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ABSTRACT: This work reports saturated-phase densities for the
CO, + methylcyclohexane system at temperatures between 298
and 448 K and at pressures up to the critical pressure. The
densities were measured with a standard uncertainty of <1.5 kg-
m™> and were fitted along isotherms with a recently developed
nonlinear empirical correlation with an absolute average deviation
(Apap) of about 1.5 kg'm™>. This empirical correlation also
allowed the estimation of the critical pressure and density at each
temperature, and the obtained critical pressures were found to be
in close agreement with previously published data. We also
compare both our density data and vapor—liquid equilibrium
(VLE) data from the literature with the predictions from two
models: PPR-78 and SAFT-y Mie. The results show that densities
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were predicted better with SAFT-y Mie than with PPR-78, whereas PPR-78 generally performed better for VLE. This could indicate
that some of the unlike parameters of SAFT-y Mie could be further optimized.

1. INTRODUCTION

Mixtures of carbon dioxide and hydrocarbons are involved in
many industrial applications such as supercritical extraction,’
separation processes,”” gas hydrates applications,” and carbon
capture and storage (CCS).” The thermophysical properties of
(CO, + hydrocarbon) systems over wide ranges of pressures and
temperatures are necessary to design and optimize the
aforementioned processes.6 For instance, in CCS, the CO,
storage capacity on an oil reservoir is affected, in part, by the
density and phase behavior of such mixtures. Convective flows
within the reservoir also depend upon the density difference
between the vapor and liquid phases.” Furthermore, thermody-
namic models employed in the simulation process must be
evaluated against reliable experimental data to achieve the
optimal design and operation of the industrial application.
Recently, predictive thermodynamic models have been
developed that cover wide ranges of both operation conditions
and chemical components. Jaubert and co-workers developed
the predictive Peng—Robinson equation (PPR-78)."~'* PPR-78
uses a group-contribution approach based on the type and
number of functional groups existing in each component to
predict the binary interaction parameters between unlike
molecules as functions of temperatures. The PPR-78 model
was successfully used to describe the fluid phase behavior of
mixtures that contained paraffin, naphthenes, aromatics, and
CO,."""* Another group-contribution approach is the SAFT-y
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Mie model,”>™'* a molecular method based on the statistical

associating fluid theory (SAFT). In SAFT-y Mie, the molecules
are represented as different functional groups using a fused
heteronuclear model. The Mie potential is adopted to represent
the group—group interactions. A number of like and unlike
parameters are employed to describe the interactions of the
functional groups and are determined by regression of
experimental properties for pure components and binary
mixtures. The most recent version of SAFT-y Mie contains 58
functional groups, including, among others, those required to
describe aromatic and cyclic compounds, and CO,."® It has been
used to describe the phase behavior and thermodynamic
properties of multiple systems.

To assist in developing thermodynamic models, we have
investigated the thermophysical properties of several (CO, +
hydrocarbon) systems over wide pressure and temperature
ranges. Specifically, our group has reported densities and vapor—
liquid equilibrium (VLE) data for the systems (CO, + n-
heptane) and (CO, + methylbenzene), both mixtures involving
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Table 1. Description of Chemicals Where x and w Denote the Mole Fraction and Mass Fraction, Respectively”

chemical name CAS number source purity as supplied additional purification
water 7732-18-S Millipore Direct Q UV3 Pelec > 18 MQ-cm degassed under vacuum
carbon dioxide 124-38-9 BOC x > 0.99995 none
methylcyclohexane 108-87-2 Sigma-Aldrich w > 0.99 degassed under vacuum
“petec denotes electrical resistivity at T = 298.15 K.
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Figure 1. (a) Saturated-phase densities for the CO, + methylcyclohexane system as a function of pressure at 373 K measured at different times: green
circles, first measurement, and red circles, second measurement. (b) Differences between the saturated-phase densities measured in the first and
second places. Dew-point densities are represented by open symbols, whereas solid symbols represent bubble-point densities.

a hydrocarbon containing seven carbon atoms.'”~*° In this
paper, we present the saturated-phase densities for another
system of that type: (CO, + methylcyclohexane). Several
authors have reported VLE data for this system. Field et al.”'
measured the solubility of CO, in methylcyclohexane at
atmospheric pressures and in a temperature range from 283 to
313 K. Ng and Robinson®” used an analytical apparatus to
measure the VLE from 310 to 478 K up to the critical pressure,
and they fitted the data with the Peng—Robinson equation of
state.”” Later, Peters and co-workers determined bubble points
at temperatures from 263 to 353 K and at pressures from 0.4 to
11.5 MPa.”*** Critical points have also been measured from 304
to 477 K by several authors.”>?® However, to date, density data
have not been reported for this system. The present work
addresses this gap in the literature by reporting saturated-phase
densities at temperatures from 298 to 448 K at pressures up to
the critical locus. We performed these measurements using a
custom-built apparatus.”” An empirical equation has been
applied to correlate the density data along isotherms to within
the experimental uncertainty. Finally, we evaluate the predictive
capabilities of PPR-78 and SAFT-y Mie with respect to
saturated-phase densities and compositions.

2. MATERIALS AND METHODS

2.1. Materials. Table 1 describes the chemicals employed in
this study. Methylcyclohexane and water were degassed briefly
under vacuum before injecting into the apparatus. No other
analysis or purification was attempted.

