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We have developed correlations for the Henry's constantand the vapor—liquid
distribution constanKp for 14 solutes in HO and seven solutes in,D. The solutes
considered are common gases that might be encountered in geochemistry or the power
industry. Solubility data from the literature were critically assessed and reduced to the
appropriate thermodynamic quantities, making use of corrections for nonideality in the
vapor and liquid phases as best they could be computed. While the correlations presented
here cover the entire range of temperatures from near the freezing point of the solvent to
high temperatures approaching its critical point, the main emphasis is on representation
of the high-temperature behavior, making use of asymptotic relationships that constrain
the temperature dependencekpfandKp near the critical point of the solvent. @003
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904 FERNANDEZ-PRINI, ALVAREZ, AND HARVEY

8. Root-mean-square deviations ink]pfor solutes to a polynomial. The correlations from that work were
in D,O and number of points in low-temperature adopted as a Guideline by IAPWS, the International Asso-
and high-temperature regions of fit.......... 912 ciation for the Properties of Water and StediAPWS,

9. Parameters for correlation of equilibrium 19953. Several factors suggest the need for a revision at this
distribution constants in BD with Eq. (16)...... 912 time.

10. Root-mean-square deviations irklp for solutes First, more is understood about the behaviokgfat high
INDy0. .o 912 temperatures, particularly in the neighborhood of the critical

11. Calculated values of lk(/1 GPa) for solutes at point of the solvent. Japas and Levelt Send&e89 derived
selected temperaturém H,O unless otherwise linear relationships, valid in the vicinity of the solvent criti-
NOtEO. . ..o 914 cal point, relating botlk, andKp to the solvent density. The

12. Calculated values of K for solutes at selected relationship fork,, was exploited(Harvey and Levelt Sen-

temperaturegin H,O unless otherwise notgd.. 914  gers, 1990; Harvey, 19960 produce correlations that were
better able to fit Henry’s constant data at high temperatures

List of Figures and that had superior extrapolation behavior. Revised formu-
1. TInKjp for H, in H,0O as a function of p7 (1) lations should take advantage of this advance rather than
1 T PP 908 relying on polynomials with little physical basis.
2. TInKp as a function of p} (1)— p4] for the Second, better methods are available for reducing high-
CO—H,Osystem...........cooiiiiinn.. 909 temperature solubility data to Henry’s constants. These meth-
ods, some of which have been presented previously
1. Introduction (Fernadez-Priniet al, 1992; Alvarezet al, 1994, will be

discussed in a subsequent section.

The solubilities of gases in water, and their distribution Third, additional data exist for some aqueous systems, in-
between coexisting vapor and liquid phases, are important inluding a few systems not included in the original work of
a variety of contexts. Aqueous gas solubilities are needed fdfernadez-Prini and Crovett§1989. We are now able to
design calculations in chemical processing and for manyroduce correlations for four additional solutes ipCH
geochemical studies. In steam power plants, the distribution Fourth, new standards have been adopted for the represen-
of solutes between water and steam is important. In hydrotation of both the thermodynamic temperature s¢Bkeston-
thermal systems, corrosion often depends on the concentrdéhomas, 199D and the thermodynamic properties of pure
tion of solutes. For many gases, accurate measurements whter (IAPWS, 2000a; Wagner and Pruf3, 200@/hile nei-
solubility exist at temperatures near 25 °C, but data at highether of these changes is likely to make a significant differ-
temperatures are much more sparse and scattered. Sineece within the uncertainty to which high-temperature Hen-
many of the important applications are at high temperaturesy’s constants are known, it is still desirable to be consistent
there is a need for evaluated data and careful correlation taith the latest standards.
provide scientists and engineers with the best possible data atFinally, we mention that correlations f& for ten solutes

high-temperature conditions. in H,O were produced by Alvareet al. (1994 and later
The fundamental thermodynamic quantity describing theadopted as an IAPWS GuideliAPWS, 2000B. This work

solubility of a gas in a liquid is the Henry's constaky,, did take advantage of the theoretical advance of Japas and

defined by Levelt Senger$1989, and is therefore less in need of revi-

sion. However, we revise it here in order to add more solutes
and reevaluate some data for the old solutes, and to produce
_ o _correlations forky andKp that are based on the same data.
wheref, andx; are, respectively, the liquid-phase fugacity  The purpose of this work is to provide reliable values for
and mole fraction of the solute. While this definition can bekH andK, for applications at high temperatures. The highly
applied at any state of the solvent, in this work we restrictyrecisek,, data available for many aqueous solutes between
our attention to vap_or—hqwd nghbnum conditions in single approximately 0 and 60 °C are not described to within their
solvents, so thak, is a function only of temperature along yncertainty by the correlations presented in this work. Those
the saturation curve of the solvent. A related quantity is thgynose interest is confined to this temperature range should

kH: lim (fz/Xz), (1)

Xo—0

vapor—liquid distribution constark,, defined by not use our correlations; instead they should use the smooth-
Kp= lim (Y5/X,), (2)  ing equations forky in the papergreferenced in the next
Xp—0 section) where these high-quality measurements are reported.

wherey, is the vapor-phase solute mole fraction in equilib-
rium with the liquid. 2. Data Sources

Fernandez-Prini and Crovett¢1989 examined solubility
data as a function of temperature for ten nonpolar gases in For many solutes, there have been numerous studies, of
ordinary water(which we will call H,O, despite the fact that widely varying quality, of their solubility in water near
it is not isotopically purgand seven in heavy water (D). 25°C. In the past 30 years, techniques have been developed
They converted the data to Henry’s constants and fitted thertBattino, 1989 for highly accurate measurement of solubili-
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HENRY'S CONSTANTS AND VAPOR-LIQUID DISTRIBUTION CONSTANTS 905

ties of gases in water at low temperature and neardue to its high vapor pressure; this is especially true of aque-

atmospheric pressure, rendering most earlier work obsoleteus systems because the critical presgyreis much larger

In systems where such high-quality studies have been pefer water (and D,O) than for most other liquids. Finally, at

formed, we relied exclusively on those data over the temT;, the gas and liquid phases become identical &pgd

perature range they covered. For the few systems consideredl. The calculation ok, at lower temperatures is much

where such studies do not exist, we chose one or more stugimpler, because many simplifying assumptions can be made

ies of solubility versus temperature that we believed to bébased on the large difference between the properties of the

most reliable, in some cases relying on existing criticalvapor and the liquid phases; this is not possible at higher

evaluationgBattino and Wilhelm, 1981; Carroll and Mather, temperatures where the vapor pressure of the solvent is large.

