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The saturation solubilities d?Oz/CH4, Oa/Na and s |
No/CHs mixtures in water at 25.00°C and 1 atmosphere oy
Atotal pressure are’ reported at.02 partial pressuresof Q
0.25, 0.5 and 0.75 atmosphere. The solubilities of- D

 oxygen at a partial pressure of 0'5 etmosphere intthe K -
.- _presence of 0.5-atmosphere pressure of helium; ﬁcryptorrwwuww%~

methane, nitrogen, oxygen, ethane_and carbon tetra-

fluoride are. 8lso reported. The saturation solubility o

of each gas is lower than.expected by Henrp's Law.
~ One ternary system, N2/02/D20, showed that the mutual‘

lowerjng of solubility found in water also occurrediin -
D20 solvent, <kae saturation solubilities of pure Af, |
4 - 02, N and CF, gases in H20 and D20 are also reported l \/‘
A Vand where comparison can be made to reported literature ) |
values- it is seen to be good '
' ng design of &a. medium pressure gas solubility
/apparatus is also reported Oxygen and nitrogen solu—rf'
bilities have been measured in water from 0 to 3 atmos—
pheres in increments of 0.25 atmos%&i;es. A ternary
fsystem, N2/02/Hz0, has been studied and, for a constant

Oz partial pressure,the lowering of the Nz solubility

.. from the,exyectedmﬂanry s law,valueedecreasesfwifh i '4”7;;eee

increase of Nz partial pressure.
Current theories for “the prediction of the solubility

of gases in water are discussed

a

e
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Data for_the dissolution of a gas inby a pure

dolvent, water, measured both with the”gas”held above

- the solvent and with the gas held below the solvent .

are predented. It is shown that ‘diffusion coefficientsp"

,“showsﬂtgeféas uptake to be far greater ‘than may be

'measured by the: latter method{sre in good agreement with

thaj%’determined by other workers. The former dates .

anticipateﬁ assuming tne dissolution process to be
simply a diffusion mechanism. It would appear that

) for the gas above the solvent the dissolution of the

2as results in a density increase at thefinterface

‘which gives rise to an added convection mechanism A

comparison of rates of dissolution for carbon.- dioxide

and argon in water 1is made and . it is shown that the

~;uptake with thesgas above the solvent may. follow either .

a pseudo non- steady state or pseudo steady state rate

law,

to 35°C temperaturﬁ range for Ar, 002, CHu, CH3Br,
CH301 and CHCl F in water Various empirical theories

7;relating thesé Hiffusion coefficient values to the

Diffﬁsion coefficient values are reported dVerT;/;\/%f

viscosity of Water‘znﬁ"thE"SiZE‘Uf‘the*diffus*‘“

solute molecule are examined ' None are founduvalid

"'Mcﬁaugh}inle hard sphere theory isVexamined and found

| in surprisingly good agreement with experiment.,
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_ "and like a man to double business
i bound, I sta.nd in pa.use when shall
I first begin “» ' ERE
(Ha.mlet III, 2, &o)
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Introd ction . ' : g , el
N exact theory of liquid water, accounting for all

oflits properties, has appeared so far. This is not unex-

pected in view of the unsettled state of the theo%y’of

,,,,,,,,,,,,,, ,_,Tlliquidslinl general and ,o,t the comnlications arisin&mfrom :
‘ the special interactions existing in water. _
Modern theory of the structure of liquid ﬁater was
inaugurated by Bernal and Fowler "4’(' 1),Theypropos"ed'tnat SR
water has a definite structure, the structusg of tri-

e
i ¥
st

,,( 2

dymite, quartz and close-packed spheres The Bernal and
Fowler method was criticizé& on the grounds that the

various crystallogfwzhic forms are too rigid ( 2).
fwater structure withvthe*greatest—

The«theory o]
vnumber of adherents\;t tne present time appears to beer
‘the "flickering cluster" model proposed by Frank and
.Wen ( 3) and more recently developed by Nemethy and -
, Scheraga ( 4) Frank and Wen postulated that the form—;'

| ation of H-bonds in water is predominantly a co-operative T
phenomenon that gives rise to constantly forming aﬁf

- dissolving "flickering clusters“ of very . brief half- .7;

lives, yet longienough "to constitute a meaningful existenceg

of the cluster . These clusters are mixed with non-,'” o

hydrogen-bonded molecules, which constitute the rest

, ‘of the system, the whole held together by very strong
- ’\',/‘\' - )” e - T T T f“‘ _ '* ;

van  der Waals fprces

o
-



An important class of water models represents liquid

water as having a distorted or lgosened ice structure. In

the structure proposed,by‘Samoil K_(5)‘tne'ice Structure

is distorted, but in liquid wate¥, the interstitial sites

‘are Occupied by-water molecules. ‘A similiar model was

advanced by Forslind(s) Pople (7)~suggested'that there

'is extensive distortion, but not breaking, of H bonds.

ﬁIQWQQQXWE§Y§MQLQJli&xltgltnelloosened ice models

are thelsarioussclatnrate orfcage»models These models

go a step beyond the water - filled interstitial spaces‘_
of ;he‘loosened'iceaﬁodels and supbose_the presence in .

-

the*liquid water of large cavities. These cavities are
filled w(%h water molecules that Frank and Quist (8) -

claim are monomeric and free to rotate. The mo&el is/~’ﬂ’

based on analogy with the structure of the clathrate-
compounds in which molecules are encaged-- in the lattice
of other molecules. f '

The water model of Davis and Litovitz (9) like the,
model of Bernal &nd Fowler (1) and the later simplified

model of Wada (u»,postulates that liquid water is a

mixture of two different structural form&.;Both‘forms'are.'

- puckered hexagonal rings, in oneﬁtﬁe'rings‘greropen—i~¥r~~*

packed with extensive H- bonding between thgg/and in the

otner tney are close-packed so that the resulting struct-‘

. ure- is nearly -& body-centered cubic- configuration The

R
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Frank and Wen model is the post sﬁitabie'model to account,
for many of the’observed propertics‘of liQﬁid water., Thi
model is based on- a physically reasonable picture, which i o

" takes into account the properties required of hydrogen |

o ’ bonded structures and includes features which can account

“”ﬂ“**"“‘v““***“fof‘bdtﬁfthé“ii“ﬁiﬁ“ﬁtﬁté“Eﬁd”ﬁolia“liké“reatures of water
The model is in agreement with spectral data and providas
a qpalitative explanation for relaxational proparties. Its

77;im most significant result is the abiItty to account for the
| thermodynamics functions and volume properties of liquid
wator over & range of 70°C . above the melting point
of water. - o ” | /
The‘thermodynamic ‘properties of gases dissolved in |
water have for a long time been of ¢af;giam1e‘ interest. " _
Dissolved in typical nonpolar solvents, gases have satur-
ation solubilities (1 atmosphere,r 5°C) X >5x 10 4 3
entropies of. solution (5 - 58) =5 cal./deg.-mole anq
enthalpies of solution AHJ =400 cal./mole, In water, gases
eth;it comparatively low solubilities, X, =107 E a negatiVe o
entropy of solution (8 Sg) = -15. cal, /deg.-mole , and '
~ enthalpies of solution, 4H =~4000 cal /mole . Akain the pe.rtial

S — molal volumes of—%&ae#d—isaolved% non-poi&reoivent&&rﬁVWf—f s
,,,,, vi;iiiiiitxpica11g41Qic4c4[mnlﬁflﬁtsﬂriihanithoce_1n;katar;ihe;dif£erciiiii
' ance in‘pro?ertiés islobviousiy a matter of the differenCe

|in the structure of water and that of a non-polar solvent. It

. -
3



suffices then . phdt a study of.the properties of gases

dixrssoblvédv in water might help in. the elucidation of the SRt

'structure' of water itself, ' ' - -
Uhlig (11) ‘proposed a cavity model in which he con- 5

sidered the solubility process to take place inﬁﬂao ateps°

first doing work on the solvent against the solvent
surface tension to create a cavity, and second placing
__the gas ,,,x,nq,l,g,c,ule,,, in t k ,,&;,QQ-,\LL‘EX,,-,,,TQ@,,,,Q,IZQIS,Y,,_QLiD‘Fe},‘,:,,,
action between.the gas and éolvent molecules can then be
calcule.te'd'. Eley (12) considered ai two,—-étep process
similiar to that of Uhlig's butrwas'abie to more care-
fully evaluate the separate . contributions of each step
in the ener%y and entropy ﬁhanges inﬁqgjed His approach “. o
gave a reasonable interpretation of the”thermodynamic ~ -
béhaviour of gases in both waZZEband organic solvents,
altnoggh he showed that the'case for water was more,Lr
_complicated, due to the possibility of structural mod-
(:Eiications ‘ )
’ xr If a non olar solutel(e g oxygepdrié diésoiréﬁ 1hv"
a polar liquid solvent 2 (e g. water), the chemical

potent131 of the solute 1s

If a salt is now added to the solution the fﬁgacity £,

~-will be changed: This change may be an-increase {salting-- -



- large. | .~ -

Certain salts (e.g. those containing tetraalkyl
ammonium ions) increase the soluﬁility by -more thahvan
order of magnitude (salting-in), and also change the
solvent selectiiity'for various solutes; others decrease

the solubility (salting-out). Partial molal properties

of the diSsolved gassare also pro}oondly affected by the
‘addition of salt.® | . o
'"Manywtﬁeories~have"been~putfforward"to“expiain"theﬁeW"*f”f”*“”
ohangés*(l}). Most of these theories can explain‘cases .-
Mhere increased solubilityAis observed but can not explain
‘a solﬁoility‘decrease. Recent papers by Gubbins (14),7and
Masterton (15) have been*able'to successfully explein both,,
situations. Gubbins based his method on the perturbation
theory for mixtures and applied it to the pfédicéion'of,ihé”'
-thermodynamic properties of gases dissolved in electrolyte
solutions.z His theory 1is- found to be superior over previous:
theories for salt effects. The calculations are best for
salting-out systems. The qualitative feature of salting-in
is 5?3dicted by the'theory, but quantitative prediétioﬁs

are nbt satisfactory for'sﬁchrsystems. He attributes this

to approximations made in evaluating the perturbation terms.