2.2. Saturated-Phase Density Measurement. A com-
prehensive description of the apparatus can be found in our
previous work.”” In brief, the experimental setup included two
vibrating-tube densimeters (VID, Anton Paar, DMA-HP), an
equilibrium cell, and two syringe pumps. The equilibrium cell
and the two densimeters were placed inside a thermostatically
controlled oven with an operating range of 293—473 K and
uniformity and stability of +0.2 K. The top and bottom parts of
the equilibrium cell were linked to the two VTDs. A coiled tube
with a volume of 6 mL connected each densimeter to a syringe
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Figure 2. Difference between water densities calculated the IAPWS>°
and the VID densities for (a) top densimeter and (b) bottom
densimeter.

pump (Quizix model C-5000-10K). A calibrated pressure
transducer (Sensata Technology, model 101HP2) was attached
to each pump cylinder to monitor the pressure. The temperature
of the two VI Ds and the equilibrium cell was all measured using
Pt100 thermometers. The maximum working pressure of the
apparatus was 70 MPa at temperatures up to 473.15 K.

The experimental procedure was as follows. The apparatus
was first emptied and flushed with CO, several times. Next,
methylcyclohexane was pumped into the equilibrium cell
through the bottom VTD until roughly half of the cell capacity
was filled. After that, CO, was injected into the cell to reach the
desired pressure, and the mixture was agitated while maintaining
the set pressure with the CO, pump in a constant pressure mode.
Once equilibrium was achieved (as judged by the constancy of
temperature, pressure, and CO, pump volume), 4 mL of the
liquid phase was displaced into the bottom VTID by slowly
retracting the bottom syringe pump, while the top pump,
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Table 2. Experimental Saturated Densities p for the CO, + Methylcyclohexane System at Temperatures T and Pressures p™”

liquid phase

vapor phase

T/K
297.7
297.7
297.8
297.7
297.9
297.9
297.9
297.9
297.8
297.8
297.8
297.8
297.8
297.8
297.8
297.8
297.8
297.8
297.8
298.0
297.9
298.1
298.1
298.2
298.1
3229
3229
3229
322.9
3229
3229
322.8
3229
322.9
3229
322.9
3229
3229
3229
3229
322.9
3229
3229
3229
3229
3229
3229
322.9
3229
3229
348.0
348.0
348.0
348.0
348.0
348.0
348.0
348.0
348.0

p/MPa

0.45
0.99
1.42
1.44
2.53
3.43
3.88
491
5.01
5.13
5.24
5.32
5.37
5.41
5.45
5.48
5.53
5.55
5.56
5.64
5.65
5.85
6.09
6.20
6.26
0.71
1.88
2.78
3.82
4.99
5.76
6.33
7.12
7.31
7.47
7.61
7.74
7.84
7.94
8.02
8.09
8.15
8.21
8.25
8.29
8.32
8.60
8.79
8.96
9.10
133
2.18
2.77
3.65
4.74
4.76
S5.21
5.74
6.14

p/(kgm™)
767.4
7703
772.6
772.8
780.3
787.9
793.5
810.5
813.0
8152
815.9
815.6
814.7
813.5
8122
810.8
809.5
808.1
807.4
803.9
806.1
792.8
778.0
768.0
7613
744.8
748.6
7517
755.6
760.1
763.0
764.7
764.5
763.6
762.1
7602
757.9
7553
752.4
749.6
746.8
743.8
741.0
7383
7352
732.0
703.6
677.9
637.5
521.0
722.6
7242
7253
726.6
7283
7283
7289
7294
729.7

u(p)/(kgm™)
04
02
02
02
0.5
1.0
1.0
0.5
04
0.5
0.6
0.8
0.9
1.1
12
13
14
L5
1.6
2.0
2.0
3.1
52
6.7
7.5
02
03
03
03
03
03
03
0.5
0.6
0.8
1.0
12
14
1.6
1.9
2.1
23
25
27
29
3.1
5.5
92
207
207
02
02
02
02
02
02
02
02
02

56

T/K
297.7
297.7
297.8
297.8
297.9
297.9
297.8
297.8
297.7
297.7
297.7
297.7
297.7
297.7
297.7
298.0
298.0
298.0
298.0
297.9
322.8
322.8
322.8
322.8
322.8
322.8
322.8
322.8
322.8
322.8
322.8
322.8
322.8
322.8
322.8
322.8
322.8
322.8
322.8
322.8
322.8
322.8
322.8
322.7
322.8
322.8
322.8
322.8
347.8
347.8
347.8
347.8
347.8
347.8
347.8
347.8
347.8
347.8
347.8

p/MPa

0.43
0.95
1.38
1.40
2.48
3.40
4.87
4.98
5.10
5.20
5.28
5.34
5.39
5.43
5.46
5.78
5.83
5.98
6.08
6.16
0.68
1.83
2.72
3.76
4.94
5.73
6.31
7.09
7.28
7.44
7.58
7.71
7.81
791
7.99
8.06
8.12
8.18
8.22
8.26
8.27
8.37
8.57
8.64
8.75
8.84
8.92
9.07
1.29
2.13
2.72
3.59
4.70
4.71
5.22
5.70
6.12
6.52
6.92

p/(kgm™)

16.5

30.1

404

402

68.5

90.5
137.5
142.4
148.7
154.1
158.6
161.8
164.7
167.1
169.0
182.0
185.5
192.5
2022
215.0

11.8

33.1

513

74.8
106.3
131.3
152.7
187.3
197.2
2062
2149
2232
230.5
237.6
2439
2497
2552
259.9
264.4
267.9
270.3
280.0
305.8
315.5
3356
353.7
376.8
445.1

