, present up to
20% [1]. This application endorses the study of pressures around

100 MPa and temperatures up to 473K [2]. Thereby, understand-
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age is another operation that justifies the study in a wide pressure
range. And not only in these sectors, in the food and pharmaceuti-
cal, it is observed alcohols as co-solvents for CO; in high pressure
extraction of biomaterials from herbs [4]. The same process is also
highly used in the extraction of ingredients, such as flavor and col-
orants, from plants and fruits by the food and cosmetics industry
[5].

In this context, it has been observed the higher application
of some solvents in particular, such as carbon dioxide, ethanol
and water. Carbon dioxide (CO,) is the most widely used super-
critical solvent because of its mild critical conditions (304.25K
and 7.383MPa) and low costs. Furthermore, low toxicity and
non-flammable properties contribute for CO, uses. However, the
solvation of polar compounds by CO, is limited. It may be improved
by the addition of polar miscible compounds, usually called co-
solvent or modifier [6], which provide the increase of the solute
solubility in supercritical fluids due to physical and chemical
interactions between co-solvent and solute [7]. Among the green
solvents, ethanol and water have demonstrated good results as a
modifier in process at higher pressures [8-12].

CO,+water mixture present type Il phase behavior [13-15]
while CO,+ethanol type I. [16-18] in the classification of Scott and
van Konynenburg [19,20]. The type IIl mixtures present two dis-
continuous critical lines: a small vapor-liquid and a fluid-fluid. The
critical line extending from gas-liquid critical point of the more
volatile component ends at an upper critical end point where the
gaseous phase and the liquid phase have the same compositions.
Type I systems are characterized by the presence of a continuous
gas-liquid critical line and absence of liquid-liquid immiscibility
[21].

Thermodynamic models are widely applied to describe equi-
librium and volumetric properties for process design, simulation
and operation. For high pressure processes e.g. supercritical fluid
extraction and adsorption, Equations of State (EoSs) are models
usually applied to describe the phase behavior. Itis crucial to ensure
that the properties of pure fluids and mixtures are being estimated
appropriately. Thereby, an extensive validation of the EoS against
experimental data is required before application.

The study of the properties of pure water, ethanol and CO5, as
well as the CO,+ethanol and CO,+water systems is of great impor-
tance for technology development. The applications presented for
these two binary systems in various industrial areas require high
accuracy calculation methods for the phase behavior and volumet-
ric properties. For instance, the evaluation and optimization of the
processes involved in oil production, CO, sequestration and geolog-
ical storage, pharmaceutic area and food processing are feasible.

Kontogeorgis et al. [22] developed Cubic Plus Association (CPA)
EoS. In this equation there are five pure compound parameters, esti-
mated from vapor pressure and liquid density data. Applications of
the CPA EoS to calculate properties of normal chain alcohols and
water were also presented, and it was demonstrated accurate rep-
resentation of vapor pressures and liquid densities for a series of
species.

The first CPA application for mixtures was presented by Yak-
oumis et al. [23]. CPA EoS performance was evaluated for binary
aqueous mixtures containing alkanes, cycloalkanes and alkenes.
Three different association schemes for the water molecule were
applied in the correlation of liquid-liquid equilibrium data, i.e.: 2B,
3B and 4C, using Huang and Radosz notation [24]. Among them, 4C
association scheme is clearly superior to the others. This associa-
tion scheme describes two donor and two electron receptor sites,
capable of forming 4 hydrogen bonds with neighboring molecules.
Average deviations between 5 and 15% in water mole fraction in
hydrocarbon-rich phase were reported for the CPA EoS. It was
also demonstrated that CPA presented better results than SAFT
(Statistical Associating Fluid Theory) [25]. Nowadays, CPA EoS is

a consolidate model and it is available in commercial simulation
softwares, e.g., PetroSIM™ and Aspen-Hysys.

Asatisfactory representation of CO, in mixtures with other polar
molecules could not be obtained with CPA EoS by treating it as
a non-associated molecule [26,27]. This is because CPA does not
explicitly account for the weak quadrupolar interactions that occur
in the carbon dioxide molecule. Average deviations in vapor pres-
sure suggest that the non-associated scheme reflects in errors four
times greater when compared to the results obtained with asso-
ciated schemes. For liquid density, these errors get up to 8 times
greater. However, the use of CPA EoS neglecting the CO, association
was still applied in the literature [28].