1989; Crovetto, 1991; Carrodit al., 1997). The starting point for the thermodynamic analysis is the
At higher temperatures, we began with the bibliographyequality of chemical potentials of each component in the

collected by Feriadez-Prini and Crovett¢1989. This was  coexisting phases. For the solvent, this produ&esnadez-

supplemented by literature searches for data that were td@rini and Crovetto, 1989

recent to be included in that work, and for data on additional

solutes. In many cases, studies with high-temperature data Ml(g;T,p,y1)=Mf(T)+RTlnf—é

also contained measurements at lower temperatures covered p

by the previously mentioned high-precision data. In these

P
cases, we included their low-temperature points in the data to =ul(T)+RTInal+ f Vidp
be fit, although in many cases they were ultimately discarded Py
as outliers in the fitting process. = 1,(1:T,p.xy), 3)

The high-precision data at low temperatures were obtained
with solute partial pressurgs, that generally did not exceed Where x7(T) and 1 (T) are the standard chemical poten-
atmospheric pressure. At high temperatures, the valups of tials of the solvent in the vapor and in the pure liquid, re-
are usually larger. We refer to these two experimental techspectively,R is the molar gas constant, apd =0.1 MPa is
niques as the low-temperature and the high-temperaturée standard-state pressufe;is the fugacity of the solvent
methods, respectively. It should be noted that some studigd the vapor, andaf is its activity in the liquid using the
have employed the “high-temperature” method also at lowRaoult activity scale; ang; is the vapor pressure and
temperatures. the molar volume of the pure solvent. Because the gaseous
Reported temperatures were converted to the ITS-90 tensolutes that we consider in this work are only slightly soluble
perature scale by standard procedures. Often, the temperatufewater, it may be assumed for all practical purposes that
scale used for the measurements was not reported, so it wa§=1, so that Eq(3) becomes
inferred by the date of the publication. Temperature-scale

*
differences are only non-negligible compared to experimen- |ny1:ﬁlf _ [P ﬁ , (4)
tal uncertainties for the high-precision, low-temperature data, $1p1 py RT
but all data were converted to ITS-90 for the sake of consis-

where ¢, is the fugacity coefficient of the solvent in the

tency. oexisting vapor and; is the fugacity coefficient of the

Table 1 shows all the data sources used in this study fof

solutes in HO. The preferred low-temperature sources ar!re solvent at saturation. - _—
. ! ) : . For the solute, the condition of equilibrium between the
listed first for each solute; other sources are then listed in

chronological order. Table 2 contains the same informatior;WO coexisting phases, using Henrytsnsymmetrig activity

for solutes in BO. We are not aware of any solubility stud- scale for the liquid phase, is
ies for gases in tritium oxide (;D), but we did not make a o 5
thorough search for such data. (G T,P,Y2) = po (T) + RTInp—@

3. Conversion of Data to  ky and Kp = 1Z(T)+RTIn a;Jer V3dp
1

3.1. Thermodynamic Relations

In order to determiné or K as defined by Eqg1) and = 1iT.pXo), ©
(2) from gas solubility data, a thorough thermodynamic de-whereu; andV; are the chemical potential and partial mo-
scription of the binary gas—liquid equilibrium is needed. Thislar volume of the solute in its standard state of infinite dilu-
level of description is necessary when the goal is to cover th&on, anda} is the activity of the solute in the solution ac-
complete range of existence of the liquid solvent, from itscording to the unsymmetric Henry scdl@’Connell, 1977.
triple-point temperaturel; to its critical temperaturel; . The activity of the solute can be expressed as the product of
Close toT,, the gas phase consists mainly of the gaseouan ideal factor X,) and a nonideal factdictivity coefficient
solute, while close td';; the two fluid phases become pro- y?), SO thata;'=x2«y;'. From the relation between the stan-
gressively similar in density and composition. At higher tem-dard states for gases and for solutes at infinite dilution
peratures, the solvent often predominates in the gas phagEernadez-Priniet al,, 1992 contained in Eq(5), we get
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TaBLE 1. Data sources for gas solubility in,&8

No. of points

Solute Reference (accepted Tmin/K Tmax/K
He Krause and Bensofi989 32(32 273.21 333.13
Wiebe and Gaddy1935 2(2) 323.13 348.12
Prayet al. (1952 3(0) 435.89 588.74
Stepheret al. (1962 3(3) 473.15 553.18
Gardiner and Smitti1972 2(0) 323.13 373.12
Potter and Clynné1978 4(3) 377.12 548.21
Ne Krause and Bensafi989 34(34) 273.20 333.14
Potter and Clynné1978 5(2) 343.18 556.86
Crovettoet al. (1982 7(7) 294.89 543.36
Ar Krause and Bensof1989 60(60) 273.19 333.14
Rettichet al. (1992 22(22) 275.10 313.14
Potter and Clynn¢1978 15(5) 298.20 561.08
Crovettoet al. (1982 8(8) 306.89 568.36
Kr Krause and Bensofl1989 36(36) 273.19 333.14
Potter and Clynné1978 4(3) 343.33 525.56
Crovettoet al. (1982 6(6) 333.68 523.36
Xe Krause and Bensofi989 30(30) 273.22 333.14
Stepheret al. (1956 4A(4) 373.12 574.85
Potter and Clynné1978 5(1) 343.38 557.31
Crovettoet al. (1982 6(5) 334.48 476.26
H, Battino and Wilhelm(1981) 17(17) 273.15 353.13
Wiebe and Gaddy1934 3(3) 323.13 373.12
Ipatieff and Teveloromuskl934 6(3) 373.12 498.16
Prayet al. (1952 4(2) 324.80 616.52
Stepheret al. (1956 3(0) 373.12 435.92
Alvarez and Ferhadez-Prini(1991) 26(26) 318.89 636.09
Morris et al. (2001 45(34) 460.50 581.30
N, Rettichet al. (1984 17(17) 278.12 323.14
Goodman and Krasel931) 4(2) 353.12 442.14
Wiebeet al. (1933 3(3) 323.13 373.12
Saddington and Kras@ 934 15(11) 323.13 513.17
Prayet al. (1952 2(1) 533.17 588.75
O'Sullivan and Smith(1970 3(2) 324.63 398.13
Alvarez and Ferhadez-Prini(1991) 31(31) 336.28 636.46
0, Rettichet al. (2000 32(32) 274.15 328.13
Stepheret al. (1956 8(7) 373.12 616.52
Cramer(1982 15(13) 322.74 561.11
CO Rettichet al. (1982 14(14) 278.15 323.09
Gillespie and Wilsor(1980 5(3) 310.92 588.67
CcO, Morrison and Billet(1952 19(19 286.44 347.82
Murray and Riley(1971) 8(8) 274.19 308.14
Wiebe and Gaddy1939 3(3) 323.13 373.12
Wiebe and Gaddy1940 6(3) 285.14 313.13
Malinin (1959 A(4) 473.15 603.19
Ellis and Golding(1963 11(9) 450.14 607.19
Takenouchi and Kennedy1964 10(9) 383.13 623.19
Zawisza and Malesinskd 981) 7(7) 323.14 473.11
Cramer(1982 73 306.14 486.21
Shagiakhmetov and Tarziman¢982 3(2) 323.14 423.11
Mdiller et al. (1989 6(6) 373.12 473.11
Nighswandetret al. (1989 4(2) 353.58 471.06
Crovetto and Wood1992 3(3) 622.96 642.66
Bambergeret al. (2000 3(2) 323.20 353.10
H,S Carroll and Mathef1989 10(10) 273.15 333.13
Sellecket al. (1952 5(3) 310.01 444.25
Lee and Mathef1977) 11(11) 283.10 453.06
Gillespie and Wilsor(1982 6(3) 310.92 588.60
CH, Rettichet al. (1981 16(16) 275.46 328.14
Michels et al. (1936 5(4) 323.13 423.14
Culberson and McKettél951) 9(6) 298.14 466.45
Sultanovet al. (1972 7(5) 423.11 633.11
Cramer(1982 10(7) 334.13 573.11
Crovettoet al. (1982 (7) 297.49 518.26
C,Hg Rettichet al. (1981) 23(23 275.44 323.14
Culberson and McKetté1950 5(2) 310.91 444.25
Crovettoet al. (1984 22(22) 295.39 473.46
SF, Ashtonet al. (1968 15(13) 283.14 323.13
Parket al. (1982 1(1) 298.14 208.14
Mroczek (1997 3332 347.25 505.55
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HENRY'S CONSTANTS AND VAPOR-LIQUID DISTRIBUTION CONSTANTS 907

