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Table 1. Recommended Dimensionless1 Henry’s Law Constants for Air and Radon Pathways Models 

Elemental 
Isotope 

Potential Volatile 
Species of Interest 

Dimensionless Hi 
Soil at pH 5.4 

(molar vapor/molar liq.) 

Dimensionless Hi 
Oxidized Region III, pH 8.23 

(molar vapor/molar liq.) 
Ar-37 
Ar-39 
Ar-42 

Ar0 29 29 

C-14 CO2 1.1 0.015 
Cl-36 HCl 7.9E-14 1.1E-16 
H-3 H2O 1.9E-05 1.9E-05 

Hg-194 
Hg-203 

Hg0 (Soil pH 5.4) 
HgCl2 (Soil pH 5.4) 

HgCl2 (Oxid’d, pH 8.23) 

0.32 (Hg0) 
1.1E-07 (HgCl2) 

8.6E-11 (HgCl2) 

I-125 
I-129 

HI (Soil pH 5.4) 
I2 (Oxid’d, pH 8.23) 

6.5E-17 3.1E-31 

Kr-81 
Kr-85 

Kr0 17 17 

Ra-226 RaCl2 1.0E-30 1.0E-30 
Rn-222 Rn0 4.5 4.5 

S-35 SO2 9.4E-06 1.03E-09 
Sb-124 
Sb-125 

SbCl3 5.9E-35 8.3E-41 

Se-75 
Se-79 

H2Se (Soil pH 5.4) 
SeCl4 (Oxid’d, pH 8.23) 

1.5E-27 1.1E-89 

Sn-113 
Sn-119m 
Sn-121m 
Sn-123 
Sn-126 

SnCl4 4.3E-56 6.7E-64 

Xe-127 Xe0 9.4 9.4 
 

Discussion 

Dimensionless Henry’s law constants reported by Gorensek (2015) via Denham (2010) for  

C-14 (CO2)  
Cl-36 (HCl)  
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H-3 (H2O) 
I-125 and I-129 (HI or I2 depending on pH/redox conditions)  
Sb-124 and Sb-125 (SbCl3)  
Se-75 and Se-79 (H2Se or SeCl4 depending on pH/redox conditions)  
Sn-113, Sn-119m, Sn-121m, Sn-123, and Sn-126 (SnCl4) 

are reproduced “as is” in Table 1. The reported values correctly account for the impact of pH on 
volatility and are in the desired dimensionless form1 (molar vapor/molar liquid).  

Henry’s law constants not reported by Gorensek (2015) and Denham (2010) were calculated as 
described in detail below. 

Recommended Dimensionless Henry's Law Constant for Ar-37, Ar-39, and Ar-42 as Ar0 (g) 

HAr (dimensionless, mol L-1 vapor/mol L-1 liquid) = 29 

Inverse (liquid/vapor) Henry’s law constants for Ar0 with units mol m-3 Pa-1 are given by Sander 
(2015)—a literature compilation of 17,350 values of inverse Henry’s law constants for 4632 species, 
including the noble gases. The noble gases will not ionize in water; therefore, Henry’s law constants 
reported by Sander (2015) do not require adjustment for pH. The values reported by Sander (2015) were 
transformed to the desired molar vapor/molar liquid dimensionless form using a units conversion factor 
equal to 2479.038 Pa m3 mol-1. 

Dimensionless Inverse HAr = (1.4E-05 mol m-3 Pa-1) (2479.038 Pa m3 mol-1) = 0.0347 

The reciprocal gives the desired dimensionless Henry's law constant (molar vapor/molar liquid) 

HAr = (Dimensionless Inverse HAr)-1 = 1/0.0347 = 29 

Recommended Dimensionless Henry's Law Constant for Kr-81 and Kr-85 as Kr0 (g) 

HKr (dimensionless, mol L-1 vapor/mol L-1 liquid) = 17 

Inverse (liquid/vapor) Henry’s law constants for Kr0 with units mol m-3 Pa-1 are also provided by Sander 
(2015). The reported value was transformed to the desired molar vapor/molar liquid dimensionless form 
using a units conversion factor equal to 2479.038 Pa m3 mol-1. 

