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THE SOLUBILITY OF·HYDROGEN INNON-POLAR SOLVENTS 

Marshall W. Cook 
Department of Chemistry and Radiation Laboratory 

University of California, Berkeley, California 

. January 14, 1954 

ABSTRACT 

The solubility of hydrogen has been measured in eight non-

polar solvents. These measurements have been made in the 

temperature range from -30° to 50° C. and at pressures in the 

vicinity of one atmosphere. The solvents investigated were 

n-heptane, n~octane, 2, 2, 4-trimethylpentane, toluene, benzene, 

carbon disulfide, carbon tetrachloride, and n-perfluoro heptane. 

The data taken on these systems have been used to test the 

solubility theory of Hildebrand. 

From a survey of the literature it was apparent that 

previous methods for measuring gas solubilities could not meet 

the specifications for accuracy and reproducibility required in 

this work, namely, ±0. OS%. Accordingly, the criteria for 

obtaining accurate reproducible data have been established, and 

an apparatus and a technique have been developed which fulfill 

these criteria. 

Data other than the solubility of hydrogen have been taken. 

These results will be found in a forthcoming University of 

California Radiation Laboratory Report. 

This work was performed under the auspices of the U.S. 

Atomic Energy Commission. 
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THE SOLUBILITY OF HYDROGEN .IN NON-POLAR SOLVENTS 

Marshall W •. Cook 
:Department of Chemistry and Radiation Laboratory 

. University of California, Berkeley~ California .. 

January 14, 1954 

I. INTRODUCTION 

The solubility of gases in liquids has been studied by many 

investigators. The published experimental data of these 

investigators show wide discrepancies not only between workers 

but also within the work of any single investigator • 

. In the present work it was required to obtain solubility 

data for hydrogen in various solvents to an accuracy of ±0. OS%. 

At the inception of the work, it was clear that previously 

reported apparatus and techniques were not sufficient to meet 

this requirement; however, it was not clear in what particulars 

they were faulty. Accordingly~ the factors influencing the 
.. 

accuracy of the data were investigated separately and an 

apparatus was designed such that the composite effect of these 

factors would not impair the data within the desired accuracy. 

The solubility of hydrogen ha:s been measured in several 

non-polar solvents in the temperature range from -30° to 50° C. 

and in the vicinity of one atmosphere pressure. The solubility 

theory of Hildebra,nd9 has been tested with the~e data in order 

to determine how closely the solubility of hydrogen may be 

predicted. 

Data on other systems have also been taken, These data 
':..: 

are at present classified and contained in a forthcoming University 

of California Radiation Laboratory report. 
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II. CRITERIA FOR EVALUATION OF SOLUBILITY DETERMINATIONS. 

In the measurement of gas s.olubilities, there is abasic sequence 

of operations and meas.urements to be made and a set of conditions 

to be met regardless of the techniques or the apparatus employed. 

There are essentially two criteria to be m~t:; in order to obtain 

accurate reproducib1e data. These criteria are tf!.at the experimental· 

measurements be made with an accuracy consistent with the desired 

accuracy of the data, and that the announced conditiGms under which 

these measurements are made have been fulfilled. These measure

ments and conditions are the following: 

1. The pressure, volume and temperature of the gas charged 

to the dissolution vessel, 

2. The partial pressure, volume and temperature of the 

undissolved gas (here temperature becomes increasingly 

important as one deals with solvents of high vapor pressure~. 

3. The degree of purity of the solvent with respe-ct to 

previously dissolved gases, 

4. The degree of attainment of equilibrium, 

5. The temperature and the temperature control, 

6. ~he solvent volume or mass, 

7. Contamination of the gas during the charging process. 

The above list neglects the purity of the solvents and gases 

employed since impurities in the materia.ls us:ed have little effect 

on the reproducibility of the data taken by any single investigator, 

and it is that reproducibility with which we are primarily concerned 

since this will demonstrate the effectiveness of the C!-pparatus and 

techniques. 

.· 
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III. DISCUSSION OF PREVIOUS WORK 

There have been such a large number of previous investigators 

in the field of gas solubility measurement that only a few of these 

workers will be discussed. These few have been selected either 

because of their prominence or because they have made measure-

me:hts which we h~ve repeated during this work. A most adequate 

surrtmary of the data taken up to 1950 is given by Seidell. 20 • 21 

All of these investigations, including our own, have used 

the principles established by Bunsen2 who in 1855 determined the 

s.olubility of several gases in water. These principles are that 

the initial and residual gases are measured volumetricaHy, that 

the pressures of these gases are measured, that provision be 

made to hasten the attainment of equilibrium by shaking the 

dissolution vessel, that equilibrium is established when no 

further solution rate of gas is observed, that the solvent quantity 

is determined either volumetrically or gravimetrically. and that 

the solvent must be. thoroughly degassed before the gas and solvent 
. i . 

are contacted. To accomplish these purposes a wide variety of 

apparatus is .described in the literature, but this variety is 

largely the result of variation in technique made possible by 

technological advances in laboratory equipment. Real originality 

is lacking in apparatus design. For example, Horiuti
11 

and 

14 1 
Lannung both used apparatus suggested by van Antropoff who 

modified the apparatus of Estreicher. 3 In turn, Estreicher 

improved the apparatus of Timofejew25 which was originally 

suggested by Ostwald. 
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The use of a previous investigator's apparatus is certainly not 
• ·~ : •,<!" . • 

· objectionable in its el£. However, the data reported in the literature 

indicate that the apparatus and techniques .used do not yield·. 

accurate data. There is a marked divergence among so1ubility 

. values determined by different investigators on the same syst~m. 

:furtherm.ore, in cases where a worker has reported val.uei 

obtaine_d from duplicate runs, the low degree of reproducibility ·· 

seems inordinate. Hildebrand9 points out several gross 

discrepancies between values obtained by different investigatbrs. 

. 14 . . . 
. In the work o.£ Lannung · disagreements between duplicate 

determinations were frequEmt.ly a.s great as 2% and sbmetimes 

greater than 5%. 'Furthermore, if values determined bydifferent 
. -

investigators are within 5 to 10% of ori.e another, the agreement is 

cons ide red to be reasonable. 

Such differences as the.se cannot be justified when one 

co-nsiders the accuraC:y with which the variables. involved can 'be 

measured. For example, with ~inimal care, one can make 

volumetric measurements to 0.1%; an error of 1% in pressure 

would involve a reading discrepancy of almost a centimeter; 
• , r , 

referring to the temperature coeff.icient of hydrogen solubility, 
, 0 . . ) . . 
an error of 1 C. would yield an error of less than 0. 6%. A 

further consideration is that the care used in purification and 

handling of solvents arid gases as described by most investigators 

would seem to rule out discrepancies iri the data on account of 

impurities. Solvent impurity errors s-hould not be overlobked, 

13 . 
however. Kretschmer finds, for example, that the solubilities 

of nitrogen and oxygen are about 20% less in 95% ethanol than 
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in absolute ethanol. 

If the purity of materials is satisfactory and the measure-

ments of temperature, volume, and pressure are sufficiently 

accurate, the discrepancies in the solubility values must result 

from other sources of error. These errors, which are the result 

of fe~;ulty technique, can be one or more of the following: 

1. Failure to reach equilibrium, 

2. -Failure to degas the solvent completely, 

3. Failure to ascertain thetrue amount of gas dissolved, 

4. Failure to ensure that the transfer of gas from a 

primary container to the apparatus does not involve 

air contl;l.mination . 

.If all ~f these techniques have been properly administered, the 

results should be reproducible to a degree consistent with the 

accuracy of the directly observable variabl~s. i.e., with the 

~priori accuracy. Non-agreement of successive values resulting 

from faulty technique cannot be analyzed to determ~ne which of 

the four techniques is at fault after the experiments have been 

completed. Experiments must therefore be designed to demonstrate 
- ' 

separately the reproducibility attainable with each of the ~bove 

techniques in o.rder to dete.rmine wh~ch of these must be improved. 

Many variations in the measurement of gas quantities are 

noted in the literature. Lannung
14 

measured both the initial and 

residual gas saturated with solvent; Horiuti11 measured the initial 

and residual gas dry except for that gas actually i~ th,e solvent bulb; 

van Antropofi measured the initial gas dry and the z:esidual gas 



· · t d * B 2 d h · · · 1 . d. d h 'd 1 satura. e ; unsen m.easure t e 1n1ha. gas ry an t e res1 ua 

gas .saturated. ·,_; 

T.he measuremEmt of a solvent-.saturated'gas is inherently 

inacc;u~ate heduise saturation occlirs by diffusion-·whiCh is a· 

relatively :slpw process, especially whe:n it must' occurthrbiigh a 

long s.iender. tube. Also, temperature variation~'can cause sem,i~ 

irrevers.ible condensations •. Finally, :P,..y:..T·data: a.re ~eldom 

available for systems of this type, espec'iaJly to· the ac~uracy 

requir'ed, and therefore the true ambunt of gas; i.e_.,· moles, 

cannot be. Cfl.,lc.ul~ted. In gen:eral, to ensure compl~-te ·saturation 

of a ga~, it mus't be i'n intimate contact with the 'solvent, and this 

condition is difficult to meet in,, for example, a gas burette. In 

our inves-tigation of this measurement, carried' out iii an apparatus 

· s'imilar to· L~mnung' s!'4 it was .found that the volume of gas increased 

slowly with time at any given temperature indicating incomplete 

satura.tion of the gas·. Furthermore, when the same ga.S c.hatge 

. was· mea.sured at successively lower temperatur·e levels,· the! 

apparent quantity of gas, in mole.s, appeared to inc:teasej and 

. this would ·C:·e:rtairily' fo'llow since the solvent partial pressUi"e would 
. ' .. .. ' 

. become· less. impo·rtant at lower temperature-s .. It is· therefore 

:rik.ommen:ded that wlierever possible, gas qua.htities; be determined 

·on dry; i'. e., solvent.:.free, gas·. 

That d~gas'sing. Of~ the s·olvent tnust·be complete to-within the 
,· 

·. desfred accuracy of the d~tertriinati6n is obvious. To isolate this 

* .·. . . . I .·' . . . . - ; .. ., . · .. -.· 

In this case, the residual. gas wa.s almost ce.rta1nly· not 

· · :saturated because oitlie ·l_ong 'aif£iisi~ri'path imposed-by a gla·ss 

coil connecting the gas burette to the so,lvent bulb. 
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technique for individual attention would be tedious and somewhat 

impraCtiCal. In this· cas·e, then, the ultimate criterion is simply 

whether the results of succe·ssive experiiT:l.ents are in satisfactory 

ag·reement. whe':Q. other sources of error· have bee:p. eliminated. In 

addition, two secondary criteria· for the, determination of the 

completeness of· degassing have been used in this work, and 

although these criteria are not absolute jn character, they have 

been shown to be satisfactory tests of degassing .by the reproducibility 

of the final data. These criteria are described in a later section. 

Previous workers have also employed secondary criteria 

for· completeness of degassing of the solvent. , Timofejew
25 

'mentioned that when the solvent was completely degassed, 

shaking of the solvent container produced a ·"metallischen Klang~' .. 

This was the earliest mention of the phenomenon .and al:rpost without 

exception, Timofejew' s successors. have us e9. this crite.rion. 

Unfortunately; no one has determined the thres.hold gas concentration 

at which these metallic sounds occur. 

14 . 
In addition to the "metallischen Klang", Lannung ·· con,densed 

the vapor in his•solvEil.t vessel by confining the.degassed solvent 

between mercury and· observing whether a bubble of gas remained 

in the system. We have -found this test to be reliable for the 

reproducibility desired, namely, ±0. OS%. 

The relatively slow rate of .solution of a gas in a liquid 

·· imposes a serious problem in determining the equilibrium point of 

a solubility determination. This point has apparently been over

looked by previous workers. Hildebrand8 has mentioned the problem 

of super -saturation in gas solubility measurements, but ·from 
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observations made in the present work it is beli.eved that this is 

rather a in~nife.statio.n of the very slow rates of g~s so.lution or 

·evolution even at appreciable displacements froiY1 equilibrium. 

The criterion universally used for determination of the 

e:quilibrium point has been that no further dis.splution of ga.s was 

apparent between succe.ssive shaking periods of .relc:ttiyely short 

duration, e. g., one to .ten minutes. The technique ofU;psetting 

th~ apparently equi,librated system by changing the pressure and 

then observing whether dissolution or evolution takes place has 

not previeus1y been used. By this. ;method, equilibrium can be 

approached from both sides, a technique frequent~y. used in 

J>hy:sica.l chemical experiments. Furthermo.re, thi.s method allows 

one to determine how closely equilibrium can be approached in 

a given apparatus and in a given gas -solyent system. From our 

observations, gas solubility .rates in many cases can be s,low 

enough to cause errors of 1.% or more in the determination of the 

equilibrium point by the classical method. It was for this reason 

that in the present apparatus a separate residual. gas burette was 

included (see Fig. 1}. This burette is of high enough sensitivity 

to allow the determination of the equilibrium point to an acc~uracy 

of about 0. 01%. {This problem is disc.ussed in .mor·e detail in 

section V ~F. ) 

A last point of criticism concerns the manner in which many 

of the previous investigators .have charged gas to their apparatus. 

This m.ethod involves dipping a U -shaped capillary tube, one end 

of which is free, the other e.nd attached to the solubility apparatus, 

into a mercury ·vessel so that the open end enters a gas container 
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inverted over mercury. Gas is then admitted to the apparatus 

through the U tube and mercury is allowed to follow in order to 

seal off the system. If the solubility apparatus is so designed 

that this U tube is held permanently with the free end in the gas 

container (cf. Horiuti
11

), then this proc,edure is quite acceptable. 

However, if this U tube must be dipped into the gas container for 

every solubility determination, considerable air contamination 

can result, possibly from air bubbles clinging to the tube in 

14 
question. This ,latter arrangement was used by Lannung , 

von Antropoff, 
1 

Gjalbaek, 
5 

Estreicher, 
3 

and o_thers. Results 

of tests made on a system of this type showed that the amount of 

air enterin~ the system in this manner can be of the order of lo/o. 

Bunsen, 
2 

one of the earliest investigators of gas solubilities, 

used an original apparatus. which was less subject to the above 

mentioned errors than many of the more complex designs used by 

recent workers. He measured the initial gas dry. The residual 

gas, in intimate contact with the solvent, was undoubtedly saturated. 

Although his apparatus was volumetrically insensitive, it was an 

ingenious design (it contained no stopcocks) considering the lack 

9f technology at the time. 

Some hydrogen data of the previous investigators are discussed 

in a later section. 

IV. APPARATUS AND PROCEDURE 

A. Materials Used 

The hydrogen was obtained from the Mathiesen Chemical 

Corporation. Its purity, as determined by mass spectrographic 
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analysis, was 99. 75% hydrogen, the balance consisting primarily 

.of nitrogen. This nitrogen content required that a small but 

pertinent correction of the data be made. This correction is 

outlined in Appendix D and it has been applied to all of the data 

reported. 

All of the solvents wer·e dist.illed and a center portion of the 

distillate was selected which exhibited a boiling range of less than 

0.1° C. The solvents used were n-heptane, n-octane, 2, 2, 4-tri-

methylpentane, benzene, toluene, c·a.rbon tetra.chloride, carbon 

disulfide, and n-perfluoro heptane. The n-heptan:e ahd the 

2, 2, 4-.trimethylpentane were Phillips 99+ mole %, the n~octane 

was obtained from the Eastman Kodak Company, the benzene, 

tol.uene, carbon tetrachloride, and the carbon disulfide were 

Baker and Adamson1 s Reagent grade.: The carbon disulfide was 

• stored in the dark after distillation. The n:--perfluoro heptane was 

on hand in the laboratory sto.reroom and is of unknown origin. 