Classical EoSs are widely available in commercial softwares,
e.g., PRO-II and ProSim Plus contributing for their extensive use.
Furthermore, the simplicity of cubic EoS contributes for indus-
trial applications [29]. CO,+water modeling has been extensively
explored in literature using classical equations of state with fitted
interaction parameters. Fenghour et al. [30] successfully described
the density and dew points of this mixture using Peng-Robinson
(PR) EoS at 415-700K and 35MPa. Hou et al. [31] experimen-
tally studied the phase behavior of CO,+water at 298.15-448.15K
and 1.5-18 MPa. Gamma-phi approach was applied using PR EoS
with classical mixing rules for vapor phase and an extended form
of Henry's law with NRTL (Non-Random Two Liquids) solution
model together with a Poynting correction for the liquid phase.
These authors also compared their approach against literature
experimental data and found satisfactory results. Phase behavior
of systems containing water and supercritical fluids, e.g., Hy [32]
and CO; [33] were successfully described applying PR78 EoS [34].
Qian et al. [35] applied a group contribution method into PR78 EoS
for binary aqueous systems containing hydrocarbons and gases.
An extensive data base of experimental bubble points (P,T,x), dew
points (P,T,y) and binary critical points for CO,+water was built.
High accuracy was reported for phase behavior modeling with one
interaction parameter adjusted for each isotherm.

The associative term presented by Kontogeorgis et al. [22]
has also been explored for CO,+water description. Pappa and
co-workers [36] determined VLE data for CO,+water mix-
ture at 383-623K and pressure up to 140 MPa, and obtained
suitable results in its behavior description using the PR equa-
tion + association term considering 4C association scheme for CO,
(AXCOZ =5.9% and Ay].[zo = 96%) SRK-CPA, PR-CPA and PC-SAFT
were evaluated for pure water and CO,+water modeling [37]. Dif-
ferent association schemes for water (2B, 3B, 4C) were applied.
Although the three equations showed adequate results for the
phase behavior description, PC-SAFT was the most accurate.

More recently, Aasen [38] used CPA with CO, as anon-associated
molecule and one binary interaction parameter to describe density
and VLE of CO,+water. The influence of carbon dioxide association
scheme on pure CO, and CO,+water systems modeling was also
studied. The non-associated and 2B, 3B, 4C association schemes
were evaluated, and concluded that the 4C scheme presented the
best CO, representation. Beside the original method, Tsivintzelis
et al. [28] also proposed a second approach that used experimental
data to obtain the association energy parameter instead of apply-
ing combining rule 1 (CR1), with adjustable interaction parameter.
This approach satisfactorily described VLE data. Perfetti [39] used
the CPAMSA (Mean Spherical Approximation) to correlate litera-
ture VLE data and obtained 5% mean error in liquid composition.
The CPAMSA presented six adjustable parameters and it was signif-
icantly more complex due to a specific term to account for dipolar
interactions.

Hadi [40] and Kariznovi et al. [41] compared PR and Soave
Redlich-Kwong (SRK) EoSs in the description of phase equilibrium
of CO,+ethanol at 288—323 K and pressure up to 1.9 MPa. The for-
mer evaluated 3 mixing rules in the description of liquid and vapor
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compositions, and observed that the best results were obtained for
the mixing rule MR3, with 2 adjustable parameters. The latter indi-
cated satisfactory results for liquid compositions and densities for
both EoSs. PR equation with two fitted interaction parameters was
evaluated by Stievano and Elvassore [42] for the correlation of VLE
and density data of the same system at 291.15-323.15 K and pres-
sure up to 18 MPa. A satisfactory description of both volumetric and
equilibrium properties was not obtained. These authors also used a
modification of original SAFT proposed by Huang and Radosz [43],
which presented better results than PR EoS (AP= 1.05% and Ap
= 1.025%). Chienming et al. [44] compared Patel-Teja (PT) and PR
EoS in the representation of phase equilibria of CO,+ethanol. The
average deviations between experimental and correlated data in
this study were less than 4%, indicating that both EoSs are appli-
cable for these VLE. However, better results were obtained with
PT EoS (AP= 2.9% and Aygion = 0.26%). Patel-Teja with an empir-
ical density-dependent local composition mixing rule was applied
for description of CO,+ethanol phase behavior [45]. It was demon-
strated a satisfactory description due to the sophisticated mixing
rule applied.

CPA EoS was evaluated by Oliveira et al. [46] for the description
of CO,+ethanol phase behavior at 291.1-313.14K and 1-30 MPa.
The 2B and 4C association schemes for CO, were applied. Con-
sidering CO, as non-associating and interaction parameter (k;;)
independent of temperature (T) was obtained (Axcoz =15.3%and A
Ycoz =2.13%). Assuming a temperature dependency on k;; improved
liquid phase description (Axco, =8.8%) and did not affect vapor
phase. For liquid densities, deviations up to 5.8% were reported at
291.15K. Perakis et al. [26] compared SAFT and CPA EoSs to rep-
resent VLE of CO,+ethanol at 313.4-344.7K and pressure up to
12 MPa. Calculated values were compared with 31 experimental
data points from one source. According to these authors, CPA EoS
cannot describe satisfactorily the liquid phase composition consid-
ering CO, as non-associating (Axcop =9.2% and A ycoy = 2.6%). Two
combining rules (CR-1 and CR-2) were applied for CPA and signifi-
cant effect on the model performance was not observed. Volumetric
properties were not evaluated.

