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Abstract The thermodynamics of dissolution of non-reactive gases in water under ambi-
ent conditions is of importance for the description of the properties of small hydrophobic
solutes, and they are also of interest for environmental assessments. The review published in
1977 by Wilhelm, Battino and Wilcock (Chem. Rev. 77:219-262, 1977) constitutes a mile-
stone in this field. However, a number of new data have been published since then, including
both solubility and calorimetric determinations. We have analyzed the new data for 27 bi-
nary systems reported in the literature at the time of writing this article. Whenever solubility
and calorimetric data both exist they have been fitted together. There are, however, systems
for which only one type of new thermodynamic information is available; these systems were
also analyzed using procedures that are described in this work.

Keywords Gaseous solutes - Aqueous solutions - Gibbs energy and enthalpy
of dissolution - Ambient temperatures

1 Introduction

The thermodynamics of non-reactive gases dissolved in water under ambient conditions is of
great interest for physical chemistry as well as for environmental chemistry. The knowledge
of the thermodynamics of the dissolution of gases in water has been based to a large extent
on the fundamental and thorough work published in 1977 by Wilhelm et al. [1]; this work
has been the obligatory reference in the field. Since that review was published thirty one
years ago, important new solubility data for gases dissolved in water, many of which had
been already studied, have become available. Moreover, in many cases the precision of the
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newer data was greatly improved over the earlier. Also, since [1] was published, several
studies became available that reported calorimetric data for gases dissolved in water.

The goal of the present work is to provide an update of equations that are able to de-
scribe the Gibbs energy (AG5°) and enthalpy (A H3*) of dissolution of gaseous solutes as
a function of temperature within the ambient-temperature region. For those systems where
calorimetric as well as new solubility data are available, the updated equations we report in
the present work were obtained by fitting together both sets of data. Hence, they can describe
both types of thermodynamic quantities, Gibbs energy and enthalpy of dissolution. We have
also analyzed systems for which either solubility or calorimetric data have become available
since 1977.

We have limited the range of temperature considered in this work to ambient conditions
due to the fact that there are in general two experimental techniques to determine solubility
of gases in liquids. One applies over the complete range of temperatures (i.e., triple point
solvent to its critical point), which we refer to as the high-temperature technique. In the
other, denoted as the low-temperature technique, the solvent’s vapor pressure is in general
lower than, or sometimes slightly above, 0.1 MPa. There is a big difference in the experi-
mental uncertainties of each technique as we have discussed in previous articles [2, 3]; this
suggests that it is inconvenient to mix the data at ambient temperatures with those at high
temperatures, in order to maintain the higher precision of the first type of data. On the other
hand, calorimetric data are very scarce for gases in water at higher temperature, and there
again the uncertainty is much greater. An exception is H,S because the data we used were
determined with the high-temperature technique but the authors determined solubilities over
a wide pressure range. The value of 333 K as the upper limit temperature of our study is cer-
tainly arbitrary, but the main number of sources using the low-temperature technique are
covered by this limit in temperature.

2 General
2.1 Strategy Employed to Obtain an Equation for AG3°(T) (i.e., Inky)

The literature was surveyed to identify gas solubility data in water that were published after
the important and comprehensive review of Wilhelm et al. [1], as well as calorimetric data
for the same type of solutions. For those systems that have been already analyzed in [1],
only new solubility data having higher precision together with calorimetric data, whenever
available, were used in the present work to fit the parameters of expressions for AG5°(T).
It is useful to divide the systems analyzed here into five different types according to the type
and precision of the new information that is available:

A) Benchmark systems (solutes O,, Ar, CHy). There are very precise new information of the
solubility of these solutes, hence of Henry’s constant ky, and also there are independent
calorimetric data. For these systems a very detailed analysis was performed which was
then used to establish the best procedure for all the other gas + water binary systems
considered here. For this group of systems the fitting procedure included a simultaneous
fit of the solubility and calorimetric data.

B) Inert gases (besides Ar). They were analyzed similarly to group A, but there is only one
new source of precise solubility data, hence of AG5°(T).

C) Systems for which the new information available was less abundant and/or precise than
systems of type A. The procedure employed was the same as for the two previous type
systems.
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D) Systems for which new solubility data of good precision are available, but there are no
calorimetric data.

E) Some small hydrocarbons and other solutes for which there are no new solubility data,
but calorimetric data have been published. For some systems of this type we used AG3°
from [1] (as detailed below) to fit them together with the calorimetric data using a single
fitting procedure. We also include in this type some systems for which only new sol-
ubility data of intermediate precision are available. The details about each subtype are
described below.