Pierotti (16) developed a theory of gas solubility




using equations for-calculating the reversible work re-

”qufred to introduce a hard—sphere into a fluigd. His'theory

‘allowed the calculation.of the saturation solubility, the
heat of solution, and the partial molar volume of the dis-
solved gas. For both polar and nonpolar solvents good

agreement was found between the experimental and calculated ,

properties. Plerotti's theory works very well considering

- that no aesumptions concerning the structure of the solvent

- were taken- intoAaccountqw~~w~fm~mwawm7ﬁ~f~~maﬂee%wmfﬁw—4Wﬂ~mm~ ot e

s "Two structure models“ of water have bdén successfully

used (x7 i18) to explain some of the properties of water and
‘aqueous solutions. By us g different variaents of this B
model (19 )} it was shown that the equilibrium betwee the
two fqrms of uaterris,shifted towards the assoclated -
form when gas 1is diésblVedwin'water; This'is,in'accoraf*"'”'”"”
with?the theory of Frank and Evans (20) concerning the
iceberg formation around a dissolved gas molecule, but
no reason for such a formation was. given. | |
Ben-Naim and Baer'(zﬂ have determined the solubility
of argon in water-ethanol mixtures at six temperaturea

and nine concentrations between 0'015 and O 25 mole fractiont‘r

ethanol. At low temperatures there is a maximnm in the

solubility'at low ethanol concentrations. “Thig 1is explain—

able in terms of the influence of ethanol on the structure

-of water. Small amounts of ethanol increase the concentration‘

el e

¢

- K - J.



of the ice-1like form‘of.watergst low temperatufe, at
.-about 30° the ice-like structure of water is breaking
down and the argon solubility tends to increase monotoni-
cally from its value in pure water to its value in pure
‘ethanol. Dissolved argon itself influences the amount of‘

ice-like water present ‘The entropies of solution in

ey

argon in pure waﬁer*s?e*negstiVE“as comparedwtoﬂ
alcohol. This suggested to Ben-Naim sng&paer thet the

abnormally low entropy’ of solution of argon in pure

. water cannot be attributed to an active formation of ice-

11ke wa.ter put that the argoﬁ shifts the already existing
equilibrium toward the ice=like forms A similar study °
of argon solubility in water-p-dioxane system is reported '
by Ben-Naim and Morgan (22) The maximum in the argon -
'solubility at low concentrations and low temperatures&f.jé
seen in the water-ethanol system was not found in the ’
water-dioxane system. This is interpreted to mean p-
dioxane has a destabilizing influence on. the large campactr
clusters of water molecules at all p-dioxane concentrations
~and temperatures ‘studied. J>//,; - #‘”'Q%" ',;=
An,alternative way of looking at the solubility of
, eases in water 1s that recently proposed by Hildebrand (267
B *fji""f"M*’Basing*his'theory on- the—Pop—le—moée—l—{?)1 hefoundallineafl:

7**977g,”1:elation_betxeenllaasgnf entronv and mola-r surface are&-- §

He claims thau the differences in entropy of gases in
> £ R

el el "iﬁ’i" [ M . ’ ) ’ - ‘
- SN — R T U VA o Vo SV . SR — . .
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e
v -

water is a matter of surface'area of‘the molecule rather

Molecules and drops of vary--

thsn of the molecule VOlume _
P

ing sizes could hardly lose entropy in any consistent
fssnion by surrounding themselves with any reasonable sort
of "icebergs". o : ‘ S o |

. e
(-3

Yu V. Gurikov (23) has applied a uniform and non-

B
L “‘{:

(24).

uniform model to a ternary solution of two nonpolar gases

in water. On using the uniform model, he found a salting-

*out“effect”itet”the"solubility”of”eséhﬂedﬁponentfdéereeses:**”” Tr

He found e salting-in effect on using the two-structure
uniform model, '

kS

Since 1940 a great deal of gas solubility work at

AP ra . Sabere s b atr k174 s

high pressure has appeared and the understanding of gas
solubility at both low end high pressures has improved

Krichevsky and Kasarnovsky (25) have developed a
‘thermodynamic equation for calculating the solubiléty of N
slightly soluble gases at high pressure in solvents of j
low vapor pressure, . Thei equation is only empirical, :"7
The partial molal volumes cdlculated from their equation
seldom agree ulth the experimentally determined partial |
molal volumes. They claimed {het the departure of Vé
from the experimental Vé is taken as a sensitive test for

'This_will be,a

‘discovery of devistions from Henry 8 Law.

discussed later.

In the 1ight of the above discussion of work previ-

vaously done on gases dissolved in water it was decided S

| ,\'

T i
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‘that two phenomena deserved in&estigation.

The effect of a second dilute solute upon thersaturation,
solubility of a gas appears to offer a useful way of studying
the general water—structure problem. A study has been made of '
the saturation solubilitieﬂ”of gas mixtures in water. For
these s tems any effect (salting- in salting -out) should

R ‘“*r”*alloW”ﬁn*interpretation that*is‘self“consistent“with“tha‘ '

explan&tion of solubility thermodynamic properties of each of

T

o the pure gases in water. The systems studled generally - 4"

included oxygen ‘as one of the compants of the gas mixture.‘

- Hildebrand4pas recently suggested that the comparison
of diffusion coefficient data for gases in water and in
non-polar solvents may help to elucidate the role of the

L water cage structure (26 Apart from the ‘practical use
R of such data, the diffusion coefficient values ‘should be o
r// \ sensitive to possiﬁle "structural" features. The gases
studied have been rhosen because they'coverse hydrate
decomposition'pressure (at 0°C) from 311 atmospheres,
(CHQCI) to'12>3 etmospheres'(coa)(and s decomposition temperéﬁ
ature {(at 1 atmosphere pressure) from +1D.1°C (CHaBr) to
-42 8°C (Ar). Also, studies of the temperature dependence
of the diffusion coefficient,of-aiwide renge oflgases |
e e me&suredusingthesaineexperimentalteehniquemuebeen-"f-‘ R

made,
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~ Chapter 1
"I£ you have had your attention dire ted

to the novelties in thought in your own life-
time, you will have“’bserved that’ almost all

really new_;deas have a certein aspect of
foolishness when they are first produced "

A, N. Whitehea.d (1861~ 1947)
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Introduction

' The variety of approaches which have\?een used to de-- .
termine the solubility of gases in_liquids is an edequete o
testimonial to man's ingenuity, The equipment used ranges

in complexity and cost from mess epectrometers to eimple‘@

~ van Slyke epparatus, in time from minutes to many hours,

and in precision from purely qualitative to the highly

precise.

This study is to complement research on the diffusion ,

B ofpgases and mixtures of;geses in water. _An_examination ot,ii;iim

- the literature shows that there is a vast body of. dets for
the solubility of gases in liquids. Unfortunstely,there

exist few measurements of solubility of gas mixtures in

liquids. Scarcity of solubility data for mixtures is due,

in part to experimental difficulties in analysing for the

‘mixtures. S ;'i S "';'f *‘”r'”'"W"jif

Volumetric end chemical methode were rejectedfas being

impractical Electrometricrtechnique8~are~sensitivefto»
chemical interfer%nces and’ are restricted to oxygen and
hyé%ogen. As a result, gas chromatography was selected as
the most appropriate technique. '

Battino (27) in his review of solubility of geees

compared the errors in the meeeurement of solubilﬁ%@es of

gases in liquids for a lerge veriety of techniques . Most - -

manometrib methods gave a precision of t 21, and the -
Winkler method for measuring oxygen solubilities geve a ' :

i




precision of + %%, The’ges chrometographic method‘gaverev
\precision of £ 2$ ‘ - | _
X\; The. application of gas chromatography to the deter-
mination pf small amounts of dissolved gases in solution

offers séke&al advantages not found in either manometry ﬂ; 1 B

“or mass spectrometry. The method 1s less time consuming,

sample size can be kept small, the instrumentation is
relatively eimple, and no. loss is experienced in precision.

) For the case of mixturesof f gases in liquids, the £. p Co vt

has the adventage of resolving for each compound in the

mixture, - L , h\\%
: Gas chrometography has already been epplied 0.

o enelYBis of dissolved geeee in weter. However, the diffi4l-‘
culty in obtaining a good sample for analysis has not " 
always recelved proper- consideratione. ‘The - syetem seleeted
in this study ensures’ the removal of the sample witnout
,perturbing its equilibrium at a,given temperature and

’ pressure. )
Equilibrium between the gas and liquid pheees has
been obtained by shaking‘e mixture of the two and‘by o
bubbling the gas through the liquid Dete obtained by \isf“

both techniques compere very well ,* L :r'r'f 1?7"

Deta are presented for the solubility of nitrogenf

oXygen, Argon, met

~ and He0 and for mixtures of methane-oXygen, methane-

w0



e

nitrogen and nitrogen-oxygen in Hz0 and 'nitrogen-’oxygen ' Tt
in D20 at partial pressures of each component of O //-{Q<25, -

0.50, 0".,:(5 and 1 atmosphere. Data aré-glqo presented for 7
the solﬁbility of nitrogen and oxygen at (0-3) atmo's'phextfes', o

| and for the saturation solubility of oxygen at & par’tia;—

o } “»#fkjakmraéfdr&mmmwmofwfw@%
phere partial pressure of helium, nitrogen, methane,

_ethane, and krypton. The results are discussed analyti- L
~ cally in terms of the water structure problem,  ~
; . |
¥ ~ _
o ’ .
{ .
i



culating the a.ctivity of the solvent in a b ry solution. /
It can be shown that for & constant temperature and pres-
S ——— MM&_WLWW@fA& hemage' U S
-expressed as f -
O S e S~

Thermodynamic~relations for solubiliyy of gases in water

‘1)  The Gibbs-Duhem Equation

The Gibbs-Duhem equation provides a basis for cal-

'In particula.r, for a binary mixture s We have

CGp,pt Tum * By - ra
Differentiauon af this rela.tionsh,ip leads to / ’
rT’P ) 1\%1 +ugdng + nyduy + nedue s
J R S
If eq'n [3] is compa.red to L STt .

- dG = ~ SAT + V4P + “1&31 + pzjdn2+u1dni
at constant T and P :

Thus,

Ry + Rpdiy | g gy constant T and P, .,,

This 1s known as the Gibbs-Duhem relation In 5eneral

form ;’s’

1“‘1"“1% P -

Since du,= RTdina,, we may write eq'n [4] in, thé follow-

ing forms for binary mixtures at. conata.nt '1‘ and P where '

T a= activity ;“1 chemfcal potl/tial of component i a.nd

. -‘

1— mole fraction of i
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e
| nidtna; + n.dtnaz = 0 . - [6]
or, dividing by the total number of méies,
xxdtnax + detmz =0 : , . 3 ' [73
Hence ' '

- ‘denag = 3% d&nax [81

One solution for the Gib?s-Duhem arises when all of
the components obey the relatjon: (28)
" P1 = KiXy | - N '[9}

Tt e

Here Ki is a function of tempereture and pressure only
and may or may not be equsl to Pi E‘the vapour pressure
of the pure component i. : P
For simplicity it will ‘be suppbsed that,the totsl '
pressure, as well as the temperature, 1s held constant
by the- presence 4in the. gaseous phaserof & copbonent uhich
is insoluble in the solution. Under these conditions Ki
1s constant and thus ;_" ,””,:fffr e e el |
dLnPi = fhKy + denXy R
| = 2‘ dX1 7-' ;.117f: ;i'7d"fe; [101
) Thus, provided that eq n [93 is sa.tisfied ror a.:ll" éompon—r -
ents of the solution, we can multiply eq’ n [10] through -

by X3 and’ sum over'ali ‘these components to obtain

EX4d4nPy = dei 7 NE :
ice £Xg = 1. Thus eq'n [9]

_This 4s clearly zero s
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A

t %

satisfies the condition -

- TXydnPy = 0

and therefore satisfies the Gibbs-Duhem equation, In

brief eq'n [9] is a permissible relation between Pi;énd
X4 if it applies to all the components of a particular

solution. R
. _ﬂ:&:,;
-\
%
\ «
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o £ : | ;
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Thermodynamical Calculations of Solubilities at High
_ Presaures

A method of calculation of Bolubilitiea of gases in

-one /sggc.ial Be. whez-e the solubilitl.es of the gases 3

and the vapour pressure of the solvent .are small ;é .

discuosed.