Table 1 compares some mea.sured physical properties of the 

above solvents with literature values .of those prope.rties. 

AU of the literature values listed in Table 1 except those for 

n .;.perfluoro heptane are taken from Timmerman 1 s compilation of 

24 . 4 
data. The n-perfluoro heptane values are reported by Fowler 

7 and Grasse. The 11observe·d boiling points 11 are simply those 

temperatures re(:ld during the distillation of the solvents with a 

partial immer.sion thermometer calibrated in 1° divisions. This 

tempe.rature has been corrected to 760 mm. pressure, but no s.tern 

correction has been applied. The refractive indkes: were rnea.sured 



Table 1 

Solvent Properties, Observed and Literature Values 
• , I ' ~ ' ; '. 

Boiling point Density Refractive index 
Solvent (oC.) (at 250 C.) (14. 60 c. ) 

obs. lit. obs. lit. obs. lit. 

n-heptane 98.3 98.424 - o. 6795 0.6795 1. 390_0 . 1. 3902 

n-octane 125.5 125.665 0.6988 0.6988 I. 3999 1. 3999 

2, 2, 4~trimethylpentane 99.2 99.238 0.6879 0.6878 1.3938 1.3942 

n-perfluoro heptane 82.5 82.47 I. 7203 I. 7190 1. 267 1. 265 
D ...... 

benzene 80.0 80.10 0.8733 0.8737 I. 5037 1.5045 -J 
I 

toluene 110.5 110.61 0.8612 0.8622 1.4987 1. 5000 

carbon tetrachloride 76.8 76,75 1. 584 7 1. 5843 l. 4630 1. 4632 

carbon disulfide 46.5 46,26 1.2558 1.2558 l. 6314 1.6323 



Table 1 (Cont.) 

Vapor Pressures, b rnm. Hg 

Solvent 0° c. 25° c. 35° c. 
obs. lit. obs. lit. obs. 

n-heptane 11.3 11. 13 45.55 45.43 73.45 

n-octane' 2.7 2.9 13.9 13.8 24.0 

2, 2, 4 -.trirnethylpentane 12.85 12.99 49.0 49.36 77.95 

n..,perfluoro heptane 19. 1 21.2 '}6.15 80.1 122.6 

benzene 45.4 a 45.47a 95.0. 95.01 147.65 

toluene 6.6 6.75 28.3 28.40 46.5 

carbon tetra,chloride 33. 1 33.1 113. 9 112. 8 L'Z3~ 9 

carbon disulfide 12.6. 85 126.5 360.95 35·9. 0 197.7a 

al0° G • 

. b Lite.rature value.s were obtained by fitting the available dat~ to the 
equation log p = C + A/B + 'I\ 

lit. 

73.65 

24.0 

78.25 

128.5 

148. 15 

46.7 

169.5 

196.8a 

Ref. No. 

(26) 

(24) 

(26) 

(4) 

(26) D ..... 
00 

( 17, 26) 
g 

(24) 

(24) 
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with an Abbe refractometer, and the densities were measured with 

pycnometers of 5 cc. capacity. 

The vapor pressures were measured in the temperature 

range from 0° to 35° C. in order to demonstrate solvent purity 

and to obtain vapor pressures for calculation of the solubility 

values from the solvents actually used. These measurements 

were made in an apparatus designed during the present work 

which is described in Appendix F. 

Ballard's triple ~distilled mercury was used in these 

determinations. Before re-use of the mercury, air was bubbled 

through it for about two hours to remove solvents and to oxidize 

base metals. It was then passed through a pin hole in a filter 

paper. This latter process removed all visible solid material. 

B. Apparatus 

The solubility apparatus is shown in Figs. l, 2, and 3, 

and the auxiliary equipment is shown in Figs. 4 through 16. 

As· shown in Fig. 2, there were two solubility apparatus in this 

work. Each was fastened to a separate steel mounting plate with 

11 3 -M 11 Bedding Compound, an adhesive product of the Minnesota 

Mining and Manufacturing Company which sets into a rubber-like 

substance. Each apparatus is provided with its own millimeter 

scale which is fastened securely to the steel mounting plate with 

machine screws. Each mounting plate is fixed semi-permanently 

to the shaking mechanism (Fig. 4) in such a manner as to allow 

levelling of the apparatus. 

As shown in Fig. 4, the shaking mechanism is designed to 

allow a variation in the frequency of shaking by changing gears, 
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while the amplitude of shaking may be changed by adjusting a 

variable eccentric. 
'' ; ' ' · .. · ' .. 1 

A frequency of about 170 minute- and an 

amplitude of about 3/8 of an inch were empl~yed in all of the 

experiments. It will be n~ted that the shakin:g mecha~ism also 

provides a horizontal motion which is intended to avoid pressure 
' I:. 

disturbances due to vertical accelerations during the periods of 

shaking. 

-. ,, ·'·' 

. The air thermostat consists of a chamber in which the 
. - . . 

experiments are conducted and through which air is circulated 
. ' 

upwards to a blower which is external to this chamber. The air 
( . .. . 

then passes downward through a cooler and a heater and finally 

ret~~ns to the the~mo~tatted chamber (see Fig .. 6). 
' ... : ." ' 

The inlet to 
. . . . . ·a .. ; 

outlet temperature difference in this chamber was about 0. 1 C. 

while operating at -30° G. At th~: same time, the temperature 

diff~remce over the length of the solvent bulb was less than o. 01° c. 

Du:r:ing the solubility determiriations ·all lev~ls ·were'· 

sighted with a cathetometer felescope 'ahd referred to the above 

mentiohed rilillimeter scales'.' The· cathetometer was used'to avoid 

paraflax errors> 

Th'ts apparatus '\vas de'signed sp'ecifically to.' measure hydrogen 

solubilit'ies. A {ew modifica.Hons as set forth ·in section v~K 

wou1dadapt this de:sign for u~e·wHh a. wide:·range of~systerns. ·· 

' : . . Barom'etric p~esslires' were ·read ~n· ~ Fortin ~ype u; s. 

Signal Corps barometer,· and tabuhi.ted b:>rrettions provided by 

the manufacturer were made for tempe'rature and lo'cal gravity. 

_,··,· .. 
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NOTE:1,2,3,4,5,8: 2mm. 
"HYVAC" STOPCOCKS 

6,7,9: 4 mm. "HYVAC11 

STOPCOCKS 

THE SOLUBILITY 
APPARATUS. 

The solubility apparatus. 
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Fig. 3. A view of the apparatus through 

the thermostat window. 

ZN-92 !5 
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SLEEVE BEARING / 

FIXED COUPLING 

A 

A, FIXED SUPPORTS WITH 
SLEEVE BEARINGS 

AMPLITUDE SELECTOR 
COUPLING 

VARIABLE ECCENTRIC 

SCHEMATIC DIAGRAM OF THE. SHAKER MECHANISM. 

Fig. 4. Schematic diagram of the shaker 

mechanism. 
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Fi ~-: . 5. T he air-bati1 thermostat. 
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BLOWER 
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MU-7348 

Fig. 6. Thermostat cross section. 
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The solvent densities were measured with pycnometer& 

Of 5 cc, capa.city. 

Temperatures from -10° to 50° C. were determined with 

thermometers calibrated in 0.1° divisions and cer~ified by the 

Na~ional Bureau of Standards. 0 0 Between -30 and -10 C• an 

A. P. I. aniline point thermometer calibrated in 0. Z0 dfvisions 

was used. .In the whole temperature range, nine iron constantan 

thermocouples distributed throughout the thermostat were used in 

conjun.ction with a Leeds and Northrup "K-Z" potentiometer to 

determine temperature gradients within the thermostat, The 

ther·mocouples were calibrated at the dry ice point by the method 

of Scott, 19 and also at the sodium sulfate point (3Z. 38° C.). 

C. Procedure 

Volumetric calibration was pe.rformed by weighing mercury 

displaced from pertinent sections of the apparatus as shown in Fig. 1. 

Check calibrations were made at both Z5° and 35° C. In order to 

exclude air bubbles during this procedure, the sectio.n being 

calibrated was evacuated to about 10 microns before filling it with 

mercury. Referring to Fig. 1, the parts calibrated in this manner 

a.re the gas bulbs, A a.nd C, the gas burettes, B and D, the solvent 

bulb, E, from point 19 down to and including the solvent burette, 

The secondary gas burette a.nd bulb were calibrated by attaching a 

delivery t.i.p··fused to a 10/30 T joint w~ich mates with the tip and . 

point lZ. This part was calibrated from 19 down to stop.cock z. 
Throughout the calibration all readings were made by sighting the 

pertinent l.evels with a c~thetometer. The cat.hetometer telescope 
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. wa.s th_en rotated in ord,er. ,to :ref~r thE1$e :r~aping.s to. tpe steel scale 

attached to the apparatus mounting board. 

• The temperatllre coefficient of volume.tric expansion found 

0 0 -5 ' -1 
from .the c41ibrations. made, :at 2.5 and 35 was 1.1 ~:.1 10 , degrees 

. This agrees well with the :valu~ of 1 .. 09 :x: 10~ 5 reported for pyrex 

glass ,in the Corning Glass C4talqgue .. 

The ~ppro.ximate capacities. o£. t4~ ;various parts of the 

.apparatus are:. 

Solvent bulb 

. . i: P;rimary .gas ,.bulb 

• S.eC.OJ:ldar,y gas bulb. 

·:Solvent burette 

Primary gas burette 

S.econdary gas burette 
; ' . '' ' 

200 cc• 

' ,1 cc. 

o. 1 ~c. /em.;. 

0. 25 cc. /em. 

0. 015 c~. /em. 
:. f·,· 

: ) 

. Solubility determinations are carried out in t~e following 
. . ! ' ';. • .. 

manner. The gas bulb and solvent bulb sections are filled with 
I ~ 1 i 

m·ercury by a process of evacuation described above_. Stoi;>cocks 2 
... ' 

and 4 are thoroughly degreased and then rinsed at least three 
. . . . : . . .. ' : : ' . i .t • ~ . • ' . ' • . 

·•' 

tim~s with the sol:vent to, ~e charged to the apparatus. This rinsing 

is done by connecting a clean hypodermic syringe full of solvent 

to point 12 by means of a tygon tube. 
' '\ ., ;. 

A funnel fused to a female 10/30 ~ joint is then attached to 
•' • I 

poi~t I~. Solvent flows into the solvent bulb by means of the 
''. ! ' ., • i 

attachedfunnel, and displaces the mercury which is allowed to 
I, , . : ·'" 

flow into the manometer. 
' . 

Vacuum is applied to th.e manometer as 
I •; 

: "·· 

necessa.ry. 
; I··; -·· . .' : ... 



When the desired amount of solvent has been admitted to the 

solvent bulb, air is allowed to follow so that about an inch of vapor 

s·pace is provided above the solvent for boiling. The secondary 

gas burette is then dried by evacuation, and stopcocks 2 and 4 are 

greased lightly with Dow Corning high vacuum stopcock lubricant.* 

With only stopcocks 2 and 4 open, the solvent is degassed by 

evacuation through 12 which is connected to a vacuum system with 

a rubber tube. The evaporated solvent is condensed in a liquid 

nitrogen trap {see Fig. 7. ). 

By means of an infrared heat lamp, heat is applied to the 

solvent to induce boiling and to the secondary burette section to 

ensure that all of the solvent passing through stopcocks 2 and 4 is 

in the vapor state so that dis solution and removal of the lubricant 

will be prevented. 

After degassing is complete, as indicated by a vacuum 

thermocouple gauge (see section V:..D~, mercury is admitted to 

the system through stopcock 3, 4 .. £irst having been closed, until 

the secondary burette system is filled. Stopcock 6 is then opened 

* This was found to be the only satisfactory lubricant for the 

temperature range under investigation. It allows manipulation of 

stopcocks at temperatures less than -40° C. and is still sufficiently 

viscous at 50° C. for vacuum work. Only stopcocks 2, 4, 8, and 9 

were greased with this lubricant since these are the only stopcocks 

used at the lower temperatures. "Lubriseal" high vacuum compound, 

distributed by Central Scientific <::;ompany, was used in the remaining 

stopcocks. 

• 



,I; 

) 

TO POINT 12 

ON THE SOLUBILITY 
APPARATUS 

-30-

TO VAC. PUMP 

GLASS TO METAL SEAL, 
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AUXILIARY DEGASSING APPARATUS 
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Fig. 7. Auxiliary degassing apparatus.· 

\ 
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GLASS TO METAL WITH 
APIEZON WAX SEAL 

TO VACUUM 
PUMP 
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@ ON SOLUBILITY APPARATUS 

GAS CHARGING SYSTEM. 

MU-7350 

Fig. 8. Gas charging system. 
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F i _-:; . 9. The so lubility apparatus with the 

gas char g ing system in place. 

ZN-928 
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to allow mercllry to flow into the solvent bulb. At this point, if 

a gas bubble remains in the solvent bulb, the degassing process 

is resumed. In the degassing process it was found that from 10 

to 20o/o of the solvent was evaporated, that the amount of solvent 

required to be evaporated is increased as the rate of boiling 

increases, and that the time required for degassing was about 

one to two hours 0 

After the solvent has been confined between mercury as 

describ_ed above, all stopcocks are clos~d except 2 and 6, which 

are left open to allow expansion or co.ntraction of the confined 

solvent and ·mercury. · 

The gas charging system is then put in place and evacuated. 

(See Figs. 8 and 9.) This system is tested for tightness by 

closing stopcock15 and observing the rate of rise of pressure on 

a thermocouple vacuum gauge. A rate of less than 5 microns per 

minute was considered satisfactory. The system was then purged 

four times with hydrogen, and the system was pumped down to at 

least 10 microns between each purge. At this point stopcock 16 is 

closed, the. c·harging system is evacuated, and stopcock 1 is opened 

after closing stopcock 6. The mercury in the "primary gas bulbn 

flows out through stopcock 1 leaving a Toricellian vacuum in the 

gas bulb. 

At this point care was taken to see that the mercury leg in 

the capillary between the gas bulb and the solvent bulb was 

sufficient to overcome the vapor pressure of the solvent; in some 

cases chilling of the solvent was necessary. Then, by closing 

15 and op.ening 16, gas is admitted to the gas bulb through nee.dle 



. -:-34-

valve 17 until the approximate desired pressure is read on the 
'' 

compound gauge. Mercury is then admitted to the gas bulb through 

7, and 1 is closed. The charging system is then retested for 

tightness as described above before acceptance of the gas charged. 

When the gas and solvent have been placed in the apparatus, 
.. .. 

stopcocks 6 and 7 are opened, and the manometer level. is adjusted 

so that the mercury level in the gas burette is in a readable 

position. The gas charging system is removed, and the thermostat 

is closed and brought to 25° C. Temperature eq~ilibr,ium is 

indicated by observing that no change in the mercury level in the 

gas transfer capillary occurs when stopcock 6 is closed for a 

period of two or three minutes (i.e., the solvent bult and its 

contents .furnish a very sensitive thermometer). Temperature 

equilibrium was generally attained in from two to three hours. 

Appendix E indicates how this time can be shortened by means of 

a time -temperature schedule. 

When temperature equilibrium has been established, the 

mercury levels in the gas burette, the gas tranSfer capillary, and 

the manometer are read on the scale with a cathetometer. A 

barometer reading is also made. Two sets of readings are made 

at one manometer setting, and then the pressure is changed by 

abou,t two centim·eters and one or two more sets of readings are 

made. These check determinations serve to indicate whether 

temperature equilibrium has been attained and whether the stopcock 

bore connecting the gas bulb to the manometer is free of lubricant. 