Because the pressure(s) at which solubilities have been determined in the various sources
that we have used are close to atmospheric pressure, the Poynting correction in general was
not relevant to the formulation of AGS° close to the water-saturation line. The exceptions are
for data of very high precision; in those cases, however, the authors have already corrected
the data to the vapor pressure of water. Some data in the ambient temperature range that
were obtained using the high-temperature technique [2, 3] have not been considered by us,
due to the already mentioned lower precision of the high-temperature technique.

2.2 Fitting Equations

For all of the systems we adopted a Valentiner-type polynomial for In ky

In(ky /bar) = a + % +ay In(T/K) + ;ai+2<T/K>" )

which has an acceptable temperature dependence because it includes the term a, which rep-
resents the contribution of a temperature independent term for AC*,. Many of the very
precise recent data for Inky make use of a polynomial in powers of the reciprocal tem-
perature. However this implies that ACP_ is not independent of temperature. Assuming a
constant heat capacity over such a restricted temperature range, i.e., 7 < 333 K, seems a
more realistic assumption than using a temperature dependent heat capacity; the effect of
this simplifying assumption will be discussed below.

In the present work the standard state for the dissolved solute is the ideal solution (ac-
cording to Henry’s law) at a solute mole fraction of unity; for the gaseous solute the standard
state is the ideal gas at 0.1 MPa. Under these conditions the relation between Henry’s con-
stant and AG5°(T) is,

ky
AGX(T) = RTln{F} )

where p? is the standard pressure of 0.1 MPa. Assuming a constant value for AC%
have for the Gibbs energy of dissolution the following equation,

0 We

AGy— AH
AGS(p", T) = (AHy — ACSSTy) + (%
0

T
+ AC;‘;) T —ACHTIn <Fo> 3)
where the subscript o denotes the value of the quantity at 7, = 298.2 K. It may be seen that
Eq. 3 contains the contributions of the calorimetric data as well as those of the gas solubility.
The use of a constant AC}®, is not only justified by the restricted ambient temperature range
covered in this study, but also practically because there are no calorimetric information
on the dependence of AC?, with temperature for aqueous solutions of gaseous substances.
Below we give numerical results that further support our contention. An important part of the
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analysis in the present work will be based upon the values of ky because their uncertainties
are directly related to the experimental uncertainty of the solubility data. Thus, the relative
precision of ky is related to the uncertainty in (AG3°/RT) by,

5(w> :5<ln knm) _ ok @
RT p® ku

As mentioned above, the Poynting correction was negligible because at ambient tem-
perature and low gas pressure this correction is usually below experimental uncertainty.
Nevertheless, if it were necessary, the Poynting correction for ambient temperatures, includ-
ing the solubility of a gas at higher solute partial pressures, can be easily determined using
experimental values of V;* as a pressure independent quantity. In this way, instead of Eq. 3
the complete equation for AGS°(p, T') becomes:

AGY(p,T)=AGX(p®, T)+ V(T)(p — p®) = RTln(%) &)

Reference [4] reviewed some of the data available in 1988 and reported smoothed values,

but we have used it only as a guide to the sources they analyzed. On the other hand, [5] re-

ported solubility data obtained using a chromatographic technique that has lower precision,

so again they are only employed for SFs due to the lack of other information, and for some
other systems only for the purpose of comparison.

3 Analysis of Data for the Three Benchmark Systems
3.1 Oxygen

Very precise new determinations of the solubility of O, in water have been reported [6, 7]
covering the temperature range 273 to 333 K. Both sources determined the solubilities of O,
by employing very precise techniques (relative uncertainties of order 0.01%), and corrected
them for non-ideality in the vapor phase and the Poynting effect. Rettich et al. [6] give
solubilities in the temperature range 275 to 328 K). Benson et al. [7] reported data over
the range (273 to 333 K) and they calculated the final values of ky using an extrapolation
procedure to p — 0; this procedure should account also for the eventual effect of solute
non-ideality in the solution phase. The relative differences in ky between both sources (6%)
are given in Table 1. Both sets of data were refitted using Valentiner equations, Eq. 3. The
two sets of data were found to be consistent with differences smaller than 0.4%.

As a preliminary test we compare in Table 2 the experimental ky values reported in [6, 7]
with those calculated at several temperatures using Eq. 3. For this calculation we used calori-
metric data from [8]: AC5?, = 205 J-mol™"-K~" and A H5°(298.15 K) = —12.00 kJ-mol~';
AG5°(298.15 K) was an average of experimental values as explained below. Table 2 shows

Table 1 Differences between ky

values for the Oy + HO system T/K 3(%)*
from two sources [6, 7]

273.15 —0.015
4Percent difference of value from ~ 298.15 0.002
[6] minus value from [7] divided 328.15 —0.39

by value from [6]
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Table 2 Comparison of

experimental data with calculated ~ 1/K 10~ x kyy /bar

values for the Oy + H,O system Experimental value and reference number  Calc.
273.15 2.5598 [6] 2.5602 [7] 2.5655
283.15 3.2959 [6] 3.2950 [7] 3.2960
298.15 4.4039 [6] 4.4038 [7] 4.4039
313.15 5.3990 [6] 5.4063 [7] 5.3937
328.15 6.1900 [6] 6.2139 [7] 6.1432

Table 3 Calorimetric data for the Oy + HpO system

T/K AHS®/ kJ-mol ! ACY,/ J K~ Lmol~!