When the concentration of a solute iS;smailAtherfﬁgacityf

of the gsolvent can be calcuiated by means of Raoult'srldﬁ;

to the equatgpn of Gibbs-Duhem

| Xpden £y + Xpdtn £, =0 [10]
( X1, X2 and fl’ f are mole fractions and fugacities of
either solvent and solute respectively)‘

It can be shown that there exists a direct proport-

R S

£, = KX2 - : . (11] a

£
.3
s
o

Wiebe et al* (29) have shown that their experimental

e

data on the solubility of gases in water is poorly‘expressedj,x

by equation [11].It wourd seem to follow as a thermodynami
cal consequence that Henny'a law would be obligatory foz :

the dissolved gas. But Wiebe et al found that the experi-

‘mentgl data are evidently in contradiction to- this theor-;~'*

”the fugacities of the componentﬁ bging connecteci mmj,ng ,,,,, AP

Vionality between f and Xg, known'as Henry 8 law 1'7”[' I S

e -

where Kis Henry's coeffictent. - - oo HE o

I

e

euLé&i’ﬁEdﬂCtlﬂﬂ. B -

o

It is easy to show how the usual equation of Henry has

-.to_be corrected—in—order to'predict*the solubility of’gaseg




- =19~ | .

in water.

The integration of the Gibbs-Duhem equation,

éﬁd supposing that the fugacity of the solvent
obeys ' Raoult's law, gives Henry 8 law

e =mv,! o 2l

2 2.

SR ——- N2—~ mmiﬂlxmohiha Wl&m&me@eememww

of the solute gas. N2; is the concentration which could be i
obtained through compensation of the gas pressure by me&ns

: “of the corresponding tension of the solution, DR
The tyansition from N2 to'N2 can be made by'meanaof
the well known equation | |
aG * -9,
- *g—) [13] | L
where G is the partial molal free energy of the . diBSOlVed I
. gas and V 1s 1ts partial molal volume, /£'>f‘W'Wf*'1*fjj'5”'”' o
Since the concentration of the gas is small . \ |
. W, =RTanN, . [w)
Substituting equation [18] into equgtionV [13] gig?s
“us ’ | '7 N v B
), " T “53 |
Integration of equation.r15] with ‘the supposition.of indep-'
' - endence of V C ,7‘ L
T T T T T T g TP R

cnxz—m - e [16)
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From equation (1é)and (16 )we find
£, T, P ,
198T =log KtyZmmm - 17)

The second term in equation [lﬂ is very small. (10 4XT}or
, low pressures. Thus it is safe to say that Henry's law holds -
. for lmmmsmmslimnmsphem Ve '

Temperature dependence of solubility
(i) Entropy of solution | '

7 The entrop} of solution of a solute, AS may be related -
5\,\ to the temperature coefficient of:, its solubility by means
| of the thermodynamic equa.tion

e . T 324G din x2
AS = = [ —%—] = Ip m ¢ ),
, P,X _nKE P,T ' —p—= ’AG,P [183 |
The._ second term on the right is the. cha_nge OF o e e i i

solubility with tempemture at constant pressure if AG =0,

In the first term, AG = BT in fe/i‘z , where f, 1s the

2

‘fugacity of the solute i’n’the" solution and fé"’irsfthat‘*o’f :
N

the pure solute, tha.t is s f2 is not a function of X.

’I'hus we can write

at,nf 7,»'-34. | |
£“G Irp =R (’zrrx; ‘ifr;z')m“” S

- Thus, equation (18 becomes : o ,
- S - m*a ,,W)r,,,;%w‘ : o ;,,;,,,il,
=R ( 30 T )P sat. (‘3en | )p,rp [ J

In the dilute region, where Henry's law holds ({ .

oo KXE), : —T—g“’n -2 = 1. Thus equation [2d] becomes
RN e ,,,73, Il S ;,,,:,_,,_,,,,, J . G B T A e s e e
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. 3dn X2 A o)
AS = ("“m)P sat. b1l
Thus, a plot > Ln xg versus in T gives & straight line

with slope AS.
):

(11) Enthalpy of solution -

- *AA**“Sincewat*saturation“soiubiittyuﬁﬁw~w0*“weﬂmay~write

for the enthalpy of solution,' o 7 ,JJAsz

3tn X, © atn

MM =TS = R (py )y, sat. szzﬂg)zm fea]

*‘V ="'.R [amrxgl PJ ﬂat. f(, ) f23}
, ,BV(T' MPT

Again, in the dilute region, where Henry 8 1aw holds (i o.

ay= KXp) |
‘adin a,

e 1

 Thus 'equation,[ 23]'be'c'om’e'e' -
ailn . L

A ent “(mx"') sat, P . - Tal

(111) Thermodynamic properties for atatistical
' thermodynamics and the partition functign

We will consiaer, for simplicity, tqQQ‘the only parameter
determining the energy levels €y is the volume - Fox- ?;”»;‘,'

'J‘. Z

*  corrected boltzons, 7 b

y

" Substituting N =( N/g) e 5"31 1nto the 1eg&r1thm

Y o :hr 'jdf,Q"‘:,
S=/§t=k2(ﬂ Lnr +Ni)>_ [25}'7
" SR

tem, but mping the cher Ni : : RETRE // -

% = (ENI) in q/N+ p zNi ei +z: *“'[/5]/

o 4 SR gl i‘*°fg -

From the Helmholtz free energy A, S ,' ,{7‘,;,

v e s e e e



A=E=TS = -kNT ¢n ﬁ ~KNT | o [27)
The chemical potential is given by , = ( gW ) V" .

f } ,
Remembering, g is not & function of T and V but of N

-;-ldI'Ln% kNT-—!—N—qz—ll

h =
g
<

i

: SRS A it A e a8 R,
= -kT Ln % : ‘
For the Gibbs fr-ee energy G = Nu 3 80
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Experimental Procedures'

B _

Gas chromatog phy provides a conVenieﬁt and rapid

means for the dete wation of the solubility of geses B
1n water. Diesolved gases ere readily removed from |

" solution by dispe#sing a stream of helium carrier ges

N through the liquid sample ‘and paesing the gases to a

"
suitable detector. ,Tephniqyestmoed on;thie prineipler

e %—:invelvﬁlg%he ‘syringe- iﬁﬂee‘eienﬂfr%%iq\&&#eﬂeﬁlepmﬁ% e e

a suiteble gas stripping cell have been. deeeribed by
Gubbina (30) and Swinnerton (31) However, the transtr
of the semple may reedily leedxto errors perticulerly
when the liquid temperature differs appreciebly from

the ambient. The. technique described below overcemes f”"’/”

i - o
‘these difficulties and simplifxes “the operetion 1nvolved.5

The Varian Aerograph. ges%cnromatogreph Modei 90—}
riaseusedrin this—work;r This'inetrument—employs'a~cem—'”
pact single column and uses a thermal conductivity type
deteetor. The output signal from,the detector was | '
recorded on a 1¢W'-Var1an Aerogreph Model 20 recorder,
with a chart speed of é incn per minute. ' R

The apperatus is set up as shown in Fie 1

A1l connectione ‘through uhich,fhe gae and watar:pass

were made with swagelock fittings (Columbia VaIVe Fittings)

to evoid abeorption and contaminati&?‘with greaser,A ' ?///, o

s
-



The vacuum line was constructed entirely of Pyrex

- glass with the analysis line of copper tubing-(lf), This,

apparatus has facilities for degassing the solvent
measuring and transferring the gas mixture,‘seturating
the solvent obtaining samples of the saturated mixture

T

and then its gas chromatographic analysis. These special-.

ized facilities were interconnbcted to allow quantitative

and efficient“handiing"of‘the‘materials*ﬁ“* T

(1)',Degassing,Techniquef

The solvent (dietilled water) was degassed by &
sublimation technique. The degassing unit is shown in
Fig.wl . About 20 mls of distilled water is poured into
A through the Whitey valve (i”);‘ This valve is- then
closed and & liquid nitrogen 'trap' is slowly pla?ed
under the bulb (A) until all the water is frozen.‘Jmne
stop—cock B 1s then opened to th# vacuum 1ine‘to evaCuatK
the cOmplete unit During the complete degassing pProcess
the Hg diffusion pump is isolated " The liquid nitrogen

trap is then removed Liquid nitrpgen is tfﬁnhpbured _
into the cold finger C. The bulb is ‘then heated with G

heat-gun to vaporize the rozen water onto the colgkfin—ff”'““

ger. This procees takes about two hours - i €., evacua—'f

ting and vapourizing all the water., The vacuum is then -~

“closed Uff“ﬁtlB' ~The" frozen water on‘the eolﬁ'finger e et i

e ot
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Fig, 1 -
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melts and runs hack into bulb A. » , A
; Preliminary runs were ‘done’ to test the efficiency-*”r
- of this degassing process. Semples of the degassed die-"
-tilled water were anelysed,on the gas chrbmatograph to ‘“7

"test fOr any gases remaining There was no detectable

T trace when run at maximum sensitivity on. the gas chroma— i

tog;aph " ' .. ' :amﬂ o

g

- —'—r(e}mﬂrhefkucm— Ling ———

ﬂ4 T e

N Evacuation of the'apparetus to a’ rressure of 10 ~e

torr was achieved by a 1arge single-stage mercury dirfu-
- sion pump backed by a mechanical oil _pump. (Precision o
. Scientific Co, Model No. 75). Situated between the '
-dirfusion pump and the mechanical pump was a removable )
trap immersed in liquid nitrogen to. protect the pump '
from evacuated contaminants.. In addition another mech~
anical pump (Precision Scientific Model No. Sﬁ55) Was
connected to selected parts of the apparatus, incluhing
3 porteble hose attcchment 80 thetlgarious operatigns
Vrequiring only pertial evacuation could,be performed

‘A McLeod gauge was used to measure the pressure in the

systemi jﬂc;,;p_;;;:c;%;;'—"— B - /',,“kii<M;

S

5, FYpEL agetliu e T o

) 2k e
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The solubility cell is connected to the degassing

unit at D, & side arm from the bulb A, The solubility
cell is also connected to tné vacuum line at1p01ht-E._t>:
The saturation solubility cell was thoroughly evacuated‘
(107 mm Hg) and thermostated to 25.00 £+ 0,01°C by a

;;~ ~~~m~-~»u¥ﬁt&r“m1<»«eeatreﬂed~% —&mmmw “Tng‘“‘““‘“w e

o

temperature was read on a Quartz thermometer.yhich had

been standardized at ice-water and dry—ice acetone

" temperatures. As ‘the solubilities of the gases in
water are very small (Xz = 10 5), a fluctuation of ”f,'~'— -
£ 0.10°C affects the solubility only 0.05¢ (27),

thus the temperature contr§1 uged in th sé'experiﬁents

affects the mole-fraction solubility (Xz) in the

second decimal place. About 20 ml of the degassed water
waé pushed into the solubility cell by méans of the gasr 4

or the gas mixtnre under study. The gas was then ;,77

bubbled through the base of the solubility cell. The .

water was .stirred by a magnetic operated stirring b&r o ‘;“45
(3") from'tHe outside of the thermostated tank. This |
method of achieving equilibriumﬂavoided,the,passibility)

of supersaturation. Equilibrium saturation,solubility -

about 12 bourn : : L '_' SN S
(4) Sample Collection B ‘__1 o ’ 8 :

 After saturation, the -solution was allowed ‘to o



;o

settle so a8 to ellpwithe bubbles of gas in the solution - - -

to rise. The saturated solvent was slowlyvdisplaced

-

upwards by mercury into three sample tubes of known

. volume, These are connected to the saturetion cell and’
also thermostated in tne same’ tank The volume of eech
sample tube is 1,00 + 001 mls. The v31Ves of each

sample tube were then closed and the tubes removed from
the thermostated tank. The tubes were then disconnected

oo from the solubility cell. R

(5) Analysis Techniqpe
The samp/g tube was placed in the gas stripping

line for analysis, diagrammetically represented in Fig. 2.
' During the equilibration period for the ges chromatograph
tb warm up and attain best working conditions _stopcoek 4

=N

was closed. and stopcock D was adjusted to pcsition 2 8o
-

that the helium,carrier gas by~passed the solubility "f }‘

, sample cell and passed directly to the column ‘and the

detector.’

