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The phase behavior of the branched alkane 2,4-dimethyl pentane (2,4-DMP) and carbon dioxide (CO2) binary
mixture that has no published data, to the best of our knowledge, was studied. The liquid—vapor critical line was
determined up to 121.4 bar and 422.35 K, as well as vapor-liquid equilibrium (VLE) data at different constant
temperatures (323.15, 343.15, 363.15, and 383.15) K and pressures between (10.4 and 120.4) bar. Phase
behavior investigation was carried out in a high-pressures (HP) cell fitted with a pair of sapphire windows, one
acting as a piston, hence volume up to 60 em®, utilizing a static-analytical approach with phases sampling by the
so called ROLSI valves (rapid online sample injectors) connected to a gas chromatograph (GC) for composition
determination. The isothermal and critical data points for the carbon dioxide + 2,4-dimethylpentane binary
mixture were modeled with the cubic equations of state (EoSs), i.e., Soave-Redlich-Kwong (SRK),
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Peng-Robinson (PR), and General Equation of State (GEOS), in combination with van der Waals mixing rules
(one- and two-parameter conventional mixing rules, IPCMR and 2PCMR). The calculations demonstrated that
the selected models are capable of correctly reproducing the phase behavior of the mixture under study.

1. Introduction

In the last years, we focused on examining the phase behavior of CO,
and organic substances belonging to different classes that could be
applied as physical solvents for carbon capture [1-3], CO, enhanced oil
recovery and oil upstream treatment [4-6] or as substrates for clathrate
hydrates, motivated by the increased interest on reducing the amount of
COs in the environment of the Earth. Moreover, the investigation of the
phase behavior, thermodynamic or transport properties of carbon di-
oxide containing mixtures is essential in many other industries [7-10].
Among the organic substances studied as second component in carbon
dioxide binary systems, despite their potential applications, some classes
received less attention [11-15], particularly the carbon dioxide +
branched n-alkane binary systems [16-19]. Our careful literature study
revealed that, for instance, only for two, i.e., 3-methylhexane and 3,
3-dimethylpentane, of the eight position (chain) isomers of n-heptane
+ carbon dioxide binary systems, few equilibrium data are reported
[20].

Because there are no data at HP for the binary mixture of CO3 (1) +
2,4-DMP (2) in the public literature, we report here VLE data at constant
temperature and the critical curve. 2,4-Dimethylpentane is a colorless
liquid which is produced in high quantities in oil refineries, and it is
blended with other gasoline components to give a high-octane fuel that
allows combustion without knocking. It is also used for synthesizing
auxiliary materials and resin fibers, in the binder and coating industry or
as an intermediate and adhesive in oil drop coagulation thickener [21].
Besides the fundamental interest for studying new systems, the carbon
dioxide + 2,4-dimethylpentane binary mixture can be utilized for
investigating the hydrates formation and equilibrium, as promising re-
sults are obtained with 2,2-dimethylpentane [22,23].

In this study, VLE data (pressure — molar liquid and vapor compo-
sitions, P — X, Y) are reported for the CO5 (1) + 2,4-DMP (2) binary
mixture at the temperatures: 323.15 K, 343.15 K, 363.15 K, and 383.15
K and at pressures up to 121.4 bar (critical pressure maximum), along
with the liquid-vapor critical line (pressure - temperature -
composition).

The first data ever reported were modeled with the Soa-
ve-Redlich-Kwong (SRK) [24], Peng-Robinson (PR) [25] and General
Equation of State (GEOS) [26-28] cubic equations of state (EoSs) and
van der Waals mixing rules (one- and two-parameter conventional
combining rules, 1IPCMR and 2PCMR). These models were selected
because, due to their simplicity and flexibility [29], cubic equations of
state remain the favored method for simulating all types of mixtures,
including complex systems like oil-based fluid [30-37]. The results by
EoSs coupled with one-parameter conventional combining rules were
also compared with the predictive group contribution method PPR78
model, wherein the first binary interaction parameter, k;j, depends on
temperature [16,17,36,38].

According to the categorization of phase diagrams provided by van
Konyneburg and Scott [39] and reinterpreted by Privat and Jaubert
[40], all three models chosen describe type II phase diagram (behavior).
In the type II the P-T projection diagram binary systems present two
critical curves, i.e., an unbroken liquid-vapor (LV) critical line linking

Table 1
Description of substances.

the pure compounds’ critical points and a second liquid-liquid (LL)
critical line. The latter ends in a critical point called upper critical
endpoint (UCEP) where is intersecting the three-phase liquid-
-liquid-vapor equilibrium (LLV) boundary. The chosen models calcu-
lated the UCEPs at very low temperatures below the triple point of
carbon dioxide, which makes experimentally difficult the observation of
the three-phase line occurrence.