Dimensionless Inverse HKr = (2.4E-05 mol m-3 Pa-1) (2479.038 Pa m3 mol-1) = 0.0595 

The reciprocal gives the desired dimensionless Henry's law constant (molar vapor/molar liquid) 

HKr = (Dimensionless Inverse HKr)-1 = 1/0.0595 = 17 
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Recommended Dimensionless Henry's Law Constant for Xe-127 as Xe0 (g) 

HXe (dimensionless, mol L-1 vapor/mol L-1 liquid) = 9.4 

Inverse (liquid/vapor) Henry’s law constants for Xe0 (g) with units mol m-3 Pa-1 are summarized by 
Sander (2015). The reported value was transformed to the desired molar vapor/molar liquid 
dimensionless form using a units conversion factor equal to 2479.038 Pa m3 mol-1. 

Dimensionless Inverse HXe = (4.3E-05 mol m-3 Pa-1) (2479.038 Pa m3 mol-1) = 0.1066 

The reciprocal gives the desired dimensionless Henry's law constant (molar vapor/molar liquid) 

HXe = (Dimensionless Inverse HXe)-1 = 1/0.1066 = 9.4 

Recommended Dimensionless Henry's Law Constants for S-35 as SO2 (g) 

Soil at pH 5.4 (Condition A; Denham, 2010): 9.4E-06   
Oxidized Region III at pH 8.23 (Denham, 2010): 1.03E-09 

 
SO2 (g) will hydrolyze in water to form H2SO3 (aq) and subsequently dissociate to form bisulfite and 
sulfite ions depending on pH.  Because ions do not exert a vapor pressure, an aqueous environment will 
suppress SO2 volatility, especially when pH exceeds the first pKa for H2SO3 (H2SO3/HSO3

-, pKa = 1.89 
from Dean, 1992). H2SO3 (aq) is a much stronger acid than H2CO3 (aq); therefore, its volatility will be 
lower. The Henry's law constant for S-35 used in the 2010 atmospheric release model (ARM) was 
1.0E+38. The revised Henry's law constants above will dramatically reduce the volatility of S-35. 
 
The OLI Stream Analyzer software was used to estimate Henry's law values for S-35 using the same 
pore water compositions and temperature, pressure, pH, and Eh conditions summarized in Table 2 in 
SRNL-TR-2010-00096 (Denham, 2010). 
 

T = 298.15 K 
P = 1 atm total pressure 
Case 1:  Condition A (soil at pH 5.4, Eh 0.37 V, background groundwater) 
Case 2:  Oxidized Region III (pH 8.23, Eh 0.73 V, calcite saturation) 

 
For Cases 1 and 2 (pH 5.4 to 8.23 and Eh 0.37 to 0.73 V), the thermodynamically favored speciation of 
sulfur in water at 25 oC and 1 atm will most probably be SO2 in the gas phase and H2SO3/HSO3

-/SO3
-2 in 

the aqueous phase. Eh-pH diagrams in the literature confirm this assumption. 

The aqueous reactions of interest for SO2 are: 
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SO2 (g)  =  SO2 (aq) 
SO2 (aq)  +  H2O  =  H2SO3 (aq) 
H2SO3 (aq)  =  HSO3

-  +  H+ 
HSO3

-  =  SO3
-2  +  H+ 

 
The pore water cation and anion concentrations given by Denham (2010) in Table 2 for each case were 
first reconciled for pH and electroneutrality (charge balanced) using the Water Analyzer module within 
the OLI Stream Analyzer software. The resulting background electrolyte solution was then mixed with 
0.01 millimolal SO2 and 1.0 millimolal N2 in a single equilibrium stage using OLI Stream Analyzer.  In 
both steps, HCl and NaOH were used to adjust pH to the desired set point. The “Aqueous Electrolyte” 
thermodynamic framework and database within the OLI software served as the source of the relevant 
gas- and liquid-phase chemical equilibrium reactions as well as the associated equilibrium constants and 
activity coefficients (see Appendix A). Real (non-ideal) solution conditions were assumed.    

Henry’s law constants were calculated using the resulting equilibrium vapor-phase concentration of SO2 
(g) and the total aqueous-phase concentration of S(IV) species (H2SO3 (aq), HSO3

-, SO3
-2, S2O5

-2) in mol 
L-1. 