21.5

362

47.1

642

88.0

88.4
100.0
1117
122.8
133.8
1453

u(p)/(kgm™)
1.6
13
12
L1
12
15
2.0
2.0
2.1
22
22
23
23
23
24
29
3.0
35
39
44
0.9
0.9
1.0
12
L5
1.8
2.1
27
29
3.1
33
35
36
3.8
40
42
43
4.5
46
48
48
52
64
7.0
8.5
104
13.6
154
0.8
0.9
0.9
1.0
1.1
L1
12
13
14
14
L5
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Table 2. continued

liquid phase

vapor phase

T/K
348.0
348.0
348.0
348.0
348.0
348.0
348.0
348.0
348.0
348.0
348.0
348.0
348.0
348.0
348.0
348.0
348.0
373.1
373.3
373.1
373.3
373.3
373.2
373.2
373.3
373.2
373.2
373.3
373.2
373.2
3734
373.1
373.3
373.1
373.3
373.1
373.1
373.3
373.1
373.3
373.1
373.3
373.1
373.3
373.3
373.3
373.1
373.3
373.1
373.3
373.3
373.1
373.1
398.4
398.4
398.4
398.4
398.4
398.5

p/MPa

6.55
6.95
7.33
7.70
8.07
8.42
8.76
9.09
9.40
9.68
9.93
10.55
10.87
11.1S
11.38
11.56
11.80
1.02
135
1.98
2.68
4.59
4.75
4.76
S5.65
5.72
6.48
7.12
7.23
7.94
8.10
8.63
9.01
9.19
9.72
9.83
10.43
10.52
11.00
11.23
11.53
11.85
12.02
12.13
12.39
12.74
12.85
12.86
13.19
13.24
13.26
13.48
13.88
0.64
0.98
2.47
3.83
4.78
5.22

p/(kgm™)
729.9
729.8
729.6
7292
728.5
727.5
726.0
724.1
7216
718.5
714.9
700.5
688.7
673.1
653.0
6253
525.8
697.9
697.6
698.7
698.5
699.1
699.7
699.6
699.0
701.6
699.1
697.9
698.3
697.1
696.2
695.5
693.6
693.6
690.6
690.7
687.0
685.7
682.1
679.3
676.1
670.6
668.8
663.5
660.1
648.7
647.1
646.9
631.5
629.8
625.6
611.0
590.9
672.6
672.5
6723
671.6
670.9
670.5

u(p)/(kgm™)
02
02
03
03
03
03
04
04
0.5
0.6
0.8
14
22
3.5
6.3
19.3
19.3
02
02
02
02
02
02
02
02
02
02
03
03
03
03
03
03
03
0.4
04
0.5
0.5
0.6
07
0.8
0.9
1.0
1.0
12
13
L6
1.6
22
23
23
32
33
02
02
02
02
02
02

57

T/K
347.8
347.8
347.8
347.8
347.8
347.8
347.8
347.8
347.8
347.8
347.8
347.8
347.8
3479
347.8
347.8
347.8
347.8
347.8
373.0
373.1
372.9
373.1
373.1
373.0
373.0
373.1
373.0
373.0
373.1
373.0
373.0
373.1
372.9
373.1
372.9
373.1
3729
3729
373.1
372.9
3729
373.1
372.9
373.1
3729
373.1
372.9
373.1
373.1
3729
373.1
398.2
3982
398.2
398.2
398.2
398.2
398.2

p/MPa

7.30
7.68
8.04
8.40
8.73
9.06
9.36
9.50
9.64
9.90
10.26
10.60
10.68
10.84
10.98
11.12
11.33
11.51
11.76
0.98
1.31
1.94
2.63
4.55
4.72
4.72
5.63
5.70
6.47
7.10
7.20
7.91
8.07
8.60
8.98
9.16
9.68
9.78
10.39
10.47
10.95
11.47
12.33
12.42
12.67
12.78
12.79
13.12
13.18
13.19
13.42
13.73
0.62
0.94
2.43
3.79
4.70
5.19
5.66

p/(kgm™)

157.1
169.4
182.0
195.5
209.2
2234
238.0
2454
252.8
267.9
291.8
317.6
3247
3419
353.5
3713
4012
441.0
478.8

163

21.6

315

432

78.1

81.0

81.3

99.9
1015
118.6
1333
135.8
154.0
158.1
173.0
184.1
189.7
205.4
209.9
2314
2302
2537
277.0
316.8
328.8
346.6
3542
3547
3834
389.3
390.8
417.6
4387

12.0

16.6

39.3

61.5

773

86.2

95.1

u(p)/(kgm™)
1.6
17
1.9
2.0
22
23
2.5
26
27
3.0
3.5
4.1
43
49
5.5
64
9.1
9.1
93
0.9
0.9
0.8
0.8
0.9
0.9
0.9
1.0
1.0
1.1
12
12
13
14
LS
1.6
1.6
1.8
1.8
2.0
2.0
22
2.5
3.0
3.1
34
35
3.5
4.1
43
43
5.1
52
0.8
0.8
0.8
0.9
0.9
0.9
0.9
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Table 2. continued

liquid phase

vapor phase

T/K
398.5
398.4
398.4
398.4
398.4
398.4
398.4
398.4
398.4
398.4
398.4
398.4
398.4
398.4
398.4
398.4
398.4
398.4
398.4
398.4
398.4
398.4
398.4
398.4
398.4
398.4
398.4
398.4
398.4
398.4
398.4
398.4
398.4
398.4
398.4
398.4
398.4
398.4
398.4
423.6
423.7
423.7
423.6
423.6
423.7
423.7
423.7
423.7
423.7
423.7
423.7
423.7
423.7
423.7
423.7
423.6
423.7
423.7
423.7