In the pressure — temperature range studied in this work, experi-
mental indication of type II phase behavior was not found. Although, the
carbon dioxide + n-heptane system is type II phase behavior [41], the
carbon dioxide + 2,4-DMP is type I phase behavior, as the branched
alkane with the same number of carbon atoms is more soluble than the
normal alkane.

2. Experimental section
2.1. Materials

Carbon dioxide (mass fraction purity min. 0.99995) was acquired
from Linde (Linde Gaz Romania), while 2,4-dimethylpentane (mass
fraction purity higher than 0.99) was bought from Sigma-Aldrich (25 g
bottles), as summarized in Table 1. Both chemicals were employed
without additional purification. However, the stated concentration of
2,4-dimethylpentane was verified and confirmed by using gas chro-
matographic analysis for each bottle used.

2.2. Apparatus and procedure

Both isothermal and critical curve experiments were done using the
same high-pressures (HP) rig described thoroughly in earlier publica-
tions [42-45]. The static-analytical procedure with both phases (liquid,
L and vapor, V) sampling is used to measure the vapor-liquid equilib-
rium at constant temperatures, which, according to refs. [11-15,46], it
can be summarized as AnTVisVarCap. The equilibrium cell fitted with an
opposite pair of sapphire windows, one acting as a piston, is the prin-
cipal module of the phase equilibrium installation. The HP cell is con-
nected via capillaries with a sampling module and an analyzing system
[45], as well as with a Teledyne Isco pump, model 500D, for charging
the carbon dioxide. The sampling module contains a pair of HP elec-
tromechanical valves for sampling, i.e., the rapid online sampler in-
jectors called ROLSI™ that were made by the Center énergétique et
proceeds of the MINES ParisTech/CEP-TEP (Fontainbleau, France) [47].
The liquid samples are very quickly vaporized in the expansion
compartment of the corresponding sampler injector that is heated up
with a heating system (electric resistance). The ROLSI valves are also
connected using capillaries thermally insulated and heated by a linear
resistor, which is connected to a regulator (Armines/CEP/TEP), to a gas
chromatograph (GC). The GC made by Perichrom (France) is fitted out
with a detector, i.e., thermal conductivity detector (TCD). The
HP-Plot/Q column inside of the GC is 30 m long and has a diameter of
0.530 mm. The carrier gas used in the GC is helium and its flow rate is
30 mL/min.

The same experimental procedure was employed as in our previous

Substance Chemical formula CAS Registry Number Manufacturer Purification method Minimum mass fraction purity
Carbon dioxide CO, 124-38-9 Linde None 0.99995
2,4-Dimethylpentane (2,4-DMP) C;Hie 108-08-7 Sigma-Aldrich None 0.99
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papers [1,18,48-50]. Briefly, the apparatus’s complete internal loop, as
well as the HP equilibrium visual cell, is repeatedly purged with COy
before being evacuated with the use of a vacuum pump. In the equi-
librium cell is then loaded the 2,4-DMP that already was degassed with a
vacuum pump and strong mixing. The CO; is loaded in the HP equilib-
rium cell employing the syringe pump from Teledyne Isco and the
pressure is adjusted to the chosen value while strongly mixing. At this
point, the HP cell is heated up to the intended working temperature. The
mixture in the HP cell is continually agitated for a couple of hours to
attain equilibrium conditions. After roughly an hour, the stirrer is turned
off to allow full separation of the coexisting phases. Very small amounts
from both the liquid and the vapor phases are drawn with the ROLSI
valves and put through a gas chromatograph analysis. At least six liquid
phase samples are routinely analyzed to ensure reproducibility at the
equilibrium pressure and temperature. The equilibrium pressure inside
the HP cell does not change, due to the small sample amounts.

Utilizing the proper chromatographic syringes and known dosages of
each chemical, the TCD is calibrated for carbon dioxide and 2,4-dime-
thylpentane. In order to determine the component’s mole number in
relation to the chromatographic area, calibration data are correlated to
quadratic polynomials. The gas chromatograph calibration curves have
the Pearson coefficients of 0.9999 for CO5 and 0.9986 for 2,4-DMP.

It was previously explained how to estimate the uncertainty in all
variables and properties [51,52]. The platinum temperature sensor
attached to a device with digital display was calibrated at the Romanian
Bureau of Legal Metrology using a digital accurate thermometer with a
PT 100 sensor. The uncertainty of the platinum probe is assessed to be
within £+ 0.1 K as explained in ref. [51]. The model 580 C hydraulic
dead-weight accurate comparator made by DH-Budenberg SA (Auber-
villiers, France) was employed to calibrate the pressure transducer
which is attached to a digital multimeter. The uncertainty of the pres-
sures is assessed, as explained in [53], to be within + 0.015 MPa for a
pressure span between 0.5 and 20 MPa.

