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Abstract

Henry’s law constant data for the noble gases helium, neon, argon, krypton, xenon
and radon in the pure solvents water, methanol, ethanol and propan-2-ol are predicted
over a wide temperature range by molecular simulation. Furthermore, gas solubility
measurements are carried out for neon, krypton and xenon in propan-2-ol, yielding
experimental Henry’s law constant values that are employed, together with data from
literature, to evaluate present simulation results. Suitable molecular force field models
are identified for each binary system and new models for helium and neon are presented.
By examining the entire set of binary systems, a characteristic trend of the solubility

behavior concerning the molecular size of the solutes and solvents is identified. The



present work contributes consistent Henry’s law constant data for 24 binary solute-
solvent pairs over the entire relevant temperature range and improves the database

considerably.

Introduction

The precise knowledge of phase equilibrium behavior is essential for the design of numerous
chemical engineering applications, such as distillation, pervaporation, ab- and desorption. 12
Especially phase equilibrium data of mixtures are crucial for the industry and the successful
implementation of various research projects,3’4 but are often not available for the relevant
systems. Consequently, a further investigation of these properties is necessary to increase
the operational range of existing applications as well as for the development of innovative
products and processes.5 In this way, resources can be saved, supporting a sustainable treat-
ment of the environment. In this context, a growing interest in the utilization of noble gases
in technical applications can be observed because of their chemical inertness, but also due
to their unique physical properties that allow for their usage in electronics and especially in
the field of lighting.6 Moreover, in conjunction with non-toxicity, these characteristics led to
an increasing interest for the use of noble gases in medicine and phzu’maceutics.7

For many applications, the solubility of noble gases in liquids, which can be described by
means of Henry’s lavv,8 is of particular interest.” However, gas solubility data for relevant
solvents have only been reported for a limited temperature range.

’

In preceding publications of our group,10 M Henry’s law constant data for the solutes
helium (He) and argon (Ar) in propan-2-ol (2-PrOH) were determined over a temperature
range from 254 to 482 K by experiment and molecular simulation. These experiments were
continued in the present work, considering neon (Ne), krypton (Kr) and xenon (Xe) in
propan-2-ol. For the present experiments, a high temperature gas solubility apparatus was

employed, which relies on the synthetic method to measure state points on the saturated

liquid line over a temperature range between 320 and 480 K.



However, these experiments are time-consuming and laborious so that other methods
need to be employed to provide Henry’s law constant data over the entire temperature range
and for further solvents. It is known from the literature that molecular simulation, based
on intermolecular force fields and statistical mechanics, is particularly suitable to predict a
wide range of thermodynamic properties with an adequate accuracy.12 Thus, the simulation
tool ms2'" was employed here together with validated molecular force field models to predict
Henry’s law constant data for the entire set of noble gases helium, neon, argon, krypton,
xenon and Radon (Rn) in the pure solvents water (H,O), methanol (MeOH), ethanol (EtOH)
and propan-2-ol in a systematic way. Subsequently, the simulation results are discussed and
compared with the experimental values of this work and from the literature, where it is
shown that the predicted Henry’s law constant data are consistent over a wide temperature

range and significantly extend the database for 24 solute-solvent pairs.

Experiments

Gas solubility measurements were conducted with an apparatus that was initially described
by Windmann et al."* and was subsequently employed by our group to study various mix-

OIS A detailed description of the measuring procedure was presented in these pub-

tures
lications so that only its basic principles are outlined here. The synthetic method was used,
which means that the masses of the pure components loaded into the measuring cell were
precisely determined, leading to the mole fraction of the binary mixture. The vapor-liquid
equilibrium at a specified temperature was reached by composing a mixture where only a
negligibly small vapor bubble remains in the liquid phase, which represents a state on the

saturated liquid line. Consequently, the measured pressure in the cell at this state point is

the one of the phase equilibrium.



Materials

The solvent propan-2-ol was purchased from Merck with a purity of = 99.8%, which was
confirmed by gas chromatographic analysis in our lab. Furthermore, the solvent was degassed
under vacuum before the present experimental work, while the employed noble gases were
not further purified. Sample information, including the purity as given by the supplier, is
summarized in Table 1.

Table 1: Sample information.

fluid CAS registry number source purification method minimum purity”
neon 7440-01-9 Air Liquide none 99.999%

krypton 7439-90-9 Linde none 99.99%

Xenon 7440-63-3 Air Liquide none 99.99%
propan-2-ol  67-63-0 Merck degassing 99.8%

* according to supplier

Experimental uncertainties

Platinum resistance thermometers with a basic resistance of 100 2 were used for the tem-
perature measurements that led to a standard uncertainty of u(7T) = 0.04 K. The pressure
in the measuring cell was determined with a pressure transducer from Honeywell Test &
Measurement (model Super TJE) that had a measuring scale of 70 MPa and an accuracy of
0.1% of the full scale so that the standard uncertainty of the phase equilibrium pressure was
u(p) = 0.07 MPa. Pressure transducers of the same type were employed to determine the
quantities of the pure components that were loaded into the cell. However, for the gaseous
component inlet, the measuring scale of the pressure transducer was 20 MPa for experi-
ments with neon and 1.3 MPa for experiments with krypton and xenon, while for the liquid
component inlet, a pressure transducer with a measuring scale of 100 MPa was employed.
In addition to the uncertainties of the temperature and pressure measurements, the uncer-

16-18

tainties of the equations of state (EOS), that were used to calculate the density of the

pure components, had to be considered to determine the uncertainty of the amount of the
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solute and solvent, i.e. u(ng,s) and u(ny,), respectively. Based on these data, the standard

uncertainty of the solute mole fraction u(xg,s) was calculated with the error propagation law

