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Solubility data in water of ethane, propane, isobutane, n-butane, n-pentane, and n-hexane have been obtained
as a function of temperature in vapor-liquid-liquid equilibrium (VLLE) conditions. The minimum temperature
of experiments is 288 K, while the maximum temperature, for each system, is lower than the critical temperature
of the corresponding hydrocarbon. New solubility vs temperature correlations are given herein for the studied
hydrocarbons in water. Henry’s law and activity coefficients at infinite dilution are deduced from the
experimental solubility data. Good agreement is found with available literature data.

1. Introduction

The knowledge of equilibrium data between hydrocarbons
and water is important for better understanding petroleum
reservoir production behavior and for optimizing hydrocarbon
processing units. It is also essential to estimate potential
environmental contamination through wastewater treatment of
wastewater coming from oils refineries, petrochemical plants,
or natural gas processing plants and to optimize their treatment
units. As a result of the very low concentrations to be measured,
the determination of hydrocarbon solubility in water is rather
difficult. However, the dissolved quantities have to be known
accurately in order to design satisfactory industrial separation
processes. Knowledge of hydrocarbon solubility data is required
to design efficient wastewater wash processes.1 Besides, during
drilling, a large amount of dissolved gas inside drilling fluids
can become very hazardous, increasing the risk of eruption.2

On the other hand, the values of solubility and of volatility of
hydrocarbons are needed for water pollution abatement.3 Usu-
ally, water treatment processes are operated at various temper-
atures and pressures, and in some cases under vapor-liquid-
liquid equilibrium conditions, consisting of water rich liquid
phase, hydrocarbon rich liquid phase, and hydrocarbon rich
vapor phase. This paper reports new solubility data for several
hydrocarbons (ethane to hexane) in aqueous phases of three-
phase systems. Corresponding work was motivated by consider-
ing drastic lack of data for those systems in the three phase
equilibrium conditions. Solubility data, Henry’s constants, and
activity coefficients at infinite dilution are also presented by
means of temperature-dependent correlations.

2. Literature Review

It is reported from many sources that, in general, binary
“water-hydrocarbon” systems match a type III phase behavior
according to van Konynenburg and Scott4 classification due to
the large immiscibility of the two species.5,6 Although the
solubility of hydrocarbons in water has been extensively studied
by several authors, very few studies are available concerning
the solubility in the three phase region. Apparently, no VLLE
data were reported in the literature for the ethane-water system,

while the phase diagram for the propane-water system has been
comprehensively studied by Harmens and Sloan7 including the
coexistence of the hydrate phase region. Kobayashi and Katz8

have measured the solubility of propane in water in VLLE
conditions from 285 to 369 K. VLLE of the isobutane-water
system has not been investigated in the past. However, there
are some VLLE data concerning the n-butane-water system,
i.e., the data of Reamer et al.9 and Wehe and McKetta.10 Few
VLLE data for n-pentane-water system were produced by
Price11 and Jou and Mather.12 Price,11 Jönsson et al.,13 and
Tsonopoulos and Wilson14 have studied the n-hexane-water
system and determined VLLE data.

To increase this solubility database we have measured the
temperature dependent solubility of ethane (C2), propane (C3),
isobutane (iC4), normal butane (nC4), normal pentane (nC5),
and normal hexane (nC6) in water in the three phase region.

3. Experimental Section

3.1. Materials. Ethane and propane were purchased from
Messer-Griesheim with a certified purity greater than 99.995
vol %. Isobutane and n-butane were purchased from Air Liquide
with traces of impurities (H2O, CO2, O2, N2, and CnHm) less
than 500 ppm mol. n-Pentane is from Fluka with a certified
GC purity greater than 99.5%, and n-hexane is from Merck with
a certified GC purity greater than 99%. Helium (carrier gas)
from Air Liquide is pure grade with only traces of water (3
ppm) and of hydrocarbons (0.5 ppm). Deionized water was used
after careful degassing.

