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Phase Equilibria of Alkanes in Natural Gas Systems. 1. Alkanes in 
Methane 

David Suleiman and Charles A. Eckert* 

School of Chemical Engineering and Center for Specialty Separations, Georgia Institute of Technology, 
Atlanta, Georgia 30332-0100 

We report the application of a new chromatographic technique to measure capacity factors for several 
n-alkanes (CTH16 to C36H74) in methane in the range 293.2-423.2 K, and at  120-240 bar. Regular solution 
theory is used to characterize the stationary phase to permit the calculation of infinite dilution activity 
coefficients, yi-; this allows the conversion of the capacity factors to estimates of the solubility of the 
n-alkanes in methane. The solubility results are in good agreement with those data available from more 
conventional techniques. However, the new method permits investigations of much lower values of the 
solubility, especially for heavier hydrocarbon solutes, typically inaccessible with other methods. The 
capacity factor data can also be differentiated to yield directly partial molar volumes and partial molar 
enthalpies at  infinite dilution. The phase equilibrium information obtained with this method provides 
valuable data for understanding size differences, as well as for helping to ameliorate solid deposition 
problems of natural gas companies. 

Introduction 

Information on the phase equilibria of n-paraffins in 
natural gas systems is important for both practical and 
theoretical purposes. First, such data are crucial in the 
design of natural gas pipeline systems, to avoid blockages 
caused by solidification of waxes, especially at  low tem- 
peratures. However, such data also offer a unique op- 
portunity to  view systems with dispersion forces only, 
differing only by large differences in molecular size and 
shape. Such results are intermediate and complementary 
to the data of limiting activity coefficients for liquids, yiw, 
C5H12 to  C16H34, measured by headspace chromatography 
(Park, 1988; Cheong, 1989; Abraham et al., 1990; Eikens, 
19931, and the many data available for polymer systems. 
We hope these can contribute to  a new understanding of 
size and shape effects. 

Although numerous publications have investigated the 
phase equilibrium behavior of the lower n-alkanes (e.g., 
C2H6, C3H8, and C4H10) in C& (e.g., Sage et al., 1934,1939, 
1940a; Olds et al., 1942; Reamer et al., 1947, 1950; Magee 
et al.,  1982; Arai and Kobayashi, 1980; Henry et aZ., 1977; 
Arai et al., 1974; Chen et al., 1973), there are very few 
phase equilibrium data for the liquid n-alkanes (e.g., C5H12 
to C16H34) in CH4 (e.g., Sage et al.,  1940b, 1942; D’Avila et 
al., 1976; Kaul and Prausnitz, 1978; Rijkers et al., 1992a,b, 
1993), and no data for the solid n-alkanes (e.g., C24H50 to 
C36H74) in CHI. Some of the liquid n-alkane solubility data 
in CH4 (e.g., Sage et al., 1940b, 1942; D’Avila et al., 1976; 
Kaul and Prausnitz, 1978), are only available at  high 
temperatures (e.g., 423-500 K), due to the low solubilities 
in CH4. 

Conventional methods for investigating solid solubilities 
in gases or supercritical fluids (SCFs) are hindered by 
various experimental limitations. The most common clas- 
sical method would be a transpiration technique (Johnston 
and Eckert, 1981; Johnston et al., 1982), where a flowing 
stream of compressed fluid is flowed over and equilibrated 
with a thermostated bed of pure solid and then depressur- 
ized and the solute collected and weighed. As the solute 
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gets heavier, the time required becomes very large, and 
the amounts weighed become very small. 

An attractive experimental alternative to  the conven- 
tional methods is the chromatographic technique, which 
has been used extensively by several researchers to deter- 
mine solubilities (Yonker et al., 1987; Smith et al . ,  1987; 
Barker et al., 1988; Bartle et al . ,  1990a,b), enhancement 
factors (Brown et al.,  1987), partial molar volumes and 
enthalpies at infinite dilution (van Wasen et al., 1980; Shim 
and Johnston, 1991), and even cosolvent effects (Ekart et 
al., 1992, 1993). This method has many advantages: 
rapidity, small sample size, low purity requirements (since 
the impurities are separated in the chromatographic 
column), and the capability to provide phase equilibrium 
data at  high temperatures or at  low pressures where other 
techniques fail since the solubility is small, or simply 
because the solute may not be in its solid state. 

However, this chromatographic method has not been 
applied to aliphatic substances in natural gas systems, 
primarily because of the limitations of the commonly- 
employed detectors. The n-alkanes are not UV-active, the 
flammable nature of the solvents (e.g., methane/ethane) 
precludes the use of FID, and thermal conductivity is 
insensitive and inapplicable at  elevated pressures. One 
might in principle use FTIR, or mass spectroscopy; how- 
ever, a less expensive and easier alternative is the evapo- 
rative light scattering detector (ELSD), commonly em- 
ployed in liquid chromatography. This light scattering 
detector modified for SCFsIdense gases proved to be highly 
efficient and reproducible for these saturated hydrocarbons. 

This paper describes a chromatographic technique for 
the rapid and accurate determination of the solubilities of 
the n-alkanes in SCFddense gases. In addition, a database 
of experimental capacity factors and their corresponding 
solubilities is presented for the binary systems: n-alkanes 
from C&6 to C36H74 in CHI, from 293.2 to 423.2 K and 
from 120 to 240 bar. Partial molar volumes and partial 
molar enthalpies at  infinite dilution can also be calculated 
from the density and temperature derivatives of the 
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capacity factors, and some of these results are also pre- 
sented. 

Theory 
In chromatography, the degree of retention of a solute 

depends upon its distribution between the mobile and 
stationary phases; it is characterized by a dimensionless 
capacity factor, ki: 

where ti is the retention time of solute i, and to is the 
retention time of a solute that is not retained in the 
stationary phase. If one assumes equilibrium, ki can also 
be represented as follows: 

where xi and yi are the mole fractions of component i in 
the stationary and mobile phases, respectively. The molar 
volumes of the stationary and mobile phases in the 
chromatographic column are represented as VS, and E, 
while V8 and P are the physical volumes of the stationary 
and mobile phases, respectively. Phase equilibrium con- 
siderations then yield @iw, the fugacity coefficient of solute 
i in the mobile phase at infinite dilution in terms of 
pressure, P, and Henry's constant of solute i in the 
stationary phase, k ~ , , .  If one assumes that the partial 
molar volume of solute i in the stationaryphase, vi, is equal 
to its liquid molar volume, Vi, and introducing the pressure 
dependence on kH,i, @iw becomes 

koH,i is Henry's constant between solute i and the packing 
material a t  the reference pressure Po. The ratio between 
vertical bars, (VmVB,Ns(, depends only on the chromato- 
graphic column, and should not vary significantly with 
pressure. One application of this derivation is obtaining 
solubilities for dilute systems (Yonker et al., 1987; Smith 
et al., 1987; Barker et al., 1988; Bartle et al., 1990a,b). In 
this approach, the conventional solubility expression for 
SCFs (Prausnitz et al., 1986) is combined with eq 3 to  
provide the solubility of a solute i, from the chromato- 
graphic capacity factors, ki 

(4) 
where Pi,sat is the saturation pressure (vapor or sublimation 
pressure depending on the physical state of the solute a t  
the conditions studied). The left expression between verti- 
cal bars was called Ci(T) by other researchers (Barker et 
al., 1988; Bartle et al., 1990a,b; Ekart et al., 1992, 1993). 
In a given column, and for a given solute, CLT) is a function 
of temperature only. In order to determine Ci(T) for a 
particular solute and a particular temperature, one must 
measure at  least one solubility data point at that tempera- 
ture with an independent technique, or calculate it. Once 
Ci(T) is known, the entire solubility isotherm can be 
determined rapidly from the chromatographic capacity 
factors. 

Due to the lack of solubility data for the n-alkanes in 
CHI, Ci(T) was calculated as follows. For liquids with low 
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Figure 1. Pressure-temperature diagram for a pure substance. 