The experimental method to determine critical points is as follows
[54]. Starting with a homogenous phase, the composition is examined
while the temperature and pressure are randomly chosen for the mea-
surement. By gradually changing the cell’s volume with the manual
pump, the pressure is adjusted to see if a dew- (DP) or a bubble-point
(BP) is produced. In the case that a BP is noticed visually, the temper-
ature is gradually raised until the first DP appears, at which time the
pressure is elevated to a homogenous phase while the composition is
obtained through sampling. Then, once the first liquid drops are seen,
the pressure will be gradually decreased. At this moment, the temper-
ature is gradually lowered at the same time with decreasing the volume
for the system to be at the boundary between the single phase (homo-
geneous domain) and two-phases state (heterogeneous domain). The
reducing of temperature carries on up to the first gas bubbles are
noticed. The process is subsequently remade while cooling gradually
and adding fresh quantities of CO».

3. Modeling

The phase behavior of the CO5 (1) + 2,4-DMP (2) binary mixture was
modeled with the SRK [24], PR [25], and GEOS [26-28] cubic EoSs
together with van der Waals combining rules (one- and two-parameter
conventional mixing rules, 1PCMR and 2PCMR).

The GEOS [26-28] equation of state is:

RT a(T)

Vb Vg o (€Y

P= )
(V—d) +c

with the classical van der Waals mixing rules

a= szi)(jaij (2)
i
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i

c= ZZX,-XJ-C,-j 4)
i

b=Y"> XXy 3)
J

d=> Xd; (5)

and the combination rules for aj;, byj, and cjj

1
aj = (aia;)* (1= ky) 6
bi + b;
by=— (1= 1) @
¢ = :I:(c,-cj)% ®
with “+ ” for ¢;, ¢; > 0 and “— for ¢; ¢j < 0. The ¢ parameter of pure

compounds typically has negative values.
For a pure component, the four parameters (a, b, ¢, and d) are stated
as follows:

R*T?

a(T) = P—("ﬂ(T,)Qa ©)
b:ﬁhb a0
c:ﬁ?( an
dfﬁﬁd a2

Four critical conditions are set, with a.as the Riedel criterion:

P.=1 13)
(&%), -
(W), ¢
i),

at T, = 1 and V, = 1, the equations of the parameters Qg 2p, 2, 24 are
found:

Q,=(1-B) a7)
2,=7.—-B 18)
Q.= (1-B)*(B—0.25) 19)
Q=718 20)
2
B 14+m 1)
Ta.+m

whereZ, is the critical compressibility factor and P,, T;, V, are the
reduced variables.
The function used for the temperature is:

BT,)=T," 22)

By constraining the equation of state to replicate the experimental
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Table 2
Pure substances properties [58].
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Substances Critical temperature T./K Critical pressure P./bar Critical volumen V./cm-mol ! Acentric factor ®
Carbon dioxide 304.21 73.83 93.90 0.223621
2,4-Dimethylpentane 519.80 27.40 418.00 0.302248
vapor pressures and liquid volumes on the saturation curve spanning RT.
from the triple point to the critical point, the m and a. parameters of the b =0.077796—~ (30)
GEOS were computed [55]. ¢
The Soave-Redlich-Kwong [24] equation of state is: 2
a(Ty, w) = [1 +mpr (1 — T}%)] (€X0)]
RT T
p— BT __al) 23) .
V—b V(V+b) mpg = 0.37464 — 1.54226w — 0.26992w (32)

With the two constants, a and b:

R’T?
a=042748— < a(T) @24
RT,
b = 0.08664 (25)
a(Te, @) = [1 4 mseic (1 = 7)) (26)
msrx = 0.480 — 1.5740 — 0.1760° @7

The Peng-Robinson [25] equation of state is:

RT a(T)
p— _ 28
V—b V(V+b)+b(V—b) (28)
with the two constants, a and b:
RZTZ
a= 0.45724P—Ca(T) 29

¢

Table 3

Pressures (P) — compositions (X;, Y3 — mole fractions of component 1 in the
liquid phase and vapor phase respectively) at various temperatures (T) for the
binary system CO, (1) + 2,4-DMP (2).

