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‘Laboratory Note

Solubility of Nitrous Oxide in Water, 20-80 C

Ronald A. Gabel, M.D.,* and Brigitte Schultz, M.T.A.

Using a Van Slyke manometric apparatus, the
solubility of nitrous oxide in water from 20 to
80 C was measured. Representative values for
the Ostwald solubility coefficient are 0.693 at 20,
0.607 at 25, and 0.462 at 37 C, with standard
errors 0.001 or less. All measured values were
within 0.003 of those calculated from the third-
degree polynomial curve which best fit the ob-
served data. As expected for solubility of an inert
gas in water, the data also very closely fit the
equation log L=b.+ b./T + b: log T, where T
represents absolute temperature. (Key words:
Nitrous oxide; Solubility; Ostwald solubility co-
efficient.)

Maxy vaLues for solubility of nitrous oxide
are available, but there are Iarge diserepancies
among them. Reported in the same journal in
1964 and 1965 are values of 0.367 and 0.47Sf
for the Ostwald solubility coefficient of nitrous
oxide in water at 37 C2* These incon-
sistencies led us to measure the solubility of
nitrous oxide in water at 5-degree increments
from 20 to SO C. We have also reviewed the
literature and catalogued solubility coefficients
reported from 1853 to the present.

Methods

We designed a tonometer (fig. 1) from which
water saturated with nitrous oxide could be
transferred anaerobically into the extraction
chamber of a Van Siyke-Neill manometric
apparatus.f The procedure follows:

1) Water, twice distilled in glass, was freed
of dissolved gas by boiling in a flusk for 10
min and cooling under a vacuum.

2) By applying negative pressure to the
tonometer gas outlet, gas-free water was
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aspirated from the flask through the tonometer
pipette into the tonometer chamber previously
filled with nitrous oxide. Initial temperature
of the water was always lower than eventual
temperature of saturation.

3) Nitrous oxide,§ entering through a sin-
tered glass disc in the gas inlet, was bubbled
through the water at 40-50 ml/min as the
temperature rose toward that of the preheated,
thermostatically controlled § water jacket.

4) When the water reached the temperature
of saturation (t,), measured with a mercury
thermometer accurate to 0.1 C,** bubbling was
continued an additioi:nl 20 min before analysis.
The flow of nitrous oxide continued throughout
this period and during the transfer of samples
from the tonometer to the Van Slyke ap-
paratus. The tonometer was shaken manually
every 10 min during temperature equilibration
and immediately before sampling.

3) For each determination, slightly more
than 10 ml of saturated water was transferred
through the tonometer pipette into the Van
Slyke extraction chamber by lowering the
mercury level slowly so that no air entered
the tonometer through the open gas outlet.
Prior to sealing the rubber-tipped pipette under
mercury, the pipette was flushed with about
10 ml of saturated water. No bubbles entered
the extraction chamber with the sample.

6) Sample size was measured against the 10-
ml calibration line on the extraction chamber.
Because water contracts with decreasing tem-
perature, the extraction chamber was initially
filled with more than 10 ml and the tempera-
ture allowed to fall co near 20 C, the tempera-
ture of calibration. Excess water was then
emptied from the chamber to provide a 10-ml
sample, and slight visual corrections in volume

§ Ohio Medical Products, Madison, Wis.

% Heto Model T6K Circulator, The London Co.,
Cleveland, Ohio.

** Fisher Scientific Company, Pittsburgh, Pa.,
No. 15-00B.
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were made for differences between actual and
calibration temperatures. Thus, the volume
of the sample was effectively measured at 20 C.

7) Nitrous oxide was extracted from the
water by lowering the mercury column to
expand the total volume of water and gas in
the extraction chamber to 50 ml. The sample
was agitated with a magnetic stirring bar for
3 min.