Experimental value and reference number

288.15 —14.03+0.06 [8]
298.15 —12.0640.04 [9] —12.0040.05 [8] —12.03140.036 [10] 205+2 [8]
308.15 —9.92+0.10 [8]

that the results obtained from both experimental sources coincide very well with the cal-
culated values up to 313 K. However, the agreement is less satisfactory at 328.15 K, but
it should be noted that at this temperature the discrepancy between the two experimental
sources of solubility is somewhat larger than at lower temperatures, as shown in Table 2.

There are three sources of calorimetric data for this system, [9] and [10] each give a
single value of AH;* at 298.15 K. One study [8] published values of AH;* at three tem-
peratures and from them the authors calculated AC}*,. The values of these calorimetric data
are reported in Table 3.

3.2 Argon

For this solute we used the results from two new experimental studies of its solubility in
water [11, 12]. Their values were corrected to the saturation pressure by the authors using the
same procedure as for O,. The resulting kyy data have a high precision, and their uncertainties
are around 0.04 to 0.05%. According to [11], the correction for non-ideality was found to
amount to 0.2%. Values of 107 x k;(298.2 K) from the two sources are 4.0020 bar [11] and
4.0041 bar [12]; hence the agreement between both experimental studies for 7 = 298.2 K
is also remarkably good. In the case of [12] the value of the constant R was corrected to the
value given in [IUPAC’s Green Book, R = 8.3145 J-mol~!.K~! [13].

We made a test for this system by calculating ky at four temperatures with Egs. 2 and 3,
and using calorimetric data from [8]: AC}?, =200 J ‘mol~"-K~! and AHy = AH;*(Ty) =
—12.01 KJ-mol~! and AG(Ty) = AGy =26.27 kJ-mol~! from the average of the experi-
mental solubility values reported in [11, 12] at Ty. The values of the coefficients of Eq. 3 are
—71.640 kJ-mol~! and 328.393 kJ-mol~! for the independent and linear terms, respectively.
The results are given in Table 4 where we compare the ky values calculated at the low- and
high-temperature ranges with the experimental values reported in [11] and [12],

As was the case for the other benchmark systems, there is a tendency for the agreement
between calculated and experimental values to worsen when temperature is higher. For Ar +
H,O this is more notable in [12] than in [11] because the temperature range in the latter study
is smaller.
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Table 4 Comparison of

experimental data with calculated ~ 1/K 10~ x kyy /bar

values for the Ar + H,O system Experimental value and reference number Calc.
273.15 2.3374 [12] 2.3362
283.15 3.0006 [11] 3.0033 [12] 2.9972
313.15 4.9102 [11] 4.9079 [12] 4.9062
333.15 5.8353 [12] 5.7724

3.3 Methane

The source of new solubility data was [14]. The calorimetric data were taken from
[8, 15, 16]. One of these sources [15] reported a single value of AH7® at 298.2 K, whereas
the other two sources reported measurements of enthalpies of dissolution at several temper-
atures: 288.15, 298.15 and 308.15 K in [8] and at eleven temperatures in the range (273 to
323) K in [16]. In these two cases the authors calculated a constant average AC;?Z value and
the values of AC?, at all temperatures, respectively.

As shown in Table 5, the values of A H$°(298.15 K) for the three sources agree within
their experimental precision. However, there are differences in AC}?, in the two sources
where its value was calculated, as shown in Table 5.

We have used Eqgs. 2 and 3 to calculate ky for aqueous CH4 solutions at the extreme
temperatures of 273.15 and 333.15 K, with a value of A H;°(298.15 K) = —13.12 kJ-mol~!
that is the average value from the three sources. For this preliminary comparison we used
for AC}?, at 298.2 K the values reported in each source publication in order to estimate the
effect of a different heat capacity, and compared them with the values of ky obtained with
a Valentiner polynomial fitted to the new experimental data. The results of this comparison
are reported in Table 6.

