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Abstract
The solubility of propane (C3H8, component 2) in pure liquid water (H2O, component 1) 
was determined at a total pressure of about 100 kPa from about T = 278 K to T = 318 K 
using an analytical method characterized by an imprecision of about ± 0.1% or less. The 
measurements were made with a Benson-Krause-type apparatus at roughly 5  K inter-
vals. From the experimental results, Henry’s law constants h2,1

(

T ,P
�,1

)

 , also known 
as Henry fugacities, at the vapor pressure P

�,1(T) of water, as well as the Ostwald coef-
ficient L∞

2,1

(

T ,P
�,1

)

 at infinite dilution are rigorously obtained. The temperature depend-
ence is accounted for by a three-constant Benson-Krause equation, i.e., by fitting 
ln
[

h2,1

(

T ,P
�,1

)/

kPa
]

 to a power series in 1/T. Subsequently, the partial molar enthalpy 
changes on solution ΔH∞

2
 of propane in water, and the partial molar heat capacity changes 

on solution ΔC∞
P,2

 , are reported (van ‘t Hoff analysis) and compared with calorimetrically 
determined quantities: agreement is highly satisfactory. We believe that our new values for 
the Henry fugacity and the Ostwald coefficient of propane dissolved in liquid water are the 
most reliable ones to date.

Keywords  Solubility of propane in water · Henry fugacity (Henry’s law constant) · 
Ostwald coefficient · van ‘t Hoff analysis · Partial molar enthalpy changes on solution · 
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1  Introduction

The study of the solubility of gases in liquids and of the thermodynamic properties of 
such solutions is of considerable practical importance in surprisingly diverse areas of 
the pure and applied sciences [1–5]. For instance, reliable gas solubility data are often 
needed in geochemistry (including petroleum reservoir production engineering), envi-
ronmental science (pollution control), biomedical technology and chemical process 
design. The latter area includes enhanced oil recovery, natural-gas and synthetic-gas 
purification (gas sweetening), wastewater treatment and so forth. Note that propane 
(C3H8) is an important constituent of liquified petroleum gas, a major fuel in its own 
right, and is used as a starting material in manufacturing. In addition, gas solubility 
studies (dilute solutions in general) have contributed decisively to the development 
of the physical chemistry of solutions [6–11]. When the focus is on water as solvent 
[12–19], we note that:

–	 Water is the most abundant substance on the surface of the earth (a rocky planet). 
–	 Because of the earth’s size and its orbit within the so-called habitable zone of the solar 

system [18], water is the only substance that occurs naturally in all three states of mat-
ter, which fact is prerequisite for the emergence of life [20–26]. 

–	 Water sustains life as we know it: it is important for the structure, the stability, and the 
function of biomolecules [27–36]; in fact, it may no longer be regarded as being a mere 
medium in which bioprocesses occur, but as suggested by Ball [37], rather as an indis-
pensable active matrix, a “biomolecule” itself. 

Studies of aqueous solutions of simple nonpolar substances, say, of the rare gases [38, 
39], nitrogen and oxygen [40–45] and of simple hydrocarbons [46], hold a prominent posi-
tion in biophysics. In particular, the latter systems provide bio-relevant information on 
hydrophobic effects [12, 47, 48] that have long been recognized to be of importance in a 
wide variety of biological processes, such as the formation and stability of proteins, nucleic 
acids and cell membranes. Considering the wide scope of the field, the corresponding vast 
literature is not surprising: Refs. [12, 47–75] list a few classic works as well as selected 
recent ones.

A critical evaluation of the literature data available through 1983 on the solubility of 
propane (component 2) in liquid water (component 1) was prepared by Battino [76] (see 
also Ref. [77]). Only the data presented in six of the thirteen papers cited in that review 
were used to prepare a smoothing equation that expresses the mole fraction solubility x2 of 
propane dissolved in water, at a partial pressure P2 of the gas of 101.325 kPa (= 1 atm). For 
additional experimental data see Refs. [78–80]. The final smoothing equation selected for 
the temperature range 273.15–348.15 K was a three-term version of the Clarke-Glew (CG) 
equation [81], that is identical with the Valentiner equation [82]. The standard deviation 
was about 2% in x2. Smoothed mole fraction solubilities at 101.325 kPa partial pressure of 
propane and Ostwald coefficients at 5 K intervals were given in tabular form. For the sake 
of comparison with more recent results, using the approximation for the Henry fugacity 
(also known as Henry’s law constant) h2,1 ≈ P2∕x2 we recast the smoothing equation into.

For a rigorous definition of h2,1 see Eq. 5 below.

(1)ln

(

h2,1

kPa

)

= 288.446821 −
14434.5

T∕K
− 39.4740 ln

(

T

K

)
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As already indicated above, solubilities in water of light hydrocarbons and natural-gas 
components, such as CO2 and H2S, are of great interest to petroleum engineers, though 
emphasis was/is placed on modeling via appropriate equations of state. More recent work 
on propane solubility in water has been reported by Carroll and Mather [83] who carefully 
reanalyzed the results obtained by Kobayashi and Katz [78], obtaining.

These data were also used, for instance, by Dhima et al. [84] and Rezania et al. [85].
New solubility measurements in the liquid–vapor region have been obtained over a wide 

temperature range, that is, 277.62 K to 368.16 K, and from 0.357 MPa up to 3.915 MPa, by 
Chapoy et al. [86]. Their solubilities are well represented by.

with an average absolute deviation (AAD) of about 1.5%, which is somewhat better than 
Eq. 2 (AAD = 2.7%). Note that for the fluid propane-water system there exists the possibil-
ity of three phases: (I) a vapor phase, (II) an aqueous liquid phase, and (III) a liquid phase 
rich in propane, i.e., the system exhibits liquid–liquid immiscibility.

Additional solubilities at fairly low pressures (i.e., at about 1–2.6 MPa) of propane in 
water, and of several other hydrocarbons, have been obtained by Mokraoui et al. [87]. Like 
Eq. 2, over the temperature range 298–343 K (6 data points) the Henry fugacities were fit-
ted with a simple three-term CG-equation:

Evidently, in the extant literature, results on the solubility of propane in water are quite 
scattered, and the amount of reliable experimental data is rather limited. In fact, Battino 
[76] has already suggested caution in the use of Eq. 1. In this paper we present our results 
on the solubility of propane in pure liquid water at pressures of about 100 kPa, and over the 
temperature range 278–318 K at roughly 5 K intervals. First, the experimental method is 
outlined briefly. It is based on the apparatus constructed by Benson and Krause (BK) [40, 
42]. The high-precision technique we use since 1981 [46] profits from the excellent, novel 
equilibration technique developed by Benson and Krause [42], a very accurate volumetric 
measurement system [46], and thermodynamically rigorous data reduction [3, 4, 46] that 
will be presented concisely. This is followed by the presentation of the results, including 
derived caloric quantities pertaining to the solution process that were obtained via van‘t 
Hoff analysis [3, 4, 88, 89].