TasLE 2. Data sources for gas solubility in,© temperatures, and the latter is even negligible below 523 K
No. of points for most slightly soluble gases, but at high temperatu_res they
Solute Reference (acceptell T, /K T../K  cannot be neglected. The reason these two correction terms
. : become important at high temperatures is that Bothand
He  Scharlin and Battin¢1992 7(7) 288.15  318.19 ¥4 diverge to infinity at the critical point of the solvent
Stepheret al. (1962 6(5) 323.13 553.18 . -
Ne  Scharlin and Batting1992 66 28818 31820 (Fernadez-Prini and Japas, 1994
Crovettoet al. (1982 9(9) 29320 549.96 There were exceptions to the calculation procedure de-
Ar  Scharlin and Batting1992 4(4) 288.30 318.14 scribed above for some data sets. Most notably, for the sol-
Crovettoet al. (1982 1413 296.59  583.76  ytes CQ and H,S, which are much more soluble than the
Kr ifgsgt't'; :t”‘; B(:iggl%a gzg ggg'%g g;g'ég other gases we considered, the activity coefficighiaffects
Xe  Stepheret al. (1956 33) 43589 57485 the data at much lower temperatures due to larger values of
Crovettoet al. (1982 6(6) 29539 465.96 X, and therefore could not be neglected even at the lower
D,  Scharlin and Batting1992 44 288.17 318.10 temperatures where it was neglected for other solutes.
Stepheret al. (1956 3(1) 435.89 574.85
Morris et al. (2001 10(10 44720 581.00
CH,  Scharlin and Batting1992 4(4) 288.16  318.16 3.2. Data Processing
Crovettoet al. (1982 8(8) 298.19 517.46
The input used to calculate, was the set of experimental
p, T, X, values; whenever these three variables were not di-
o ® Ky rectly reported by the authors, they were calculated from the
MZ(T)_'““Z(T):RTInp_@' ®  information provided in the sources. The Peng-Robinson

(1976, 1980 equation of state was used to calculate the
fugacity coefficient in the vapor phase for the mixtures with
the mixing parameters reported by Fardaz-Prini and

In this way, the mole fraction gas solubility can be related
to the other quantities by

Yobop  (p V3 Crovetto(1989. For the gases that were not analyzed in that
InX=In e *ﬁdp- (7)  article (CO, CQy, H,S, SR), the &; mixing parameter was
V2KH P1

taken as 0.5, which was the value observed for the majority
Combining Egs.(4) and (7), the full expression foky is  of the gas—water systems studied previously.
obtained: For those gases whose solubility has been reported over a
" . % . range of pressure at each temperatkyecould be calculated
K= b2p p( fp Va $1P1 p V1 by extrapolation as suggested by its definition in EL,
H=—"Fhexp — | ,==dp exp| , ——dp o .
X275 PP RT d1p P RT although it is often observed that in these cases the data
cannot be extrapolated with sufficient precision to determine
8 ky accurately. On the other hand, the majority of the gas
If we takex,—0 in Eq. (7), so thatp—p* , y5—1 and so!ubility data available in the literature corresppnd to single
$,— ¢, We get points at each temperature, so that extrapolation cannot be
used as a general procedure to calcukgte Therefore, it is
(ﬁ) . 9) necessary to calculate Henry’s constant with @g.In order
X2 to use this equation, it is necessary to calculate the correc-
tions included in the right side of Eq8). This requires
knowledge of both the partial molar volume of the solutes at
Ku= 5Pt Kp. (10 infinite dilution, V3, and the activity coefficient of the sol-
ute, y4 . Calculation of these two corrections is described in
ﬁppendix A.
For the systems for which isothermal solubilities exist
over a pressure range, with the exception of,G@d HS

1-—

ky=¢,p7 lim

Yo .,Xp—0

Hence, from Eq(2)

The procedure employed in this work has been to calculat
ky from the experimental datg(T,x,) and then obtaikK 5
from Eq. (10). The primary expression to calculate Henry’s

constant from the data is EB); several factors in this equa- (see below, we used Eq(8) to calculatek,, from the solu-

tion require comments. The Peng-Robins976, 1980? bility data at each pressure; the average valuds,ait each
eq_“?‘“"” of state has_ been used 10 calc_ulate the fugacity C?émperature were used as input in the fitting procedure. As
efficients together with Eq(4) to determine the gas-phase will be discussed in Section 3.4, in all cases we have checked

compp_sition. Apart f_ro_m the three experimentally determirjeqhe consistency of the fitted data with the known asymptotic
quantities ,T.x,), it is necessary to calculate the fugacity relation forKy and also, when possible, with an alternative

coefficients, the Poynting corrections procedure to calculate the equilibrium distribution constant
p V5 of the gaseous solutes.
ex;{ - f «RT p) Whenever the high-temperature experimental method was
P1 used to study the more soluble gases, the correction for the
and the corrections for solute—solute interactions that are resolute’s activity coefficient was significant in comparison
flected in 7'2". These last two corrections are small at low with the experimental uncertainty at all temperatures. In the
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908 FERNANDEZ-PRINI, ALVAREZ, AND HARVEY

present work, there were two gases of this type:, @G@d 5000

H,S. We dealt with each of these binary systems in a differ-

ent manner because there are many more data fortiah 4000

for H,S. For carbon dioxide, there are several sets of data at v 2

low temperature, but, with the exception of the studies of ;a 3000 - .

Morrison and Billett(1952 and Murray and Riley(1971), £ 2000 - 4

the solubilities have been measured employing large values B~

of p, typical of the high-temperature method, implying a 1000

larger value ofx,. Under these experimental conditions,

could not be neglected even at low temperatures. It is con- 0 ‘ J '

venient to definer through 0 10 20 303 40
INY=Inky+n ¥4, (11) [f'1d) - p}/mol-dm

so thatY differs from Henry’s constant because it iS Nnot Fic. 1. T In Ky for H, in H,O as a function of p¥ (1)— p,]. Open symbols
corrected for the nonideal behavior of the solute in the liquidcorrespond to data used in the correlatioh) to those of Jung1968; Jung
phase. For C® Y was calculated from isothermal solubili- et al, 197) Whlc_h were _r_10t included. The_stralght line is the limiting slope
. . . . related to the Krichevskii parameter as given by Bd).

ties and fitted to Eq(11) by employing a simple three-term

polynomial in temperature for the coefficieb{T) of Eqg.

(Al1). This polynomial was employed to correct all the values

of Y for aqueous C. pendence of liky and InKy. This was an important contri-

In the case of KIS, there are few data, especially at high bution to establish the most useful functional form for corre-
temperatures, so we have used the extrapolated valugs of lating these two quantities. The asymptotic equations they
reported by Lee and Mathef1977 and the few data at derived are linear in the density of the saturated liquid sol-
higher temperatures from Gillespie and Wilsd982,  ventp?(1):
which we extrapolated tp,=0.