In this work, extensive phase equilibrium and liquid density
data were collected from literature for the systems CO,+water and
CO;+ethanol. In order to describe volumetric properties and VLE
behavior of the systems, the original CPA EoS with combining rule
1 was applied, checking its validity in a wide range of temperature,
pressure and composition. The main objective was to endorse the
use of CPA for the calculation of these properties for the two binary
systems and the respective pure components.

2. Methodology

Experimental data of vapor pressure (PV?P) and liquid density (p)
of pure water (PVeP =275 data points; p =679 data points), ethanol
(PVaP = 281 data points; p=353 data points) and CO, (P'?P = 146
data points; p =134 data points) were collected from literature as
show in Table 1.

Complete experimental data of phase equilibrium (T, P, x, y)
were selected (CO,+water: 239 data points; COy+ethanol: 717
data points), allowing a check of thermodynamic consistency. Data
selection strategy was based on this consistency check and the
agreement between experimental data from different references.
Using this criterium various references were not considered in the
databank for parameter estimation, mainly PTx and PTy data sets.

Saturated liquid density of CO,+water (p =305 data points) and
CO,+ethanol (p =142 data points) were also collected from litera-
ture. Phase behavior and density data are presented in Table 2.

SPECS v5.63 (Separation and Phase Equilibrium Calculations)
was used to perform flash calculations using CPA EoS. For

Table 1
Pure component vapor pressure and liquid density data.
NDP T ranges (K) Pranges (MPa) Ref.
8 412 -503 0.3-2.8 [47]
8 507 - 570 3.0-8.3 [48]
6 293 -343 0.0024-0.031 [49]
3 648 21 [50]
78 273 - 647 0.00061-21.9 [51]
Water PP 15 323-353 0.01-0.4 [52]
64 361 -428 0.06-0.6 [53]
37 383 - 646 0.1-21.8 [54]
35 363 - 645 0.07-21.6 [55]
9 423 -623 0.4-16.5 [56]
12 273 - 647 0.00061-21.9 [57]
67 293-338 0.09-904 [58]
7 633 21-33 [59]
) 58 283 - 348 0.1-207.7 [60]
Water Density 120 273-323 0.1-20 [61]
121 323-773 4.5-1934 [62]
306 423 -773 0.1-36 [63]
22 277 -319 0.002-0.024 [64]
74 281-351 0.002-0.1 [65]
5 278 -338 0.002-0.058 [66]
29 423-513 0.9-6.12 [67]
9 409 - 501 0.7-6.2 [68]
17 363-514 0.2-6.3 [69]
Ethanol PP 26 360 - 402 0.2-0.6 [53]
23 364-513 0.2-6.1 [70]
12 361 - 498 0.2-4.7 [71]
26 141 - 445 0.8-1.6 [72]
9 308 - 348 0.014-0.088 [73]
8 273 -351 0.001-0.1 [74]
21 333-473 0.05-2.9 [75]
44 200 - 350 1-5 [76]
. 218 310 - 400 0.1-200 [77]
Ethanol Density 46 298 - 323 0.1-310 78]
45 298 - 323 0.1-310 [79]
9 229-270 0.8-3.2 [80]
7 273 -304 34-7.2 [81]
15 222 -305 0.7-7.4 [82]
o, P 18 228-289 0.82-5.1 [83]
7 216 0.5 [84]
66 222 -302 0.6-6 [85]
10 373 2.5-253 [86]
9 423 2.5-30.4 [87]
CO; Density 32 293 -303 0.1-5.6 [88]
39 273 -423 3.6-125 [89]
44 280 - 320 4.1-31 [90]

CO,+water a binary interaction parameter was regressed for each
isotherm using isofugacity criteria due to wide temperature range.
Aquadraticrelation between k;; and temperature was observed. For
CO,+ethanol one binary interaction parameter (k;;) was regressed
from VLE data. For this system, binary interaction parameter tem-
perature dependence was neglected due to the small temperature
range. The average absolute deviations between the experimen-
tal data and the calculated values from EoS CPA were evaluated.
CPA pure components parameters were retrieved from literature
as reported in Table 3. The CPA parameters were estimated with
experimental data ranging from 0.55 to 0.90 T; (reduced tempera-
ture).

For all properties evaluated, the relative deviation between the
literature experimental data and the EoS CPA calculated values was
defined as:

NDP
100

Mi, calc __ Mi,exp
~ NDP - Miew

AM -
Mi.exp

(1)

i=1

Where M is the liquid molar fraction, vapor molar fraction or liquid
density. NDP denotes the number of data points. Superscripts calc
and exp stand for calculated and experimental properties, respec-
tively. A verification of critical point of the pure components with
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Table 2
Vapor-liquid equilibrium (T, P, x, y), saturated liquid density and critical locus data
of binary mixtures: CO,+water and CO,+ethanol.

