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Abstract

Ž .The application range of the predictive Soave–Redlich–Kwong PSRK group contribution equation of state
Ž . Ž .EOS for the prediction of vapor–liquid equilibria VLE and gas solubilities was extended by the introduction

Ž .of additional structural groups epoxides, HF, HI, COS and fitting of 98 pairs of group interaction parameters
to experimental phase equilibrium data. These data were systematically measured for the extension of PSRK, or

Ž .taken from literature and compiled in the Dortmund Data Bank DDB . Typical results are presented for various
systems. Additionally, new experimental VLE data are given for the binary system propylene oxideqbenzene
at 323.15 K. The new data were required to fit the interaction parameters between the epoxy and the aromatic
CH group. q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Ž . Ž . w xThe predictive Soave–Redlich–Kwong PSRK group contribution equation of state EOS 1 is
widely used for the prediction of phase equilibria and further thermophysical mixture properties
required for the development, design, and optimization of chemical processes, especially thermal

w xseparation processes. The PSRK method allows to use the existing UNIFAC parameters 2 as well as
Žthe PSRK parameters for the introduced new structural groups, e.g., 22 different gases CO , N , H ,2 2 2

. w xCO, . . . 3–5 .
The aim of this work is to extend the list of structural groups and interaction parameters of the

Ž .PSRK model. This was enabled by the growth of the Dortmund Data Bank DDB , and also by the
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Table 1
Ž . Ž .Experimental P – x data for the system propylene oxide 1 qbenzene 2 at 323.15 K

x PrkPa x PrkPa

0.00000 36.021 0.55787 113.73
0.00507 36.795 0.60177 119.66
0.01001 37.547 0.64666 125.68
0.01521 38.331 0.69132 131.71
0.02029 39.115 0.73501 137.63
0.02532 39.895 0.77703 143.33
0.04229 42.455 0.81686 148.64
0.06130 45.248 0.85322 153.62
0.08322 48.437 0.88610 158.14
0.10878 52.145 0.91210 161.73
0.13883 56.453 0.93421 164.79
0.17298 61.292 0.95228 167.33
0.21048 66.555 0.96637 169.28
0.25513 72.760 0.97730 170.84
0.30152 79.152 0.98432 171.84
0.34956 85.744 0.98903 172.50
0.39780 92.314 0.99294 173.04
0.44537 98.775 0.99587 173.47
0.49183 105.07 0.99779 173.74
0.51498 107.97 0.99931 173.97
0.53640 111.09 1.00000 174.07

Ž .systematic experimental determination of new vapor–liquid equilibrium VLE and gas solubility
data. In this paper, experimental VLE data for the system propylene oxideqbenzene are reported.
Furthermore, oxygen and nitrogen solubilities in different solvents and VLE of systems containing
sulfur compounds were determined in order to achieve the applicability of the PSRK method for
specific problems, such as the prediction of air solubilities in organic solvents, and the K-factors of

Ž .sulfur compounds in liquefied natural gas LNG .

Table 2
Van der Waals properties for the new subgroups

Ž .Subgroup Main group R Q Component example Incrementsk k

CHSH 29 CH SH 1.4250 1.060 iso-propyl mercaptan 1)CHSH, 2)CH2 3

CSH 29 CH SH 1.1990 0.752 tert-butyl mercaptan 1)CSH, 3)CH2 3

H COCH 51 epoxy 1.5926 1.320 ethylene oxide 1)H COCH2 2 2 2

H COCH 51 epoxy 1.3652 1.008 propylene oxide 1)H COCH, 1)CH2 2 3

H COC 51 epoxy 1.1378 0.780 2-methyl propylene oxide 1)H COC, 2)CH2 2 3

HCOCH 51 epoxy 1.1378 0.696 2,3-butylene oxide 1)HCOCH, 2)CH3

HCOC 51 epoxy 0.9104 0.468 2-methyl 2,3-butylene oxide 1)HCOC, 3)CH3

COC 51 epoxy 0.6829 0.240 2,3-dimethyl 2,3-butylene oxide 1)COC, 4)CH3

HF 73 HF 1.0160 1.216 hydrogen fluoride 1)HF
HI 76 HI 1.3930 1.208 hydrogen iodide 1)HI
COS 77 COS 1.6785 1.316 carbonyl sulfide 1)COS
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Table 3
New group interaction parameters for the PSRK model
a a y1 y1i j a rK b c rK a rK b c rKi j i j i j ji ji ji