3.2. Apparatus and Experimental Procedure.The apparatus
and experimental procedure used in this work have already been
described in a previous paper.15 Briefly, we can say it is based
on a “static-analytic” method with vapor and/or liquid-phase
samplings through online Rolsi samplers (see www.rolsi.com).
Two 100Ω platinum resistance thermometer devices (Pt 100)
are used; they are periodically calibrated against a 25Ω
reference platinum resistance thermometer (TINSLEY precision
instruments). The resulting uncertainty on temperature measure-
ments is estimated within(0.02 K. Pressures are measured by
means of a Druck pressure transducer (0-0.3 MPa), which is
maintained at constant temperature (higher than the maximum
temperature of the study). The pressure transducer is calibrated
against a dead-weight pressure balance (Desgranges & Huot
5202S, CP 0.3-40 MPa, Aubervilliers, France). Pressure
measurement uncertainties are estimated to be within(0.3 kPa.
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The analytical work was carried out using a gas chromatograph
(Varian model CP-3800) equipped with two detectors in
series: a thermal conductivity detector (TCD) and a flame
ionization detector (FID). The TCD was used to quantify water
contents in samples and FID in the hydrocarbon contents. Both
detectors are calibrated by injecting known masses of each
compound. Experimental uncertainties on mole numbers of each
compound are estimated to be within(2% for water,(2% for
ethane,(2.5% for propane,(1.3% for n-butane,(2% for
isobutane,(1.5% for n-pentane, and(1% for n-hexane.

4. Thermodynamic Considerations

4.1. Pure Compound Properties.The critical temperature
(TC), critical pressure (PC), and acentric factor of each compound
are provided in Table 1.

4.2. Data Treatment. For VLLE, three thermodynamic
relations can be expressed, corresponding to equilibrium
between each phase and for each compoundi

wherefi is the fugacity of speciesi, and superscripts A, V, and
L refer to aqueous, vapor, and hydrocarbon liquid phases,
respectively. Henry’s law has been used to correlate the data
obtained. For hydrocarbon species, the equilibrium between the
vapor phase and the aqueous phase can be expressed by

The fugacity coefficients in vapor phase are estimated using
the Peng-Robinson equation of state. The partial pressure of
hydrocarbons is calculated through

wherePw, the partial pressure of water, is approximated by

For the equilibrium between the water rich liquid phase and
the hydrocarbon rich liquid phase, the following equation is
used:

The hydrocarbon liquid is mainly composed of hydrocarbons,
so composition and activity coefficient are close to unity.

As the aqueous phase can be represented either by Henry’s
law or one activity coefficient model, we write

With the system pressure being very close to the pure vapor
pressure of the hydrocarbon, the liquid fugacity of the hydro-

carbon can be approximated as follows (neglecting the Pointing
correction factor):

Using eqs 4 and 6 eq 5 yields

Both eqs 1 and 7 can be used to calculate Henry’s law
constants. Applied to water-hydrocarbon systems they give
values that deviate from each other by less than 2%. This allows
us to conclude that eq 4 is a convenient and satisfactory
approximation.

5. Results and Discussion

5.-1. Three Phase Vapor Pressure.The three phase vapor
pressureP3 is the pressure at which all three phases are at
equilibrium. It is slightly above the vapor pressure of the pure
hydrocarbon (nearly the sum of the pure vapor pressures). For
each system (except water-n-hexane),P3 was measured as a
function of temperature; corresponding measurements are
reported in Tables 2 and 3. As the degree of freedom is one
(three phase system), the pressure is only a function of
temperature. TheP-T data are correlated using eq 8:

The Ai, Bi, andCi parameters are adjusted on experimental
data by minimizing an objective function based on pressure.
Ai, Bi, andCi parameter values are given in Table 4.

Deviations between experimental and calculated pres-
sures (using eq 8) are less than 1% except for propane (2%).
Figure 1presents the three phase loci for the water-isobutane,
water-n-butane, and water-n-pentane systems. As seen in

Table 1. CAS Numbers, Critical Temperature, Critical Pressures,
and Acentric Factors of Studied Compounds According to Daubert
et al.16

CAS number TC/K PC/MPa ω

ethane 74-84-0 305.32 4.872 0.099
propane 74-98-6 369.83 4.247 0.152
isobutane 75-28-5 408.80 3.640 0.176
n-butane 106-97-8 425.15 3.800 0.193
n-pentane 109-66-0 469.70 3.369 0.251
n-hexane 110-54-3 507.40 3.014 0.296
water 7732-18-5 647.13 22.050 0.345

fi
A ) fi

V; fi
V ) fi

L, fi
A ) fi

L

æi
VyiP = xA

iH
A

i(T,P) (1)

yiP ) P - Pw (2)

Pw = Pw
sat (3)

xi
A γi

A ) xi
L γi

L = 1 (4)

xi
AHi

A(T,P) ) xi
A γi

A f i
A* (5)

Figure 1. Three phase equilibrium pressure for hydrocarbon-water
systems: (O), isobutane (experimental); (0), n-butane (experimental); (4),
n-pentane (experimental); solid line, calculated (eq 8); and dashed line, pure
component vapor pressure.