Table 4
Vapor pressure deviation between experimental and predicted values for pure
species.

NDP T range (K) Prange (MPa) Ref. Compound PVaP deviations (AP, %)
8 412-503 0.3-2.8 [91] CPA EoS PR EoS* SRK EoS™*
12 273 - 647 0.00061-21.9 [57]
29 323 -353 414 (92] water 0.076 0.22 5.130
20 278 -318 1-8 (93] ethanol 0.120 1.30 3.123
34 208 - 448 1-17 (94] O, 0.330 0.29 0.546
CO,+Water PVap 29 541-573 30-100 [15] * Retrieved from Qian et al. (2013) [35].
7 323 6.8-17.7 [95] " Retrieved from Mingjian et al. (2007) [148].
48 373 - 493 0.8-8.1 [96]
5 421 10.1-19.7 [97]
7 308 1.1-8.0 [98] CPA EoS was performed. CPA was also submitted to calculate the
40 383 -543 10-100 [99] studied binary Critical Locus.
167 283 -333 1.1-30.7 [100]
32 382 - 468 3.5-103.2 [101]
CO,+Water 24 278 - 293 6.4-29.5 [102] 3. Results and discussion
De;sity 15 304 1.0-8.0 [103]
33 353 - 471 2.0-10.2 [104]
29 597 - 298 56452 [105] 3.1. Pure components
5 298 8.9-21.2 [106] ) o
CO,+Water 9 563 - 643 23.5-71.6 [15] The first step in our study was to evaluate the application of CPA
Critical locus 5 543 - 623 32.5-123 [99] for vapor pressure and liquid density data for pure components.
f’é ig - ;‘713 gvg‘li Hg;} Fig. 1 shows experimental and predicted bubble temperature for
46 293353 0.5-11 (18] water (Fig. 1A and B), ethanol (Fig. 1C and D) and CO, (Fig. 1E and
29 313-343 5-12 [109] F).
19 304 -308 3.7-7.7 [110] According to Fig. 1, CPA EoS satisfactorily described the vapor
30 304-323 3.3-8.0 [111] pressure of pure water (AT, = 0.076%), ethanol (AT,=0.12%)
24 313-333 05-10.6 [112] and CO; (AT, =0.33%) in the complete experimental temperature
23 313-333 0.5-10.6 [113] it should b d that th d for the DIPPR
23 314-337 55.10.8 (114] range. It should be noted that the errors reported for the
18 313-323 0.6-8.1 [115] correlation (water: 0.2%; ethanol: 1%; CO,: 1%) were greater than
19 308 1.5-7.7 [116] the obtained with CPA EoS. The agreement between CPA calcula-
O, +Ethanol P 67 291-313 0.5-8.0 [117] tions and all literature data evaluated for these components was
60 291-313 0.9-8.0 [118] b d. The deviati b d for CPA EoS calculati
oS 303 - 329 18-9.1 [119] observed. The deviations observed for oS calculations are
60 291 -313 0.9-8.0 [120] close to the reported experimental uncertainties. The agreement
22 323-392 1.3-10.7 [121] between CPA predictions and DIPPR [147] correlations was also
12 323 5.0-8.2 [122] verified. For CO,, eight experimental data points presented higher
?] ggg 353 é'g‘?fo H;i} deviations (AT,™¥*=0.55%) when compared with other experi-
7 333 3.0-104 [125] mental data points, indicating experimental errors. Comparing the
9 291 21-54 [126] performance of the classical cubic EoSs (PR and SRK), CPA presented
31 313-353 1.3-135 [127] an accurate description of vapor pressure, as presented in Table 4.
;‘3 ;2; -353 25‘0”-0 [18] Figs. 2—4 presents experimental and predicted densities of pure
12 303-323 ]_1]_6 0 E;g} water, ethanol and CO; respectively.
10 291 11-4.4 [130] CPA was also applied for density calculations of pure compo-
CO,+Ethanol 48 298 - 313 1.1-7.7 [44] nents. For water, the deviation in density (Ap=1.68%) increased
Density 7 313 2.0-8.1 [131] along temperature and pressure, as seen in Fig. 2A. Fig. 2B demon-
;g ;?; 'ggg g'é’élg'z Hig} strated the accuracy of CPA calculations in a wide temperature
2 322 - 340 04-113 [134] range (283-673 K) and for pressures up to 200 MPa. For extremely
5 305 - 325 7.6-8.1 [135] high pressures deviations between experimental and predicted
4 312-373 8.1-14.3 [136] densities increase (Ap=3.90% for pressures above 200 MPa at
; g}g - ‘31312 5732_}3'(2) E;;} 323 K). However, this error magnitude is still satisfactory for indus-
€O, +Ethanol 4 311 - 347 8.1-12.4 [139] trial apphcgt_mns. The accuracy of calculations for the region of
Critical locus 6 307-317 75-87 [17] lowgr densities was also demons.trated.. . .
4 333 -453 10.8-13.3 [140] Fig. 2C and D presented density deviations as function of tem-
2 383-493 8.9-147 [141] perature and pressure, respectively. Borzunov et al. [58] presented
10 321-364 9.1-13.9 [142] density experimental data points at low temperature for pure
4 333-453 10.8-13.3 [143] H d Iv high diti :
19 319-507 73-151 (144] water. However, due to extremely high-pressure conditions rel-
atively higher deviations were observed. Tanishita et al. [62] and
Kell et al. [63] presented data points at low pressure for the same
Table 3
CPA EoS pure-components parameters.
ap (bar 12 mol-2) b (I mol-1) [ & (bar I mol-1) BAB*103 Association Sheme T (K)
Water* 1.228 0.01452 0.6736 166.55 69.2 4C 647.13
Ethanol* 8.6716 0.04908 0.7369 215.32 8.0 2B 513.92
€O, ** 110.49 0.02841 0.66 42.65 25.7 4c 304.21