Using the value of heat capacity reported in [8], the difference from the values calculated
with Egs. 2 and 3 is 0.4% at the lowest and 1.8% at the highest temperatures, respectively.
The value of the heat capacity reported in [16] for 298.2 K gave larger differences, which
at the extremes of the temperature range were 2.0% and 4.2%, respectively. The value re-
ported by [8] gives a picture that is more consistent with the solubility data; nevertheless,
the difference is larger than the experimental uncertainty of the solubility data.

It should be borne in mind that the comparisons in Tables 2, 4 and 6 are given in order
to evaluate the consistency among the data from solubility and from calorimetry. The tables
report values of ky calculated using an average value of AG5°(298.15 K) when two sources
of solubility data exist (at this temperature they were very close, cf., Tables 2 and 4), and the
reported calorimetric quantities.

4 Number of Coefficients in the Valentiner Equation

In order to assess the number of coefficients that are necessary in Eq. 1 to obtain a good
adjustment of the data, we analyzed the performance of equations having between three and
five coefficients. The characteristics of the data sets used for the benchmark gases are given
in Table 8, and the results of this assessment are reported in Table 7, where the columns with
the heading (o..er/coef.) give the ratio of the standard deviation of the coefficients divided
by the value of the corresponding coefficient. It should be noted that all of the coefficients in
each fitting equation had an almost identical value for this quantity, so for each system only
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Table 5 Summary of calorimetric data for the CH4 + H5O system

T/K  AHS®/kImol~! ACY,/ J K~ Lmol~!

Value and reference number Value and reference number
288.15 —15.53+0.09 [8] —15.24+0.06 [16] —216.1+4 [16]
298.15 —13.06+0.15[8] —13.18+0.07 [15] —13.1240.07 [16] —242+6 [8] —209.0+2.9 [16]
308.15 —10.70+0.09 [8] —11.0640.07 [16] —201.8+5.8 [16]

Table 6 Comparison of 4
experimental data with calculated /K 107" x kg /bar

values for the CH4 + H,O Expt. Value calculated with heat capacit-
system

ies in the given reference number

273.15 2.1708 2.1794 [8] 2.2143 [16]
333.15 5.7196 5.8217 [8] 5.9643 [16]

Table 7 Effect of the number of fitting coefficients on the standard deviation of the fits and of each coefficient

5 coefficients 4 coefficients 3 coefficients

Overall o Ocoef/ coef. Overall o Ocoef/ coef. Overall o Ocoef/ coef.
0, 0.0036 0.3 0.0038 0.1 0.0046 0.004
Ar 0.0019 0.3 0.0019 0.05 0.003 0.003
CHy 0.007 0.2 0.0086 0.2 0.009 0.01

a single value for the standard deviations of the coefficients is reported in Table 7. It was
clear that increasing the number of coefficients of the fitting equation did not significantly
improve the overall standard deviation (o) but it decreased very much the reliability of the
coefficient values.

In Fig. 1 we plot A lnky against temperature for Ar dissolved in water. The ordinate is
the difference in Inky between our fitted three-coefficient Valentiner equation (which was
obtained including the calorimetric data) and other expressions for In ky. One of the curves
shows the difference between our three-coefficient Eq. 3 with the equation given in the
1977 review for the same system [1]. It may be noted that there is an appreciable difference
between the new data and those that were the basis for previous formulations [1] for the
solubility of Ar in water, the difference being a few percent.

With reference to the difference between our fitted equation (solubility as well as calori-
metric data) and the new solubility data for this system [11, 12], Fig. 1 shows that there is a
very good agreement, between 0.1 and 0.2%, but which becomes somewhat less satisfactory
at the highest temperature where the difference reaches almost 0.5%.

It was also important to compare the performance of Valentiner type fitting equations
having different numbers of coefficients. We plotted in Fig. 1 the results of fitting the calori-
metric and new solubility data with a four-coefficient fitting equation. It can be seen that
the performance of the fitting equations was not altered in essence by adding one more co-
efficient, as shown in Fig. 1. The differences between the ky values are at most 0.2% at
the highest temperature, but the discrepancy is usually smaller than 0.1%. The same type
of behavior was observed for the O, + H,O system when increasing the number of coef-
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Table 8 Sources of data that were fitted to Eq. 6