P/bar X Y1 P/bar X3 Y,

T/K = 323.15+ 0.1

11.6 0.1825 0.9736 60.5 0.7224 0.9904
20.5 0.2980 0.9815 70.5 0.7981 0.9832
30.7 0.4143 0.9874 80.5 0.8791 0.9741
40.6 0.5214 0.9894 86.7% 0.9755 0.9755
50.3 0.6238 0.9908

T/K =343.15 £ 0.1

11.1 0.1336 0.9378 70.5 0.6687 0.9854
22.0 0.2566 0.9590 80.3 0.7346 0.9795
31.0 0.3481 0.9737 90.5 0.8015 0.9626
40.5 0.4364 0.9817 100.5 0.8612 0.9463
50.8 0.5187 0.9862 102.2 0.9445 0.9445
60.7 0.6043 0.9863

T/K = 363.15 + 0.1

10.4 0.1071 0.8887 70.6 0.5857 0.9731
20.6 0.2080 0.9288 80.2 0.6512 0.9699
30.7 0.2941 0.9454 90.2 0.7060 0.9597
40.7 0.3685 0.9593 100.2 0.7621 0.9459
50.4 0.4415 0.9692 110.4 0.8214 0.9214
60.5 0.5147 0.9727 113.3 0.9143 0.9143
T/K = 383.15 £+ 0.1

13.4 0.1108 0.8535 70.3 0.5183 0.9432
221 0.1791 0.8907 80.2 0.5744 0.9427
30.2 0.2474 0.9123 90.1 0.6320 0.9395
41.0 0.3291 0.9243 100.5 0.6865 0.9345
50.2 0.3921 0.9331 110.5 0.7401 0.9153
60.3 0.4586 0.9418 120.4 0.8787 0.8787

Standard uncertainties: u(T) = 0.1 K, u(P) = 0.1 bar, u(X;) = 0.001, u(Y;)
= 0.005

The two-parameter conventional (2PCMR) combining rules are
expressed by the following:

a= ZZX Xa (33)
J

b= "XXb; 34
i

with a; and byj as in Egs. (6) and (7).

The critical curve of the mixture also was calculated with the PPR78
model [36-38,56], which is based on the original form of the
Peng-Robinson EoS and a predictive k;; temperature-dependent (Eq. (4)
in ref. [37]).

The original form of the temperature function a(T;) was used for all
three models, though in a recent paper [57] a version of the generalized
Soave o-function was proposed, suitable for the Peng-Robinson and
Soave-Redlich-Kwong equations of state.

The critical parameters as well as the acentric factors of the two pure
compounds utilized in the computations are presented in Table 2. In
recent papers [1,2,48], it was shown that the choice of critical param-
eters and acentric factors of pure compounds are important, but in this
case the values for the 2,4-DMP branched alkane are similar in different
databases. Therefore, we chose the values given in the DIPPR database
[58], as recommended in other papers [59,60].

The modeling approach for the carbon dioxide + 2,4-DMP was three-
fold steps. Firstly, the experimental data at each temperature were
correlated with all three EoSs, coupled with one-parameter conventional
mixing rules, 1PCMR. The optimized values of binary interaction
parameter kj calculated for each of the four measured temperatures
were averaged and this value was then used to model the critical curves.
The critical curve was also calculated with the PPR78 model [38] and
compared with the SRK, GEOS, and PR results. Secondly, the experi-
mental data were fitted with GEOS, PR, and SRK and two-parameter
conventional mixing rules, 2PCMR. The binary interaction parameters
(BIPs), kjj and L, are calculated by minimizing the next objective
function:

N exp cale 2
Fu=3" <%) 35)
i=1 i

The optimized values of the binary interaction parameters, k; and ljj,
at each temperature and for each model were averaged and the median
values were used to model the critical curves.

For the Peng-Robinson model, we compared both bubble point
pressures [51] and flash calculations. In the latter case, phase diagrams
were generated by successive T, P-flash calculations, using the Pen-
g-Robinson equation of state, combined with a two-parameter van der
Waals-type mixing rule as the underlying thermodynamic model. The
pressure step between successive tie-lines was adjusted proportionally to
the tie-line length, in order to achieve better resolution near the critical
point. Binary interaction parameters were simultaneously fitted to all
four isotherms (57 experimental tie-lines in total). To this end, the
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Table 4
Critical line for CO, (1) + 2,4-DMP (2).

T/K P/bar X, T/K P/bar X,
519.80" 27.4 0.0000 374.15 1179 0.8946
422.35 114.2 0.7239 363.15" 113.4 0.9144
411.95 117.6 0.7587 363.05 113.3 0.9143
404.75 119.5 0.7887 359.75 111.6 0.9201
398.55 120.8 0.8182 356.25 109.5 0.9248
396.65 121.1 0.8237 352.15 107.3 0.9305
391.35 121.4 0.8519 343.15" 102.2 0.9445
385.55 120.8 0.8734 323.15" 86.7 0.9755
383.15" 120.4 0.8787 304.21 73.83 1.0000

Standard uncertainties: u(T) = 0.1 K, u(P) = 0.1 bar, u(X;) = 0.001;
2 DIPPR [58] values;
Y interpolated values.
120 | e T=323.15K A
T=343.15K PO 4
L A o N
100 +T=363.15K
A o A®
AT=383.15K ®
80 | A o ® Aé
© A ® ° A®
o
\ =
o 60 A o ° A®
Ao ° A o0

a0 | Ao ° Ao
A @ ° A®M
20 Ao Ho A ole
duoe Ae mo

0 L L L L
0.0 0.2 0.4 0.6 0.8 1.0
XY co,

Fig. 1. Pressure-composition data for CO, (1) + 2,4-DMP (2) at different
temperatures.

implicit objective function, Eq. (36) below, firstly suggested by Englezos
[61], was optimized using a self-adaptive differential evolution algo-
rithm [62,63] in order to avoid premature convergence to a sub-optimal
parameter set:

exp N

Fll) = > > (Xt = 1)’ (36)

=1 j=1
where N is the number of components (2), and Ney, is the number of
experimental points.