The lines connecting the sample tube were then 1;:

evacuated through stopcock 3, with stopcock i closed, 5

‘ and 6 were opened and the Hg level from bulb (of at the . ‘
oo ——mark A, Wmﬁm then cioseﬁﬁfﬂmﬁiével S

fromf

then opened and stopcock 5 CIOBed The three-way ball
,Valve D (Columhia ?alve) was. then,adjusted to position_, NP A
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Fig 2
Schematic diagram of apparatus for analysis of -
dissolved gas. .
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1. The sanple valve 1is opened and the beiium_pnshes,the o
sample via the medium fritted glass disc.  D1ééo1ved gas
was rapldly strippec from the ‘sample by the helium'gas} |
stream and passed to ‘the detectog via the drying tube o
(F) which served to remove the solvent vapour. The dty-

ing tube contained a 50£50 mixture of'anhydroua calcium.'

chloride and calcium sulphate. The column used to Bep-
arate the gases was a 6 feet by 4 inch 30-60 mesh mole-
cular sieve 5A.. A,slightmmndification,t0;$heevarianpmcfewgwem;eee
Aerograph gas chromatograph was. undertaken 80 as to B
allow analysis to be done at 0°C. A dummy column was =
placed in the oven and the separating column was connqu‘e
ted outside the injection port and the by-pasB.fiAllr
“analyses were done with the column immersed Ain. an ice-v
beth.‘ ‘This proved to be Very effective for achieving
separation of all the gases used

: Upon ‘elution from the—eoinmn the products'were
analysed on a Varian Aerograph Model 90-P3.. The detector
was maintained at 50°c and the filament current at 150
mamps. Signals fram the gas. cnromatograph were fed into -

an Aerograph Model 20 recorder.; '

Helium used as the carrier gae was dried by paasing;} )

it through a mo&ecular sieve column, The dividelfflow

,was mainteined at 70 ml per minuterth:qugh the%reference :
side of the detector. ‘ ' R

— _ _ e T e SRR L0 SR P
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the aécuracy of calibratidn} The gaslchrom#tggraphtwag' L
éalibrated by determining the peak aieaa of measured
samples of the pure gas over a range roughly cortespo@df;

ing to'the rangé,df sbiubilitiés oﬁtﬁined~in’theae
experiments, Areas ﬁeremeasured‘with'a Gelman:3§32l N

planimeter. | N : - e

A plot of the measured peak area vs the number of

moles of gas, calculated from PVT relationships gives

,,kgva/straight,line~calibrationAearve~withvintercept*zero**fff;ﬂ

showing the required linearity between -the concentra-'
tion of a gas and instrument regponse. From the cali-~
bration cufve:the concentration of dissolved gas can
"be estimated to x 0,05%. Random errors may be expected
~ to occur from ambient tamperature changes, fluctuations
in carrier gas flow rate and time variations in the =
stripping of the solution by the carrier gas. To. '
‘estimate the combined ef—fé.f&:t of these variables on the -
i{r ~ precision of the method, a knqwh samplé of the &8s ;ag
done priqritO‘doing runs on that day.
, (b} Gas Hixtﬁre ,
The'reqpiredgasﬁixtura'waamadeﬁy ﬁsinéfa floti

rate téchnique. Nupro Double Pattern very fine meter—"ﬁ

ing valves are‘nsed for extremely accurate fiow control :

{as low as 100 ce per. hour for gase@' The two flow

rates are set by the valves in the ratio desired.»ﬁzggi

i e e e e e o




e Faek thE proportion of the gases. This was done at

gases are mixed in & buldb (1000 cec) and then passed

through a glass coll (6 ft) which is in the thermostated
tank before being bubbled through the solubility cell.
A sample of the gas mixture 1is analysed, before passing

through the Bolubility cell, on the\vgs chromatograph to ;. /,/5

(7) Pressure Apparatus 7 , '7;/5'”, T :iiil

Owing to the, experimental difficulties, gas solubil-
ities measured at high pressure are seldom very accurate
and are often unsuitable for calculation of the derived
thermodynamic quantities. , The detenoinations consist ;,;;;ni
essentially in bringing the aolvent intorequilibrium Withffww

the gas at a known total pressure, taking a sample of the .

liquid/pﬁése and deteriny

methods differ in the ‘manner uhich the attainment of

- equilibrium is accelerated (stirring, 5haking circulat- R
ing the 1iquid or bubbling ‘the gas) and as to whether 7 | ’
sampling is continuous or intermittent ’ Sampling is tne

most critical operation and no method has yet been devised

e

"" rge concen, ra- N

I

tion gradients which may occur during the withdrawal of

- sampleg, _The _present. methedfhas the advant&ge ofibeing"~ﬂ~+»f~ﬁ~

accurate and relatively simple.

. -

ing its composition, Individualjf;;ﬁfrr'

i
Il i P i T e 1 ety £ S 05
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//“{ " The apparatus consists ofuthree parts::
/471» f,H’ ?é,({ﬁ gas line; for compressingfthe gases. :
S (11) an equilibrium apparatus in which the Bolvent,i,‘
is saturated with gas and from which & eampleVOf the liquid
phase 1s. taken at constant temperature and pressure.l'

(iii) an apparatus for analyzing the sample.

The equilibrium apparatus (fig 3) ccmpri&es the

equilibrium bomb A .of capacity 1000 ml, containing thev 5

|-

mounted,on & cradle, so‘tnatnit may,berrocked,to,acceier,
ate‘the’attainment of-eauiiibrium,fand_the'saupiinérc&lin-
~der B (capacity 1 ml), which is fitted with'a_needlefvalue
at each end andyfilled with‘gas at the same preesure as'
" the equilibrium vessel L | - ,,,,iiﬂ; -
In carrying out a determination, the evacuated
vessel A is filled with 100 mls of distilled water, and
' pumped out‘to remove dissolvedaairfjiThefgae~is then
' introduced from the lecture bottles via the gas lines and
the vessel is rocked in a thermostat using & Bodine
'Vstirrer (37 ibs Torque, 4 S r. p m. 60 £§5i:; 115 V) ,
 After attaiment of equilibrium (indicated by a 12

hour constancy of gass pressure), ‘the valve at the bottom ’

‘”1’f “of the equiiiﬁrium vessel is opened and the sample 13

ivw¥~u—'—f 4ﬁ1withdrawn*byuietting‘tHE‘coIﬁﬁﬁ of solution slowly diSuVJ»iiip“ N

E

- place the gas in the sampling vessel through a needle
e ’, ,,,,-.,,,va.lve,,,,,,At,_tzieisme,,time ;*'f’bhe“pressure'"j;nf‘the*equi]_ibrim' S



Fig. 3

. High Pressure Apparatusb
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vessel is maintained constant to & 0.03 atmos by &dmit-
ting gas from the gas 1ine."1n effect,rthe equilibrium
and the sampling vessels forn two arms of,avu-tubeqand ‘
the "solution is’allowed to rise'slowly in the arm‘ fA':
represented by the sampling vessel and is isolated there
at the end of the process. .

Constancy of temperature to.within & '0.02°C 18 en-
sured by housing the‘eduilibrium and sampling vessels in -

a. 1argesyater thermostat.rlThe temperature was read. off. a,riiiir;ri

Qnartz thermometer. The sample tube is taken off and re-.
placed by,another one. The sample 1s analyzed on the gasv
chromatograph - the technique which has. been discussed

.before.

’The Oxygen Analyzer o B
The Beckman Model 777 Laboratory Oxygen Analyzer is

a direct readout instrument for the analysis of gaseous o

and dissolved oxygen | Based on the polarographic princi;rﬁr

ple, it combines the,simplicity reQuired in;many-applica~

tionsrwith?a nigh degréecof preciSion and repeatability.fj

| Two basic units - a sensor and an amplifier - form

‘the analyzer. The sensor detects the oxygen content and

which may be read d\}gctly on the meter.

the,,amplirier amplifies an;LattenuatesJ;thensOLsignal,ﬁfmu;ﬁgw

(a)f The: Sensor

The sensor consists of a gold cathode separated by an '
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‘ epoxy casting from a tubular silver anode. The anode is

electrically connected to the cathode by a layer of

potassium chloride. gel The,entire anode-cathode assembly

is separated from the sample by a gas-permeable Teflon

“membrane which fits firmly against the cathode surface
‘The inner sensor body 1is contained in a plastic housing

and comes in contact with the sample only through the

.Teflon membrane. When oxygen diffuses.through the>membrane4;i
it ,,iss,electricallyereduced,,,atetne} eathode by an appl ted

voltage. ( .8V) This reaction causes a current to'flow
between the anode and cathode which is - proportional to the

partial pressure of oxygen in the sample.

(b) The Amplifier
Amplification is achieved in two stages. A preampli-

Afier first picks up the sensor direct current signal and
<'converts it to an alternating current signal which is then

, amplified, The amplified signal is demodulated to direct

current again, to move the meter needle,

As & check ‘on- our solubility of mixtures of gases in

o water results, use was made of the Beckman Model 777 Lab-“

oratory Analyzar described above. “This procedure of ana~

o lyzing for. wge&eliminates th&transferring ﬁidﬂmdling

_of the samples. - f"f ' _— _‘ - -

The oxygen electrode is placed vacuum tight in & small

cell which is attached to the modified high pressure

apparatus,
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(1) Ergor g;;alysié of Results
A”typical:gﬁperimental result- y
Saturation solubility of oxygen in- water at 25 00 & .
0 01 c and 1 00 atmos pressure.»
Saturation solubility of
- 0z in water as Bunsen co-
s —Number_of run-—————— — ~__efficlent x 10°_
1 T '28.65
2 I . 28.67
- s e X *
L T s
5 28.68.
6 28.69 -
, : v ' Average 28 67
’Standard deviation of the mean = £0.02 - ]

- Typical measurement of the area of a peak by'tﬁe
Planimeter | |

[

o132
S 130

133

Units on Planimeter

W

132

1

2 |
5

6

131
Average = 132



“standard deviation 6f mean = +1.08 ' L
Since 1 unit corresponds to 0 064§:cm :
Standard deviation of mean on area (cm?) - £0.07 . [T
A From the calibration curve an error of +0,05 cm2 S
makes a neglible error in the solubility, thus the error(.rerj;‘h”

in the measurement,of the area 48, 80 small, one can neg- o

lect 1t. S e

‘ One can say then that no loss 1n error is incurred f': _
drromfmumﬁtheemeasurement -of- aréas -of the—peaks thefonlyL*Wﬂﬁ+ft{4:
_error is between run to run, giving ae standard deviaea‘

£

" $ion of eo oe

Temperature control ,

- -

Battino (27) calculated an error of 0 05$ in the -
o solubilities of gases in water for a. change of x 0. 1°C.¢;lfe .
| This error ‘is not large enough to effect the result aslﬁo .

we can maintain the temperature to +0.01°C. ’

Calibration curve

~.