2 � Experimental

The propane used was Matheson research purity grade with a minimum mole fraction purity 
of 0.9997. The oxygen used for routine check measurements [43] was Matheson ultra-
high purity grade with a minimum mole fraction purity of 0.9995. Water was first purified 
by reverse osmosis followed by distillation in an all-Pyrex and quartz glass still and passed 

(2)ln

(

h2,1

kPa

)

= 552.65815 + 0.077514
(

T

K

)

−
21334.4

T∕K
− 85.84949 ln

(

T

K

)

(3)ln

(

h2,1

kPa

)

= 552.64799 + 0.078453
(

T

K

)

−
21334.4

T∕K
− 85.89736 ln

(

T

K

)

(4)ln

(

h2,1

kPa

)

= 196.767755 −
10156.70

T∕K
− 25.90 ln

(

T

K

)
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through a series of Illco-Way research model ion exchangers and a micropore filter. The puri-
fied water had a resistivity greater than  5 × 105Ω ⋅m.

Adequate degassing of the solvent is indispensable for all gas-solubility determinations. 
The degassing method used in this work has been described elsewhere [90]. It yields degassed 
water with the residual air mole fraction being less than 1 × 10−10 . The experimental gas solu-
bility method is based on the apparatus constructed by Benson and Krause [40, 42]; additional 
details (in particular, the thermodynamic basis of our way of data reduction) are given by Ret-
tich et al. [46]. The high-precision technique profits greatly from a very accurate PVT meas-
urement system and the BK equilibration technique that assures saturation of water with gas. 
Under gravity, purified and degassed water (component 1) flows under its own vapor pres-
sure into the evacuated equilibrator. After adding propane (component 2) the equilibrator is 
sealed and placed in a large water bath controlled to ± 0.003 K for the duration of the experi-
mental runs, that lasted between 16 and 48 h. A calibrated Leeds and Northrup Co. knife-
blade platinum resistance thermometer was used for temperature measurements: temperatures 
are reported on IPTS-68. For the small differences in the present temperature range between 
IPTS-68 and ITS- 90 see Refs [91] and [92]: compared to the uncertainties of the experi-
mental Henry fugacities (and derived quantities), the impact of these differences is negligible. 
While Benson et al. use a mercury manometer to determine pressures, we use a Ruska quartz 
Bourdon tube manometer (model XR38) which is periodically calibrated against our labora-
tory standard Ruska air-piston deadweight gauge (model 2465) with traceability of calibration 
to the National Institute of Standards and Technology (NIST).

All molar quantities are based on the relative atomic mass table of IUPAC, 1983 [93]. 
Specifically, Ar(H) = 1.00794 , Ar(C) = 12.011 , and Ar(O) = 15.9994 . For the molar gas 
constant a value of R = 8.31441 J ⋅ K−1

⋅mol−1 was used [94]. Note, however, that with 
the Avogadro constant NA = 6.02214076 × 1023 mol−1 and the Boltzmann constant 
kB = 1.380649 × 10−23 J ⋅ K−1 now being defined exactly [95, 96], the molar gas constant 
is thus fixed at R = NAkB = 8.314462618... J ⋅ K−1

⋅mol−1.
Since the thermodynamic method used for data reduction has been previously described 

in detail [46], only a brief summary of the salient features will be given. At the temperature 
T and the vapor pressure P

�,1(T) of pure liquid solvent (here water), the Henry fugacity 
(also known as Henry’s law constant) of solute 2 (here subcritical propane) dissolved in 
liquid solvent 1 is given by the limiting value of the ratio of the fugacity f L

2

(

T ,P, x2
)

 of 
the solute in the liquid phase (superscript L) and its liquid-phase mole fraction at constant 
temperature T [3–5, 97]:

Here, y2 is the mole fraction of the solute in the coexisting vapor phase (superscript V) at 
total pressure P, and �V

2

(

T ,P, y2
)

 is the corresponding vapor-phase fugacity coefficient of 
component 2 (propane). Given the experimental conditions of our measurements, that is, 
low pressures of about 100 kPa or below, and hence very small mole fraction solubilities 
(

x2 < 5 × 10−5
)

 , within the limits of the experimental precision the exact limiting relation 
Eq. 5 may be advantageously recast into [39, 41, 43, 44, 46, 98]

(5)h2,1
(

T ,P
�,1

)

= lim
x2→0
P→P

�,1

(

f L
2

(

T ,P, x2
)

x2

)

= lim
x2→0
P→P

�,1

(

y2P�
V
2

(

T ,P, y2
)

x2

)

, constant T

(6)h2,1
(

T ,P
𝜎,1

)

= ̃h2,1(T ,P)Z
V
(

T ,P, y2
)

𝜙
V
2

(

T ,P, y2
)

C−1
2
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In Eq. 6, ̃h2,1(T ,P) denotes the so-called uncorrected Henry fugacity (uncorrected Hen-
ry’s law constant) that contains all the primary experimentally determined quantities [46], 
ZV

(

T ,P, y2
)

= PVV
/

RT  is the vapor-phase compression factor with VV being the molar 
volume of the vapor phase, and C2 = C2(T ,P) represents the Poynting correction term 
referring to the solute:

Here, VL,∞

2
 is the partial molar volume of the solute at infinite dilution in the liquid phase 

[99]. The approximation Eq. 8 will become increasingly unsatisfactory for large pressure 
ranges 

(

P − P
�,1

)

 and in the critical region.
We note that the total equilibrium pressure P at any experimental temperature does not 

show up explicitly in Eq. 6. It must be known, however, for evaluating ZV
(

T ,P, y2
)

 , the 
component fugacity coefficient �V

2

(

T ,P, y2
)

 of the solute, and the Poynting correction term 
C2(T ,P) . Total pressure P and vapor-phase mole fraction y2 were determined by a rapidly 
converging iterative procedure described in detail in Ref. [46].

For low to moderate pressures, real-gas behavior is conveniently described by a two-
term volume-explicit virial equation of state. With B11 , B22 and B12 denoting the second 
virial coefficients of pure components 1 (i.e. water vapor) and 2 (propane vapor) and the 
composition-independent second virial cross-coefficient, respectively, the compression fac-
tor ZV

(

T ,P, y2
)

 of a binary vapor-phase mixture is given by

where B denotes the second virial coefficient of the vapor mixture, and y1 + y2 = 1 . For the 
fugacity coefficient of the solute in a binary vapor mixture we obtain

For the temperature range considered, second virial coefficients of pure water vapor,B11 , 
were taken from O’Connell [100]. Note that these values are in excellent accord with the 
more recent correlation of Harvey and Lemmon [101]. Second virial coefficients B22 of 
pure propane vapor, were obtained by fitting recommended values from Dymond and 
Smith [102] over the temperature range of interest; these values are in excellent accord 
with the newer correlation of Lemmon et  al. [103]. The second virial cross-coefficients 
B12 were estimated via the generalized corresponding-states method of Tsonopoulos [104] 
using as binary interaction parameter k12 = 0.382 . This choice yields B12 s that are slightly 

(7)C2(T ,P) = exp

⎧

⎪

⎨

⎪

⎩

P

∫
P
�,1

V
L,∞

2
(T ,P)

RT
dP

⎫

⎪

⎬

⎪

⎭

,

(8)≃ exp

{(

P − P
�,1

)

V
L,∞

2

(

T ,P
�,1

)

RT

}

(9)
ZV

�

T ,P, y2
�

= PVV
�

RT = 1 +
B
�

T , y2
�

RT
P,

B
�

T , y2
�

= y1B11 + y2B22 + y1y2�12,

�12 = 2B12 −
�

B11 + B22

�

,

⎫

⎪

⎪

⎬

⎪

⎪

⎭

(10)�
V
2

(

T ,P, y2
)

= exp

[

P
(

B22 + y2
1
�12

)

RT

]
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more negative than those determined by Wormald and Lancaster [105]: for instance, at 
300 K our estimate is about 30 cm3/mol more negative than their value (cf. their Fig. 4), 
thereby reflecting the considerably more negative second virial cross-coefficients reported 
by Skripka [106]. Table  1 provides ancillary physical property data [107], that is, criti-
cal temperature Tc , critical pressure Pc , critical molar volume Vc , and acentric factor �1 of 
water and �2 of propane. Table 2 contains the second virial coefficients of pure water vapor 
and pure propane vapor, and second virial cross-coefficients for the binary vapor mixture 
of water and propane, from T = 278.15 K to T = 318.15 K in steps of 5 K. The mass density 
data we used for liquid water were those recommended by Kell [108], and the vapor pres-
sure of water was calculated using the Chebyshev polynomial representation of Ambrose 
and Lawrenson [109]. For the temperature range considered, these data are in good agree-
ment with IAPWS-based recommendations [110, 111].

