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n an earlier paper (1) on the reaction velocity in the process
between carbon monoxid: and methyl- and ethyl alcoholate
lissolved in the corresponding alcohols the solubility of carbon
monoxide in these alcohols entéred into the calculation of the
relocily constant. A final caleulation of the experiments was
mpossuble owing to the lack of data on the solubility of carbon
onoxide between 20° and 50°. The present paper deals with
is solubility in methyl-, ethyl-, normal propyl- and isopropyl
cohol as well as in normal butyl- and 1sobuty1 alcohol at the
mpelalures in question.
~The solubility of carbon monoxide in methyl- and ethyl
cotiol has previously been investigated by Carius (2), Just (3)
d Sxirrow (4), and a review of the results is given in Table 1.
But the literature, as far as the author is aware, does not contain
ny data on the solubility of carbon monoxide in the propyl-
nd butyl alcohols. The solubilities reécorded in Table 1 are
xpressed by means of Ostwald’s absorption coefficient, i. e. the
alio between the concentration of the gas in the saturated solu-
on-and the concentration of the gas in the gas phase. Carius
resses the solubility of carbon monoxide in ethyl alcohol
means of Bunsen’s absorption coefficient as 0.204 from 0°
25°; this is in the table converted according to Ostwald’s
sorption  coefficient.
' Table 1.
= Ostwald’s absorption coefficient) of carbon mon-
oxide in alcohols.

CH,0H . C,H,0H
20° [ 25° 200 | 25°
S . H 0.219 0.223
........... 0.1830 0.1955 0.1901 0.1921
........ | 0.196 1 0.192
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;Ol;id;lllg fto H. Lunp and J. BserruM (7). It was attempted to
13:1 rate 1sopropyl alcohol by the same method, but maghesium
uld not be made to react with this alcohol. The dehydration

isopropyl alcohol, normal butvi- .
; - ’ yl- and isobutyl al ,
accomplished by slow distillation in a <wir Y woohol was

e-gauze column (8)
th 50 plates. Table 2 presents a summary of the boiling poiflts

Apparatus.

The solubility determinations described in the present pap
were carried out in an apparatus which in principle is fi
described by EsTrEICHER (5) and later improved by Lannune (6),
whose paper on the subject contains a sketch and a detailed
description. The particular advantage of the apparatus is tha
the experimental space is shut off by mercury, so that neithel
gas nor solvent during the experiment comes into contact wi
stopcocks and stopeock grease. During the experiment the a
paratus was constantly shaken in an air thermostat the tem
perature of which between 20° and 50° could be kept constan
with an accuracy of about 0.05°. ‘

The procedure followed in the solubility determinations. I
‘described in detail by Lannunc in the paper cited. In principl
it is as follows: After the apparatus is completely filled with
mercury a suitable volume of alcohol (about 20 ml) is sucked
in and freed from air by keeping the apparatus evacuated f
about 12 hours with repeated suction and- shaking, whereupo
the alcohol is confined between two mercury surfaces. Next ab
6 ml of carbon monoxide is sucked into another part of .t
apparatus where it likewise is confined between mercury surface
The apparatus is now placed in the thermostat at 20° and
volume and pressure of the carbon monoxide read after ter
perature adjustment. Then the carbon monoxide is brought-
contact with the alcohol by the separating string of mercury b
allowed to drop down into the alcohol. The shaking is sta
and continued until the manometer reading shows no changé
at least half an hour. Then the equilibrium adjustment is ¢ T
out at different temperatures. Finally the volume of liqui
determined by weighing the amount of mercury that can
drawn to a calibration mark. The volume of the manometer
of the apparatus and the volume between the various marks
determined by weighing with mercury.

)

il
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+1. §8: Formic acid. K: Sul i 1
1o ! . H phuric acid.
phuric acid. C: Cotton-wool filter. G: Gas
container,

A Sodiu?u hydroxide solution. B:
ometer with merciry. N: Levelling

d densities found, the last two colummns giving the corresponding
Jt‘an.ts‘from the literature. The boiling points were deti,rm‘l 13
dl'stlllation of 20 ml of aleohol in a boiling point a arl 16
s'crlbed by H. BacGeseasrp Rasmussen and F. REIMIIJEII){S ?9%8
librated th.ermometers were placed so that the whole mercur :
mn was in alcohol vapour. The boiling points are converteg
0O'mm pressure. The densities were determined at 20.°00 +
2" in a .’.50 ml pycnometer with two graduated capillar .tub
1d(?d W'lth ground-glass caps. In the calculation of the }(rlensifs
ction is made for the buoyancy of the air.’ | g
_:arbox} mo.noxide was prepared in an apparatus like the one
»vlhed .111 Fig. 1. From the separating funnel (S) anhydrou
i¢ acid dripped into concentrated sulphuric acid in fh}e’z ﬂasllz
The carbon monoxide was led through glass spiral w

Materials.