Case 1: Condition A (soil at pH 5.4, Eh 0.37 V) 
CSO2(g) (vapor) = 9.3567E-11 mol L-1  
CS(IV) species (aqueous) = 9.9998E-06 mol L-1 

HSO2 = 9.3567E-11 mol L-1 / 9.9998E-06 mol L-1 = 9.4E-06  

Case 2: Oxidized Region III (pH 8.23, Eh 0.73 V) 
CSO2(g) (vapor) = 1.0336E-14 mol L-1  
CS(IV) species (aqueous) = 9.9998E-06 mol L-1 

HSO2 = 1.0336E-14 mol L-1 / 9.9998E-06 mol L-1 = 1.03E-09  

Recommended Dimensionless Henry's Law Constants for C-14 as CO2 (g) 

To build confidence in the recommended values for SO2, OLI's predictions for CO2 were compared to 
the corrected dimensionless Henry's law constants reported by Gorensek (2015).  Agreement between 
OLI and Gorensek (2015) for CO2 is excellent at both pH 5.4 and 8.23. 

Soil at pH 5.4 (Condition A; Denham, 2010):  OLI:  1.09     Gorensek:  1.1     
Oxidized Region III at pH 8.23 (Denham, 2010):   OLI:  0.0143     Gorensek:  0.015 

 
The equivalent equilibrium reactions for CO2 include: 
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CO2 (g)  =  CO2 (aq) 
CO2 (aq)  +  H2O  =  H2CO3 (aq) 
H2CO3 (aq)  =  HCO3

-  +  H+ 
HCO3

-  =  CO3
-2  +  H+  

 
Recommended Dimensionless Henry's Law Constants for Hg-194 & Hg-203 as Hg0 (g) and HgCl2 (g) 

HHg
0 (Soil at pH 5.4, Condition A per Denham, 2010): 0.32   

HHgCl2 (Soil at pH 5.4, Condition A per Denham, 2010): 1.1E-07 
HHgCl2 (Oxidized Region III, pH 8.23 per Denham, 2010): 8.6E-11 

The two soil/waste conditions above were chosen to be consistent with assumptions used by Hiergesell 
and Taylor (2011) in the air pathway modeling special analysis for the E-Area low-level waste facility. 
Soil Condition A (pH 5.4, Eh 0.37 V, background groundwater) is judged to be representative of a non-
cementitious slit or engineered trench, for example, while Oxidized Region III (pH 8.23, Eh 0.73 V, 
calcite saturation) is thought to approximate conditions in an oxidized cementitious environment (e.g., 
CIG trench). A conservative assumption from a volatility perspective is that mercury exists as the more 
volatile elemental mercury (Hg0) species rather than as less volatile Hg(II) species.  For Soil Condition 
A (pH 5.4), mercury may exist in both oxidation states as Hg0 and Hg(II) species. For this reason, 
Henry’s law constants will be calculated for both Hg0 and Hg(II)Cl2. In an oxidized cementitious 
environment (pH 8.23), on the other hand, mercury is assumed to originate as HgCl2 and exist only as 
less volatile Hg(II) species.   

Sander (2015) presents a list of measured and calculated inverse (liquid/vapor) Henry’s law constants 
for Hg0 with units mol m-3 Pa-1. Reported values range from 8.7E-04 to 1.4E-03 mol m-3 Pa-1. 
Transformation to the desired molar vapor/molar liquid dimensionless form is accomplished using a 
units conversion factor equal to 2479.038 Pa m3 mol-1.  For example,  

Dimensionless Inverse HHg
0 = (1.4E-03 mol m-3 Pa-1) (2479.038 Pa m3 mol-1) = 3.4707 

The reciprocal gives the desired dimensionless Henry's law constant (mol L-1 vapor/mol L-1 liquid) 

HHg
0 = (Dimensionless Inverse HHg

0)-1 = 1/3.4707 = 0.29 

Transformation to molar vapor/molar liquid dimensionless units results in a reported range of 0.29 to 
0.46 for HHg

0. The most recent value included by Sander (2015) is a measured Henry’s law constant 
from Andersson et al. (2008). The original Andersson et al. (2008) manuscript provides experimentally 
measured values for HHg

0 as a function of temperature and background electrolyte in the desired molar 
dimensionless form. At 25 oC, the measured values are 0.32, 0.33, and 0.36 in Milli-Q water, artificial 
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seawater, and 1.5 M NaCl, respectively.  For purposes of the air pathway model, HHg
0 equal to 0.32 will 

be used.        