Table 2. Experimental and Calculated Three Phase Vapor
Pressures of Ethane-Water and Propane-Water Systems

ethane propane

T
/K

Pexp

/MPa
Pcal

a

/MPa
δPb

/%
T
/K

Pexp

/MPa
Pcal

a

/MPa
δPb

/%

288.33 3.4122 3.3978 0.4 298.08 0.9846 0.9625 2.2
293.15 3.4122 3.4130 0.0 303.18 1.1010 1.0987 0.2
298.01 3.4122 3.4198 -0.2 313.11 1.3909 1.3997 -0.6
303.30 3.4122 3.4182 -0.2 323.15 1.7406 1.7547 -0.8

333.16 2.1521 2.1612 -0.4
343.18 2.6333 2.6208 0.5

a Calculated using eq 8.b δ: relative deviation.

f i
A/ = æi

V,*(T,Pi
sat)Pi

sat (6)

xiHi
A(T) = æi

V,sat,*(T,Pi
sat)Pi

sat (7)

ln P3 ) Ai + Bi/T + Ciln(T) (8)
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Figure 1, the three phase pressure loci are close to pure
hydrocarbon vapor pressures.

5.2. Solubility. Tables 5-10 present the experimental
solubility results for water with ethane, propane, isobu-
tane, n-butane, n-pentane, and n-hexane, respectively. The
repeatability of sequential analyses of the aqueous phase is
also displayed in the last columns of the tables (δx). As
the pressure in the equilibrium cell must be greater than 0.3
MPa in order to allow convenient samplings through Rolsi
samplers, it has been increased to about 0.5 MPa by
adding helium each time the three phase equilibrium pres-
sure was below 0.3 MPa. We have checked, for the

n-butane-water system, that adding helium has a negligible
effect on hydrocarbon solubility, within experimental uncer-
tainty.

The evolution of solubility (mole fractions of hydrocarbons
in water) as a function of temperature (-ln(xi) vs 1/T) is
displayed in Figure 2.

Temperature Dependence of Hydrocarbon Solubility.The
temperature derivative of the solubility is related to the partial
molar enthalpy of the solute in the solvent. The relationship

Table 3. Experimental and Calculated Three Phase Vapor Pressures of Isobutane-Water, n-Butane-Water, and n-Pentane-Water Systems