DT gas ? 0T gas ?
u(l’gas) = \/(ang u(ngas)) + ( an? u(nliq)) . (1)
gas iq

Molecular simulations

Molecular models

To predict the Henry’s law constant by molecular simulation, suitable molecular force field
models have to be employed. Molecular models from Abascal et al., " Schnabel et al.>™*" and
Nikolaychuk et al.'” were used for the solvents water, methanol, ethanol and propan-2-ol,
respectively. Furthermore, the force field parameters of these molecular models are given
in the supporting information. The noble gases were modeled with a single Lennard-Jones
(LJ) site throughout. However, different values for the LJ energy parameter ¢ and LlJ size
parameter o can be found in the literature. Parameters of Warr et al.”? were employed for
helium, neon, argon, krypton and xenon, those of Vrabec et al.”* for argon, krypton and
xenon, while parameters of Mick et al.”* were employed for radon. Moreover, the present
work provides new LJ parameters for helium and neon that were adjusted here to achieve
a better agreement with the experimental Henry’s law constant values. The procedure
to specify these parameters is given in the supporting information and the employed LJ
parameters are listed in Table 2.

To describe the interaction between unlike molecules A and B, the LJ parameters o

and e,p were specified with the Lorentz-Berthelot combination rule®”?

opt+o
OAB = TB, (2)

and



Table 2: Lennard-Jones parameters of the noble gas solutes.

fluid model o elkp
A K
helium  Warr et al.”>  2.967  10.8
this work 2.952 6.934
neon Warr et al.”  3.087  42.25
this work 3.048  23.867

argon Warr et al.” 3.759  143.2
Vrabec et al.”®  3.3952 116.79
krypton Warr et al.”? 3.759 1432
Vrabec et al.?>  3.6274 162.58
xenon  Warr et al.”>  4.063  282.35
Vrabec et al.?®  3.9011 227.55
radon  Mick et al.”* 4145  292.0

€AB T V€A * €B. (3)

In this way, all simulation data for the Henry’s law constant are predictive because no binary

interaction parameters were introduced.

Simulation details

Monte Carlo simulations were carried out employing the simulation tool ms2, release 3.0."
For the prediction of the Henry’s law constant, the isobaric-isothermal (NpT') ensemble of
the solvent’s saturated liquid state with N = 864 particles and a cutoff radius of 15 A was
used. The Henry’s law constant H; is dominated by the residual chemical potential at infinite

dilution z;° >

H; = pkpT exp (,fB—T) , (4)

where p, is the saturated liquid density of the solvent, T the temperature and kg Boltzmann’s
constant. To sample a state of infinite dilution, simulations of pure solvents were conducted

in the NpT' ensemble, while the solutes were only inserted as test particles with Widom’s
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method®® after each Monte Carlo cycle. For each simulation, 2 X 10* equilibration and 3 X
10° production cycles were carried out. Furthermore, the reaction field method with tin-foil
boundary conditions was employed to consider electrostatic long-range interactions, while
dispersion effects were taken into account by the analytical mean field correction. Typical
input files from the present simulations using the tool ms2 are given in the supporting
information and further details on the simulation procedure were given by Koster et al.”’

and Nikolaychuk et al.'’

Results and discussion

Experimental results

Gas solubilities of neon, krypton and xenon in propan-2-ol were measured for temperatures
between 320 and 480 K at different mole fractions. The results are depicted in Fig. 1 and
summarized in Table 3 with their uncertainties. For the investigated mixtures in the region
of low solute mole fractions, a linear increase of the phase equilibrium pressure was observed
when the mole fraction of solute was increased at constant temperature. However, this trend
changes at higher solute mole fractions, as can be seen in Fig. 1 b) for the system krypton +
propan-2-ol at 480 K. Henry’s law implies a linear trend only in the infinite dilution region so
that gas solubility data at higher solute mole fractions, where a change from the linear trend
was observed, were not considered for the calculation of the Henry’s law constant. In the

present work, the temperature dependent definition of the Henry’s law constant was used

H; = (p—-ps) [z;+ ps, (5)

wherein p is the measured phase equilibrium pressure, p, the saturation pressure of the pure
solvent and x; the mole fraction of the solute in the solvent. The Henry’s law constant was

determined with the least squares fitting method by Williamson™ and York.*" This method



was recommended by Cantrell® for linear regression calculations with uncertainties in both
variables. The dashed lines in Fig. 1 represent the regressions that resulted from least
squares fitting. A good agreement with the experimental data at low mole fractions was
found. Henry’s law constant data with their standard uncertainties, also determined with

the Williamson and York method, are listed in Table 4.

Table 3: Experimental gas solubility data of neon, krypton and xenon in propan-2-ol, respec-
tively, with phase equilibrium pressure p and mole fraction of the gaseous component in the
saturated liquid z;. The numbers in parentheses indicate the standard uncertainties u(z;) in
the last digit. The standard uncertainty of the temperature measurement was u(7") = 0.04
K and u(p) = 0.07 MPa for the pressure measurement. The data are depicted in Fig. 1.