AGS° AHZ®
References Number T range References Number T range
of points of points
0, [6,7] 69 273-333 [8-10] 72 288-308(3)
Ar [11,12] 69 275-328 [8,17] 17 288-308(3)
CHy [14] 16 275-328 [8, 15, 16] 32 273-323(3)
He [12] 32 274-333 [8,17, 18] 30 288-308(3)
Ne [12] 34 273-333 [8,17] 22 288-308(3)
Kr [12] 36 273-333 [8,17] 10 288-308(3)
Xe [12] 30 273-333 [8,17] 14 288-308(3)
CyHg [14] 23 275-323 [15,19] 31 273-323(11)
CCIF3 [20] 4 288-318 [21] 5 287-318(5)
CClLF, [20] 4 288-318 [21] 5 278-313(5)
CF4 [20, 22, 23] 10 278-318 [18,21] 5 288-308(3)
SF¢ [5,22] 9 278-298 [18] 3 288-308(3)
N, [26] 17 278-323 - -
CcO [25] 14 278-323 - -
C3Hg [1] 25 273-347 [8, 15,18, 19] 36 273-323(11)
i-C4Hjo [1] 14 278-343 [8,27] 14 273-308(8)
n-C4Hjo [1] 36 273-349 [14,26] 35 273-318(10)
C3Hg [1] 7 294-361 - - -
c-C3Hg [1] 14 298-361 - - -
CyFg [22,23,28] 16 278-328 - - -
c-C4Fg [20] 4 288-318 - - -
H,S [29] 7 273-333 - - -
Fig. 1 Difference of Inky for Ar 0.005 .
in water between our
three-coefficient fitted equation 0000 7+-‘;—-§_§_&+Lﬁ_llr1_‘_ ]
and other equations. A, present _ -0.005 17 9o
work with four-coefficient g .0.010
equation; (I [1], A [11], V [12] 3 o
E o015 o
<

-0.020 o

-0.025

-0.030

280 300 320 340

ficients of the fitting equation. We concluded that the relatively small discrepancy between
experimental and fitted data cannot be resolved by the use of a fitting equation having more
adjustable coefficients. Moreover, increasing the number of adjustable coefficients decreases
their reliability (cf. Table 7).

This analysis of comparative performances shows that for type A systems a Valentiner

polynomial having three coefficients is the best choice. This implies that a constant AC

o0
p.2°

is able to give a very good fit by adjusting the value of the heat capacity to an average over
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Table 9 Coefficients of Eq. 6 and their standard errors

Type Gaseous solute (ooy)? Type Gaseous solute (aoy)?
al b/ c/ al b/ c/
KJ-(mol-.K)~!  kJ-(mol-K)~! kJ-(mol-K)~! KJ-(mol-K)~! KJ-(mol-K)~! kJ-(mol-K)~!
A 0,(0.0046) C SFe(0.030)
1.4287 —69.9638 —0.1940 3.0417 —148.130 —0.42864
(0.0052) (0.2319) (0.0077) (0.250) (10.98) (0.0374)
Ar (0.003) CF4(0.077)
1.4249 —69.7486 —0.19357 2.66713 126.289 —0.37555
(0.00566) (0.2522) (0.00084) (0.35) (15.469) (0.053)
CH4(0.009) D  N,(0.0026)
1.6449 —80.5494 —0.22583 1.5452 —73.5664 —0.21131
(0.0180) (0.8050) (0.00268) (0.0124) (0.5545) (0.0018)
B He (0.0073) CO (0.0021)
0.92258 —37.2224 —0.12269 1.5488 —74.1139 —0.21222
(0.0121) (0.53712) (0.00180) (0.0069) (0.5977) (0.0020)
Ne (0.0035) Eb C3Hg(0.400)
1.04386 —45.3072 —0.13943 2.3485 —120.401 —0.3260
(0.0069) (0.3105) (0.00103) (0.0399) (1.771) (0.00596)
Kr (0.0046) n-C4Hj(0.168)
1.5675 —79.2284 —0.21383 2.7949 —142.3657 —0.3911
(0.0087) (0.3898) (0.0013) (0.0196) (0.8549) (0.854)
Xe (0.0041) i-C4H10(0.632)
1.8002 —92.9576 —0.24744 3.1910 —158.762 —0.4501
(0.0078) (0.3521) (0.0012) (0.0878) (3.827) (0.0131)
C C,Hg (0.0064) Ec CyFg (0.134)
2.0823 —105.408 —0.28838 4.4257 —210.8971  —0.63259
(0.0154) (0.6855) (0.0023) (0.779) (35.4187) (0.1158)
CCIF3(0.203) ¢c-C4Fg (0.00075)®
2.7422 —135.7462  —0.38536 5.3095 —255.1679  —0.76279
(0.5229) (23.3259) (0.078) (0.0153) (0.691) (0.00228)
CCl,F,(0.092) H;S (0.048)
2.6781 —137.564 —0.37472 0.73783 —44.7505 —0.093961
(0.224) (9.899) (0.0034) (0.212) (9.8217) (0.0314)

4Qverall standard deviation

P This value is unrealistically low due to availability of only four data points

Values in parenthesis under the value of each coefficient give the standard deviation of the corresponding
parameter

the corresponding temperature range. For example, according to the fitted equations (see
coefficient ¢ in Table 9) the values of AC}*, obtained by fitting the data with the three-
coefficient Valentiner equation for O, and Ar was 5% smaller than the value determined by
calorimetry. For CHy the resulting value of AC?, is an average between the two different
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calorimetric values reported in the literature. Consequently, this strategy was adopted for all
the gaseous solutes studied in this work.

