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Phase Equilibria of Alkanes in Natural Gas Systems. 2. Alkanes in

Ethane
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A previously reported novel chromatographic technique for measuring capacity factors to yield infinite
dilution activity coefficients for liquid and solid n-alkanes in compressed gases can be used to estimate
solubilities, virial coefficients, partial molar volumes, and partial molar enthalpies at infinite dilution.
This paper reports experimental capacity factors and their corresponding solubilities for the n-alkanes
from Cg4Hso to C36Hry in CoHg from 308.2 to 348.2 K and from 80 to 240 bar. The results are interpreted
according to the physical differences observed between even- and odd-numbered solid n-alkanes.

Introduction

In previous papers we have presented a sound method
for measuring phase equilibria of the n-alkanes in natural
gases (Suleiman et al., 1993). New experimental capacity
factors and the corresponding solubilities were presented
for the n-alkanes from C;H:g to Cg¢Hy4 in CH4 from 293.2
to 423.2 K and from 120 to 240 bar (Suleiman and Eckert,
1995). These phase equilibria data are important to
overcome the deposition of solids in natural gas pipelines,
as well as for understanding size differences and dispersion
forces. The chromatographic technique presented can be
used to estimate solubilities, virial coefficients, partial
molar volumes, and partial molar enthalpies at infinite
dilution from the experimentally determined capacity
factors. This paper reports experimental capacitance fac-
tors and their corresponding solubilities for the heavy
saturated hydrocarbons from CoyHjo to Cs¢Hy74 in CoHg from
308.2 to 348.2 K and from 80 to 240 bar.

Because of the high solubility of the liquid paraffins (e.g.,
C-His to CigHgs) in CoHg at the conditions studied, they
were not investigated. The chromatographic method used
for this investigation works best for low solubilities (i.e., <
1072) (high capacity factors). For more soluble systems,
the capacity factors are very small, and there is excessive
uncertainty in the degree of retention (¢, ~ £y). The lower
n-alkanes could be studied at lower pressures; however,
as one approaches the critical pressure of ethane (P, = 48.8
bar), other problems such as absorption of the solvent in
the stationary phase become significant.

Experimental Method

The experimental apparatus has been described in detail
elsewhere (Suleiman et al., 1993; Suleiman and Eckert,
1995). The relation between the solubility of a solute i, y;
(mole fraction), in a supercritical fluid (SCF) or dense gas
and the experimentally determined capacity factors, k;, is
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where P; ¢ is the saturation pressure and k°y;; is the Henry
constant of solute i in the stationary phase at the reference
pressure P°. The quantities V¢, V™, V; | and V], are the
physical volumes and the molar volumes of the stationary
and mobile phases, respectively. C(7) is a constant for a
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particular chromatographic column, temperature, and
solute i. To determine CyT) for a solute i at a particular
temperature, it is necessary either to measure at least one
solubility value at that temperature with an independent
technique or to predict it. Once Ci(T) is known, the entire
solubility isotherm can be determined rapidly by utilizing
the experimentally measured chromatographic capacity
factors. For solids, C(T) reduces to

VS 1 Pi,sub

CI(T) = -
'WV;I }/? Pi,vap
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P; vap is the vapor pressure of the hypothetical liquid solute
at the temperature of interest. y;~ is the activity coefficient
at infinite dilution between solute i and the stationary
phase in the chromatographic column. This was obtained
using an application of regular solution theory (RST)
(Hildebrand et al., 1970). As explained in the previous
paper, since the stationary phase is an octadecyl bonded
phase to a silica support, and no solubility parameter for
this material was available, a single solubility datum for
C10Hgg in CH, at 313.2 K (Rijkers et al., 1992) was used to
regress the constant C(T), which provided y,~ and therefore
the solubility parameter of the stationary phase.

The solubility parameters for the n-alkanes from Cy4Hsz
to CseHyr4 were calculated using Fedors’ group contribution
method (Fedors, 1974). The temperature dependence of
the solubility parameters was also suggested by Fedors.
The expression in brackets, |V¢/V™V: |, was obtained from
the physical information provided by the manufacturer of
the chromatographic column. P;q, and P; ., were obtained
from recent investigations in the measurement and predic-
tion of P (Drake, 1993) and P; vap (Morgan and Koba-
yashi, 1994). Since all solutions studied were highly
diluted, the densities used in the calculations were pure
fluid densities obtained from Younglove and Ely (1987).