Ne + 2-PrOH Kr + 2-PrOH Xe + 2-PrOH

T p INe T p TKr T p TXe
K MPa mol/mol | K MPa mol/mol | K MPa mol/mol
330 2.83 0.0063 (9) | 320 0.31 0.0055 (3) | 360 0.33 0.0086 (5
330 743 0.0141 (9) | 320 0.59 0.0111 360 0.61 0.0197 (
330 10.37 0.019 (1) |320 1.12 0.0215 360 0.95 0.0350 (
330 14.11 0.027 (1) | 320 1.31 0.0248 (3) | 420 1.00 0.0096 (
360 2.42 0.0066 (9) | 400 0.73 0.0051 420 1.42  0.0219 (
360 6.17 0.015 400 1.11 0.0128 420 1.87  0.0393 (
1
2
2

)
)
)
)
)
)

)

(3) 5
(3) 6
(3) 7
(5) 8
(5) 9
360 8.32 0.020 400 1.42  0.0177 (6) | 480 3.25 0.012 (1)
360 11.61 0.028 400 1.83  0.0241 (6) | 480 3.74 0.027 (2)
300 2.24 0.007 400 2.09 0.0277 (6) | 480 4.24  0.049 (2)

480 3.8  0.0078 (7)

480 3.37 0.0158 (7)

480 3.67 0.0264 (8)

480 4.28  0.0309 (9)
9)

480 4.54 0.0349

(1)
(1)
(1)
(1)
390 5.54 0.015 (1)
390 6.95 0.021 (1)
390 9.71 0.029 (1)
420 235 0.008 (1)
420 4.60 0.016 (1)
420 6.08 0.022 (1)
420 814 0.031 (1)
450 3.04 0.008 (1)
450 450 0.018 (2)
450  5.71 0.024 (2)
450 7.23 0.034 (2)
480 3.73 0.009 (2)
480 514 0.020 (2)
480  5.93 0.027 (2)
480  6.96 0.038 (2)
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Figure 1: Experimental gas solubility data from the present work for: a) neon, b) krypton
and c) xenon in propan-2-ol. The dashed regression lines were employed to determine the
Henry’s law constant.



Table 4: Henry’s law constant of neon, krypton and xenon in propan-2-ol from the present
gas solubility measurements. The numbers in parentheses indicate the standard uncertainties
u(H;) in the last digit(s).

Ne + 2-PrOH | Kr + 2-PrOH | Xe + 2-PrOH
T Hy. T Hy., T Hx,
K MPa K MPa K MPa
330 530 (11) | 320 51.6 (3) | 360 24.1 (4)

360 413 (7) | 400 57 (1) |420 28 (1)
390 323 (7) | 480 30.4 (5) | 480 30.2 (9)
420 237 (5)
450 170 (3)
480 109 (2)

Simulation results

Henry’s law constant data were predicted by molecular simulation for all noble gases in water,
methanol, ethanol and propan-2-ol, respectively. The temperature was varied between 42.5
and 95% of the critical temperature of water for the aqueous systems, while for the alcoholic
systems, the temperature ranged between 50 and 95% of the solvent’s critical temperature.
Simulation results were compared with literature data listed in Table 5, with experimental
values of the present work and from preceding publications of our group.lo’11 The Henry’s
law constant as a function of temperature is illustrated in Fig. 2, showing all 24 binary
systems. The solvents are arranged column-wise and ordered by increasing molecular size,
starting with water. The noble gases are arranged vertically, also ordered by their molecular
size and starting with helium on the top. This presentation allows for the observation of
qualitative systematic trends of Henry’s law constant as a function of temperature for this

set of binary systems.

Noble gases in water

For the binary systems with water as a solvent, which are depicted in the left column of Fig.
2, it can be seen that the Henry’s law constant of all noble gases increases with temperature

and goes through a maximum. However, the temperature where the Henry’s law constant is
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Figure 2: Henry’s law constant of noble gases in water, methanol, ethanol and propan-2-ol.
Experimental data from the literature (@), molecular simulation using models from Warr
et al. (O),” Vrabec et al. (V),” Mick et al.

from preceding publications of our group (@) 101

go),“ this work (A),
and present experimental work (). The

statistical uncertainties of the present data are mostly within symbol size.
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maximal differs systematically. It is lowest at a temperature of about 295 K for helium and
increases with the molecular size of the noble gas so that the Henry’s law constant of radon
in water exhibits its maximum at 415 K. Moreover, the highest values of the Henry’s law
constant are present for helium + water, having the maximum at 17.5 GPa. Following the
order of the noble gases, it can be seen that the Henry’s law constant decreases gradually so
that the maximum value of 2.28 GPa is lowest for radon + water. This effect is caused by the
different dispersive interaction of the solutes, which is quantified by the energy parameter €
of the LJ model, cf. Table 2. A larger magnitude of dispersion leads to a better solubility
and thus to a lower Henry’s law constant, which was exemplarily studied for the system of
krypton + water by means of a parameter variation in Fig. 3. For a given energy parameter e,
an increasing size parameter o leads to a reduced solubility (i.e. higher Henry’s law constant)
because it is less likely that a dense solvent can accommodate larger solutes. However, the
dispersive energy, which raises solubility, has a stronger effect so that solubility increases
along the noble gas series.

The results for different solutes are discussed in the following. For helium + water, simu-
lations were carried out employing two different parameter sets for the helium model (Warr
et al. and this work), where the results agree well with each other, while the experimental
data for temperatures below 350 K scatter widely and tend to be lower than the predicted
values. For higher temperatures, only few experimental data are available in the literature,
but they are in good agreement with the present results. For neon + water, two different
molecular models for neon (Warr et al. and this work) were employed and it can be seen
that results from the model by Warr et al. are in good agreement with the experimental
literature data at low temperatures, while the present model overestimates the Henry’s law
constant in this region so that it is not suitable for this mixture. However, the results from
both simulation models coincide at higher temperatures, but are lower than the experimental
literature data.

