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Solubilities of Nitrogen, Oxygen, and Argon 

in Distilled Water 

Cornelius E. Klots1 and Bruce B. Benson 
Department of Physics, Amherst College, 
Amherst, Massachusetts 

ABSTRACT 

The solubilities of nitrogen, oxygen and argon in distilled water in the temperature range 
2-2 7°C have been measured with an estimated accuracy approaching o. 1 °/o- Both absolute 
and solubility ratio techniques were employed. Tabulations are presented and interrelation-
ships among the results are noted. 

Introduction. A recent survey (2) of the available solubility data for the 
common atmospheric gases (nitrogen, oxygen and argon) in distilled and saline 
waters has pointed out the generally unsatisfactory state of knowledge of these 
rather fundamental parameters. Comparison of the work of various investi-
gators, where possible, indicates discrepancies as large as several per cent, and 
there seems to be no unambiguous basis for a preference for any one set of data. 

A precise knowledge of these solubilities would be valuable in several 
instances. Their relevance to an understanding of solvent-solute interactions 
has been discussed recently (8, I2). Further, many problems of a geochemical 
nature require, as boundary conditions, the concentrations of dissolved gases 
at the water-atmosphere interface, for which the equilibrium concentrations 
(at the appropriate temperature and salinity) would serve as first approxima-
tions (3). Indeed, the relationship between surface a:nd equilibrium concentra-
tions is, in itself, an interesting problem that alone would warrant a precise 
redetermination of these parameters. 

It has been suggested (2) that, if the. solubility coefficients for one of the 
atmospheric gases were known accurately, the coefficients for the other gases 
might be obtained more easily by a "ratio" technique. In addition to the 
need for reliable values-for the reference solubility, it must be shown that in a 
mixture of gases the various solubilities are independent. We have chosen 
nitrogen as the reference gas and have carried out an extensive set of absolute 
solubility measurements on essentially pure nitrogen in distilled water from 
2-2 7°C. An accuracy of o. I 0

/ o was sought in this temperature range of widest 
1 Present address: Department of Chemistry, Florida State University, Tallahassee, Florida. 
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geochemical interest. A smaller number of similar manometric determinations 
of the absolute solubilities of oxygen and argon, respectively, were performed. 
In addition, several independent mass spectrometric measurements were made 
of the solubility ratios oxygen/nitrogen and argon/nitrogen in mixtures of 
gases, for comparison with the ratios calculated from the solubilities of the 
pure gases. 

Experimental. The experimental procedures for the determinations of the 
solubilities of the individual gases were similar. The detailed procedure for 
nitrogen is described. The equilibration apparatus consisted of two glass bulbs 
connected by two parallel stopcocks, with an additional stopcock and ground 
glass joint at the outer end of each bulb. The volumes of all sections were 
measured several times by filling with mercury. Enough completely degassed 
distilled water to more than fill the larger bulb ( ~ 300 ml) was isolated in the 
apparatus, which was then suspended upright in a bath at the desired temper-
ature. After some time, the two middle stopcocks were closed, isolating a known 
amount of water in the bottom bulb. The excess water was then removed from 
the top compartment ( ~ 150 ml) and nitrogen was admitted to it from a 
storage reservoir. The pressure and temperature of this nitrogen could be 
measured accurately when a material balance check for the gas was desired. 
With the top stopcock closed, the middle stopcocks were opened and the 
apparatus was turned sideways so that water filled half of each compartment 
and one connecting tube. It was suspended in this position in the temperature 
bath and rocked gently to produce surface ripples without splashing. The gas 
and water were left to equilibrate at least over night, and up to 48 hours at very 
low temperatures where the approach to equilibrium was considerably slower. 

When it was thought that saturation obtained, the equilibrator, while still 
in its bath, was slowly turned upright to permit the gas-laden water to drain 
back into the lower bulb, where it was isolated by turning the middle stopcocks. 
The apparatus was then attached to a vacuum line, and the undissolved gas 
was completely removed and Toepler-pumped through a dry ice-acetone trap 
and a liquid air trap into a mercury manometer and a collection bulb. The 
volumes of the manometer and bulb were accurately known. In this way the 
amount of undissolved gas was determined precisely. 