b1 28 y54.433 180.28
b1 29 287.38 y61.863
b1 34 27.139 4518.3
b1 48 298.62 y57.788
c1 51 591.04 y102.09
b1 58 y19.628 1.8192 104.28 y1.2191
c1 70 10.940 102.35
c1 76 y88.341 274.74
c1 77 270.32 y171.06
c2 29 281.67 y74.469
b2 34 74.051 211.88
b2 48 224.31 y62.736
c2 51 282.09 y68.780
c3 34 406.59 y117.14
c3 51 35.973 70.567
b3 58 285.26 y0.6989
c3 76 115.80 y135.70
c4 34 y147.47 774.87
c4 51 4.6162 1475.9
c4 58 130.37 63.323 384.98 y2.1163
c4 76 220.72 y179.19
c5 51 217.22 0.01991 1210.0 y3.8511
c5 55 y252.04 y245.90
c5 58 2018.6 382.59
c5 60 589.20 2.6810 2836.9 y5.2997
c5 69 3222.5 3694.7
c5 72 470.09 559.06
c6 34 y189.07 4040.7
c6 51 9.5251 196.54
c6 58 1061.4 y1.2561 y516.85 1.1696
c6 77 y15.335 609.43
c7 34 752.00 3842.5
c7 51 y159.20 767.82
b7 60 y3123.4 20.683 y0.01956 1459.6 y7.6407 0.009450
b7 62 y1531.6 12.396 y0.006931 5564.1 y27.410 0.07115
c7 73 y2832.0 9.6630 y0.01247 y1641.0 7.4560 y0.01156
c7 74 y2197.8 5.2282 y796.40 y0.2825
c7 75 y1026.7 y954.65
c7 76 696.36 y1270.5
c8 57 824.71 0.06955 2290.5 y2.9588
b9 34 y65.229 y160.70
c9 51 70.160 y72.036
c9 55 0.1619 341.49
c9 57 536.92 y0.8632

c10 51 173.78 y2.6891
c11 34 1184.6 y327.44
c11 51 152.49 y132.47

( )continued on next page
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Ž .Table 3 continued
a a y1 y1i j a rK b c rK a rK b c rKi j i j i j ji ji ji

c12 51 333.00 y189.89
c13 34 y117.71 y198.49
c13 51 109.27 y28.097
c13 58 147.51 1986.8
c13 60 3191.3 266.63
c13 63 382.82 881.01
c15 65 y628.26 y497.83
c16 65 y935.40 y730.22
c18 56 43.717 y109.83
c18 57 208.55 y0.1098 226.85 y0.6121
c18 60 337.77 15.524 132.98 y1.1326
c18 62 634.45 y68.653
c20 63 301.76 2.6956 y263.27 1.1376
c20 76 2051.6 y549.40
c21 51 31.401 y66.608
c23 76 92.002 y17.588
c24 34 222.38 195.84
c24 51 259.39 y43.834
c24 76 y80.976 323.47
c25 62 477.45 17.600
c25 76 537.50 y105.78
c28 45 130.13 y0.05848 446.14 y0.8047
c29 61 y194.98 23.324
c33 56 100.31 39.267
c34 44 y404.41 16.285
c34 55 32.648 y173.86
c34 56 y10.699 y9.775
b37 48 y32.104 83.451
c37 55 713.90 y547.63
c39 65 y1013.7 2.6354 165.65 y1.6026
c40 73 1204.0 86.243
c41 56 183.65 y5.8025
c44 65 y233.85 y382.92
c50 62 200.48 19.011 y361.75 y0.1675
c51 56 y1329.9 3.2325 531.64 y0.8032
c51 57 276.13 2.8372
c51 60 43.461 y3.2734
c51 72 208.66 234.81
c55 57 1080.3 y1.9075 4278.7 3.1197
c55 70 1369.3 y2.5805 y144.22 5.0788
c57 67 y27.596 211.01
c57 77 271.31 y103.94
c58 67 535.78 y2.9826 y1101.9 6.9864
c59 62 190.87 4196.2
c59 69 217.20 4536.0
c61 77 75.680 0.003298 229.32 y0.5352
c62 69 62.017 372.00
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Ž .Table 3 continued
a a y1 y1i j a rK b c rK a rK b c rKi j i j i j ji ji ji