For the noble gases argon, krypton and xenon, molecular models from Warr et al. and

12
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from Vrabec et al. were used, respectively. Large deviations from the reference data were
obtained for argon + water with the model by Warr et al., while the model by Vrabec et
al. is suitable. Both models lead to a maximum of the Henry’s law constant at the same
temperature of about 355 K, which is consistent with the experimental literature data.

The simulation results from both models overestimate the Henry’s law constant for kryp-
ton + water at temperatures below 475 K, while the deviation is smaller for the model by
Vrabec et al. However, the predicted temperature where the Henry’s law constant exhibits
its maximum agrees with the experimental data from the literature for both models. Fur-
thermore, the results from simulation as well as the experimental reference data coincide at
higher temperatures.

For xenon -+ water, the results obtained with the model from Warr et al. are lower than
the experimental literature data, while the model from Vrabec et al. predicts too high values,
but has a better agreement at high temperatures above 500 K. Furthermore, the latter model
predicts a temperature of the Henry’s law constant maximum that is slightly lower than the
experimental value, whereas the model by Warr et al. overestimates this temperature.

For the prediction of the Henry’s law constant of radon + water, a molecular model by
Mick et al. was employed for the solute. The limited experimental literature data cover only
the low temperature range up to 333 K, where the maximum of the Henry’s law constant is
not reached. Present simulation results are in good agreement with these values so that it
can be assumed that the estimated Henry’s law constant at higher temperatures is reliable

as well.

Noble gases in alcohols

Binary systems with the solvents methanol, ethanol and propan-2-ol are shown in the second,
third and fourth column of Fig. 2, respectively. It can be seen that the Henry’s law constant
decreases with raising temperature in cases of helium and neon as a solute. For argon,

krypton and xenon, the Henry’s law constant increases with raising temperature and goes
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through a maximum. Again, the temperature of the Henry’s law constant maximum increases
with the molecular size of the noble gas. For the alcoholic radon solutions, a maximum of the
Henry’s law constant can only be observed for the solvent methanol at a temperature of about
461 K, while the predicted values for the solvents ethanol and propan-2-ol monotonically
increase with raising temperature over the entire investigated range. As for water, the
largest Henry’s law constant values were found for the systems with helium, while the values
decrease gradually for larger noble gases.

For systems with helium and neon, molecular models from the present work were em-
ployed in the simulations, while models from Vrabec et al. were used for argon, krypton and
xenon. For radon, a molecular model from Mick et al. was used.

Experimental data for the alcoholic solutions are sparse and only available for temper-
atures below 350 K. Preceding investigations of our group and the present work provide
experimental Henry’s law constant data of all noble gases, except for radon, for the solvent
propan-2-ol over a wide temperature range up to 480 K and allow for an adequate evaluation
of the present simulation results.

The predicted values from molecular simulation are in good agreement with the literature
data and present experimental results for all considered alcoholic solutions of the solutes
helium and neon. For the systems with argon, it can be stated that the predicted values for
methanol are in line with data by Lannung,33 while the data by Pachuliya et al.** do not
indicate a maximum of the Henry’s law constant so that their trend is inconsistent with the
observed overall systematic trend. For argon + ethanol, the simulation results are slightly
higher than the experimental literature data, but the predicted temperature of the Henry’s
law constant maximum agrees well. The results for argon + propan-2-ol tend to be lower
than the experimental data, but coincide at higher temperatures. For this system, it also
can be seen from the experimental data by Gorelov et al.”” and Nikolaychuck et al."’ that
the temperature of the Henry’s law constant maximum was predicted correctly. However,

the experimental data by Prorokov et al.*® and Krestov et al.”” do not indicate a maximum
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so that these disagree with the overall trend.

For krypton + methanol, the predicted values of the Henry’s law constant are in good
agreement with the data by Abrosimov et al.,38 while the data by 1\/[akranczy39 show a differ-
ent trend with a considerably more pronounced rise of the Henry’s law constant as a function
of temperature that is not in line with the overall systematic trend. The experimental liter-

36,40
and

ature data for krypton + ethanol are inconsistent and the values by Prorokov et al.
Bo et al.' are lower than the simulation results. However, a single Henry’s law constant
by van Liempt et al.”? is in good agreement with the predictions of the present work, but
a reasonable assessment of the simulation results is not possible for this system. Observing
the results for krypton + propan-2-ol, it can be seen that the predictions agree well with
experimental data from the literature and this work in the low and moderate temperature
range. In the high temperature region, the results from molecular simulation overestimate
the present experimental data point at 480 K.

The experimental literature data for xenon + methanol by Prorokov et al.”® and Kudryavt-
sev et al.** contradict each other. In general, present simulation data are slightly lower than
the reference data, but agree well with the trend of Kudryavtsev et al., while the rise of the
Henry’s law constant as a function of temperature is more pronounced and disagrees with
the overall trend of the data by Prorokov et al.

The predictions of the Henry’s law constant for xenon + ethanol are in excellent agree-
ment with the experimental literature data. The same applies for the system of xenon +
propan-2-ol in the low temperature range. At higher temperatures, the Henry’s law con-
stant values by Prorokov et al.*® rise more steeply than the predicted data that, however,
agree with the present experimental points at temperatures of 360 and 420 K. Neverthe-
less, the Henry’s law constant maximum that was predicted at a temperature of about 432
K by molecular simulation was not validated by the present experiments, where no maxi-
mum was observed so that the predicted values underestimate the Henry’s law constant for

temperatures above 420 K.
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For the systems with radon as a solute, no experimental data for the Henry’s law constant
were available for the solvents methanol and propan-2-ol so that the simulation data were
not evaluated. For radon + ethanol, two experimental values were found in the literature,
which are in line with the present simulation data.