p/MPa

5.66
6.13
6.54
6.95
7.28
7.61
7.94
8.27
8.59
8.90
9.20
9.48
9.77
10.05
10.33
10.60
10.86
11.11
11.36
11.60
11.83
12.05
12.27
12.47
12.66
12.85
13.04
13.24
13.43
13.64
13.83
14.01
14.18
14.34
14.50
14.65
14.82
15.08
15.16
1.52
2.53
3.74
4.95
6.02
6.86
7.68
8.47
9.23
9.98
10.69
11.38
12.04
12.69
13.30
13.89
14.43
14.86
15.13
15.35

p/(kgm™)
670.0
669.4
668.7
668.0
667.3
666.6
665.7
664.8
663.8
662.8
661.6
660.4
659.0
657.7
656.1
654.5
6527
651.0
649.0
646.9
644.8
642.5
639.9
637.4
6349
632.0
629.1
625.1
621.1
6163
6113
605.6
599.4
592.5
584.9
5744
558.0
5274
500.4
645.6
644.7
6432
6413
639.0
636.7
6342
6313
628.0
624.1
619.5
6143
608.2
600.6
591.4
579.7
5642
5439
519.6
493.7

u(p)/(kgm™)
02
03
03
03
03
03
03
03
03
03
03
03
0.4
04
0.4
04
04
0.5
0.5
0.5
0.6
0.6
07
0.7
0.8
0.8
0.9
1.0
1.1
13
14
1.7
2.0
24
3.0
4.1
7.8
15.0
15.0
02
02
03
03
03
03
03
03
04
04
0.5
0.5
0.6
0.8
0.9
13
1.9
32
74
7.5
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T/K
398.2
398.2
398.2
398.2
398.1
398.2
398.2
398.1
398.1
398.2
398.2
398.2
398.2
398.2
398.2
398.2
398.2
398.2
398.2
398.2
398.2
398.2
3982
398.2
398.2
398.2
398.2
398.1
398.1
398.1
398.1
398.1
398.1
398.2
3982
398.2
423.4
423.4
423.4
423.4
423.4
423.4
423.4
423.4
423.4
423.4
423.4
423.4
423.4
423.4
423.4
423.4
423.4
423.4
423.4
448.5
448.5
448.5
448.5

p/MPa

6.13
6.53
6.92
7.26
7.59
7.92
8.24
8.56
8.87
9.17
9.45
9.74
10.02
10.30
10.57
10.83
11.08
11.32
11.56
11.79
12.01
12.23
12.43
12.62
12.80
13.18
13.39
13.59
13.79
13.97
14.14
14.30
14.46
14.57
14.77
15.05
1.48
2.49
3.70
491
6.02
6.85
7.65
8.44
9.20
9.94
10.65
11.34
12.00
12.64
13.24
13.82
14.36
15.09
15.39
1.31
1.88
3.15
4.34

p/(kgm™)

103.9
112.0
120.0
127.1
134.1
141.5
148.8
156.3
163.9
171.3
178.3
186.1
193.5
201.5
209.2
217.1
2248
2327
2407
248.5
256.6
264.6
2724
2802
287.8
304.8
315.1
3257
336.5
347.6
3587
370.7
384.1
394.9
4204
476.1

263

413

60.0

79.9

992
114.6
130.2
146.5
163.1
180.4
198.3
2167
236.1
256.9
279.0
3033
330.7
391.8
454.6

27.8

35.8

54.5

728

u(p)/(kgm™)
1.0
1.0
1.0
L1
1.1
L1
12
12
12
13
13
13
1.4
14
13
L5
1.6
L6
17
1.8
1.8
1.9
2.0
21
22
24
25
27
29
32
35
39
46
53
82
8.6
0.8
0.8
0.8
0.9
0.9
0.9
1.0
1.0
11
12
13
14
L5
17
2.0
23
29
73
8.0
0.9
0.8
0.8
0.8
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Table 2. continued

liquid phase

vapor phase

T/K p/MPa p/(kg:m™3) u(p)/ (kg-m=2)
4237 15.44 475.5 7.5
448.7 1.34 617.2 0.3
448.8 1.91 616.1 0.3
448.8 3.19 613.8 0.3
448.8 437 611.0 0.3
448.8 4.67 6102 0.3
448.8 4.68 610.1 0.3
448.8 5.68 607.2 0.3
448.8 6.67 603.8 0.3
448.8 7.55 600.2 0.4
448.8 8.41 596.0 0.4
448.8 9.26 591.2 0.4
448.8 10.09 585.4 0.5
448.8 10.90 578.5 0.6
448.8 11.68 570.4 0.7
448.8 12.45 560.1 0.8
448.8 13.19 546.7 11
448.8 13.89 527.4 1.8
448.8 14.03 5234 2.0
448.8 14.32 508.9 3.0
448.8 14.55 490.9 5.8
448.8 14.61 485.8 6.5
448.8 14.92 445.4 6.5

T/K p/MPa p/(kgm™3) u(p)/ (kgm=)
448.5 4.63 77.6 0.8
448.5 4.66 76.3 0.8
448.5 5.70 95.3 0.9
448.5 6.67 1124 0.9
448.5 7.54 128.8 0.9
448.5 8.40 145.7 1.0
448.5 9.24 163.5 1.1
448.5 10.07 1824 12
448.5 10.87 202.2 1.3
448.5 11.63 223.1 1.4
448.5 12.39 246.5 17
448.5 13.12 272.8 2.0
448.5 13.82 304.7 2.8
448.5 14.48 357.4 6.7
448.5 13.25 272.0 2.1
448.5 13.97 3134 32
448.5 14.01 317.1 33
448.5 14.29 336.5 45
448.5 14.57 372.9 9.2
448.5 14.87 425.8 9.3