®,C
. Values for all properties of pure @ needed for process- RTIn(k—:'> =C,+ (‘9_> [p*(1)— pel,
ing the data were taken from the NIST database for water f (pcD)” | X2 TV
properties(Harveyet al, 2000. The vapor pressure of JO (12
was taken from Harvey and Lemm@2002, while the other gp |\ =°
thermodynamic properties of 0 were computed from the RTIn KD=—2(—) [pT (1) =pal. (13
equation of state of Hilet al. (1982. (pe)®\ 9%z) 1\,
C, is the derivative(at constantT and V) of the residual
3.3. Low-Temperature Data Helmholtz energy(the nonideal part of the Helmholtz en-

ergy) with respect tox, at the critical point, angh.; is the

The corrections required to calculakg, from solubility  critical density of the solvent. Japas and Levelt Sengers
data at low temperatures and pressuigs, employing the (1989 observed that, for aqueous and nonaqueous binary
low-temperature methgcare small and relatively simple to solutions, the linearity extended for an unexpectedly large
deal with; the activity coefficient of the solutes in the solu- range; since then, this feature has been verified for many
tion can usually be ignored. However, for those low-systems(Harvey and Levelt Sengers, 1990; Alvaretal,
temperature data taken with high-precision apparatus, vapar94. Equations(12) and (13) provide important means of
fugacity corrections are significant compared to the precisiofescribing the thermodynamic properties of solutes at infinite
of the data. Fortunately, in almost all cases the authors dfilution near the solvent's critical point. Equatig¢h3) has
these studies had already made a vapor fugacity correctiofhe added advantage thatdg must be zero aT.,;, giving
so we took their reported Henry's constants directly. For thean exact point for the extrapolation of data to the solvent
few remaining systems, we applied the Peng-Robinson equaritical point. The derivative dp/dx,)7" in Egs. (12 and
tion as described in the previous section. (13), known as the Krichevskii parameter, is taken at infinite
dilution at the critical point of the solvent.

Equation(13) has proved very useful in evaluating some
data. Figure 1 illustrates the case of thg—HH,O binary
system, where the data of JufiP68; Junget al, 1971 are

To obtain formulations that can be extrapolated with someshown not to extrapolate to the limikInKp=0 as they
confidence beyond the experimental temperature range, it should(and as other data giothis led us to disregard those
important to have asymptotic relationships fqr and K. data.

Experimental data in the near-critical range are scarce and For those systems for which there were good phase-
have larger uncertainties, and in that region the solubilitiesliagram studies, we made use of another thermodynamic re-
depend strongly on temperature. Japas and Levelt Sengdegionship to verify the consistency of the calculationkgf
(1989 derived the asymptotic density and temperature deandKy. This relationship connect§p to the change of pres-

3.4. Asymptotic Behavior and Consistency
Verification
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4000 4. Fitting Procedure
3000 |- Henry's constants were fitted to the equation proposed by
M .
~ Harvey (1996:
[m]
:: 2000 - B 0355
= In(ky/p%)=AlTg+ +C(Tgr) %*expr,
1000
(15
o 1'0 2‘0 3‘0 w0 wherer=1—Tg, Tr=T/T¢,, T, is the critical temperature
of the solvent as accepted by IAPWB95h (647.096 K for
[p,*® -PCI]/mol-dm‘3 H,0, 643.847 K for BO), andpj is the vapor pressure of

the solvent at the temperature of intergsf. is calculated
Fis. 2. TInKp as a function of pi (1)~ pci] for the CO-H,0 system:  from the correlation of Wagner and Prugk993 for H,O
(O) calculated from Eq(8) and(+) calculated from Eq(14). The straight df th lati fH dL 02 f
line is the asymptotic slope. aDnO rom the correlation of Harvey and Lemm@002 for
2 .
Vapor-liquid distribution coefficients were fitted to the
equation proposed by Alvarez al. (1994

sure with composition along an isothermal vapor-liquid co INKp=qF+ —— f(7)+ (F+ G723+ H7)

existence curve; it is derived without any simplifying as- T/IK
sumptions. The resulting equation(&lvarez et al,, 1999 T
. . 273.15- K
Vi(@—Vi(1)[dp\~” X exp| ————
RS AL Al Bt p : (16)
Kp=1+ RT ). (14 100

The value of the constantis determined by the requirement

In order to use Eq(14) to calculateKp, it is necessary to that InKp=0 at T=T.;; q is —0.023767 for HO and
know (dp/dx,)7 ., Where subscriptr indicates that the de- —0.024552 for QO. The coefficientE is related to the
rivative is taken along the curve of phase coexistence. Equakrichevskii parameter by
tion (14) has the advantage of being free from any approxi- e
mations or models, so that if the data allow a proper E— 2 (a_p) '
extrapolation of §p/dx,)t ., to infinite dilution, Eq.(14) will Rpci | 9%z
yield the correct value of the distribution constant. Taking
into account the uncertainty of the vapor—liquid equilibrium N Ed. (16), f(7)=(pI(1)/pc)—1 gives the relation be-
data and the precision of the extrapolation 6p{dx,)r,, tween the liquid density and the temperature at saturation.
the values oK, obtained with this procedure generally have For H,O, this is given by Wagner and Prugs993. For
a larger uncertainty than those calculated with the procedurf20, no equation foff (7) was available, so we fit an equa-
that makes use of Eg8). tion to the saturated densities given by Htlal. (1982; the

We have applied Eq(14) to those systems for which there resulting equation is
is suff|C|ent_ mfor_matl_on to calculate?)p/dx,)t , ; the values_ F(7)[D,0]=a, 74 a, 7445+ a 261 a, 7123
of Kp obtained in this way were employed only as a guide (17)
and were not included in th€ data to be fitted. Figure 2
illustrates for the system GO H,O the agreement between with a;=2.7072, a,=0.58662, a;=—1.3069, and a,
the values oK obtained fromk,, and those calculated with = —45.663.
Eq. (14); there is good consistency between the values ob- To begin the fitting process, data were divided into two
tained from the complete thermodynamic treatment of solucategories: “low-temperature” data at and below 333.15 K,
bilities and those calculated from phase-diagram informaand “high-temperature” data above that temperature. This
tion. Equation(14), along with the asymptotic relationship division is arbitrary, but was convenient because it placed all
given by Eq.(13), have been very important for discriminat- the highly precise solubility data in the “low-temperature”
ing among discrepant sets of data and for validating the caleategory.
culations ofky from gas solubilities from Eq.8). All ky points for a given solute in a solvent were fitted

For the purpose of the present work, the use of thesimultaneously to Eq5). In cases where there were many
asymptotic relationship given by E@L3) has even enabled more data points at low temperatures than at high tempera-
us to decide the most adequate formulation in cases wheteares, the low-temperature points were given a smaller
there are no data above, say, 520 K where the linear relatioweight to keep them from dominating the fit; the smaller
is valid; examples were the solutions of the gases CBIgC  weight was chosen in these cases so that the total weights of
and Sk. the low-temperature and high-temperature points were simi-