Looking at all binary systems that are depicted in Fig. 2, another systematic trend can
be seen for the Henry’s law constant with respect to the solvents. It is highest for water and
decreases gradually from the left to the right so that the Henry’s law constant is lowest for
the systems with propan-2-ol. Considering that the solubility is inverse to the Henry’s law
constant, it can be summarized that the solubility increases with increasing molecular size
for both the solutes and solvents. These macroscopic effects can be explained by the inter-
molecular interactions. In general, it is well known that the solubility of non-polar solutes
in polar solvents is low ™ because of the strong attractive forces within the pure solvents.
All present solvents are very polar, while the respective electric dipole moment and the cor-
related attractive force decrease with increasing molecular size. " However, with increasing
molecular size, their hydrocarbon content rises so that the particularly attractive hydroxyl
group gradually loses its dominance. Thereby, the molar solvent density decreases, which
entails more voids for accommodating solute molecules. On the other hand, the monatomic
noble gases are non-polar and can only be polarized temporarily. The polarizability is low-
est for helium because it has only two electrons, while for a larger atomic size and a rising
number of electrons, the polarizability increases so that the formation of temporary dipoles
is highest for radon. "’ Thus, it appears that the lowest solubility is present for helium +
water, where the solvent with the strongest attractive force is combined with the solute that
forms a temporary dipole most unlikely.

However, it should be noted that the solutes in the present molecular simulations were
modeled with the simple LJ potential, which is non-polar and does not explicitly consider
polarization effects. Here, the LJ energy parameter € that increases with molecular size (cf.

Table 2), represents the dispersive force and is suitable to adequately predict the solubility
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systematics for the entire set of investigated systems.

Table 5: Literature references for experimental Henry’s law constant data for the investigated
binary systems.

water methanol ethanol propan-2-ol

helium  Morrison et al.”’ Lannung33 Lannung33 Yamamoto et al.™
Pray et al. Clever et al.” Bo et al.*! Sada et al.”!
Weiss”” Liihring et al.”

Hawkins et al.™*
Cady et al.”
Wiebe et al.”®

neon Krause et al.”’ Lannung33 Lannung33
Potter et al.”® Kudryavtsev et al.”  Krestov et al.”

argon Potter et al.” Lau"_ur11111g33 Lannung33 Prorokov et al.*
Crovetto et al.* Pachuliya et al.*! Prorokov et al.* Krestov et al.*’

Gorelov et al.*

krypton Potter et al.” Makranczy39 Prorokov et al.”™*  Prorokov et al.*
Crovetto et al.®”  Abrosimov et al.*® Bo et al.”!
Krause et al.” van Liempt et al.*?
3 36,40

xenon Morrison et al.”’ Kudryavtsev et al.”>  Prorokov et al. Prorokov et al.*
Potter et al.”® Prorokov et al.*
Crovetto et al.®

57
Krause et al.

radon Lewis et al.®! Ramstedt "’
Ramstedt*
Conclusions

Henry’s law constant data for all noble gases in the pure solvents water, methanol, ethanol
and propan-2-ol were predicted over a wide temperature range. In a first step, gas solubility
measurements were carried out for neon, xenon and krypton in propan-2-ol at temperatures
between 320 and 480 K, where only limited or no experimental data were available in the
literature. These experimental results were employed to determine Henry’s law constant
values. This allowed for the evaluation of predicted data from molecular simulations that

were conducted in a predictive manner, i.e. without any binary parameters, on the basis
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of several molecular force field models. New Lennard-Jones parameters were proposed for
helium and neon.

The predicted Henry’s law constant values were presented as a function of temperature for
24 binary systems and compared with experimental data from this work and the literature.
Different molecular models for a given solute may lead to considerably different predictions
and it was shown which models are suitable for the respective binary solute-solvent systems.
The solubility behavior for the entire set of systems was investigated, where it was pointed
out that the solubility increases in the order of rising molecular size, both for the solvent
and the solute. Another systematic trend was observed for the temperature dependence of
the Henry’s law constant, which exhibits a maximum at low temperatures for small solutes.
With rising solute size, the temperature of the Henry’s law constant maximum increases.
In summary, the present work provides consistent Henry’s law constant data for 24 relevant
binary mixtures for temperatures up to the near-critical region of the solvents so that the

available database was extended considerably.

Associated Content

The supporting information provides Henry’s law constant data for the noble gases in water,
methanol, ethanol and propan-2-ol as predicted by molecular simulation. Furthermore, a
specification of Lennard-Jones parameters for helium and neon is described, the force field
parameters of the solvents are listed and typical input files for the simulation of Henry’s law

constant with ms2 are presented.
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Abstract

This supporting information provides Henry’s law constant data for the noble gases
in water, methanol, ethanol and propan-2-ol predicted by molecular simulation. Fur-
thermore, a specification of Lennard-Jones parameters for helium and neon is described,
the force field parameters of the solvents are listed and typical input files for the simu-

lation of Henry’s law constant with ms2 are presented.



