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KOHUEHTPALMSA YIJIEKHUCJIOTO FA3A B ATMOC®EPE
B BOPUHI X3, HOBAA 3EJAHINS

Hayunas ¢ gexabps 1972 r. B Bapunr X3z sGausu
Bemnunrrona B Hopoit 3enavauu usmepsiack KOH-
uenrpauua CO, B arMmochepe. 3a nepuon ¢ AHBaps
1973 r. no smeaps 1977 1. xoHuentpaums CO,
Beipocia Ha 4.6-107% mo o6wemy. Ha 310T nOJI-
TONEPHOAHBI POCT OBINO HAMOXKEHO CE3OHHOE
kosiebanue ¢ amnurynoi 1.1-107% ¢ MakCHMyMOM
B OKTAOpEe ¥ MHHMMYMOM B amnpene. IT1o konebaHue
66110 B ha3e | ¢ TOM e aMILTUTYHOM, 4TO ¥ CE30HHOE
konebaume, HabmopaBsmeecs Ha HOXHOM momoCe.
Cpeanue xonuentpauud CO, B Bapuur Xog u Ha
HOxHOM nosroce 3a nepHof ¢ auBaps 1973 mo sHBapb
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1977 rr. GbiAM MOYTH ONMHAKOBRIMH ¥ Ha 2-107¢
HUXKe, yeM B Mayna Jloa Ha o. IaBaiiu B TO Xe
BpeMmsi.

TIpo6nema MHTEPKANMOPOBKH MEXKAY Pa3NHYHBIMH
CTaHUHMAMH, BeAyluuMHu HaGmonenus 3a CO,, 6bina
cBeieHa K MHHHMYMY XMMHYECKHM aHAJHM30M BCeX
ra3oB CPaBHEHHS, HCTIOJIB3YEMbIX Ha OTHX CTAHLMsX.
I'a3bl CpaBHEHMA aHATH3MPOBAINCH KaK A0, Tak H
mocine HUX HCMOJL30BaHHA HA MONEBBIX CTAHLHUAX B
ogHolt M. To# e kanubpoBo4HON nabGopaTtopuu B
MucTtutyTe oKeanorpadum Ckpunmnca.
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The solubility of carbon monoxide and hydrogen in water
and sea-water at partial pressures of about 10~
atmospheres
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ABSTRACT

A new technique was used to measure the Bunsen solubility coefficients of CO and H, in
deionized water and artificial sea-water in the temperature range from 0° to 30 °C. The partial
pressure of the respective gas was less than 2 x 10~ atmospheres. Within 10% the results com-
pare rather well with solubility data from the literature, which were obtained from measure-
ments applying pure CO and H, in the gaseous phase.

1. Introduction

Studies of the cycles of atmospheric trace gases
generally include measurements of the distribution
of the gases dissolved in the global reservoir of the
world oceans, which have been proved to be
remarkable sources or sinks for several trace gases.
The exchange of gases between the oceanic reser-
voir and the atmosphere is due to physical pro-
cesses at the water surface. Models for the
exchange mechanisms are discussed in the litera-
ture (e.g. Kanwisher, 1962; Broecker and Peng,
1974; Liss and Slater, 1974).

In order to employ such models for a quantitative
estimate of the gas flux between the air and the sea,
we need a representative set of global measure-
ments of the trace gas concentration in the surface
water, C,, together with simultaneous measure-
ments of the volume mixing ratio m of that gas in
surface air. According to Henry’s Law, we obtain
the equilibrium concentration of the gas, C, (in the
water), which corresponds to the observed mixing
ratio, m.

C,=p*m-P [cm?gas/cm®H,0| (0

where f* is the solubility coefficient [cm?® gas/cm?
H,O atm] and P is the atmospheric pressure at sea
level in atmospheres. Both concentrations, C, and
C,. are in terms of cm?® gas/cm?® water. The flux is
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directed into the atmosphere for C, > C, and
represents absorption at the water surface for C,, <
C. ,

In eq. (1), B£* corresponds to the actual volume
of the dissolved gas at the time of the measure-
ments. If the gas volume is reduced to standard
temperature and pressure, we obtain the Bunsen
solubility coefficient §, which is defined as cm? of
gas STP per cm? of water at the temperature of
measurement when the partial pressure of gas
above the water is 1 atm.