TV
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TaBLE 3. Parameters for correlation of Henry’s constants yOHwvith Eq. TaBLE 5. Parameters for correlation of equilibrium distribution constants in

(15 H,O with Eq. (16)
Solute A B C Tmin/K Tmax/K Solute E F G H
He —-3.52839  7.12983 447770  273.21 553.18 He 2267.4082 —2.9616 —3.2604 7.8819
Ne —3.18301  5.31448 543774  273.20 543.36 Ne 2507.3022  —38.6955 110.3992 —71.9096
Ar —8.40954 429587 10.52779  273.19 568.36 Ar 2310.5463 —46.7034 160.4066  —118.3043
Kr —-8.97358 3.61508 11.29963  273.19 525.56 Kr 2276.9722 —61.1494 214.0117  —159.0407
Xe —14.21635 4.00041  15.60999  273.22 574.85 Xe 2022.8375 16.7913 —61.2401 41.9236
H, —4.73284  6.089 54 6.060 66 273.15 636.09 H, 2286.4159 11.3397 —70.7279 63.0631
N, —-9.67578 472162  11.70585  278.12 636.46 N, 2388.8777 —14.9593 42.0179 —29.4396
0, —9.44833 443822 1142005 274.15 616.52 0, 2305.0674 —11.3240 25.3224 —15.6449
CO —10.52862 513259 12.01421  278.15 588.67 CcO 2346.2291  —57.6317 204.5324  —152.6377
Co, —8.55445  4.01195 9.523 45 274.19 642.66 COo, 1672.9376 28.1751 —112.4619 85.3807
H,S —-451499 5.23538 4.421 26 273.15 533.09 H,S 1319.1205 14.1571 —46.8361 33.2266
CH, —10.44708 4.66491 1212986  275.46 633.11 CH, 2215.6977 —0.1089 —6.6240 4.6789
C,Hg —19.67563 451222  20.62567  275.44 473.46 CoHg 2143.8121 6.8859 —12.6084 0
SFs —16.56118 2.15289 20.35440  283.14 505.55 SFs 2871.7265 —66.7556 229.7191  —172.7400

lar. The_ fiFting procedure min_imized the sum Qf squares Ofaccepted points in each region, are given in Table 4. The
the deviations between experimental and predicted values QL o information is given in Tables 5 and 6 for the fit&gf
Inky. ) o to Eq. (16). The minimum and maximum temperatures and
After each fit, t.he root-mean-square deviatidR¥SDS  nmper of low- and high-temperature points are not included
of the low- and high-temperature data were computed Sepg; Taples 5 and 6 since they are identical to the values in
rately. Points in those regions that deviated from the fit byl’ables 3 and 4. In the remainder of this section. we will
more than twice the RMSD for the region were examinedyige g the results in4® by category of solute, followed by

more closely; if r.emO\émg a p0|nt|_3|gn|f|;|antly degreashed thh resentation and discussion of the results for solutes,®,D
RMSD, it was rejected as an outlier. Tables 1 and 2 show thg,qyeq by some comments on solutes that we did not in-

number of points from each experimental study accepted if e in this work
the final fit. ' _
For each system, the valueslgf included in the fit to Eq. 5.1. Noble Gases in H ,0
(15) were gonverted int& 5 with Eq. (10) and then fitted to The solubilities of He, Ne, Ar. Kr, and Xe in 4 at low
Eq. (16) with & procedure analogous to that employed fortemperatures are all well determined by at least one thor-

Henry's constants. ough, high-quality experimental study. Equatidrb) fits ky
for all these systems well at low temperatures, with the ex-
ception of krypton where the RMSD is worse by approxi-

. . mately a factor of 2.
Table 3 gives the parameters for the fitskgfto Eq. (15) At high temperatures, all the noble gases except for he-

for solutes in HO, along with the minimum and maximum lium are covered by both the data of Potter and Clynne

Temper?jtlrjlreﬁ rt:overed tb y the f'.t' The FMSDihOI;he f|tsk|)n tthQ?& and of Crovettoet al. (1982. Unfortunately, these
ow- and high-temperature regions, along wi € NUMDBET Ok o sources are for the most part mutually inconsistent, re-

5. Results and Discussion

TaBLE 4. Root-mean-square deviations in kg for solutes in HO and

number of points in low-temperature and high-temperature regions of fit TaBLE 6. Root-mean-square deviations inKp, for solutes in HO
Solute RMSRQ,, Niow RMSDygn Nhigh Solute RMSRQ,, RMSDygn
He 0.0121 33 0.0341 7 He 0.0082 0.0316
Ne 0.0052 35 0.0577 8 Ne 0.0090 0.0590
Ar 0.0124 88 0.0443 7 Ar 0.0109 0.0220
Kr 0.0256 36 0.0434 9 Kr 0.0136 0.0314
Xe 0.0143 30 0.0363 10 Xe 0.0446 0.0313
H, 0.0123 16 0.0517 69 H, 0.0064 0.0460
N, 0.0129 20 0.0372 47 N, 0.0094 0.0400
0, 0.0128 35 0.0377 17 0, 0.0133 0.0426
Cco 0.0035 14 0.0039 3 Cco 0.0063 0.0312
CO, 0.0189 30 0.0528 50 CO, 0.0154 0.0439
H,S 0.0313 16 0.0408 11 H,S 0.0233 0.0375
CH, 0.0225 20 0.0386 25 CH, 0.0113 0.0348
C,He 0.0147 34 0.0259 13 C,He 0.0222 0.0580
Sk 0.0344 14 0.0505 32 Sk 0.0230 0.0523
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quiring us to make gsomewhat arbitragychoice between CO, so we processed their data at the five temperatures re-
them. Because Crovettt al. (1982 give some reasons why ported. The lowest temperature was in the range covered by
the method of Potter and Clynri@978 might be prone to Rettichet al. (1982; while reasonably consistent with those
error, we chose to use the data of Croveittal. (1982. With more precise data, the corresponding point was discarded as
this choice, good fits at high temperature were obtained foan outlier in the fitting process. A plot of In Ky versus
all systems. However, it would be desirable for an indepenwater density, like that shown in Fig. 1 for the,+HH,O
dent experiment to verify which results are correct for one ofsystem, suggested that the highest-temperature point was sig-
these systems. nificantly in error, so it was discarded as well. The remaining
For helium in HO, the only high-temperature data are three points provide the entire high-temperature basis for our
from Potter and Clynn€l978. We therefore had no alterna- correlation. The quite low RMS deviation reported in Table 4
tive but to use those data, and a good fit was achieved fds an artifact of the small number of points; the correlation
bothk,, andK. For the reasons given in the previous para-for CO must be regarded as tentative due to the paucity of
graph, some doubt must be attached to these results. reliable data.