Lennard-Jones Parameters

The present work provides new LJ parameters for He and Ne. For this purpose, the maximum
value of the second virial coefficient of the LJ fluid, which is B™* /0" = 1.1064 at kgT™" Je =
25.1732," was compared with the maximum of the second virial coefficient B™ of these two
gases at their respective maximum temperatures 17", as depicted in Fig. 1. For this
purpose, highly accurate EOS by Ortiz Vega2 and Katti et al.” were employed to determine
the second virial coefficient of helium and neon, respectively. The LJ parameters for the two
pure substances were then defined as e/kg = T," /Ty and ¢ = /B[ BY* respectively,
resulting in ey./kg = 6.934 K, o, = 2.64 A and ene/ kg = 23.867 K, one = 2.72 A. These
parameters were employed to estimate the gas density by calculating the second and third
virial coefficients at VLE conditions of methanol, ethanol and propan-2-ol, which were in
good agreement with literature data. However, it was found that the Henry’s law constant
did not coincide well with the experimental data so that the o values were readjusted to

obtain a better agreement, yielding oy, = 2.952 A and oy, = 3.048 A.

LJ fluid
—————— helium
. neon

1 10 100 1000
kT /¢

Figure S 1: Second virial coefficient as a function of temperature for the LJ fluid and for
helium and neon with adjusted € and o.



Solvents force field parameters

Table S 1: Force field parameters for Watelr,4 metha1101,5 ethanol®
7 i
and propan-2-ol° employed in the present work.

site x /A y /A /A o /A €lkg /K qlq
water

O 0 0 0 3.1589  93.2

H 0.58588  0.75695 0 0.5564
H 0.58588 -0.75695 0 0.5564
PC* 01546 0 0 -1.1128

methanol
CH; 0.76603 0.01338 0 3.7543 120.5917  0.2475
O -0.65646 -0.06389 0 3.03 87.8791 -0.6787
H -1.00499 0.81459 0 0.4312
ethanol

CH; -1.47077 -0.33835 0 3.6072 120.15

CH, 0.09277 0.88328 0 3.4612  86.291 0.2556
O 1.17155 -0.45098 0 3.1495  85.0534 -0.6971
H 2.04916 -0.08587 0 0.4415

propan-2-ol

CH; -1.21412 -0.76352 -0.10424 3.9052 106.05

CH; 1.31845 -0.57256 -0.09082 3.9052 106.05

CH 0.0016 0.02693 0.37199 3.2383  20.2 0.3097
0] -0.02613 1.36732 -0.16452 3.1538  85.9035 -0.7472
H -0.79426  1.86518  0.09883 0.4375

* PC: point charge



Henry’s law constant data by molecular simulation

Table S 2: Henry’s law constant data from molecular simulation for helium and neon in
water, employing molecular force field models for the solutes from Warr et al.® and this
work. Statistical uncertainties are denoted by 6 H,;.

T H, 0H,; H, 0H,; H; 0H,; H; 0H,;
K GPa GPa | GPa GPa | GPa GPa | GPa GPa
He + H,O Ne + H,O

this work Warr this work Warr

275 1 16.570 0.214 | 16.331 0.211 | 14.923 0.269 | 10.187 0.183
295 | 17.427 0.139 | 17.506 0.140 | 16.795 0.189 | 12.142 0.136
315 | 16.562 0.121 | 16.836 0.123 | 16.668 0.164 | 12.595 0.124
335 | 15.550 0.087 | 15.993 0.090 | 16.352 0.129 | 12.899 0.102
355 | 13.890 0.056 | 14.374 0.058 | 14.955 0.086 | 12.170 0.070
375 | 11.697 0.052 | 12.137 0.053 | 12.742 0.073 | 10.627 0.061
395 | 9.984 0.033 | 10.378 0.035 | 10.966 0.049 | 9.339 0.042
415 | 8.473 0.031 | 8.816 0.033 | 9.360 0.045| 8.121 0.039
435 | 7.140 0.023 | 7.432 0.024 | 7.914 0.033 | 6.976 0.029
455 | 5.929 0.017 | 6.165 0.018 | 6.563 0.024 | 5.862 0.021
475 | 4.859 0.013 | 5.042 0.013 | 5.350 0.017 | 4.828 0.015
495 | 3.974 0.009 | 4.114 0.009 | 4.352 0.011 | 3.966 0.010
515 | 3.224 0.008 | 3.330 0.009 | 3.506 0.011 | 3.221 0.010
535 | 2.576 0.007 | 2.651 0.007 | 2.775 0.008 | 2.567 0.008
555 | 2.048 0.006 | 2.101 0.006 | 2.186 0.007 | 2.036 0.007
575 | 1.597 0.006 | 1.632 0.006 | 1.687 0.007 | 1.581 0.006
595 | 1.225 0.005| 1.248 0.005| 1.282 0.006 | 1.208 0.005
615 | 0.929 0.005| 0.943 0.005| 0.963 0.005| 0.913 0.005




Table S 3: Henry’s law constant data from molecular simulation for argon and krypton in
water, employing molecular force field models for the solutes from Warr et al.® and Vrabec
et al.” Statistical uncertainties are denoted by 0 H,;.