The overall estimated experimental error in the mea-
sured capacity factors is approximately 5—~10%, with the
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 (+0.2 mL/
min), and the maxima of the retention times (£1—5 s). The
error in the estimated solubilities is approximately 10—
15%. The solvent density is known to 5% (Younglove and
Ely, 1987), and the constant C; is calculated with an
estimated error of 10%. The large error in C; is due to the
inability to describe accurately the stationary phase.

© 1995 American Chemical Society
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Table 1. Mole Fraction Solubility, S, and Capacity Factors, k;, for C24Hsg in CoHg

P/bar
T/K 240 220 210 200 180 160 140 120 100 80
348.2 1028 17.0 15.0 13.0 9.1 7.1 5.0 2.9
ki 0.10 0.12 0.14 0.22 0.30 0.47 0.97
333.2 1028 14.0 10.0 9.5 7.9 6.7 5.1 3.3
k; 0.11 0.16 0.18 0.23 0.28 0.41 0.83
328.2 1028 5.0 3.9 2.7 2.2 1.8 14 0.86
k; 0.10 0.13 0.19 0.23 0.29 0.41 0.68
318.2 1028 7.5 5.8 5.6 5.0 3.9 3.1 2.3 1.5 0.8
ki 0.12 ‘ 0.16 0.16 0.19 0.25 0.32 0.45 0.72 1.5
308.2 1028 5.1 4.0 2.7 2.3 1.8 1.4 0.87
ki 0.10 0.13 0.19 0.23 0.29 0.41 0.68
Table 2. Mole Fraction Solubility, S, and Capacity Factors, k;, for C2sHs2 in Co.Hg
P/bar
T/K 240 220 210 200 180 160 140 120 100 80
348.2 1028 14.0 13.0 11.0 7.8 6.1 4.3 2.5
k; 0.12 0.14 0.16 0.25 0.34 0.53 1.1
333.2 1028 13.0 8.5 8.0 7.9 6.6 54 3.7
k; 0.12 0.18 0.21 0.22 0.28 038 -~ 0.72
328.2 1028 14.0 11.0 7.8 6.7 5.6 5.0 3.3
ki 0.10 0.13 0.19 0.24 0.30 0.36 0.65
318.2 1028 5.7 4.5 4.2 3.8 2.9 2.2 1.7 1.1 0.57
k; 0.13 0.17 0.18 0.21 0.27 0.37 0.50 0.80 1.7
308.2 1028 5.5 3.0 2.0 - 1.7 1.3 1.3 0.69
ki 0.07 0.13 0.21 0.26 0.33 0.36 0.69
Table 3. Mole Fraction Solubility, S, and Capacity Factors, k;, for C23Hss in CoHg
P/bar
TK 240 220 210 200 180 160 140 120 100 80
348.2 1028 13.0 11.0 9.2 5.6 3.9 2.4 1.1
ki 0.13 0.15 0.18 0.33 0.50 0.90 2.4
333.2 1028 12.0 9.1 6.2 5.8 4.0 2.5 1.6
k; 0.12 0.16 0.25 0.28 0.43 0.75 1.5
328.2 1028 12.0 8.7 5.8 5.0 3.5 2.7 1.8
k; 0.11 0.15 0.24 0.29 0.43 0.61 1.1
318.2 1028 2.0 1.6 1.6 1.5 1.1 0.92 0.73 0.51 0.30
k; 0.21 0.28 0.28 0.30 0.40 0.51 0.67 1.0 1.9
308.2 1038 21.0 : 15.0 9.9 8.5 5.8 4.3 2.50
k; 0.11 0.15 0.24 0.29 0.43 0.61 1.1

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'2), does not support that of octadecane (16.6
MPal?). However, the bonded octadecyl is not expected to
behave as a free octadecane molecule.

Results and Discussion

Tables 1—7 present experimental capacity factors and
their corresponding solubilities for the n-alkanes from
C24Hso to CagHyy in CyHg at temperatures from 308.2 to
348.2 K and at pressures from 80 to 240 bar. The only
available published solubility data for these systems in
C,H¢ is that of Moradinia and Teja (1986, 1987, 1988).
Figure 1 presents a comparison of the solubility of CasHss
in CoHg at 308.2 K. All of the predicted solubilities from
this investigation agree, within the experimental error
(10—15%), with those of Moradinia and Teja. Like Mora-
dinia and Teja’s results, the solubilities of the solid even-
and odd-numbered n-alkanes in ethane follow different
trends. This behavior, which comes from the different
trends in their solid phase properties (e.g., sublimation

pressure), is a result of the different packing arrangements
in the solid structure (Moradinia and Teja, 1986). This
behavior was also observed for the solid n-alkanes in
methane (Suleiman and Eckert, 1995).