5.2. Diatomic Gases in H ,0 5.3. Other Solutes in H ,O

For H,, our results are anchored at high temperatures by The solubility of CQ in water has been extensively stud-
the data originally reported by Alvarezt al. (1988 and re- ied at all temperatures, but there are no high-precision values
vised by Alvarez and Fermaez-Prini(1991). With the ex-  of ky at low temperatures. This seemingly surprising situa-
ception of a few points from Pragt al. (1952, the only tion can be attributed to the higher solubility of €Owhich
other data considered above 500 K were from Moetigl.  requires corrections for the activity coefficient of the solute
(2001, who used a novel technique involving a palladium/to derive k, even when its partial pressure is near atmo-
hydrogen electrical resistance sensor. Their results showpheric pressurgéhis difficulty is even more acute fori9).
more scatter than most studies, but agree with the AlvareAt high temperatures, there is some scatter among the differ-
data within their scatter. We therefore kept them in the fit,ent data sources, but we had no grounds for discarding any
though several of the points were ultimately discarded a®f them completely. This scatter, perhaps in part due to the
outliers. The relatively large RMS deviations reported inincreased difficulty of determininl, for CO, from the ex-
Tables 4 and 6 for Kat high temperatures are largely due to perimental data because its solubility is greater, is reflected
the scatter of the data of Morret al. (2001). We also exam- in the somewhat higher RMSD values for €@ompared to
ined the data of Jun@968; Junget al, 1971, but found that most other solutes.
the solubility data along isotherms did not extrapolate to the For H,S, data of high accuracy extend only up to approxi-
TInKp limit in a reasonable manner, as illustrated in Fig. 1.mately 450 K(Lee and Mather, 19737 The data of Sule-
These data were therefore not included in the fit. imenov and Krupp(1994 extend to high temperatures and

For N,, we also have thorough high-temperature datawere included in an earlier correlatiogHarvey, 1996. How-
from Alvarez and Ferradez-Prini(1991). All other studies ever, analysis of the behavior of kg, (similar to that shown

[except for the precise low-temperature data of Rettichl.  in Fig. 1) strongly suggested a systematic problem with these
(1984] are considerably older, but for the most part in agree-data, so we did not include them. The high-temperature equi-
ment. librium compositions reported by KozintseVa964) appear

For O,, there are only two high-temperature data sources;easonable, but the partial pressures tabulated in the paper
but the independent results of Stephenal. (1956 and are physically unrealistic. Because of this internal inconsis-
Cramer(1982 are in fairly good agreement. tency, we chose not to use these data. That left the data of

For CO, there are precise low-temperature d&attich  Gillespie and Wilsor{1982, where the same concerns apply
et al, 1982, but the situation for high temperatures is notas for the Gillespie and Wilsof1980 CO data. Therefore,
good. The CO data of Jun@968; Junget al,, 1971 were  our results for HS must be considered tentative above about
determined to be unsuitable for the same reasons as,for H460 K. It is, however, encouraging that our correlated values
There are three solubility studies at moderate temperatures K appear consistent with the vapor and liquid composi-
(near 400 K from researchers studying carbonylation reac-tions reported by Kozintsevid 964).
tions in aqueous mixturg®ake and Chaudhari, 1985; Taqui  For both CQ and H,S, the weak ionization of the solute
Khan and Halligudi, 1988; Taqui Khaet al, 1989. Their  was ignored in all our work. This is a good assumption for
results for CO solubility in pure kD are wildly inconsistent  solubility in neutral water, where the ionization is negligible
with one another, so we did not use any of them. Finally,for purposes of analyzing the experimental data. If one were
there are the data of Gillespie and Wils@®80. This was considering the solubility of either of these weak acid gases
an engineering study with less precision than many studiesn a basic solution, the ionic equilibria could not be ignored.
For this reason, we chose not to use their data for other For CH,, data extend to quite high temperatures and there
systems[H,, N,, and CH and CQ from Gillespie and is fair consistency among various sources. Fgf§; almost
Wilson (1982 ] where we had a plentiful amount of data we all of the high-temperature data come from Crovedtaal.
considered to be superior. We did not have this luxury for(1984). While these are described well by E@5), they
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TaBLE 7. Parameters for correlation of Henry’s constants y©O0wvith Eq. TaBLE 9. Parameters for correlation of equilibrium distribution constants in

(15 D,0O with Eq. (16)
Solute A B C Tmin/K Tmax/K Solute E F G H
He —-0.72643  7.02134 2.044 33 288.15 553.18 He 2293.2474  —54.7707 194.2924  —142.1257
Ne —-0.91999  5.65327 3.172 47 288.18 549.96 Ne 2439.6677  —93.4934 330.7783  —243.0100
Ar —7.17725  4.48177 9.31509 288.30 583.76 Ar 2269.2352 —53.6321 191.8421  —143.7659
Kr —8.47059 391580 10.69433  288.19 523.06 Kr 2250.3857 —42.0835 140.7656  —102.7592
Xe —14.46485 442330 15.60919  295.39 574.85 Xe 2038.3656 68.1228 —271.3390 207.7984
D, —-5.33843  6.157 23 6.530 46 288.17 581.00 D, 2141.3214 —1.9696 1.6136 0
CH, —10.01915 4.73368  11.75711 288.16 517.46 CH, 2216.0181 —40.7666 152.5778  —117.7430

considerably less soluble than the other gases considered in
extend only to 473 K, so there is some uncertainty for thisthis work.

system in the values &, obtained with Eq(15) for higher The Sk data are not fitted well at the lowest temperatures
temperatures; this limitation is less severe for the casexf (below about 285 K This could mean that Eq15) is not
and Eq.(16), because the limiting value at is known. well-suited to this system at low temperatures, but we also

For Sk, the only high-temperature data are those ofnote that Sk readily forms a clathrate hydrat€ortland and
Mroczek (1997). While they are fitted adequately, indepen- Robinson, 1964 and undetected hydrate formation could
dent confirmation would be desirable. At low temperaturesdistort low-temperature solubility experiments.
the three temperature-dependent studies we considered differ
by amounts on the order of 0.1 inkp. In order to choose 5.4. Solutes in D ,O
among them, we first made use of the calorimetric data of ) ) ]

Hallen and Wad$d1989, whose enthalpies of solution may Tables 7 and 8 give parameters and information about the
be compared with the temperature dependenclkof This flts for the correlation oky dgta to Eq(15) fpr seven'solutes
comparison reveals that the temperature dependence of Mdft D20 Tables 9 and 10 give the same information for the
rison and Johnstonél959 is clearly incorrect while the fits of Kp in DO to Eq.(16).

solubilities of Ashtoret al. (1968 and Bullisteret al. (2002 At low temperatures, we made use of the Henry’s constant

are reasonably consistent with the calorimetric data. Thes@ata of Scharlin and Battind 992 that exist for all solutes
latter two sets are offset from one another, with Ashgoml. ~ considered except xenon. These were not fitted quite as well

(1968 reporting higher solubilities. To choose between@S the low-temperature data for the same systems,@, H
them, we made use of Paet al. (1982, who measured the but the fits were still adequate for our purposes. At high
solubility precisely at a single temperature near 25 °C. Thidémperatures, the number of data points for each system con-
datum fork,, agrees well with the Ashton data, but lies well sidered was relatively small; the RMS deviations of the fits
below the Bullister data. When coupled with the principle Were similar to those for the solutes i@

that gas solubility data are more likely to be wrong in the A System requiring further comment is,[D,0O, where
direction of low solubility (higher k), and the apparent the high-temperature data from Stephetnal. (1956 and
agreement of the Ashton data with another study from CosMorris et al. (2001 differ significantly. There was no way to
grove and Walkley(198)) that we did not use because the decide on the basis of these data alone which was correct.
data were not described unambiguously, we felt justified ifriowever, both of the studies in question also reported data
excluding the data of Bullisteet al. (2002. We therefore  for the H/H,O system, where the data of Morret al.
used only the low-temperature data of Ashetral. (1968 (2001 appgared to be rel_lable while those of Stepbéal.