isobutane n-butane n-pentane

T/K Pexp/MPa Pcal
a/MPa δPb/% T/K Pexp/MPa Pcal

a/MPa δPb/% T/K Pexp/MPa Pcal
a/MPa δPb/%

293.33 0.3059 0.3049 0.3 293.35 0.2195 0.2176 0.9 293.34 0.0690 0.0683 1.0
295.36 0.3251 0.3244 0.2 295.37 0.2336 0.2320 0.7 295.45 0.0739 0.0736 0.4
297.22 0.3436 0.3430 0.2 297.34 0.2481 0.2469 0.5 297.31 0.0787 0.0785 0.2
299.27 0.3648 0.3645 0.1 299.31 0.2633 0.2625 0.3 299.26 0.0840 0.0840 0.0
301.21 0.3860 0.3857 0.1 301.24 0.2790 0.2785 0.2 301.21 0.0896 0.0898-0.3
303.31 0.4098 0.4097 0.0 303.28 0.2963 0.2961 0.1 303.25 0.0957 0.0962-0.5
305.26 0.4328 0.4329 0.0 305.25 0.3139 0.3140 0.0 305.19 0.1021 0.1027-0.5
307.26 0.4576 0.4579 -0.1 307.29 0.3329 0.3333 -0.1 307.21 0.1090 0.1097 -0.7
309.26 0.4835 0.4838 -0.1 309.24 0.3520 0.3526 -0.2 309.23 0.1162 0.1172 -0.8
311.25 0.5102 0.5108 -0.1 311.24 0.3724 0.3733 -0.2 311.20 0.1240 0.1250 -0.8
313.28 0.5386 0.5392 -0.1 313.21 0.3934 0.3946 -0.3 313.18 0.1324 0.1331 -0.6
315.26 0.5676 0.5683 -0.1 315.22 0.4158 0.4171 -0.3 315.21 0.1422 0.1420 0.1
317.29 0.5986 0.5992 -0.1 317.21 0.4391 0.4405 -0.3 317.25 0.1521 0.1513 0.5
319.37 0.6317 0.6324 -0.1 319.32 0.4640 0.4662 -0.5 319.33 0.1622 0.1614 0.5
321.24 0.6623 0.6631 -0.1 321.28 0.4887 0.4911 -0.5 321.31 0.1723 0.1715 0.4
323.22 0.6961 0.6971 -0.1 323.23 0.5141 0.5169 -0.5 323.27 0.1828 0.1821 0.4
325.28 0.7326 0.7337 -0.1 325.30 0.5425 0.5454 -0.5 325.33 0.1945 0.1938 0.4
327.22 0.7682 0.7693 -0.1 327.22 0.5699 0.5728 -0.5 327.23 0.2057 0.2050 0.3
329.19 0.8061 0.8071 -0.1 329.22 0.5998 0.6024 -0.4 329.22 0.2182 0.2174 0.4
331.20 0.8459 0.8469 -0.1 331.21 0.6307 0.6330 -0.4 331.21 0.2312 0.2305 0.3
333.21 0.8875 0.8881 -0.1 333.23 0.6637 0.6653 -0.2 333.23 0.2451 0.2444 0.3
335.16 0.9290 0.9294 0.0 335.19 0.6965 0.6978 -0.2 335.19 0.2589 0.2586 0.1
337.15 0.9731 0.9733 0.0 337.16 0.7309 0.7316 -0.1 337.16 0.2734 0.2735 0.0
339.22 1.0202 1.0205 0.0 339.22 0.7681 0.7682 0.0 339.22 0.2893 0.2899-0.2
341.14 1.0654 1.0656 0.0 341.14 0.8041 0.8035 0.1 341.13 0.3051 0.3057-0.2
343.19 1.1161 1.1155 0.1 343.19 0.8438 0.8425 0.2 343.13 0.3227 0.3232-0.2
345.16 1.1659 1.1651 0.1 345.12 0.8828 0.8805 0.3 345.10 0.3408 0.3412-0.1
347.19 1.2197 1.2181 0.1 347.18 0.9261 0.9224 0.4 347.16 0.3605 0.3609-0.1
349.11 1.2714 1.2695 0.1 349.14 0.9685 0.9636 0.5 349.12 0.3803 0.3806-0.1
351.06 1.3260 1.3236 0.2 351.06 1.0118 1.0054 0.6 351.04 0.4003 0.4007-0.1
353.16 1.3866 1.3836 0.2 353.14 1.0603 1.0522 0.8 353.09 0.4226 0.4231-0.1

a Calculated using eq 8.b δ: relative deviation.

Table 4. Values of Parameters for Calculating the Three Phase
Vapor Pressure of Water-Hydrocarbon Systems Using Eq 8

parameter

hydrocarbon A B/K C
temp

range/K data used

ethane 73.82 -2598.16 -8.79 288-30 this work
propane 47.13 -3492.86 -3.80 298-34 this work
isobutane 14.02 -2246.77 1.11 298-36 this work
n-butane 18.61 -2633.00 0.46 298-35 this work
n-pentane -5.82 -1843.89 4.09 298-34 this work
n-hexane -367.98 -16128.65 52.82 313-42 ref 14

Table 5. Ethane Solubility Data in Water

T/
K

Pexp/
MPa

xexp C2
× 103

xcal C2
× 103

rel
dev/%

δxa

× 106

288.33 3.4122 1.090 1.099 -0.8 5
293.15 3.7883 1.034 1.022 1.2 7
298.01 4.1982 0.956 0.958 -0.2 12
303.30 4.6146 0.901 0.903 -0.2 3

a Repeatability of sequential analyses of the aqueous phase.