If one looks at how the solubility varies with tempera-
ture, one sees a rather complicated picture. Figure 2
presents the solubility of hexatriacontane (CsgHzy4), in
ethane at various temperatures (308.2 to 348.2 K). First,
the normal melting temperature, Ty, of C3sH7, is reached
throughout the temperatures studied; therefore, we are
dealing with both solid and liquid solubilities. Although
T, for C3sHy74 is ~348 K, the melting point depression of
the heavy n-alkanes (e.g., C2sHsg) has been found in CO;
to be approximately 10 to 15 K (McHugh et al., 1984; Hess,
1987). A similar or perhaps larger melting point depres-
sion has been observed in ethane by V. S. Smith (Georgia
Institute of Technology, personal communication, 1994). A
possible explanation for the results presented is that there
are two crossover regions, one for the solute in its liquid
form (upper region) and one for when the solute is in its
solid state (lower region). This behavior is very interesting,
since the injection into the chromatographic system is
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Table 4. Mole Fraction Solubility, S, and Capacity Factors, k;, for CagHg in C2Hg

P/bar
T/K 240 220 210 200 180 160 140 120 100 80
348.2 1028 12.0 10.0 8.6 49 3.2 1.8 0.71
ki 0.13 0.15 0.19 0.36 0.58 1.2 3.5
333.2 1028 9.7 6.5 6.0 4.3 3.6 2.6 1.5
ki 0.14 0.22 0.25 0.37 0.46 0.72 1.62
328.2 1028 9.6 7.1 54 4.0 3.3 2.3 14
k; 0.13 0.18 0.25 0.35 0.45 0.71 14
318.2 1028 1.5 1.1 1.2 1.1 0.85 0.70 0.54 0.37 0.22
ki 0.24 0.32 0.31 0.33 0.45 0.56 0.75 1.2 2.2
308.2 1038 18.0 13.0 7.9 59 4.7 3.1 1.7
ki 0.11 0.15 0.25 0.35 0.45 0.71 14
Table 5. Mole Fraction Solubility, S, and Capacity Factors, k;, for CgsHgg in C2Hg
P/bar
T/K 240 220 210 200 180 160 140 120 100 80
348.2 1028 10.0 8.5 6.2 3.2 2.1 1.1 3.8
ki 0.14 0.17 0.23 0.46 0.76 1.6 5.3
333.2 1028 79 5.3 4.5 3.5 2.7 1.8 1.3
ki 0.16 0.25 0.31 0.42 0.58 0.98 1.8
328.2 1028 6.1 44 3.3 2.4 2.0 14 0.86
ki 0.14 0.20 0.28 0.41 0.53 0.80 1.58
318.2 1038 8.3 6.3 6.4 5.7 4.7 4.3 2.9 1.9 1.2
ki 0.27 0.36 0.36 0.41 0.52 0.58 0.88 1.4 2.6
308.2 1038 9.4 6.8 4.5 3.2 2.5 1.4 0.91
ki 0.13 0.18 0.28 0.40 0.53 0.97 . 1.6
Table 6. Mole Fraction Solubility, S, and Capacity Factors, k;, for Cs3Hgs in C2Hg
P/bar
T/K 240 220 210 200 180 160 140 120 100 80
348.2 1028 9.8 7.9 6.2 3.2 2.1 1.1 0.38
ki 0.14 0.18 0.24 0.49 0.83 1.8 6.0
333.2 1028 4.1 3.4 34 3.4 2.5 1.9 1.5
ki 0.31 0.39 0.42 0.44 0.61 0.89 1.5
328.2 1028 5.0 3.6 2.8 1.8 1.6 1.1 0.64
ki 0.15 0.22 0.30 0.49 0.57 0.87 1.9
318.2 1038 7.5 5.9 5.7 4.7 4.0 3.6 24 1.5 0.87
ki 0.26 0.34 0.35 0.44 0.53 0.61 0.94 1.5 3.0
308.2 1038 7.7 5.3 3.4 24 1.9 1.3 0.70
k; 0.13 0.19 0.30 0.43 0.57 0.87 1.7
Table 7. Mole Fraction Solubility, S, and Capacity Factors, k;, for CgsH74 in C2Hg
P/bar
T/K 240 220 210 200 180 160 140 120 100 80
348.2 1028 8.2 6.5 49 2.4 1.5 0.73 0.23
ki 0.16 0.21 0.28 0.61 1.1 2.4 9.0
333.2 1028 3.6 3.2 2.7 2.4 1.9 14 0.83
k; 0.35 0.41 0.52 0.61 0.81 1.2 2.7
328.2 1038 33.0 23.0 17.0 9.6 9.9 6.5 4.1
ki 0.17 0.24 0.34 0.64 0.65 1.1 2.1
318.2 1038 3.7 3.1 2.9 2.3 2.1 1.9 1.3 0.85 0.50
ki 0.35 0.43 0.47 0.60 0.68 0.76 1.2 1.9 3.5
308.2 104§ 4.5 3.3 2.1 1.5 1.1 0.71 0.46
k; 0.14 0.20 0.32 0.45 0.63 1.1 1.7