Pi,vap, Ci(T) reduces to 

The expression between vertical bars, IVsPVml, can be 
obtained from the physical information provided by the 
manufacturer of the chromatographic column. yi" is the 
activity coefficient at infinite dilution between the solute i 
and the stationary phase. In these nonpolar systems, yi" 
may be obtained by an application of regular solution 
theory (RST) (Hildebrand et al., 1970). Since the stationary 
phase is an octadecyl bonded phase to a silica support, and 
no solubility parameter for this material was available, a 
single experimental solubility datum for CloH22 in CHI at  
313.2 K (Rijkers et al., 1992a) was used to regress the 
constant Ci(T), which provided yi", and therefore the 
solubility parameter of the stationary phase. The solubility 
parameters for the n-alkanes and their temperature de- 
pendence were calculated using Fedors' group contribution 
method (Fedors, 1974). The isobaric thermal expansion 
coefficients of the n-alkanes, required to  account for the 
temperature dependence of the solubility parameters, were 
obtained from Nikolic (1993). 

For solids, the calculation of Ci(T) requires an additional 
ratio, Pi,sub/Pi,vap, where Pi,sub is the sublimation pressure 
and Pi,vap is the vapor pressure of the hypothetical liquid 
(Figure 1): 

An important comment about this approach to obtain 
solubilities is that the derivation assumes that the fugacity 
coefficient does not change with concentration from the 
infinite dilution value. This assumption is only valid for 
very small solubilities (e.g., mole fraction); for more 
soluble systems the concentration dependence of the fugac- 
ity coefficient should be considered. 

Instrumentation and Equipment 

The experiment described elsewhere (Suleiman et a1 ., 
1993) has been modified for use with CH4 (Figure 2). A 
gas booster (HASKEL AG-152) fills a high-pressure vessel 
with CHI at a target pressure, which feeds the pulse-free 
high-pressure syringe pump (ISCO 500D). To assure 
thermal equilibrium, the fluidldense gas then goes through 
2 m of stainless steel tubing immersed in a constant 
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Figure 2. High-pressure chromatographic system: (1) gas cyl- 
inder, (2) gas booster, (3) high-pressure vessel, (4) syringe pump, 
(5) water bath, (6) injection valve, (7) differential pressure 
transducer, (8) heated restrictor, (9) light scattering detector, (10) 
recorder. 

Table 1. Mole Fraction Solubility, S, and Capacity 
Factors, kip for c7H16 in C& 

PI PI PI PI PI PI 
b a r =  b a r =  ba r=  b a r =  b a r =  b a r =  

TK 240 200 180 160 140 120 
423.2 

393.2 

358.2 

348.2 

338.2 

328.2 

318.2 

308.2 

298.2 

101s 
ki 
101s 
ki 
102s 
ki 
102s 
ki 
102s 
ki 
102s 
ki 
102s 
ki 
102s 
ki 
102s 
ki 

1.1 1.2 
0.49 0.49 
1.0 1.1 
0.43 0.46 
9.7 9.2 
0.49 0.56 
8.3 8.3 
0.53 0.62 
7.3 8.4 
0.55 0.56 
8.9 9.4 
0.41 0.45 
7.1 7.4 
0.46 0.52 
1.8 1.3 
0.51 0.70 
5.1 3.8 
0.52 0.79 

1.4 1.6 
0.49 0.49 
1.1 1.2 
0.52 0.53 
8.9 8.5 
0.63 0.73 
7.2 7.3 
0.78 0.87 
8.4 8.2 
0.61 0.71 
9.2 9.5 
0.51 0.55 
8.0 7.0 
0.53 0.67 
1.1 0.9 
0.84 0.95 
3.7 3.2 
0.90 1.16 

1.7 2.0 
0.50 0.51 
1.3 1.3 
0.55 0.63 
7.9 7.7 
0.87 1.03 
7.2 7.5 
1.01 1.11 
8.1 8.0 
0.82 0.96 
10.4 11.8 
0.57 0.60 
6.6 6.5 
0.80 0.97 
0.8 0.6 
1.15 1.39 
3.1 3.0 
1.39 1.69 

Table 2. Mole Fraction Solubility, S, and Capacity 
Factors, ki for C a r 8  in CH4 

PI PI PI PI PI PI 
b a r =  b a r =  b a r =  b a r =  b a r =  b a r =  

TK 240 200 180 160 140 120 
423.2 

393.2 

358.2 

348.2 

338.2 

328.2 

318.2 

308.2 

298.2 

102s 
ki 
102s 
ki 
102s 
ki 
102s 
ki 
102s 
ki 
102s 
ki 
102s 
ki 
102s 
ki 
102s 
ki 

7.0 8.2 8.9 10.0 11.0 12.9 
0.7 0.8 0.8 0.8 0.8 0.8 
5.0 5.7 6.2 6.9 7.8 7.7 
0.9 0.9 0.9 0.9 0.9 1.1 
6.9 6.6 7.0 6.5 6.2 4.7 
0.7 0.8 0.8 1.0 1.1 1.7 
5.1 4.6 4.6 4.6 4.7 4.4 
0.9 1.1 1.2 1.4 1.6 1.9 
5.0 5.8 4.4 4.4 4.5 4.5 
0.8 0.8 1.2 1.3 1.5 1.7 
3.9 4.2 3.9 3.8 3.8 4.0 
1.0 1.0 1.2 1.4 1.6 1.8 
4.2 4.1 3.6 3.9 3.6 3.5 
0.8 0.9 1.2 1.2 1.5 1.8 
2.8 2.1 2.0 1.8 1.2 1.1 
1.0 1.6 1.9 2.4 3.9 5.0 
3.3 1.9 1.7 1.2 0.9 0.7 
0.8 1.6 2.0 3.0 4.8 7.1 

temperature bath, controlled by a Bayley precision control- 
ler (BAYLEY 123). The bath was filled with water for the 
lower temperatures, or a heat transfer fluid (UCON 500) 

Table 3. Mole Fraction Solubility, S, and Capacity 
Factors, ki, for C9H20 in CH4 

PI PI PI PI PI PI 
b a r =  b a r =  b a r =  b a r =  b a r =  ba r=  

TIK 240 200 180 160 140 120 

423.2 

393.2 

358.2 

348.2 

338.2 

328.2 

318.2 

308.2 

298.2 

102s 
ki 
102s 
ki 
102s 
ki 
102s 
ki 
102s 
ki 
102s 
ki 
102s 
ki 
102s 
ki 
102s 
ki 

5.1 5.8 6.3 7.2 7.9 8.9 
1.0 1.0 1.1 1.1 1.1 1.1 
3.9 4.3 4.3 4.5 4.5 4.4 
1.1 1.2 1.3 1.4 1.6 1.9 
4.2 4.2 4.2 3.9 3.6 3.5 
1.2 1.2 1.3 1.6 1.9 2.3 
3.5 3.8 3.8 3.4 3.6 3.2 
1.3 1.4 1.5 1.9 2.0 2.6 
2.9 2.8 2.2 2.3 2.2 2.1 
1.4 1.7 2.3 2.5 3.0 3.6 
2.1 2.4 2.3 2.0 1.9 1.9 
1.7 1.7 2.0 2.7 3.1 3.6 
2.0 1.8 1.6 1.2 1.0 0.8 
1.6 2.1 2.7 4.0 5.3 7.7 
1.7 1.2 1.1 0.9 0.8 0.7 
1.7 2.9 3.3 4.5 5.9 7.9 
1.7 1.0 0.9 0.6 0.5 0.4 
1.6 3.1 3.7 5.8 9.1 13.3 

Table 4. Mole Fraction Solubility, S, and Capacity 
Factors, kip for C10H22 in CH4 