Somewhat surprisingly, experimental data on the partial molar volume at infinite dilu-
tion of propane dissolved in liquid water are rather scarce, and there is considerable scatter: 
only four papers in the literature report directly determined values for VL,∞

2
 . Masterton pre-

sented three results at 16.9 °C, 23.0 °C and 29.1 °C [112], Krichevsky and Ilinskaya gave 
one value at 25 °C [113], as did Moore et al. [114]. Zhou and Battino [115] report results at 
25 °C and 30 °C: the 25 °C-values of the latter two papers appear to be too high. Thus, for 
expressing the temperature dependence of the partial molar volume at infinite dilution of 
propane in water we considered only Refs. [112, 113]:

Table 1   Critical temperatures Tc,i , critical pressures Pc,i , critical molar volumes Vc,i , and acentric factors �i 
of water ( H2O , i = 1) and of propane ( C3H8 , i = 2) [107]

Tc,i

/

K Pc,i

/

kPa 106Vc,i

/(

m3
⋅mol

−1
)

�
i

water (i = 1) 647.3 22048 56.0 0.344
propane (i = 2) 369.8 4250 203.0 0.153

Table 2   Second virial coefficients of pure water vapora B11 and of pure propane vaporb B22 , and second 
virial cross-coefficientsc B12 at selected temperatures T 

a Ref. [100]
b Smoothed values, from fit of data recommended in Ref. [102]
c Calculated via the generalized corresponding-states method of Tsonopoulos [104]

T∕K B11

/(

cm3
⋅mol

−1
)

B22

/(

cm3
⋅mol

−1
)

B12

/(

cm3
⋅mol

−1
)

278.15 −1661 −448 −188
283.15 −1511 −430 −181
288.15 −1380 −415 −173
293.15 −1265 −400 −167
298.15 −1164 −384 −160
303.15 −1074 −370 −154
308.15 −995 −356 −148
313.15 −925 −346 −143
318.15 −860 −332 −137
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where t = T∕K − 273.15.

3 � Results and Discussion

Our experimental results for the solubility of propane in liquid water are given in 
Table 3. As pointed out above, the work of Rettich et al. [39, 41, 43, 46, 98] should be 
consulted for the exact significance of the “uncorrected” Henry fugacity ̃h2,1(T ,P) and 
the details of the data reduction formalism used. Please note that the Henry fugacity 
(Henry’s law constant) h2,1

(

T ,P
�,1(T)

)

 refers to the vapor pressure of pure water at each 
temperature.

Once experimental Henry fugacities for a selected solvent/solute system have been 
collected over a desired temperature range, the question arises as to their most satis-
factory mathematical representation as a function of temperature. In the absence of 
generally applicable theoretical models, one has to rely on essentially empirical fitting 
equations. Depending on the choice of variables, that is, T or 1/T, for expanding the 
partial molar enthalpy change on solution (see below), either a Clarke-Glew type fitting 

(11)ln
[

V
L,∞

2

/(

cm3
⋅mol−1

)]

= 4.0768 + 0.0048361t

Table 3   Experimental “uncorrected” Henry fugacities (Henry’s law constants) ̃h2,1(T ,P) at the indicated 
experimental temperatures T and total pressures P, product ZV

(

T ,P, y2
)

�
V
2

(

T ,P, y2
)

 and Poynting correc-
tion term C2(T ,P) of Eq. 6, Henry fugacity (Henry’s law constant) h2,1

(

T ,P
�,1

)

 at the indicated tempera-
ture T and vapor pressure P

�,1(T) , deviations Δi = h
expt

2,1

(

Ti
)

− hcalc
2,1

(

Ti
)

 between experimental values at 

temperature Ti and values calculated via Eq. 12, and Ostwald coefficients L∞
2,1

(

T ,P
�,1

)

 at infinite dilution.

For the significance of ̃h2,1(T ,P) see Rettich et al. [46] and Refs. [39, 41, 43, 98]. Note that the tabulated 
temperatures refer to IPTS-68

T

K

P

kPa

10−6 ̃h2,1(T ,P)

kPa

ZV
�
V

2
C2

10−6h2,1(T ,P�,1)
kPa

10−6Δ
i

kPa

102L∞
2,1

(

T ,P
�,1

)

278.175 76.458 1.75899 0.97090 1.00197 1.7045 0.0042 7.5309
283.087 83.582 2.18851 0.97006 1.00216 2.1184 −0.0019 6.1645
288.141 77.088 2.67058 0.97390 1.00200 2.5957 −0.0091 5.1174
288.158 89.143 2.68236 0.96981 1.00231 2.5954 −0.0116 5.1183
 293.132 88.647 3.22415 0.97166 1.00230 3.1256 −0.0051 4.3193
298.134 52.667 3.77272 0.98435 1.00133 3.7087 0.0149 3.6976
298.159 85.428 3.81612 0.97436 1.00221 3.7101 0.0134 3.6966
298.160 91.329 3.81990 0.97257 1.00237 3.7063 0.0094 3.7004
298.164 92.004 3.81651 0.97237 1.00239 3.7022 0.0049 3.7045
298.168 57.060 3.77368 0.98301 1.00145 3.7042 0.0064 3.7026
303.155 93.800 4.42902 0.97346 1.00242 4.3011 0.0153 3.2372
308.137 96.817 5.01940 0.97426 1.00249 4.8781 −0.0084 2.8961
313.132 100.082 5.65079 0.97479 1.00254 5.4943 0.0058 2.6077
318.127 98.616 6.22465 0.97686 1.00246 6.0657 −0.0105 2.3945
318.151 98.220 6.22987 0.97697 1.00239 6.0719 −0.0071 2.3922
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equation [81] or a Benson-Krause type fitting-equation [40, 42] is obtained. Based on its 
ability to fit our data we selected a three-term CG equation,

It performs somewhat better than the three-term BK equation.

A suitable measure of the dispersion of experimental results is the average percent-
age deviation.

where N denotes the number of individual data, whose percentage deviations �i are calcu-
lated via

Column 7 in Table  3 gives the deviations Δi between the individual experimental 
values and values calculated with Eq.  12. The average percentage deviation for our 
measurements is ⟨�⟩ = 0.25% for the CG fit, while for the BK fit we have ⟨�⟩ = 0.31% 
(in doing the least squares fittings, average values were used at those temperatures for 
which multiple measurements exist: thus, fitting was done for nine points/temperatures).