7 One can read off solubilities to + 0 05$ This error
ig not large enough to efrect our rasults. Fig. H(a)
Cell size: Mo Ty
| ;f{" The cells are calibrated to x O. 001 mls. This ‘error.
- mwlumeeezrespenee tmerrer lesd ~tmﬁeee1fmchﬁﬂ~; S

is negligible. L N
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- RESULTS

The solubilities of oxygen, nitrogen, methane carbon

tetrafluoride and argon were measured in D20 and Hao at

25°C. The results are recorded in Table IIIb. These

‘results allow a comparison of the solubilities to be made

with data obtained using the same experimental technique.

o8

The values are also compared with the already published

literature values. Only our value for the saturation

unlike the values obtained by other workers for the solu-

- bilitles of pure gaeesiin uater. We’have’ehecked our'

value several times and we are unable to account for the

lf

disagreement with other workers (Table I), As far ae~is.

bility of gases in D20 is that for

known by the author, ‘the only previﬁ:;,data for the solu-

on (32) and for
methane, ethane, n- butane and benzenev(33); As 1is seen
in Iable,lilq,our values1£or;argon5andvmethaneainﬂbgo'*'

compare very well with those of Ben-Naim. As the results.

agree with the already published values (except for nitro-

geh) the gas chromatographic technique is a reliable one g

' for measuring solubilities or gasea in water. g

The solubilities of pure oxygen and nitrogen in dis-

“tilled uater were measured using the solubility apparatus

,/~fmrf—mm

These values compare very well with the already published

B S
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. literature values (27). The saturation solubility value

obtained at one atmoephere preseurelcompares very well

with the value using the "gae-bubbling" eaturation'teché
;;rniqueau — o A |
'The’eolUbility of oxygen and of nitrogen in water

at 25°C was measured at partial gas pressures of 0.25,

I o;50;—17007*2tod“ana*ETOU‘etmospneres.

Ly

Henry's Law type plots were done - i e. & plot of p

Petmos vs concentration (Fig. 4) Straight lines were r

robtained - the slope of which is- the Henry s Law constant

| (K). :EEE solubility values compare within 1% of the
already published literature value (25) and the K value
consistent with the ‘measured pressure value (16)
In Table II we give saturation solubility valuee,for

each component of. the three mixtures studied (oxygen-

methane, methahe-nitrogen, nitrogen oxygen), at partial .

pressures of" each component of 0, O 25, 0 .50, 0.75 and 1
atmosphere.v All data have been measured at a total pres-
sure of one atmosphere and at a temperature of- 25 00 +
0.01°C. | /

P

In figure 5, typical plots of the saturation solu-

meﬁrbility—ae—e/fuﬁction/of~partiai‘presﬁuré’ETE‘BDOWn' ”Tneﬁ,,,ﬁ

Dlots demonstrate,theidepressioneinesolubility—£rom—t;

expected Henry's law line. The curves for the sum of the

| * R Cem '*:f* - 77777”’”, S S S S ';"";j;'

Wi
-



mole/1itre  solubilities of the two dissolved gases are

' also drawn.
‘ﬁ pressure dependence of the solubility of oxygen-jl
nitrogen mixtures in distilled water was measured overA
, - the range 0.5 to 3.0 atmospheres, keeping the pressure
of oxygen constant at O 50 atmosphere. A plot is givengf-’/p*\v
in Fig. 6. The plot demonstrates the depression of the
e A*selubilitywtremethewexpeetedeHenry*swﬁswmiine~ “fuﬂmraze-“"“*
given in Table 6. 4 ' /
In Table IV we present data for the saturation solu-'

bility of oxygen at a partial pressure of’O 5 atmosphere

in the presence ‘of a half atmosphere partial pressure of o
helium, nitrogen, ethane, methane and krypton.
_ In Figure 7, the solubility of oxygen at P0 = O 5/
atmosphere sgeinst that of the: other component gas as &
- pure gas at a pressure of 1 atmosphere is shown. 2:,;”i7f¥iiif"7'”
| It is seen that a considerable dewression in solu-r
bility (es compared to the ssturation solubility of pure
'hoxygen in water at a half etmosphere pressure) occurs ,
'/twith gases both more soluble and less soluble than
oxygen’, - Por the He, Caﬂs, and Kr runs, enalysis of the,"

water samples ¥ was made only'for the dissolved oxygen ‘,“‘, S

content,
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/(1) In the above experiments, a gas mixture of the
+ required composition was bubbled through the water until

saturationtwas achieved. Some runs were made in which
the water was first saturated by bubbling through one

of the gases at one atmosphere pressure and then bubbling

4into this solution the gas mixture with each component

Ty

at a partial pressure of 0.5 atmosphere. Good agreement

between the two variations on technique wag obtained.

,i_ii(Q) Some,runseweremalse doneﬁwithouththeedrying tube in

the gas analysis line -and using ‘& Pompak @ column rxrhe

Poropak Q resolves the water peak downfield from the gas

mixture. .Good agreement between the two methods was .

obtained

(5) ~ Some runs wersidonenuSing-mixedLgases,obtainednfroma;~.u

Matheson and Co. Ltd to ensure the mixing of our gases”

is an accurate technique. Two mixtures were'done - 524
02 + 484 N and 20.94 05 + 79.14% Nz. The data obtained
fell on' the curve obtained using our-mixing technique.

In figure 8 recorder output peaks are given for an

 02/N» mixture in water at 25°C.

Some runs were also done using the oxygen electrode

to'measure the oxygen saturation solubility in a 11

mixture of oxygen and nitrogen at a total pressure of 1
atmosphere¢ The instrument was calibrated by obtaining



~4ha

percehtage s&turé%iqn for known pgrero;ygéniaéfuratidn::
éolubilities dt 0“50 and‘i atmbéphefe (Fig -9 ). 'Ouf
value for the oxygen saturation solubility in the 1:1.
mixture of nitrogen and oxygen compared very well with”i -

our previous value obtained from the techniques des-'

' .cribed previoualy

o

~ As these experiments agree.withinrli ofrtherresults
using the previous method, it can be said that there is

'no_obvious systematic error involved in the method used — .

4

for obtaining saturation solubilities. o e

Coar
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TABLE II | |
SATURATION SOLUBILITY OF GAS MIXTURES IN B0 A

AT 25, oo“c t .01 R S

1. Np-02 System

Py, (atmos) 0 0.5 0.0  0.75 1.0

-105x02 0 0.43 £.01  0.85:.02 1.50;.03' 2,30+ .04

SN

108x 11.30£.03 0.86x.02  0.52£.01 0.19 £.01 0

N2

| e By (atuos) o 025 0.5 0.75 . 1.0

R e S s i e e £ o

2, CH4-Op System

105K, 0  0.52¢.01  1.05:¢.02 1.72£.03 2.30%.04
2 : - , | T
L 105xCH 2.343 .04 1.641.03 0.95+.02 0.46 £.01 0 i
- Ullg ) S Tem s T SO TRERERS T ,
3. CH4-No System :
Py, (atmos) 0 0.5 0.0 . 0.75 1.0 .|
T 105%, 0  0.23£.01 0.5%.01 0.86¢.02 1.30+.03
10%X gy, 2.34+,04 1.64%,03  1,104.02° 0.41 £.01 ©
All data measured at 25 00° [¢ (¢ O 01) and at 1 a.tmosphere total
pressure. B | o y
P e S
_ o ’ { 1
A -
|
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S — 7—%7—ATABLE7~IH'~*4%' e

SOT.URTT.TTY
0-3.00 ATMOS AT CONSTANT P, =0.50 ATMOS.
a)
02 PNy 02 m/1 x 10° Nz m/1 x 10°
0,50 0.50 - 0.47 2 .01 0.30°¢ .01
0.50 1.50 0.40 & ,01 1.05 & .02
e 0U50 T 2,50 0.35 & .01 1.ﬁ7vt .03
' a o L
| ) v 2
‘7 - L L o e o _
. . . - N&
 SOLUBILITY OF GASES IN D0 AND Hz0 & 25°C
. o = BUNSEN COEFFICIENT |
b) Tdate. at~1'atmcs*:’*5pz'-es'sure] ERE
Hzo Dzo _ - Ha0 - D20
Gases 4 x 108 @ x10° ¢ x 10° a x 10°
B - Ben-Naim(53)  Ben-Naim(53)
AT 31.14 4 0.01 33.26 £ 0.01 31.214 0.02 33.76
02 28.67 % 0.01 23.52 4+ 0.01. 28.48 + 0.02 -
N2 . 16.13 & 0,02 16.64 4 0,02 1¥.66 + 0,02 -
CHa  29.12 £ 0.02 32,47 40,02 30,33 + 0.02 ' 32,97
CF4 4.93 £ 0,02 6.27T + 0.02  4.88 4 0.03(8) .

(&) ~J.T. Ashton, R.A. Dawe, K.W. Miller,
Stickins, J. Chem. Soc.(C),

E,B. smith
1793 (1969).

and 7.

oy
. o
A
.
£
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Pressure Dependence of éolubilitiéé 0, and N,

Legend 7;
0  Oxygen

waterf

X  Nitrogen

—
-"‘m“
Y
Iy
L /
, #
A TR 3 -
-
%
‘ !



~508-

CFlg. 4

30

0

Ol X ( /W) 2MNOD

1o

05|




-51- .

~ g

1 Fig 5 - "

Saturation solubility of 0,-CHs and 02-N» gas

" mixtures at various . partig.l pressures of oxygen.