T H, 0H, H, 0H,; H; 0H,; H, 0H,;
K GPa GPa | GPa GPa | GPa GPa | GPa GPa
Ar + H,0O Kr + Hy,O

Warr Vrabec Warr Vrabec

275 1 5.004 0.301 | 3.784 0.227 | 2.349 0.246 | 2.346 0.246
295 | 7.085 0.264 | 5.303 0.198 | 3.580 0.228 | 3.527 0.225
315 | 8.526 0.235] 6.214 0.171 | 4.866 0.215 | 4.419 0.196
335 | 10.405 0.254 | 7.283 0.178 | 6.393 0.252 | 5.589 0.220
355 | 10.597 0.183 | 7.463 0.129 | 6.875 0.181 | 5.955 0.157
375 | 9.786 0.143 | 6.951 0.102 | 6.690 0.152 | 5.732 0.130
395 | 8.842 0.099 | 6.426 0.072 | 6.199 0.100 | 5.410 0.087
415 | 7.994 0.087 | 5.863 0.064 | 5.857 0.087 | 5.059 0.075
435 | 6.965 0.060 | 5.232 0.045 | 5.190 0.059 | 4.577 0.052
455 | 5.928 0.042 | 4.537 0.032 | 4.537 0.043 | 4.027 0.038
475 | 4.839 0.029 | 3.811 0.023 | 3.756 0.028 | 3.402 0.026
495 | 3.979 0.018 | 3.200 0.015 | 3.148 0.018 | 2.883 0.017
515 | 3.205 0.017 | 2.640 0.014 | 2.574 0.016 | 2.392 0.015
535 | 2.514 0.012 | 2.130 0.010 | 2.039 0.011 | 1.935 0.010
555 | 1.971 0.009 | 1.710 0.008 | 1.619 0.009 | 1.559 0.008
575 | 1.507 0.008 | 1.341 0.007 | 1.252 0.007 | 1.226 0.007
595 | 1.137 0.007 | 1.035 0.006 | 0.957 0.006 | 0.950 0.006
615 | 0.854 0.005 | 0.793 0.005 | 0.730 0.005 | 0.732 0.005




Table S 4: Henry’s law constant data from molecular simulation for xenon and radon in
water, employing molecular force field models for the solutes from Warr et al.,8 Vrabec et
al.” and Mick et al.'® Statistical uncertainties are denoted by 0 H;.

T H, 0H,; H; 0H,; H, 0H,;
K | GPa GPa | GPa GPa | GPa GPa
Xe + H,O Rn + H,O

Warr Vrabec Mick

2751 0.412 0.051 | 1.135 0.142 | 0.379 0.057
295 | 0.733 0.055 | 1.839 0.137 | 0.687 0.060
315 | 1.172 0.059 | 2.610 0.131 | 1.138 0.067
335 | 1.724 0.079 | 3.597 0.164 | 1.667 0.089
355 | 2.074 0.062 | 4.052 0.121 | 2.010 0.069
375 | 2.238 0.058 | 4.105 0.106 | 2.190 0.066
395 | 2.257 0.040 | 3.969 0.070 | 2.195 0.044
415 | 2.322 0.037 | 3.871 0.062 | 2.279 0.041
435 | 2.206 0.026 | 3.553 0.043 | 2.157 0.029
455 | 2.069 0.020 | 3.202 0.031 | 2.027 0.022
4751 1.819 0.014 | 2.731 0.021 | 1.780 0.015
495 | 1.619 0.009 | 2.353 0.014 | 1.585 0.010
515 | 1.398 0.009 | 1.974 0.012 | 1.369 0.009
535 | 1.167 0.006 | 1.605 0.008 | 1.140 0.006
5551 0.974 0.005 | 1.306 0.007 | 0.952 0.005
5751 0.792 0.004 | 1.034 0.006 | 0.773 0.004
595 | 0.636 0.004 | 0.809 0.005 | 0.620 0.004
615 | 0.509 0.003 | 0.631 0.004 | 0.497 0.003




Table S 5: Henry’s law constant data from molecular simulation for noble gases in methanol,
employing molecular force field models for the solutes from Vrabec et al.,9 Mick et al.'® and

this work. Statistical uncertainties are denoted by 0 H;.

T H, 0H, H; 0H,; H, 0H,;
K GPa GPa GPa GPa GPa GPa
He + MeOH Ne + MeOH Ar + MeOH
this work this work Vrabec
256.30 | 3.042 0.032 | 2.005 0.008 | 0.1981 0.0017
281.93 | 2.243 0.024 | 1.580 0.005 | 0.2150 0.0012
307.56 | 1.706  0.018 | 1.267 0.003 | 0.2240 0.0010
333.19 | 1.326  0.014 | 1.027 0.002 | 0.2257 0.0008
358.82 | 1.043 0.011 | 0.836  0.001 | 0.2202 0.0005
384.45 | 0.824 0.009 | 0.679 0.001 | 0.2094 0.0004
410.08 | 0.640 0.007 | 0.539 0.001 | 0.1910 0.0004
435.71 | 0.489  0.005 | 0.420 0.001 | 0.1689 0.0003
461.34 | 0.359  0.004 | 0.313 0.001 | 0.1422 0.0003
486.97 | 0.240 0.001 | 0.214 0.001 | 0.1104 0.0004
Kr + MeOH Xe + MeOH Rn + MeOH
Vrabec Vrabec Mick

256.30 | 0.0720 0.0008 | 0.0153 0.0003 | 0.0027 0.0001
281.93 | 0.0895 0.0006 | 0.0234 0.0002 | 0.0052 0.0001
307.56 | 0.1039 0.0006 | 0.0318 0.0002 | 0.0084 0.0001
333.19 | 0.1149 0.0005 | 0.0404 0.0002 | 0.0124 0.0001
358.82 | 0.1209 0.0003 | 0.0477 0.0002 | 0.0167 0.0001
384.45 | 0.1230 0.0003 | 0.0537 0.0001 | 0.0212 0.0001
410.08 | 0.1188 0.0003 | 0.0567 0.0002 | 0.0247 0.0001
435.71 | 0.1109 0.0002 | 0.0574 0.0001 | 0.0276 0.0001
461.34 | 0.0982 0.0002 | 0.0550 0.0001 | 0.0290 0.0001
486.97 | 0.0806 0.0003 | 0.0492 0.0001 | 0.0287 0.0001




Table S 6: Henry’s law constant data from molecular simulation for noble gases in ethanol,
employing molecular force field models for the solutes from Vrabec et al.,9 Mick et al.'® and

this work. Statistical uncertainties are denoted by 0 H;.