From these readings and the volumetric calibrations of the 

apparatus, the quantity of gas in moles is calculated. For this 

.. 
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calculation, the molal volume of hydrogen is taken to be 24, 481 cc. 

0 ' ' 27 
at 25 and one atmosphere. The ideal gas laws are assumed in 

correcting for the difference in pressure from one atmosphere. The 

determination of the initia.l quantity of gas is continued until 

concordant results are obtained which correspond to ±0.1 mm. 

of mercury pressure. 

It has been found that a change in pressure of about one to 

two centimeters in the gas pres sure, as described above, can cause 

adiabatic heating or cooling sufficient to require at least half an 

hour for temperature equilibrium to be re ~attained. 

After a satisfactory value of the gas quantity has been 

determined, the gas is passed i.nto the solvent bulb by first closing 

7, opening 6, and applying vacuum to 14. Then by closing 6, after 

releasing the vacuum, and opening 7, a part of the gas flows into 

the solvent bulb. This procedure is repeated unt:il all of the gas 

has been pushed into the solvent bulb at which point the gas delivery 

tip in the solvent bulb is exposed to the solvent by suitably applying 

vacuum to 14. Then, after closing 6 and releasing the vacuum, 7 

is barely opened to push the last bubble of gas, if any, into the 

solvent pulb. 

With stopcock 6 open, dissolution of the gas in the solvent 

is begun by starting the shaker mechanism. This initial dissolution 

was generally hastened by applying about 10 p. s. i. g. to the 

manometer through 14. 

From this point, all manipulations are carried out remotely 

in order to avoid temperature upsets caused by placing one's hands 

in the thermostat. Stopcocks 2, 8, and 9 and damps 10 and 11 are 
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operated by a device shown in Fig. 10. 

When a residual gas bubble Of a size suitable for measuring 

(about 1 cc.} remains, the bubble is pulled into the secondary gas 

bulb and burette. This transfer is done by opening stopcock 2 

and relea~ing the press.ure on the :tubber tube with "C" clamp 10. 

When the solvent is at point 19, the mercury level in the burette 

is read and the gas is pushed back into the solvent bulb. Shaking 

is resumed for a measured period of time and the reading process 

is repeated. The manom·ete; is then adjusted in a. direction to 

oppose the observed change in the burette reading, and this process 

is continued until the equilibrium pressure is1 foundto within about 

one or two millimeters. 

The final equilibrium pressure is determined by measuring 

the change in the burette reading for a given period of shaking 

(usually 10 to 20 minutes). Duplicate determinations of this change 

in reading are made for two or more pressures such that the gas 

dissolves at the higher pressure and evolves at the lower pressure. 

Depending on the solution rate, the difference in these two pressures 

was from 0. 5 to 5. 0 mm. The equilibrium ·pressure was then 

determined by drawing a straight line between the values of these 

differences plotted versus the manometer readings which have been 

corrected to a ba.se barometric pressure. An example of this plot 

is given in Fig .. 11. The validity of this procedure and the restrictions 

involved are discussed in Appendix B .. For each burette reading; 

a corresponding barometric pressure is determined, and while the 

gas is in the solvent bulb the levels of the mercury in the manometer, 



1/4'' PLYWOOD 

-37-

CANVAS BAKELITE POSITIONING /PlATE 
BRASS PIN 

CANVAS BAKELITE TUBE 

A SECTION OF THE THERMOSTAT DOOR SHOWING 

THE REMOTE STOPCOK MANIPULATOR. 

MU-7351 

Fig. 10. A section of the thermostat door 

showing the remote stopcock 

manipulator. 
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TOLUEIE 

-1 

-2 
-3 Z':mm.llP 

RELATIVE RATES OF SOLUTION vs PRESSURE SETTING, 
FOR DETERMINATION OF THE EQUILIBRIUM PRESSURE 

(SEE TEXT) 
MU-13"52 

Fig. 11. Relative rates of solution versus 

pressure setting. 
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the mercury in the solvent bulb, and the solvent~gas interface 

are read. 

This process is then repeated for the other desired 

temperatures, ·after which the solvent volume is determined at 

0 * ·35 c. by opening stopcocks 2 and 4 to the atmosphere, . 

closing stopcocks 3, 6, and 7, and pulling the mercury out of 

the secondary gas bu:r'~tte system by means of a syringe and 

rubber tube attached to 12. After making sci.table adjustments 

in the manometer mercury level, ·stopcock 6 is opened, and the 

:>.·solvent level is pulled up to 19, again with the aid of a syringe. 

With ·stopcocks 6 and 7 both closed, the mercury :ln. the solvent 

· bulb' is drained i~t~ a tared bottle and weighed. The volume of 

the' solvent is determined by the difference between the .solvent 

b'ulb volume and the volume of the inercury just drained. 

The solubllity in gram moles/ gram, ·atm. is then. 

calculated'hom the initial and final quantities of gas, the 

pressure measurements, and the vapor pressure ofthe solvent. 

A detailed sample calculation is given in Appendix A. 

* Manipulations made during the determination of the solvent 

volume re.quire that one's hands be placed in the thermostat. Since 

0 
,;-_ 35 - c~ is quite near to body temperature, less-temperature upset 

is likely to occur at this .temperature than, for example,· at 25° C. 

-No .change in the thermometer, readings was __ , obser!'y,ed' during 

these: manipulations • 
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. V.- ::DlSGVSSlON OF THE APPARAT.US ANP PROCEDURE 

·A. General Design Considerations 

.The criteria for obtaining reproduciblep accurate gas 

solubility :datCI,. have be_en enumera:ted in a p:r;-eyious section. The 

appa~atus _shown in Fig. ·1 has been de,signed to fulfill t~ese c-riteria. 

·:Theinitial g,as measuring system (the ,primary gas bulb 

and,_burette<) all9ws :the ·ga_s to be measured in a ~ry state, i.e., 

:,fr~e ;of solvel'lt. The amo.unt of initial gas can t!terefore be 

c;:alculated from P~\T-T data which are generally available. The 

volume _of th,e g;:~.s bulb .is fixed _approximately by_ the volume of the 

solvent_ bu~b since the apparatu>s w~s designed primarily for _the 

me;;surement of hydrogen solubility_. With the gas bulb volume ·a 

known va_lue, the_ bllrette diam:~:ter was specified so that ~he most 

a.ccurate value of the PV product could be obtained; i.e., th,e 

uncertainty int:r;-oduced by capillary corrections r,equired in a 

burette of. small diameter were balanced against the vq]:ume 

··uncertainties sustained in a burette of large di~meter. 

'l;'he _initia;l ga.s measuring, system is'-'plac~d at a level 

sufficiently higher than the solvent bulb so that evacuation of the_ gas 

.bulb can be carried out in the gas charging process without causing 

vaporization of the previous.ly degassed s.olvent .. 

After accurate n1easlirement of the gas charged to the 

apparatus was provided -f-or, it seemed desirable to transfer that 

. gas quantitatively to the solvent bulb~ This proviE!io·n is ·m'ef by the 

capillary tube connecting the top of the primary ga·s bt.iJ.b'.to the 

soivent hulb. 'The end .of this tube is· a delivery tip d~awn otit to 

about 0. 2 mm. i. d. to prevent gas bubbles from· remaining in the 



delivery tube. It will also be noted that the gas contacts no 

stopcocks while being transferred; this provision prevents 

contamination and/or absorption of the gas, as well as loss of 

the gas as bubbles which fail to pass through a stopcock. 

In order to preserve the accuracy obtained in the measure= 

ment of the initial gas, it was desirable to dis solve most of it. 

The residual gas will be saturated with solvent, and as well as 

the previously discussed errors which are likely in the measure= 

ment of a solvent saturated gas, a large residual volume would 

lead to the decrease in accuracy accompanying the subtraction of 

two large numbers to find the amount of gas actually dissolved. On 

the other hand, as the amount of residual gas decreases, the area 

of the gas solvent interface also decreases; therefore the rate of 

solution of the gas decreases and makes the determination of the 

equilibrium point more difficult. Here again a compromise was 

made and the residual gas volume was set at l cc. which is about 

5% of the initial gas char.ged. The uncertainty in the amount of 

residual gas as calculated from the law of additive pressures is 

therefore decreased by a factor of about 0. 05. Furthermore, the 

top of the solvent bulb was specified to have very lilttle curvature so 

that the small quantity of residual gas presents a relatively large 

area for dissolution. 

From work done prior to this design, the problem of the 

slow rate of gas dissolution was recognized and provided for by a 

sensitive capillary burette of about 1. 5 mm. i.d. Measurements 

in this burette allow the detection of very small. changes in the 



..,42--

volume of the residual gas; hence, by observing these changes with 

pressure settings in the vicinity of the equilibrium value, the 

equilibrium point may be determined well within the desired accuracy. 

Measurement of the residual gas volume entails upsetting 

the pressure of the system, i.e., as the gas is pulled over into the 

secondary gas bulb and burette, it is 9isplaced by mercury flowing 

into the solvent bulb from the manometer. To minimize this change 

'in pressure; a manometer of about 2 centimeters i. d. was spec~fied. 

Even so, this measurement entail,s a pressure change of about 3 mm., 

but since the solvent gas interface is at that time in a capillary, the 

rate of solution is negligible. This has been shown to be the case 

experimentally. 

The specification that 95% of the gas charged should be 

dissolved imposes the disadvantage on the apparatus that the value 

of the solubility must be known at lea.st approximately 'before charging 

the apparatus. To offset this disadvantage, the manometer was made 

sufficiently longto allow a range of pressures from 0.5 to 1.5 

atmospheres. 

The design of the apparatus finally employed was .the result 

of testing an.d rejecting a series of five designs. The criterion for 

acceptance was that the data should be reproducible to at least 

±0. OS%, and the sixth design exhibited this reproducibility. In aU 

such tests the system used was hydrogen~n-heptane. Other solvents 

were not used until the problem of reproducibility had been overcome. 

The seventh design {Fig. 1) was simply·an improved version of the 

sixth design affording somewhat more acq:uracy and conside.rably 

greater ease in manipulation. The first apparatus tested was the 
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14 
design of Lannung, specifically, the apparatus us.ed by Gjald~ 

. baek. 5 For comparison, the following data are presented to 

exhibit reproducibility of our final design. 

Table 2 
0 

Solubility of Hydrogen in n~heptane at 35 C., 

gram moles/gram atm. 

App. No. la App. No. 6 App. No. 7-R App. No. 7-L 
Run Run Run Run 
No. Sol. N(). Spl. No. SoL No. Sol. 

1 7. 34 X 10 
-6 

24 7.281 44 7.282 46 7.281 

4 7.40 25 7.278 

6 7. 14 26 7.281 

30 7.274 

42 7.276 

aGjaldbaek1 s apparatus. 

B. Measurement of the Gas Charged and Dissolved 

It is commonly considered that the two mercury legs in an 

open manometer of constant inside diameter will come to the same 

height, the capillary correction cancelling out. That this is not 

· necessarily the fact is both observable experimentally and calculable 

from data on capillary corrections for mercury in glass. 
10 

The 

capillarity correction is a function not only of the tube diameter, 

but also of the meniscus height. In a clean 4 mm. i. d. glass U tube, 
' , 

the author observed differences in the height of mercury therein as 

great as 2 mm., while if the menisci heights were measured and 

corrected for, this difference disappeared. Since it is often 

difficult to read the height of a, meniscus accurately a pressure 
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determination can be made most accurately by simply using a large 

diameter manometer, in which case the corrections are s:ma11. 

However, if one leg of the manometer is also a burette in which a 

gas volume is being measured, it is apparent that increasing the 

diameter of the manometer leg will decrease the accuracy to which 

the gas volume can be measured. In order to measure a given 

quantity of gas to the best accuracy, an optimum tube diameter is 

indicated such that the percentage accuracy of the vol,ume is 

equal to the percentage accuracy of the pressure. In the present 

case a ga.s volume of about 20 cc. was measured at approximately 

atmospheric pressure. If an error of 0.1 mm. in the gas. burette 

reading is assumed, Table 3 gives pressure and volume errors. 

As indicated by the values .in Table 3, a gas burette diameter of 

approximately 6 mm. was chosen. 

Table 3 

E.rrors in Pressure and Volume for Mea.sqrement 
of 20 cc. of Gas at 1 Atmosphere as Related to 
Burette Diameter. A Reading Error of 0.1 mrri. 

Is Assumed. 

Burette Vol. Press •. Cap. 
diameter error %.Vol. error corr. %P PV 

mm. cc .. error mm. error error .error 
mm. 

4 0.0012 o.oo6 ;..0. 1 -0~ 2 0.040 0.046 

5 0.0019 0.0095 -0. 1 -0. 15 0.035 0.044 

6 0.0028 0.014 -0. 1 -0.10 0.026 0.040 

7 0.0037 0.018 -0. 1 -0.07 0.022 0.040 

8 0.0049 0.024 -0.1 -0.05 0.020 0.044 



Experimentally, check determinations on the quantity of 

.initial gas charged checked with no difficulty to better than 0. 05% 

between two pressure settings as described u·nder 11Procedure 11 • 

Table 4 furnishes three examples of this reproducibility for the 

determination of the quantity of initial gas. 

Inasmuch as the apparatus is designed so that about 95% 

of the gas charged is finaliy dissolved, the amount of gas dissolved 

. is automatically known to a fair accuracy. In addition, the volume 

of residual gas was measured to a high accuracy in a capillary 

burette. 

Table 4 

Examples of the Reproducibility Obtained in the 
Determination of the Quantity of Initial Gas 

Run No. Total pres sure~ mm. Moles of gas 

51-42-V 475.85 .5.4732 

II 475.8 5.4726 

il 465.2 5.4727 

. 53 .;.f4-v 569. 1 7.0226 

li 563.3 _7.0222 

50-41-V 431.2 5.3349 

II 425.4 5.3347 

X 104 

In determining the moles of gas remaining from the measured 

volume there is an inaccuracy in the computation since a volume of 

gas saturated with a vapor is measured and PVT data for the mixture 

are unavailable. However, this possible error must be quite small 

since such a small quantity of gas remains undissolved and the law 
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of additive pressur~s is sufHciently accurate for this purpose. . ~ . . . . . . . 

,complete satura,tion of-the re~idual gas i~ assured in our 
• ~ J • - . .' • ' • ' . . ' ' ' :" 

apparatus be,cause all of this ga~ is i? intirn·ate contact with the 

solvent. 

C. The P:re~sq.re of ·the Experiment 

As shown ,in a previoq.s section, the amount of gas 
. '.· ;.. . . '! . . 

dissolved is known atleae;t to ±0. 05%, while the equilibrium 

total pressure is determined in most cases to well within ±0. 2 mm., 
'· : ' •• 1 

which for a total pressure of 760 mm .. is approximately ±0. ~25%. 

The question may then be asked as to whether the total pressure 

minus the vapor pressure of, the solvent truly gives the partial 

pressure of the ga.s in the vapor phase. .It is believed that such 

is the case inasmuch as the solubilities obtained are calculated 

per atmosphere of the ga~ partialpressure 1 .. and idehtical results 

within the desired ace uracy a.re obtained in the c~se of n.;.heptane 

where the hydrogen partial pressure was varied from about SOO mm. 

to 850 mm. The slight deviations in the calculated solubility show 

no correlation with the pressure level of the experiment; that the 

law of additive pressures holds {and incidentally that Henry's Law 

holds) is also illustrated by the data on perfluoro heptane for which 

a series of four experiments was run in two pieces of our apparatus. 

These results are given in Table 5. 

pressure. of hydrogen. 

···, 

Here, p· is the partial 
g 

.· < . 