Solvent, water. 'Temperature 25.00°C. 1 atmos-

S

phere total pressure. -
Legénd:
. .Open data points - Nitrogen/Oxygen; o
' o A ‘nitrogen, . O oxygen. ~
Solid data points - Methane/Oxygen;
{ ) , ‘ methane, ® oxygen.
Total mole/Iitre  of CHE + 02, @
. £m1 mole/litre of Nz + Oz, O r
" , - .
S .
: *
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ki 4 E \g
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Pressure dependence of the solubility of Nz gas in

_ the presence of oxygen at a’constaht,partig;ﬂpreggu?§l R
of 0.5 atmos. B R
A o '. 2 . b ._;-, L :
o S L -  "' L ' - ‘ 
: ! A - R e
44k4pm.7,44f;f4k4,4,414;;g44fﬁ,4(4f;,?444k4,;,ﬁ,4ffffg;;;ﬁ,g,;lgégg;fkg,ﬁ



NTTROGEN

¥

mzsi -

3

r~

150

.S 1.4..10“ o

A

/

Fig

15 20 25
.ﬂZN,bﬁBOm , |




Pant s

p —
7 =53~
Fig 7 \
Solubility of oxygen (a.t 0. 5 atmosphere partial
pressure in presence of a.nother ges at O, 5 :
atmosphere pax}ial pressure) plotted ageinsj:_u_ewww
"other gas" ‘svolubilrity as pure gas in water .a;t IS
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Typical peaks from binary gas mixture.
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DISCUSSION | o “fva . . SR ? '
The experimental data obtained require the expla.na-
tion of two’ phenomena. - the difference in solubility of
gases in D20 &nd Hz0, and the mutua.l decrease in solubil- 7
ity of’ gas mixtures in DzO and Hgo We~must assume that

both phenomena. have the same ‘basic expla‘.na.tion.. I'f we

‘first ignore the water structure ‘arguments we are led to

seek an expla.na.tion in terms of the Pierotti theory (16)

D The Only PWBiﬁI para;mtarf V&rmgm the- ?iero'ttiﬁfﬂﬁ'” e

equation for anH v o
1nk, = Gc/RT + Gi/RT + 1n(RT/v )
' are tne number density, P, of the solvent and the molecu-

-7 la.r polarizability a of the solute

Qf
[

RS2 <-J-% j '-<-—s-;-=—-> SICOIES

| _4( + 025-1n(1-y>
//7, o : .
+ M ‘*f‘*( ) @5)2,*“(5&-2- 3

where

,w}w,ﬁﬁfyu. ——é—-Fermduarfg44fi"ﬁ+ &y * 82, R — - : -
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where aiﬁis the hard sphere ¢iameter df.mdleeule 1

(solvent) and 2 (solute), and where

Gy = -3.555 Rmpai2® Eiz|V - 1.33 Nymoy: a2|°12

The_above equation for anH is insensitive to p,'the num-

1ber'density, thus the valués of pH#dra 7337 5;71022 and

pD o = 3.321 x 1022 give & small ' ' ~

change in solubilities eg. KH(CH4/H20) 3. 94, KH(CH4/D20)

- 3.90, ‘One notes that this is~smaller than the experi-

mentally observed value. The theqryralso‘predietsttpe
solubility of gases in Dg0 to be lower than in HpO. This
1s contrary to the experimental data except for the cese
of oxygen which has a lower D20 solubility
We will: now examine the solubility o;,gas mixtures
by the Plerotti theoryT - : -
1) Since the’gelubility of:egz;/solute is small,

~ there arernori-J,intepegtions; and_we cannot use the

Pierotti theory to explain the observed- results in the
way used by Masterton and Lee (15) in their calculation
of salting coefficlents in the Setschenow equation.

| ii) .Consideration of the non-ideality of the"gas7

phase.

e ~ " (a) the use of Dalton's Iaw far the 838

phase the assumption thﬁt‘thevtot&i*pressure
1s tne sum of the p&rtial pressures of tpe gases
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is independent of the assumption of the ideelity
of the gas ‘phase, ‘ 4
(v) the linearity of our Hénry's Law plot
,v and the value of our Henry's Law constant show o -
that deviation from ideality is negligibly small
. {e) calculetion of the fugacity for the gas

‘ mixture shows very little devistion from p—i -
atmos, eg, in a 1:1 mixture of Oz and Ng the o ‘
~'-mﬂf—mw~«w¥~me¥¥£ug&eities~ar37975944eandm915045;mm?husjﬁwemcan%ﬂaem~m»few—eﬂ»
: - assume eeeh'componentvofithe gas mixture behavest'
as an ideai gas, 7_ - ’ % i - o
Since the fugacity of the'gas'phese i approxi-
mateiy‘the same &s the.pressure;'the essﬁmption’by |
Pierotti,thst,the gas;phaseﬂisuﬁeal-in.writing-the~ehem-r—
* ical potential of the'solnte in the gas phase is a good
, As the results obtained usingtoa/electrodermethod"
agree with the results from the ges chromatograpb within
# 14, this suggests thet the observed lowering‘of the
'Vsolubilities is not an artefact of the experiment ;

/ We msy'calculate the Henry s law constant (Kﬁ) and
thus the solubilities (Xg) using Pierotti's equetion,

making the number density a variable. If this .is done"*°i

for each component of a gss mixture then the number density

dependence of, the mole fraction (X2) can be found Such

SO <SSV U R SO



| \plots ere,given;for Oz and Nz in Fig, 10. W;tdie seen-
that‘the presence'of'One-gasrchengee thelnumber deneity”"
p - this can be interpreted a8 erising from a change |
in the structure of water.' It is also noticed that
'ﬁthere 1s & big change in Xz for & small change in P at

the lower. mole fraction, euggesting‘thet there reeches/'”

d‘;““f‘ a point where our solve?; is so highly structured that
no solute molecule can be dissolved in tne solvent

Luces (}5) in a recent paper emphasises the same point

. as is made above. He cleims that as ‘the number density,

increases there is a decreaee in the number of the
bonds between the watex molecules - thie may be inter-
. | preted as follows: since there is more room in ‘the
fthe broken doun etructure,(the solute is more—easily
Soluble in the former than in the la.tter. If, then, -
" there ‘is a decrease in the ‘numbexr of ‘bonds betueen the
Vwater molecules, there will be a decrease in solubility.
_ We will now look at the water structure argumente
to explain e two phenomena observed in the experimentai\\/\-
é-{N‘“meeauremente. R , , |
| First, we wilj( look at the difference in gas so0lu-
——;—r—~'~fff*j*jfffm:tmertmwma Hz0. We consider the "wo structura.l

iioiw,rﬂ,,iof; L Ry
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monomeric water molecules (p molecules), that is, molecules -
not linked by hydrogen)bonds to other molecules, and mole-
cules of water which are fully hydrogen bonded (1 mole- ,'
culee). It is suggeated (32) that there is an increase in

" the concentration of i form in Dz0 which leads tora nigner

ﬂagreaeorAerdexing~1nethatwaelven%quThas~kfollowingeEley+3*w“*w~k
arguments, it can be concluded that the greater the number ’ '

of cavities, (wnich is ﬁroportional to the concentration of e

"1 form), the greater the degree of ordering i.e. ‘there is

a greater "degree of crystallinity" of the solvent D=0.

Since there 1s a greater nuﬁber of cavities in Dz0 than in
Haoione would expect there is a higher probability of the
solute enfering thedﬁgo structure than the Hzp Btructu:e. ‘Thue
we would predict & gigheffgéeIeelpelliﬁylielnéqrﬁheefﬁgég771”“
We redﬁd_enis 1s true for CF., CHi, Ne and Ar but not for

Oz. : ' N - ;

VVEenQNeim (36) recently explained the diRference in
the solubility of gases in D0 and HéO on the strength of

‘the hydrophobic interaction of a pair of gef,solﬁtes in -

H20 and Dz0. - Hydrophobi&’interaction (37) -refers to tne
indirect part @f the Gibb's free energy change for bring—
ing,tug,aglntelpgzticles Irnmlfixedlpoaitionslaﬁminfiniteggrﬁmggr—m

separations to some close distance, the whole process being
carried out Mthin tne quu{d ‘at eonsta.nt pressure and

temperature. - -

o
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Ben-N!fﬁ ar@d@s_that there is a_sironger hydrophobic .

interaction between the solutes in Hz0 compared to D20,

thus the solubility is 1e1§‘e in HzO than Dz0. gThis is .« -
pfﬂobably, true for Ar, GH4, N2 and CFs. ™e oxygeheeo;tu}- ' o
bility doesn't fall into the above category i.e. Oz ia'less ~

since D20 1s more nydrogen-bonded than H20 there 1is probably

a greater degree of interaction between'the oi&gen molecules

‘:zstructure by the oxygen moleculea

« For all the binary gas systeme examined the same
trend 1is observed, the solgbility of each gas is lowereda
from the expected Henry's Iaw value. For oxygen at‘any

*pertial pressure the relative ‘lowering of its saturetion

solubility increases with the difference between its 801u- -
bility as a pure gas in water and the solubility of the
other component as a pure gas in water.” This is illﬁstreted’f
in Fig 7. . | )

Many studifs have been made of the change in satura- -
tiob solubility'of’e SEBA:ffoh the~additioe‘or'aﬁedded’\
solﬁte.'gaen—Naim (32) has d&iscussed the~solubility€of

argon an dilute aqueous eolutione of nonelectrolytes ig\"« f,eréiﬁ

terms of the two- structure model of water. Wen—&nd,Hung‘ )

(38) have similarly used this'theory to explain the,thenmo-

dynamic propegﬁies of hydrocarbon gases in aqueous tetra- ' '

A
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alkyl ammonium salt solutions.

In the present study, the mutual lowering of solu-
bllity occurs at extremely low mole fraction of each
component (*10 “5). We can thus discount any theory for

which the observed effect depend; upon a (solute)i-

_(olute), interaction, term. ~Tn this sense, we can dis-

g

——and Lee4{1597—based on—thef&pproaeh of—SheoreandeGubbins -

count the early theories of Eley (12) and of Frank and :
_Evans (20).» Similarly, the theory developed by Masterton .

(407, can only be used when the (solute)i (solute)J inter-
action‘affects the free energy of both forming a cavity v
in solution and in placing the (gas) solute molecule'into
the cavity. Thisf::ll not happen at the low mole fraction
solubilities of each. dissolved gas. snd will not explain
the observed results,

2

The two- structure model of Ben-Naim (32) and ofﬂ

- Namiot (39) hee been most successful both in gxplaining

the seemingly anomalous properties of the inert geses in '\\

A\,

'ﬁtﬂf electfolyte }\

AN

water and of the effect of the?prea

and nonelectrolyte solutes Jupon their ‘ubility. :In this

model water is assumed to consist o£ monomeric water and
¥

of bound clusters of‘moleculestF The presence of cthe solute

'affects tne equilibrium between these species., In discus~

 sing the effect of edded non-electrolytes it appears that ;'5

e

. solute molecules containing"inept'.groups stabﬁff;e the .

et e ﬂiggpel,ccu__llli”,c,lllu_ilclc,ll_lll,,,dlc;m o
A T L '

,
F%LKA".';. i
=y

.
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structure whilst other solutes have the opposite effect.
The.stebilization is enhanced by the greater the inter-

« action -of theysoluté with monomer weter, Stabilization

of the“uater‘structure by methyl alcohol enhances the -

number of cavities in the water and increases the golu~ #

bility of gas (§1). L TR

Wsolute;apggiéﬁl

an equilibrium between ‘free water molecules and water

The experimentel data show the solubility of each ¢’

component,to be l},,red, and 1n fact, the total number qf

“ﬁlution to be less than the algebraic

expectation (i’e: ‘sum of the expected Henry 8 Law

\_solubilities)., This requires the destabilization of the

water by each of the two gases, i e, a lowering in the

vnumber of available voids. Thus, on this two-structure

) model the explanation required to account for the proper-

ties}of the pure gases in waterris_contradietory‘tortheir = <~<s :

propertiesvin water as a gas mikture.” - B -
Gur;koéﬁiea) has discussed the solubility of gas-

mixtures in terms of both the two structure model - (42)

and the uniform model (8) For both models there exists

molecules which are part of some structure formationu!