Another useful measure of gas solubility is the Ostwald coefficient L2,1(T ,P) , a dis-
tribution coefficient that is preferably defined [3–5, 12, 46, 47, 97, 116, 117] as the ratio 
of the amount-of-substance densities (amount-of-substance concentrations) of solute 2 
in the coexisting equilibrium phases liquid and vapor, respectively, at experimental tem-
perature T and corresponding equilibrium pressure P:

Here, �π
n,2

= nπ
2

/

(nπVπ) = xπ
2

/

Vπ = xπ
2
�
π
n
 , nπ = nπ

1
+ nπ

2
 , where nπ

i
 is the amount of sub-

stance of component i of a mixture/solution phase π (either L or V) with total amount 
nπ , Vπ is the molar volume associated with phase π, and �π

n
=
∑

i

�
π
n,i

= 1∕Vπ is the total 

amount-of-substance density of the solution in phase π . The history of the Ostwald coef-
ficient has been discussed by Battino [117]; see also Ref [118]. Note that 
�
π
n
= 1∕Vπ = �

π
N

/

NA , where �π
N
= NA∕V

π is the number density. For the exact relation 
between the Henry fugacity and the Ostwald coefficient see Wilhelm [3–5, 97, 116, 119, 
120]. In the limit as �V

n,2
→ 0 , and thus P → P

�,1 , the infinite dilution limit of the Ost-
wald coefficient.

(12)ln

(

h2,1

kPa

)

= 313.55051 −
15651.9

T∕K
− 43.1640 ln

(

T

K

)

(13)ln

(

h2,1

kPa

)

= 2.987045 +
10005

T∕K
−

1904.2 × 103

(T∕K)2

(14)⟨�⟩ = N−1

N
�

i=1

�

�

�i
�

�

(15)
�i = 100 × Δi

�

hcalc
2,1

�

Ti
�

,

Δi = h
expt

2,1

�

Ti
�

− hcalc
2,1

�

Ti
�

.

⎫

⎪

⎬

⎪

⎭

(16)L2,1(T ,P) =

(

�
L
n,2

�
V
n,2

)

equil
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is rigorously given by

Here,  ZV, *

1

(

T ,P
�,1

)

= P
�,1V

V, *

1

(

T ,P
�,1

)/

RT  is the compression factor of pure (*) sat-
urated water vapor, �V,∞

2

(

T ,P
�,1

)

 is the fugacity coefficient of propane at infinite dilution 
in water vapor at pressure P

�,1 = P
�,1(T) , and VL, *

1

(

T ,P
�,1

) ≡ V
L, *

�,1
 is the molar volume of 

pure liquid water at saturation (subscript σ). Since most gas-solubility measurements are 
performed in the low to moderate pressure domain, use of the computationally convenient 
two-term volume-explicit virial equation yields.

The Ostwald coefficients L∞
2,1

(

T ,P
�,1

)

 at infinite dilution were calculated point-by-point 
from the experimental Henry fugacities h2,1

(

T ,P
�,1

)

 according to Eqs. 18 and 19; they are 
included in Table 3. For the entire temperature range 278.15 ≤ T∕K ≤ 318.15 they were 
fitted by a four-term BK equation.

In doing the least squares fitting, average values were again used at those tempera-
tures for which multiple measurements exist, that is, fitting was done for nine points/
temperatures.

For convenience, Table 4 presents smoothed values of the Henry fugacity (Henry’s law 
constant) h2,1

(

T ,P
�,1

)

 at 5 K intervals from T = 278.15 K to 318.15 K., calculated from 
Eq. 12. Partial molar enthalpy changes on solution ΔH∞

2

(

T ,P
�,1

)

 , and partial molar heat 
capacity changes on solution ΔC∞

P,2

(

T ,P
�,1

)

 were also calculated from Eq. 12 (van ‘t Hoff 
analysis) using the customary relations.

and

For the temperature range considered in this work, the contributions of the additional 
terms appearing in the more rigorous expressions [3–5, 97, 119–121] are very small and 
well within the experimental uncertainty band. Of note is the quite reasonable agreement 
with the van ‘t Hoff results obtained from a critical evaluation of older measurements as 
published in the review article by Wilhelm et al. [2] more than 40 years ago. To facilitate 
comparison, these values are shown in italics.

(17)L∞
2,1

= L∞
2,1

(

T ,P
�,1

)

= lim
�
V
n,2
→0

P→P
�,1

L2,1(T ,P) = lim
�
V
n,2
→0

P→P
�,1

(

�
L
n,2

�
V
n,2

)

equil

, constantT

(18)L∞
2,1

(

T ,P
�,1

)

=
RT

h2,1
(

T ,P
�,1

)

V
L, *

1

(

T ,P
�,1

)
Z
V, *

1

(

T ,P
�,1

)

�
V,∞

2

(

T ,P
�,1

)

(19)Z
V, *

1

(

T ,P
�,1

)

�
V,∞

2

(

T ,P
�,1

)

=

(

1 +
B11

RT
P
�,1

)

exp

[

2B12 − B11

RT
P
�,1

]

(20)

ln
(

L∞
2,1

(

T ,P
�,1

)

)

= 51.614299 −
47.653173 × 103

T∕K
+

13.016534 × 106

(T∕K)2
−

1.100098 × 109

(T∕K)3

(21)ΔH∞

2

(

T ,P
�,1

)

= −RT2
d ln h2,1

dT

(22)ΔC∞

P,2

(

T ,P
�,1

)

=
dΔH∞

2

dT
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A stringent test of the quality of the experimental data is to compare the derived 
enthalpy changes (one differentiation level) and heat capacity changes (two differen-
tiation levels) with directly obtained high-precision calorimetric results [5, 88, 89]. 
Table 4 also lists results for molar enthalpies of solution ΔcalH

∞ obtained via calorim-
etry at low partial pressure of gas (usually less than 100 kPa): Dec and Gill [122, 123] 
at 298.15 K, and at 288.15 K, 298.15 K, and 308.15 K, respectively, Naghibi et al. [124] 
from 273.15 K to 323.15 K (Boulder group, Colorado, USA), Olofsson et al. [125] at 
288.15  K, 298.15  K, and 308.15  K, and Hallén and Wadsö [126] at 298.15  K (Lund 
group, Sweden). The accord is entirely satisfactory. This strongly supports that our 
results are essentially free from systematic errors.

The three-term CG equation Eq.  12, provides the most reasonable fit for our 
data. Note, however, that this choice results in a temperature independent value 
ΔC∞

P,2
= 359 J ⋅ K−1

⋅mol−1 that has thus to be considered as an average value for the 
mid-point of the temperature range covered: hence the agreement with the calorimetri-
cally derived heat capacity changes is quite reasonable. We do not consider our data to 
be sufficiently precise to use a four-term CG fit that would yield temperature-dependent 

Table 4   Henry fugacities (Henry’s law constants) h2,1
(

T ,P
�,1

)

 and Ostwald coefficients L∞
2,1

(

T ,P
�,1

)

 at infi-
nite dilution for propane dissolved in liquid water at selected temperatures T and corresponding vapor pres-
sures P

�,1(T) of pure liquid water [109].

Partial molar enthalpy changes on solution ΔH∞
2

 and partial molar heat capacity changes on solution ΔC∞
P,2

 
obtained via van ‘t Hoff analysis (see Eqs.  21 and 22) are compared with molar enthalpies of solution 
ΔcalH

∞ and molar heat capacity changes on solution ΔcalC
∞
P

 (at low partial pressures of gas) obtained via 
high-precision calorimetry [122–126]. For full information, the van ‘t Hoff results for ΔH∞

2
 reported in Ref. 