Methyl-, ethyl-, and normal propyl alcohol were g:lehydi
in an apparatus made completely of glass, magnesium being:

ashing
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bottles containing sodium hydroxide solution (A) and  co
centrated sulphuric acid (B) and a cotton-wool filter (C) into

; arbon monoxide in ethyl alcohol:

~1

500 ml Berzelius gasometer (G) with levelling container (N). The: Blaeforeghe eomtio
) . | ) absorption 5 i
carbon monoxide production was made very slow so that the erature t° C 19 9p R
] . e R I I « 7° y
washing could be effective. The gasometer was filled and empt t : I e
yer- 1.0732 1.0732

until sampling (stopcock D) showed that the carbon monoxi
was pure. The analyses were carried out in a gas analysis a

)

749.3 mm Hg

746.9 mm Hg

paratus according to J. A. CrurisTransen (10); the gas employed Al prossuee of CO éézL.O — 4.0 —
. . _ R . arg tual pressure of CO ..., = 705.3 — >
contained 99.5°/, carbon monoxide and 0.5°, nitrogen (no lume of CO at 19.97° and p,, Peo 6.791 ml P 70@-201 —
- . . 0 . .
carbon dioxide nor any oxygen). - - - 0° and 760 mm . 5813 - W — 2362 “_11

Table 2.
Boiling points and densities of the alcohols used.

le ﬂask could hold 1189.0 g mercury, and a total of 997.3 g Hg
s drained off at 20° (density of Hg 13.546), thus

- Found l Values Erom literature!l: 2
N |
: X ' ; 1189.0 —997.3
Alcohol Boiling point. Qen;l(;cy “Boﬂmcr pomt! Denzstl)ty : Wy, = T 13546 = 14.15 ml and
760 mm d vy ‘ 760 mm 1 Y }
- ‘ : SEN's absorption coefficient o = (0'812_‘3362) 760 0.1879
CH,OH ........... 64.7 0.7916 l‘ 64.7 ‘ 14.15-702.9 :
C,HO0H ........... 78.3 0.7802 | 78.3 9
n-C;H,0H ... ....... 97.2 0.8038 97.2 - — 1= 0.1872- ISM = (.90
2731 .2009.
iCHL,OH oo 82.4 0.7859 82.4 . _
n-CH0H ... ... 117.8 117.7 Logor = 0.201.
-C,HOH 107.9 107.9 ' .
Table 3.

Experimental results. IUes of densities and vapour pressures of the alcohols used

) in the calculations.

The densities and vapour pressures used in the calculati -
are given in Table- 3. The solL1b1ht1es are efipressed by Ostwa‘l Temp. ’ CH,0H | C,H,0H n-C,H,0H i-caH7OH‘[n—C4HsOH i-C,H,0H
absorption coefficient (1) and calculated from : |
{
20,0 0.7915 | 0.7894 | 0.8035 | 0.7851 | 0.8
V—w) - 760 - _ : . .8098 0.8018
- (\j : w) - 760 T’ i(ﬂ).g 07825 | 0.7810 | 0.7960 | 0.7769 | 0.8026 | 0.7941
W, P-273.1 40. 0.7740 | 0.7722 | 0.7875 0.7686 | 0.7954 | 0.7864
50.0 0.7650 | 0.7633 | 0.7785 | 0.7603 | 0.7882 | 0.7785
where W is the volume (0°, 760 mm) of the gas introduced; Lit. @ | oan | as 12 (12) (12)
the volume (0° 760 mm) of the gas that remains after the. 20.0 ' ~
. 95.1 44.0 145 | 324 4.39 8.6
sorption. W is the volume of the alcohol and P the. par ©30.0 160.3 281 o6 fot e e
pressure of the carbon monoxide, hoth at the prevailing abso 740.0 260.4 133.4 50.2 105.6 18.6 31.6
temperature T. The following survey shows an example o ;'5(_’-0 409.4 219.8 87.2 176.8 33.7 56.2
caleulation of the solubility Lit. 3 a3 12) (14) a2 | a5