Run 
No. 

47 

31 

3Z 

33 
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Table 5 

The Solubility of Hz iri. n.,;c 7F 16 at Various 

Partial Pressures of Hz. 

App. 
No. 

T.-

¥• g 
mm. Solubility p' • g 

mm. Solubility 

6 

6 

6 

688.0 

811.4 

638.9 

591. 0 

gram moles/ 
gram, atm. 

3.61Z 

3. 611 

3.613 

3. 611 

D. Solvent Degassing 

649.7 

758.Z 

601. 5 

555.9 

gram moles/ 
gram, atm. 

3.850 

3.85Z 

3.848 

3.850 

The degassing process of the solvent is one step in the 

procedure which cannot be designed for, the only good criterion 

for sufficient degassing being a high precision in results between 

various solubility determinations on successive quantities of the 

same solvent. The Ramsay~Rayleigh equation
16 

for batch binary 

distillation predicts that as little as 0.1% of the solvent being 

evaporated should suffice to reduce the gas content of the solvent by 

several thousandfold, but this equation presumes equilibrium between 

gas and liquid which is probably not attained in the present case. 

However, two other criteria for complete outgassing have been 

found which have withstood the test of reproducibility for the 

solubility data. 

The first of these criteria is a dynamic test based on the 

observation of a vacuum thermocouple gauge* located in the vacuum 

* Manufactured by the National Research Corporation. 



system beyond the liquid nitr~gen,trap and ahead of the vac.uum 

J>t:lnlP'tsee }fig. 7)~ As .the degassing of th~ ,solvent proceeds, the 

vacuum gauge reading falls slowly frorn >1000 microns to. about 

5 microns, t.he bas.e pressure of the pump. This observation is 
. -

made while the solvent is boiling vigorously. This indicates· that 

negligible non-condensable gases are being driven off. ·Then; as 

a precaution, at least as much more solvent as has already been 

evaporated is bo,iled away before stopping the outgassing procedure. 

The second criterion consists of the appearance of no gas 
- . 

bubble in_the solvent bulb (iS the outgass.ed solvent is: cushioned 

between mercury prior to the gas charging operation. This test is 

quite sensitive in that gas bubbles much smalle.r than 0. 001 cc. can 
• ' . • . . • ' t' 

be readily d~tected and this is the amount of gas. WhicP., occupied about 

30 cc. of volum,e prior to compression. These gas bubbles persist . . . ' 

for periods of several minutes because solution rates are qttite slow. 

-E •. Ga.s Charging 

As previously m;entioned,- the method of char•ging gas. to 

the apparatus from a yessel inverted over. mercury by m.eans of a 

U tube dipped under the mercury and into that vess·e.Lwas found to be 

unsatisfactory. This method has been• studied 'with a gas·· sampling 

vessel designed to duplicate the .conditions under which gas was 

charged to the apparatus. The results .. of these te-sts .as obtained 

by ma.ss spectrographic analyses show that air contamination of the 

order of 1% can result from this procedure. ·It is: hypothesized that 

air contamination is inc.urred.by air ·bubbles which clirig to-the u 

tube as it passes from the air through the mercury andinto the gas 
!.;. !:!'· :' 
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reservoir. 

Another series of tests was carried out· on the present gas 

charging system which is shown in Figs. 8 and 9. These tests 

were made in accordance with the purging and evacuation method 

. . ' 
used in filling the apparatus, and mass spectrographic analyses 

showed that no measurable air contamination occurred. It is 
. ' 

assumed, therefore, that the transferring or' gas from the gas 

cylinder to the apparatus does not result in air contamination. 

F. Determination of Equilibrium 

Previous investigators have used ·as a criterion for 

equilibrium no apparent dissolution within periods of time of the 

order of 10 minutes. At least for the case of hydrogen, this 

criterion could lead to errors of the order of lo/o at 35° and much 

greater errors at lower temperatures. Calculation of these errors 

is given in Appendix C. It is believed that this error in finding the 

true equilibrium point along with incomplete degassing of the solvent 

and measurement of large 11saturated11 gas volumes comprise the 

\ major reasons for lack of consistent data by p'revious workers. 

A large error in the determination of the equilibrium point 

can be sustained if the same vessel is used for the determination 

of the amounts of both the initial and residual gas. Although a 

burette allowing an accuracy of 0.1% is sufficient to determine the 

amount of gas dissolved to the desired accuracy, it does not allow 

sufficient precision for detecting the extremely small rates of 
l 

solution in the vicinity of equilibrium. The author discovered this 

phenomenon by running an apparatus of Lannung' s
14 

design for a 
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period of about 12 hours, during which time the: rate of solution 

appeared to b~. essentially constant. This observation indicated 

tl~at in this period of time the amount of gas dissolved was 

insufficient to Cilter the concentration of dissolved gas appreciably. 
. ' . ·.•·' ' . ' '; ' ' . 

,If, on the o.ther hand, two readings had been made at about a 
I ,<•' • ', 

one hour interva), . the 4ifference in the readings would not have 

been detectable within the accuracy of the apparatus • 
. ~ . . . ' . 

This rate of solution is, of course, a function of interfacial 
. . ' -. · .. ; 

area and the shaking intensity, as well as of the gas and solvent 

involved. However, insofar as can be determined, the shaking 

intensity anq interfacial area employed here do not vary a great 

deal from those reported in the literature. 

To provide an accurate determination of the equilibrium point, 

a system for measuring the .residual gas (a 1 cc. gas bulb with a 

1. 5 mm. c~pill.ary burette) has been designed to give a precision 

enabling th~ detection of a change in residual gas volume as small 

a.s 0. 00015 cc. which amounts to a change of about 0. 0005%. This 

p.recision is required only to· detect the rate of solution; while 

the volume ~of residual gas is known to an absurd accuracy. 

The equilibrium point is then determined, as described in 

section Y_ -F, by plotting the difference between burette readings 

made before and after shaking periods of from 5 .to 20 minutes, 

depending on the rate. This procedure is repeated at some other 

pressure setting so that the two m.easured differences are of a 

different sign. the two different values are plotted versus the 

manometer setting and the equilibrium pressure is determined by 



interpolation to the manometer setting where the solution rate is 

zero. As shown in Fig; 7, this point can be easily determined to 

within 0.1 to 0. 2 mni. , ·which is well within the required ±0. 05o/o 

accuracy required. The. validity of this linear interpolation is 

discussed in Appendix B along with the necessary restrictions. 

, One point concerning measuring of consistent solution 

rates (or differences) is that the ·solution rate when not shaking 
i 

the apparatus is appreciable although considerably smaller than 

with shaking. In the several instances measured, this solubility 

rate while the apparatus is at rest was about l/3 to 1/10 of that 

during agitation. ·It can therefore be conduded that to obtain 

consistent rates, one must adopt a .corts:lstent manipulative 

procedure which is carried out in detail for each set of readings. 

For example, the author adopted the procedure of measuring th~ 

manometer heights just after moving the gas from the burette to 

the solvent bulb, then the apparatus was shaken for a period, 

generally 10 minutes to within ±3 seconds, after which the gas was 

transferred into the burette system as rapidly as possible. Once in 

the burette, the rate of solution was found to be completely 

negligible in spite of the slight pressure upset (3 to 4 mm.) 

required to make this transfer. It might be pointed out again here 

that the reason for the large diameter manometer wa.s not only to 

avoid capillary correction, but also to minimize the pressure change 

on the gas as it is transferred into the measuring system from the 

solvent bulb. 



G. The ·Solvent Volume 

The solvent bulb, as shown in Fig. 1, is actually a pipette, 

the upper tube of which is a 1. 5 mm. capillary and the lower tube 

a 4 mm. capillary previously calibrated by mercury displacement. 

Check -ca.librations of the solvent bulb were well within ::1:0. 004 cc. 

whiCh represents a volume inaccuracy of ::1:0. 0005%. This checks 

well with the fact that the solvent burette had a volume of 0. 0009 cc. 

per 0.1 mm., and that 0,1 mm. would be approximately the read

ing error likely to be made. The actual determination of solvent 

volume--the draining and weighing of merc·ury and finding the 

solvent volume by difference--~would of course be less accurate 

percentagewise since the solvent occupied only a fraction of the 

bulb (usually 150 cc. of solvent in the 210 cc. bulb). But even so, 

the accuracy is beyond that required for ultimate reproducibility 

of ::1:0. 05 o/o. 

A consideration of temperature control is also pertinent 

in obtaining accurate values of the quantity of solvent. · Temperature 

control and how it affects this determination as well as the other 

variables is disc.ussed in the next section. 

H. Temperature and Temperature Control 

A first approach to specifying the temperature control 

requirements for gas s.olubility determinations would consist of 

examining the temperature coefficient of solubility, and with this 

coefficient and the accuracy desired in the final results, cakulating 

the allowable temperature fluctuations. For example, in the case 

of the system hydrogen~n~heptane, the solubility changes 
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o· 
app~oximately 0. 05% per 0.1 C., hence a temperature fluctuation 

of ±0. 05° C. would seem tolerable. 

On the other hand, each of the operations, e. g., the initial 

gas measurement, solvent volume measurement, ari.d equilibrium 

determination, is affected by the temperature and each must be 

considered separately and the temperature specifications set 

according to the most stringent requirements thus fo·und. 

In the determination of the moles of gas charged to the 

apparatus a PV product is measured. The PV product for hydrogen 

h . k 16 A at one atmosp ere and various temperatures 1s nown. cross 

small temperature changes, changes of the order of the uncertainty 

in the measured temperature, the compressibility factor would be 

constant, and the number of moles and the PV product would be 

directly proportional to the temperature. Hence, a discrepancy of 

±0. 0005(298)'= ± 0.15° C. would be tolerable in order to obtain the 

gas quantity to ±0. 05%. 

For the determination of the solvent volume using n-heptane 

as an example, the fractional change in the density :i.s 0. 124o/o per 

°C. This leads to a temperature specification of about ±0. Z9 1C. in 

order that the solvent mass may be determined to ±0. 05%. 

The temperature specification for the solubility variable is 

conE.~iderably more complex than that outlined in the first paragraph 

of this section. The experimentally observable variable as the 

temperature is arbitrarily changed is the change in total pressure 

of the sys:tem. Temperature control affects the accuracy of this 

measurement in two ways. The first of these is "temperature offset•~. 



or the s.tatic temperature difference between the gas-solvent system 

and the temperature reading. The. second consists of temperature 

fluctuations. 

The allowable temperature offset depends both on :the system 

and the temperature level of the experiment. It is determined by 

four factors: 

1. The te.mperature coefficient of the solvent vapor pressure, 

2. The temperature coefficient of solubility, or more 

exactly, the change in the equilibrium partial pressure 

of the dissolved gas with temperature at an approximately 

constant concentration, 

3. The temperature level of the experiment, and 

4. The pressure level of the experiment. 

The first of these factors will of course increase in importance, 

a.s the temperature level of the experiment increases, while it will 

become less important percentagewise as the pressure level increases. 

In any single experiment the observed variabl~ is the 

equilibrium total pressure, which is a function of temperature. If 

the observed total J>ressure is correct with respect tothe actual 

temperature of the system, but the observed temperature of the 

experiment is .in error, then the vapor pressure used in calculation 

of the data will be in error with respect to the actual temperature of 

the system. The v~por pressure U:s.ed, however, will be correct for 

the obs.erved temperature and it may equally well be said that the 

obs:erved total pressure was in error: Hence the calculated partial 

pressure of the gas will be wrong only by the error in the observed 



total pressure. This error in partial pressure will result in an 

error in solubility since the solubility is :calculited a.s gram moles 

of gas di~solved per atmosphere partial pressure of gas in the 

vapor phase. The residual gas and hence the concentration of 

·dissolved gas in the liquid will also be in error, but due to the small 
I. • . I . - ' ' • 

quantity of reJidual gas, this error will be negligible. 

The temperature coefficient of solubility tends to counte.ract 

·the effect of the vapor pressure coefficient in the case of hydrogen, 

i.e., the solubility of hydrogen per atmosphere of partial pressure 

increases with temperature. The observed total pressure is the sum 

of the partial pressure of the gas and the solvent vapor pressure. In 

any experiment the partial pressure of hydrogen at equilibrium will 

decrease as temperature increases. Conversely, the vapor pres sure 

of solvent increases. These effects tend to cancel and can result in no 

change in the total pressure with temperature. If the total pressure 

is thus independent of temperature, no error ~ill he made in the 

calculated solubility. Since the effects will not cancel exactly, an 

error will generally be made, but its magnitude will be less than that 

indicated by the temperature coefficient of solubility alone. 

In general, at low temperatures the temperature ·coefficient 

of solubility will largely determine the allowable temperature offset, 

while at higher temperatures the temperature coefficient of solvent 

vapor pressure will contro.l. To obtain the allowable temperature 

offset, the following expressions are proposed: 

P = Pg + Ps• 

where P = the total pressure, 



!.· 

p g - the partial pressure of the gas, 

p = the partial pressure of the solvent. 
s 

Differentiating with respect to temperature we have 

dP ap aps 
ciT = af + at 

and the fractional change in total pressure with respect' to p g' is 

(2) 

p:~T ~p1~ (~:f + 
8

:}) • (3) 

This equation implies a constant concentration Of gas in the 

solvent phase •. This a.ssumption fits our systems well since the 

amount of undissolved gas is small. Then, at a given temperature 

-= c s• 
wher.e S is the solubility, gram mole/ gram, atm., and c is a 

.conc~ntration defining the liquid phase, gram moles gas/grams 

solvent . 

. Differentiating, 

c as ... ?'aT 
and 

_ 1, as 
- sa'T · 

and Eq •. (3 )-becomes.· 

1 dP 1 aps 1 as - CIT - iiiiiiiiiliiiio ~ .. s aT . 
Pg Pg aT 

Since the desired accu·racies are high, the allowable 

temperature offsets will be small, and with the exception of the 

{4} 

(5) 

{6) 
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region where the vapor pressure and solubility coefficients are 

equal, we may write: 

as 
aT · 

Since we desire an accuracy of ±0. OSo/o, 

Therefore ~T becomes the allowable temperature offset. 

~T ~ "'"""'l"'--:~o_. _o_o o_s~~~ 
1 Sps = .! as 

Pg aT s aT 

This equation has been evaluated for the two systems, hydrogen= 

n-heptane and hydrogen-carbon disulfide. The results are given 

in the following table. It will be noted that n-heptane exhibits a 

very large allowable temperature offset in the vicinity of 35° C. 

where the two above coefficients all but cancel one another. This 

explains why data taken in a previous thermostat, in which 

temperature control was poor, agree so well at 35° C. while 

larger discrepancies were found at 10° C. 

{8) 

The thermostat was designed to operate at -35° C. with only 

about 0.1° C. temperature rise from bottom to top in the thermostatted 

region, which would correspond to a temperature variation of less 

than 0. 01° C. in the vicinity of the solvent bulb {assuming a linear 

gradient). The temperature offset specifications derived from 

Eq. (8) have thus been met. 



Table 6 

Allowable Temperature Offsets at Various Temperatures 

in the Systems Hz ~n~C 7H16 and Hz -CSz 

Temp. J:~ X 10
3 1 ail ~~o3 Solvent oc. :P-~ D..T, oc. 

n-C7Hl6 50 5.4 8.6 0. 16 

11 35 5.6 4.5 0.4Z 

II Z5 5.8 z. 6 0. 15 

ii 0 6.35 1. 05 0.09Z 

il -Z5 7.4 O.Z6 0.074 

csz 35 8.8 Zl. 5 0.039 

ii Z5 9. 1 17. 0 0.063 

II 0 10.0 7.8 0. 16 

II -Z5 11. 3 z.z 0.055 

It might be pointed out that an excellent starting point for 

testing an apparatus is with solvents such as n-heptane or 

isogctane which are readily available at high purity a:Ud need no 

special care insofar as they are non-hygroscopic. When the initial 

test is at such a temperature that the denominator in Eq. f8) is 

approximately zero, the apparatus can be evaluated almost 

independently of temperature control. 