In general a small amount of water that could not be drained back into the 
bottom bulb of the equilibration apparatus would be caught in the cold traps 
during the removal of the undissolved gas. It was necessary to distill this into 
a small weighing bulb since it represented the imperfect separation of the two 
phases, and the volume obtained by weighing constituted an important cor-
rection factor in subsequent calculations•. 

• This quantity. when corrected for the volume increase of liquid upon solution (r_3), and for the 
decrease due to compression of the water when exposed to the gas, could be equated with the volume 
of undissolved gas trapped in the larger compartment. 



50 Journal of Marine Research 

The dissolved gas was extracted from the liquid phase by slowly draining 
it into a one liter bulb containing a thoroughly degassed Teflon-covered mag-
netic stirrer. As it was released from solution, the nitrogen was Toepler-
pumped through cold traps, and collected and measured, as before. Total ex-
traction was indicated by a thermocouple vacuum gauge showing no further 
release of noncondensable gas over a half-hour period. This quantity, in con-
junction with the amount of undissolved gas and with the volumes of the two 
compartments, then gave the desired distribution of the nitrogen between the 
two phases. 

It could be demonstrated that these procedures were capable of recovering 
quantitatively the relevant gas, since the sum of the undissolved and dissolved 
nitrogen must equal the amount originally present. When this check was 
made, agreement was usually within 0.05 •/•, or approximately the precision 
of the combined manometric measurements. 

Three sets of water-gas equilibration bulbs and two manometers were used 
for these measurements, with no discernible systematic differences in the 
results they yielded. Pressures were read with an Ealing 11-550 cathetometer. 
All mercury had been chemically processed and then distilled. Two temper-
ature baths were employed, each with two thermometers. These thermometers 
had been calibrated against standards at the Woods Hole Oceanographic 
Institution. At the end of these experiments the thermometers were recali-
brated with a Leeds and Northrup platinum thermometer and were found to 
be unchanged. Each bath was capable of maintaining a desired temperature 
to within o.01°C. 

Two comments might be made about the present technique. First, since 
only tank nitrogen was used in a closed equilibration system, it was not neces-
sary to correct the results for the presence of large amounts of other gases, as 
in open equilibration systems. Argon and oxygen each composed only about 
0.1 •/• of the tank gas. Corrections for these small impurities were made from 
mass spectrometric analyses of the undissolved and dissolved gases. Secondly, 
the partial pressure of nitrogen at equilibrium in the gas phase was not measured 
in situ but was calculated from the number of moles of gas recovered and the 
perfect gas laws. Deviations from the perfect gas laws could be calculated 
readily from second virial coefficients which in turn were deduced from the 
tabulated Lennard-Jones parameters for nitrogen (Io). Since the partial pres-
sure of water vapor did not enter into any measurement or calculation, it was 
removed as a complicating factor. Previous investigators usually needed to 
consider this quantity (7, IS). The precision of the measurements, therefore, 
probably was limited by the accuracy with which the manometric measure-
ments could be made, and by the use of greased stopcocks. The tendency of 
this grease to flow necessarily introduces some uncertainty into the volumes 
of the equilibration bulbs and probably restricts measurements with this 
technique to temperatures below 30°C. 
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TABLE I. EXPERIMENTAL DETERMINATIONS OF THE BUNSEN ABSORPTION COEFFI-
CIENTS AND HENRY'S LAW CONSTANTS FOR NITROGEN. 

Expt. t 0 e OC X 103 K x l0-4 Expt. t 0 e 0C X 103 K x 10·4 

32 1.86 22.97 5.417 19 11.03 18.55 6.704 
7 2.18 22.81 5.453 21 12.25 18.18 6.840 
9 2.21 22.75 5.467 23 12.77 17.97 6.918 
8 2.71 22.51 5.528 25 13.92 17.59 7.067 
6 3.36 22.10 5.627 27 14.93 17.27 7.199 
4 3.75 21.81 5.704 29 15.93 16.99 7.315 
5 3.83 21.76 5,.718 30 16.84 16.70 7.440 