[2] are shown in italics; note that the three-term CG equation used in Ref. [2] to fit the solubility data yields 
a constant value ΔC∞

P,2
= 368 J ⋅ K

−1
⋅mol

−1

a Ref. [122]. bRef. [123]. cRef. [124]. dRef. [125]. eRef. [126]. fRef. [2]

T∕K 10−6h2,1(T ,P�,1)
kPa

L
∞
2,1

(

T ,P
�,1

)

ΔH∞
2

kJ⋅mol
−1

ΔcalH
∞

kJ⋅mol
−1

ΔC∞
P,2

J⋅K
−1
⋅mol

−1

ΔcalC
∞
P

J⋅K
−1
⋅mol

−1

278.15 1.6983 0.07541 −30.31 −29.66c 359 335.7c

−29.9f

283.15 2.1261 0.06152 28.52 −27.99c 359 331.6c

−28.0f

288.15 2.6063 0.05108 −26.72 −25.84b, −26.34c 359 327.4c

−26.2f −26.62d

293.15 3.1325 0.04315 −24.93 −24.72c 359 323.2c

−24.3f

298.15 3.6958 0.03710 −23.14 −23.27a, −23.11c 359 332b, 319.0c, 389d

−22.5f −22.90d, −22.61e 
303.15 4.2853 0.03244 −21.34 −21.53c 359 314.9c

−20.6f

308.15 4.8883 0.02885 −19.55 −19.19b, −19.96c 359 310.7c

−18.8f −18.84d

313.15 5.4909 0.02607 −17.75 −18.42c 359 306.5c

−17.0f

318.15 6.0791 0.02395 −15.96 −16.90c 359 302.4c

−15.1f
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ΔC∞
P,2

 values. Compared to our gas solubility measurements on the systems methane 
dissolved in water or ethane dissolved in water [46] a somewhat greater experimental 
uncertainty (reasons unknown) has been encountered in measuring solubilities for the 
present system. Nevertheless, we believe that our new values for the Henry fugacity 
h2,1

(

T ,P
�,1

)

 and the Ostwald coefficient L∞
2,1

(

T ,P
�,1

)

 at infinite dilution of propane dis-
solved in pure liquid water are the most reliable ones to date.

Financial support for this work from the National Institutes of Health is acknowledged. 
We also thank Professor D. A. Dolson for performing some of the calculations.

Author contributions  Experimental aspects: T. R. Rettich, R. Battino, and E. Wilhelm.E. Wilhelm wrote the 
main manuscript text. All authors reviewed the manuscript.

Funding  Open access funding provided by University of Vienna. This research was supported by National 
Institutes of General Medical Sciences,GM (14710-13).

Declarations 

Competing interests  The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, 
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Com-
mons licence, and indicate if changes were made. The images or other third party material in this article 
are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 Battino, R., Clever, H.L.: The solubility of gases in liquids. Chem. Rev. 66, 395–463 (1966)
	 2.	 Wilhelm, E., Battino, R., Wilcock, R.J.: Low-pressure solubility of gases in liquid water. Chem. Rev. 

77, 219–262 (1977)
	 3.	 Wilhelm, E.: Precision methods for the determination of the solubility of gases in liquids. CRC Crit. 

Rev. Analyt. Chem. 16, 129–175 (1985)
	 4.	 Wilhelm, E.: Low-pressure solubility of gases in liquids. In: Weir, R.D., de Loos, T.W. (eds.) Meas-

urement of the Thermodynamic Properties of Multiple Phases; Experimental Thermodynamics, Vol. 
VII, pp. 137–176. Elsevier/IUPAC, Amsterdam (2005)

	 5.	 Wilhelm, E., Battino, R.: Low-pressure solubility of gases in liquids. In: Wilhelm, E., Letcher, T.M. 
(eds.) Gibbs Energy and Helmholtz Energy: Liquids, Solutions and Vapours, pp. 121–168. The Royal 
Society of Chemistry/IACT, London (2022)

	 6.	 Hildebrand, J.H., Scott, R.L.: The Solubility of Nonelectrolytes, 3rd edn. Reinhold Publishing Corpo-
ration, New York (1950)

	 7.	 Guggenheim, E.A.: Mixtures. Oxford at the Clarendon Press, London (1952)
	 8.	 Prigogine, I., Bellemans, A., Mathot, V.: The Molecular Theory of Solutions. North Holland Publish-

ing Company, Amsterdam (1957)
	 9.	 Hildebrand, J.H., Scott, R.L.: Regular Solutions. Prentice-Hall, Englewood Cliffs (1962)
	 10.	 Hildebrand, J.H., Prausnitz, J.M., Scott, R.L.: Regular and Related Solutions. The Solubility of Gases, 

Liquids, and Solids. Van Nostrand Reinhold Company, New York (1970)
	 11.	 Prausnitz, J.M., Lichtenthaler, R.N., de Azevedo, E.G.: Molecular Thermodynamics of Fluid-Phase 

equilibria, 3rd edn. Prentice Hall PTR, Upper Saddle River (1999)
	 12.	 Ben-Naim, A.: Water and Aqueous Solutions. Plenum Press, New York (1974)
	 13.	 Franks, F. (ed.) Water: A Comprehensive Treatise, Volumes I -VII. Plenum Press, New York (1972 

through 1982)

http://creativecommons.org/licenses/by/4.0/


39Journal of Solution Chemistry (2024) 53:28–42	

1 3

	 14.	 Franks, F.: Water: 2nd Edition. A Matrix of Life. The Royal Society of Chemistry, Cambridge (2000)
	 15.	 Ball, P.: Life’s Matrix – A Biography of Water. University of California Press, Berkeley (2001)
	 16.	 Ben-Naim, A.: Molecular Theory of Water and Aqueous Solutions. Part I: Understanding Water. 

World Scientific, New Jersey (2009)
	 17.	 Ben-Naim, A.: Molecular Theory of Water and Aqueous Solutions. Part II: The Role of Water in Pro-

tein Folding, Self-Assembly and Molecular Recognition. World Scientific, New Jersey (2011)
	 18.	 Brini, E., Fennell, C.J., Fernandez-Serra, M., Hribar-Lee, B., Lukšič, M., Dill, K.A.: How water’s 

properties are encoded in its molecular structure and energies. Chem. Rev. 117, 12385–12414 (2017)
	 19.	 Gleick, P.H. (ed.) Water in Crisis: A Guide to the World’s Fresh Water Resources. Oxford University 

Press, New York, Oxford (1993)
	 20.	 Kasting, J.F., Whitmire, D.P., Reynolds, R.T.: Habitable zones around main sequence stars. Icarus 

101, 108–128 (1993)
	 21.	 Nakashima, S., Maruyama, S., Brack, A., Windley, B.F. (eds.) Geochemistry and the Origin of Life. 

Universal Academy Press, Tokyo (2001)
	 22.	 Hazen, R.M.: Genesis: The Scientific Quest for Life’s Origin. Joseph Henry Press, Washington DC 

(2005)
	 23.	 Ricardo, A., Szostak, J.W.: Origin of life on earth. Sci. Am. 301(3), 54–61 (2009)
	 24.	 Deamer, D.W., Szostak, J.W. (eds.) The Origin of Life. Cold Spring Harbor Laboratory Press, Cold 

Spring Harbor, New York (2010)
	 25.	 Higgs, P.G., Lehman, N.: The RNA world: molecular cooperation at the origins of life. Nat. Rev. 