" Kontogeorgis, G.M.; Yakoumis, L.V.; Meijer, E.M; Moor-Wood, H. [145].
™ Bjerner, M. G.; Kontogeorgis, G. M. [146].
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Fig. 1. Prediction of bubble temperature of pure compounds using CPA EoS (solid red line), DIPPR correlation [ 147] (blue dashed line) and experimental data. (A) Water bubble
pressure; (B) Comparison of estimated versus experimental bubble temperature for water; (C) Ethanol bubble pressure; (D) Comparison of estimated versus experimental
bubble temperature for ethanol; (E) CO, bubble pressure; (F) Comparison of estimated versus experimental bubble temperature for CO,.

component, though relatively higher deviations of CPA EoS were
observed due to high temperature experimental conditions. For
pressures up to 50 MPa and critical temperature (647.13K) it was
observed an average relative deviation (Ap) of 1.47%.

Experimental and calculated ethanol densities (Ap =1.59%) are
presented in Fig. 3A. Calculated values were lower than experimen-
tal ones for the majority.

Fig. 3B indicated the accuracy of CPA calculations for ethanol
density at pressures up to 50 MPa for the complete temperature
range (323-480K). For pressures above 50 MPa and lower temper-
atures (up to 380 K) CPA presented significant underestimation (in
average 2.6%).

Fig. 3C and D show density deviations as function of pres-
sure and temperature, respectively. Golubev at al. [76] presented
four isothermal data sets at 200, 250, 300 and 350K. CPA den-
sity deviations for these isotherms were 3.80, 2.24, 1.07 and 0.68%,
respectively. For lower temperatures, it was observed higher devi-

ations, as expected due to experimental uncertainties. Takiguchi
etal.[77] was the only reference which the calculated densities pre-
sented positive deviations at temperatures greater than 400K and
low pressures. The EoS calculated densities for the conditions pub-
lished by Tanaka et al. [79] presented higher deviations at elevated
pressures. Experimental and calculated CO, densities are presented
in Fig. 4A.

According to Fig. 4, carbon dioxide liquid density values calcu-
lated by CPA were also adequately described (Ap =2.44%). It was
observed an inversion in the behavior presented by this equation
around 60 MPa. For pressures lower than 60 MPa, CPA EoS calcu-
lated smaller values of density in relation to the experimental ones.
On the other hand, for greater pressures the opposite behavior was
verified. Fig. 4B indicated CPA accuracy in a wide density range.

Fig. 4C and D presented density deviations as function of
pressure and temperature, respectively. Data sets presented by
Khazanova et al. [88] did not agree with other sources. The CPA
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Table 5
Density deviation between experimental and predicted values for pure species.
Compound Density deviations (Ap, %) T, range T; range
CPA EoS* SRK EoS** PR E0S** CPA EoS* SRK and PR E0Ss**
water 1.68 28.658 18.726 0.44-1.19 0.493 - 0.963
ethanol 1.59 21.141 11.004 0.39-0.97 0.588 - 0.973
0, 2.44 1.206 4348 0.89 - 1.40 0.714-0.986
" This work, see Table 1.
™ Retrieved from Ji and Lempe [149].
calculations showed higher deviations (Ap=3.53% and Ap™ax Table 6
=10.94%) for these data when compared to data from others authors Comparison of SRK and CPA EoSs for pure compound critical point description.
at similar temperature and pressure conditions. CPA EoS also Compound water ethanol CO;
= 9 max — O 1 1 1 1
showed Ap=2.01% and Ap = .7.10/0 considering Tsiklis et .al. et . P. (MPa) 22055 6.137 7383
[86,87], Lemmon et al. [89] and Diller and Ball [90] data and dis- elerence Te (K) 647.13 513.92 304.21
carding Khazanova et al. [88] values. If compared with cubic EoSs Pc (MPa) 22.035 6.146 7.377
(SRK and PR) CPA presented an accurate description of volumetric Desv Pc (%) —0.092 0.150 —0.079
. i SRK EoS Te (K) 647.05 513.90 304.17
behavior, as presented in Table 5. Desv T, (%) 0013 —0.004 0,012
For water and ethanol, densities predicted by CPA EoS were P, (Mp;) 31.835 9.121 9.121
significantly better than ones predicted by original cubic EoSs, as CPA oS Desv P (%) 44,346 48.623 23.540
presented in Table 5. CO, densities calculated using CPA EoS pre- Te (K) 684.86 542.87 313.80
Desv T, (%) 5.830 5.634 3.153