12 4.81 21.23 5.861 31 17.82 16.38 7.587 
13 5.25 20.98 5.929 16 19.49 15.98 7.776 
10 5.89 20.79 5.984 18 20.18 15.79 7.864 
3 5.92 20.70 6.010 14 21.26 15.47 8.028 

11 6.88 20.34 6.114 20 22.12 15.30 8.113 
2. 7.66 19.94 6.238 22 23.14 14.98 8.288 

15 8.93 19.43 6.400 24 24.05 14.85 8.354 
17 9.23 19.31 6.441 26 25.07 14.68 8.453 

10.10 18.89 6.583 28 26.10 14.44 8.584 
33 27.01 14.24 8.711 

In the oxygen experiments, sterile water was used, and certain nominal pre-
cautions were taken to keep the equilibration apparatus biologically clean. The 
gases were tank grade, and mass spectrometric analyses determined the impurity 
level ( ~ 0.2 °/o nitrogen) in both the undissolved and dissolved fractions. 
The partial molal volume for oxygen has been reported (r3) and that for 
argon has been estimated with sufficient accuracy for our purposes (5). 
Second virial coefficients of these gases may be calculated from their force 
constants (9, I9 ). 

In the solubility ratio experiments, approximately equimolar mixtures of 
either oxygen and nitrogen or argon and nitrogen were equilibrated with dis-
tilled water. The undissolved and dissolved gases were each analyzed mass-
spectrometrically for the ratio of their components, and from the two analyses 
the ratio of the solubility coefficients was calculated. The instrumentation for 
these measurements is described elsewhere (r). The precision of the solubility 
ratio values was approximately 0.2 °/o. 

Results. 
NITROGEN. Results of the solubility measurements with nitrogen are given 

in Table 1, expressed as both Bunsen absorption coefficients, ex, and Henry's 
law constants. The former are defined3 as the volume of gas (at STP) dissolved 
per volume of solution when the fugacity of that gas above the solution is one 

3 This definition is not unambiguous. One mole of nitrogen at STP would occupy 22,404 ml 
(cf. zo). Solubility coefficients in this paper are based on the ideal 22,414 ml; the difference is slight. 
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TABLE II. SMOOTHED CURVE VALUES OF (A) THE BUNSEN ABSORPTION COEFFI-

CIENTS AND (B) HENRY'S LAW CONSTANTS FOR NITROGEN. 

t 0 e 0.00 0.20 0.40 0.60 0.80 t 0 e o.oo 0.20 0.40 0.60 0.80 

A <X X !03 B K x 10-• 

2 22.90 22.77 22.64 22.51 22.39 
3 22.27 22.15 22.03 21.92 21.80 
4 21.69 21.58 21.48 21.38 21.28 
5 21.18 21.08 20.98 20.89 20. 79 
6 20. 70 20.60 20.51 20.42 20.33 
7 20.24 20.15 20.06 19.98 19.89 
8 19.80 19.71 19.63 19.55 19.47 
9 19.39 19.31 19.23 19.15 19.07 

10 18.99 18.91 18.83 18.75 18.68 
11 18.60 18.53 18.46 18.39 18.32 
12 18.25 18.18 18.11 18.04 17.97 
13 17.90 17.84 17.77 17.70 17.63 
14 17.57 17.50 17.43 17.36 17.30 
15 17.24 17.18 17.12 17.07 17.01 
16 16.95 16.89 16.83 16.77 16.71 
17 16.65 16.59 16.54 16.49 16.43 
18 16.38 16.32 16.26 16.21 16.15 
19 16. 10 16.05 16.00 15.94 15.89 
20 15.84 15.79 15.74 15.69 15.64 
21 15.59 15.54 15.49 15.44 15.39 
22 15.34 15.30 I 5.25 I 5.20 I 5. I 5 
23 15.JO 15.06 15.01 14.96 14.92 
24 14.88 14.84 14.79 14.75 14.71 
25 14.66 14.62 14.58 14.54 14.49 
26 14.45 14.41 14.37 14.33 14.29 
27 14.25 