The above considerations are somewhat misleading, 

because the real meaning of Eq. (8) is that a temperature difference 

of .6.T between the solvent and the temperature read can be tolerated 

to the extent that it will cause only about 0. 051o .error in the 

calculated results. On the other hand, there is still another error 
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which stems from temperature fluctuations and which can-in some 

cases be even more serious than the errors outlined above. As 

pointed out in the previous section on proc~'dure, the equilibrium 

point is determined by measuring solution rates at two pressures 

between which lies the equilibrium pressure at which the rate of 

solution is zero. This rate is observed as a volume change which is 

caused only by evolving or dissolving of the gas if the temperature 

is perfectly steady. If, however, the temperature changes, a 

volume change will also be caused by evaporation or condensation 

of the solvent. One can synthesize a case in which these two 

phenomena could cancel each other and hence lead to a pseudo 

equlibrium point. Fortunately, our apparatus follows the air 

temperature rapidly enough {see Appendix E) compared with a typical 

10 minute shaking 'period, that a change in temperature appears as 

a grossly erratic rate when several rates are determined at the 

same pressure. Hence, whether these rates are reproducible is a 

good indication of whether the temperature of the system is varying. 

To show the magnitude of this error, consider benzene at 35° C. 

where dp /dT .;-· 6. 4 mm. per °C. and assume that the total s 

pressure is 760 mm. Since the manometer has a large diameter 

(approximately 2 em.), the vapor and 'gas above the solvent very 

nearly constitute a constant pressure system. Therefore, as the 

vapor pressure increases 0. 64 mm. (a temperature increase of 

0.1° C.), the volume will increase by about (0. 64/760)1. 2; 10-3 
cc., 

since the total vo.lume is about 1. 2 cc. This corresponds to a 

reading on the gas burette of about 0. 7 mm. which is a relatively 
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large diSCJiepancy when compared with the rates observed 
. ' 

(see Fig. 11). Furthermore, this value would be incre(tsed to 

about 1 mm. when the simple gas expansion due to heating is 

considered. 

That little difficulty was e.ncountered in obtaining consistent 

solution rates tends to show that temperatures were indeed 

steadyto the degree required. 

I. The Air =Bath Thermostat 

In the determination of precis.e physical data, the use of an 

air -bath thermostat is generally avoided in favor of a liquid~bath 

thermostat. The air -bath thermostat is inherently uns~able because 

of its very small heat capacity, and this results in sizable differences 

in temperature fo.r even relatively small heat.leak rates. At the 

beginning of this work both of these types of thermostats were 

cons.ide.red .. The air -bath .thermostat appeared to offer advantages 

in the manipulation of our rather large apparatus. Since thes.e 

advantages seemed to outweigh the possibility of temperature 

instabili,ty, an air-bath thermostat was designed and constructed. 

Another factor which influenced this choice was that the proposed 

investigations required operation at frequently changed t~mperature 

levels, and only relatively small heating .and cooling facilities are 

required for making these changes in an air-bath thermostat. 

For this work the temperature requirements were that a 

maximu,m inlet to outlet {see Fig. 6) temperature difference of 

0.1° C. would be allowable, while the change in temperature with 

time at any point in the thermostat should not exceed 0. 03° C. 



These specifications were derived from considerations presented 

in the preceding section. The range in temperature was ~30° to 

50° c . 

. A schematic drawing of the thermostat used is shown in 

Fig. 6. The air flows from an air conditioning system past the 

temperature sensor and into the thermostatted region. From 

this region the air is recirculated to the air conditioning system 

by means of a centrifugal blower. The whole apparatus is insulated 

with a minimum of 8 inches of Styrofoam (expanded polystyrene 

manufactured by the. Dow Chemical Company). The blower has 

a capacity of 2.00 c.f. m., each of the two heaters have maximum 

.capacities of 300 watts, and the cooler {or heat exchanger) along 

with the refrigeration system (see Figs. 12 and 13) was designed to 

have a maximum capacity of 1500 Btu/hr. for opera.tion at 

-35° c. 

The temperature control sy.stem, which is shown schema~ 

tically in Fig. 14, is designed around a commercial temperature 

controller which consists of a nickel resistance thermometer in a 

bridge and amplifier circuit. This instrument gives an on-off 

response sensitive to about 0. 001° C. as claimed by the manufacturer.* 

The signal from th.e controller turns one of the heaters on and off. 

The voltage to this heater is manually adjusted with a variable trans~ 

former. The voltage to the other heater which is on continuously 

is automatically set by a reversible motor coupled to another variable 

transformer. Accordingly, this motor drives in such a way that at 

* Technical Equipment Company, Emeryville, California · 
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F
1

: FENWALL THERMOSWITCH, HIGH 
, TEMPERATURE ,ALARM. · 

F
2

: FEN WALL THERMOSWITCH COOLANT 
TEMPERATURE CONTROL. . 

FROM OUTLET OF 
HEAT EXCHANGER ~ 

1f2" GATE VALVE 

COOLING WATER 
OUTlET 

TRICHLORETHYLENE 
C0 2 POT 

112" NEEDLE VALVE 

1;2" GATE VALVE 

I 

I 
CENTRIFUGAL CIRCULATING 
PUMP WITH UNIVERSAL TYPE 
MOTOR,SPEED CONTROLLED 
WITH VARIABLE TRANSFORMER, 
~0 G.P.N. ~A,X. 

REFRIGERATION SYSTEM, SCHEMAT.IC. MU-7353 

Fig. 12. Refrigeration system, sc11.ematic. 
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ZN-923 

Fig. 13. The refrigeration system. 
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(b 

Q) "Eiectronotherm", mode by Technical Equipment Co., Emeryvlle, Colif. 
b) "on" signal Increases the voHage 3 vfmin. 

SCHEMATIC DIAGRAM OF THE TEMPERATURE 
CONTROL SYSTEM 

MU-7354 

Fig. 14. Schematic diagram of the temperature 

control system. 
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Fig. 15. The thermostat control panel. 



steady state the 11on11 and Hoff" times are equal. The driving speed 

of this motor is about 3 volts/minute and the coupling between the 

motor and transformer has sufficient lost motion that no voltage 

change occurs at steady state. 

The functional parts of the .thermostat are arranged to 

make the best poss.ible use of the temperature controller. To 

avoid time lags in controller response, the temperature sensor 

is placed close to the heaters which are actuated by the controller. 

The large heat capacity of the inlet duct tends to smooth 

temperature cycling caused by the on=off heater. The blower 

and the heat exchanger are placed ahead of the heaters so that 

variations in the air temperature caused by unstable blower 

operation or change.s in coolant temperature will be compensated 

before these effects can be 11 seen11 by the solubility apparatus . • 

In order that temperature upsets due to placing the 

hands in the thermostat might be prevented, all manipulations 

were done remotely by means of a mechanism shown in Fig. 10. 

It was necessary to provide lighting in the thermostat so 

that the various readings could be made. Fluorescent lights 

were chosen because of their high efficiency. Thes.e lights were 

installed as shown in Fig. 16. This installation provides that 

most of the heat output of the lights is .carried away by a stream 

of room temperature jiir, and this air also maintains the lights 

at room temperature below which the light output oCf.luorescent 

lights becomes progressively smaller. The lights are further 

insulated from the thermostat by a vacuum jacket, a dead air 
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space, and two air spaces through which nthermostat air 11 is 

circulated. It was found that the lights had no measurable effect 

on the temperature in the thermostat. 

Tests of this thermostat showed it to be satisfactory to 

well within the desired temperature specifications. 

J. Shaker Mechanism 

The shaker mechanism to which our apparatus No. 7 was 

mounted {see Fig. 4), imparted a horizontal motion to within the 

accuracy of the cathetometer reading, 0. 05 mm., with the shaker 

in motion. Our thought in this regard was to avoid vertical 

accelerations insofar as they might upset the pressure in the 

system. Apparatus No. 6, on the other hand, was rocked some

what like a pendulum. Inasmuch as the data from both pieces 

of apparatus agree, it is deduced that small vertical components 

of velocity do not alter the average pres sure. 

K. Other Features of the Apparatus and 

Suggested Modifications 

Ternary data can be taken with the apparatus as shown in 

Fig. 1. Although only binary data were taken in this work, the 

apparatus was designed for eventual investigation of the simultaneous 

solubility determination of two gases. For this determination a 

binary gas mixture of known composition is charged to the 

apparatus as described in section IV -C. The procedure is much 

the same as for the previously outlined determination of a single 

gas, except that the equilibrium pressure is set as closely as 

possible. 
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AIR OUT 

t 
GLASS VACUUM JACKET 

BAKELITE MOUNTING . BLOCK I 
VENTILATED LIGHT 

(SCHEMATIC) 

CIRCULATED .THERMOSTAT AIR 

THERMOSTATED REGION 

LUCITE PLATES 

PLYWOOD 

STYROFOAM INSULATION 

t 
AIR IN 

PLACEMENT AND HEAT SHIELDING 
OF LIGHTS. 

MU-7355 

Fig. 16. Placement and heat shielding of the 

ventilated lights. 



After equilibrium has been established, the residual gas 

volume fs carefully measured, and then the solvent level is pulled 

from 19 (see Fig. 1) to 20. The U capillary tube in the secondary gas . . 

system is then immersed in a small dewar of liquid nitrogen in 

order to freeze the solvent in that vicinity. In this manner the 

gas and liquid phases are separated by a vacuum tight barrier 

of frozen solvent and the gas sample may be placed in a gas 

sample bottle by means of a 'Ib:e1!1er:c.· pump through 12, and the 

gas ratios measured by mass spectroscopy. Since the amount of 

gas in the liquid phases is known, this ratio, along with the 

solvent vapor pressure, will give the partial pressures of each 

and hence the amounts of each gas in both gas and liquid phases. 

Hence the solubilities of each gas can be calculated. 

Concerning the phase barrier of frozen solvent mentioned 

above, this technique was tried and found satisfactory against 

vacuum, provided that the frozen solvent is backed up by liquid 

solvent which presumably enters the interstices left between the 

crystals of solvent upon freezing, it too freezing to form an impervious 

barrier. 

One suggested modification for future pieces of apparatus 

which would make it a more versatile apparatus would be to 

include a series of graduated bulbs and burettes instead of the single 

primary gas bulb and burette. This series could be started with a 

small bulb of about 2 cc. for measuring such solubilities as helium 

in water, and ended with a large bulb bringing the total volume to 

about 150 cc. in order to measure such solubilities as ethane in 
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hexane. The intermediate burettes should, of course, be designed 

according to the procedure in section V =B ih order to obtain 

optimum values of the PV product. 

Another modification, which was us.ed successfully in our 

apparatus No. 6, is the incorporation of a platinum resis.tance 

heater in the solvent bulb to aid in degassing the solvent. The 

heater consi~ted of a loose coil of 10 em. of 0. 020 in. diameter 

platinum wire spot welded to two tungsten electrodes which 

entered the solvent bulb at a level about 1 em. above the gas 

inlet, the sea.ls .being pyrex to tungsten. About 5 volts ~· C. 

was used to energize the heater. This sy.stem was found to be a 

definite aid to degas.sing because it not only furnished a heat source 

for boiling, but also completely eliminated bumping and provided 

smooth boiling and rapid outgassing. 

VI. PRESENTAT,ION AND DISCUSSION OF THE RESULTS 

The complete tabulation of hydrogen solubility data is 

given in Table 8, as well as a tabulation of values taken from a 

srhoothed curve. The data are plotted in Figs. 16 and 17. · The 

smoothed .data favor the ·experiments done in the thermostat 

previously described and with apparatus No. 7; the thermostat used 

for the experiments done in apparatus No. 6 did not allow the 

required temperature control, especially at temperatures other 

than 25° or 35° C. 

There are a large number of data on hydrogen=n""heptane 

because this system was used exclusively in the development of the 

·.apparatus and technique. Of the sEiven runs reported, the max:imum 
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deviation found was ±0. 055%; while for the two runs carried out in 

the previously described thermostat, one in apparatus 7 -L and one 

in apparatus 7 -R, the deviations are less than ±0. 02o/o. 

For n-perfluoro heptane, one run was made in apparatus 7 

while three runs were made in apparatus 6. With the exception of 

the data at 50° C., which were taken in the first thermostat in which 

the temperature control was poor, these four runs agree to within 

±0. 05%. Of the two toluene runs made in apparatus 7, agreement is 

better than ±0. 03%. 

The benzene runs made in apparatus 6 may be discounted, not 

only on the basis of poor temperature control as previously mentioned, 

but also on the basis that the solvent was reagent grade benzene 

used without further treatment. However, the benzene used for run 48 

in apparatus 7 was carefully purified by distillation. Even so, the 

0 
deviations among these three runs are only ±0. 08% at 25 and 

±0. 18o/o at 35° C. 

The data on the other solvents are from single runs. The 

least accurate Of these would probably be for carbon disulfide in 

which case the initial gas was measured at 250 mm. pressure since 

the low solubility of hydrogen in carbon disulfide requires that the 

quantity of gas charged be small. Also, the relatively high vapor 

pressure of carbon disulfide requires that the temperature be very 

closely controlled. 

In Tables 7 and 8, the listed temperatures are exact to the 

previously stated precision of reading the thermometers; namely, 

0 0 0 0 0 0 
±0. 01 from -W to 50 and ±0. 02 from -30 to -10 . All of the 
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Table 7 · 

Solubility of Hydrogen 

10
6 

x Gram Mples/Gram Solvent, Atm. Partial Pressure 
I 

{Complete Data Summary) 

Solvent Run Apparatus t. ' 
0 . 

C. . Solubility 
•rlumber number 

n-heptane 44 7~R ~30 4.7 

46 7-L ~25 4.976 

44 7~R -10 5.513 

46 7-L. .o 5.894 

44 7~R 10 6.281 

30 6 12. 1 6.354 

42 6 15 6.465 

30 6 25 6.866 

42 6 25 ·6.871 

44 7-R 25 6.874 

46 7=L 25 6.871 

24 6 35 7.281 

25 6 35 7.278 

26 6 35 7.281 

30 6 35 7.274 

42 6 35 7.276 

44. 7-R 35 7.282 

46 7-L 35 7.~81 

42 6 45 7.70 

30 6 50 7.91 
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·Table 7 (Cont.) 

Run Apparatus 
Solvent number number ·0· Solubility t.' c. 

n-perfluoro 47 7-R -25 2.589 
heptane 

47 7-R 0 3.077 

31 6 12. 1 3.333 

33 6 12. 1 3.334 

31 6 25 3. 613 

32 6 25 3.616 

33 6 25 3.615 

47 7-R 25 3.614 

31 6 35 3.853 

32 6 35 3.849 

33 6 35 3.849 

47 7-R 35 3.850 

32 6 50 4.29 
.·. ·. 

33 6 50 4.30 

benzene 48 7-L 10 2.884 

37 6 15. 1 3.030 

38 6 15. 1 3.024 

37 6 25 3.306 

38 6 25 3.301 

. 48· 7-L 25 3.303 

37 6 35 3.595 

38 6 35 3.582 

48 7-L 35 3.596 

37 6 45 3.89 

38 6 45 3.88 
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.Table 7 (Cont.) 
' . ·' ... : 

Run Apparatus 
Solvent number· o ..... 

number' t.' c. . Solub~lity 
. ' ...... 

toluene 50 
'' 

7~.R 
.. 