independent of the physical state of the solute. Even at
the conditions where the solute is in its solid form, since
the injections are done with the solids dissolved in pentane,
the actual molecules injected are difficult to visualize as
solids.

The behavior presented with CisH7s appears in all
solutes studied (Co4Hs to C3sHr4), because of their normal

melting points between 323 and 348 K. For some of the
other solutes the picture is more complicated since the so-
called two crossover regions might be closer together. This
behavior might also explain all of the inconsistencies
observed by Smith (personal communication, 1994), when
trying to measure the solubilities of the n-alkanes in ethane
using a conventional flow method. Any misaccounted
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Figure 1. Mole fraction solubility, S, versus pressure, P, for
CosHse in CoHg at 308.2 K: M, this investigation; O, Moradinia
and Teja (1986).
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Figure 2. Mole fraction solubility, S, versus pressure, P, for
C3gH74 in CoHg at various temperatures; O, 308.2 K; A, 318.2 K;
W 328.2K; a,333.2K; @, 348.2 K.

thermal changes (e.g., lines after high-pressure cell) would
make the solubility change in unpredicted ways.

It is important to mention that another explanation of
the effect of temperature in the solubility of the n-alkanes
might be the inability to predict accurately the effect of
temperature on C{T). When one looks at eq 1, one notices
that the shape of the solubility isotherm is given by the
capacity factors and the density (nothing else depends on
pressure). The constant C(7T) provides the location on the
y-axis, and any errors in its prediction might be crucial to
the picture presented in Figure 2. When looking at where
the temperature effect comes in Ci(7T) (eq 2), one sees three
temperature-dependent parameters: y;~, Pjvap, and P; sup.
The In y;~ vs 1/T that provides RST seems to be reasonable
temperature dependence for the temperature range studied
(308.2 to 348.2 K). The P;,o, and Py ;. were determined
according to the procedure described elsewhere (Suleiman,
1995), and they are supported not only with experimental
data but also with reasonable consistency, since both
correlations seem to agree within their limits at the triple
point.

This method can also be used to determine partial molar
volumes at infinite dilution, V;=, from the density derivative
of the capacity factors (van Wasen et al., 1980; Shim and
Johnston, 1991). Figure 3 presents the V;~ for the solid
paraffins studied in this investigation (C24Hso to CasH7s)
in C;Hg at 308.2 K. V; values smaller than V; (421-614
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Figure 3. Partial molar volume at infinite dilution, Vi, of various
n-alkanes in ethane at 308.2 K: 0O, Ca4Hso; B, CosHso; A, CogHss;
A, CooHeo; ©, Ca2Hes; ¢. Ca3Hes; O, CasHra.

cm3/mol) indicate the still strong solvent—solute interac-
tions; however, there does not seem to be any trend as the
carbon number of the solutes increases, not even between
even- and odd-numbered n-alkanes. The lack of trends in
the V;~ results can also be observed from the solubilities
of Moradinia and Teja (1986, 1987, 1988), converted to V;~
using the argument of Kumar and Johnston (1988). This
suggests that the solvation process for the n-alkanes in
ethane is very complex, perhaps because of the different
packing structures in the solid n-alkanes. Another expla-
nation for these results may be that the inaccuracy of
differentiating integral data does not support the precision
required to understand the solvation process of the heavy
paraffins in ethane. At least, the qualitative solvating
picture seems to agree with the expected results, as well
as with those observed in methane. Also, the decreasing
Vi~ data with decreasing pressure agree with the behavior
expected as one approaches the critical point of the solvent
(Foster et al.,, 1989; Eckert et al., 1986; Abraham and
Ehrlich, 1975; Khazanova and Saminskaya, 1968).