8) The water level was then raised gradually
over 40-50 sec to the 10-ml calibration line and
the manometer immediately read to within 0.2
torr, this pressure (P) related to the volume of
extracted nitrous oxide. The temperature of
extraction (t.), aceurate to within 0.1 C and
almost always within 1 C of room temperature,
was read from a mercury thermometerf in the
water jacket of the extraction chamber.

9) Blank pressure (PY) was determined for
every t. by serially extracting gas from twice-
distilled water in the Van Slyke apparatus,
each time ejecting extracted gas from the
chamber after reading the manometer at 10-ml
gas volume. When three successive readings
were identical, we assumed that all gas had
been extracted. I, therefore, represented
manometer zero plus pressure of water vapor
at that temperature.

These manometric data permitted caleula-
tion of the volumes of dissolved gas in the
samples. Constants and variables follow:

L, Ostwald solubility coeflicient, defined as
~the ratio of the volume of the absorbed
s 1o that of the absorbing liguid™

1., temperature of saturation

temperature of extraction

effective volume of extraction chamber

volume of liquid sample a1 20C

volume of gas in extraction chamber when

presstire was mensured

I’, pressure reading after water vapor and ex-

tracted nitrous oxide were compressed to

volume G at temperature te

P’, pressure reading after water vapor was
compressed to volume G at temperature te

B, barwmetric pressure

W, vapor pressure of water at 1.

L., Ostwald solubility coellicient at te

Volumes are expressed in ml, pressure= in torr,
and temperatures in degrees C.

We derived from Boyxle’s and Charles” Laws
two formulas for transforming manometrie to

+# Fischer Sdlentific Company, Pittsburgh, Pa.,
No. 15-00A.
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volumetrie data.  Equation 4 was used when
t. 7 ty, equation § when tc = t,.

The gas laws, with the left side of the equa-
tion representing conditions during saturation
(subscript §), the right side conditions after
extraction (subscript e):

P,XV, P.XVe .

I, T T, (eY]
where I’ is pressure, V volume, T absolute
temperature. Substituting experimental vari-
ables for P, V, and T:

(B—W)XLXS (P-P)XG

o = = (2)
t, + 273.1 te + 273.1
Solving for L:
P—1)XGX ({,4+273.1
L ( ) (ts + 273.1) @)

T (B=W) XS X (t.+ 273.1)

Correcting for nitrous oxide unextracted and
remaining in solution:

L= (P —P)XG X (t,+ 273.1)
(B — W) XS X (t. +273.1)
L. XS
x(1 + ;\_s) @)

Assuming t. = t.. L, = L, and:

LX (A—38) r—-1)XG

A TtTOxy _B-wxs @
Inverting:
., Lxs
TLX(A-8
CB-W) XS
=wT-rmxac ¥
Solving for 1/L:
1_(B—W)XS 5] _
L (P=—P)XG A-—38 ®

Istablishing a denominator and

reinverting:
GX (P—P)X(A—S5)
TSX[(B—W)X(A—8)—GX(P-T)]

common

L (&)

Finally, we multiplied L by the ratio of
specific gravity of water at t, to specific gravity
at 20 C to correct for having measured the
volume of solution at 20 C rather than at t,*
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Without this correction, solubility would have
been overestimated by as much as 2.6 per cent
at 80 C.

Both S and G were 10 ml for these experi-
ments. A was found to be 49.15 ml by sub-
tacting volume of the magnetic stirring bar
from that of the extraction chamber. W at
each t, was read from appropriate tables?®
while B was measured daily and corrected
to 0 C.

Experiments in which t, = t, =20 0or 25 C
were performed first, using formula § to cal-
culate L for 20 and 25 C. Rectilinear inter-
polation between these temperatures, which
bracketed all t., provided values of L. for
substitution in formula 4 to calculate L for
t, above 25 C.

Attempting to minimize both random and
systematic error, we determined solubility at
each ty at least four times on each of two or
more days. Conditions sometimes changed
markedly, B as much as 11 torr, te as much as
3.2 C, and P’ as much as 4.8 torr.