TIK 

_ _ _ _ _ _ _ _ ~ ~ ~  

PI PI 
bar = bar = 
240 200 

PI PI 
bar = bar = 
180 160 

PI 
bar = 

140 

PI 
bar = 

120 

423.2 

393.2 

358.2 

348.2 

338.2 

328.2 

318.2 

313.2 

308.2 

303.2 

298.2 

293.2 

102s 
ki 
102s 
ki 
102s 
ki 
102s 
ki 
102s 
ki 
102s 
1O-lki 
102s 
10-lki 
103s 

103s 

103s 

103s 

103s 

10-lki 

10-lki 

10-lki 

10-lki 

10-lki 

3.7 4.3 
1.4 1.4 
2.5 2.8 
0.2 0.2 
2.6 2.5 
1.8 2.1 
2.2 2.3 
2.0 2.2 
1.8 1.5 
2.3 3.1 
1.5 1.2 
0.2 0.3 
1.3 1.1 
0.3 0.4 
8.8 5.4 
0.2 0.4 
9.9 6.6 
0.3 0.5 
7.2 4.5 
0.3 0.5 
8.1 5.5 
0.3 0.5 
6.3 4.1 
0.3 0.5 

4.6 4.9 
1.4 1.5 
2.6 2.9 
0.2 0.2 
2.6 2.7 
2.2 2.3 
2.4 2.5 
2.4 2.5 
1.3 1.1 
4.0 5.3 
1.1 1.0 
0.4 0.5 
1.0 0.9 
0.4 0.5 
4.0 3.0 
0.6 1.0 
5.8 4.8 
0.6 0.9 
3.4 2.6 
0.7 1.0 
4.8 3.8 
0.7 1.0 
3.3 2.6 
0.6 0.9 

4.5 
1.9 
2.7 
0.3 
2.3 
3.0 
1.9 
3.8 
1.0 
6.4 
0.9 
0.7 
0.6 
0.8 
2.3 
1.4 
4.0 
1.2 
1.9 
1.6 
3.1 
1.4 
2.1 
1.3 

5.2 
1.9 
2.7 
0.3 
2.1 
3.8 
1.9 
4.3 
0.9 
8.1 
0.8 
8.6 
0.5 
1.2 
1.8 
2.2 
3.4 
1.7 
1.4 
2.5 
2.6 
1.9 
1.7 
1.9 

for the higher temperature studies. The fluid then enters 
an injection valve (VALCO CI4W1), where a 1 pL injection 
loop permits introduction of small amounts of the solute 
dissolved in pentane. Pentane was selected as the solvent, 
since it dissolved the solid hydrocarbons and was not 
retained in the packed column and its peak was detected 
each time, providing a reference measurement (to). The 
column (100 mm in length and 4.6 mm in internal 
diameter) was packed with 3 pm particles of HYPERSIL 
ODS CIS (ALLTECH C-6000B). The small pressure drop 
across the column (2-4 bar) is measured using a dif- 
ferential pressure transducer (VALYDINE CD12), while 
the system pressure is monitored with a pressure trans- 
ducer and indicator (HEISE 901B). The eMuent from the 
chromatographic column then flows through a deactivated 
silica tubing that acts as the restrictor (50 pm inside 
diameter and 40 cm length), where the fluid undergoes 
decompression. This restrictor is heated to compensate for 
the cooling effect from the Joule-Thompson expansion of 
the solvent, and to avoid deposition of the solutes along 
the restrictor during decompression. 
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Table 7. Mole Fraction Solubility, S,  and Capacity 
Factors, kj, for C13HB in C a a  

Table 5. Mole Fraction Solubility, S, and Capacity 
Factors, ki, for CllHa in C& 

PI PI PI PI PI PI 
bar=  b a r =  ba r=  b a r =  ba r=  b a r =  

T/K 240 200 180 160 140 120 

PI PI PI PI PI PI 
bar = bar = bar = bar = bar = bar = 

T/K 240 200 180 160 140 120 

423.2 

393.2 

358.2 

348.2 

338.2 

328.2 

318.2 

308.2 

298.2 

102s 
ki 
102s 
ki 
102s 
ki 
102s 
ki 

10-lki 

10-lki 

10-'ki 

10-lki 

10-lki 

103s 

103s 

103s 

103s 

103s 

3.1 3.0 3.2 3.4 3.2 
1.7 2.0 2.1 2.2 2.6 
1.8 1.6 1.7 1.9 1.8 
2.3 3.0 3.2 3.3 4.0 
1.6 1.6 1.5 1.5 1.4 
3.0 3.2 3.6 4.10 5.0 
1.4 1.5 1.5 1.5 1.3 
3.1 3.3 3.7 4.2 5.4 
10.9 9.0 7.2 5.6 5.1 
0.4 0.5 0.7 1.0 1.3 
10.3 7.6 6.6 5.1 5.8 
0.4 0.6 0.7 1.0 1.0 
8.3 7.0 6.5 5.2 4.2 
0.4 0.5 0.6 0.9 1.2 
6.3 4.0 3.8 3.1 2.6 
0.5 0.8 1.0 1.3 1.8 
5.6 3.3 2.7 1.9 1.4 
0.5 0.9 1.2 1.9 3.0 

Table 6. Mole Fraction Solubility, S,  and Capacity 
Factors, ki, for ClaHas in C a  

3.2 
3.1 
1.7 
4.9 
1.4 
5.8 
1.3 
6.4 
4.5 
1.7 
6.6 
1.0 
3.4 
1.8 
2.2 
2.5 
1.1 
4.6 

PI PI PI PI PI PI 
bar = bar = bar = bar = bar = bar = 

T/K 240 200 180 160 140 120 

423.2 

393.2 

358.2 

348.2 

338.2 

328.2 

318.2 

313.2 

308.2 

303.2 

298.2 

293.2 

102s 
ki 
102s 
ki 
102s 
10-lki 

10-'ki 

10-'ki 

10-2k, 
102s 
10-lki 

10-lki 

10-lki 

10-'kj 

10-lki 

10-'ki 

103s 

103s 

103s 

103s 

103s 

103s 

103s 

103s 

2.2 2.3 2.3 2.3 1.9 2.1 
2.3 2.6 2.9 3.2 4.3 4.6 
1.3 1.2 1.2 1.2 1.1 1.0 
3.1 4.1 4.4 5.0 6.2 7.8 
1.1 0.9 0.9 0.8 0.7 0.6 
0.4 0.5 0.6 0.8 0.9 1.3 
8.7 8.7 7.9 7.3 6.6 5.8 
0.5 0.6 0.7 0.8 1.1 1.4 
7.4 5.7 4.4 3.6 3.1 2.7 
0.5 0.8 1.1 1.5 2.0 2.8 
6.8 4.5 4.1 3.3 3.5 3.9 
0.1 0.1 0.1 0.2 0.2 0.2 
0.5 0.5 0.4 0.3 0.3 2.0 
0.6 0.8 1.0 1.4 2.0 3.0 
3.6 1.8 1.4 0.9 0.7 0.5 
0.5 1.3 1.8 3.1 4.7 7.8 
3.9 2.4 2.5 1.9 1.6 1.4 
0.7 1.4 1.5 2.1 2.8 3.8 
2.8 1.5 1.1 0.7 0.5 0.4 
0.6 1.4 2.1 3.4 5.6 9.3 
3.2 1.6 1.6 1.2 0.9 0.7 
0.8 1.6 2.0 3.0 4.8 7.2 
2.3 1.3 0.9 0.7 0.5 0.3 
0.7 1.4 2.2 3.5 5.4 9.2 

A n  important feature of the interface is the extension of 
the restrictor 1-2 mm into the evaporative chamber of the 
ELSD to act as the nebulizer. Other ELSD studies using 
liquid solvents (Carraud et al., 1987; Nizeri et al., 1989) 
have indicated the need for an additional heating step a t  
the tip of the nebulizer to  overcome additional crystalliza- 
tion of the mobile phase upon expansion. However, in this 
investigation the extra precaution was not required. In 
addition, the perfect vertical alignment of the restrictorl 
nebulizer inside the light scattering detector played an 
important role in the response. 