“Standard uncertainties in temperature, pressure, and period oscillation were u(T) = 0.2 K, u(p) = 0.05 MPa, and u(z) = 0.01 us, respectively.

bStandard uncertainty of density is represented by u(p).

operating in the pressure control mode, maintained the system
pressure constant. The periods of oscillation, temperature, and
pressure of the lower VI D were recorded over a period of 3 min.
The measurement was considered acceptable when the standard
deviation of the period of oscillation was less than 0.01 us. A
similar method was used to determine the vapor-phase density.
The cell contents were remixed, and then, at constant pressure, 4
mL of the vapor phase was displaced into the top VID, and the
temperature, pressure, and period of oscillation were recorded.
The pressure was then increased by injecting more CO, and a
new measurement cycle was initiated; the procedure was
repeated until the isotherm was completed. It should be noted
that neither the vapor- nor the liquid-phase compositions can be
measured within the present apparatus. Software written in
Agilent VEE was created to automate the whole experimental
method, enhancing measurement repeatability. Figure 1 shows
the reproducibility of a data set at T = 373 K. Based on these
experiments, we estimated that our repeatability uncertainty was
about 1 kg'm™.

2.3. Calibration and Uncertainty. In the vibrating-tube
densimeters, the density was calculated using the following
working equation

p= (pM/SOO)
(1 + ayt + Byp)

T
Too(l + et + €5t

2)) (1+8p) -1
(1)

where p is the pressure, t is the Celsius temperature, and p), is the
density of the vibrating-tube material, which was Hastelloy (py,
= 8.89 gem™). Sy, oy, Py, Too €1 €ry and f; are physical
parameters of the vibrating-tube densimeter obtained using the
calibration procedure described in our previous paper.”**” The
two densimeters were calibrated under vacuum at all temper-

59

atures and with water across the whole temperature and pressure
ranges. Since only water and vacuum were used in the
calibration, the constraint, 5, = (—fy/3.87), was included in
the adjustment. The densities of water were obtained from the
IAPWS formulation,®® as implemented in the REFPROP 10.0
database.”" Figure 2 shows the deviation of the calibration for
the top and bottom VTDs as an illustration.

The temperature sensors were calibrated on the ITS-90 in a
triple-point-of-water cell and by comparison with a standard 25
€ PRT submerged in a stirred oil bath over a temperature range
of 313—473 K. The pressure transducers were calibrated against
a reference quartz-crystal pressure gauge (Fluke, model PPCH-
G 70 M) having a standard relative uncertainty of 0.014 MPa.”’
Taking into account the calibration uncertainty, the uniformity,
and the stability of the oven, the estimated standard uncertainty
of the measured temperature was 0.2 K. The standard
uncertainty of the measured pressures was 0.05 MPa.

The overall standard uncertainty of the densities was
calculated following the guidelines described in the GUM™
and was estimated to be less than 1.5 kg-m ™ throughout most of
the temperature and pressure ranges, except for measurements
in the near-critical region where uncertainties of up to about 20
kg'm™ are found. The experimental data and calculated
uncertainties are given in Table 2.

3. RESULTS AND DISCUSSION

The bubble-point and dew-point densities of the (CO, +
methylcyclohexane) system were measured up to just below the
critical pressures on seven isotherms at temperatures from 298
to 448 K in intervals of 25 K and the results are plotted in
Figure 3. The dew-point densities for all of the studied isotherms
consistently increased with the pressure, whereas, at temper-
atures higher than 373 K, the bubble-point densities decreased

https://doi.org/10.1021/acs.jced.1c00718
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Figure 3. (a) Experimental saturated-phase densities p of the CO, + methylcyclohexane system versus pressure p at several temperatures. Colored
continuous curves estimated from eq 2 with parameters from Table 3. (b) Deviations between the experimental densities and those calculated by eq 2.
Dew-point densities (empty symbols) and bubble-point densities (full symbols). Colors denote different temperatures: 298 K (blue), 323 K (red), 348
K (black), 373 K (yellow), 398 K (gray), 423 K (green), and 448 K (purple). sussus, + 1.5 kg'm ™.

Table 3. Parameters A, B;, C, D, p, and p, of Eq 2 for Saturated-Phase Densities of the (CO, + Methylcyclohexane) System*

T/K 298" 323 348 373 398 423 448
A;/MPa™! —-161.5 —58.66 —16.64 33.88 14.09 11.73 8.671
A,/MPa™? 4753 1.870 0.2420 -3.514 —1.174 —0.8455 —0.6738
A;/MPa™3 1.351 0 0 0.1204 0.03712 0.02816 0.02874
Ay/MPa™* —0.1059 0 0 0 0 0 0
C/MPa~* 776.0 547.9 397.5 247.5 249.8 233.3 2283
po/ (kg m™3) 444.0 481.6 548.5 528.5 4982 459.1 439.6
B,/MPa™! 42.65 —97.95 —42.93 —43.54 —-28.17 —25.97 —1241
B,/MPa™> —55.10 7.580 2.318 2.087 0.9060 0.8904 0.2074
By/MPa™® 11.06 —0.2817 —0.06563 —0.05469 —0.02004 —0.02404 —0.01171
B,/MPa™* -0.7118 0 0 0 0 0 0
D/MPa™ 95.21 124.7 —39.24 -1.642 —1545 1.646 —-35.29
p/MPa 6.74 9.07 11.61 13.92 14.93 15.26 14.69
Apapy/(kgm™) 22 2.3 1.9 1.9 0.9 2.7 0.6
10°A szrpyL 0.3 0.30 1.1 029 0.16 0.5 0.12
Apapy/ (kgm™) 1.4 2.2 1.0 2.0 0.21 0.4 LS
10°Aparpy 1.6 1.3 0.6 1.8 0.7 0.7 12