The two models are quite different in their description :

of the nature of ‘the Lstructured‘ water ggd in the expecs

ted increese or decres&se 1n the number of rree**voiﬁs**“t*‘tttt\*

upon the agdition of a non-electrolyte. h
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In Gurikov's theory, he obtains an equation for the
change in the thermodynamic potentials of componentfl |

of component<2r ’Using values for v = 2 and f° = 0 80
:(notationa given in - tha theory) Ap values were calculated.

j'

Jefrect, which is similar to hms arguments based on the _
* fraction of free voida. This ia contrary to the predic-, i

dissolved 1n pure water and 1n a dilute aqueous solution iwuﬂfj;~;

>‘”soluﬁility 1 e. tﬁere ia an Ihcreaae (or decrease) in

“tion of ‘the uniformvmodel.v For the latter model Au 15'""j'
 found to be negative ("‘2 3°'kcal) and thus predictins 8

salting 1n eftect (i.e. a mntual increase 1n the solu-

'bility ot ‘each gas) - if

o Gurikov's theory can only axplain the trend 1n

1.aolubility depending en~uhether Au is negative (or posi-
’tive) It does not predict the magnitude ‘of the Bolubility.

'ff Frcm the above discusston, onercan"say that no S

adequate theory existe to account for the obaerved behaviour.

PR,

Se xﬁnowbyer oneAnotes,ss the Bolubilitiesgof the.gases~: #thasiﬁgiifr¥
'; ;;m¢xtu,e are. Iouered, this- conrlicts with ﬂanry’:fLaw‘,gﬂwM;m i
?}Meyerg and qninn (34) recently calculated Henry§§ constant

1f;(K) usiqg aur data and raund'K =18 reduced byi'gfsctcr of ki 3
. i'?102° from,its valuﬂ at 1nf1ni£§Wdilution._ ﬁehry’sﬁbaﬁ 1é’H“WM“MLb‘%
'}‘T,;obeyed ror the pure gases up to at 1aast 6 5 mole i ,;
'rrdiasolveu gas. Et one atmospnere the mole i‘diasolved , g
e

B s e
P N o
. . : - B . :
N , - . " . E L e e .o
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- gas 1s about 0.001, or sometimes less.

Therefore - one

would expect Henry's»Law to work‘to'a'very high accuracy

under the conditions studied I '_'1 B

. ﬁtEen-Naim and Bagr (21) in thelir studies of’the
ﬂolubility of. argon 1n ethanol-water mixturee found an - S ,;
3

5

. ethanol

’ 11m':rea.a,‘.a»:I.nm#i:h&As49»;LubL:L;..l4;4;35,!@91“4&&%ca1=i~asﬂb~‘G~493:‘5Amo;'i;e~“fra:1::1::!:1':2':““**““”w

In the present studies, the mole fraction we are

looking at 1is ==-10 s, much lower than Ben~Naim, Probably,‘

~'fi*'*"*"***’ “the mixture of gases in wa.ter is VﬁehaVinE 1ike the bth&nOl-

water system, except in thia,ease,,there 1s 8 lowering of

‘solubilities.

f
i
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Chapter II -
 "For up and down and round says he,
Go all appointed things and losses on the
round-abouts means profits on the swings."
_ _P.R. Chalmers (1872-1940)
% - ' . .
"



'Introduction

The investigation of the diffugioniof*gases in water

“'was undertaken in order to test out various empirical equa-

tions relating the diffusion coefficient D to various mole-
cular properties of the gases. In as much as the Plerotti -

theory for gas solubility appears: to give a reasonable

‘ workers. -

successful prediction of the solubility of gases in water,

¥

- "bhe*'difﬁlsiﬁnﬂfa%&wj:&”&lsgf—uﬂed—r tofexamin'eﬁthe_q:ecently,,,l,,,l,, S

proposed theory -of McLaughlin. This theory baa‘the rigorous

Enskog theory as its basis and,like the Pierotti theory ,

is essentially & theory based uponvthe hard sphere equatioﬁ‘

of state. v |
An examination of the literature shows some. data to .

e;ist for the diffusion coefficients of simple gases in

water but most of this is for room temperature conditions.;

Much of the published data ié'now'regarded'ae,unreliable';-

out in the»discussion of the reSulte*a comparison is made

of the data obtaihed_in thistatudyito those data of other

.

Apart from purely experimental or analytical difficult-

ies the two main problems besetting the measurement of

diffusion in'.liquids are first a well defined set of con~~ - - ¥

" “the chemical potential ‘induced diffusiOﬁT*Two téchniques

ditions under which the diffusion takes place and second

the occurence of a convectional mixing mechanism on top of



N
O

are described for ‘measuring the diffusion of a gas in
water. The 1nverted tube method, places the diffusing

~ gas below the water column1 It is seen that the open- '

tube méthod is subject to large density convection

effects. The inverted tube.maﬁhndMgiyeaudiffusionv

Py

coeffieient data in good agreement with the ‘values of

other workers. A compariaon of the two tecnniquea shows

mecnanism 18 upon the overall rate of dissolution of

the gas.
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Theories of Diffdsidn in Liquids [

Historically, developments of, suitable expreesions.
for a diffueion coefficient have generelly rollowed elther

a hydrodynamic, & thermodynamic, a kinetic,‘or a quentum-
L )

T gtatistical a;pproaux ~to—the p.l. biem

L

The classical hydrodynamic development of the
diffusion coérricient was originally made by Nernst (43),l

and Einetein (4&) According to the Nernet—Einetein
equation, the difrusion of a single molecule, designated j/

/

as 1, through a medium, designated j, may be_described byj'

. the relation v ' . : o /,
o I et I
) P 1J SN 2 ] !

ere k is Boltzmann conetant and gid ie the frictional
* M coefficient or the mobility of the molecule (1. e. the ,
 steady state velocity, Uy , attained by a particle under -
'a unit force, F, £43 ='Ui/F». According to Einstein,
| Ry o= Gmrggly [2]
where ry is the radius of the diffusing molecule and uJ
'jis the viscosity of the solvent. Ean[?]'can only-be
true under the premis that the solvent is a continuum,

with no tendency for the fluid to "elip“ ‘at. the surraee

of the difrusing spherical molecule, and with the dlffu-
sing particles considerably larger than the solvent f" 'y

" molecules ?’T&q‘[I]then becomes 'j*”““ﬁ”f:*c#~:m>~ﬂ'~wm~w~~'w
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which is called the Stdkes-Einstei? equetion. The‘hydroffr'
R dynanmic thequ suggests that the shapes of the difquing o
molecules may be important since the drag. coefficient

varies with particle shepes.

o A formalized epproech to evaluating diffusion coef-
ficients was msde by DeGroot (45)’applying Onsager' s
B 'phenomenologica*l*"coefficfent ".toﬂsnefthemodyne;micsfoff”"W'?"”'* e
_ irreuersible processes;' Fromfe'combination of the pheno- .
menological equations and ‘the usual diffusion equation, N
the diffusion coefficient is defined as
—~
[ & R 1T .

* o~ ey B

Lo

° ,wherezpij‘isia phenomenological«coefficient endruiJis,the
- chemical potential. The theory gtves no. indice.tion of
~ the form ofI;iJ as a function of concentration and invdwes

difficulties in determining pi experimentally. Fprﬂthese

r .

reasons, this theory 1s little used f‘i ?“*" S Tik;ujf

Initial kinetic approaches dtilized the fact thet in -
7/
. gaseous systems the everege kinetic energy. of a mclecule‘)u

} ,,,,,,,,,lis & function of,

inversely as the squqre,root of the molecular weight) the ~

. first truly successful attembt to rormuletele dittusionl
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theory was made by Arnold (46), after making certain
corrections. Arnold prbposed the following equation, |
which is similar to the equation developed by Gilliand

(37 for gases, '

3

Pt M %d_
' 5Q§§2 -

T

- W»mLyMre,ijnd,MTﬁre,;,tne,,mlecuiar welghts of the solute

™
i R

-~ and solvent, B is a,proportioﬁality,constaht,;u,15 the

sum of the moiecular diaﬁetere, and 6:1s a-correctioﬁ

foctor. Unless the abnormality factors are known in ad-"

-vance (fnqe empirical dhta) eq'n [5] is not useful in
predicti ng difmaivities: of dissolved gases. ‘

‘Recently, Eyring and Ree (48) have s.ppltted" R

absolute rate theory to diffusioﬂSprocess byg,ssuming

that the energy of \btivation:forfthe;dirfgsion—procesa—;

is that energy required to form an>eXtra space in thc

liquid to allow the moleculea to move. *Applying the

basic form of the exprassion for the rate of reaction,

,r,@, -

K may be expressed“as

‘' : kT £

‘”;7ﬁ vr;r,' R ST ST exp(-E, /kT) A;'CGJ.‘

v,

For the rundamental diffusion process the diffu— .

sion coefricient is given by.

r,,,'c,,v,;r,‘;,,,,,,,,,‘ A D = xa; I | [73

‘ V‘.‘f
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‘whére A 1s the distance between equilibrium positidns,, -

'Eq'n [ 7] may then be combined with eq'n [6] to give

X " ' D
B . ‘§
and if the/diffusion process is carried out without any

S EDE) e (B (8]

““volume changes, eq‘n [8] may be rewritten

D = B* exp{-EE/RT} - .

D. - xa’e(—h-) exé( - Eo*/RT) Lol

2_="x (D) exp 3

[10]

Sufficient data have now heen correlated witn tne Eyring

: equstion to show that with present knowlédgerof molecular

parameters tne method yields values of the prqper order

of magnitude (49) However, calculated values oﬂidiffu— :

. that the Eyring

- /KEEYeloped by .

.sion coefficients compareg)to‘expe;iméntal~values show

equation frequently predicts low

values. Tne equation fails to pﬁedﬁct correctly diffusi—l

‘ tivities in nonideel systems of aqueous solutions,

Another interesting equation fdr diffusion processes -

is establis ed by combining eq,ﬁ [9] with the equetidn“

A and K”are the same for the processes of diffusion and

Viscous flow, the follo i?g equation:can be derived for D:

s
,,%:,,,,, e em {

v

X -
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Azlka
’ ~where \;, Az and \s are distance characterizing the space.i,“ )

ing layers of molecules in the_quasi-crystalline liquid _
lattice. This is a particularly useful relation and - has M*,, ».,s’

“been used by many investigators to develop semi-empirical

relations for estimating diffusion coefficients. As

¥

equation [11] requires specification of X,'s, it fails in

(G YL SO,

the same categozy as_the Arnold equationgin predicting

S A b

* \

diffusivities of dissolved gases. Since variation of
'diffusion coefficients withlﬁhlute species have been nﬁnd

‘Chang _and Wilke %50) empirically modified the Eyring .
—

theory of absolutg reaction rates and. the Stokes-Einstein
eqnation f?j“ The correlation was m&de - through the

group F=07T (Di2n). Within the limits' of the available
experimental data, F was esseﬂgially independent of tem~
' perature. for a given system, but was & function of the-'
molal volume of the solyte | | ' ’
_ In 1955 Wilke and Chang (50) performed several
- ..experiments and obtained datajto‘supplement that used by : ";
Wilke in 1949, Experimental data from 178 experiments ' o f

were reB&oduced with an average deviation of 10$ Their . ?3

.77 4ata indicated that F was a- smooth function'cf the solute o
B / - e ——
“molal volume having a slope of 0.7 at low molal volumes ) R

- - and apparentlv'merged with the Stokes-Einstein equation
~at high molal volumes. Over the middle range of molal