c67 74 y27.216 76.955
c69 70 44.729 4.6709 109.55 y1.4647
c70 72 1731.3 y5.7368 366.81 y1.3366
c73 74 169.99 613.10

a Ž w x.Indices correspond to numbering in Fig. 1 consistent to former articles 1–4 .
bRevised parameters.
cNew parameters.

For the dimer-forming substances such as carboxylic acids, or the hexamer-forming HF it is known
that chemical equilibria have to be taken into account to represent the real behavior of the pure
components and mixtures. In this work, these dimerization or hexamerization reactions are not
considered and the components are treated in the same simplified way as all the other substances. It
can be shown that a reliable estimation of phase equilibria, e.g., the bubble point curve of the
HFqH O, is still possible. The drawback of this approach, however, becomes apparent when for2

example the heat of vaporization or other thermophysical properties of systems containing these
substances are calculated with the help of PSRK. Nevertheless, the advantage to allow a consideration
of these compounds in the application range of PSRK for gas solubility and VLE calculations
predominates in the praxis of chemical engineering.

Encouraging results of the PSRK method were also recently reported for the calculation of critical
w xdata 6 . Furthermore, a detailed examination of the unusual behavior of the system CO qethane was2

w xcarried out 7 , where the calculated results for different thermodynamic properties were found to be
in very good agreement with the experimental data.

2. Experimental

Isothermal VLE measurements for the binary system propylene oxideqbenzene at 323.15 K were
carried out by means of the static synthetic method.

2.1. Chemicals, apparatus, and procedure

The chemicals were dried over molecular sieve, degassed, and distilled as described by Fischer and
w x Ž .Gmehling 8 . The final purities for both components )99.99% GC were determined by gas

chromatography. The water contents as determined by Karl Fischer titration were 25 ppm weight for
propylene oxide and 20 ppm weight for benzene.

Ž .The VLE measurement isothermal P–x data was performed using a computer-operated static
w xapparatus following the principle proposed by Gibbs and Van Ness 9 . With this technique, the total

pressure at different overall compositions is measured at constant temperature. The apparatus, and the
w xexperimental procedure were described previously 10,11 . The total compositions are determined

Ž .from known volumes of the liquids at given temperature and pressure injected into the equilibrium
cell using stepping motor-driven injection pumps and valves. The liquid phase compositions are
derived from the injected quantities by solving the mass and volume balance taking into account VLE.
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At the low pressures of this investigation the calculated liquid phase compositions are identical to the
feed compositions within x s"0.001. The apparatus can be used in the temperature range betweeni

278 and 368 K and at pressures between 0 and 0.3 MPa. The experimental uncertainties are as
Ž . Ž . Ž . Ž .follows: s T s0.03 K, s P s20 Paq0.0001 PrPa , s x s0.0001.i

2.2. Results

Ž . Ž .The experimental P–x data of the system propylene oxide 1 qbenzene 2 at 323.15 K are listed
in Table 1. From these data, the PSRK interaction parameters between the epoxy and the aromatic CH
group were established.