2 5.433 5.464 5.494 5.525 5.555 
3 5.585 5.615 5.645 5.675 5.705 
4 5.735 5.764 5.791 5.818 5.846 
5 5.874 5.902 5.929 5.956 5.985 
6 6.01 I 6.038 6.065 6.092 6.119 
7 6. I 46 6. I 74 6.20 I 6.229 6.25 7 
8 6.284 6.3 I I 6.337 6.363 6.389 
9 6.414 6.439 6.466 6.494 6.521 

10 6.548 6.575 6.603 6.630 6.657 
11 6.684 6.7IO 6.736 6.762 6.788 
12 6.814 6.841 6.867 6.894 6.920 
13 6.946 6.971 6.997 7.023 7.049 
14 7.076 7.102 7.128 7.154 7.181 
15 7.208 7.233 7.258 7.283 7.308 
16 7.333 7.359 7.385 7.410 7.436 
17 7.462 7.488 7.512 7.537 7.562 
18 7.587 7.613 7.638 7.663 7.688 
19 7.713 7.738 7.763 7.788 7.813 
20 7.837 7.862 7.886 7.91 I 7.936 
21 7.963 7.989 8.015 8.041 8.066 
22 8.091 8.117 8.142 8.167 8.192 
23 8.217 8.241 8.266 8.291 8.316 
24 8.340 8.364 8.388 8.411 8.435 
25 8.460 8.485 8.509 8.534 8.559 
26 8.584 8.609 8.632 8.655 8.678 
27 8.701 

atmosphere4• The latter are defined by P; = K;X;, where P; is the fugacity 
of nitrogen in atmospheres and X; its mole fraction in solution. Bunsen 
absorption coefficients and Henry's law constants are related through the 
equation: o: = [22, 414/(MW)H,o] e/K = (1.2441 x 103) e/K, where e is the 
absolute density of water in gms/ml and MW the molecular weight of water. 

The equilibrium partial pressures varied from 30 to 7 5 cm Hg, with no 
detectable deviation from Henry's law. High pressure solubility data suggest 
(cf. IJ) that such deviations should be comparable to the present experi-
mental uncertainty only at pressures above three atmospheres. Since solubility 
coefficients are slight functions of external pressure, the experimental results 
have been adjusted to a total pressure of one atmosphere, using the known partial 
molal volume of nitrogen (IJ). This adjustment is, in effect, a Poynting 
correction for the solute and is equivalent to taking the standard state in solu-
tion to be at one atmosphere total pressure. At most, this correction amounted 

4 A fugacity of nitrogen of 760.0 mm corresponds to a pressure of 760. I 3 mm at 300° K and 
of 760.32 mm at z75°K. 
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TABLE III. EXPERIMENTAL RESULTS FROM THE MANOMETRIC DETERMINATIONS OF 

THE BUNSEN ABSORPTION COEFFICIENTS FOR OXYGEN (A) AND ARGON (B) AND 

FROM THE MASS SPECTROMETRIC MEASUREMENTS OF THE RATIO OF THE BUN-

SEN COEFFICIENTS FOR OXYGEN AND NITROGEN (A) AND ARGON AND NITROGEN (B) . 

Expt. t0 e oc(O,) x 103 oc(O,)/oc(N,) B Expt. t0e oc(A) x 103 oc(A)/oc(N,) 
Manometric Manometric 
22 2.29 46.48 2.047 19 2.35 50.64 2.234 
20 2.95 45.42 2.037 2 3.02 49.69 2.232 
5 5.78 42 .16 2.027 6 6.76 45.21 2.222 

16 6.54 41.50 2.029 8 8.95 42.87 2.209 
17 7.04 40.96 2.026 10 10.56 41.30 2.200 
3 11.72 36.77 2.004 11 11.25 40.70 2.199 
4 11.80 36.62 1.999 17 13.19 39.07 2.190 

21 14.37 34.82 1.997 12 15.01 37.51 2.176 
18 21.98 30.00 1.955 14 17.61 35.75 2.168 
14 23.14 29.35 1.947 9 19.30 34.61 2.160 
13 23.20 29.37 1.950 7 20.22 34.07 2.158 
1 23.68 29.09 1.947 5 22.39 32.80 2.150 
2 23.71 29.14 1.950 1 24.38 31.71 2.143 