Lastly, we calculated the critical curves using a temperature-
dependent k;; [64] and a constant I for all three EoSs and the corre-
sponding isothermal pressure-composition diagrams.

The computations were made using our internal software tool enti-
tled “Phase Equilibria Database and Applications — PHEQ” [65] and
with “Global Phase Equilibrium Calculations — GPEC” software [64,
66-68]. The critical lines were calculated with the CRITHK dedicated
module of PHEQ, in which the technique given by Heidemann and Khalil
[69] with the numerical derivatives provided by Stockfleth and Dohrn
[70] is implemented, the in-house software developed by [71], and
GPEC.

The Journal of Supercritical Fluids 199 (2023) 105941
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Fig. 2. P-T fluid phase diagram of the CO, (1) + 2,4-DMP system: @, critical
point of CO,; @, critical point of 2,4-DMP; @, experimental LV critical curve,
this work.

Table 5
GEOS, PR, and SRK/1PCMR modeling results for the CO5 + 2,4-DMP binary
system.

EoS/ T/K ki Fob Nexp Neonw  AADP/  AADY/
Mixing % %
rule
GEOS/ 323.15 0.0000 0.0156 8 8 4.03 0.87
1IPCMR  343.15 0.0003 0.0203 10 10 3.82 2.00
363.15 -0.0069 0.0405 11 11 5.27 3.46
383.15  -0.0059 0.0343 11 11 4.41 5.02
-0.0031 4.38 2.84
PR/ 323.15  0.0202 0.0128 8 8 3.65 0.63
1IPCMR 34315 0.0212 0.0130 10 10 3.14 1.19
363.15 0.0125 0.0262 11 11 4.34 1.85
383.15  0.0149 0.0179 11 11 3.27 2.75
0.0172 3.60 1.61
SRK/ 323.15 0.0256 0.0124 8 8 3.58 0.59
1IPCMR  343.15 0.0278 0.0125 10 10 3.10 1.09
363.15  0.0202 0.0251 11 11 4.25 1.62
383.15  0.0245 0.0162 11 11 3.12 2.27
0.0245 3.51 1.39

4. Results and discussion
4.1. Experimental results

VLE data (P-X, Y) for the CO, + 2,4-DMP binary mixture were
experimentally determined at four temperatures (323.15 K, 343.15K,
363.15 K, and 383.15 K), and in the pressure range spanning from 10.4
to 120.4 bar. The isotherms are shown in Table 3, and mole fractions are
represented with four significant figures, as resulted from the un-
certainties calculation [4,51,53]. The critical curve was also examined
beginning at the CO; critical point and continuing up to 422.35 K. The
greatest pressure, which corresponds to the critical pressure maximum
(CPM), was 121.4 bar. The results are shown in Table 4 together with
their standard uncertainties evaluated as explained in ref. [72].

Fig. 1 illustrates the isotherms determined in this study located in the
supercritical region of CO9, while Fig. 2 depicts the P-T projection of the
experimental critical line.

4.2. Modeling results with GEOS/1PCMR, SRK/1PCMR, and PR/
1PCMR

The isothermal data were correlated with SRK, GEOS, and PR/
1PCMR using the critical parameters and acentric factors provided
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Fig. 3. P-T fluid phase diagram of the carbon dioxide (1) + 2,4-dime-
thylpentane system. (@), critical point of CO,; (@), critical point of 2,4-DMP;
(- ), vapor pressure of COo; (- ), vapor pressure of 2,4-DMP; (@), experi-
mental liquid-vapor critical curve; (= ), GEOS/1PCMR (k;; = -0.0031); (= ),
PR/1IPCMR (kj = 0.0172); (= ), SRK/1PCMR (kj = 0.0245); (wm), PPR78;
(= ), PR/IPCMR (k;; = 0.1200).