_ Although partial molar enthalpies at infinite dilution,
H;~, can be obtained from the temperature derivative of
the capacity factors (van Wasen et al., 1980; Shim and
dohnston, 1991), we found that for the solids studied the
relationship between the capacity factors and temperature
was not linear over the range of temperatures studied. The
nonlinearity of the log of the chromatographic capacity
factors versus temperature has also been observed by
Bartle et al. (1988) for various nonpolar solids in carbon
dioxide. Bartle and co-workers found that the capacity
factors first increased with increasing temperature, ap-
proached a maxima, and then decreased. Their explana-
tion agrees with that offered in the interpretation of the
effect of temperature in the solubility of solids in super-
critical fluids, retrograde vaporization (Hoyer, 1985; Johnston
and Eckert, 1981; McHugh, 1986; Wong and Johnston,
1986). This phenomenon consists of two competing ef-
fects: the density of the supercritical fluid (which decreases
with increasing temperature) and the sublimation pressure
of the solid (which increases with increasing temperature).
Since the chromatographic capacitance factors are in-
versely proportional to the solubility, these effects are
opposite to those observed in the study of the solubility of
solids in SCFs. Our results follow this behavior; however,
the melting point is within the temperature range studied,
complicating our picture. At the highest temperature
studied (348 K), the capacity factors are highest, but at
this temperature all of the solutes studied were in their
liquid state. The retrograde vaporization phenomenon was
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not observed for the liquid n-alkanes in methane, perhaps
because of their higher saturation (vapor) pressure and/or
the fact that our investigation was performed removed from
the critical temperature of methane (190.7 K).

Second virial coefficients, Bz, for the n-alkanes in ethane
were obtained from the chromatographic capacity factors.
The results compared well with those obtained from
Moradinia and Teja (1986, 1987, 1988). Although no data
were found for the solutes we studied in ethane, data exist
for other n-alkanes in ethane, which show a decrease in
B;; with increase in solute carbon number. Our results
are in agreement with that trend. For example, B;s for
CasHsg in CoHg from our investigation is (—2073 + 105) cm?/
mol at 308.2 K. Dymond and Smith (1980), tabulated —928
em?/mol for C;6Hs, in CoHg at 348.2 K and ~242 c¢cm?/mol
for CsH;3 in CoHg at 298.2 K. The comparison was done at
different temperatures due to the lack of data at one
temperature; however, the decreasing trend with increas-
ing solute carbon number seems clear. The decrease in B
agrees with the solvation picture presented by the V>
results. It is clear that the virial equation truncated after
the second coefficient is inadequate to characterize ®;~ in
systems at these densities; however, in this work, as in the
work of Moradinia and Teja (1986, 1987, 1988), uncertain-
ties in higher coefficients preclude their use.

In conclusion, chromatographic capacity factors and their
corresponding solubilities for various n-alkanes in C;Hs
have been presented. Partial molar volumes at infinite
dilution have been obtained from the density derivative of
the capacity factor data. Virial coefficients have also been
obtained from the fugacity coefficients at infinite dilution.
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Nomenclature

By, second virial coefficient

Ci(T) constant for a particular solute, chromatographic
column, and temperature, T

Hp  partial molar enthalpy at infinite dilution

k; chromatographic capacity factor

k°n; Henry constant for solute { in the stationary
phase at the reference pressure, P° (°y,; =

P i,vap}’i”)
P pressure
P reference pressure

Pt saturation (vapor/sublimation) pressure of solute
i

P sublimation pressure of solute :

P;.ap vapor pressure of solute ¢

universal gas constant

temperature

retention time of solute i

retention time of an unretained solvent

physical volume of the mobile phase inside the
chromatographic column

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 ; at infinite
dilution

mole fraction of solute i in the mobile phase
(solubility)

SESST §OTNm

2

Greek Letters

yi infinite dilution activity coefficient of solute i in
the stationary phase

®;~  fugacity coefficient of solute i in the mobile phase
at infinite dilution

Superscripts

infinitely diluted
mobile phase
reference state
stationary phase

mOBg
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