In the numerical treatment of the experiments at other téi
peratures consideration was given to the various alcohol vapal
pressures and to the coefficients of expansion of the alcoh

erature equilibrium. As Table 5 shows, the two apparatuses gave
e same value for the solubilities. In the case of the other alcohols

nly Apparatus B has been used, Ethyl alcohol with 19/, of
the mercury and the glass. The alcohol vapour pressures w ater gave 1 = 0.190 at 20°. From Carius’ results one arrives

not corrected for the reduction which is attributable to the diffal a temperature coefficient bf 0.0007. Just’s results give no
solved carbon monoxide, nor was the volume of the alcohifireliable temperature coefficient {0.0004) since the deviations of the
corrected for changes due to evaporation or to carbon monoxiifsolubilities found are so small. The present experiments show an
dissolved. The three last mentioned corrections are small in nerease in solubility of 0.00053 per degree, which is of the same
portion to the experimental errors. rder of magnitude as for the vest of the alcohols investigated.
Tables 4—9 show the solubilities found. Values in the s Table 10 presents a survey of the solubilities found, inter-
vertical column originate from the same charge of alcohol aifpolated to the temperatures 20° 35° and 50°, as well as the cor-
carbon monoxide. The experiments with methyl alcohol (Tabl esponding temperature coefficients.
were difficult to reproduce, undoubtedly because of the v :
high vapour pressure. At 20° 1 was found to be 0.224, thu
value about 23 °/, higher than that found by Just (Table 4
An experiment with methyl alcohol to which had been adds

Table 4.
Solubility in methyl alcohol.

t 1 1 1
1°/, of waler gave at 20°1 = 0.220. When the carbon monoxi

pressure was varied the following values were found for i 19.9...... 0.226

solubility in anhydrous methyl alcohol at 20°: 538 mm (0.22] ggg ------ . 0.222
680 mm. (0.224), 754 mm. (0.224), thus the same within the 90 ... .. 0.925 )

perimental accuracy. The difference between Just’'s results ai 349 ... " 0.936

those of the present investigation may perhaps be explained] 35.2...... 0.228
the circumstance that different values of the vapour pressur 89.5 ..., 0.233

methyl alcohol have been used. Jusr found that the solub 48.8 ...... 0241 5
between 20° and 25° rises 0.0021 per degree, while the pre 8- o020
expenments give a rise of 0. 0008 per degree A compauso’ Table 5.

Solubility in ethyl alcohol.

. . . Lo Appare
(Table 10) shows JusT’'s coefficient to be incredibly high. : Apparatus A pparatus B

For the solubility of carbon monoxide in ethyl alcohol ( ¥

t j f 1 t L 1

those found by Camius and Just (Table 1). The exp'eri’ e 0.200 0.200 2000 0201

. . . . e 0.206 20.3...... - 0.203
reported under ““Apparatus A’ were carried out in an apparaigr - 0.210 . 20.7. ... .. 0.901%
having a flask volume of about 300 ml. About one year lilcsng. . . . .. ) 0.208 28.9...... 0.204

a new dehydrated alcohol and a newly prepared carbon monguie2........ 0.215 - 29.8...... 0.206
¥ Yy prep Sl

being used) experiments were made in “Apparatus B, % 337 0.208*
. ' 37.9...... 0.211"
flask volume of about 90 ml. Since only less than 20 ml of 38.8 0.211
can be introduced because of the high solubility, and th i7.9.. .. 0.914
of the flask is filled with mercury, Apparatus B makes them 302, ..... 0.217