Table 6. Propane Solubility Data in Water

T/
K

Pexp/
MPa

xexp C3
× 104

xcal C3
× 104

rel
dev/%

δxa

× 107

298.08 0.9846 2.151 2.150 0.0 7
303.18 1.1010 2.095 2.096 -0.1 10
313.11 1.3909 2.034 2.033 0.0 10
323.15 1.7406 2.016 2.020 -0.2 10
333.16 2.1521 2.062 2.056 0.3 4
343.18 2.6333 2.141 2.143 -0.1 3

a Repeatability of sequential analyses of the aqueous phase.

Table 7. Isobutane Solubility Data in Water

T/
K

Pexp

/MPa
xexp iC4
× 104

xcal iC4
× 104

rel
dev/%

δxa

× 106

298.23 0.3544 0.96 0.96 0.2 2
303.33 0.4105 0.97 0.97 -0.3 1
313.30 0.5398 0.99 0.99 0.1 1
323.21 0.6972 1.00 1.00 -0.2 1
333.24 0.8901 1.02 1.02 0.3 1
343.19 1.1201 1.03 1.03 0.0 1
353.14 1.3910 1.04 1.04 -0.1 1
363.19 1.7117 1.05 1.05 0.0 1

a Repeatability of sequential analyses of the aqueous phase.

Ind. Eng. Chem. Res., Vol. 46, No. 26, 20079259



between solubility and heat of solution is given by

According to Prausnitz et al.,17 the heat of solution (or the
partial molar excess heat) includes two effects: a positive heat
of cavitation (condensation) and a negative heat due to the
hydrophobic interactions between hydrocarbon and water. At
low temperatures, the hydrophobic interaction effect predomi-

Figure 2. Solubility of hydrocarbons in water: (]), ethane; (0), propane;
(4), isobutane; (×), n-pentane; and (/), n-hexane. Dashed line: eq 10.

Figure 3. Experimental solubility data for hydrocarbons in water.
Comparison of literature data with our results: (/), propane (this work);
(O), propane (ref 8); (×), n-butane (this work); (2), n-butane (ref 10); and
(4), n-butane (ref 9). Solid lines are determined with eq 10.

Figure 4. Experimental solubility data for hydrocarbons in water.
Comparison of literature data with our results: (/), n-hexane (this work);
(2), n-hexane (ref 11); (4), n-hexane (ref 13); (+) n-pentane (this work);
(b), n-pentane (ref 11); (O), n-pentane (ref 12). Solid lines are determined
with eq 10.

Table 8. n-Butane Solubility Data in Water

T/
K

Pexp/
MPa

xexp nC4
× 105

xcal nC4
× 105

rel
dev/%

δxb

× 107

298.29 0.5311a 5.20 5.09 2.1 7
303.31 0.5669a 5.27 5.09 3.4 6
313.24 0.3868 5.53 5.18 6.3 6
323.15 0.5079 5.93 5.40 8.9 6
333.28 0.6599 6.17 5.76 6.6 7
343.16 0.8399 6.55 6.28 4.2 7
353.14 1.0585 6.59 6.99 -6.1 9

a Total pressure adjusted with helium in order to allow convenient
sampling.b Repeatability of sequential analyses of the aqueous phase.

Table 9. n-Pentane Solubility Data in Water

T/
K

Pexp
a/

MPa
xexp nC5
× 105

xcal nC5
× 105

rel
dev/%

δxb

× 107

298.28 0.4978 1.00 1.08 -7.9 4
303.31 0.5085 1.10 1.10 0.0 4
313.19 0.4961 1.21 1.15 5.0 3
323.34 0.5480 1.32 1.25 4.9 3
333.21 0.5102 1.35 1.39 -3.4 3
343.15 0.5078 1.45 1.59 -9.7 4

a Total pressure adjusted with helium in order to allow convenient
sampling.b Repeatability of sequential analyses of the aqueous phase.

Table 10. n-Hexane Solubility Data in Water

T/
K

Pexp
a/

MPa
xexp nC6
× 106

xcal nC6
× 106

rel
dev/%

δxb

× 108

298.09 0.4997 2.08 2.08 0.0 9
313.15 0.5028 2.33 2.33 0.0 6
333.15 0.5012 3.08 3.08 0.0 5
353.15 0.5028 4.58 4.58 0.0 13

a Total pressure adjusted with helium in order to allow convenient
sampling.b Repeatability of sequential analyses of the aqueous phase.