5 Thermodynamic Equations

The fitting procedure was carried out for all the systems using an expression based upon
Eq. 3. In order to simplify the notation in the table of results, AG5° (in kJ -mol~") is given
by the following three-coefficient Valentiner equation,

AGS® = RT In(ky/10° Pa) =aT + b+ cT In(T /K) (6)
Coefficients b and c are related to the enthalpy and heat capacity by:

AH? =b— T,
AC;’% =—c

(N

6 Results

The sources and characteristics of the data employed for each system are identified in Ta-
ble 8. The fitting equations are valid for the temperature range of AGS® as reported in the
fourth column of this table. Table 9 reports the values of the three coefficients of Eq. 6, ob-
tained by fitting the data for all of the studied systems. Figures 2 to 5 show the performance
of the fitted data for describing AG35° and A H;° for one representative gas of each type of
system for which there are new solubility and calorimetric data. The systems of type A, B
and C can be described very satisfactorily with the coefficients reported in Table 9. Figure 2
shows the data for CH4 and that the performance of the fitted equation in describing the two
types of data was very satisfactory for this system. The same is true for the noble gases as
shown in Fig. 3 for the Kr 4+ H,O system, and also for C;Hg 4+ H,O as shown in Fig. 4. On
the other hand, Fig. 5 illustrates the behavior of SFg dissolved in water; for this system it is
obvious that the coefficients obtained by fitting solubility and calorimetric data together do
not represent the two sets of data with similar success; this is discussed in the next section.

Fig. 2 Plot of AG5° and AHJ®
against temperature for CHy in
water. AGS°: solid line,
three-coefficient Valentiner
equation; and experimental
points A [14]. AH2°°: dashed
line, three-coefficient Valentiner
equation; and experimental
points O [8], V [15], O [16]

AGZ”/(kJ mol")
AHS"/(kJ mol")

270 280 290 300 310 320 330
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Fig. 3 Plot of AGS° and AH;*®
against temperature for Kr in
water. AGS°: solid line,
three-coefficient Valentiner
equation; and experimental
points A [12], AH;Q: dashed
line, three-coefficient Valentiner
equation; and experimental
points O [8], O [17]

AG2"/(kJ mol™)
o 1
AH2™/(kJ mol™)

270 280 290 300 310 320 330

Fig. 4 Plot of AGS° and AH;*®
against temperature for CoHg in
water. AGSO: solid line,
three-coefficient Valentiner
equation; and experimental
points A [14]. AH;Q: dashed
line, three-coefficient Valentiner
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7 Remarks for Some Gas + Water Systems
7.1 SF¢ and CF,

The data of Mroczek [24] were not considered because they were obtained with the high-
temperature technique. The values of AH;*° for these two solutes were not satisfactorily
represented by Eq. 6 when it was fitted simultaneously to calorimetric and solubility data,
as shown in Fig. 5 for SF¢ (cf. Table 9). Hence, we have added tables with the values of
the three coefficients when no A H$° values were considered, and they are given in Table 10
for SFg.

@ Springer



1390 J Solution Chem (2008) 37: 1379-1392

Table 10 SFg 4 H,O system

based on solubility data only SF(0.011)%
Coefficient o

a/kJ-(mol-K)~! 3.6649 0.1463
b/kJ-mol ! —175.6262 6.4426

, ¢/kJ-(mol-K)~! —0.52183 0.02188

40verall o

Table 11 CF,; + H,O system N

based on solubility data only CF4(0.041)

Coefficient o

a/kJ-(mol-K)~! 4.12009 0.35
b/kJ-mol ! —190.4615 15
¢/kJ-(mol-K) ~1 —0.59277 0.052

20verall o

The same situation exists for CF, dissolved in water as shown in Table 11.

As expected, the overall standard deviations for both solutes are smaller when only solu-
bility data were fitted, compared with the equation whose coefficients are reported in Table 9,
but the polynomial cannot be used to satisfactorily represent the experimental calorimetric
data.

7.2 Type E Systems

As already mentioned, for these systems there are no new solubility data, but calorimetric
data do exist. When no new solubility data were reported, we relied on the solubility calcu-
lated with the equations published in the 1977 review [1]. Four different situations arose.