so much more rapid and more satisfactory in producing The equilibrium entered from higher to lower Lemperature.
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Table 6. Table 7. 20 35 50
Solubility in normal propyl Solubility in isopropyl T T T,
alcohol. alcohol. tC.
t 1 1 t 1
20.0 ..., .. 0.177 0.177 200 ....... 0.190
348 ........ 0.182 200....... 0.190
35.0 ... en.. 0.182 351 . ..., .. 0.196
500 ........ 0.191 0.188 51.2 ..., 0.207
Table 8. Table 9. g
Solubility in normal butyl alcohol. Solubility-in isobutyl alcoh
— is0-C,H,0H
t 1 1 t 1 S 7
. &
198, ... 0.165 20.0........ 0.174
19.9........ 0.164 0.164 35.0. .. ... 0.180
20.0........ 0.164 49.8. .. ... ..
20.0........ 0.165 50.0. .. ... .. 0.186 .
351, 0.168
35.7. ... ‘ 0.170 150-Cg HyOH
35.7. ... 0.169 '
49.8........ 0.173
49.9...... .. 0.173
Table 10.
Solubility (1) of carbon monoxide in the alcohols.
= dl
Temp. 20°.0 35°.0 50°.0 aT (20°—50° ) ‘
L 1 | _ 1
CH,OH ........ 0.224 0.230 0.248 0.0008 340 330 320 310
Cszo}I ........ 0.200 0.207 0.216 0.00053 g Flg. 2. Solubﬂity_tellnperature curves.
0-CaH,0H ........ 0.177 0.182 0.189. 0.00040 .
-G H,0H ..o 0.190 0.196 0.208 0.00053 ntal axis. Integration of the equation for the temperature de-
n-C,H,0H ........ 0.164 0.169 0.173 0.00030 din 1 -
SCH,OH ... 0.174 0.180 0.186 0.00040 % ence of the solubility, AT = T RTF where u is the heat
lution, gives, for constant u:
Discussion. '

Fig. 2 shows corresponding values of % 10° (abséissae) a

log1 (ordinates). The degrees centigrade corresponding to i
reciprocal absolute temperature are plotted on the upper ho

. u u
Il =Tggs. 7 Ina orlogl = g+ loga.

constants u and log a in the last equation are calculated by
ns.of the method of least squares, Table 11. The calculation
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ipressed by x the solubility of carbon monoxide at 20° is
corded in Table 12. x is. found: to increase with rising

olecular weight of the alcohcls and is found to be greater
The solubility being found to be increasing with risipz@n isocompounds than in the normal compounds.

is also carried out in the case of methyl alcohol where the poin
possibly because of the smaller experimental accuracy, do
fall on a straight line.

dependence of the solubility of gas proposed by Tammann (16 ! ' Table 11.
' Values of u and log a in the equation logl = —R—— + log a.
-of Aleohol | w | loga

CH,O0H ...... — 630 —0.18

-03 CH,0H ...... — 483 —0.34

n-CH,0H ...... — 410 — 0.45

i-C,H,0H ...... — 506 —0.35

n-C,H,0H ...... 334 —0.54

=05 i-C,H,0H ...... — 419 —0.45
, | | Y Table 12.

-600 -500 -400 -300 ubilities of carbon monoxide expressed in mol fraction (x - 10%)

- ; at 2 and 1
Fig. 3. v in calories. 1: CH,0H; 2: C,H,OH; 3n: n-C,H,OH; 3i: iso-C;H,0 20° some related constants for the alcohols.

4n: n-CHOH; 41: iso-CHOH. . AE

' x-10% U AH AE v ~ a-10%
In Fig. 3, u (abscissae) is plotted against log a (ouhnat ’

Assuming linear dependence, the equa‘uon 3.77 1.6 8520 | 7850 40.5 8010 3.24

4.85 1.71 9580 8882 58.3 6240 . 5.04

log a = " g9 5.50 1.66 9840 | 9105 74.8 5040 6.90

837 6.10 1.70 9550 | 8844 76.5 4790 | 6.91

6.24 1.66 | 10450 | 9674 91.5 4380 8.72

is calculated and the siraight line drawn. Lannunc (6) foin 6.69 | 1.8 10220 | 9464 \ 92.4 4250 | 8.74

on an average for the solubility of eight gases (He, Ne, A,
H,;, CO, CO,) in methyl alcohol, ethyl alcohol, acctone, cy
hexane and cyclohexanol the equation:

ca
Dipole moment in Debye; 4H: Hcat of vaporization in ITO] AE: Energy of

orization in I;()ﬁl (= AH —RT); v: Molecular volume in ml; — : ““Internal
: v

ssure” in atm.; a: Polarizability calculated from molecular refractivity (R),
u

loga = *m—OS

3R
N Values from Intern. Crit. Tables and Landolt-Birnstein’s Tables.
Table 12 moreover records the dipole moments (@), heats

When comparing the solubility of gases in different liqn
aporization (AH), molecular volumes (v), and polarizabilities

it is the most reasonable to express the solubility in mol frac

(x) which for sparingly soluble gases can be calculated fi of the alcohols. Moreover, ‘vl: has been calculated (see the

3

1-273.1 - molecular weight -10™

T-22.4-d

alcohol e), presumably giving quite valuable information regarding

elative internal pressures in the alcohols which are almost

T (alcohol)
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Table 13.
Solubility of different gases in the alcohols expressed.in m

ressure of one atmospheie then is
_fraction (x -10%) at 20°. Ar at 0°. .