Results

Results are listed in table 1 and plotted in
figure 2.

The best-fitting third-degree polynomiat
equation relating solubility (L) to temperature
(t), where L = 1o 4 axt + ast® - ast?, had the
following coefficients:

a0 = 1.161160589 X 10°

ay = —3.016537628 X 10~*
a2 = 3.635864135 X 10~*
az = —1.596736596 X 10~°

We chose a third-degree polynomial equation
to represent the data, not because of theoretical
considerations, but simply because it provided
satisfactory fit and permits easy interpolation.
The difference between observed and calcu-
lated solubilities (table I) was no greater than
0.003 for any temperature, suggesting internal
consistency of the measurements.

For theoretical reasons, we also fit the data
to the equation

log L = be -+ by/T + b2 logT,

where T represents absolute temperature.
Coefficients were

SOLUBILITY OF NITROUS OXIDE IN WATER, 20-50 C
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F16. 1. Tonometer designed for direct transfer
of solutions to the extraction chamber of the Van
Slyke apparatus.

be = —7.497753348 X 10!
by = 4163337781 X 10°
b = 2.456672318 X 10

The wvarianee ratio, F = 41472, for the
multiple linear regression, with two and ten
degrees of freedom for greater and lesser mean
squares, respectively, indicates exceptionally
good fit. The solubilities of inert gases in
water should follow this equation®

Discussion

Figure 2 illustrates the results of more than
a century of investigation of the solubility of
nitrous oxide ir water. The general pattern
of solubility is clear, although there are wide
individual variations, Our values tend to fall
in middle ground.

The first to report solubility of nitrous
oxide was Carius, who in 1835 published ab-
sorption coefficients for water at approximately
4 C increments from 2.5 to 24 C. A student
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TasLe: 1. Solubility of Nitrous Oxide in Water
Observed Ostwald Solu-
Ostwald bility Coeffi-
“Tem- gOh;i?l!"g.t, A\'umrber clien;ic‘nlcm
" oeflicie
Rure @] Detormi- | Third-dearee | =~ 1<
(C) nations Polynomial
Equation
Mean SE (Le}

20 {0.693 0.001 20 0.691 0.002
25 607 0.001 12 0.609 —0.002
3 0.000 17 0.540 —=0.002
35 2 0.000 13 0.482 0.000
37 0.462

40 | 0.435 0.000 12 0.434 0.001
45 |0.396 0.000 11 0.394 0.002
50 [0.365 0.001 3 0.362 0.003
35 [0.33% 0.001 11 0.336 —0.002
60 {0.316 0.000 9 0.001
65 |0.298 0.000 12 0.000
70 10.282 0.001 12 —0.001
3 .269  0.000 14 —0.001
80 10.259 0.000 11 0.257 0.002

of Bunsen, Carius fit his data to a second-
degree polynomial equation, expressing solu-
bility in terms of temperature, caleulating
coeflicients to within 0.016 of observed values,
and expanding six measured values into a
table from which coefficients could be read
throughout the range 0-25 C.5+ &
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During the subsequent 81 years, 11 reports
on the solubility of nitrous oxide in water
appeared.™7 Each used modifications of
Bunsen’s and QOstwald’s technique in which a
known volume of gas-free liquid was saturated
with gas from a reservoir of known volume.
Isobaric and isothermal reduction in this
volume during saturation was considered to
represent gas absorbed by the liquid.

In 1937, Orcutt and Seevers first used a
manometric method to determine solubility of
gases in liquids. They showed how mathe-
matical correction, without using empirically
derived constants, could be made during Van
Slyke analysis for gas not extracted from the
solvent. Reporting few data, they emphasized
that their purpose was to demonstrate the
method and not to apply it in the most precise
manner possible® We have developed tech-
niques of handling samples and analyzing data
to facilitate application of the approach of
Orcutt and Seevers.