“p. and p, represent the critical density and pressure, respectively. The values of the average absolute deviation A, and average absolute relative
deviation A, ,pp between the experimental densities and those calculated by eq 2. The subscripts L and V symbolize the liquid and vapor phases.
bpc and p, at 298 K are empirical values.

with the pressure. At T < 373 K, the liquid phase densities at first which was particularly noticeable at temperatures of 298—323 K,
increased with pressure until a maximum was reached, after has been observed for other (CO, + hydrocarbon) binary
which the values declined up to the critical point. This behavior, systems'”'® and is attributed to the influence of CO, dissolving

60 https://doi.org/10.1021/acs.jced.1c00718
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Figure 4. For the CO, + methylcyclohexane system, (a) critical pressure vs critical temperature: (red circle), this work from the saturated-phase
densities; O, Zhang et al;*’ 0O, Ng and Robinson;** A, Nasrifar et al,>* and the black line is the vapor pressure of the pure components obtained from
k3|

3

the Helmholtz equation of state;

** (b) critical density vs critical temperature; (red circle), this work from the saturated-phase densities. For (a, b),

the blue line calculated using the procedure of Heidemann and Khalil*® and the Peng—Robinson equation of state>* with the van der Waals mixing rule

(k,j =0) and @, critical points of pure components.31
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Figure 5. Experimental saturated-phase densities p versus pressures p at
T = 373 K for (red circles) CO, + heptane;18 (green circles) CO, +
methylcyclohexane; and (blue circles) CO, + methylbenzene.'” Dew-
point densities (empty symbols) and bubble-point densities (full
symbols). Colored continuous lines calculated from eq 2.

Table 4. Critical Temperature T, Critical Pressure Po and
Acentric Factor @ for CO, and Methylcyclohexane®’

component T./K p/MPa [}
CO, 304.16 7.381 0.2251
methylcyclohexane §72.31 3.482 0.2351

Table S. Binary Interaction Parameter k,, in the PPR-78 EOS
between CO, and Methylcyclohexane at Different
Temperatures

T/K ky, T/K ki,
298 0.1186 311 0.1168
323 0.1166 339 0.1172
348 0.1178 394 0.1224
373 0.1201 477 0.1330
398 0.1229

423 0.1259

448 0.1291

in the liquid phase. A comparison between the mass densities of
pure methylcyclohexane, calculated from the unpublished
Helmholtz energy equation of state implemented in REFPROP
10.0,”* and the mixture bubble-point densities revealed that the
former was greater than the latter under the same conditions of
temperatures and pressures, except for T = 298 K at p < 6 MPa

61

(@)

Figure 6. Model representation within the SAFT-y Mie approach for
the CO, + methylcyclohexane. (a) CO, is represented by a single group
and (b) methylcyclohexane is represented with five cyclic methylene
groups (cCH,), one methyl group (CH;), and one cyclic methine
(cCH) group.

and T = 323 K at p < 8 MPa. In contrast, pure CO, densities™

were consistently lower than the mixture dew-point densities.
The densities of bubble points and dew points were fitted

isothermally using an empirical correlation of the following form

4
pL=py =2 Al —p) + Clp - p)

i=1

4
pL+pV=2pC+ZB,-(PC—P)I+D(PC -p/

i=1

)

where p, p;, and py are the experimental pressure, saturated
liquid density, and saturated vapor density, respectively; p. and
p. are the critical pressure and density, respectively; and f is a
universal critical exponent taken to be 0.325. The terms in (p. —
p)’ reflect the asymptotic scaling behavior of the coexisting
vapor- and liquid-phase compositions in the approach to the
critical pressure as the constant temperature.35 To constrain the
fitting at p = 0, the bubble-point density was set to the density of
pure liquid methylcyclohexane at the same temperature
extrapolated to zero pressure, using Helmholtz free-energy
equation of state.’’ The dew-point density was set at 0. The
Lenvenberg—Marquardt algorithm was used to minimize the
sum of the squared differences between the experimental and
calculated densities by manipulation of the adjustable

https://doi.org/10.1021/acs.jced.1c00718
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Table 6. Like Group Parameters Used in the SAFT-y Mie Modeling”

group v Sk o/ A
CH; 1 0.5725S 4.0772
cCH, 1 0.24751 4.7852
CO, 2 0.8468 3.0500
cCH 1 0.0961 5.4116

i b (1K) /K references
15.050 6 256.77 13
20.386 6 477.36 15
26.408 5.0585 207.89 14

8 6 699.92 45

“vi¥ is the number of segments constituting a group, S, is the shape factor, oy is the size of group k, Ajy is the repulsive exponent, Ajy is the attractive
exponent, and &y is the Mie potential dispersion energy. kg is Boltzmann’s constant, ky = 1.380648813 x 1072 J K™/,