Fig. 1. Current status of the PSRK group interaction parameter matrix.
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3. Introduction of new groups and fitting of new PSRK interaction parameters

Ž .Four new structural groups epoxides, HF, HI, COS , which are of great importance for chemical
industry, were introduced into the PSRK model. For this purpose and also for the revision of existing
group interaction parameters new subgroups had to be defined. The required van der Waals properties
for the new sub- and main groups are listed in Table 2. They were fitted simultaneously with the
group interaction parameters to experimental VLE and gas solubility data in the case of, e.g., HF, HI

w xor calculated using the Bondi method 12 , for example, for sulfides, mercaptans, and epoxides.
w xDetails about the parameter fitting procedure were described previously 1,3 . The temperature

dependence of the interaction parameters is described by the following expression:

par sa qb Tqc T 2 1Ž .i j i j i j i j

Ž . Ž .where T and par have the unit Kelvin K . In most cases, only two interaction parameters a , ai j i j ji
Ž . Ž .were fitted. In a few cases, linear b , b or even a quadratic c , c temperature-dependenti j ji i j ji

parameters were required to describe the correct temperature dependence of the phase equilibrium
behavior, for example for the systems H qH O or N qH O. The obtained parameters for 98 group2 2 2 2

pairs are given in Table 3. The current status of the PSRKrUNIFAC parameter matrix is shown in
Fig. 1.

For several systems surprisingly good results were obtained at temperatures even far from the
conditions of the experimental data considered for fitting the interaction parameters. This is especially
true for Henry coefficients, which are not included in the database for parameter regression. This is
shown in the present and former articles for different systems, e.g., H qH O, COqH O, and2 2 2

w xCO qH O 13 .2 2

4. Results and discussion

In Figs. 2–9 various results based on new PSRK parameters are presented. To improve the results
for systems containing alkynes and sulfur compounds all the parameters for the groups CS , CH SH,2 2

Ž . Ž . Ž . w xFig. 2. Experimental and predicted VLE for systems with acetylene: a acetylene 1 q n-hexane 2 : experimental data 14
Ž . Ž . Ž . Ž . Ž . Ž . Ž .at v,` 413.15 K, B,I 433.15 K, l,e 453.15 K, ',^ 473.15 K; b acetylene 1 qacetone 2 : experimental

w x Ž . Ž . Ž . Ž . Ž .data 15 at v,` 273.15 K, B,I 293.15 K, l,e 333.15 K, ',^ 363.15 K; — PSRK.

Dell
Highlight

Dell
Note
This is the candidate sample. 1A
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Ž . Ž . Ž .Fig. 3. Experimental and predicted VLE for systems with carbonyl sulfide: a carbonyl sulfide 1 qmethanol 2 :
w x Ž . Ž . Ž . Ž . Ž . Ž . Ž .experimental data 17 at v 233.2 K, B 253.2 K, l 273.2 K, ' 293.2 K; b methane 1 qcarbonyl sulfide 2 :
w x Ž . Ž . Ž . Ž . Ž .experimental data 18 at v,` 298.15 K, B,I 323.15 K, l,e 348.15 K, ',^ 373.15 K; — PSRK.

Ž .CH S and alkyne 28, 29, 48, and 34 were verified, revised, or fitted using published or new2

experimental VLE data. In most cases, temperature-independent parameters were sufficient to provide
Ž Ž . Ž .reliable results. In Fig. 2, results for the alkyne group acetylene 1 qn-hexane 2 and acetylene

Ž . Ž ..1 qacetone 2 are given. With the new parameters also systems containing acetylene, which were
not included in the UNIFAC method, can be predicted satisfactory. This fact allowed, furthermore, to
fit several alkyne main group parameters, for which only acetylene solubility data are available and no
UNIFAC parameters could be fitted before. This means that the PSRK parameters can be used to
extend the range of applicability of the UNIFAC method.

Ž . Ž .In a recent Gas Processors Association GPA project GPA project 986 , the PSRK model was
Žextended for the prediction of K-factors distribution coefficients between the vapor and the liquid

. Ž Ž . Ž ..phase of sulfur components H S, CS , COS, sulfides CH S , and mercaptans CH SH in LNG.2 2 2 2

For this reason, the main groups, CS , CH SH and CH S, had to be revised and the new subgroups,2 2 2

CHSH and CSH, were linked to the CH SH main group. The interactions between the above main2

groups and CH , H S, and also the new COS group are important, because for these systems the4 2

deviation from ideality is considerable. Additionally, VLE and critical data for the system H SqCOS2
w xwere measured 16 to extend the database for fitting the required interaction parameters. In Fig. 3, a