and Parket al. (1982. It would be desirable if this system (1956 deviated systematically from other studies and were
could be measured with modern high-precision techniques‘?'scafded as outliers. On this basis, we discarded the two

experiments are likely more difficult for $Fbecause it is Nighest-temperature points from Stephenal. (1956 for
D,/D,0. As with H,/H,0, the data of Morrist al. (2000

have more scatter; this leads to higher RMSD values for

TaBLE 8. Root-mean-square deviations in kg for solutes in BO and

number of points in low-temperature and high-temperature regions of fit TaBLE 10. Root-mean-square deviations inKp for solutes in BO
Solute RMSR,, Niow RMSDygn Nhigh Solute RMSRQ,, RMSDygn
He 0.0374 7 0.0341 5 He 0.0133 0.0241
Ne 0.0290 9 0.0355 6 Ne 0.0166 0.0184
Ar 0.0224 7 0.0452 10 Ar 0.0314 0.0410
Kr 0.0284 6 0.0178 4 Kr 0.0262 0.0068
Xe 0.0208 1 0.0524 6 Xe 0.0024 0.0480
D, 0.0372 4 0.0592 11 D, 0.0558 0.0647
CH, 0.0235 6 0.0267 6 CH, 0.0109 0.0093
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D,/D,0 in Tables 8 and 10. Correlation of this system isthe solutes in KO for which we correlated, andKy, the
also made more difficult by the existence of a gap of overones of practical importance most in need of good high-
100 K at intermediate temperatures where no data have be¢éemperature measurements in our opinion ags,HCHg,
reported; see Table 2. O,, and CO. In addition, there are important solutesH&

For the six gases studied in both® and DO (He, Ne, CiHg, NH3, SO,) where the high-temperature data were
Ar, Kr, Xe, CH,), we can examine the isotope effect of the inadequate for us to be able to produce even tentative corre-
solvent. At low and intermediate temperatures, all the gaselations; these should also be priorities for future experimen-
have slightly smaller values &, (and are therefore slightly tal work. Some systems (H CO,, H,S, and SE) also lack
more solubl¢ in D,O. At higher temperatures, this trend the kind of highly precise low-temperature data that exist for
seems to reverse for some of the solutes, but it is difficult tather common gases in water.
tell within the uncertainty of the data and correlations For those gases that are relatively solutdach as CQ
whether this effect is real. A more detailed analysis of theand H,S), it is important to study isothermal solubilities at
differences between gas solubilities in® and in BO at  several different pressures in order to provide a sound means
ambient temperatures has been given by Scharlin and Battirto determineky by extrapolation, since for these systems the
(1992. corrections that can be applied to extrigtfrom single data

points for less soluble solutes are not reliable.
5.5. Solutes Excluded Whether it is more fruitful to approach a given practical
problem by using values &6, or Ky will depend in general

There are several solutes for which some high-temperaturen the vapor-liquid equilibrium conditions. If the vapor and
solubility data in HO are available, but for which we did not liquid are very different(for example, if the solute mole
produce correlations. fraction is near one in the vapor and near zero in the liguid

For ethene (¢H,) and propene (§Hg), high-temperature thenky, with its asymmetric standard state, will usually be
data were measured by Sanchez and Lét@73. However, preferable. If the two phases are simiffor example, a high-
analysis of these data revealed them to be inconsistent witlemperature condition where the solute has a small mole
the required asymptotic behavigsee Section 3)4 so the fraction in both the vapor and liquid phagethen the quan-
systems were not considered further. tity Kp, with its more symmetric definition, will usually be

For sulfur dioxide (S@), several studies at moderately more convenient. When considering which approach to take,
high temperatures exist, but the high solubility and reactivityit may also be wise to consider the superior extrapolation
of SO, in water make it impossible to extract Henry’s con- capability of Eq.(16) for Ky at very high temperatures.
stants from the data with any confidence. Similarly, the high
solubility of ammonia (NH) in water meant that reliable
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of the solvent is approached, allowing them to cover a very

wide range of temperature aespecially in the case &fp) . . . )

to be extrapolated beyond the experimental temperaturg' Appendlx_ Al Correc.tlor.ls to th‘? SPIUteS

range to the critical point of the solvent. These correlations Chemical Potential in the Liquid

are intended for those who need information at high tempera- Phase

tures or over a wide range of temperature; those who are

concerned only with ambient temperatures should make use When gas solubilities have been determined with the high-

of the references for precise low-temperature data given itemperature metho@.e., p, above about 0.5 MPathe prop-

Tables 1 and 2. ertiesV; and y5 must be known to allow the determination
There are a number of systems for which there is only af ky atT andp? , as shown by Eq8). The first exponential

single source of experimental solubility data at high temperafactor in Eq.(8), the Poynting effect on the solute, corrects

tures, or two sources that disagree; new experimental studigs, for the pressure in excess pf ; normally this correction

are encouraged for those systems. All of th®ystems are  cannot be neglecte@vithin experimental uncertaintyat any

in that category, but since these are of more theoretical tharemperature, but it is very large only whén—T.,. The

practical interest, they are probably not the top priority. Ofcorrection factoryg' is related to the excess chemical poten-

J. Phys. Chem. Ref. Data, Vol. 32, No. 2, 2003



914

FERNANDEZ-PRINI, ALVAREZ, AND HARVEY

TaBLE 11. Calculated values of lk({/1 GPa) for solutes at selected tempera- TasLE 12. Calculated values of IKp for solutes at selected temperatuties
tures(in H,O unless otherwise notgdtalics denote extrapolation beyond H,O unless otherwise notgditalics denote extrapolation beyond range of

range of fitted data fitted data

Solute 300 K 400 K 500 K 600 K Solute 300 K 400 K 500 K 600 K
He 2.6576 2.1660 1.1973 -0.1993 He 15.2250 10.4364 6.9971  3.8019
Ne 2.5134 2.3512 1.5952 0.4659 Ne 15.0743 10.6379 7.4116  4.2308
Ar 1.4061 1.8079 1.1536 0.0423 Ar 13.9823 10.0558 6.9869  3.9861
Kr 0.8210 1.4902 0.9798 0.0006 Kr 13.3968 9.7362 6.8371 3.9654
Xe 0.2792 1.1430 0.5033 -0.7081 Xe 12.8462 9.4268 6.3639  3.3793
H, 1.9702 1.8464 1.0513 —0.1848 H, 14.5286 10.1484 6.8948 3.7438
N, 2.1716 2.3509 1.4842 0.1647 N, 14.7334 10.6221 7.2923 4.0333
0O, 1.5024 1.8832 1.1630 —0.0276 0, 14.0716 10.1676 6.9979 3.8707
CO 1.7652 1.9939 1.1250 -0.2382 CcO 14.3276 10.2573 7.1218  4.0880
CcO, —1.7508 —0.5450 —0.6524 —1.3489 Cco, 10.8043 7.7705 5.2123 2.7293
H,S —2.8784 —1.7083 —1.6074 —2.1319 H,S 9.6846 6.5840 42781  2.2200
CH, 1.4034 1.7946 1.0342 —0.2209 CH, 13.9659 10.0819 6.8559 3.7238
C,Hg 1.1418 1.8495 0.8274 —0.8141 C,Hg 13.7063 10.1510 6.8453 3.6493
SFy 3.1445 3.6919 2.6749 1.2402 SFs 15.7067 11.9887 8.5550  4.9599
He(D,0) 2.5756 2.1215 1.2748 —0.0034 He(D,0) 15.2802 10.4217 7.0674  3.9539
Ne(D,0) 2.4421 2.2525 1.5554 0.4664 Ne(D,0) 15.1473 10.5331 7.3435  4.2800
Ar(D,0) 1.3316 1.7490 1.1312 0.0360 Ar(D,0) 14.0517 10.0632 6.9498  3.9094
Kr(D,0) 0.8015 1.4702 0.9505 —0.0661 Kr(D,0) 13.5042 9.7854 6.8035  3.8160
Xe(D,0) 0.2750 1.1251 0.4322 —0.8730 Xe(D,0) 12.9782 9.4648 6.3074  3.1402
D,(D,0) 1.6594 1.6762 0.9042  —0.3665 D,(D,0) 14.3520 10.0178 6.6975  3.5590
CH,4(D,0) 1.3624 1.7968 1.0491 -0.2186 CH,4(D,0) 14.0646 10.1013 6.9021  3.8126