Table 7. Unlike Group Cross Interaction Energies &;; Used
the SAFT-y Mie Modeling, Where k; is Boltzmann’s
Constant”

group, k group [ (eu/kg)/K references
CH, cCH, 355.95 15
CH, Co, 205.70 15
CH; cCH 690.17 45
CH, co, 269.68 16
cCH, cCH 321.71 45
CO, cCH 294.99 16

“The unlike attractive and repulsive exponents of the Mie potential,
Ay and Ay, as well as the unlike distance and size parameters, r; and
0y respectively, were obtained using combining rules described in eq

parameters A, B, C, D, p,, and p,; the values obtained are given
in Table 3. The absolute and relative average deviations (Ax,p
and A arp) at each temperature are also given in Table 3. The
experimental density deviations from the correlation are shown
in Figure 3b. The A,,p and Ay agp for the liquid phase were 1.7
kg'm ™ and 0.3%, whereas the same metrics for the vapor phase
were 1.3 kg'm™ and 1.2%, excluding the density data with
experimental uncertainty higher than 10 kg'm™>, that corre-
sponded to data close to the critical point. These average
deviations are quite similar to the experimental uncertainty,
indicating that eq 2 provides a very good representation of the
data. Table 3 gives the critical pressure and density determined
by fitting the data at each temperature; however, the
corresponding critical compositions are not determined. In
Figure 4, the critical pressures obtained here are compared with
those observed directly or estimated from VLE data in the
literature”>”***** and it can be seen that these different data sets
are in close agreement. In addition, Figure 4 shows the critical
density obtained here versus the temperature and the critical
curve calculated from the Peng—Robinson eguatlon of state
using the approach of Heidemann and Khalil. 23361 general, the
Peng—Robinson model underestimated critical pressures and
densities, but it followed the trajectory of the critical points.
Figure 5 shows the saturated-phase densities at T = 373 K for
the three systems 1nvest1gated in our current and previous work:
CO, + heptane, CO, + methylcyclohexane, and CO, +
methylbenzene.'” It can be seen that the dew-point densities for
the three mixtures are very similar at low pressures but they start
to differ as the critical point is approached. On the other hand,
the bubble-point densities were ordered as follows: p(co,+heptane)

< p(COz+methylcyclohexane) < p(COz+methylbenzene)) as eXPeCted based on
the densities of the pure hydrocarbon liquids.

In this work, both new experimental saturated-phase densities
and VLE data from the literature are compared with two group-
contribution models: the Predictive Peng—Robinson equation
of state (PPR-78)° and a predictive version of the statistical
associating fluid theory incorporating the Mie potential (SAFT-

¥ Mie)."® These comparisons involve no parameter fitting as the
models to be tested are purely predictive in the present context.

In the PPR-78 model, the Peng—Robinson equation of state is
used

RT a(T)
v—>b  v(v+b)+ b(v=b) 3)

p(Tr V) =

where v is the molar volume, a is the attractive energy parameter,
and b is the co-volume parameter. The following equations are
used to calculate these parameters for individual components

a = 0.457236(R2T§i/pc’i)ai(T)

a(T) =1+ m(1 — [T/T,)T
@, <0491 m; = 0.37464 + 1.542260, — 0.26992w,

@; > 0491 m; = 0.379642 + 1.48503w; — 0.164423w + 0.01666w,
b, = 0.077796(RT, ,/p ,)

(4)
In eq 4, T.; p.» and w; are the critical temperature, critical
pressure, and acentric factor of component i. The critical
parameters and acentric factor were obtained from the NIST
ThermoData Engme Version 10.1,> 1mp1emented in Aspen
Properties version 9°° and are shown in Table 4.
The Peng—Robinson EoS is usually applied to mixtures using
the standard van der Waals mixing rule that is given as

=3 T

i=1 j=1

M =

xb,;
i=1 (s)

where ki]-(T) = kji(T) is the binary interaction parameter between
components i and j and x; is the mole fraction of component i.
The group-« contribution method developed by Jaubert and co-
workers® ™'’ was used to compute the temperature-dependent
binary interaction between each pair of components. In this
approach, the binary interaction parameter k; is given by

N, N

(ay — ajk) (ay — aji)

k=1 I=1

o

k(T) =

NI»—-

v a,(T) N a]-(T)

i bj

Akl('l'b/T)(Bkz/Akz— 1)

2[a(Da(T) |
bb,
(6)
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Figure 7. Experimental dew-point (open symbols) and bubble-point (filled symbols) densities and predictions from PPR-78 EoS (solid lines) and
SAFT-y Mie (dashed lines) at different temperatures: 298 K (a), 323 K (b), 348 K (c), 373 K (d) 398 K (e), 423 K (f), and 448 K (g) for the CO, +

methylcyclohexane system.

where N is the number of distinct functional groups present in
the system, a is the occurrence of group k in molecule i divided
by the total number of groups present in that component, and A
and By are group parameters. Jaubert and co-workers obtained
tables of the group parameters by fitting to an extensive database
of experimental binary VLE data.'’ The binary interaction
parameter k;; calculated from eq 6 and used in this work is listed
in Table 5. The vapor—liquid equilibrium and density
calculations with the PPR-78 model were carried out in the
Aspen Properties package software version 9.%