sented equivalent deviations to SRK EoS. It's noteworthy that for
CPA supercritical conditions were also evaluated.

Vapor pressures and densities of water, ethanol and CO, were
satisfactory described by CPA EoS. However, critical point calcula-
tions presented significant deviations as reported in Table 6.

The deficiency observed in critical point description occurs due
to the addition of association term to SRK, once cubic EoSs present
accurate description of critical properties. In order to minimize
critical point deviations and improve CPA predictive capacity new
methodologies were proposed by Coutinho et al. [150] and Vinhal
et al. [151]. Both methods include critical data restrictions in CPA

" Reference values were retrieved from DIPPR database [147].

parametrization procedure. However, an increase in the deviation
of the saturated liquid phase volumes was reported [151].

Even though the overestimation of critical coordinates pre-
sented by original CPA, vapor pressures and densities were well
predicted also near the critical region. Therefore, CPA EoS is ade-
quate for the design of supercritical processes, e.g., reactors and
supercritical fluid extraction unit, even in the vicinity of critical
point.
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3.2. Binary mixtures

In order to describe the phase behavior and volumetric prop-
erties of the binary mixtures using the CPA EoS an interaction
parameter was required. The interaction parameter was fitted by
minimizing the following objective function using phase equilib-
rium data:

NDP

2
OF = > (5PE1 - ¥{PE2)" + (Er +E>)’ (2)
i=1

Ej=x"P¢f -y} 3)

Where NDP is the number of data points, j denotes the component,
1 for CO; and 2 for the other solvent, i.e. water or ethanol, ¢; is the
fugacity coefficient of component j. Superscripts | and v denote lig-
uid and vapor phases, and variables x and y are the liquid and vapor
mole fractions, respectively. It is noteworthy that some phase equi-
librium is related to other fluid states of aggregation such as gas and
supercritical. The application of the isofugacity criterion expressed
by Egs. (2) and (3) was found suitable for the binary interaction
parameter estimation.

Interaction parameter (k;;) of COp+water showed a tempera-
ture dependency and a quadratic expression was found adequate
to describe phase equilibrium data in the temperature range of
278-623K.

kcoz,water = —6.94365 x 107°T? +6.32 x 1073T - 1.11335  (4)

For CO,+ethanol, temperature dependency was neglected and
the binary parameter obtained was ko3 ethanol = 0.157.

The P-xy diagram of the CO,+water system is shownin Fig. 5. The
experimental data were retrieved from literature [15,57,91-99], as
seen in Table 2.

The closed regions for higher temperatures denoted vapor-
liquid equilibrium, while for lower temperatures a liquid-liquid
region was observed (Fig. 5A). The LLE region increased along the
decrease in temperature. CPA EoS was able to calculate the CO,-
water phase behavior with accuracy, specially the regions of low
CO, concentration (Fig. 5B) and pressures lower than 40 MPa. For
temperatures slightly lower than the critical temperature of water
(647 K) a nozzle shape in the phase diagram was experimentally
observed. It is noteworthy CPA EoS capability to describe this spe-
cial behavior as seen in Fig. 5A (red solid line). tc-PR CEoS also
represented the nozzle shape [35].

Fig. 6 presents the CO,+water VLE behavior obtained with CPA
EoS for describing the selected experimental data collected from
the literature.

The results showed satisfactory accordance with CPA. The EoS
was used to calculate and compare the CO,+water phase behav-
ior against nine authors for a total of 271 data points in wide
ranges of pressure and temperature. The liquid and vapor mean
relative deviations were Axpyyo =0.49% and Aycoy =4.63%. Accord-
ing to the results, the increase in temperature was found to be
determinant in the calculated composition error. In the range
250-500K, the observed vapor phase deviations were below
15%, with Aycoz =1.69%, as showed in Fig. 6B. The liquid phase
calculations were not as affected by temperature, presenting
Axpp0 =0.30% up to 500 K. The aproach using VLE and density for
CPA parametrization for the pure species and the fitted interaction
parameters, Eq. (4), was not found accurate to describe CO,+water
critical locus (APt =14.3% and ATt = 5.9%).