15 24.05 28.95 1.948 3 25.59 31.08 2.137 
6 24.36 28.84 1.949 4 26.72 30.57 2.137 

19 26.27 27.87 1.936 

Mass Spectrometric Mass Spectrometric 
II 5.75 2.024 18 3.19 2.238 
10 10.95 2.002 15 12.56 2.207 
8 11.90 1.999 13 21.82 2.147 
9 11.90 2.002 16 27.28 2.132 

12 22.40 1.947 
7 23.70 1.944 

to o. I•/•, but it was included since it was comparable to the accuracy we 
were seeking. In certain geophysical applications, hydrostatic pressures will 
be such as to make these corrections quite critical (II). 

A plot of the logarithms of the Henry's law constants for nitrogen against 
reciprocal absolute temperature was made and fitted with the best curve 
yielding smooth first and second derivatives. These derivatives, which are 
related to the partial molal enthalpy and entropy of solution and to the partial 
molal heat capacity of nitrogen in solution, are discussed elsewhere (I2). The 
path of the solubility curve is given in Table 11. The experimental data show 
a standard percent deviation of o. 16 •/• from the smoothed curve. Because of 
their spectacular temperature dependence (I2), no simple parametric repre-
sentation of these solubilities is possible. 

OXYGEN AND ARGON. Because oxygen has been studied rather extensively 
(6, 7, I7, I8, 20), the present work on it was envisaged as being primarily 
confirmatory in nature. Argon, on the other hand, has received only sporadic 
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TABLE JV. SMOOTHED CURVE VALUES OF THE BUNSEN ABSORPTION COEFFICIENTS 

AND HENRY'S LAW CONSTANTS FOR OXYGEN (A) AND ARGON (B), AND THE RATIO 

OF THE ABSORPTION COEFFICIENTS TO THOSE FOR NITROGEN. 

A t0 e o:(O2) x 103 K(O,)x 10-4 cc(O2)/cc(N2) B t 0 e cc(A) x 103 K(A) x 10-4 cc (A)/cc (Ni) 
=K(N,) /K(O,) =K(N2)/K(A) 

2 46.87 2.654 2.047 2 51.27 2.426 2.239 
3 45.47 2.735 2.042 3 49.76 2.500 '2.234 
4 44.18 2.816 2.037 4 48.36 2.572 2.230 
5 43.03 2.891 2.032 5 47.13 2.640 2.225 
6 41.96 2.965 2.027 6 45.96 2.707 2.220 
7 40.93 3.039 2.022 7 44.85 2.774 2.216 
8 39.95 3.114 2.018 8 43.78 2.842 2.211 
9 39.03 3.186 2.013 9 42.79 2.906 2.207 

IO 38.14 3.260 2.008 IO 41.82 2.973 2.202 
II 37.27 3.336 2.004 11 40.88 3.041 2.198 
12 36.49 3.408 1.999 12 40.03 3.107 2.193 
13 35.71 3.482 1.995 13 39.18 3.173 2.189 
14 34.97 3.555 1.990 14 38.39 3.239 2.185 
15 34.23 3.630 1.986 15 37.59 3.305 2.181 
16 33.58 3.701 1.981 16 36.89 3.369 2.177 
17 32.91 3.775 1.977 17 36.17 3.435 2.172 
18 32.31 3.847 1.972 18 35.51 3.500 2.168 
19 31.69 3.919 1.968 19 34.84 3.564 2.164 
20 31.11 3.991 1.964 20 34.21 3.628 2.160 
21 30.55 4.064 1.959 21 33.61 3.694 2.156 
22 29.99 4.138 1.955 22 33.01 3.760 2.152 
23 29.46 4.212 1.951 23 32.43 3.825 2.148 
24 28.97 4.284 1.947 24 31.89 3.890 2.144 
25 28.48 4.356 1.943 25 31.37 3.953 2.140 
26 28.01 4.428 1.939 26 30.87 4.019 2.136 
27 27.57 4.498 1.934 27 30.38 4.081 2.132 