Ž .few PSRK results are compared with experimental data for the systems carbonyl sulfide 1 qmethanol
Ž . Ž . Ž .2 and methane 1 qcarbonyl sulfide 2 . Further measurements are in progress in GPA project 986,
so that in the near future additional PSRK parameters can be determined for the group combinations
of CH with CH SH, CH S and H S with CH S.4 2 2 2 2

Also epoxides were introduced as a new main group. Several interaction parameters for this group
were fitted to published VLE data and the VLE data measured in this work. In Fig. 4, typical PSRK

Ž .results for systems containing epoxides are given. The results for the propylene oxide 1 qbenzene
Ž .2 system from this work are included in this diagram. In Fig. 5, the results of the two azeotropic

Ž . Ž . Ž . Ž .systems, 1,2-epoxybutane 1 qn-hexane 2 and 1,2-epoxybutane 1 qmethanol 2 , are shown. It
can be seen that the predicted azeotropic compositions are in good agreement with the experimental
data. The reliable knowledge of the azeotropic compositions as function of temperature and pressure
is of particular importance for process synthesis.
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Ž . Ž . Ž .Fig. 4. Experimental and predicted VLE for epoxide systems: a 1,2-epoxybutane 1 q n-heptane 2 : experimental data
w x Ž . Ž . Ž . Ž . Ž . Ž .19 at v,` 313.15 K, B,I 333.15 K; b propylene oxide 1 qbenzene 2 : experimental data this work at v

Ž . Ž . Ž . w x Ž . Ž .323.15 K; c propylene oxide 1 qtetrachloromethane 2 : experimental data 20 at v,` 300.00 K, B,I 320.00 K;
Ž . Ž . Ž . w x Ž . w x Ž . Ž .d ethylene oxide 1 qwater 2 : experimental data 21,22 at v,` 283.15 K, 22 at B 298.15 K; e ethylene oxide
Ž . Ž . w x Ž . Ž . Ž . Ž .1 q1,2-dichloroethane 2 : experimental data 23 at v,` 101.325 kPa; f ethylene 1 qpropylene oxide 2 :

w x Ž . Ž . Ž .experimental data 24 at v,` 298.15 K, B,I 313.15 K; — PSRK.
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Ž . Ž .Fig. 5. Experimental and predicted VLE and azeotropic behavior of epoxide systems: a 1,2-epoxybutane 1 q n-hexane
Ž . w x Ž . Ž . Ž . Ž . Ž .2 : experimental data 19 at v,` 313.15 K, B,I 333.15 K; b 1,2-epoxybutane 1 qmethanol 2 : experimental data
w x Ž . Ž .25 at v,` 298.15 K; — PSRK.

In addition to the COS and the epoxy group, the groups HF and HI were introduced into the PSRK
matrix, whereby the hexamer-forming hydrogen fluoride was pragmatically treated as a non-associat-
ing component. As can be seen in Fig. 6, the phase equilibrium behavior of HF can be still predicted

Ž . Ž . Ž .very well for the systems hydrogen fluoride 1 qwater 2 and hydrogen chloride 1 qhydrogen
Ž .fluoride 2 .

Because of the continuously growing VLE and gas solubility database also a large number of new
parameters were fitted for the already existing main groups. Fig. 7 shows examples for systems

Ž Ž .containing different sub- or supercritical components difluorochloromethane 1 qcarbon disulfide

Ž . Ž . Ž .Fig. 6. Experimental and predicted VLE for systems with hydrogen fluoride: a hydrogen fluoride 1 qwater 2 :
w x Ž . Ž . Ž . Ž . Ž .experimental data 26 at v,` 313.15 K, B,I 333.15 K, l,e 348.15 K; b hydrogen chloride 1 qhydrogen

Ž . w x Ž . w x Ž . Ž . Ž .fluoride 2 : experimental data 27 at v 244.15 K, 28 at B,I 283.15 K, l,e 298.15 K; — PSRK.