The VLE data calculated by CPA presented noticeable larger devi-
ations when compare to Takenouchi and Kennedy [99] data for the
isotherms 573 and 598K, as seen in Fig. 6A and B, with a pres-
sure range from 10 to 60 MPa. Concerning this experimental work,
CPA evidenced greater deviations along the pressure increase, as
illustrated in Fig. 6A. The particular 493 K isotherm from Mueller
et al. [96] presented similar behavior, however for a much lower
pressure range (2.6-6.5MPa). This indicates experimental error
associated to the data set, once experimental data from other
authors in similar pressure and temperature conditions were well
calculated by CPA. In liquid phase composition, only two CPA calcu-
lated points, based on Todheide and Franck [15] experimental data
points, presented deviation greater than 3% (Fig. 6C and D). Further-
more, for temperatures up to 500 K the CPA EoS showed significant
deviations only when compared to Cai et al. [98] experimental data
(Figs. 6B and 6D).

Fig. 7 presents CO,+water density behavior along pressure for
five isotherms and the deviation between experimental and pre-
dicted data, as function of pressure and temperature.

Fig. 7 shows that the CO,+water density was calculated with
high accuracy throughout the entire pressure and temperature
ranges (Ap=0.5%).Tabasinejad etal.[101] presented 3 isotherms as
seen in Fig. 7B, these data showed that for pressures below 40 MPa
the CPA calculated densities were lower than the experimental val-
ues. For greater pressures, the opposite behavior was observed,
with negative deviations. The increase in temperature also revealed
higher error in the density calculation. CPA EoS demonstrated great
calculation performance, with a maximum density deviation of
4.05% for Teng et al. [102] experimental data. Nighswander et al.
[104] carried out measurements of density at high temperatures
(353-471K)and low pressures (2.0-10.2 MPa). Calculated densities
by CPA for these data showed mean deviation of Ap=1.15%. Lower
deviations were expected at low pressure range. However, density
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Table 7
CO,+water vapor pressure and density deviations (A %) applying PR78 and CPA EoSs
considering temperature dependence on k;;*; experimental data reported in Table 2.

CPA PR78 CPA PR78
AXnzo Aycoz AXmz0 Aycoz Ap Ap
0.49 4.63 1.31 4.08 0.5 9.82

’ ki; obtained minimizing the objective function described by Eqgs. (2) and (3) for
each isothermal data set.

measurements were conducted at high temperatures, providing
more uncertainties, see Fig. 7C. Table 7 presents vapor pressure and
density deviations for CO,+water comparing CPA and PR EoSs. CPA
deviations were close to the experimental uncertainties reported
in the literature [100-106].

It was observed in Table 7 that both EoSs were adequate for
phase behavior description

for CO,+water system. Nevertheless, for volumetric behavior
CPA presented a significant improvement, corroborating its appli-
cability. For supercritical process design not only phase behavior
description is determinant but volumetric behavior is also impor-
tant. Thus, CPA EoS is more indicated than cubic EoS for the
design and representation of supercritical processes containing
CO,+water.

The phase behavior for the CO,+ethanol system is illustrated by
the P-xy diagram in Fig. 8. Complete VLE experimental data were
retrieved from literature [18,107-128] (see Table 2) and used to fit
the binary interaction parameter.

The five isotherms presented in Fig. 8A show agreement
between experimental data and CPA calculations. For the three
intermediated temperatures, i.e., 313K, 333 Kand 353 K, the major-
ity of the calculated values were lower than the experimental

values for both dew and bubble curves. Thus, negative deviations
for liquid and vapor compositions of CO, were observed. This
behavior was not noticed for 291 and 391K isotherms. The for-
mer presented positive deviations for bubble curve and negative
for dew curve. The latter presented pressure deviations from pos-
itive to negative in the bubble curve and negative along the whole
dew curve, as seen in Fig. 8C.

Fig. 9 depicts phase behavior description for CO,+ethanol
system based on the deviations. It was observed accurate VLE rep-
resentation by the CPA EoS only for ethanol rich mixtures (xcoy <
0.3).

The results presented in Fig. 9 indicate that the liquid and
vapor compositions for the whole data were poorly calculated
(AXgton =21.93% and Aycoz =3.82%), with maximum deviations
of 72.74% and 28.36% for the liquid and vapor phases, respec-
tively. However, ethanol concentrated systems showed satisfactory
results, with Axgion =4.97% and Aycoz =0.75%. Fig. 9 also shows
that the CPA mainly calculated mole fractions higher than the
experimental values, as demonstrated by the predominant posi-
tive deviations for both phases. Negative deviations were observed
only for Secuianu et al. [ 18] data points. The aproach using VLE and
density for CPA parametrization for pure species and an adjsutable
binary interaction parameter was not found accurate to describe
CO,+ethanol critical locus (AP =23.6% and AT = 5.8%).

Fig. 10 illustrates the volumetric behavior results for
CO,+ethanol mixtures. CPA EoS presented satisfactory den-
sity prediction for CO,+ethanol system, with Ap=2.92% and
maximum deviation of 21.79%.