DIPPR database [58] (Table 2) and the results are presented in Table 5.
The average absolute deviations in bubble-point pressures (AADP, %)
and the average absolute deviations in the vapor-phase compositions
(AADY, %) are determined using the following equations:

N .
1 exp P?XP _ P(_,‘alc
AADP| % | = ——5——| x 100 (25)
Nexp
AADY(%) = Nl DY — v x 100 (26)
exp =1

The smallest errors both in bubble-point pressures and vapor-phase
compositions are achieved with SRK/1PCMR, followed closely by PR/
1PCMR, and the largest ones are obtained with the GEOS/1PCMR model
(Fig. 1S8.-58., Supplementary information). While the calculation results
cannot be distinguished in the liquid phase compositions up to medium

120
100
T 80
S~
Q
60
40
20 -
0.0 0.5 1.0
X co,
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pressures for all three models at each temperature, the differences in the
vapor curves are clearer (Fig. 2S. — 55.) It should be remarked that
though the AADP, % and AADY, % have the highest values for GEOS, the
average value of the binary interaction parameter is the smallest for this
model of the three chosen. The average values of the binary interaction
parameter, k;;, together with the AADP, % and AADY, % for each model
are shown in bold in Table 5. The corresponding minimum scores for the
objective function (Fop), the number of experimental points (Nexp), and
the number of convergent points (Ncopy) are also reported in Table 5. The
average kj; was used to calculate the critical line of the system, as shown
in Fig. 3. Moreover, the experimental critical curve measured in this
work and the results by the three EoSs coupled with one-parameter
conventional mixing rule considered are compared in the P-T diagram
with the predictive model PPR78 [16,17,38]. It can be easily seen that
the critical pressure maximum is underestimated for all models, in the
order GEOS < PR < SRK ~ PPR78, the last two behaving similarly and
being the closest to the experimental data.

The temperatures corresponding to the critical pressure maximum
are shifted to the left as compared with the experimental for all models,
the smallest difference being recorded for SRK and PPR78. As differ-
ences in the experimental and calculated critical pressure maximum
vary between (-20.26 and -5.84) bar and between (-14.42 and 0.71) K
in the corresponding temperatures, we used a trial-and-error procedure
and we found that for the PR/1PCMR model with a constant k;; = 0.12 a
very good critical behavior (light blue curve in Fig. 3.) can be obtained
in the P-T projection. It should be noted that all models with one-
conventional binary interaction parameter mixing rule lead also to a
type II phase behavior. However, when plotting the calculation results in
the P-X; and T-X; projections, it is obvious that the three EoSs com-
bined with one parameter conventional mixing rule or the PPR78 model
are not accurate enough for this system (Fig. 4).

In both cases, the closest qualitative behavior to the experimental
one is obtained with SRK equation of state, while for the PR with con-
stant ki = 0.12, though the CPM value is very close to the experimental
one, it can be observed that the composition corresponding to the CPM is
significantly shifted to the left compared with the experimental one.

Therefore, in the next step we fitted the isothermal experimental data
using the GEOS, PR, and SRK EoSs coupled with two-conventional pa-
rameters mixing rules, 2PCMR.

530
480
< 430
~
~
380
330
280 L
0.0 0.5 1.0
X co,

Fig. 4. P-X; (a) and T-X; (b) projections of the critical curve of the CO, + 2,4-DMP binary system. (@), critical point of CO,; (@), critical point of 2,4-DMP; (- ),

vapor pressure of CO,; (- ), vapor pressure of 2,4-DMP; (@), experimental liquid-vapor critical curve; (=
), PR/1IPCMR (k; = 0.1200).

0.0172); (= ), SRK/1PCMR (k;; = 0.0245); (mm), PPR78; (=

), GEOS/1PCMR (k;; = -0.0031); (= ), PR/1PCMR (k;; =
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Table 6
GEOS, PR, and SRK EoSs coupled with two-conventional mixing rules modeling results for the CO» + 2,4-DMP binary system.
EoS/Mixing rule T/K k1o b Fop Newp Neony AADP/% AADY/%
GEOS/2PCMR 323.15 0.0213 0.0204 0.0014 8 8 1.16 0.82
343.15 0.0177 0.0192 0.0046 10 10 1.62 1.93
363.15 0.0122 0.0232 0.0027 11 11 1.34 3.86
383.15 0.0148 0.0275 0.0047 11 11 1.55 4.47
0.0165 0.0226 1.42 2.77
PR/2PCMR 323.15 0.0533 0.0373 0.0010 8 8 1.05 0.57
343.15 0.0481 0.0322 0.0015 10 10 0.93 1.06
363.15 0.0498 0.0445 0.0024 11 11 1.27 1.66
383.15 0.0485 0.0416 0.0015 11 11 0.86 2.29
0.0499 0.0389 1.03 1.40
SRK/2PCMR 323.15 0.0585 0.0373 0.0010 8 8 1.03 0.53
343.15 0.0553 0.0328 0.0014 10 10 0.89 1.00
363.15 0.0570 0.0443 0.0024 11 11 1.27 1.36
383.15 0.0566 0.0406 0.0014 11 11 0.78 1.89
0.0569 0.0388 0.99 1.20
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Fig. 5. P-T (a), P-X; (b), and T-X; (c) fluid phase diagram of the carbon dioxide (1) + 2,4-dimethylpentane (2) binary system. (@), critical point of CO,; (@), critical
point of 2,4-DMP; (- ), vapor pressure of COy; (- ), vapor pressure of 2,4-DMP; (@), experimental LV critical curve; (= ), GEOS/2PCMR (k;; = 0.0165; ; = 0.0226);