( )S. Horstmann et al.rFluid Phase Equilibria 167 2000 173–186 183

Ž . Ž . Ž .Fig. 7. Experimental and predicted VLE for different systems: a difluorochloromethane 1 qcarbon disulfide 2 :
w x Ž . Ž . Ž . Ž . Ž .experimental data 29 at v,` 348.15 K, B,I 398.15 K, l,e 448.15 K; b sulfur dioxide 1 q N, N-dimethylform-

Ž . w x Ž . Ž . Ž . Ž . Ž .amide 2 : experimental 30 at v 298.15 K, B 310.93 K, l 338.71 K, ' 366.48 K; c carbon dioxide
Ž . Ž . w x Ž . Ž . Ž . Ž .1 qbromobenzene 2 : experimental data 31 at v,` 313.2 K, B,I 353.1 K, l,e 393.2 K; d hydrogen
Ž . Ž . w x Ž . Ž . Ž . Ž . Ž .1 qpyridine 2 : experimental data 32 at v,` 393.2 K, B,I 433.2 K, l,e 473.2 K, ',^ 513.2 K; — PSRK.

Ž . Ž . Ž . Ž . Ž .2 , sulfur dioxide 1 qN, N-dimethylformamide 2 , carbon dioxide 1 qbromobenzene 2 , and
Ž . Ž ..hydrogen 1 qpyridine 2 . Also, for these systems, a good agreement between the experimental

and predicted results is obtained.
One interesting example for the revision of already existing parameters is given for the system

Ž . Ž .hydrogen 1 qwater 2 . With the new interaction parameters, it is now possible to represent the
Žminimum of the hydrogen solubility in water as a function of temperature maximum of the Henry

. Ž .coefficient, Fig. 8 . To enable the calculation of oxygen and nitrogen or air solubilities in different
Ž . w xsolvents alkanes, alkenes, aromatics, alcohols, ketones and water 13 several gas solubility

w xmeasurements were performed up to pressures of 10 MPa 33 . In Fig. 9, our experimental Henry

Dell
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Ž . Ž .Fig. 8. Experimental and predicted Henry coefficients for the systems hydrogen 1 qwater 2 ; experimental data of
Ž . Ž .different authors taken from the DDB ` ; — PSRK.

coefficients for oxygen and nitrogen in 1-propanol are shown together with those of other authors and
the PSRK predictions. This means, that now, the prediction of air solubilities, which is very
important, e.g., for transport or storage of organic mixtures, is also possible with PSRK. We believe

Ž .that PSRK is the first reliable existing method for the prediction air oxygen and nitrogen solubilities.

Fig. 9. Experimental and predicted Henry coefficients of oxygen and nitrogen in 1-propanol; experimental data for the
Ž . Ž . Ž . w x Ž . Ž .system oxygen 1 q1-propanol 2 v 33 , ` different authors taken from the DDB ; experimental data for the system

Ž . Ž . Ž . w x Ž . Ž . Ž .nitrogen 1 q1-propanol 2 B 33 , I different authors taken from the DDB ; — PSRK.
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5. Conclusions

With the systematic experimental determination of precise VLE or gas solubility data the
application range of PSRK was extended to different specific classes of substances, such as air, sulfur

Ž .compounds, and epoxides. Additional structural groups epoxides, HF, HI, COS were introduced into
the PSRK group contribution EOS, and in total 98 pairs of group interaction parameters for the new
and the existing main groups were fitted to experimental phase equilibrium data measured for the
extension of PSRK or taken from literature. This leads to a remarkable extension of the application
range of PSRK, which can be employed for the prediction of VLE and gas solubilities of a large
number of different substances, regardless whether they are non-polar or polar, sub- or supercritical,
large or small molecules. As it was demonstrated in this and other papers, the agreement between
experimental and predicted values proves the reliability of PSRK.

PSRK is a general method for a large number of applications. In the future, it will be possible to
extend PSRK to numerous problems by introducing the missing groups and fitting the required
interaction parameters. To reach this goal, at least a limited number of systematic measurements have
to be performed. Furthermore, it is planned to apply the PSRK method also to electrolyte and polymer

w xcontaining systems. For the latter systems, the function for correcting the r and q values 5 was
recently modified in order to achieve a reasonable extrapolation to polymers. A method for a suitable
prediction of the pure component EOS parameters a and b is under development.
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