Density data below 6 MPa were better described (Ap=1.68%
and Ap™M¥ =5.86%) when compared to the total pressure range,
as seen in Fig. 10A and 10B. It is interesting to highlight that this
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behavior was noticed close to ethanol’s critical pressure (6.4 MPa).
For greater pressures, CPA calculated densities with deviations
between 5% and 21.8% for Seifried and Temelli [132], Chiehming
et al. [44] and Tsivintzelis et al. [133] experimental data.
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Fig. 8. Prediction of isothermal curves for the CO,+ethanol system (kcoethanol =
0.157). (#) experimental bubble points, (x) experimental dew points. Solid line: pre-
dicted curves with the CPA EoS. (A) P-xy diagram at five different temperatures: T, =
291K (green), T, =313 K (red), T3 = 333 K (blue), T4 = 353 K (orange), Ts = 391 K (pur-
ple). (B) P-xy diagram for CO, molar fraction between 0 and 0.1. (C) P-xy diagram
for CO, molar fraction between 0.88 and 1.

A relation between the CPA deviation and temperature was not
found for CO,+ethanol density, regarding that narrow range (60 K).
The entire temperature range showed resembling density devi-
ations, as presented in Fig. 10 C. The EoS calculations presented
high deviations in comparison to Seifried and Temelli [132] data at
the particular 328 K isotherm. This may be related to experimental
errors, once these authors obtained better results at higher pres-
sures (c.a. 11 MPa) and temperature (343 K). Table 8 presents vapor
pressure and density deviations for CO,+water comparing CPA and
original PR78. CPA deviations were close to the experimental den-
sity uncertainties reported in the literature. For vapor and liquid
phase compositions, deviations observed were also slightly above
the uncertainties reported.

PR78 presented slightly better results for phase behavior
description of the CO,+ethanol system. But CPA EoS also described
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Table 8
CO,+ethanol vapor pressure and density deviations (A %) applying PR78 and CPA
EoSs neglecting temperature dependence on k;*; experimental data reported in
Table 2.

CPA PR78 CPA PR78
AXgron Aycoa AXgron Aycoz Ap Ap
21.93 3.82 18.26 0.73 2.92 3.76

" k; obtained minimizing the objective function described by Egs. (2) and (3).

satisfactorily phase behavior. For density, CPA mean deviations
were lower than the ones obtained for PR78 EoS. Furthermore,
maximum density deviations presented a significant decrease, from
29.88% (PR78) to 21.79% (CPA). For CO,+ethanol, original CPA could
be used for describing mixture phase behavior for CO, molar con-
centrations up to 0.3. For volumetric behavior representation CPA
EoS is more adequate than cubic EoSs and could be applied for the
complete composition range.

4. Conclusion

A literature database of phase behavior and volumetric proper-
ties for CO,+water, CO,+ethanol and pure compounds was built.
The CPA EoS applicability was demonstrated for the description
of phase behavior and volumetric properties of CO,+water and
CO,+ethanol and pure compounds over an extensive range of
temperature and pressure. 4C association scheme was used for
water and carbon dioxide while 2B for ethanol. Pure component
parameters were retrieved from literature and binary interaction
parameters were fitted to experimental phase equilibrium data. For
CO,+water, a quadratic temperature dependency on the interac-

tion parameter was found necessary. For CO,+ethanol temperature
dependency was neglected, the adjusted interaction parameter was
0.157. The results obtained with CPA EoS for pure components
were compared with SRK and PR EoSs retrieved from literature.
For binary mixtures, CPA was compared with PR78.

For pure components, bubble temperature was satisfactorily
described presenting average deviations up to 0.25%. Agreement
between references was observed for the reported experi-
mental data. As expected, for density it was observed higher
deviations, due to higher experimental uncertainties and scatter-
ing.

In relation to the binary systems, CO,+water VLE data were
adequately described by CPA EoS. The liquid phase composition
was calculated with errors less than 7%. The vapor composition
presented deviations mostly in the range of 15%. The density of
CO,+water system was calculated with deviations less than 5% for
the entire pressure and temperature range evaluated. CO,+ethanol
VLE calculated values presented acceptable deviations only for rich
ethanol concentrations (xcoz <0.3), with composition deviations up
to 15% for both phases. For the CO,+ethanol, density calculations
resulted in small deviations, less than 5%, up to ethanol’s critical
pressure (6.4 MPa). For higher pressures, deviations increased up
to 21%.

Despite the low accuracy of pure component critical point and
binary mixtures critical locus description, CPA demonstrated a sat-
isfactory performance for phase behavior and density calculations
near this region. It was also demonstrated that CPA presented better
performance than the other cubic EoSs, as expected. Thus, results
indicated the applicability of the CPA EoS for phase behavior and
saturated liquid density description of the pure components and
the binary systems in wide temperature and pressure ranges.
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