Figure 5. Temperature of minimum solubility (Tmin) of different n-alkanes
in water (VLLE equilibrium): (O), determined through our correlation eq
10 and (4), calculated with the correlation of Tsonopoulos.19

Figure 6. Henry’s constants for hydrocarbons in water as a function of
temperature: (0), ethane; (4), propane; (/), isobutane; (O), n-butane; (+),
n-pentane; and (×), n-hexane.

(∂ lnxi
A

∂(1T) )
P

= -
∆hhi

R
(9)
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nates and the heat of solution is endothermic. As the temperature
increases, the cavitation effect increases, but the solubility and
the slope also continue to decrease. These two effects cancel
each other atTmin, the temperature at which the hydrocarbon
solubility goes through a minimum. If temperature increases
overTmin, the cavitation effect predominates, and the resulting
heat of solution is exothermic, leading to a solubility increase.

The analysis of the new measurements data was carried out
using a simple correlation:

The thermodynamic basis of eq 10 comes from eq 9, in which
the heat of solution is temperature dependent:18

In eq 11, the heat capacity of solution can be expressed as a
polynomial function of temperature18 (∆Cpi ) f(T)).

The fitting of parameters contained in eq 10 has been
performed on our data associated with some literature data in
order to determine as accurately as possible the minimum of
solubility.

The values ofAi, Bi, Ci, andDi for the six hydrocarbons are
listed in Table 11.

The relative deviation between experimental and calculated
solubilities through eq 10 is less than 10%.

Comparisons with literature data have been carried out, and
they are shown in Figures 3 and 4. These figures demonstrate
that the solubility is highly dependent on both the temperature
and the number of carbon atoms in the hydrocarbon molecule.
They also display a nonmonotonic behavior, i.e., the solubility
goes through a minimum, as mentioned by Tsonopoulos19 and
Tsonopoulos and Wilson.14 This is obvious for the solubility
of propane in water. Our results seem to be in good agreement
with those of Kobayashi and Katz8 (propane-water) and Jou
and Mather12 (n-pentane-water). However, significant disper-
sions between the different experimental data are noted. Up to
30% of deviation between data is pointed out for n-butane in
water. Likewise, the results of Jou and Mather12 and Price11

for the n-pentane-water system are too scattered beyond 370
K (about 50% of deviation between their data).

Solubility Minimum. Equation 10 predicts (by derivation)
the temperature at which the solubility goes through a minimum
(Tmin) value for each system. Figure 5 presents the calculated
Tmin versus the number of carbon atoms in the hydrocarbon
molecule. The maximum uncertainty on calculatingTmin is
estimated to(3%. In Figure 5, we have compared our results
with those obtained from Tsonopoulos’s correlation. A maxi-
mum uncertainty of(3% is observed for the common calculated
points (C5 and C6). This uncertainty corresponds to(10 K
deviation on the calculation of the minimum temperature of
solubility. The results obtained from the correlation of Tso-
nopoulos match almost a constant progression of the minimum

solubility temperature, while our results show a decreasing of
Tmin with a carbon atoms number. We believe that our result is
consistent because of the condensation effect (condensation part
of the heat of solution) which is more important for heavier
hydrocarbons. Therefore, the change of the slop of solubility
with temperature, due to the increase of the cavitation effect
(condensation) in the detriment of the hydrophobic effect, begins
earlier when going from a heavy to a less heavy hydrocarbon.
Furthermore, the hydrophobic effect should be in the same order
of magnitude for each hydrocarbon-water system because of
the nature of the polar-nonpolar bond which provides the same
type of hydrophobic interactions. This is what asserts the leading
part of the condensation effect and explains the behavior of the
temperature of minimum solubility with a carbon atoms number.
Although,Tmin is calculated for the ethane-water system and
seems to respect the observed trend, this value (about 330 K)
has no physical significance because at this temperature ethane
is supercritical and cannot be found in the liquid state. This
value is then rejected.

5.3. Henry’s Constant. Henry’s constants are needed for
“vapor-liquid” and “vapor-liquid-liquid” equilibrium calcula-
tions. In this work, Henry’s constants for each measured system
have been calculated using eq 1. The data are fitted with the
following simple equation

where Hi is expressed in MPa. The coefficients for each
hydrocarbon are reported in Table 12. The maximum relative
deviation between Henry’s constant calculated with eq 12 and
those obtained with eq 1 is 0.3%.