Other researchers have reported that the use of a 
nebulizing gas (ix., N2) might not be necessary for SCF 
applications (Carraud et al., 1987; Nizeri et al., 1989); 
however, our studies demonstrated better stability in the 
response (signal to  noise ratio, S/N) when using such a 
nebulizing gas. The retention times used for this investi- 
gation were an average of several measurements obtained 
at  the maxima of their response. The chromatographic 
column was maintained under pressure continuously to 
keep its performance (activity) constant. Since all solutions 

423.2 

393.2 

358.2 

348.2 

338.2 

328.2 

318.2 

308.2 

298.2 

1 02s 
ki 
103s 

103s 

103s 

103s 

103s 

103s 

103s 

103s 

10-'ki 

lO-'ki 

10-lki 

10-lki 

10-lki 

10-lki 

10-lkj 

lO-'ki 

1.7 1.8 1.6 1.6 1.2 1.4 
2.9 3.2 4.1 4.7 6.7 6.8 
9.3 8.1 8.2 8.0 7.3 7.3 
0.4 0.6 0.7 0.8 0.9 1.1 
6.7 6.2 5.0 4.4 4.2 4.2 
0.7 0.8 1.1 1.4 1.5 1.8 
6.0 5.0 4.0 3.8 4.1 4.0 
0.7 1.0 1.3 1.6 1.7 2.0 
4.6 3.5 2.7 2.3 2.0 1.7 
0.8 1.3 1.8 2.4 3.1 4.2 
4.4 2.8 2.7 2.1 2.2 2.3 
0.8 1.4 1.6 2.3 2.5 2.9 
3.4 2.8 2.7 2.0 1.6 1.3 
0.9 1.3 1.5 2.2 3.1 4.7 
2.5 1.5 1.4 1.0 0.8 0.7 
1.1 2.2 2.6 3.8 5.4 7.7 
1.4 1.1 1.0 0.6 0.5* 0.4* 
0.2 0.3 0.3 0.5 0.9* 1.3* 

a An asterisk denotes extrapolated values. 

Table 8. Mole Fraction Solubility, S, and Capacity 
Factors, ki, for C14H30 in C a a  

PI PI PI PI PI PI 
bar = bar = bar = bar = bar = bar = 

T/K 240 200 180 160 140 120 
423.2 

393.2 

358.2 

348.2 

338.2 

328.2 

318.2 

308.2 

298.2 

102s 
10-lki 

10-lki 

10-lki 

10-lki 

lO-'ki 

10-lki 

10-'ki 

10-'ki 

lO-'ki 

103s 

103s 

103s 

103s 

103s 

103s 

103s 

104s 

1.1 1.2 1.1 1.1 0.9 0.9 
0.5 0.5 0.6 0.7 0.9 1.0 
5.8 6.2 5.7 5.4 5.5 4.7 
0.7 0.8 0.9 1.1 1.2 1.7 
4.7 3.9 3.2 2.6 2.5 2.5 
1.0 1.2 1.6 2.2 2.6 3.0 
4.0 3.8 3.6 3.4 3.4 3.1 
1.0 1.3 1.5 1.7 2.0 2.5 
2.9 2.3 1.7 1.6 1.4 1.2 
1.3 1.9 2.8 3.3 4.5 5.8 
2.9 1.8 1.6 1.2 1.3 1.4 
1.2 2.2 2.7 3.9 4.3 4.7 
2.1 1.9 1.8 1.2 1.0 0.7 
1.4 1.9 2.2 3.5 5.1 7.9 
1.6 0.9 0.9 0.6 0.5 0.4* 
0.2 0.4 0.4 0.6 0.9 1.3* 
8.6 6.6 5.9 3.6 2.5* 1.9* 
0.3 0.4 0.5 0.9 1.6* 2.4* 

a An asterisk denotes extrapolated values. 

studied were highly diluted, the densities used in the 
calculations were pure fluid densities obtained from Youn- 
glove and Ely (1987). 

Chemicals 
C.P. grade CH4 (99.0% purity) was obtained from Mathe- 

son Gas Products. The n-alkanes from C5H12 to C36H74 
were obtained from Aldrich Chemical Co. with a stated 
purity of 98% or better. They were used without further 
purification since the chromatographic column separated 
out the impurities. 

Results and Discussion 
Tables 1- 12 present experimental capacity factors and 

their corresponding calculated solubilities (eqs 4 and 5 )  for 
the n-alkanes from C7H16 to C18H38 in CH4 at temperatures 
from 293.2 to 423.2 K and pressures from 120 to 240 bar. 
Although CsH12 and CsH14 were also investigated, they flow 
unretained, or with a very small degree of retention 
through the chromatographic column. 

The overall estimated experimental error in the mea- 
sured capacity factors is approximately 5-lo%, with the 
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Table 9. Mole Fraction Solubility, S, and Capacity 
Factors, ki, for Cld392 in C H p  

Pi Pi PI Pi PI PI 
bar= b a r =  bar=  bar = bar = bar = 

T/K 240 200 180 160 140 120 

0 

/ @ "  A 
A 

A ' 0  

A A 
e o  0 

A A  0 

Table 11. Mole Fraction Solubility, S, and Capacity 
Factors, ki, for C17&6 in C H p  

PI PI PI PI Pi PI 
bar = bar = bar = bar = bar = bar = 

T/K 240 200 180 160 140 120 

l.OxlOJ- 

I . O X I ~ - ~ ~  

423.2 

393.2 

358.2 

348.2 

338.2 

328.2 

318.2 

308.2 

298.2 

A 0 

0 

0 

103s 
lO-lk,  
103s 
lO-lk, 
103s 
lO-lk, 
103s 
10-lk, 
103s 
10-2k, 
103s 
10-'k, 
103s 
10-2k, 
104s 
10-2k, 
104s 
10-2k, 

8.6 9.4 8.0 6.4 6.3 6.6 
0.6 0.6 0.8 1.1 1.3 1.4 
4.0 4.3 3.7 3.6 3.6 3.3 
1.0 1.1 1.4 1.6 1.9 2.3 
3.4 2.5 1.9 1.6 1.6 1.5 
1.3 1.9 2.7 3.5 4.0 4.9 
2.6 2.5 2.3 2.1 2.1 2.0 
1.5 1.9 2.3 2.7 3.1 3.9 
1.7 1.3 1.2 0.9 0.8 0.7 
0.2 0.3 0.4 0.6 0.7 1.0 
2.3 1.2 1.1 0.9 0.7 0.8 
1.5 3.2 3.9 5.3 7.2 7.8 
1.3 1.2 1.1 0.8 0.6 0.5* 
0.2 0.3 0.3 0.6 0.8 1.2* 
9.6 5.3 4.4 2.7* 1.9* 1.8* 
0.3 0.6 0.8 1.4* 2.3* 2.9* 
7.2 4.0 3.3 2.0* 1.4* 1.0* 
0.3 0.7 0.9 1.7* 2.8" 4.4* 

a An asterisk denotes extrapolated values. 