attention (I4, I6, 2I), and an extensive examination of its solubility was 
anticipated. As this work progressed, however, interesting relationships emerged 
between the solubility coefficients of oxygen and nitrogen and of argon and 
nitrogen. Plots of ln[K(N2)/K(02)] vs 1/T and In [K(N2) /K(A)] vs 1/T, 
where the K's are the Henry's law constants and T the absolute temperature, 
yielded a good straight line in each case. This form resulted when solubility 
ratios were measured directly and when the ratios were calculated by combining 
the individual solubility results for oxygen and argon with the smoothed data 
for nitrogen. The experimental data are shown in Table m. Least squares 
fits of the manometric data to the representation ln[K(N,) /K(X)] = ln[CY.(X)/ 
CY.(N2)] = A+B/T yielded the parameters A = 3.530 x 10-•, B = 1.874 x 102 
for oxygen, and A = 21.84 x 10-2, B = 1.617 x 101 for argon. The oxygen 
data exhibited a standard deviation of o. I 6 °/o, and the corresponding quantity 
for argon was 0.10°/ •. The thermodynamic significance of these relationships 
is discussed elsewhere (I2) . 
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Figure I. Comparison of the work reported here with previous investigations of the solubility of 
nitrogen in_ distilled water. 

Because oxygen and argon measurements at several points throughout the 
temperature range accurately fitted these relationships, fewer experiments 
than with nitrogen were required to obtai.n the full range of the dependence 
of solubility on temperature for these gases. The parameters above, together 
with the values for nitrogen shown in Table n, have been used to calculate 
the absolute solubilitiess in Table IV. 

Within the precision of both types of determinations (approximately 0.2 °/.), 
the agreement between the calculated solubility ratios and the mass spectro-
meter measured ratios indicates that at pressures less than one atmosphere the 
respective pairs of gas species in solution do not interact and that their solu-
bilities are independent. Furthermore, the results of the two independent kinds 
of experiments provided a check on the general consistency of the absolute 
solubilities. 

Discussion. To facilitate comparison of the present nitrogen solubilities with 
those of previous workers, Fig. 1 has been constructed, using the values from 
Table II (A) as the reference line. The solubilities of Fox (7), Winkler (4), 
and Hamberg (4) are their values for "atmospheric nitrogen" corrected for 
the presence of argon (2) . It is seen that those of Winkler are generally in 
poor agreement with the other studies. Although the experimental technique 
of Fox seems to have involved the determination of small differences between 

6 An equilibrium fugacity of 760.0 mm corresponds to a pressure of 760.0 mm at 27 5° K and 
760.48 mm at 298° K for both oxygen and argon. 
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two large numbers, his values are in fair agreement with ours at room temper-
ature. At lower temperatures, however, Fox's values are considerably smaller 
than the ones reported here. It was at these temperatures that we noticed a 
sluggishness in the approach to equilibrium, which suggests the possibility of 
a degree of undersaturation in the work of Fox. The very early work of 
Hamberg shows the best over-all agreement despite the several assumptions 
inherent in his open-Rask technique. The situation expressed in Fig. 1 also 
is consistent with the recent suggestion (2), made from quite independent 
evidence, that the work of Hamberg was the most reliable of the hitherto 
existing data. 

The solubility of oxygen, as deduced from this work, is in general accord 
with the growing consensus that, while the often-quoted values of Fox (7) are 
definitely high, those of Truesdale et al. (IB) are very much too low over the 
temperature range studied here. The present values are bracketed by those of 
Elmore and Hayes (6) and Winkler (20) from 3° to I 2° and then remain a 
few tenths percent above their figures at higher temperatures. A previous 
survey (2) of the available solubility data for oxygen has suggested that the 
Elmore and Hayes experiments were probably the most reliable of those 
available at that time. 

Similarly, our argon solubilities lie between, but some distance from, the data 
of Lannung (I4) and Winkler (2I) and are generally consistent with the 
findings of Benson and Parker (2). Because of the rather spotty nature of 
previous argon investigations, a more critical comparison with our data does 
not seem worthwhile. The quite satisfactory internal consistency of the present 
work, however, would seem to recommend it for applications requiring a high 
degree of accuracy . 
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