As can be shown in Figure 6, Henry’s law constant is not
only temperature dependent but also a function of number of
carbon atoms.

Table 11. Solubility of Hydrocarbons in Water, Parameter Values for Eq 10, Temperature Validity Ranges, and References of Data Used for
Fitting

parameter

hydrocarbon Ai Bi/K Ci Di/K-2 temp range/K data used and references

ethane 94.85 7.05 -19.24 87.94 288-303 this work
propane 56.79 5.70 -12.40 60.36 298-343 this work+ ref 9
isobutane -49.25 1199.06 6.49 -10.99 298-363 this work
n-butane 12.99 1201.34 -5.54 52.56 298-353 this work+ ref 10
n-pentane -226.60 9612.60 32.05 3.68 298-343 this work+ ref 11+ ref 12
n-hexane -301.57 12510.60 43.27 -0.02 298-353 this work+ ref 12+ ref 13

ln xi
A ) Ai + Bi/T + Ci ln(T) + DiT

2 (10)

∆hhi(T) ) ∆hhi(To) + ∫To

T
∆Cpi(T)dT (11)

Table 12. Henry’s Constants for Hydrocarbons in Water,
Parameters of Eq 12, and Temperature Validity Ranges

parameter

hydrocarbon Ai Bi/K Ci temp range/K

ethane -40.51 0.04 8.51 288-303
propane 189.86 -10156.70 -25.90 298-343
isobutane 46.37 -3620.39 -4.59 298-363
n-butane 37.71 -3064.86 -3.34 298-353
n-pentane -28.33 0.36 6.53 298-343
n-hexane 347.74 -17990.73 -48.83 298-353

Table 13. Activity Coefficients for Hydrocarbons in Water,
Parameters of Eq 13, and Temperature Validity Ranges

parameter

hydrocarbon Ai Bi/K Ci temp range/K

ethane -15.02 0.63 3.86 288-303
propane 176.32 -7934.32 -24.79 298-343
isobutane 4.24 364.92 0.66 298-363
n-butane -6.58 1205.94 2.18 298-353
n-pentane -136.01 7623.21 21.40 298-343
n-hexane 301.56 -12510.68 -43.27 298-353

ln Hi ) Ai + Bi/T + Ci ln(T) (12)
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5.4. Activity Coefficient at Infinite Dilution. The activity
coefficient of a solute is nearly independent of the solute’s mole
fraction provided the latter is sufficiently small. Our data are
used to produce correlations for an activity coefficient as a
function of temperature only:γi

A = 1/xi
A (according to eq 4).

The correlation is expressed as follows:

The coefficients for each hydrocarbon are reported in Table
13. The maximum relative deviation generated with this
correlation is 0.2% in comparison with activity coefficient
calculated with eq 4.

6. Conclusion

New data have been measured using a “static-analytic”
method based apparatus. These data concern the solubility
of several alkanes (from C2 to C6) in water in vapor-liquid-
liquid equilibrium conditions. Globally, good agreement
with the literature data is observed, although important dis-
persions are found between them due to the low level of
solubility values which are quite difficult to measure. New
correlations for representing mole fractions, Henry’s law
constants, and activity coefficients at infinite dilution versus
temperature are provided thanks to thermodynamic data treat-
ment. It is demonstrated that the hydrophobic interactions and
condensation phenomenon play an important role in the solubil-
ity behavior with respect to temperature and number of carbon
atoms.

Nomenclature

Ai, Bi, Ci, Di ) correlation parameters
fi ) fugacity of speciesi
æi ) fugacity coefficient of speciesi
Hi ) Henry’s law constant of speciesi
∆hi ) heat of solution (J‚mol-1)
∆Cpi ) heat capacity of solution (J‚K-1‚mol-1)
γi ) activity coefficient of speciesi
P ) pressure (MPa)
R ) gas constant (J‚mol-1 K-1)
T ) temperature (K)
x ) liquid mole fraction
y ) vapor mole fraction

Superscripts

A ) related to aqueous phase
V ) related to vapor phase
sat) at saturation
/ ) related to pure component property
H ) related to hydrocarbon liquid phase

Subscripts

C ) critical properties
3 ) related to three phase point
i,j ) molecular species

w ) water
cal ) calculated
exp ) experimental
min ) minimum value
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