Table 10. Mole Fraction Solubility, S, and Capacity 
Factors, ki, for C I d - k d  in CH4" 

~ 

PI PI Pi Pi PI Pi 
b a r =  bar = b a r =  b a r =  bar = bar = 

T/K 240 200 180 160 140 120 

423.2 

393.2 

358.2 

348.2 

338.2 

328.2 

318.2 

313.2 

308.2 

303.2 

298.2 

293.2 

103s 
lo-lk,  
103s 
lo- lk ,  
103s 
10-'k, 
103s 
lO-lk, 
103s 
10-2k, 
103s 
10-2k, 
103s 
10-2k, 
104s 
10-2k, 
104s 
lO-?k, 
104s 
10-2k, 
104s 
10-2k, 
104s 
10-2k, 

6.9 6.5 5.6 4.4 4.4 5.1 
0.7 0.9 1.1 1.6 1.8 1.8 
3.1 3.0 2.8 1.9 2.5 2.0 
1.2 1.5 1.8 3.0 2.6 3.8 
2.6 2.0 1.3 1.0 1.0 0.9* 
1.7 2.4 4.1 5.6 6.1 8.1* 
1.7 1.6 1.5 1.4 1.4 1.2* 
2.3 2.9 3.5 4.2 4.8 6.0* 
1.0 0.9 0.9 0.6* 0.6* 0.6* 
0.4 0.5 0.5 0.8* 1.0* 1.2* 
1.4 0.9 0.6 0.5* 0.4* 0.5* 
0.2 0.4 0.7 0.9* 1.2" 1.3* 
0.9 0.8 0.7 0.5* 0.4* 0.3* 
0.3 0.4 0.5 0.9* 1.2* 1.8* 
6.7 3.0 1.8 1.1' 0.7* 0.4* 
0.3 0.7 1.3* 2.4* 4.1* 8.0* 
5.8 2.7 2.5* 1.8* 1.4* 1.4* 
0.4 1.1 1.3* 2.0* 3.1* 3.7* 
5.7 2.7 1.6* 1.0* 0.6* 0.4* 
0.3 0.7 1.3* 2.3* 4.2* 7.6* 
3.6 2.0 1.9* 1.1* 0.7* 0.6* 
0.6 1.3 1.5* 2.9* 5.0* 7.9* 
4.4 1.8 1.0* 0.6* 0.4* 0.2* 
0.3 0.9 1.8* 3.4* 6.3* 13.2* 

a An asterisk denotes extrapolated values. 

largest contributions (about 2-3% each) coming from the 
pressure drop across the column (2-4 bar), the flow 
variations from the constant pressure control (k0.2 mL1 
min), and the maxima of the retention times (kl-5 SI. The 
error in the estimated solubilities is approximately 10- 
15%. The solvent density is known to 5% (Younglove and 
Ely, 1987), and the constant Ci is calculated with an 
estimated error of 10%. The large error in Ci is due to the 
inability to describe accurately the stationary phase. 
Although the solubility parameter of the stationary phase 
is regressed from one known solubility datum, the number 
obtained for an octadecyl bonded phase to a silica support 
(19.8 MPal") does not support that of octadecane (16.6 
MPal"). However, the bonded octadecyl is not expected to 
behave as a free octadecane molecule. 

In order to verify the reliability of this approach, 
calculated solubilities for CloH22, C12H26, and C16H34 in CH4 

423.2 

393.2 

358.2 

348.2 

338.2 

328.2 

318.2 

308.2 

298.2 

103s 
lo-lk, 
103s 
lO-lk, 
103s 
10-2k, 
103s 
lO-lk, 
104s 
10-2k, 
104s 
10-2k, 
104s 
10-2k, 
104s 
10-3kI 
104s 
10-3k, 

5.2 4.9 3.9 3.3 3.4 3.1 
0.9 1.1 1.5 2.1 2.3 3.0 
2.6 2.1 2.0 1.3 1.7 1.3 
1.5 2.1 2.5 4.2 3.7 5.8 
2.1 1.3 0.8 0.7 0.6 0.5* 
0.2 0.3 0.7 0.8 1.0 1.3* 
1.1 1.1 0.9" 0.8* 0.9* 0.8* 
3.4 4.3 5.4* 6.6* 7.4* 9.3* 
6.6 5.8 5.6* 3.6* 2.8* 2.4* 
0.5 0.7 0.8* 1.4* 2.1* 2.8* 
9.0 4.3 3.6" 3.0* 2.6* 2.9* 
0.4 0.8 1.1* 1.5* 2.0* 2.1* 
5.4 4.8 4.6" 2.8* 2.3* 1.9* 
0.5 0.7 0.8* 1.4* 2.0* 2.9* 
3.6 1.6* 1.4* 1.0* 0.8* 0.8* 
0.1 0.2* 0.2* 0.4* 0.5* 0.6* 
2.0* 1.2* 1.1* 0.6* 0.4* 0.3* 
0.1* 0.2* 0.3* 0.5* 0.9* 1.4* 

a An asterisk denotes extrapolated values. 

l*oxlO" m 

'5 

Plbar 
Figure 3. Mole fraction solubility, S, of various n-alkanes in CHI 
at 298.2 K (0) CloH22, Rijkers et al. (1992a), (.) CloH22, this 
investigation, (A) C12H26, Rijkers et al. (1992b), (A) C12H26, this 
investigation, (0) C16H34, Rijkers et al. (1993), (0) C16H34, this 
investigation. 

at 293.2 K were compared to those of Rijkers et al. (1992a,b, 
1993) (Figure 3). 

For the high carbon number solutes at low temperatures, 
the elution time was too long to measure accurately (very 
low solubilities). However, because of the wealth of data 
available for other homologues, and the excellent linear 
relation between the log of the capacity factors and carbon 
number (Figure 4), it is possible to make excellent esti- 
mates of these capacity factors, and consequently solubili- 
ties. Tables 13-20 present capacity factors and the 
corresponding solubilities for the n-alkanes from C20H42 to 
C ~ E H , ~  at 298.2-423.2 K and 120-240 bar. At the higher 
temperatures @e., 423.2 and 393.2 K), the tables contain 
actual experimental data from C ~ ~ H Q  to C28Hs8, since the 
solutes eluted within a reasonable amount of time (i.e., 1 
h). However, most of the data presented in Tables 13-20 
are extrapolated from the capacity factor versus carbon 
number correlations at each P and T. The extrapolated 
values are marked with an asterisk; the rest are actual 
experimental data. 

In order to extract the solubility from the capacity factors 
for the solids, the ratio Pi , sub /P i ,vep  was required (eq 6). 
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Figure 4. Capacity factors, ki, versus carbon number, N ,  for the 
n-alkanes in C& at 240 bar and 308.2 K. 

Table 12. Mole Fraction Solubility, S, and Capacity 
Factors, ki, for Clf ia  in CmU 

PI PI PI PI PI PI 
b a r =  b a r =  b a r =  b a r =  b a r =  b a r =  

T/K 240 200 180 160 140 120 
423.2 103S 4.3 3.6 2.5 2.3 2.1 2.5 

lO-'ki 1.1 1.5 2.4 2.9 3.6 3.6 
393.2 103S 1.9 1.5 1.4 1.0 1.2 0.8 

10-2ki 0.2 0.3 0.3 0.5 0.5 0.9 
358.2 103S 1.6 0.9 0.5 0.4* 0.4* 0.3* 

10-'ki 0.3 0.5 0.9 1.3* 1.6* 2.2* 
348.2 104S 7.5 6.9 5.8 5.3* 5.5* 5.0* 

10-'ki 0.5 0.6 0.8 1.0* 1.2* 1.4* 
338.2 104S 4.1 3.5* 3.4* 2.2* 1.7* 1.4* 

10-3ki 0.1 0.1* 0.1* 0.2* 0.3* 0.5* 
328.2 104S 6.0 2.6* 2.2* 1.8* 1.5* 1.7* 

10-3ki 0.1 0.1* 0.2* 0.2* 0.3* 0.4* 
318.2 104S 3.4 3.1* 2.9* 1.7* 1.4* 1.2* 

10-3ki 0.1 0.1* 0.1* 0.2* 0.3* 0.4* 
308.2 104S 2.2* 0.9* 0.8* 0.6* 0.4* 0.4* 

lOw3ki 0.1* 0.3* 0.4* 0.6* 0.9* 1.1* 
298.2 104S 1.1* 0.7* 0.6* 0.3* 0.2* 0.2* 

10-3ki 0.2* 0.4* 0.4* 0.9* 1.6* 2.6* 

a An asterisk denotes extrapolated values. 