Nunn, in 1958, used the Van Slyke apparatus
to determine solubility of nitrous oxide in
several solvents, including water. Instead of
subtracting a blank pressure from the mano-
metric reading at 2-ml gas volume following
extraction, he expelled the extracted nitrous
oxide from the chamber without losing solution
and took a second reading at 2-ml gas

L3¢
12 -F
L+ =
10 = ° * OUR DATA
o AFTER 1958
osr 2 o BEFORE 1958
08 z Fia. 2. u_Ost\mlzi_l solu-
bility coefficients for ni-
S%qulrJvBIlALLll‘?'Y 07+ trous oxide i(ri ‘\'atptli;
comparing our data wi
COEFFICIENT 06+ publishedbvaluts of others.
The curve represents the
05+ third-degree  polynomial
equation which best fits
[oX:3¢ our data.
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02+
ol
00 L : . ' ) : L s

[} 10 20 30 40 50

TEMPERATURE C
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TasLk 2. Ostwald Solubility Coetlicients for Nitrous Oxide in Water
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<
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[ 4509 (L.';.\"J’

# Caleulated from Bunsen cveflicienta.

1 Averazes of two sets of data at slizhtly different temperatures.

volume, which he subtracted from the first.
Nunn's Ostwald solubility coefficient of 0.5340
at 23 C falls considerably below all other
published values near that temperature (table
2 and fig. 2).  Additional nitrous oxide might
have been extracted us pressure was reduced
for the second reading at 2 ml. This would
have led to a lower solubility coeflicient, owing
to a smaller difference between the first and
second readings. To assure that blank pressure
embodies only manometer zero plus vapor
pressure of the solvent, multiple extractions
should be carried out until no change in pres-
sure oceurs with further extraction.

Six years later, Sy and Hasbrouck attempted
to apply Nunn’s approach, coming up with
another Ostwald coeflicient which was well
below the values reported by others (table 2
and fig. 2). They saturated water at 37 C
with nitrous oxide, extracted and manometri-
cally measured the volume of the gas at 25—
23.5C in a Van Slyke apparatus, and inap-
propriately calculated solubility with Nunn’s
formula, which requires that temperature of
extraction equal temperature of suturation.®- 2
Using Sy and Hasbrouck's published data, we
were unable either to verify their basic calcu-
lations or to compute, correcting for differences
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between temperatures of saturation and ex-
truction, u solubility coeflicient more in keeping
with the findings of others,

Borgstedt and Gillies, in 1965, used gas
chromutography to measure solubility of
nitrous oxide in water between 30 and 50 C.
Their solubility coetlicients are equal to ours at
30 C but diverge with rising temperatures to
berome almost 10 per cent greater than ours
at 50 C.=  We suspect an error in method for
converting integrated detector output to solu-
bility, hut their ealculations are not deseribed
in sufficient detail for critical evaluation.

Tsing a Scholander apparatus for volumetric
absorption. Saidman and collexgues™ measured
~olubilitiex of several volatile and g
anesthetic  agents.  Their values for the
Ostwuld solubility coefficients of nitrous oxide
in water at 20. 25, and 37 C are as much as
5 per cent lower then ours® In contrast are
the recent findings of Christoforides and
Hedley-Whyte, who =aturated water with
about 74 per cent nitrous oxide at 25 and 37
and found. using Van Slyke analy=i=, solubilities
much as 3.5 per cent greater than ours™
Error in our results should be well below
0.5 per cent. Volumes measured in our Van
Slyke extraction chamber are accurate to
=+0.01 m! at 10 m} and ==0.1 ml at 50 mLiT
Maximum variation in A (£0.1 ml) could lead
to no more than 0.04 per cent error, while
maximum variation in either S or G (2£0.01 ml)
could theoretically lead to error of as much as
0.1 per cent in solubility. However, since G
appears in the numerator and 3 in the denomi-
nator when caleulating solubility, systematic
errors in reading the=e volumes tend to eancel
each other.