4.3. GEOS/2PCMR, PR/2PCMR, and SRK/2PCMR results
The experimental isothermal data were regressed with GEOS, PR,

and SRK equations of state coupled with classical van der Waals mixing
rules with two binary interaction parameters (BIPs) and the results are

plotted in Fig. 65.-9S. An example of the optimization result using
classical van der Waals mixing rules with one- and two-conventional
parameters is shown in Fig. 10S. As temperature increases, the
modeling results are improved for the 2PCMR mixing rule. The corre-
lation results are shown in Table 6. The meaning of the data presented in
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Fig. 6. P-T (a), P-X; (b), and T-X; (c) phase diagrams of the CO, (1) + 2,4-DMP (2) binary system. (@), CO, critical point; (®), 2,4-DMP critical point; (- ), CO,
vapor pressure; (- ), 2,4-DMP vapor pressure; (@), experimental LV critical curve; (—; A), PR/2PCMR (kjj = 0.0499; l;j = 0.0389); (smm — A), PR/2PCMR (k;;

= f (T); Iy = 0.0640); (
UCEPs are drawn with triangles.

this table is similar to that presented for modeling with one parameter,
with the exception of the binary interaction parameter, l;. Both errors in
pressure and vapor phase compositions decreased for all three selected
models and the trend noticed for one-conventional parameter mixing
rule is comparable, i.e., the best performance was achieved by SRK/
2PCMR, followed by PR/2PCMR, and GEOS/2PCMR, with the obser-
vation that the differences in the model results are smaller. The opti-
mized values of the binary interaction parameters, kjj and lj, are
averaged for each equation of state (presented in bold in Table 6) and
these values were used to calculate the critical curves. All three models
lead to type II phase behavior and the calculated UCEPs are situated at
very low temperatures, less than 200 K which is below the triple point of
COs. At such low temperatures the occurrence of the three-phase equi-
librium line is almost impossible to be observed experimentally as it
could be masked by a solid-liquid equilibrium curve, which is beyond
the scope of this paper and beyond the reach of our experimental setup.

In Fig. 5-7 are presented all three projections (P-T (a), P-X; (b), and
T-X; (c)) of the phase behavior of the CO2 + 2,4-DMP system, i.e.,

), PR/2PCMR (kj; = 0.060390; l;; = 0.042365). The critical curves (LV and LL) are plotted with tick full and dashed lines and the

critical curves (liquid-vapor, LV, and liquid-liquid, LL), the equilibrium
three-phases lines (LLV), and upper critical endpoints (UCEPs) by the
three models in comparison with the experimental data. The calculation
results with average values of the BIPs are shown as full lines in each
figure (GEOS - dark red; SRK - green; PR - dark blue). As expected, the
experimental LV critical curve in the P-T projection is best reproduced
by SRK, while PR is slightly underestimating the CPM (~ 2 bar) and
GEOS is calculating the CPM at 107.51 bar (Fig. 11S).

However, the critical composition corresponding to the CPM is
undervalued by all three models, while the critical temperature is much
smaller than the experimental one for GEOS and higher for both SRK and
PR, which is reflected in the P-X;, and T-X; projections (Fig. 5-7 and
Fig. 12S and 135).

While in Fig. 5-7 are compared the experimental LV critical data and
the calculation results separately for each model, in Fig. 11S. - 13S. the
experimental data are plotted together with all three EoSs in the cor-
responding projection.

Fig. 5 shows the results by GEOS model with the average values of
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Fig. 7. P-T (a), P-X; (b), and T-X; (c) phase diagrams of the CO5 (1) + 2,4-DMP (2) binary system. (@), CO critical point; (@), 2,4-DMP critical point; (- ), COy
vapor pressure; (- ), 2,4-DMP vapor pressure; (®), experimental LV critical curve; (—; A), SRK/2PCMR (kj; = 0.0569; ljj = 0.0388); (mmm — A), SRK/2PCMR
(kjj = f (T); I = 0.0464). The critical curves (LV and LL) are plotted with tick full and dashed lines and the UCEPs are drawn with triangles.

Table 7
AADP, % and AADY, % for the CO, + 2,4-DMP binary system with average
values of BIPs.