Genet. 16, 7–17 (2015)
	 26.	 Sankaran, N.: The RNA world at thirty: a look back with its author. J. Mol. Evol. 83, 169–175 (2016)
	 27.	 Bagchi, B.: Water dynamics in the hydration layer around proteins and micelles. Chem. Rev. 105, 

3197–3219 (2005)
	 28.	 Levy, Y., Onuchic, J.N.: Water mediation in protein folding and molecular recognition. Annu. Rev. 

Biophys. Biomol. Struct. 35, 389–415 (2006)
	 29.	 Mancera, R.L.: Molecular modeling of hydration in drug design. Curr. Opin. Drug Discov. Devel. 10, 

275–280 (2007)
	 30.	 Ball, P.: Water as an active constituent in cell biology. Chem. Rev. 108, 74–108 (2008)
	 31.	 Ben-Amotz, D., Underwood, R.: Unravelling water’s entropic mysteries: a unified view of nonpolar, 

polar, and ionic hydration. Acc. Chem. Res. 41, 957–967 (2008)
	 32.	 Mallamace, F., Corsaro, C., Mallamace, D., Baglioni, B., Stanley, H.E., Chen, S.-H.: A possible role 

of water in the protein folding process. J. Phys. Chem. B 115, 14280–14294 (2011)
	 33.	 Mallamace, F., Corsaro, C., Mallamace, D., Vasi, S., Vasi, C., Stanley, H.E., Chen, S.-H.: Some ther-

modynamical aspects of protein hydration water. J. Chem. Phys. 142, 215103/1-5 (2015)
	 34.	 Ball, P.: Water structure and chaotropicity: their uses, abuses and biological implications. Phys. 

Chem. Chem. Phys. 17, 8207–8305 (2015)
	 35.	 Bellisent-Funel, M.-C., Hassanali, A., Havenith, M., Henchman, R., Pohl, P., Sterpone, F., van der 

Spoel, D., Xu, Y., Garcia, A.E.: Water determines the structure and dynamics of proteins. Chem. Rev. 
116, 7673–7697 (2016)

	 36.	 Ball, P.: Water is an active matrix of life for cell and molecular biology. PNAS 114, 13327–13335 
(2017)

	 37.	 Ball, P.: Water as a biomolecule. ChemPhysChem 9, 2677–2685 (2008)
	 38.	 Krause, D., Jr., Benson, B.B.: The solubility and isotopic fractionation of gases in dilute aqueous 

solutions. IIa: solubilities of the noble gases. J. Solution Chem. 18, 823–873 (1989)
	 39.	 Rettich, T.R., Battino, R., Wilhelm, E.: Solubility of gases in liquids. 18. High-precision determina-

tion of Henry fugacities for argon in liquid water at 2 to 40 °C. J. Solution. Chem. 21, 987–1004 
(1992)

	 40.	 Benson, B.B., Krause, D., Jr.: Empirical laws for dilute aqueous solutions of nonpolar gases. J. Chem. 
Phys. 64, 689–709 (1976)

	 41.	 Rettich, T.R., Battino, R., Wilhelm, E.: Solubility of gases in liquids. XVI. Henry’s law coefficients 
for nitrogen in water at 5 to 50 °C. J. Solution. Chem. 13, 335–348 (1984)

	 42.	 Benson, B.B., Krause, D., Jr., Peterson, M.A.: The solubility and isotopic fractionation of gases in 
dilute aqueous solution. I. Oxygen. J. Solution Chem. 8, 655–690 (1979)

	 43.	 Rettich, T.R., Battino, R., Wilhelm, E.: Solubility of gases in liquids. 22. High-precision determina-
tion of Henry’s law constants of oxygen in liquid water from T = 274 K to T = 328 K. J. Chem. Ther-
modyn. 32, 1145–1156 (2000)

	 44.	 Battino, R., Rettich, T.R., Wilhelm, E.: Gas solubilities in liquid water near the temperature of the 
density maximum, Tmax(H2O) = 277.13 K. Monatsh. Chem. 149, 219–230 (2018)



40	 Journal of Solution Chemistry (2024) 53:28–42

1 3

	 45.	 Battino, R., Seybold, P.G.: The O2/N2 ratio gas solubility mystery. J. Chem. Eng. Data 56, 5036–5044 
(2011)

	 46.	 Rettich, T.R., Handa, Y.P., Battino, R., Wilhelm, E.: Solubility of gases in liquids. 13. High-precision 
determination of Henry’s constants for methane and ethane in liquid water at 275 K to 328 K. J. Phys. 
Chem. 85, 3230–3237 (1981)

	 47.	 Ben-Naim, A.: Hydrophobic Interactions. Plenum Press, New York (1980)
	 48.	 Ben-Naim, A.: Solvation Thermodynamics. Plenum Press, New York (1987)
	 49.	 Tanford, C.: The Hydrophobic Effect: Formation of Micelles and Biological Membranes, 2nd edn. 

Wiley, New York (1980)
	 50.	 Frank, H.S., Evans, M.W.: Free volume and entropy in condensed systems III. Entropy in binary liq-

uid mixtures; partial molal entropy in dilute solutions; structure and thermodynamics in aqueous elec-
trolytes. J. Chem. Phys. 13, 507–532 (1945)

	 51.	 Kauzmann, W.: Some factors in the interpretation of protein denaturation. Adv. Protein Chem. 14, 
1–63 (1959)

	 52.	 Pratt, L.R., Chandler, D.: Theory of the hydrophobic effect. J. Chem. Phys. 67, 3683–3704 (1977)
	 53.	 Baldwin, R.L.: Temperature dependence of the hydrophobic interaction in protein folding. PNAS 83, 

8069–8072 (1986)
	 54.	 Privalov, P.L., Gill, S.J.: Stability of protein structure and hydrophobic interaction. Adv. Protein 

Chem. 39, 191–234 (1988)
	 55.	 Blokzijl, W., Engberts, J.B.F.N.: Hydrophobic effects. Opinions and facts. Angew. Chem. Internat. 

Ed. 32, 1545–1579 (1993)
	 56.	 Scheraga, H.A.: Theory of hydrophobic interactions. J. Biomol. Struct. Dynam. 16, 447–460 (1998)
	 57.	 Hummer, G., Garde, S., Garcia, A.E., Paulaitis, M.E., Pratt, L.R.: Hydrophobic effects on a molecular 

scale. J. Phys. Chem. B 102, 10469–10482 (1998)
	 58.	 Lum, K., Chandler, D., Weeks, J.D.: Hydrophobicity at small and large length scales. J. Phys. Chem. 

B 103, 4570–4577 (1999)
	 59.	 Southall, N.T., Dill, K.A., Haymet, A.D.J.: A view of the hydrophobic effect. J. Phys. Chem. B 106, 

521–533 (2002)
	 60.	 Pratt, L.R.: Molecular theory of hydrophobic effects: “She is too mean to have her name repeated.” 