As was done for SO2, the OLI Stream Analyzer software was used to estimate Henry's law constants for 
Hg(II) as HgCl2 using the same pore water compositions and temperature, pressure, pH, and Eh 
conditions summarized in Table 2 in SRNL-TR-2010-00096 (Denham, 2010). The pore water cation and 
anion concentrations given by Denham (2010) in Table 2 for each case were first reconciled for pH and 
electroneutrality (charge balanced) using the Water Analyzer module within the OLI Stream Analyzer 
software. The resulting background electrolyte solution was then mixed with 0.01 millimolal HgCl2 and 
1.0 millimolal N2 in a single equilibrium stage using OLI Stream Analyzer.  In both steps, HCl and 
NaOH were used to adjust pH to the desired set point. The “Aqueous Electrolyte” thermodynamic 
framework and database within the OLI software served as the source of the relevant gas- and liquid-
phase chemical equilibrium reactions as well as the associated equilibrium constants and activity 
coefficients (see Appendix C). Real (non-ideal) solution conditions were assumed.    

Henry’s law constants were calculated using the resulting equilibrium vapor-phase concentration of 
HgCl2 (g) and the total aqueous-phase concentration of Hg(II) species (HgCl2 (aq), Hg(OH)2 (aq), 
HgCl+, etc.) in mol L-1. 

Case 1: Condition A (soil at pH 5.4, Eh 0.37 V) 
CHgCl2(g) (vapor) = 1.06309E-12 mol L-1  
CHg(II) species (aqueous) = 1.0E-05 mol L-1 

HHgCl2 = 1.06309E-12 mol L-1 / 1.0E-05 mol L-1 = 1.1E-07  

Case 2: Oxidized Region III (pH 8.23, Eh 0.73 V) 
CHgCl2(g) (vapor) = 8.56259E-16 mol L-1  
CHg(II) species (aqueous) = 1.0E-05 mol L-1 

HHgCl2 = 8.56259E-16 mol L-1 / 1.0E-05 mol L-1 = 8.6E-11  

Recommended Dimensionless Henry's Law Constant for Rn-222 as Rn (g) 

HRn (dimensionless, mol L-1 vapor/mol L-1 liquid) = 4.5 

The relevant vapor-liquid equilibrium reaction for radon at P = 1atm and T = 25 oC is 

Rn (aq) = Rn (g) 

This reaction applies for all pH conditions of interest in the E-Area Performance Assessment.  

Three methods were used to calculate the dimensionless Henry's law constant for radon. 
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 OLI Stream Analyzer software 

 Published Gibbs Free Energy of Formation data from the Journal of Physical and Chemical 
Reference Data (Oelkers et al., 1995) 

 NIST Chemistry WebBook (National Institute of Standards and Technology, 2015)  

OLI Stream Analyzer: 1 mM radon was added to pure water and equilibrated with 0.001 moles nitrogen 
gas at 25 oC and 1 atm total pressure. The “Aqueous Electrolyte” thermodynamic framework and 
database within the OLI software served as the source of the relevant gas- and liquid-phase chemical 
equilibrium reactions as well as the associated equilibrium constants and activity coefficients (see 
Appendix B). Real (non-ideal) solution conditions were assumed. 

The vapor- and aqueous-phase concentrations of radon in mol L-1 at equilibrium are 

CRn (vapor) = 0.0043291 mol L-1  
CRn (aqueous) = 9.4307E-04 mol L-1 

HRn = 0.0043291 / 9.4307E-04 = 4.59   

Calculated from Gibbs Free Energy Data: The standard-state Gibbs Free Energy of Formation for Rn 
(g) is 0.0 kJ/mol (Wagman et al., 1982) and for Rn (aq) is 11.67315 kJ/mol (Oelkers et al., 1995). For 
the equilibrium reaction Rn (aq) = Rn (g), 

ΔGrxn = 0 - 11.67315 kJ/mol = -11.67315 kJ/mol 

K = e(- ΔGrxn/RT) = e(-(-11.67315 kJ/mol) / (8.314E-03 kJ/mol/K)(298.15 K)) = 110.96 

Because the standard and reference states for ΔGo
f are based on units of atm and mol/kg H2O, the 

dimensionless equilibrium constant (K) above must be converted to the desired dimensionless Henry's 
law units of (mol L-1)/(mol L-1). The conversion factor is 24.4662 L atm mol-1.   