Measurements of the CO concentration in ocean
surface waters have been reported by Swinnerton,
Linnenbom and Cheek (1969), Swinnerton, Linnen-
bom and Lamontagne (1970), Seiler and Junge
(1970), Lamontagne, Swinnerton and Linnebom
(1971), Seiler and Schmidt (1974), Seiler (1974),
and Swinnerton and Lamontagne (1974). The only
data on the H, content have been published by
Williams and Bainbridge (1973), Seiler and
Schmidt (1974), and Schmidt (1974). The results
generally exhibited CO and H, supersaturations
(C, > C,) if solubility coefficients published in the
literature were applied to eq. (1). Table 1 lists
several sets of measurements of the CO and H,
solubility which, until now, have been used to esti-
mate fluxes of both trace gases. These data were
obtained from measurements with pure CO and H,
atmospheres. However, it is clear that for esti-
mates of natural fluxes, reliable values of the solu-
bility coefficients for environmental conditions are
of special importance.
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Table 1. Measurements of solubility coefficients as obtained for CO or Hz partial pressures of about 1 atm

Salinity Temperature Solubility coefficient g
Gas S (%0) range 7 (°C) (x10~2cm?® STP/cm?® H,O atm) Authors
CcO 0 0-80 3.53-1.43 Winkler (1901, page 1415)
27-38 0-30 2.87-1.72 Douglas (1967, Table II)
H, 0 0-50 2.13-1.61 Winkler (1891, page 67)
0 0-30 2.19-1.70 Crozier and Yamamoto (1974,
Table 1II)
0 0-30 2.22-1.72 Gordon, Cohen and Standley
(1977, Table I)
© 2740 0-30 1.85-1.44 Crozier and Yamamoto (1974,
Table III)
4-39 0-30 2.10-1.44 Gordon, Cohen and Standley

(1977, Tabic 1)

The only available data obtained at low partial
pressures are those by Meadows and Spedding
(1974). They equilibrated about 10 cm?® of
degassed water with gas samples containing small
amounts of “CO (between 3 ppmv and 18
ppmv) and calculated the CO solubility from the
measured '“CO content in both phases. Their
results gave values that are about eight times larger
than the other data for CO in the literature (Table
1). Meadows and Spedding (1974) argue that their
results indicate considerable deviations from
Henry’s Law for partial pressures of about I atm.
They report a standard error between 18% and
36% and concede that microbiological conversion
of “CO to *CO, might have affected their results;
a possibility which they assume to be very slight.
However, no experimental data on this subject
were given. ‘

This paper reports on a new set of solubility data
for CO and H, that meets natural conditions as
closely as possible. These measurements were
performed for CO and H, partial pressures of
about 10~* atm and 2 x 10~ atm, respectively, and
for temperatures between 0° and 30°C. A new
technique was employed which is based on the
same method that was used at this [aboratory for
the determination of dissolved CO and H, in
natural waters (Seiler and Schmidt, 1974).

2. Experimental

A schematic view of the apparatus is given in
Fig. 1. In a thermostated glass cylinder (purging
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cylinder) about 3 | of water are purged with dry
standard gas mixtures, containing CO or H, in
mixing ratios of m, = 9.6 ppmv or m, = 21.5
ppmv, respectively. At a flow rate of about 1
{/min, a time of 30 min has proved sufficiently long
to establish equilibrium between the gas and water.
Therefore, the concentration ¢, of dissolved gas in
the water is

szﬁ"me'(P—pw) (2)

where p,, is the partial pressure of water vapor at
the temperature of measurement. A small sample
(V,, ~ 200 cm?) of the equilibrated water is sucked
into an evacuated 350 cm? glass cylinder (sample
cylinder). During this process the water is degassed -
due to dispersion into very small droplets and
equilibrium between the gaseous and liquid phases
is rapidly obtained. The sample cylinder is then
filled with CO- and H,-free air to atmospheric press-
ure. The total amount ¥V, of these gases, which
was dissolved in the water sample is now distri-
buted between the known volumes of air ¥, and
water V', in the sample cylinder.

Vg: CW‘VW
=My Vy+m,: Vw'ﬁ'(P"pw)

[em? gas/cm?3 H,0]

lcm? gasl
(3)

In combining egs. (2) and (3) we obtain the
following expression for the solubility coefficient

. __ Va

V.

w

m,

(me - ma) (P_pw)

[em?® gas/em?® H,0 atm]

@
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PURGING
CYLINDER

u’hermometer

SAMPLE
CYLINDER

S

Standard gas
Me

Fig. 1. Schematic view of the analysis procedure. The
purging cylinder is thermostated by circulating liquid
between A and B. To transfer a sample the stop cocks S,
and S, are connected. For CO and H, analyses air
samples are taken through the silicone septum by means
of a gas-tight syringe, and carefully degassed water is
supplied through S, to prevent changes of the pressure of
the gas sample (V,) in the sample cylinder.