7.2.1 Type Ea

In the case of the solutes C;H,, C,H4 and C(CH3)4, no new solubility data have been pub-
lished but calorimetric data have been reported. These data were found to be within 10% of
those calculated from the temperature dependence of the solubility [1]. For these systems
we recommend using the fitting equations given in that reference. Nevertheless, we also
give here the values of AH;° (298.2 K) determined experimentally for the three solutes:
—14,62 kJ-mol~! for C,H, [15], —16.46 kJ-mol~! for C,Hy4 [15], and —25.11 kJ-mol~! for
C(CHy)4 [15].

7.2.2 Type Eb

For these systems there are new sources reporting a large amount of calorimetric data and,
because there are no new solubility data, we considered it convenient to use them together
with the solubility data as calculated with the equations given in [1] and then fitted the
complete set with Eq. 6. The procedure followed for these systems involved calculating, with
the equations given in [1], as many equally separated points for AG3° over the experimental
temperature range as were originally considered by Wilhelm et al. [1].

This procedure was used for the following gases: CsHg, n-C4H)o and i-C4H ;. For each
of these three systems there are several important calorimetric studies for C3Hg [8, 15, 19]
for n-C4Hy [8, 15, 27] and for i-C4H; [15, 27].
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For C3Hg and ¢-C3Hjg there are no new solubility data and the difference of the values
of AH;° obtained calorimetrically and those calculated with the temperature dependence
of the solubility [1] is very large, so it was not considered convenient to fit the two types
of data simultaneously. For the solubilities we recommend using those calculated with the
equations given in [1]. We report here the experimental values for A H;°: —21.64 kJ-mol~!
for C3He [15]; —23.26 kJ-mol~! for ¢-C3Hg [15], which are found to be inconsistent with
the temperature dependence of the solubility.

7.2.3 Type Ec

For the gases C,Fg, ¢-C4Fg and H,S there are new solubility data but they are of lower
precision and no calorimetric data exist, and the coefficients are given in Table 9. For the
solute c-C4Fg, the value of o was very small because there are only four data points to adjust
the three parameters. For H, S the solubility data for the low-temperature range reported by
Lee and Mather [29] were extrapolated to zero gas partial pressure and then Henry’s constant
was calculated.

7.2.4 Type Ed

For the gases CBrF; and 1-C4Hjg there are no solubility data, so we only give here the values
of AH;*(298 K) reported in the literature for each solute: —23.72 kJ -mol~! for CBrF; [27]
and —24.88 kJ-mol~! for 1-C4H;g [15].

Acknowledgement This study started as part of a project sponsored by [IUPAC and IAPWS that has been
discontinued; we are grateful to those organisations, to CONICET and UBACYyT for financial support. RF-P
is a member of the Carrera del Investigador (CONICET).

References

1. Wilhelm, E., Battino, R., Wilcock, R.J.: Low-pressure solubility of gases in liquid water. Chem. Rev. 77,
219-262 (1977)

2. Fernandez-Prini, R., Alvarez, J.L., Harvey, A.H.: Henry’s constants and vapor-liquid distribution con-
stants for gaseous solutes in HoO and D, O at high temperatures. J. Phys. Chem. Ref. Data 32, 903-916
(2003)

3. Fernandez-Prini, R., Alvarez, J.L., Harvey, A.H.: Aqueous solubility of volatile nonelectrolytes. In:
Palmer, D.A., Ferndndez Prini, R., Harvey, A.H. (eds.) The Physical and Chemical Properties of Aqueous
Systems at Elevated Temperatures and Pressures: Water, Steam and Hydrothermal Solutions, pp. 73-98.
Elsevier, Amsterdam (2004)

4. Battino, R.: The high-precision solubility of gases in liquid water at ca. atmospheric pressure and tem-
perature from about 273 to 333 K. Rev. Anal. Chem. 9, 131-150 (1989)

5. Cosgrove, B.A., Walkley, J.: Solubilities of gases in H,O and 2H20A J. Chromatogr. 216, 61-167 (1981)

6. Rettich, T.R., Battino, R., Wilhelm, E.: Solubility of gases in liquids. 22. High-precision determination of
Henry constants for oxygen in liquid water from 7" = 274 to 328 K. J. Chem. Thermodyn. 32, 1145-1156
(2000)

7. Benson, B.B., Krause, D., Peterson, D.: The solubility and isotopic fractionation of gases in dilute aque-
ous solution. I. Oxygen. J. Solution Chem. 8, 665-690 (1979)

8. Olofsson, G., Oshodj, A.A., Qvarnstrom, E., Wadso, I.: Calorimetric measurements on slightly soluble
gases in water. J. Chem. Thermodyn. 16, 1041-1051 (1984)

9. Gill, S.J., Wadsd, I.: Flow-microcalorimetric techniques for solution of slightly soluble gases. Enthalpy
of solution of oxygen in water at 298.15 K. J. Chem. Thermodyn. 14, 905-919 (1982)