-15 '2.507 

50 7-R 0 2.844 

49 7-R 25 3.438 

50 7-R 25 3.436 

49 7-R 35 3 .. 685 

50 7-R 35 3.685 

2, 2, 4-trimethy1 51 7-R -25 5.080 
pentane 

51 7-R 0 5.937 
,. ; 

51 7-R 25 6.845 

51 7-R 35 7.234 

n-octane 53 7-R -25 4.33i 

53 7-R 0 5.139 

53 7-R 25 5.984 

53 7-R 35 6.343 

GC14 52 7-R 0 1. 688 

52 7-R 25 . ' 'i. 078 

52 7-R 35 2.245 

·'· ·cs 
2 54 7-R -25 1.270 

' '. 

54 7-R 0 1.656 

54 7-R 25 2, 101 

,·:. 
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n-OCTANE 

-20 -10 0 10 20 30 40 
TEMP. °C 

THE SOLUBILITY OF HYDROGEN IN VARIOUS 
NON-POLAR SOLVENTS. 

MU-7356 

Fig. 17. The solubility of hydrogen in 

various non-polar solvents. 
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Table 8 

Solubility of Hydrogen 
6 

10 x Gram Moles/Gram Solvent, Atm. Partial Pressure 

(Recom_mended Values {rom Smoothed Curves) 

Solvent -25° c. -15° c. 0° c. 10° c. 0 
25 c. . = 35°'-~'C. 

n ... heptane 4.976 -.... .,,.,. - 5.894 6.281 6.873 7.281 

n-perfluoro 
heptane 2.589 ---~-- 3.077 ----- 3.614 3.850 

toluene 2.284 2.505 2.841 .,. ... __ ... 3.433 3.682 

benzene ---~- ----- ---:--- 2.884 3.303 3.596 

n-octane 4.331 ---c::>eo 5.139 ----- 5.984 6.342 

2, 2_, 4-tri-
methyl 
pentane 5.081 ____ , 

5.942 .a,.,;,--·- 6.845 7.234 

CC14 
.,.._. ___ ----·- 1. 6.88 ----- 2.078 2.245 

cs 2 1.270 ----- 1. 656 ---~- 2. 101 ------



data have been corrected for the 0. 25% nitrogen impurity which the 

hydrogen c·ontained. This correction is outlined in Appendix D. 

The basjs for reporting the data; namely, gram moles of gas/ 

gram solvent, atm. partial pressure, seems to the author a more 

logical value than either of the more conventional Bunsen or Ostwald 

coefficients, especially from the standpoint of engineering calculations. 

The solubility, S, as reported can be readily converted to the mole 

fraction, X, to the Bunsen coefficient, 13 •. or to the Ostwald 

coefficient, y, by the following formulas: 

13 = SV0 Pi• 

'I = SVtpt. 

Here, Vt is the molal volume of the gas, cc. /gram mole, at t° C., 

pt is the density of the solvent at t° C., gram/cc., Ms is the 

molecular weight of the solvent, 13 is the volume of gas reduced to 

S. T. P. dissolved per unit volume of solvent when the partial pressure 

of the gas is 760 mm., and y is the ratio of concentrations of the gas 

in the liquid and vapor phases, respectively. 

The previous hydrogen solubility data which we have repeated 

are plotted along with our data. in Figs. 18 through 21. Of these data, 

Just 1 s,
12 

taken in 1901 with the apparatus of Timofejew, 
25 

seem to 

be the most in error. His benzene and toluene data are about 7 o/o 

higher than ours, while his carbon disulfide values are about one-half 

of those we have found. In addition to the possible errors mentioned 

previously, it is quite possible that he had difficulty in securing pure 

gases and solvents. 
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Fig. 18. The solubility of hydrogen in benzene. 
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Fig. 19. The solubility of hydrogen in toluene. 
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Fig. 20. The solubility of hydrogen in carbon 

tetrachloride. 
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THE SOLUBILITY OF H2 IN CARBON 

DISULFIDE vs TEMP. °C 

MU-7360 

Fig. 21. The solubility of hydrogen in carbon 

disulfide. 
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The data of both Horiuti
11 

and of Maxted and Moon15 are 

within 1% of our results for benzene and carbon tetrachloride . 

. Horiuti's data are somewhat higher than ours. This discrepancy 

can be explained on the basis that his solvent was at a somewhat 

higher temperature than his thermostat. He used a magnetic 

stirrer consisting of a .solenoid in close proximity to his solvent 

bulb and a glass ~enclosed iron impeller within his. solvent bulb 

which was caused to rise and fall by interruptions in the coil 

current. The hysteresis losses of this .impellor and the heat 

produced by the coil could readily account for this hypothesized 

temperature error. His data, nonetheless, have been carefully 

taken and we believe them to be generally reliable to better than 1%. 

In addition, his apparatus has the advantage that data may be taken 

at very low temperatures limited only by the freezing point of the 

solvent, whereas in our apparatus the lower temperature limit is 

fixed by the freezing point of mercury. Aithough it doe's possess the 

possibility of a temperature error, his apparatus provides adequate 

stirring and a large interfacial area between the gas and the solvent 

so that with care, equilibrium can be attained. 

The apparatus of Maxted and Moon
15 

is seen upon careful 

comparison to be an adaptation of von Antropof£1 s appa_ratus
1 

and 

it also incorporates some of the advantages of Horiuti' s app'aratus. 

Their data for hydrogen in benzene appear to be quite acceptable 

except that the value which they give at 0. 5° C. is unexplained 

(the freez_i~g point of benzene is about 5. 5° C.). Their procedure 

involved a rather tedious process of breaking the s.olvent bulb from 
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the system, degassing the solvent therein, and then fusing the bulb · 

back .into the system. This procedure was followed for each point 

determined, i.e., for each temperature. Their procedure for 

determining the 11 zeron burette reading by allowmg the gas to enter 

the vapor space in the solvent bulb and then "quickly reading the gas 

burette before any gas dissolves" would tend to make their results 

somewhat low if any gas did dissolve. That' their results are 

somewhat lower than ours may be explained on this basis. 

The other data shown in Fig. 18 are high pressure 

determinations so that the methods used and possible Henry's Law 

deviations make these results not strictly comparable to ours. 

VII. AN APPLICATION OF GAS SOLUBILITY THEORY 

A. Hildebrand's .Solubility Theory, 

The theories relating to the solubilities of non.,electrolytes 

are presented by Hildebrand. 9 In particular, he relates the 

solubility of a gas in a liquid to the gas and liquid properties by the 

following equation: 

v 
fO g 

= ln cp + cp n (1 - V g) 
g )(; ~ 

where,. 

f = fugacity 

f
0 

= standard state .fugacity 

cp = volume fraction 

V = molal volume, cc. 

o = solubility parameter, (cal. /cc. )l/Z 

g, ~ refer to the gas and liquid, respectively. 



;I. ,Hildepra11d, identifi~s f
0 

with the vap()~ pr~s.sur~ of the gas 

_ .~xtrapolate_d by :mealJ.s, of a log p vs., 1/T plot b~yond ~h~, cr~tical 

point to,t:p.e temp.e:t;ature.of the e:Xperiment. The model taken for an 

. idea,! sol~,t~i<;m is therefor~; Raoult 1 s Law and the ;Standard state is 
. . 

th~ hypqthet,icalliquefied gas . 
. . ' . ' '·' ' ·- . . . ' 

, .. ; .. _. Eqllatio~ {1) appVes to non':'"associated, .non~polar systems. 

A~ suc:;:h, .. dev~pt~ons from Raoult's Law res,ult from the heat and 

entropy,o£ mb_dl}lg ... ';['h~ t.erm, lncpg' is the Gprrectiol1for the ideal 

entropy of_~~Jfing. The te_r;m containing (1 - y
2
/v g) is an entropy 

co:rrec~io:q to. ~,ccount {orJhe dispar:i.ty_ betwee11 the s.olvent and solute 

molal volumes. The ~;:tst t~rm:is a partial molal energy of mixing 
. ' ·.· .•.. ' - ,. - . . f . ·.• - ' 

{for the solute) which Hildebrand has shown to be approximately 

equal to the heat of mixing . 
. !'· ·,;. 

.. ,. 

B. Empirical Treatment of Hildebrand1 s Equation 

In the present work, it was desirable to be able to extend the 
' . t ' -

present data to other systems. Jn usLng Eq. {1) for this purpose, the 
'···. • • I I. 

values of f
0

, V ·., and 6 must be evaluated. To determine f
0

, it is . g g 

identified with the pseudo vapor pressure of the gas, as described 
.. 

ab9ve, .. _bl.l,t in the. case of hydrogen, the e:x:trap<;>lation required can 

introduce a large uncertainty in the value so obtained. The term V , 
g 

which is also implicit in the 4> terms, is, strictly speaking, a partial 

molal volume. Also, V has been s.hown to be a function of the 
g 

solvent, 
6 

and since the determination of V for each solvent would 
g 

be nearly as difficult as the solubility determination itself, the 

initial purpose of data prediction would be defeated. Finally, the 

solubility pa'rameter, 6 , is geherally determined ·empirically from 
. g 

solubility'. determiila'tions'~ 



Of the two solvent properties, o fl .. can readily be calculated 

from the latent heat (see Appendix G), while V can be calculated ' . . s . 

from the density because the solvent molal volume will not differ 

appreciably fr,om the partial molal volume in the dilute solutions 

encountered. 

Since there is considerable uncertainty in the evaluation 

0 
off and o , and since the determination of V is time consuming, g ' . . g 

aU three of these values have been·;trec\;ted as .em·pirical constants. 

That is, assuming Eq. {1} to be a correct functional relationship 

between the gas' and solvent properties, f
0

, o and V · have been . g g 

calculated by a simultaneous solution of {1) having substituted the 

solubility and the respective solvent properties of three systems 

into that equation.· This caleulat:idn is valid insofar as the calculation 

of f
0 i~ concerned since this term is virtually. independent of system. 

bn the other hand, V , and hence o , are dependent to some extent g g ' 

on the systems chosen· for this calculation. Consequently all three 

of these' "parameters 8' will'be, ·in a sense·, average values. 

For this ca1culat:ion the systems were chosen toinclude a wide 

range in the v~lues of o fl and V fl which was intended to make the 

calculation more sensitive. The solvents used were 'n..;.perfluoro 

heptane, n.,.heptane, and toluene. These solvents exhibit respectively 

solubility parameters of 5. 98, 7. 43, and 8. 9h and molal volumes 

of 225; 6, 14 7. 5', and 107. 0 at 25° C. The values at other temperatures 

will be found in Appendix G. · The results of this calculation are 

given in Table 9. 
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Table 9 
0 

Calculated Values of o, V and f for Hydrogen 

0 
.t c. o, (cal./cc. )

1
/

2 v, cc. /mole 
0 . ' 

f , atm. 

-25 5.104 ~9.15 2.680 

0 4.460 26.07 2482 

25 3.697 23.20 2305 

35 3.340 2.2. 10 2235 

Since the calculated values are parameters., they do not 

necessarily have real significance. It will be. noted, for example, tbat 

o decreases as the temperature increases. Such is the case for g . . 

liquid o1s, but the percentagewise change in 0 with temperature seems 
g 

rather large. 

The decrease in f
0 

with increasing tempe~ature seems contrary 

to the hypothesized standard state, since this value will increase with 

temperature if obtained by the m:ethod of extrapolation described above . 

. This unexpected result may be accounted for·, however, since f
0 

is the 

factor which largely determines the solubility of hydrogen,· and hydrogen 

exhibits a marked increase in solubility with temperature. 

With the values of o , V , and f
0 

given in 'Table 9, the g g· g ·. 

solubility of hydrogen has been calculated for the other five solvents 

investigated. The results of this calculation are compared with the 

experimental solubilities in Table 10. The deviations between the 

observed and calculated values are large compared with the accuracy 

de$ired; namely, ±0. OS%. These deviations are not, however, as 

severe as those reported from a somewhat similar calculation* by 

* 0 Gjaldbaek used an extrapolated vapor pressure for f and 

an average value from measured partial molal volumes for V . g 
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TablelCL 

Calculated and Observed Solubilities of Hydrogen 
Mole Fraction x 104 

Solvent t° C. X X 
~ '/. +f 

calc. obs. 
&lrv % diff. 

iso-C 8H18 * 6.678 -25 5.801 15. 1 

0 7.753 6.782 14.3 

25 8. 911 7.812 . Mt7 14. 1 ~' g[ 

35 9.398 8.256 13. 8 

n-C8Hl8 -25 5.301 4.945 7. 2 

0 6.247 5.867 6.5 

25 7.264 6.830 0.8(S 6.4 (,Y{~ 

35 7.672 7.239 6.0 

CC14 0 2.747 2.596 5.8 

25 3.326 3. 196 0 ( 5'1) ;, 4. 1 Rr ~~ 

35 3.564 3.453 3.2 

benzene 25 2.489 2.579 G. qc1 -3.5 1lts-

35 2.704 2.808 -3.7 

cs2 -2 5 0.785 0.967 -18.7 

0 l. 012 1. 261 o, '~I -19.6 

25 1.320 1. 600 -17.5 1, 1J-

* ' 2, 2, 4-trimethylpentane. 



5 
Gjaldbaek for the solubility of nitrogen. These deviations bear out 

Hildebrand's 
9 

observation that when a gas solubility is desired to 

better than 10%, it must be measured. 

VIII. SUMMARY AND CONCLUSIONS 

The criteria for obtaining reproducible accurate gas solubility 

data have been discussed and an apparatus and procedure which 

fulfills these criteria have been developed. 

The solubility of hydrogen has been measured in eight non-

0 0 
polar solvents at temperatures ranging from =30 to 50 C. and at 

approximately one atmosphere pressure. 

The solubility theory of Hildebrand has been applied to these 

data and qualitative agreement with the theory has been found. 
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X. NOMENCLATURE 

constants 

c = concentration, gm. moles/gm. 

C = heat capacity, cal/° C. 
p 

f = fugacity 

fo = standard state fugacity 

H = Henry's law constant 

b.H = heat of vaporization, cal/ mole 
v 

k rate constant, time 
-1 = 

m = moles of gas in a vapor phase 

M = moles of gas in a liquid phase 

M = molecular weight of a solvent 
s 

n = any integer 

Pg = partial pres sure of a gas, mm. 

Ps = vapor pressure of a solvent, mm. 

p = total pressure, or a manometer reading, 

Po 
' a datum total pressure 

mm. 

P = the total pressure or manometer reading at equilibrium 
e 

q = heat flow, calories 

R = gas constant, 1. 986 cal. /mole, °K. 

s = solubility, gm. moles gas/gm. solvent, atm. 

t = temperature, oc. 

t = air temperature (in the thermostat} a 

T = temperature, OK. 

T = critical temperature, OK. 
c 

u = overall heat transfer coefficient, cal./ .6t°C. 
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X. Nomenclature {Cont. } 

V, Vm = molal volume, cc. 

X = mole fraction, liquid phase 

' y = mole fraction, vapor phase 

z = overall or system mole fraction 

a. = relative volatility 

~ = Bunsen coefficient of gas solubility, volume of gas at 

S. T ~ P. dissolved per cc. of solvent at the temperature 

of the experiment when p = 760 mm. 
. g 

'( = Ostwald coefficient of gas solubility, the ratio of gas 

concentrations in respectively the liquid and vapor phases 

o = solubility parameter, {cal. /cc,.}/
2 

' 

f:l. = difference operator, or a difference in a gas burette 

reading before and after a stipulated period of dissolution 

p = density, gm. /cc. 

e = time 

<I> = volume fraction 
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XI. APPENDIX 

" 

A. Example Gas Solubility Calculation 

Run No. 51: Solubility of Hz in Z, Z, 4-trimeth~l pentane at Z5° C. 