tial of the dissolved solute and will depend crucially on thevery high temperatures. The Poynting correction is always
solubility of the gas; it also becomes much largerTasis  significant compared to the experimental uncertainty if the
approached. These corrections require knowledgé;ond  high-temperature methodp{>0.5 MPa) are used to deter-
¥4 at every temperature and, faf; , its value at all the mine the solubility of the gases.
pressures betwegnandpy . Only for a very few systems is To calculateyg for slightly soluble gases, it has been as-
V3 known, and then only at a few temperatures; no measuresumed in the present work that
ments are available for the activity coefficients of gaseous In H=b(T Al
solutes in water at high temperature. We have resorted to the ny2=b(M)X,, (AD)
use of a model and applied perturbation theory, in theand b(T) was calculated from a model equati¢alvarez
Percus—Yevick approximatioffFrernadez-Priniet al, 1992  and Fernadez-Prini, 1991 that depends on the hard-sphere
for hard-sphere systems, to calculatg and 14 . There is  equivalent diameter of the solutg,(T). For slightly soluble
evidence that this approximation is good f¢§ (Fernadez-  gases, this correction is significant compared with the experi-
Prini and Japas, 198%specially at high temperatures where mental uncertainty only above 523 K, increasing strongly as
the unusual behavior induced by hydrogen bonding in ambithe temperature approach€g,.
ent water is not observed; the same model was used for cal- The hard-sphere equivalent diameters of the solutes, on
culation of 7';. The equations used in the present work towhich the model equations for both corrections depend, were
calculateV; and 74 are given by Fermalez-Prinietal.  obtained with an iterative procedure at each temperature. The
(1992 and by Alvarez and Fernaez-Prini(1991), respec- first guess fod, was an approximate value of the Lennard-
tively. It should be remarked again that these equationsjones diameter of each solute. With this value, the two cor-
which depend on the hard-sphere equivalent diameter of theections were calculated and the diameter adjusted until the
solutesd,(T) and on the properties of water, are applicablevalue of Henry’s constant calculated with the perturbation
primarily to systems at high temperatures, where the peculianethod agreed with the value obtained from the experimen-
structural features of water do not contribute significantly total solubility employing the complete E¢B). This procedure
the properties of the solution. was applied at all temperatures and for all solutes, and the
With regard to the correction for the Poynting effect for best linear or semilogarithmic fit of the hard-sphere diameter
the dissolved solute, as given by the first exponential term inwvith temperature was obtained from them; these diameters
Eqg. (8), we have modified the procedure followed by were finally used for the corrections needed in Ej.
Fernandez-Prini and Crovett¢1989 in that we now have Hence, the complete procedure employed for the calcula-
considered the dependence\6f on the pressure in the in- tion of ky was self-consistent in the sense that the solute
tegration; this dependence is mainly due to the variation ofliameterd,(T) was adjusted so that the values of Henry's
the density and compressibility of the solvent. The differenceconstant, including the two corrections, could be described
between the new and old procedures is appreciable only atith Percus—Yevick first-order perturbation theory
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(Fernandez-Priniet al., 1992. For all the binary systems that Gillespie, P. C., and G. M. Wilson, GPA Research Report RR@ds Pro-

were studied by Fermalez-Prini and Crovett41989, we _ cessors Association, Tulsa, OK, 1980

have obtained the same temperature dependena:g fdFor Gillespie, P. C., and G. M. Wilson, GPA Research Report RR&&s Pro-
. . cessors Association, Tulsa, OK, 1982

SFs, the two corrections are small because the experimental | a " ?

o odman, J. B., and N. W. Krase, Ind. Eng. Ch&8.401(1931.
solubilities are very smallMroczek, 1997. Hallen, D., and |. Wad3oJ. Chem. Thermodyr21, 519 (1989.

Harvey, A. H., AIChE J42, 1491(1996.

Harvey, A. H., and E. W. Lemmon, J. Phys. Chem. Ref. [¥al 73(2002.

Harvey, A. H., and J. M. H. Levelt Sengers, AIChE38, 539(1990.

Harvey, A. H., A. P. Peskin, and S. A. KleiNIST/ASME Steam Properties
NIST Standard Reference Database 10, Versior{ia2ional Institute of
Standards and Technology, Gaithersburg, MD, 2000

Hill, P. G., R. D. C. MacMillan, and V. Lee, J. Phys. Chem. Ref. DHtal
(1982.

IAPWS (International Association for the Properties of Water and Sieam

Guideline on Solubility of Simple Apolar Gases in Light and Heavy

Water at High Temperature. Bhysical Chemistry of Aqueous Systems:

Meeting the Needs of IndustfProceedings, 12th International Confer-

ence on the Properties of Water and Stgagdited by H. J. White, Jr., J.

9. Appendix B: Values of In  k and In Kp
Calculated from the Correlations

Table 11 gives values of kg, at 300, 400, 500, and 600 K
calculated from Eq(15) with the parameters given in Table 3
(for solutes in HO) and Table qfor solutes in DO). Simi-
larly, Table 12 gives values of I{; at the same temperatures
calculated from Eq(16) with the parameters given in Table 5
and Table 9. In both Tables 11 and 12, values are italicized if
they are outside the limits of the data to which the correlation \, sengers, b. B. Neumann, and J. C. Bellod@egell House, New
was fitted. York, 19953, p. A150.

The number of digits given in these tables should not beAPWS (International Association for the Properties of Water and Steam
taken as an indication of the uncertainty in the values; extra Release on Values of Temperature, Pressu‘re anq !Densit}_/ of Ord_inary and
digits are given so that those who implement these correla- Heavy Water Substances at Their Respective Critical PoinBhysical

. . . . . Chemistry of Aqueous Systems: Meeting the Needs of Ind&stgeed-
tions can verify their calculations. Section 5 and the tables yord y 9 o
therein should be consulted for information that may be used
in estimating the uncertainties of calculated values.
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