10. Dec, S.F, Gill, S.J.: Steady-state gas dissolution flow microcalorimeter for determination of heats of
solution of slightly soluble gases in water. Rev. Sci. Instr. 55, 765-772 (1984)

11. Rettich, T.R., Battino, R., Wilhelm, E.: The solubility of gases in liquids. 18. The solubility of argon in
water 275 to 318 K. J. Solution Chem. 21, 987-1004 (1992)

@ Springer



1392 J Solution Chem (2008) 37: 1379-1392

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

Krause, D., Benson, B.B.: The solubility and isotopic fractionation of gases in dilute aqueous solution.
IIa. Solubilities of the noble gases. J. Solution Chem. 18, 823-873 (1989)

Mills, 1., Cvitas, T., Homann, K., Kallay, N., Kuchitsu, K.: Quantities, Units and Symbols in Physical
Chemistry. Blackwell Scientific Publications, Oxford (1989)

Rettich, T.R., Handa, Y.P., Battino, R., Wilhelm, E.: Solubility of gases in liquids. 13. The high precision
solubility of methane and ethane in water 275-328 K and 1 atm. J. Phys. Chem. 85, 3230-3237 (1981)
Dec, S.F, Gill, S.J.: Heats of solution of gaseous hydrocarbons in water at 25 °C. J. Solution Chem. 13,
27-41 (1984)

Naghibi, H., Dec, S.F,, Gill, S.J.: Heats of solution of methane in water from 0 to 50 °C. J. Phys. Chem.
90, 46214623 (1986)

Dec, S.F, Gill, S.J.: Enthalpies of aqueous solutions of noble gases at 25 °C. J. Solution Chem. 14,
417-429 (1985)

Hallén, D., Wadso, 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)

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)

Scharlin, P., Battino, R.: Solubility of CCl,F,, CCIF3, CFy4, and ¢-C4Fg in H,O and D,O at 288 to
318 K and 101.325 kPa. Thermodynamics of transfer of gases from HO to D, O. Fluid Phase Equil. 91,
137-147 (1994)

Naghibi, H., Ownby, D.W., Gill, S.J.: Heats of solution of several freons in water from 5 to 45 °C.
J. Solution Chem. 16, 171-179 (1987)

Park, T., Rettich, T.R., Battino, R., Peterson, D., Wilhelm, E.: The solubility of gases in liquids. 14. Bun-
sen coefficients for several fluorine-containing gases (freons) dissolved in water at 298.15 K. J. Chem.
Eng. Data 27, 324-326 (1982)

Wen, W.-Y., Muccitelli, J.A.: Thermodynamics of some perfluorocarbon gases in water. J. Solution
Chem. 8, 225-246 (1979)

Mroczek, E.K.: Henry’s Law constants and distribution coefficients of sulfur hexafluoride in water from
25°C to 230 °C. J. Chem. Eng. Data 42, 116119 (1997)

Rettich, T.R., Battino, R., Wilhelm, E.: The solubility of gases in liquids. 15. The solubility of carbon
monoxide in water 278 to 323 K. Ber. Bunsenges. Phys. Chem. 86, 1128-1132 (1982)

Rettich, T.R., Battino, R., Wilhelm, E.: Solubility of gases in liquids. 16. Henry’s law coefficients for
nitrogen in water 5 to 50 °C. J. Solution Chem. 13, 335-348 (1984)

Naghibi, H., Ownby, D.W., Gill, S.J.: Enthalpies of solution of butanes in water from 5 to 45 °C. J. Chem.
Eng. Data 32, 422425 (1987)

Bonifacio, R.P,, Padua, A.H., Costa Gomez, M.F.: Perfluoralkanes in water: experimental Henry’s
law coefficients for hexafluoroethane and computer simulations for tetrafluoromethande and hexaflu-
oroethane. J. Phys. Chem. B 105, 8403-8409 (2001)

Lee, J.I., Mather, A.E.: Solubility of hydrogen sulfide in water. Ber. Bunsenges. Phys. Chem. 81, 1020-
1023 (1977)

@ Springer



	Thermodynamics of Non-Reactive Gases Dissolved in Water at Ambient Temperature (T <=333 K): an Update
	Abstract
	Introduction
	General
	Strategy Employed to Obtain an Equation for DeltaG2 (T) (i.e., lnkH)
	Fitting Equations

	Analysis of Data for the Three Benchmark Systems
	Oxygen
	Argon
	Methane

	Number of Coefficients in the Valentiner Equation
	Thermodynamic Equations
	Results
	Remarks for Some Gas + Water Systems
	SF6 and CF4
	Type E Systems
	Type Ea
	Type Eb
	Type Ec
	Type Ed


	Acknowledgement
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