Thus g* can be calculated from known quantities
after determination of the CO or H, mixing ratio
m, (ppmv) in the gas sample V.

H, and CO analyses were performed with instru-
ments based on the HgO method (Seiler and Junge,
1970; Schmidt and Seiler, 1970). Air is con-
tinuously passed over hot mercury oxide, which
reacts with the traces of CO and H,. This reaction
yields mercury vapor which is monitored con-
tinuously by atomic absorption in the 2537 A line.
The lower limits of detection are 3 p.p.b.v. of H,
and 0.5 p.p.b.v. of CO for continuous registra-
tions. The method has been improved to analyse
small samples of air with about the same accuracy.
During this work, the instruments were fed with a
flow of H,- and CO-free air and 10-cm?® samples
were injected at the gas inlet. For a series of three
samples each of air and a standard gas for cali-

bration, the standard error was about 2%, for H,
and CO mixing ratios of 0.6 ppmv and 0.2 ppmv,
respectively.

Transfer, handling and analysis of an equili-
brated water sample took about 15 min. About 60
samples of both deionized water and artificial sea-
water (salinity § = 31.6%0) have been equilibrated
with the CO and H, standard gases at tempera-
tures in the range from 0° to 30°C. As derived
from repeated analysis of equilibrated water sam-
ples, the standard error of the present data is about
7%—considerably higher than the standard error
of microgasometric methods (< 1%) that were
employed by other authors.

Several tests have been performed to check for
the possible production or consumption of gas in
the equilibrated water. After a complete set of
analyses, the equilibrated sample was stored in the
purging cylinder for some 20 h and then analysed
again. The highest deviation observed was an
increase of about 10%. If we assume this increase
to be linear and consider the fact that routine
analysis takes about 15 min, this error amounts to
less than 0.5% and will not substantially increase
the standard error.

3. Results and discussion

The experimental solubility coefficients, 8* have
been reduced to standard temperature and press-
ure to obtain the Bunsen solubility coefficients f
(cm?® gas STP/cm?® H,0 atm) for CO and H,,
which are plotted in Figs. 2 and 3, respectively.

For a graphical comparison of the present data
with the previous facts for CO (Winkler, 1901;
Douglas, 1967) and H, (Crozier and Yamamoto,
1974), the individual data sets were fitted to an
equation which was first given by Weiss (1970):

Inf=4A,+A,(100/T)+ A;In (T/100) +
+ SIB, + By(T/100) + B,(T/100)] (5)

In this equation A, and B, are constants, T is the
temperature (K) and S is the salinity (%). For each
data set, the constants 4, and B, were computed
simultaneously from single fits by the method of
least squares. Inserting these values of the con-
stants yields f as a function of temperature and
salinity. The graphical solution for the different
data sets is also shown in Figs. 2 and 3.

The data agree most satisfactorily for artificial
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Fig. 2. Experimental data of the CO solubility coefficient. The curves represent numerical fits of several data sets for
different salinities. S. O———0Q This work. § = 0% : @-——@ this work. S = 31.6%¢: ———~ Winkler (1901). § = 0%,:

Douglas (1967), recalculated for S = 31.6%,.

sea-water (S = 31‘c). Due to the salting-out effect
(see, e.g., Morrison and Billet, 1952) the solubility
should be higher for deionized water (S = 0%).
However, such a trend was observed only for H,,
while the data for CO showed lower instead of
higher values.

No reasonable explanation can be given for this
observation. It is highly unlikely that this observa-
tion is the result of a systematic experimental effect
since the analysis procedure was maintained as
constant as possible throughout the series of
measurements. Only one bulk sample each of de-
ionized as well as of artificial sea-water was used.
As described above these bulk samples were tested
for a possible microbiological contamination. Only
one model of the purging cylinder was used and
two sample cylinders were employed alternatively
during the four main series of experiments. More-
over, the gas mixtures for purging and the stan-
dard gases for calibration were not changed during
this work.