Table 13. Mole Fraction Solubility, S, and Capacity 
Factors, ki. for CZ&Z in CH4" 

PI PI PI PI PI PI 
bar = bar = bar = bar = bar = bar = 

T/K 240 200 180 160 140 120 
423.2 

393.2 

358.2 

348.2 

338.2 

328.2 

318.2 

308.2 

298.2 

103s 

103s 

104s 
10-3ki 
104s 
10-3ki 
104s 
10-3ki 
104s 
10-3ki 
104s 
10-3ki 

10-3ki 

10-4ki 

10-'ki 

10-2ki 

105s 

105s 

2.6 1.9 1.2 1.2 1.1 1.2 
1.7 2.8 4.8 5.5 6.4 7.1 
1.1 0.7 0.7 0.5* 0.3* 0.3* 
0.3 0.6 0.6 1.2* 2.0* 2.0* 
5.6 3.2* 1.8* 1.3* 1.3* 1.1* 
0.1 0.1* 0.3* 0.4* 0.4* 0.6* 
3.3* 2.9* 2.3* 2.1* 2.2* 2.0* 
0.1* 0.1* 0.2* 0.2* 0.3* 0.3* 
1.6* 1.3* 1.3* 0.9* 0.6* 0.5* 
0.2* 0.3* 0.3* 0.5* 0.9* 1.2* 
2.6* 1.0* 0.8* 0.6* 0.5* 0.6* 
0.1* 0.3* 0.5* 0.7* 0.9* 1.0* 
1.3* 1.2* 1.2* 0.6* 0.6* 0.5* 
0.2* 0.2* 0.3* 0.6* 0.8* 1.1* 
8.2* 2.9* 2.6* 1.8* 1.3* 1.4* 
0.3* 0.9* 1.2* 1.8* 2.8* 3.1* 
1.4* 0.9* 0.9* 0.4* 0.3* 0.2* 
0.1* 0.1* 0.1* 0.3* 0.5* 0.8* 

An asterisk denotes extrapolated values. 

Recent advances in the experimental measurement and 
prediction of (Drake, 1993) and Pi,vap (Morgan and 
Kobayashi, 1994) for the n-alkanes have allowed the 
accurate estimation of Pi,sudPi,vap, and subsequently the 
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Table 14. Mole Fraction Solubility, S, and Capacity 
Factors, ki, for C& in C& 

PI PI PI PI PI PI 
b a r =  b a r =  b a r =  b a r =  b a r =  b a r =  

T/K 240 200 180 160 140 120 
423.2 

393.2 

358.2 

348.2 

338.2 

328.2 

318.2 

308.2 

298.2 

103s 

104s 
10-3ki 
104s 
10-3ki 

10-4ki 

10-4ki 
105s 
10-4ki 

10-4ki 

10-4ki 
107s 
10-4ki 

lO-'ki 

105s 

105s 

10% 

106s 

1.2* 0.5* 0.3* 0.2* 0.2* 0.2* 
0.3* 0.9* 1.9* 2.7* 3.2* 4.1* 
3.7* 2.6* 2.0* 0.7* 0.5* 0.6* 
0.1* 0.2* 0.2* 0.7* 1.0* 1.1* 
1.2* 0.5* 0.2* 0.2* 0.2* 0.1* 
0.3* 0.7* 1.7* 2.6* 3.1* 4.4* 
6.2* 5.2* 3.7* 3.2* 3.5* 3.1* 
0.1* 0.1* 0.1* 0.1* 0.2* 0.2* 
2.3* 1.9* 1.8* 1.3* 0.8* 0.7* 
0.1* 0.2" 0.2* 0.3* 0.6* 0.9' 
5.0* 1.3* 1.0* 0.8* 0.6* 0.7* 
0.1* 0.2* 0.3* 0.5* 0.7* 0.7* 
1.2* 1.2* 1.1* 0.5* 0.5* 0.4* 
0.1* 0.1* 0.2* 0.4* 0.5* 0.7* 
5.0* 1.3* 1.2* 0.8* 0.6* 0.6' 
0.2* 0.8* 1.0* 1.6* 2.6* 2.7* 
7.9* 4.9* 4.4* 1.9* 1.1* 0.7* 
0.4* 0.8* 1.0* 2.7* 5.2* 9.1* 

a An asterisk denotes extrapolated values. 

Table 15. Mole Fraction Solubility, S, and Capacity 
Factors, ki, for C=I& in CHp 

T/K 
423.2 

393.2 

358.2 

348.2 

338.2 

328.2 

318.2 

308.2 

298.2 

104s 

104s 
10-3ki 

10-3ki 

10-4ki 

10-4ki 

10-4ki 

10-4ki 

10-4ki 
107s 
10-4ki 

lO-'ki 

105s 

105s 

lO%S 

105s 

106s 

106s 

PI PI PI PI PI 
bar = bar = bar = bar = bar = 
240 200 180 160 140 
8.6* 3.9* 2.0* 1.5* 1.5* 
0.5* 1.2* 2.6* 3.9* 4.6* 
2.5* 1.4* 1.2* 0.4* 0.4* 
0.1* 0.3* 0.4* 1.1* 1.5* 
8.1* 3.5" 1.5* 1.1* 1.0* 
0.4* 1.1* 2.7* 4.2* 5.1* 
4.1* 3.4* 2.3* 2.0* 2.2* 
0.1* 0.1* 0.2* 0.2* 0.2* 
1.4* 1.2* 1.1* 0.8* 0.5* 
0.2* 0.3* 0.3* 0.5* 0.9* 
3.3* 0.8* 0.6* 0.5* 0.4* 
0.1* 0.4* 0.5* 0.8* 1.1* 
5.8* 5.6* 5.5* 2.3* 2.1* 
0.2* 0.2* 0.2* 0.6* 0.7* 
1.8* 0.4* 0.4* 0.3* 0.2* 
0.3* 1.3* 1.7* 2.7* 4.6* 
2.6* 1.6* 1.4* 0.6* 0.3* 
0.1* 0.1* 0.2* 0.5* 0.9* 

PI 
bar = 
120 
1.3* 
6.1* 
0.4* 
1.6* 
0.8* 
7.3* 
1.9* 
0.3* 
0.4* 
1.4* 
0.4* 
1.2* 
1.8* 
1.1* 
0.2* 
4.6* 
0.2* 
1.6* 

An asterisk denotes extrapolated values. 

prediction of solubilities for the heavier solids. The solu- 
bilities for these heavy compounds are so small (ppm and 
even ppb) that measurements by conventional methods 
(e.g., transpiration techniques) could not be used to verify 
these results. However, the different trends in the solubil- 
ity of the even- and odd-numbered solid n-alkanes are 
similar to  those observed by Moradinia and Teja in ethane 
(Moradinia and Teja, 1986, 1987, 1988). 

Since the experimentally determined capacity factors are 
proportional to  CDi- (eq 31, second virial coefficients, BIZ, 
were obtained for the n-alkanes in CH4. The results 
compared well to those available in the literature (Dymond 
and Smith, 1980). For example, BIZ for CIOHZZ in C& from 
this investigation was -312 f 20 cmVmol at  313 K, while 
Dymond and Smith tabulated -289 f 10 cm3/mol at 323 
K. It was also noted that, although a single second virial 
coefficient was not sufficient to accurately describe CDi-, the 
inaccuracy of the higher order coefficients does not justify 
their use. 