T H; 0H, H, 0H,; H, 0H,;
K GPa GPa GPa GPa GPa GPa
He + EtOH Ne + EtOH Ar + EtOH
this work this work Vrabec
257.35 | 2.3937 0.0254 | 1.5876 0.0102 | 0.1613  0.0019
283.09 | 1.7554 0.0138 | 1.2418 0.0052 | 0.1724  0.0013
308.82 | 1.3147 0.0074 | 0.9781 0.0033 | 0.1752  0.0010
334.56 | 0.9959 0.0040 | 0.7703 0.0014 | 0.1699  0.0005
360.29 | 0.7695 0.0022 | 0.6152 0.0014 | 0.1627  0.0005
386.03 | 0.5916 0.0013 | 0.4856 0.0008 | 0.1499  0.0003
411.76 | 0.4557 0.0010 | 0.3827 0.0005 | 0.1358  0.0002
437.50 | 0.3441 0.0009 | 0.2946 0.0004 | 0.1186  0.0002
463.23 | 0.2516 0.0009 | 0.2193 0.0004 | 0.0998  0.0002
488.97 | 0.1723 0.0009 | 0.1530 0.0005 | 0.0790  0.0002
Kr + EtOH Xe + EtOH Rn + EtOH
Vrabec Vrabec Mick
257.35 | 0.0584 0.0009 | 0.0122 0.0003 | 0.00213 0.00006
283.09 | 0.0717 0.0007 | 0.0186 0.0003 | 0.00408 0.00007
308.82 | 0.0811 0.0006 | 0.0246 0.0002 | 0.00644 0.00007
334.56 | 0.0859 0.0003 | 0.0297 0.0002 | 0.00908 0.00006
360.29 | 0.0888 0.0003 | 0.0345 0.0001 | 0.01202 0.00006
386.03 | 0.0874 0.0002 | 0.0376 0.0001 | 0.01468 0.00004
411.76 | 0.0840 0.0002 | 0.0395 0.0001 | 0.01715 0.00004
437.50 | 0.0775 0.0001 | 0.0396 0.0001 | 0.01895 0.00003
463.23 | 0.0686 0.0001 | 0.0381 0.0001 | 0.02002 0.00003
488.97 | 0.0574 0.0002 | 0.0347 0.0001 | 0.02011 0.00004




Table S 7: Henry’s law constant data from molecular simulation for noble gases in propan-2-
ol, employing molecular force field models for the solutes from Vrabec et al.,9 Mick et al."
and this work. Statistical uncertainties are denoted by ¢ H;.

T H, 0H,; H, 0H,; H, 0H,

K GPa GPa GPa GPa GPa GPa

He + 2-PrOH Ne + 2-PrOH Ar + 2-PrOH

this work this work Vrabec

254.10 | 1.1888 0.0126 | 0.7784  0.0041 | 0.0819  0.0008
279.60 | 0.9443 0.0074 | 0.6634  0.0026 | 0.0954  0.0006
305.00 | 0.7449  0.0042 | 0.5509 0.0014 | 0.1015 0.0004
330.40 | 0.5895  0.0023 | 0.4537 0.0009 | 0.1025 0.0003
355.80 | 0.4718 0.0013 | 0.3754  0.0006 | 0.1009  0.0002
381.20 | 0.3733  0.0008 | 0.3050 0.0004 | 0.0953  0.0001
406.60 | 0.2932  0.0006 | 0.2450  0.0003 | 0.0875  0.0001
432.00 | 0.2254  0.0006 | 0.1920 0.0002 | 0.0776  0.0001
457.50 | 0.1682  0.0006 | 0.1459  0.0002 | 0.0664  0.0001
482.90 | 0.1190 0.0006 | 0.1051  0.0002 | 0.0541  0.0001

Kr + 2-PrOH Xe + 2-PrOH Rn + 2-PrOH

Vrabec Vrabec Mick

254.10 | 0.02995 0.00034 | 0.00644 0.00010 | 0.00119 0.00002
279.60 | 0.04000 0.00033 | 0.01056 0.00012 | 0.00243 0.00003
305.00 | 0.04741 0.00023 | 0.01472 0.00009 | 0.00404 0.00003
330.40 | 0.05225 0.00016 | 0.01849 0.00007 | 0.00586 0.00002
355.80 | 0.05546 0.00014 | 0.02198 0.00006 | 0.00791 0.00003
381.20 | 0.05581 0.00010 | 0.02437 0.00005 | 0.00979 0.00002
406.60 | 0.05428 0.00009 | 0.02585 0.00005 | 0.01147 0.00002
432.00 | 0.05072 0.00006 | 0.02618 0.00003 | 0.01274 0.00002
457.50 | 0.04571 0.00007 | 0.02552 0.00004 | 0.01359 0.00002
482.90 | 0.03925 0.00007 | 0.02378 0.00004 | 0.01389 0.00002




Input parameters for ms2

Typical input parameters for simulating the Henry’s law constant by the Monte-Carlo
method in ms2, for the systems water + (He, Ne, Ar) at 295 K (a), methanol + (Ne,
Ar, Kr, Xe) at 307.56 K (b), ethanol + (Ne, Ar, Kr, Xe) at 308.82 K (¢) and propan-2-ol +
(Ne, Ar, Kr, Xe) at 305 K(d).
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