With Van Slyke analysis, two corrections
must be considered: first, for volume of gas
which cannot be extracted by negative pressure
alone, for which we mathematically accounted
in our formulas; second, for volume of gas
which may redissolve when extracted gas is
compreszed for reading pres=ure. Toshow that
no megsurable amount of nitrous oxide re-
dissolved in this study, we read pressure first
at volume of extraction and then, without re-
extraction, at 10 ml. Volume of extraction

11 Certificate 309 supplied by Arthur H. Thomas
Company, Philadelphia, Penna.
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was 39.15 ml. ie.. volume of the extraction
chamber reduced by that of the magnetic

stirring bar (0.85 ml) and =ample (10 ml).
There were no consistent differences between
zolubilities caleulated for the =ame =ample from
pressures read at 39.15 ml and {0 ml, respec-
tively. showing that no nitrous oxide redis-
solved upon reducing volume to 10 ml.

Beeause gas pressure= at 10 ml were four to
five times those at volume of extraction, we
could read pressure more precisely at 10 ml.
This wuas manifested by smuller standard
deviations in extracted volumes
from pressures read at 10 m! than at 39.15 ml
Therefore. we report only solubilities enleuluted
from pressures read at 10 mi.

The hydrostatic head of the solution can
theoretically increase gas tension on the floor
of a tonometer. With our tonometer full,
Px.0 a#t the pipette outlet might have been
underestimated by as much as 4.5 torr, causing
as much as 1.1 per cent overestimation of the
solubilities in some samples. The effect, how-
ever. would have been most apparent in the
first sample withdrawn after refilling the
tonometer, the subsequent five or six deter-
minations becoming progressively less affected.
We saw no such orderly progression as the
tonometer was emptied. suggesting that thi=
factor did not influence the results,

Neither was there an incresse in mensured
solubility with time. attesting that saturation
of the water with X:0 was complete by the
time of initial sampling from the tonometer
after 20 min of bhubbling.

A potential source of error in solubility

measurements i contamination of the test gas.
Upon completion of this study, we asked the
manufacturer to analyze contents of the ap-
proximately half-empty E c¢ylinder from which
we had taken nitrous oxide. The only con-
taminants were water, 75 ppm, oxygen, 30
200 ppm.  (Nee Appendix
for complete xn: } Because water was the
solvent studied, it can be iguored. In the
temperature range under consideration, solu-
bility of nitrous oxide is 10 to 40 times that
of either oxygen or nitrogen,® making it un-
likely that these gases eontributed to the

ppm, and nitrogen

solubilities observed.
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Solubility coefficients in this report are
actually defined in terms of volume of solution
rather than in terms of the “absorbing liquid™
referred to in Ostwald's definition, since we
have not corrected for expansion of solution
produced by dissolved nitrous oxide. Mleasur-
ing changes in density of solution before and
after saturation with gas, Markham and Kobe!®
estimated that solubility may be underesti-
mated by as much as 0.1 per cent because of
volume changes caused by dissolved gas.

Assuming the correction to be negligible, we
have not attempted to correct for alteration in
the vapor pressure of water produced by
dizzolved nitrous oxide.
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ArpENDIX*

Analysis of Nitrous Oride E cylinder for
T'race Conlaminants

Detectable

Test Limit
Carbon manoxide 1.0 ppm  None detected
Nitrie oxide and nitrogen dioxide 0.1 ppin - None detected
14 0.1 ppm None detected
dioxide 10.0 ppm None detected
Alkalinity (NH3) 1.0 pprm None detected

Result

Water (vapor and liquid® 0.1 ppm 75 ppm
Oxygen (vapor phase, 70 F) 5.0 ppm 50 ppmn
Nitrogen (vapor phase, 70 ) 30ppm 200 ppm

* Laboratory Report No. 2682, dated November 2.
frum Ohio Medical Producty, 1157 Manjuette Street,
Cleveland, Ohio 44114,
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