I. Initial moles of gas 

1) temperature 

Z) molal volume of Hz at 1 atm. 

3) gas volume 

4) barometric pressure (corrected for 

temperature and gravity) 

5) .t:.P in manometric system (corrected 

for temperature and gravity) 

6) gas pres sure, 4) + 5) 

7) moles gas charged: 6) · 3)/Z) · 760 = 

II. Residual moles of gas 

8) residual gas volume 

9) temperature, 

1 0) barometric pressure, (corrected for 

temperature and gravity) 

11) .t:.P in manometric system (mercury + 

solvent legs) 

lZ) vapor pressure of the solvent 

13) residual gas partial pressure: 

10) + 11) .. lZ) 

14) residual moles gas: 13) · 8)/Z) · 760 = 

III. Moles gas dis solve <;I 

15) 7) .. 14) = 

0 
25.00 c. 

Z4, 481 cc. 

Zl, 406 cc. 

737.85 mm. Hg 

-Z6Z. 0 mm. Hg 

4 75. 85 mm. Hg 

-4 
5.473xl0 

moles 

1. Z578 cc. 

0 
Z5. 00 c. 

737.0 mm. Hg 

-138. 0 mm. Hg 

49.0 mm. Hg 

550.0 mm. Hg 

37. Z x 10- 6 moles 

5.101 X 10=4 

moles 
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IV. Weight of solvent 
. 0 

16) volume of solvent at 35 C. 

1 7) density of solvent at 35° C. 

18) weight of solvent 

V. Solubility 

19) barometric pressure, corrected 

20) .6.P in manometric system, corrected 

(mercury + solvent legs) 

21) vapor pressure of solvent 

22) gas partial pressure, 19) + 20) ~21) = 

23) solubility: 15) • 760/18) • 22) = 

24) c~:>rrection, for N 2 impurity: 

0. 9987 . 23) = 

150. 806 cc. 

0. 67825 gm. /cc. 

102. 284 gm. 

737.0 mm. Hg 

~135. 0 mm. Hg 

49.0 mm. Hg 

553.0 mm. Hg 

6 -6 • 854 x 10 moles 
H 2/gm. solvent 
a.tm. 

~6 
6. 845 X 10 
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B. Validity of the Method Used in the Determination 

of Equilibrium Pressure 

As described in the section on procedure, the equilibrium 

point is determined by plotting the change .in the secondary burette 

reading (see Fig. l) for a given period of shaking versus the 

manometer reading, and then by a linear interpolation, the 

equilibrium value of the manometer is determined. In short, 

the solution rate is plotted versus the pressure setting and the 

point of zero rate is found by interpolation. At least two rate 

determinations are made at each of two pressures which are 

chosen such that the gas evolves at the lower pressure and dissolves 

at_, the higher pressure. 

The question arises as to the validity of linear interpolation 

for obtaining an equilibrium value of the pressure to better than 

±0. 05%. 

Except at the lower temperatures, these rates are measured 

at pressures on both sides of the equilibrium pressure with a total 

variation in pressure of 0. 5 to 2. 0 mm. Hence there is little doubt 

that the equilibrium pressure can be established to within 0. 5 mm. 

which would meet our accuracy specifications if the gas partial 

pressure is greater than 500 mm. Rates of solution are slow at 

the lower temperatures and the total variation in pressure may be as 

high as 5. 0 mm. in order to obtain significant changes in the burette 

readings within a reasonable time. In any case, it is pertinent 

to establish the validity of the method adopted for finding the 

equilibrium point. 
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The pressure changes made in orde.r to observe rates of 

solution on the one hand and rates of evolution on the other are 

small compared to one atmosphere. Therefore, the number of 

moles of gas dissolved per unit change in the burette reading may 

be considered the same at the two pressure extremes, i.e., the 

maximum pressure change is less than 1%, whereas the volume 

of gas dissolved generally corresponds to a burette reading change 

of less than 3. 0 mm., which is known to about 3o/o. We can there-

fore say that the rate is proportional to the change in burette reading. 

The law for gas dis solution may be written as: 

-D. = k(P.,.P ), . e 

where D. is the change in the burette reading for a giv:en period of 

shaking (negative for gas dissolution), P is the pressure at which 

(1) 

D. is determined, P is the equilibrium pressure corresponding to the 
e 

amount of gas in solution at the time D. is determined, and k is a rate 

constant. (P and Pe can also be considered as manometer readings 

since the quantity p.,p e is independent of the datum pressure. Thes.e 

two definitions are used interchangeably. ) 
... 

Strictly speaking, Eq. (1) should be in differential form since 

P changes as gas dissolves such that P = Hx + p , where xis the 
e e s 

concentration of the gas in solu±ion,· His a Henry's law constant, 

I 

and p is the vapor pressure of the solvent. ·For any single 
s 

determination of D., however, the amount of gas dissolved is small 

enough that an average value of P is valid. In spite of the fact that 
e 

the differential equation is easily solvable, it is preferable to be able 

to plot experimentally determinable values directly, which at once 
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exhibit whether the ·equilibridm'pressure is sufficiently well 

. known or at what other pressures succeeding values of 1:::. should. 

be taken. 

The possible err~n in the. determination ~f ,P e by the above 

simple method lies, then, in the variation of Peas gas dissolves. 

Consider a case where .som.e. divergence might be expected 

between the true Pe and the P e determined by plotting 1:::. versus P. 

Assume that 1:::. = 3. 0 mm. ,and the total pressure is 

approximately 760 mm, In this case, P e will be changed by 

approximately 0.·15 mm.c in pressure, that is, with the apparatus 

used iri th:ls work. As far as obtaining consistent values of 1:::. is 

concerned, this change in pres sure would become serious as P 

approached P e; therefore ,consider the, ,case where P=P e is 

initially 1..0 mm.· The next value of 1:::., i. ~", 1:::.
2 

determined at 

the same m,anometer setting, accordingly will be_ about 15o/o less 

tha.n ~l' while 1:::.3 _will be approximately 25~% less than 1:::.1' etc. 

However, if A1.and 1:::.
2 

are in reasonable agreement, the pres sure 

is then changed so that 4' s ,of the opposite sign will be obtained, 

and therefore the errors in P e will tend to cq.nc.el one another" 

It rr1ight be. pointed ()Ut here that waiting for equilibrium to 

obtain is generally impractical, not only from the standpoint of 

·time consumption,. but also because the b.arometric pressure is 

seldom dependably st~ady over. long periods of time. 
' . 

For the most exact work; P,e may be continuously corrected 

for changes due to gas dis~olution.. ,When Eq. (1) is rewritten in 

· t'erms of some arbitrary initial condit~ons,, 
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0 0 
-6. = k{P -P ) + k:E6.P-k:E6.P., e e 

(2) 

where P
0 

is the initial or base manometer reading· arid P 0 is the . e 

equilibrium value of the manQmeter reading corresponding to P 0 

and the amount of gas dissolved at the time P
0 

is determined. The 

algebraic summation of changes in the manometer setting is 

:E6.P and it also includes barometric pressure changes, while 

:E6.P e is the algebraic summation of the changes in P e due to gas 

dissolution or evolution. ·For example, increases in the barometric 

or manometric pressures would constitute positive ~P's to be added 

to P
0

, while the total change in P , i.e., :2:6-P , would be positive 
e o e 

n- 1 
for net gas dissolved and proportional to -(6. /2 + :E 6.) for the nth n . o 

6. determined. 

This calculation process has been carried out for Run 44 in 

which 6. per mm. pressure change was ·about 4. 5 mm. for a 10-minute 

shaking period. The 6. 1 s observed were 2. 2, 1. 2, 0. 9, -5. 9, -5. 5, 

and l. 75 mm. in that order. By plotting these values against the 

manometer reading corrected to a base barometric pressure, p e 

was found to be 34. 525 em. by linear interpolation to 6. = 0. For 

the above more complex proce$S, 6. was plotted against (:Eb.P -:E 6-P e) 

and at 6. = 0, P
0 

was calculated from the relation, P
0 = e · e 

P
0 

- ::E6.P + ::E6.P , from which P was found to be 34. 53 em. 
e e 

The added labor involved in this case is, therefore, by no means 

justified even thdugh the plot obtained is more nearly linear. 

·In summary, then, the equilibrium value of the manometer 

reading, P , may be obtained accurately by simply plotting 6., the 
e 

change in the burette reading for a given period of shaking, versus 
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P, 'the m'ano'metri~ setting c~rrect~d for barometric pressure 

. changes. Thfs a."cc~racy 'is ~aintaine'd as long as the values of ~ 

are about 3~0 mm. or smaller; i.' e., about o: 005 cc. out of 20 cc. 

of gas di'ss~lved, a~d so 'long as pl~s and ~inus values of~ are 

used in ord:~r to average out the disc-repancy in P • In cases 
. ' e 

whe're rates are slower and larger values of P~P are imposed e 

to give readings in a reasonable time, the linearity of a simple 
' '1;: 

~ vs. P plot will be improved since the percentage change of 
.· .: 

P=P , and hence in ~. is much less for a given amount of gas 
e 

dissolving. 

C. Rates of Solution and t:P,e Determination of Equilibrium 

As stated in section V ~F, one of the major errors in the 

determination of gas solubility data can be the lack of a suitable 

criterion for equilibrium. The purpose of this section is to show 

quantitatively how pr_eyious investigators may have failed to reach 

equilibr~um ar1d to present the. rates of solution of hydrogen 

encountered in this wor~. 

In mo~~- case.s, Pli"evious workers have used burettes 

pe_rrpitting ~n accuracy, sufficient to determine gas volumes to 

abou~ 0.1%; whereas in the cases where they have reported duplicate 

determinat~ons, deviations of 1% and more are very common. 

Consider the case of hydrogen dissolved in n~heptane. The 

rate which,we, observed at 35°, C .. with a s4aking amplitude of 

a~out 3/8 of an inch and a frequency of about 170 min. ~I was 

~s I about ,L,8x 10, moles min., mm .. ~P, or in terms of volume, 

about 0. 00056 ct.jmiiJ.~, mm. ~P. This was one of the fastest 
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rates observed. As a percentagewise increase in the gas dissolved, 

this amounts to about 0. 002~%/min., mm. ~P. Most investigators 

state that equilibrium is attained in about one hour. Assume that 

after one hour a hydrogen-n-heptane system is withi~ 1% of 

equilibrium, i.e., if the discrepancy from e:quilibrium ts stated 

as a pressure difference, ~p would e_qual approxi~at~ly 7 mm. 

Let the system be equilibrated by shaking for another 10 minutes. 

This period seems: reasonable for a total equilibratio%1: time of 
. . i 

1 hour. In this case, the amount of gas dissolved will be about 

0. 2% which could easily be mistaken for an error in burette 

reading; furthermore, rates ten time.s less than the one used 

0 
for this example have been observed dur'ing runs at -~5 C. It is 

concluded, 'then, that errors ofthe order of 1% are qp.ite possibJ~e . 

'by using the classical method of no apparent further di's'solution as 

a criterion for equilibrium~ 

The above considerations point to 'the need for a dual gas 

measuring system, the first part designed to measure the initial 

gas to the desired accuracy of the experiment, the second being 

designed with sufficie'nt sensitivity to determine the equilibrium 

point accurately. In the present apparatus, the residual gas 

burette is sensitive to changes in volume as small as 0. 00015 cc. 

for a reading of 0. 1 mm., whereas the initial or primary gas 

burette is sensitive only to about 0. 0025 cc. for a simila.r reading. 

The following table gives the rates observed in our more recent 

determinations. In general, :the rate of solution wa's found to 

increase as temperature increases and as the solubility per cc. 

of solvent increases. 
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Table 11 

Rates of Hydrogen Solution in Apparatus 7 

(Percent increase in. the gas dissolved per minute of f:!haking, 

difference, 4 
per mm. pressure P-P X 10 ) 

.e 

I 

Solvent -25° c. .I Q 
-15 00. 10° 25° 

n-C7Hl6 1.1 2.0 2. 3 .. 

n-C7Fr6 1.0 2. 0 4.4 

n-C8Hl8 0.3 0.8 1.5 

iso-C
8

H18 * 1.0 1.4 2.8 

CC1
4 

0.7 1.4 

cs2 1.2 1.3 3,0 

benzene 1.2 1.8 

toluene 0.8 1.5 1.6 

* 2, 2, 4-trimethyl pentane 

D. Correction of the Solubility Data for the 

Nitrogen Impurity in the Hydrogen 

35° 

3.0 

4.8 

1.6 

3. 5 

1.7 

2. 0 

1.9 

Inasmuch as the hydrogen used in this work contained 0. 25o/o 

N 2 , the only appreciable impurity, the question arises as to what 

effect this impurity will have on the data and how the impurity can 

be corrected for .. 

The equations used for this correction are: 

YH XN 
2 . 2 

= MXN + mYN 
2 2 

~1) 

(2) 
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Equation (1) is a defining equation for the relative volatility, a., and 

Eq. (2) is a simple material balance on nitrogen. Here, 

- mo1e fraction of N2 in the vapor phase, 

= mole fraction of N 2 in the liquid phase, 

= m<;>1e fractio~ of N 2 in the gas charged to the apparatus, 

moles of gas dissolved, 

m = moles of gas in the vapor phase. 

All of these quantities are on a solvent free basis. Of the.se 

quantities, Z is known by analysis, M ahd m are determined at the 

time of the solubility determination, and a. can be obtained from 

solubility data. It might be pointed out that since the amount of 

nitrogen present is small, the correction will also be small and 

hence the correction need not be known too accurately . 

. The calculation involves assuming a value of XN and 
2 

solving for YN in Eq. (2), then a substitution of XN and YN 
2 2 2 

into (l) is made to see if these values give the correct value for a:. 

The process is repeated until Eqs. (1) and (~) are both satisfied. 

With the corrected values of XN and YN , XH and YH are 
. 2 ·. . 2 2 2 

calculated respectively from XH = 1 ~ XN and YH = 1 '"' YN . 
. . 2 . 2 . 2 2 

These values give re$pectively the fraction of dissolved gas and 

undissolved gas which is hydrogen. Also, YH is the fraction of 
·2 

the gas partial pressure whichis due to hydrogen. Tll.e solubility 

has previously been calculated by assuming that both of these 

fractions are unity. This first ~alculation can be corrected, therefore, 

by multiplying this first value of the solubility by XH /YN , since 
2 2 

the solubility is expressed in moles of gas dissolved per atmosphere 

of gas partial pressure. 



For the value of a., we have used binary solubility data and 

assumed Henry's Law which leads to: 

= (3) 

since YH 
2 

= YN , if the solubilities are reported on the basis of 
2 

1 atmosphere partial pressure. From the data available on nitrogen 

20 21 
and hydrogen, ' and with our uncorrected hydrogen data, a. values 

were calculated in ten solvents, and a. was found in all cases to lie 

between 1. 8 and 2. 2. A value of 2. 0 was used in all of our corrections. 

Inspection of Eq. (2) shows that if most of the gas is dissolved, 

that is, M>>m, then XN ~ ZN In our determinations this is the 
2 2 

case since approximately 95% of the gas was dissolved during any 

given determination. Furthermore, XH and Y H are not sufficiently 
2 2 

different from each other to influence the accuracy of the correction. 