Annu. Rev. Phys. Chem. 53, 409–463 (2002)
	 61.	 Widom, B., Bhimalapuram, P., Koga, K.: The hydrophobic effect. Phys. Chem. Chem. Phys. 5, 3085–

3093 (2003)
	 62.	 Chandler, D.: Interfaces and the driving force of hydrophobic assembly. Nature 437, 640–647 (2005)
	 63.	 Ashbough, H.S., Pratt, L.R.: Colloquium: scaled particle theory and the lengths scales of hydropho-

bicity. Rev. Mod. Phys. 78, 159–178 (2006)
	 64.	 Meyer, E.E., Rosenberg, K.J., Israelachvili, J.: Recent progress in understanding hydrophobic interac-

tions. PNAS 103, 15739–15746 (2006)
	 65.	 Wu, J., Prausnitz, J.M.: Pairwise-additive hydrophobic effect for alkanes in water. PNAS 105, 9512–

9515 (2008)
	 66.	 Paschek, D., Ludwig, R., Holzmann, J.: Computer simulation studies of heat capacity effects associ-

ated with hydrophobic effects. In: Wilhelm, E., Letcher, T.M. (eds.) Heat capacities: liquids, solutions 
and vapours, pp. 436–456. The Royal Society of Chemistry/IUPAC & IACT, Cambridge (2010)

	 67.	 Galamba, N.: Water’s structure around hydrophobic solutes and the iceberg model. J. Phys. Chem. B 
117, 2153–2159 (2013)

	 68.	 Baldwin, R.L.: Dynamic hydration shell restores Kauzmann’s 1959 explanation of how the hydropho-
bic factor drives protein folding. PNAS 111, 13052–13056 (2014)

	 69.	 Kim, J., Tian, Y., Wu, J.: Thermodynamic and structural evidence for reduced hydrogen bonding 
among water molecules near small hydrophobic solutes. J. Phys. Chem. B 119, 12108–12116 (2015)

	 70.	 Hillyer, M.B., Gibb, B.C.: Molecular shape and the hydrophobic effect. Annu. Rev. Phys. Chem. 67, 
307–329 (2016)

	 71.	 Ben-Amotz, D.: Water-mediated hydrophobic interactions. Annu. Rev. Phys. Chem. 67, 617–638 
(2016)

	 72.	 Silverstein, T.P.: The hydrophobic effect: is water afraid or just not that interested? ChemTexts 6, 
26/1-26 (2020)

	 73.	 Durell, S.R., Ben-Naim, A.: Temperature dependence of hydrophobic and hydrophilic forces and 
interactions. J. Phys. Chem. B 125, 13137–13146 (2021)

	 74.	 Rego, N.B., Patel, A.J.: Understanding hydrophobic effects: insights from water density fluctuations. 
Annu. Rev. Condens. Matter Phys. 13, 303–324 (2022)

	 75.	 Sun, Q.: The hydrophobic effects: our current understanding. Molecules 27(20), 7009/1–27 (2022)



41Journal of Solution Chemistry (2024) 53:28–42	

1 3

	 76.	 Battino, R.: Critical evaluation of the solubility of propane in water. In: Hayduk, W. (ed.) IUPAC Sol-
ubility Data Series: Propane, Butane and 2-Methylpropane, Vol. 24, pp. 1–2. Pergamon Press, Oxford 
(1986)

	 77.	 Gevantman, L.H.: Solubility of selected gases in water. In: Haynes, W.M. (ed.) CRC Handbook of 
Chemistry and Physics 2016-2017, 97th edn., pp. 5-134 – 5-135. CRC Press, Boca Raton (2017)

	 78.	 Kobayashi, R., Katz, D.L.: Vapor-liquid equilibria for binary hydrocarbon – water systems. Ind. Eng. 
Chem. 45, 440–451 (1953)

	 79.	 Azarnoosh, A., McKetta, J.J.: The solubility of propane in water. Petroleum Refiner 37, 275–278 
(1958)

	 80.	 Wehe, A.H., McKetta, J.J.: Method for determining total hydrocarbons dissolved in water. Analyt. 
Chem. 33, 291–293 (1961)

	 81.	 Clarke, E.C.W., Glew, D.N.: Evaluation of thermodynamic functions from equilibrium constants. 
Trans. Faraday Soc. 62, 539–547 (1966)

	 82.	 Valentiner, S.: Über die Löslichkeit der Edelgase in Wasser. Z. Phys. 42, 253–264 (1927)
	 83.	 Carroll, J.J., Mather, A.E.: A model for the solubility of light hydrocarbons in water and aqueous 

solutions of alkanolamines. Chem. Eng. Sci. 52, 545–552 (1997)
	 84.	 Dhima, A., de Hemptinne, J.-C., Jose, J.: Solubility of hydrocarbons and CO2 mixtures in water under 

high pressure. Ind. Eng. Chem. Res. 38, 3144–3161 (1999)
	 85.	 Rezania, P., Ranjbar, V., Nasrifar, K.: High pressure solubility of light gases (CH4, C2H6, C3H8, H2S, 

CO2, N2, Xe, Ar and Kr) and certain gas mixtures in water from cubic equations of state. J. Solution 
Chem. 50, 1169–1188 (2021)

	 86.	 Chapoy, A., Mokraoui, S., Valtz, A., Richon, D., Mohammadi, A.H., Tohidi, B.: Solubility meas-
urement and modeling for the system propane – water from 277.62 to 368.16 K. Fluid Phase 
Equilib. 226, 213–220 (2004)

	 87.	 Mokraoui, S., Coquelet, C., Valtz, A., Hegel, P.E., Richon, D.: New solubility data of hydrocar-
bons in water and modeling concerning vapor-liquid-liquid binary systems. Ind. Eng. Chem. Res. 
46, 9257–9262 (2007)

	 88.	 Wilhelm, E., Battino, R.: Partial molar heat capacity changes of gases dissolved in liquids. In: 
Wilhelm, E., Letcher, T.M. (eds.) Heat Capacities: Liquids, Solutions and Vapours, pp. 457–471. 
The Royal Society of Chemistry/IUPAC & IACT, Cambridge (2010)

	 89.	 Wilhelm, E., Battino, R.: Enthalpy changes on solution of gases in liquids. In: Wilhelm, E., 
Letcher, T.M. (eds.) Enthalpy and Internal Energy: Liquids, Solutions and Vapours, pp. 269–298. 
The Royal Society of Chemistry/IACT, London (2018)

	 90.	 Battino, R., Banzhof, M., Bogan, M., Wilhelm, E.: Apparatus for rapid degassing of liquids. Part 
III. Analyt. Chem. 43, 806–807 (1971)

	 91.	 McGlashan, M.L.: The international temperature scale of 1990 (ITS-90). J. Chem. Thermodyn. 
22, 653–663 (1990)

	 92.	 Goldberg, R.N., Weir, R.D.: Conversion of temperatures and thermodynamic properties to the 
basis of the international temperature scale of 1990 (Technical Report). Pure Appl. Chem. 64, 
1545–1562 (1992)

	 93.	 Holden, N.E., Martin, R.L.: Atomic weights of the elements 1983. Pure Appl. Chem. 56, 653–674 
(1984)

	 94.	 Whiffen, D.H.: Manual of symbols and terminology for physicochemical quantities and units, 2nd 
revision. Pure Appl. Chem. 51, 1–41 (1979)

	 95.	 Mohr, J.P., Newell, D.B., Taylor, B.N., Tiesinga, E.: Data and analysis for the CODATA 2017 spe-
cial fundamental constants adjustment. Metrologia 55, 125–146 (2018)