Partial Molar Volumes and Enthalpies 
The density derivative of the capacity factors canke used 

to obtain partial molar volumes at infinite dilution, Vi- (van 
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Table 16. Mole Fraction Solubility, S,  and Capacity 
Factors. ki, for C a m  in CI3.P 

PI PI PI PI PI PI 
bar = bar = bar = bar = bar = bar = 

T/K 240 200 180 160 140 120 
423.2 

393.2 

358.2 

348.2 

338.2 

328.2 

318.2 

308.2 

298.2 

105s 
10-3ki 
105s 
10-3ki 

10-4ki 

10-4ki 

10-4ki 
107s 
10-4ki 
107s 
10-4ki 
107s 
10-5ki 

10-5ki 

10% 

106s 

106s 

loas 

46.8 
0.1 
15.6* 
0.2* 
25.1* 
0.1* 
11.6* 
0.3* 
3.4* 
0.8* 
9.4* 
0.2* 
8.3* 
0.6* 
2.9* 
0.1* 
3.5* 
0.4* 

15.1* 6.7* 4.8* 4.6* 3.8* 
0.3* 0.7* 1.2* 1.4* 2.0* 
4.6* 3.9* 1.2* 1.0* 1.0* 
0.8* 1.0* 3.8* 5.1* 5.8* 
9.4* 3.5* 2.4* 2.1* 1.7* 
0.4* 1.1* 1.8* 2.3* 3.2* 
9.4* 5.9* 5.0* 5.5* 4.8* 
0.4* 0.6* 0.9* 0.9* 1.2* 
2.7* 2.5* 1.9* 1.1* 0.9* 
1.2* 1.4* 2.0* 4.0* 6.0* 
1.8* 1.3* 1.0* 0.7* 0.8* 
1.5* 2.2* 3.3* 5.1* 5.4* 
8.3* 8.3* 3.1* 2.9* 2.4* 
0.7* 0.8* 2.4* 2.9* 4.2* 
0.6* 0.5* 0.3* 0.2* 0.3* 
0.6* 0.9* 1.4* 2.5* 2.3* 
2.2* 1.9* O.O* 0.4* 0.2* 
0.7* 0.8* 2.5* 5.3* 9.7* 

a An asterisk denotes extrapolated values. 

Table 17. Mole Fraction Solubility, S,  and Capacity 
Factors, ki, for C& in C H p  

T/K 
423.2 

393.2 

358.2 

348.2 

338.2 

328.2 

318.2 

308.2 

298.2 

105s 
10-3ki 
105s 
10-3ki 
10% 
10-6ki 
106s 

106s 
10-5ki 

10-5ki 
107s 

10-5ki 

109s 

10+ki 
108s 

108s 
10+ki 

10-6ki 

PI 
bar = 
240 

3.7* 
0.1* 
8.0* 
0.4* 
1.7* 
0.2* 
7.6* 
0.4* 
2.1* 
0.1* 
3.7* 
0.4* 
8.1* 
0.1* 
10.1* 
0.2* 
11.0* 
0.1* 

Pi PI PI PI PI 
bar = bar = bar = bar = bar = 
200 180 160 140 120 
1.1* 0.5* 0.3* 0.3* 0.3* 
0.4* 1.1* 1.7* 2.0* 2.9* 
3.2* 2.7* 0.8* 0.7* 0.7* 
1.1* 1.4* 5.7* 7.6* 8.8* 
0.6* 0.2* 0.1* 0.1* 0.1* 
0.6* 1.8* 2.8* 3.7* 5.4* 
6.1* 3.7* 3.1* 3.5* 3.0* 
0.6* 1.0* 1.3* 1.4* 1.8* 
1.7* 1.5* 1.2* 0.7* 0.5* 
0.2* 0.2* 0.3* 0.6* 1.0* 
0.6* 0.5* 0.4* 0.3* 0.3* 
2.5* 3.6* 5.4* 8.5* 9.0* 
8.1* 8.2* 2.9* 2.7* 2.3* 
0.1* 0.1* 0.4* 0.5* 0.7* 
2.0* 1.6* 1.1* 0.7* 0.9* 
1.1* 1.5* 2.4* 4.3* 4.0* 
6.9* 6.1* 2.1* 1.1* 0.7* 
0.1* 0.1* 0.4* 0.9* 1.8* 

a An asterisk denotes extrapolated values. 

Wasen et al.,  1980; Shim and Johnston, 1991): 

where KT is the isothermal iompreksibilit$ (1 / g) (@/dP)T  
and Q is the solvent density. 

This approach has proven to be extremely useful for 
obtaining vi", since other experimental techniques for 
obtaining such properties (e.g., precise density measure- 
ments, constant volume measurements, and measurements 
of volume changes upon mixing) (Eckert et al., 1986; Foster 
et al . ,  1989) may require long times for each measurement 
(i.e., 12 h), and extremely precise measurements. 

Similarly, the temperature derivative of the capacity 
factors can be used to obtain the partial molar enthalpy at  
infinite dilution, Hi" (Shim and Johnston, 1991): 

I I  I 
HF is the molar enthalpy of the pure (subcboled) liquid, 
and p is the volume expansivity -(1 /g)(Q/dT)p. 

Table 18. Mole Fraction Solubility, S,  and Capacity 
Factors, ki, for CSZ& in C H p  

PI PI PI PI PI PI 
bar = bar = bar = bar = bar = bar = 

T/K 240 200 180 160 140 120 
423.2 

393.2 

358.2 

348.2 

338.2 

328.2 

318.2 

308.2 

298.2 

105s 
10-4ki 
105s 
10-3ki 

10-4ki 

10-4ki 
107s 
10-5ki 
107s 
10-5ki 

10-5ki 
109s 
10-5ki 

10% 

106s 

10% 

1010s 
10-6ki 

16.3* 
0.2* 
3.2* 
0.9* 
5.3* 
0.6* 
2.2* 
1.2* 
9.3* 
0.5* 
16.6* 
0.1* 
13.4* 
0.4* 
35.1* 
0.7* 
31.7* 
0.3* 

4.2* 
LO* 
1.1* 
3.1* 
1.6* 
2.0* 
1.7* 
1.9* 
7.2* 
0.7* 
2.2* 
LO* 
13.9* 
0.4* 
5.5* 
5.5* 
19.7* 
0.5* 

1.5* 
3.0* 
0.9* 
4.0* 
0.5* 
7.2* 
0.9* 
3.7* 
6.5* 
0.9* 
1.6* 
1.5* 
14.1* 
0.4* 
4.5* 
7.4* 
17.6* 
0.7* 

1.0* 
5.2* 
0.2* 
19.7* 
0.3* 
11.8* 
0.8* 
5.0* 
5.2* 
1.3* 
1.2* 
2.3* 
4.4* 
1.6* 
3.0* 
12.3* 
5.3* 
2.4* 

1.0* 
5.9* 
0.2* 
25.5* 
0.3* 
16.4* 
0.9* 
5.1* 
2.7* 
2.7* 
0.8* 
3.9* 
4.3* 
1.8* 
2.8* 
15.5* 
2.8* 
5.4* 

0.7* 
9.3* 
0.2* 
30.7* 
0.2* 
24.0* 
0.8* 
6.7* 
2.1* 
4.2* 
0.9* 
4.1* 
3.6* 
2.5* 
2.5* 
19.9* 
1.7* 
10.5* 

a An asterisk denotes extrapolated values. 

Table 19. Mole Fraction Solubility, S ,  and Capacity 
Factors, kj, for CSS& in C€Ip 

PI PI PI PI PI PI 
bar = bar = bar = bar = bar = bar = 

T/K 240 200 180 160 140 120 
423.2 105S 12.8* 3.1* 1.1* 0.7* 0.7* 0.5* 

10-3k, 0.3* 1.3* 4.3* 7.5* 8.5* 13.7* 
393.2 105S 2.4* 0.7* 0.6* 0.1* 0.1* 0.1* 

10-4k, 0.1* 0.4* 0.6* 3.0* 3.8' 4.7* 
358.2 10% 3.6* 1.0* 0.3* 0.2* 0.2* 0.1* 

10-5k, 0.1* 0.3* 1.2* 1.9* 2.7* 3.9* 
348.2 106S 1.4* 1.1* 0.6* 0.5* 0.5* 0.5* 

10-5k, 0.2* 0.3* 0.6* 0.8* 0.8* 1.0* 
338.2 10%' 0.4* 0.3* 0.3* 0.2* 0.1* 0.1* 

10-5k, 0.8* 1.2* 1.4* 2.0* 4.4* 6.8* 
328.2 107S 7.5* 0.9* 0.7* 0.5* 0.3* 0.4* 

10-5k, 0.2* 1.6* 2.4* 3.8* 6.4* 6.7* 
318.2 107S 1.1* 1.2* 1.2* 0.4* 0.3* 0.3* 

l O - W ,  0.6* 0.6* 0.7* 2.5" 2.9* 4.0* 
308.2 10% 1.4* 0.2* 0.2* 0.1* 0.1* 0.1* 

10-6kI 0.1* 0.9* 1.3* 2.1* 2.2* 3.4* 
298.2 logs 1.2* 0.7* 0.6* 0.2* 0.1* 

10+k, 0.5* 0.9" 1.1* 4.2* 9.6* 18.9* 

a An asterisk denotes extrapolated values. 