. -1
T solubility = x = =,
He®) | Nety | Ar28) | Rn2v) | H,%) | N,%) [0221) CO | CO, N, _ ¥ -
“Tdeal* .. ... 1.7 |21 | 710%* 10 |16 [11  [178 here p, is the V:apour pressure of the gas in liquid form at the

CH,0H ... | 0.57 | 078 | 4.8| o4 | 1.5 | 23| 3.1| 3.77] 60%) mperature considered.

CH,0H ... | 073 | 1.05| 65| 170 | 2.1 | 3.4| 3.7 4.85| 69%) Most of the gases for which solubility measurements are
n-C,H,0H ... 7.3 | 266 Z-i’g 77%) vailable have critical temperatures considerably below the tem-
i-CoI,0H ... | . g;g 604 erature at which the solubility determinations have been carried
n-C,H,0H ... . . )
i-CiHZOH o4 | 308 6.69 | 759 ut. HILDEBRAND (17) has, however, for a number of gases cal-

ulated theoretical solubilities according to the above equation
y extrapolating available vapour pressure measurements of the
ondensed gases to 20°. Some of the results of these calculations
re reproduced in Table 13. The solubility of radium emanation
as by the present author been calculated on the basis of vapour
ressure measurements by Gray and Ramsay (23), by interpolating
- a vapour pressure at 20° of 14.1 atmospheres, whence

* Calculated by HILDEBRAND (17).%#* Calculated by the author.
e

identical in polarity. Carbon monoxide belongs to the non-pol
gases (dipole moment 0.12 Debye (11)). The fact that the solubili
is found to increase with decreasing internal pressure is in agr
ment with a long series of earlier observations (see, for examp
a review of the solubility of non-polar gases in different liquid
on p. 184 of HiLpEBRAND's monograph (17)). The fact that
solubility varies in the same manner as the polarizability i
‘agreement with a series of observations by Srisskinp and Ka
NowskY (18). :

DoLEzALEK (19) has shown that for a number of liquid
tures of two nop-electrolytes, A and B, (e. g. benzene and ethyle
chloride) one finds for the whole range of concentration tha

._—. 1__ b i cye s
TR 0.0710. This calculation of solubilities is thus very

pproximate, but nevertheless gives a fair orientation regarding
he relative magnitude of these quantities. This “ideal solubility”,
;is independent of the solvent. In practice the solubilities are
st generally found to depend on the solvent, and as a rule
be between one and ten tmes as small as the ““ideal’ one,
ugh for the solubility in water one as a rule finds that it is
out one hundred times smaller.

‘Table 13 surveys the solubility of different one-, two-, and
ree-atomic gases in six alcohols. The values are inter- or extra-
lated to 20° and converted into mol fraction.

‘The present investigations have been carried out in the De-
rtment of Inorganic Chemistry, the Danish School of Pharmacy.
e author wishes to thank the Head of the Department, Professor
RL FaurnoLT, for permission to do this work. and for the’
cellent working conditions which were available, He is more-
er indebted to Professor Niers Biewsrum for the loan of the
aratus in which the solubility determinations were made, and
¢ Carlsberg Foundation for financial support in the
hase of a gas analysis apparatus

P =P "X,

where p is the partial pressure of A (B), po the vapour pres
of pure A (B) and x the concentration of A (B) calculate
mol fraction. If one of the components is associated (e.g. GGl
in benzene), or the components enter into additive combinati

with each other (e. g. acetone and chloroform), this circumst
must be taken into account in the calculation of x. On the
of the following considerations, DOLEzaLEK has propos
method for calculating the ideal solubility of gases in liqui
A liquid which is saturated by a gas of the partial presst
can be imagined to be formed by mixing into thé liquid- S0
“liquid gas” that the mixture has a partial pressure of th
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Summary.

The solubility of carbon monoxide between the temperatu
20° and 50° is determined in methyl-, ethyl-, normal propy
isopropyl-, normal butyl-, and isobutyl alcohol. The results _
expressed by means of Ostwald’s solubility coefficient (1) and
recorded in Table 10, where also dl/dt is calculated. A graphical
presentation of the measurements is given in Fig. 2. Within t
experimental accuracy the points found lie on a stlalght line
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