EoS GEOS PR SRK
BIPs k12 Lo k12 Lo k12 Lo
0.0165 0.0226 0.0499 0.0389 0.0569 0.0388
T/K AADP/ AADY/ AADP/ AADY/ AADP/ AADY/
% % % % % %
323.15 2.40 0.79 1.46 0.58 1.18 0.54
343.15 1.95 1.90 1.25 1.06 1.15 1.00
363.15 1.70 3.89 1.47 1.69 1.39 1.39
383.15 2.27 4.79 1.18 2.38 0.88 1.95

the optimized binary interaction parameters (BIPs: kjj = 0.0165; ljj =
0.0226) and the LL critical curve, the UCEP, and LLV line are not shown
to have visible plots.

In Fig. 6 are compared the results for the PR EoS with the optimized
values of BIPs (kjj = 0.0499; I;; = 0.0389). The UCEP is located at very

low temperature and pressure (173.22 K and 0.46 bar) and it was only
shown to point out that it cannot be observed due to the formation of
solid phase. The enlargement of Fig. 6 (a) is shown in the Supplementary
Information as Fig. 14S, while Fig. 7 depicts the comparison of the
critical experimental data and the SRK equation of state with the
average values of BIPs (kjj = 0.0569; I; = 0.0388). In Fig. 7 (c), the
projection of the LLV line is also shown. The AADP, % and AADY, % are
slightly larger for the average values of the BIPs, as can be seen in
Table 7, compared with the regression results. The isothermal experi-
mental data, the correlation results, and the calculations with the
average values of the BIPs are compared and plotted in Figs. 155 (GEOS),
16S (PR), and 17S (SRK). The differences between the representations
with the optimized values of the BIPs and their average values are very
small and therefore hardly visible.

As mentioned in the Modeling section, for the PR EoS, the binary
interaction parameters were simultaneously fitted to all four isotherms
using flash calculations. Thus, the BIPs are kj, = 0.060390 and lj»
= 0.042365, while the AADP is 1.91% and AADY is 1.41%. This
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approach improved marginally the LV critical curve (Fig. 6 and 14S.)
and the vapor-liquid calculations (Fig. 16S).

In some recent papers [16,17] it was shown that systems containing
carbon dioxide and branched alkanes or cycloalkanes can be success-
fully correlated by utilizing a temperature-dependent binary interaction
parameter. Therefore, in the last part of this study we present our results
using a kjj that is temperature-dependent and a constant [;; for all three
models considered.

4.4. GEOS, PR and SRK results using a temperature-dependent k;; and a
constant l;

The function used for the temperature-dependent k;; is similar with
that described in [64]:
ki =k +K ee™ 27
where k* = 0.01, kK = 0.05, and T* = 304.21 K (the critical tempera-
ture of carbon dioxide).

The second binary interaction parameter, L, was determined by a
trial-and-error procedure, and their values are 0.0701 for GEOS, 0.0640
for PR, and 0.0464 for SRK. The calculation results using the
temperature-dependent k;j and the constant [ are shown in Fig. 5
(GEOS), 6 and 14S (PR), and 7 (SRK) for the critical behavior and in
Figs. 15S, 16S, and 17S for the isothermal data. The most significant
improvement was obtained for the P-T, P-X;, and T-X; projections in
the case of GEOS model compared with the average BIPs’ calculations
(Fig. 5, dashed lines). However, even though the value of the CPM
(120.95 bar) is nearer to the experimental one (121.4 bar), the corre-
sponding critical composition is much smaller. Therefore, in the
pressure-compositions diagrams (Fig. 15S), the vapor curves are located
at lower compositions in CO». For the PR (Fig. 6, purple dashed lines)
and SRK (Fig. 7, dark green dashed lines) EoSs the critical behavior is
similar and better matched than using the average values of BIPs. It
should be remarked that the liquid phase compositions are under-
estimated for both PR and SRK EoSs in the P-Xj, Y; diagrams (Fig. 16S
and 17S). The AADP (%) and AADY (%) for the three models with the
temperature-dependent kj; and the constant [;; are reported in Table 18,
and their values are reasonable.

5. Conclusions

Vapor-liquid equilibrium data at constant temperatures and VL
critical data are reported for the first time for the CO3 + 2,4-DMP binary
system. The experiments were performed in a visual HP static-analytic
installation. Pressure — compositions diagrams were measured at
323.15 K, 343.15 K, 363.15 K, and 383.15 K and pressures ranging be-
tween 10.4 and 120.4 bar. The vapor-liquid critical curve (pressures,
temperatures, CO, compositions) was measured up to the maximum
critical pressure of 121.4 bar and the greatest temperature of 422.35 K.

The GEOS, Peng-Robinson, and Soave-Redlich-Kwong EoSs
together with one- and two-conventional parameters mixing rules were
used to successfully model the phase behavior of the CO, + 2,4-DMP
system.
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