	 96.	 Newell, D.B., Cabiati, F., Fischer, J., Fujii, K., Karshenboim, S.G., Margolis, H.S., de Mirandés, 
E., Mohr, J.P., Nez, F., Pachucki, K., Quinn, T.J., Taylor, B.N., Wang, M., Wood, B.M., Zhang, Z.: 
The CODATA 2017 values of h, e, k, and NA for the revision of the SI. Metrologia 55, L13–L16 
(2018)

	 97.	 Wilhelm, E.: Solubilities, fugacities and all that in solution chemistry. J. Solution Chem. 44, 
1004–1061 (2015)

	 98.	 Rettich, T.R., Battino, R., Wilhelm, E.: Solubility of gases in liquids. 15. High-precision determi-
nation of Henry coefficients for carbon monoxide in liquid water at 278 to 323 K. Ber. Bunsenges. 
Phys. Chem. 86, 1128–1132 (1982)

	 99.	 Wilhelm, E., Battino, R.: Partial molar volumes of gases dissolved in liquids. In: Wilhelm, E., 
Letcher, T.M. (eds.) Volume Properties: Liquids, Solutions and Vapours, pp. 273–306. The Royal 
Society of Chemistry/IUPAC & IACT, Cambridge (2015)

	100.	 O’Connell, J.P.: Thermodynamic and transport properties of water vapor and aqueous vapor mix-
tures. Ph. D. thesis, University of California, Berkeley (1967)



42	 Journal of Solution Chemistry (2024) 53:28–42

1 3

	101.	 Harvey, A.H., Lemmon, E.W.: Correlation for the second virial coefficient of water. J. Phys. 
Chem. Ref. Data 33, 369–376 (2004)

	102.	 Dymond, J.H., Smith, E.B.: The Virial Coefficients of Pure Gases and Mixtures. A Critical Com-
pilation. Clarendon Press, Oxford (1980)

	103.	 Lemmon, E.W., McLinden, M.O., Wagner, W.: Thermodynamic properties of propane. III. A ref-
erence equation of state for temperatures from the melting line to 650 K and pressures up to 1000 
MPa. J. Chem. Eng. Data 54, 3141–3180 (2009)

	104.	 Tsonopoulos, C.: Second virial cross-coefficients: correlation and prediction of kij. Adv. Chem. 
Ser. 182, 143–162 (1979)

	105.	 Wormald, C.J., Lancaster, N.M.: Excess enthalpies and cross-term second virial coefficients for 
mixtures containing water vapour. J. Chem. Soc., Faraday Trans. I 84, 3141–3158 (1988)

	106.	 Skripka, V.G.: Volume behaviour of gaseous mixtures of a non-pölar component and water at high 
temperatures. Russ. J. Phys. Chem. 53, 795–797 (1979)

	107.	 Reid, R.C., Prausnitz, J.M., Poling, B.E.: The Properties of Gases and Liquids, 4th edn. McGraw-
Hill Book Company, New York (1987)

	108.	 Kell, G.S.: Density, thermal expansivity, and compressibility of liquid water from 0° to 150°C: 
correlations and tables for atmospheric pressure and saturation reviewed and expressed on 1968 
temperature scale. J. Chem. Eng. Data 20, 97–105 (1975)

	109.	 Ambrose, D., Lawrenson, I.J.: The vapour pressure of water. J. Chem. Thermodyn. 4, 755–761 (1972)
	110.	 Wagner, W., Pruß, A.: The IAPWS formulation 1995 for the thermodynamic properties of ordi-

nary water substance for general and scientific use. J. Phys. Chem. Ref. Data 31, 387–535 (2002)
	111.	 Pátek, J., Hruby, J., Klomfar, J., Součková, M., Harvey, A.H.: Reference correlations for thermophysi-

cal properties of liquid water at 0.1 MPa. J. Phys. Chem. Ref. Data 38, 21–29 (2009)
	112.	 Masterton, M.L.: Partial molal volumes of hydrocarbons in water solutions. J. Chem. Phys. 22, 1830–

1833 (1954)
	113.	 Krichevsky, I.R., Ilinskaya, A.A.: Partial molar volume of gases dissolved in liquids. Acta Physico-

chim. URSS 20, 327–348 (1945)
	114.	 Moore, J.C., Battino, R., Rettich, T.R., Handa, Y.P., Wilhelm, E.: Partial molar volumes of gases at 

infinite dilution in water at 298.15 K. J. Chem. Eng. Data 27, 22–24 (1982)
	115.	 Zhou, T., Battino, R.: Partial molar volumes of 13 gases in water at 298.15 K and 303.15 K. J. Chem. 

Eng. Data 46, 331–332 (2001)
	116.	 Wilhelm, E.: The solubility of gases in liquids: thermodynamic considerations. In: Battino, R. (ed.) 

Nitrogen and Air; IUPAC Solubility Data Series, Vol. 10, p. XX–XXVIII. Pergamon Press, Oxford 
(1982)

	117.	 Battino, R.: The Ostwald coefficient of gas solubility. Fluid Phase Equilib. 15, 231–240 (1984)
	118.	 Clever, H.L., Battino, R.: Solubility of gases in liquids. In: Hefter, G.T., Tomkins, R.P.T. (eds.) The 

Experimental Determination of Solubilities, pp. 101–150. John Wiley & Sons, Chichester (2003)
	119.	 Wilhelm, E.: Solubility of gases in liquids: a critical review. Pure Appl. Chem. 57, 303–322 (1985)
	120.	 Wilhelm, E.: Thermodynamics of solutions, especially dilute solutions of nonelectrolytes. In: Teix-

eira-Dias, J.J.C. (ed.) Molecular Liquids: New Perspectives in Physics and Chemistry, NATO ASI 
Series, Series C: Mathematical and Physical Sciences, Vol. 379, pp. 175–206. Kluwer Academic Pub-
lishers, Dordrecht (1992)

	121.	 Wilhelm, E.: Solutions, in particular dilute solutions of nonelectrolytes: a review. J. Solution Chem. 
51, 625–710 (2022)

	122.	 Dec, S.F., Gill, S.J.: Heats of solution of gaseous hydrocarbons in water at 25 °C. J. Solution Chem. 
13, 27–41 (1984)

	123.	 Dec, S.F., Gill, S.J.: Heats of solution of gaseous hydrocarbons in water at 15, 25, and 35 °C. J. Solu-
tion Chem. 14, 827–836 (1985)

	124.	 Naghibi, H., Dec, S.F., Gill, S.J.: Heats of solution of ethane and propane in water from 0 to 50 °C. J. 
Phys. Chem. 91, 245–248 (1987)

	125.	 Olofsson, G., Oshodj, A.A., Qvarnström, E., Wadsö, I.: Calorimetric measurements on slightly solu-
ble gases in water. Enthalpies of solution of helium, neon, argon, krypton, xenon, methane, ethane, 
propane, n-butane, and oxygen at 288.15, 298.15, and 308.15 K. J. Chem. Thermodyn. 16, 1041–
1052 (1984)

	126.	 Hallén, D., Wadsö, I.: A new microcalorimetric vessel for dissolution of slightly soluble gases. 
Enthalpies of solution in water of carbon tetrafluoride and sulphur hexafluoride at 288.15, 298,15, and 
308.15 K. J. Chem. Thermodyn. 21, 519–528 (1989)

Publisher’s Note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.


	Solubility of Gases in Liquids. 23: High-Precision Determination of Henry’s Law Constants of Propane Dissolved in Liquid Water from T = 278 K to T = 318 K
	Abstract
	1 Introduction
	2 Experimental
	3 Results and Discussion
	References