To compare the different data sets with respect
to the natural oceanic ranges of temperature and
salinity, the H, and CO solubility coefficients were

Tellus 31 (1979). |

recalculated from eq. (5) for temperatures from
—2°C to 32°C and for salinities between 32% and
38%. The relative deviation of the present data
from those data sets reported by Douglas (1967)
for CO and by Crozier and Yamamoto (1974) for
H, is plotted in Fig. 4. The deviations range
between 4% and +8%:; positive values indicating
that the present data are higher. However, in view
of the large standard error of this method (~ 7%) a
possible deviation from Henry’s Law cannot be
assessed with certainty. It seems to be rather small,
if it exists at all.

Nevertheless the present set of data has two
advantages. Firstly, these measurements provided
solubility coefficients for H, and CO partial press-
ures that reflect natural conditions in ocean
surface waters so that the claim by Meadows and
Spedding (1974) could be checked. Secondly, a
method was used which compares well with the
analysis procedure that has been employed for the
measurement of the CO and H, content in sea-
water, performed by this laboratory. Therefore, the
application of these data, at least to our field
measurements, is very reliable. Field measure-



004

le ,/ml !-ci;0~ot]
=] =
~N w

SOLUBILITY [em®H
<)
o

U. SCHMIDT

H,

@ seawater (S=316%)

O distilled water

0 5

10

TEMPERATURE

15 20 25 30
[°C]
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ments provided further evidence for the improved
reliability of lower CO solubilitigs instead of those
by Meadows and Spedding (1974). It must be
expected that, due to intensive mixing during rough
sea and very stormy weather, the observed gas
concentrations in surface waters should compare
with equilibrium conditions with respect to surface
air. This is exactly what was found during con-
tinuous as well as sample analyses of both CO and
H, in surface waters of the North and South
Atlantic (Seiler and Schmidt, 1974). In very few
cases the gas content represented even slight under-
saturations of about 20%.

4. Conclusion

Apart from the discussions above, the solubility
coefficients agree rather well with those obtained
for pure CO or H, atmospheres. The present data

Fig. 4. Relative deviation of the present solubility co-
efficients from previous data for the range of natural
temperatures and salinities,

Tellus 31 (1979). 1
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do not confirm the high values of CO solubility
coefficients which were reported by Meadows and
Spedding (1974), neither do in situ measurements
of dissolved CO (and H,) in natural waters.

Therefore, no serious errors have been induced
to previous gas flux estimates by various authors
who extrapolated the solubility data given in Table
1 to low partial pressures. Apparently the devi-
ations from Henry’s Law are less than 10%. Due to
the relatively slight solubility of CO and H,, such
small corrections of the solubility coefficients will
cause only small variations in the calculated net
fluxes.

However, the author thinks it is worthwhile to
point out here that, contrarily, quite effective
corrections may become necessary for flux esti-
mates of highly soluble trace gases such as nitrous
oxide (N,0). For this gas only moderate super-
saturations have been observed in ocean surface

waters (Hahn, 1974; Rasmussen, Pierotti, Krasnec
and Halter, 1976). Therefore relatively small posi-
tive deviations from Henry’s Law might cause a
depletion of the net N,O flux into the atmosphere,
which until now is generally assumed to be the
dominant source of this trace gas. Careful measure-
ments of the solubility coefficients in the range of
natural partial pressures are needed, especially for
such highly soluble gases.
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PACTBOPUMOCTb OKUCHU VIJIEPOJA U BOAOPOOA B BOIAE M MOPCKOH BOJE
NPU NMAPLUAJIBHBIX JABJIEHUAX OKOJIO 10~ ATMOC®EPHI

Hopass MeTOoOuMKa HCNONb30Banach Wi u3MmepeHmit 2-10~° armocdepsi. B mpenemax 109, pesynbTaThl
ko3¢ duumenToB pacrBopuMoctd ByHzena CO u H, wH3MepeHH#t COrNacyfoTcs [OBOJBHO XOpOWIO ¢
B JICMOHH30BaHHOM BOZIE M B UCKYCCTBEHHOM MOpPCKOH  NTMTEPaTypHBIMH JAHHBIMH NO PaCTBOPHMOCTH, KO-
BOge B MHTepBame Temmnepatyp oT O no 30°C. Topble MOMYYATHCh ¢ HCTONb3oBaHHeM wicThiX CO
INapumaneHble naBieHus 3THMX ra3oB ObuiH MeHblue H H, B rasosoii gase.
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