These derivative properties are extremely useful for 
developing and testing theories/models describing the 
phase equilibrium behavior of SCFs, as well as for under- 
standing the behavior of mixtures at the molecular level. 
These properties have been closely studied in the vicinity 
of the critical point of the solvent, since in this region both vim and Riw go through a minimum or maximum (Eckert 
et al.,  1986; Foster et al.,  1989; Abraham and Ehrlich, 1973; 
Khazanova and Saminskaya, 19681, indicative of the at- 
tractive or repulsive forces between unlike molecules. As 
one moves away from the critical point, one expects this 
dynamic situation to stabilize, and the vi" and Hi" values 
to  level off, approaching constant values (Le., viw = Vi). 

This investigation was performed removed from the 
critical point of methane (T, = 190.6 K, P, = 46:O bar), and 
although there are no large variations in the Vi" and H i w  
results, they provided additional manifestations of the 
strong dispersion forces between these paraffinic molecules. 

Figure 5 presents vi" for CloH22 in CH4 at 313.2 K. The 
values of Rijkers et al. (1992a) were obtained from the 
method developed by Kumar and Johnston (Kumar and 
Johnston, 1988). There are two interesting features from 



t Table 20. Mole Fraction Solubility, S, and Capacity 
Factors, ki, for C3&4 in CIW 69 : 

67 PI PI PI PI PI PI 

TK 240 200 180 160 140 120 
b a r =  b a r =  bar= b a r =  b a r =  b a r =  I 

A 65; 
T 10-3ki 0.6* 3.3* 12.0* 23.0* 26.0* 44.0* - 

10-4ki 0.3* 1.3* 1.6* 10.0* 13.0* 16.0* 

10-4ki 2.4" 10.6* 46.8* 79.0* 118.9* 176.7* 

lOW4ki 5.9* 9.4* 20.8* 29.4* 28.9* 38.4* 

10-5ki 3.0* 4.7* 5.7* 7.7* 18.4* 29.5* 

10-4ki 5.5* 67.2* 103.7* 163.0* 251.0* 304.3* 

423.2 lo'% 61.0* 12.0* 3.5* 2.2* 2.1* 1.5* 

393.2 10% 9.7* 2.4* 2.1* 0.4* 0.3* 0.3* I z 4 I I 
358.2 107S 11.0* 2.7* 0.7* 0.4* 0.3* 0.3* 2 61: 

v I 
I 

348.2 107S 4.0* 3.0* 1.5* 1.2* 1.4" 1.2* it- ,,; I 

57: 

S - p . . . . ,  . . . . ,  . . . . , . .  . . , . . . . , . . . .  

338.2 10ES 12.5* 9.4* 8.4* 7.1* 3.4* 2.4* 

328.2 107S 2.9* 0.3* 0.2* 0.1* 0.1* 0.1* 

6 7 8 9 10 11 12 

r .  ~ 

308.2 logs 4.2* 0.5* 0.4* 0.3* 0.2* 0.2* 

298.2 10'OS 2.9* 1.8* 1.6* 0.4* 0.2* 0.1* 
1o-5ki 4,7* 4 5 p  6 3 . p  108 .p  148.1* 170.7* Figure 7. Hi- for C1oH22 in CHI. 

10-%i 2.3* 4.3* 5.3* 23.0* 54.7* 112.1* Vi (196 cm3/mol). However, a t  the lower temperatures the 
viw is smaller than Vi, indicative of strong attractive forces 

4 

(I An asterisk denotes extrapolated values. 

_i 
-- -100 = I  E -150 

100 140 180 220 260 

Plbar 
Figure 6. vi- for C10Hz2 in CH4 at various temperatures: (m) 
423.2 K, (0) 393.2 K, (A) 358.2 K, (+) 313.2 K, (*) 293.2 K. 

these results: First, the negative vi- values show strong 
solvent-solute interactions, even though this investigation 
was performed more than 100 K above the solvent's critical 
temperature. Second is the fact that these forces are more 
significant at the lower pressures where the solvent density 
is more gaslike. 

Figure 6 presents vi- for CloHzz in CH4 at various 
temperatures. At the higher temperatures Vi- approaches 

between unlike molecules. 
The effect of temperature in the phase equilibria of the 

alkanes is best described by the Hi-. Figure 7 presents 
the Hiii- for CloH22 in CHI. These endothermic results are 
in accord with the higher solubilities a t  higher tempera- 
tures. At lower pressures the increase of Hii i -  also agrees 
with the picture presented by vc- of increasing local density 
or clustering. The solvation picture is supported by the 
limited virial coefficient information in methane (Dymond 
and Smith, 1980). 

Looking at  the n-alkanes, as the solute carbon number 
increases, Vi- - viw and Bi- - Hk increase. This point 
indicates that as the solute carbon number increases, the 
solute is solvated more strongly, and therefore the energy 
of interaction between the alkanes and methane increases. 
Note that (Hi- - HF) is the molar energy required to 
dissolve a single pure subcooled liquid solute molecule in 
methane gas solvent. This energy increase implies that 
when modeling these systems, the enthalpic contribution 
should also be considered. 

To conclude the analysis of these derivative properties, 
it is important to emphasize that these results should be 
considered on a qualitative basis only. Although an 
extensive evaluation of the temperature and density de- 
pendence of the capacity factors was performed for this 
investigation, these derivative properties are extremely 
sensitive to  errors in the data. A very small change in the 
solubility versus density plot will provide a drastic shift 
in the vi- (Figure 8). I t  is always superior to measure a 
derivative property directly than to differentiate an integral 
property. 

Conclusions 
In conclusion, a chromatographic technique for the fast 

and accurate measurement of capacity factors for n-alkanes 
in SCFs/dense gases is presented. The technique deter- 
mines solubilities, virial coefficients, partial molar volumes, 
and partial molar enthalpies a t  infinite dilution from the 
chromatographic capacity factors. A database of capacity 
factors and their corresponding solubilities is presented 
from C7H16 to C36H74 in c&. Future communications will 
use the described method to present phase equilibrium data 
for the n-alkanes in other gases and mixtures. 
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Nomenclature 
second virial coefficient 
constant for a particular solute, 

molar enthalpy of the pure (subcooled) liquid 
partial molar enthalpy at  infinite dilution 
Henry's constant of solute i in the stationary 

phase 
Henry's constant for solute i in the stationary 

phase at the reference pressure, P" (k"H,i = 

chromatographic column, and temperature, T 

Pi,", rim) 
chromatographic capacity factor 
pressure 
reference pressure 
saturation (vapor/sublimation) pressure of 

sublimation pressure of solute z 
vapor pressure of solute i 
universal gas constant 
temperature 
retention time of solute i 
retention time of an unretained solvent 
physical volume of the mobile phase inside the 

physical volume of the stationary phase 
molar volume of the mobile phase 
molar volume of the stationary phase 
molar volume of solute i 
partial molar volume of solute i at infinite 

partial molar volume of solute i in the 

mole fraction of solute i in the stationary phase 
mole fraction of solute i in the mobile phase 

solute i 

chromatographic column 

dilution 

stationary phase 

(solubility) 

Greek Letters 
volume expansivity, -(l/e)(d$dT) 
isothermal compressibility, (l/e)(d@?7 
infinite dilution activity coefficient of solute i in 

fugacity coefficient of solute i in the mobile 

P 
K 

yi- 

Oim 

Superscripts 
m infinitely diluted 
m mobile phase 
0 reference state 
S stationary phase 

the stationary phase 

phase at infinite dilution 
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