In SAFT-y Mie, the molecules are represented as (possibly
associating) heteronuclear chains of fused spherical segments
that interact according to the Mie potential,">™**" defined as

follows

63

.
A€
r a
A = A

Oii

2

T

ki

][ /1]:1 ]lkﬂl/(lkrl—/lﬁ) ( .
A

T

o
“kz(’kl) = [ ]
(7)

where uy, is the potential energy of interaction between segments
k and [ that represent functional groups in the molecule. The
repulsive and attractive exponents are Aj; and Af;, respectively;
the energy parameter is &}, the distance between the two groups
is ry, and the size parameter is 0y. An additional parameter, the
shape factor S;, determines the extent to which functional group
k contributes to the molecule properties. The parameters that
characterize the interactions between identical functional
groups, known as like parameters and including the shape
factor, are estimated by regression to experimental data, such as
vapor pressures and compress-liquid densities, of a series of
compounds that contain that group.> The parameters that
define the interactions between different functional groups,
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Figure 8. Experimental bubble-point densities (symbols) and
predictions from PPR-78 without volume translation (solid line) and
with Peneloux volume translation (dashed line). Colors symbolize
different temperatures: 298 K (blue), 323 K (red), 348 K (black), 373 K
(yellow), 398 K (gray), 423 K (green), and 448 K (purple).
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Figure 9. Bubble-point (complete symbol) and dew-point (empty
symbol) pressures p versus CO, mole fraction (x, y) for CO, +
methylcyclohexane at (blue) 311 K, (red) 339 K, (black) 394 K, and
(green) 477 K. The sgmbols represent the experimental data published
by Ng and Robinson,*” the dashed lines are the prediction of the SAFT-
¥ Mie model, and the continuous lines are the prediction of the PPR-78
equation of state.

known as unlike parameters, can be estimated using combining
rules or else obtained by regression against experimental data for
pure substances or binary mixtures. Small molecules, such as
CO,, are each represented by a single group. On the other hand,
methylcyclohexane is represented by three functional groups:
cyclic CH,, cyclic CH, and CH;. The SAFT-y Mie molecular
models for the CO, + methylcyclohexane system are illustrated
in Figure 6. Tables 6 and 7 give the values and literature sources
of the parameters utilized for the individual groups. The
following combining rules were used to determine the unlike

parameters that are not listed in Table 7
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The calculations of SAFT-y Mie predictions were carried out in
gPROMS software developed by PSE Ltd.*'

Figure 7 illustrates the saturated-phase density predictions
obtained from the PPR-78 and SAFT-y Mie models. It should be
noted that for both models, experimental data closer than 0.9 pc
were excluded from the calculation of A,,p. The dew-point
densities predicted by PPR-78 are mostly in excellent agreement
with the experimental data with A sy = 3 kg'm™>. However, the
bubble-point densities are overpredicted with A,,p; = 20 kg-
m ™3, This behavior is expected as cubic equations are known to
offer relatively poor accuracy for liquid densities. To minimize
the deviation between the experimental and predicated bubble-
point densities, the Peneloux volume translation function,** with
the volume corrections calculated from the Rackett compres-
sibility factor, was incorporated in the PPR-78 model. Figure 8
shows the densities calculated from the PPR-78 model with and
without the inclusion of volume translation. As shown in Figure
8, including volume translation in the model improves the
predictions with Ayyp; = 14 kgm™.* Figure 7 shows that
SAFT-y Mie provides rather accurate predictions of the
saturated vapor-phase and liquid-phase densities across the full
range of conditions studied with A4,y = 6 kg-m™ for the vapor-
saturated densities and A ,p; =4 kg-m ™ for the liquid-saturated
densities. Both models generally overpredict the critical
pressure, leading to poor predictions around the critical region,
except at T = 323 K.

To evaluate the predictive capabilities of PPR-78 and SAFT-y
Mie for the coexisting phase compositions of the CO, +
methylcyclohexane system, the bubble- and dew-point data
reported by Ng and Robinson™* were selected. This data was
considered in particular because they pertain to the temperature
range studied here and include both dew and bubble points.
Figure 9 shows generally good agreement for dew-point data
with both models. The A,y for the mole fraction of CO, was
0.014 and 0.011 for PPR-78 and SAFT-y Mie, respectively.
However, bubble points are predicted less accurately with A ;.
=0.026 for PPR-78 and A ,p;, = 0.046 for SAFT-y Mie. As it can
be inferred, the PPR-78 generally performs better than SAFT-y
Mie for bubble-point compositions. This may be because VLE
data for the (CO, + methylcyclohexane) system were regressed
in the determination of the PPR-78 group parameters,** whereas
in the SAFT-y Mie, the unlike dispersion energy parameters
between CO, and the cyclic CH, have been obtained only using
CO, + cyclohexane and CO, + cyclopentane systems.*>*
Although the authors*® indeed used CO, + methylcyclohexane
for the calculation & of CO, and the cyclic CH. Again, one can
observe overprediction of the critical pressure for both models.

4. CONCLUSIONS

For the first time, experimental saturated-phase densities for the
(CO, + methylcyclohexane) system are reported over an
extended temperature range with pressures up to the critical.
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Except for a few measurements in the critical region, the
estimated standard uncertainty is less than 1.5 kg'm™>. An
empirical correlation was used to fit the densities with Ay, =
1.5 kg'm~>, allowing interpolation of the data along isotherms as
well as the determination of critical pressures and densities. The
predictive capacity of two equations of states, PPR-78 and
SAFT-y Mie, was evaluated against our saturated-phase densities
and VLE data from the literature. At the studied conditions, both
models predicted dew-point pressures and densities reasonably
well. Neither model was correct in the critical region except,
perhaps fortuitously, at T'= 323 K. In predicting saturated liquid
densities, SAFT-y Mie performed better than PPR-78, even
when volume translation was included in the latter, whereas the
opposite was true for bubble-point pressures. This might imply
that certain unlike parameters in SAFT- y Mie could be
optimized further against VLE data.
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