HRn = 110.96 / 24.4662 = 4.54 (excellent agreement with OLI software) 

NIST Chemistry WebBook: (NIST, 2016) report a value for the inverse (liquid/vapor) Henry's law 
constant equal to 0.0093 mol kg-1 bar-1. The units conversion factor is 24.78819 bar kg mol-1. 

Dimensionless Inverse HRn = (0.0093 mol kg-1 bar-1) (24.78819 bar kg mol-1) = 0.23053 

The reciprocal gives the desired dimensionless Henry's law constant (molar vapor/molar liquid) 

HRn = (Dimensionless Inverse HRn)-1 = 1/0.23053 = 4.34 

The NIST Chemistry WebBook value is within 5% of the OLI and ΔGrxn estimates.  
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The recommendation is to use a rounded value of 4.5 for radon. 

Recommended Dimensionless Henry's Law Constant for Ra-226 as RaCl2 (g) 

Unlike radon, radium (Ra-226) will have negligible volatility under the damp/wet, oxidizing conditions 
encountered in the E-Area disposal units. Ra-226 will exist in the +2 oxidation state and ionize to Ra++ 
(aq) in aqueous solution. Possible solid precipitates that may limit radium solubility include RaSO4 and, 
to a lesser extent, RaCl2.2H2O and Ra(NO3)2. RaSO4 solubility in water is very low and will likely limit 
radium concentration in aqueous solution if sulfate is present.  A review of the literature uncovered no 
references to gas-phase radium species other than elemental radium (Ra).  For purposes of the air and 
radon pathway models, the recommendation is to assume a very small dimensionless Henry's law 
constant equal to 1.0E-30.    
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Appendix A – SO2 

Species activity/fugacity coefficients, chemical equilibrium reactions, and equilibrium constants used by 
the OLI Stream Analyzer software for SO2 Cases 1 and 2 are summarized below. 

Case 1: Condition A (soil at pH 5.4, Eh 0.37 V) 
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Case 2: Oxidized Region III (pH 8.23, Eh 0.73 V) 
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Applicable to SO2 Cases 1 and 2 

 

Note: m-based refers to molality-based equilibrium constants. The m-based equilibrium constants are 
compatible with the “Aqueous Electrolyte” thermodynamic framework used in this study. The x-based 
K(eq) values are mole-fraction-based equilibrium constants, and are used with OLI’s “Mixed Solvent 
Electrolyte” thermodynamic framework. 
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Note: m-based refers to molality-based equilibrium constants. The m-based equilibrium constants are 
compatible with the “Aqueous Electrolyte” thermodynamic framework used in this study. The x-based 
K(eq) values are mole-fraction-based equilibrium constants, and are used with OLI’s “Mixed Solvent 
Electrolyte” thermodynamic framework. 
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Appendix B – Radon 

Species activity/fugacity coefficients, chemical equilibrium reactions, and equilibrium constants used by 
the OLI Stream Analyzer software for calculating the Henry’s law constant for radon are summarized 
below. 

 
Note: m-based refers to molality-based equilibrium constants. The m-based equilibrium constants are 
compatible with the “Aqueous Electrolyte” thermodynamic framework used in this study. The x-based 
K(eq) values are mole-fraction-based equilibrium constants, and are used with OLI’s “Mixed Solvent 
Electrolyte” thermodynamic framework. 
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Appendix C – HgCl2 

Species activity/fugacity coefficients, chemical equilibrium reactions, and equilibrium constants used by 
the OLI Stream Analyzer software for HgCl2 Cases 1 and 2 are summarized below. 

Case 1: Condition A (soil at pH 5.4, Eh 0.37 V) 
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Case 2: Oxidized Region III (pH 8.23, Eh 0.73 V) 
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Applicable to HgCl2 Cases 1 and 2 

 

Note: m-based refers to molality-based equilibrium constants. The m-based equilibrium constants are 
compatible with the “Aqueous Electrolyte” thermodynamic framework used in this study. The x-based 
K(eq) values are mole-fraction-based equilibrium constants, and are used with OLI’s “Mixed Solvent 
Electrolyte” thermodynamic framework. 
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Note: m-based refers to molality-based equilibrium constants. The m-based equilibrium constants are 
compatible with the “Aqueous Electrolyte” thermodynamic framework used in this study. The x-based 
K(eq) values are mole-fraction-based equilibrium constants, and are used with OLI’s “Mixed Solvent 
Electrolyte” thermodynamic framework. 
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