These two approximations applied to Eq. ·{1) lead to: 

(4) 

Two examples are presented which represent tests of Eq. (4 ). These 

two cases represent extremes in the data tak~n, the first being for 

n-heptarie where the ratio: m/M was about the minimum encountered 

and the second for toluene where that ratio was about the maximum 

encountered. 
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S~lubility Correct~on Factors for the 
' ~ . ,4 

m xlO Solvent 
. ' 

n-heptane, Run 44 6. 374 0.375 

toluene, Run 49 4. 312 o. 787-

Nitrogen Impurity 

. (Y/X)Hz 

Eqs. 1, 2 

0.9987 

0.9986 

(Y/X)H2 

Eq. 3 

0.9987 

0.9987 

From the'se 'results, it is·evident'that ~tilizing a correction factor 

··of o-~9987 'is sufficiently accurate in brder to sustain an error of 

E. -Collsiderations of Unsteady State Heat 'Transfer 

to the Apparatus , , 

/ 

It is exceedingly_ importa:t:lt: to know ,how the solubility apparatus, 

andiirl, particular the solvent bulb and ~ts contents. (see Fig. 1) respond 

to. external temperature chq.nges. Fo:J," example., ,if the temperature of 

t1J.e.solv~nt is offset from the desi,red point by 0~1° C., it. is pertinent 

to kno~ how lo:t:lg a .time must elapse, fl.fter, c::1J.anging ~he air temperature 

by that amount, until th.e solvent reaches the !lew temperature. Also, 

it is desirable to know how to attain temperature equilibrium in a 

short time. Both of these questions can be answered if the heat 

transfer characteri_stics of the solvent bulb and its contents can be 

determined. ,· 

· Consider the solvent' bulb and its contents with a heat capacity 

· C ·and a temperature t • · Let the external air temperature be t . p' s · a 

Let t be co'nstant and let the bulb have a ·:heat transfer coefficient; U. a . 

in calories per °C. of temperature difference between the air and the 

solvent. Assume that perfect mixing takes place in the bulb, i.e., t s 

is uniform throughout the bulb. The rate of heat transfer can then 
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be expressed as· 

. . .. dq = u (t' :.. t' ), .. 
de a s 

: ·' { ,' ;· :: 

where q is the heat transferred and e is time. 

which leads to 

dt 
. al· ·=· -~ (ta-ts)~ 

Integration of Eq. (2) gives 

ta : ts 

ta - ts~ 
= 

where t' 0 is the value of t . at e = 0. 
s s 

', '· .. 

Also dq = C dt , 
. p s 

Unfortunately, 'ts ca-~ot be measured ih ou:l:" apparat'us but it is 

possible to 'm~asu"re 'a rate which is proportidnai to dt /de. s 

Hence by rearra~ging 'Eq. (3) al1d dirf:~~entiating with 

respect to e .. It'c:an he shown that: 

.· , dt 5 
·log -e de 

\' 

(1) 

(2) 

(3} 

(4) 

.. The;r-efore, any rate proportiop.al to dt
8
/de plott~d as its logarithm 

ve,rpus ti.rn~.~il1 exhibit linearity and what might becalled a 
. . - . . ,,_ .. 

temperatur.e half-time is, obt~ined fr_om the. slope. This is the time 
. - . . . . . . '• . . J ': ' . -

which is required to halve the difference, t ~ t , while t is held .. ·.. ·. · ·. , . · · · . a.·_,-- s a 

constant. .; .. : 

The actual ra~.e measured J9 deterrn~ne this half-time is 

. the rate, of rise of mercury in t4e capillary gas transfer tube ·when 
' . ' ' : ', . . . ~ ' .· . : . . . 

stopco,c~ .6 is close,p (see Fig. 1) dl!:dn~tl?-e ternpe~ature equilibration 

periodprec~ding measuremez;tt of th~. ~~it,ia~ gas charged. This ·· 
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rate is proportional to the temperature rate of rise insofar as 

the coefficients of expansion of mercury and the. solvent in the 

solvent bulb are constant. An example of such a rate plot is 

shown in Fig. 22, From this curve the temperature ~alf-time 

is about 10 minutes. This half-time will, of course, yary as 

the contents of the bulb vary from run to run thus varying C , 
.P 

the heat capacity. 

As to the us~iulness of this value, let us conside.r that the 

apparatus and thermostat are at 25.10° C. and it is desired to 

bring them both to 25. 00° ±0. 01° C. If the thermostat temperature 

is changed to 25. 00° C. it would take m()re than 30 minutes to 

bring t
8 

to the desired temperature. W;hen the temperature half~ 

time is ~nown, however, ta can ;be set. at 24. 90° for lQ. minutes 

and then brought to 25. 00° at which tim~. there would be reasonable 

assurance of having attained the desired tern.peratu~e. 

F. Vapor Pressure Apparatus 

Incidental to the solubil:i.ty of hydrogen measurements, the 

vapor pressures of all of the solvents used have been measured. 
. . . . .· '. . . . 

These measurements were made not only as a criterion for purity 

but also in order to obtain vapor pressures measured under 

approximately the same conditions employed in the solubility 

determinations and to have vapor pressures of the actual solvents 

employed regardless of any slight impurities. 

. . . 22 
Initially, these mea.surements were made 1n an 1soten1scope, 

but since agreement of the results was not satisfactory, it was 

decided to use the apparatus shown in Figs. 23 and 24, which .by 
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UJ 

~ 2 
<[ 
:I: 
<..:> 

UJ';: 
a::x 
;:)UJ 
!(j:t-
O::UJ 
lLJUJ 
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UJ c 
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E 
UJ E 
!ci 
a:: 
UJ 
> 
~ 
...J 
UJ 
a:: 

1.0 
o. 
0.8 
0.7 
0.6 

0.5 

0.4 

0.3 

0 

HALF TIME~ 10 MINUTES 

0 10 20 30 40 
TIME, MINUTES 

TEMPERATURE HALF-TIME DETERMINATION FOR 

APPARATUS 7-L, RUN #51 AT 25 oc 
MU-7361 

F . 22. Temperature half-time determination. lg. 
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M 

1,3,4,6,7: 2 mm."HYVAC". 
STOPCOCKS 

2,5: 4mm."HYVAC" . 
STOPCOCKS 

VAPOR PRESSURE APPARATUS. 

RUBBER 
~ 

Fig. 23. The vapor pressure apparatus. 

' 
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Fig. 24. A photograph of the vapor pressure apparatus 
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t 
comparison with Fig. 1, is simply a repetition of the solubility 

apparatus with the provis'ion for measuring gas volumes deleted. 

The apparatus is cemented to an aluminum plate with ."3M" 

bedding compound, and the plate is fitted with angle braces so 

that the apparatus will stand erect. 
r . ' 

To determine a vapor pressure, this apparatus is first 

thoroughly cleaned with chromic acid and after rinsing and drying, 

the solvent bulb B, and the system connecting it to the manom.eter 

M, are filled with mercury. All stopcocks except 4 have previously 

been lubricated. Solvent is placed in solvent bulb B by dipping 

the standard taper E into a beaker of the solvent and then 

applying vacuum to the manometer M with stopcock 5 open. When 

. sufficient solvent has been added (generally about 25 cc~ ), air is 

allowed to pass into the solvent bulb B to provide a re~atively 

large vapor space for boiling during the degassing procedure. 

Stopcock 5 is then closed and stopcock 4 is dried and lubricated. 

The solvent is then degassed by applying vacuum to E through 

a liquid nitrogen trap--essentially that system shown in Fig. 7. The 

solvent is warmed by an infrared heat lamp to induce boiling and 

degassing is carried out according to the criteria se.t forth in 

section V -D . 

. When degassing is complete, mercury is let into the system 

through stopcock 3 until the capillary is full, and then through 5. 

At this point, if no gas bubble persists, degassing is considered to 

be complete. Otherwise, the degassing procedure is repeated. 
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The mercury level in the manometer M is adjusted so that 

solvent and rrErcury levels in the solv:.ent bulb will remain in the 

solvent bulb B when vacuum is applied to the manometer M in 

order to yaporize the solvent. This adjustme.nt is made accord~ 

• ing to the expected vapor pressure. With o:p.ly stopcock 5 open, 

the apparatus is immersed in a water bath thermostat and 

vacuum is applied to the manometer M through stopcock 2. In 

the cases of the les.s volatile solvents, it was occasionally 

necessary to shake the apparatus firmly in order to initiate 

vaporization. 

When temperature equilibrium was reached,. and when the 

pressure in the manometer had fallen to 10 microns or less, which 

required from 10 to 20 minutes, the heights of mercury in the solvent. 

bulb and manometer and the height of solvent in the s.olvent bulb 

are •read .with a cathetometer. These readings are made at about 

lO=minute intervals until consistent results are obtained. Three 

sets of readings were found to be ample. 

From the above measurements, the vapor pressure can be 

calculated directly by correcting the difference in the mercury 

levels in B and M for temperature and gravity and then Sl,lbtracting 

the solvent leg as mercury at 0° C. from :this difference. 

The data obtained from this apparatus were found to be 

easily reproducible to 0.1 mm.; while for one case of incomplete 

degassing, the readings drifted slowly with time in the direction of 

an apparent high vapor pressure. This drift, or rather the lack of 

it, is then a further criterion for completeness of degassing. 
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The results obtained from this apparatus are given in 

Table 11. These data agree with previous work except for CC1
4 

and n-C 7F 16 . It is therefore suspected that the CC1
4 

contained 

some impurity. On the othe·r hand,. only one literature reference 
4 

has been made to the vapor pressure ofn-C7F 16 . It is possible 

that the n-C
7

F 16 which we used was .not pure sinc;e it was of 

uncertain origin. 

This apparatus overcomes s.ome of the manipulative. 

disadvantages of the isoteniscope and as well, the ~ prio:ri · 

accuracy. of the present apparatus is somewhat improved. For 

example, the need for a careful adjustment of the external 

pres sure with the isoteniscope is completely avoided. As well, 

. proven criteria for deg~ssing can be used in our apparatus, whereas 

the only criterion for the isoteniscope is that of consistent results 

after successive degassing. Another consideration is that only 

three readings need be made in our apparatus, one of which--the. 

solvent level-~is relatively incapaple of affecting the accuracy 

insofar as errors in reading are concerned, that is, if a reading 

error of 0.1 mm. is assumed for all readings, this error in the 

solvent level would be equivalent to about 0. 01 mm. of mercury. 

On the qther hand, it is necessary to make two manometer readings 

for the isoteniscope and two readings (including the initial adjust~ 

ment) on the barometer, and further errors in capillarity for the 

barometer: could effectively give a third error. Therefore, if 

each reading can be assigned a possible error ofO.l mm., the two 

pieces may be compared on the basis of a maximum error of 0. 5 mm. 

for the isoteniscope against 0. 2 mm. for the apparatus used in this work. 
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Our apparatus, is also very well adapted to determine the 
. ' . . -:' .< l .'. j~ ·, > ' ' •• • ' 

vapo1~ pressure when. e>_p.ly very small quantities of solvent are 
I ' 0:•-J • 

availal;>le. , For the is()teniscope degas sing is generally .carried 
: ; ' : ' . ~ ·. ·. \ . . . , .. ' .· : 

out two or more times at each temperature to insur~ complete 
~- ' ; I ;· . ~ : • . ' 

degassing. With our apparatus, degassing is complete and 

assured because there is no way in w:hiC:.h gas may enter the 

apparatus. As a result, only a single degassing need be carried 

out for the complete determination of vapor pressure at a series 

of temperatures. 

G. Calculation of the Solvent Solubility Parameters 

In all cases except for n~perfluoro heptane, o, the 

solubility parameter, was calculated from calorimetrically 

determined heats of vaporization
24 

from the relation suggested 

by Hildebrand. 9 

0 = Vm 

where, 

o = solubility parameter, (cal./cc~ )1/2, 

.6.H = heat of vaporization, cal. /mole, 
v 

R = gas constant, cal. /mole, °K., 
0 . 

T = temperature, K., 

Vm = solvent ~ molal volume. 

{1) 

In order to obtain values of .6.H at the desired temperatures; 
v 

that is, -25°, 0°, 25°, and 35° C., the available .6.H values were 
v 

plotted as log10.6.Hv vs. T c "' T, where T c is the critical temperature. 

. . I 

This plot gives curves which do rtot vary a great deal from linearity, 

hence the process of extrapolation and interpolation is fairly accurate. 
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Values of o for the solvents used are given in Table 12 along with the 

heats of vaporization and the molal values used in the calculation. 

In the case of n-perfluoro heptane, o' s were determined in 

the following manner from the vapo'r pressure data' taken during this 

work. The vapor pres sure data were fitted to the equation 

__ where ps is the vapor pressure in mm. of mercury and tis the 

. 0 
temperature, C. The values of the constants were found to be 

A= ~1256. l' B = 216. 4
9

,, and C = 7. OB31. By combining the 

Clausius .,.Clapeyron equation, 
d ln p b.H 

s v 
-----,dr.::=T.--- = ;iT ' 

with the differential form of {2), 
,, 

dIn p 
s 

dT 
=A = 2. 303 {B + t)Z , 

an expression is obtained for .6-H as a function of temperature, ' v 

.6-H 
v 

RT 2 A 
= ( ~ ) ' 

2. 303 (B + t)2 

(2) 

(3) 

(4) 

but the heats of vaporization calculated in this manner for all of the 

solvents used were found to be about I% higher at 25° C. than the 

calorimetric values. Hence, for n~perfluoro heptane, the value of 

.6..H at 25° calculated from Eq. (4) was reduced by I% and placed 
v 

on the previously mentioned .6-Hv vs. T c ~ T plot, the slope being 

estimated by inspection. 

In summary, the values of o given in the following· table are 

probably accurate to 0. 1 o/o for all solvent~ except n=C 7 F 16 in which 

case the uncertainty may be as large as ±lo/o. 

.. 
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· · Table 12 ·~· 

·.,-,-. \ . 

Heats Of Va'J?drization, ·Molal Voturt;:~· ~.a:nd Solub~l:i~y 

.. ·:Parameters of the. Solvents· Investigated · 

•-" ·~._ . . . 0 

Solvent Temp. C. b.H Vm 
(cal. t_!olef/2 .· .cal./mdle cc./mole 

n~C7Hl6 35 ~610 149.28 7.318 

25 8735 147.46 7,430 

0 9043 143.10 7.701 

-25 9326 139.35 7.969 

toluene 35 8970 '· 108. n 8.786 

25 4079 106.98 . 8. 906 

0 9328 104.21 9. 177 

-25 9563 101. 80 9.439 
.. , . 

n-C7Fl6 35 8511 229.~5 5.869 

25 8675 225.58 5.984 

0 9057 217.39 6.256 

-25 4419 209.17 6.530 

n-C8Hl8 35 9790 165.60 7.445 

25 9914 163.71 7.546. 
i 

0 10225 159.~8 7.797 
' 

-25 10502 155.04 8.035 

i-C8Hl8 * 35 8283 168.$7 6.750 

25 8395 166.30 6.850 

0 8662 161. 67 7.087 

-25 8906 157.28 7.314 

* 2, 2, 4~trimethyl pentane 
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Table 12, (Cont.) 

'~oi~~'nt o' .. 
Temp. c. D..Hv vm .. 0 

cal./mole cc.L,mole 
1/2 

(cal./mole) 

GS .... 
. 2 35 . .· 65i2 . 61.40 9. 8-03 

.•' 

..... ..... ,, -·-- 25 6604 60.67 9.954 

0 6802 58.96 . 10.303 

~25 6966 57.34 10.535 

. CCI 4 35 7645 98.34 8.457 

25 7755 97. 14 8.587 

u ' 8009 94.34 8.897 

"'''benzene 35 7963 90.55 9.004 

25 8090 89.44 9.150 

10 8257 87.82 9.360 

.· ... 

I; • .. ., .. 
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