_~T5- e ——

volumes, the curve may be represented by a line of slope \
- 0.6; the;efore they assumed that Dyan/T was- proportional
/(::Btd Vo .
+To determine the effect of solvent properties on .
diffusivity, a wide variety of variables such as solvent
molal volume, heat of vaporization,implecularuue1ght,iexc4,i;imi;ii

were. examined -Of these the molecular weight appeared to.'
'correlate the data most successfully. Although there is a
"f'CQHSidETEble scatter of the data, a'1£ﬁé”ﬁ1fﬁ"516§éfﬁéjﬁé”:ﬂ/”m"””

voﬁe half correlateS*eachrsystem fairly well on & plot of

s ‘ log D12‘n/T vs Mo, I . _ ‘ SO , b

‘From the above results Wilke concluded that an

equation for unassociated liquids of the form
. O , y %,

512 = (const ) "’“G 6 [12]. -

‘would successfully include the interaction of solvent and
solute; the constant was'determined empiriéallyito”be' -y

' 7.4 X 10‘91' The solutes considered were oxygen,

nitrogen and carbon dioxide. .06 -~
| M2 .
above the line for unassociated liquids. By essigning a

For Hz0 the plot of log‘Djz/T vg

molecular weight to Hzo of 2.6 times the nominal weight

 the ¢ curve was brought into agreement with the curve for

N

, unassociated liquids. o !
Scheibel (51) made a,eorreetion to the original -
¥ 4 o '

e e e e - S N - 3
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Wilke correlation. It 1s possible to express Wilke's

correlation without ‘the solvent factor as

)

8.2 x 1078 [1 ¥ (3Voa/Voa)§T]

Diz =
N Vot

Othmer and Thakar (52) followed the principle uSed“ Co -

”f”f”f ~  effectlvely to correlate many other properties&of_matter:
plotting logarithmically the property of one material

against the same property of another on a scale based on

~ the vapour pressure of 8 reference substance. If diffu-
sivity is expressed as a rate process which yaries expo-
nentially with the,temperature,'by introduction'of the
Clausius-Clapeyron equation it can be shown that log —

-

" Ep
Dy2 = —Ir-log p* + const This suggested that a log
AR S
. Plot of Dy2 vs the vapour pé;ssure of a reference sub-

stance at equal temperature

would give a straight line
of slope Ep|L. - | |
The equation which best represented the data for

Z; water as the solvent was -
D.n - 14.0 x 1075
12 =
v T]oi"Voo'B‘
Erj‘ .
f,

““*“‘4‘*‘4‘4*f——NQ—egmpieﬁeiy—satisﬁaeteryfmethed;hasgyesebééﬁggﬁeefeen_n, ,,,,,,
proposed for estimating,diffusion coefficientsffrom |

feitner”basic,molécular‘datauorcother,physicalﬂproperties””ﬁ
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‘of the system, This'ia'lﬁrge}y,dué to 1ack‘ofrunders€and~ .
ing the 1iquid state. .

| We have made use of McLaughlin 8 (53) application
of hard sphere theory to the diffusion of gases in water; ,
benzene and carbon'tetrachloride. The calculated values
compare very well-with the experimental data, The theory

is discussed in detail below.




Application of hard-sphere theory to diffusion of gases.

in liguids .

-..._,

Recently, McLaughlin (53) made use of Thorne's

iy, extension of theEnskog theory for diffusion in a dense

k]
A

mixed hardsphere fluild. We have made ‘use of his theory
- to calculate df?fusion coefficients of gases in quuids.

For thet complete discussion the‘reference states o
will be b;; and bzs for pure dense fluilds, where bj,

refersf—térr—rthe——soflveni'rf(——lf)f,fa.ndm—bzz—r:temtherfsecluter427) P B

for the\mixed dense fluid we define new values: by for = ¢ .
the solvent in the mixture and by for the solute in the
: mixture | : ,
N —

Besides the equations for the Pure fluid there are ,

8. set of equations for the transport properties of mixed -

L

7hard-sphere fluids which have been'developedvbvahorne
(54). In this section, these equations are applied to
diffusion in systems which are of practical impartance
" and for which at present discussfon'and prediction are
largely based on the Stokes-Einstein equation in one. form*

or another.

" Diffusion Theory IR

f ~~~~For the case of the mutual diffusion coefficient D -
- of a binary \rd-sph den;s id4iThonneis;equnticn;i;iii;;ii;

can be written
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nD = ngplgie(012) o o133
‘where L |
A = —%L- is the number density of the .
dense fluid. | T
. n =p_ +n, andeo,z_au+c;> ~
”””” - - g;g(c;;g‘)k.’ = contact radial distribution functmn , >
for the mixture. - o
L My = _humber density of the c&lui;e Pluic} T
e B = mutual diffusion_coefficient of the
R' - ~ corresponding infinitely dilute gas
at the sé}me tempe ’ature. , < |
Lglz(dlg)— is related to the pres’sure.by/;the equation
| A S
TF? = Eni» + gﬁﬁnQ’ﬁgiJ("iJ) L 77 B 5
_ For the case of the pure fluid of specierf'l eg'n~[14]
reduces to ' - ) '
| , "‘EET‘?/ 1+ 4by,g(o) - [15]
“wr}ere ,b“ : .—n%u— \S" R . S
by, 1s the ratio of the voiuine of the molecules to the
/volume V of the systergé}) is given by (5l;) - S
B 3 (e foam o ?‘-‘; M

='ty and o1y = 0'22) tQ

R :#—1—?-}“""*“ B T
h 8‘!‘!’0012 {?ﬂmlma r

T
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Bmooy (® ™,
AN, T

Tel
LS

-

- [17]

As eq'n([13]has the term g,2(02) ~ the pair distribution

function - it is necessary to obtain an expression for it

uflagiA from the equilibrinmutnenry4_AMcLaughlinumadeuuseAaﬁAthewA—AwAe~m

Percus-Yevick equation in deriving giz( 12) and g( o)

 Percus: and Yevick equation (55)fenabled Wertheim ( 56)‘and

-

W~—\Thiéle“(57) to obtain analytic expressions for g(ql and

Lebowitz (@B one for gta(c,a)

There is a familiar method of calculating the

~

R ' 'équation of state when the radial distribution.function

is known, It is the. relation

7\A  ;’,9=1*T- Ir“ )g(r)ar

181
which. was originally derived’ from the‘"T?lal theorem (54%).

'+ The PercuStYeuick equation may then be solved analytically

. for the hard-sphere potential (59)..2he resulting prég-»

- sure equation pf’state'is

It

' .;EﬁT; [(1 + 2x +'3x2)1T1 - x)zj

e

thus - A 3

13



N
S Substituting into eq'n ‘[ 19) T o
. . P - (1+2b11+3b11 +3b112) Lo
Y n T (1 + by,)% ¢
. el .
i (But —EIPET_ = 1-+‘4b11§(0v)
. : ’ ’
v _Thus, . e
e g(o) - T1# 2by, + 3§TTIM - /4y,
(1-byy) ‘
. e 1 + 2b;; + 3by 42 + 2by 4 - ht1~74' 1 -
! " B : ( oAby (1 - 1y,)2 <
=' 4b11 +,2b112 7
‘f\hbu(l ~by,)" 5(?/
P _ -
24+ Dby, ¢ |
. o o gle) = —A1 B o -
,\ - . 2(1 - byg,y)® [21]
‘ ‘ The virial pressure is obtained explicitly from
~ " the solution of the Percus-Yevick equation since for the N
case of a mixture of hard-spheres 1
= P, + Yghyn.n,0lea, (0. ) .
B U517 1551589y
where g;,(0;,) is the contact value.of the radial distri-
- bution function, for which the Percus—Yevickﬁggpation I
N giéggm”as derived in ref (58)
. , . S i
—_— — ’ . 2 -
813(013.) = [°3511(°1) + cig”(cj)]/2@15T [ 22]
. ' : A .
4 :
‘ by |



where »
gy40043) = ((1+38) + 2(EIngo B(oyy-0,)0(1-6)"2  [23]
. N L% . ’ ' | | ,
where g = by, + ba2 - S ,b ‘ L

g iSVfor the mixture of solute plus solvent Iater onk‘

bf? and" hg Tirf%ﬂefmw foﬁhemm ’
‘Using eq'n [13]‘we can f£ind an ekpression for the

mutual diffusion coefficient of a dense hard- sphere mixed
fluid of ‘molecules of different diameters '

From eq'n [13]

nD = 1 ,
T ® 8;2(512)
e .

= | EER!
| 5522311(0:1)+ol;g2£ oaa)}fgyl%iii}[24]

To simplify the algebra, let

4 A o= '0228;1(611)
- and B = 011822(022)
2 N ’ )
7 A = ng{(1+i§)+§(g)H2Q2§(011-022)}(1'5)_2
and ] A \ - - v - ‘ _ i .
: - m . 2 : -
B = 611{(1+i§)+§(%)n1011(622-011)}(1‘5) 2
o ___ .,,, S ,,,:-';;L,,,, ,', R : , S ‘ Y :, % _
Th 9, ' '  ¢ \_J : . ° .
e A . vy = ” V 1 ' ") = z VAR
ATD = r—x 20 12+0 2bga~b, J+o 2b 4 -b2 -
TESENAT L2012%01.1( 22 11)+022(2b7 22)17[25] (.
) N R
A ¢
]
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and ! )
1 = 2012(1'bf‘1’b§2)é 1
Z12(012) o 20 12‘?11 (Qbé‘z-bﬁ )+022(2b "b#:J
i —""r S . C AN
- v - , [26]

Dividing top and bottom of L.H.8. of eq'n[26] by 01

— 2
1 = (1 .- bi-bis)2 312

- 812(012) AL [2012-011bf1‘022b£%+2011b§2+2bf1022] : ; La7]
L~ 511 . ) «
2042 ‘ _ . N A
S fi:bfidgh) LS R S
812(012) [{2012~U11bf1-011b35-022b -Oézbéﬁ}+3011b£§+3032b?1]
011 . .
] ) E v »1' X ) 5 [283
which simplifies to * '
, 20,5 ‘
1 = (1-b¥-b#s)? 01% -
g12(012) (1-bg* -bé%) 2042 + ( b + ;5) 3022 — . (291
, 011 022 011 7 )
But | 1 _ _nD
- E12l0:12) To® .
Thué: S - o - ' ""‘ ‘ 'T\,
. g12 . ’,:' : - .
a2 i_-bf’x-bi) T o .
oD (1-b#* -b%) 2012 + b + bi% Joz2 i (301
: ’ 011 Q22 © 011 ,

For the case of mutual‘&iffusion in a dense mixed hard-

4

~~~ sphere rlutd—where the molecules have‘thé*same BiZé O11 = 0zz

¥
H
z

T
pELY)
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Substituting for / . J
. (n - (1 b )2'
-1 = =Di1
_ET > hb”g(o) 7_2b11(b1'1+2)
L _ B
i = ﬁkT m,+mp (1-b11) -
D —&ﬁ i—-‘—i——llmz U P - N [32]
B Eq'n r32] can ‘be rewritten asvm I o
KT(m ,+m 1-b ‘V h o
*F— m‘n—‘—d %r:t%lﬁﬂ £33
. ‘ From eq'n [16]
2800 e® | (KI(mytmg), ¥
3 - 2rmyma o
Substituting in eq'n [33]
g nr mJBn 0,22 - (1<b )2 .
. p = %421 D800,2° 14,y) i
. . - o 2 {
- = gj2” P TioN (1-b33) 7
3 o byy(by1+2)
3
by ﬂ—'gl_no,le
3 - R S e
7 = g3z ponb (1-b3,) 7
. Jnnosz (by1+2) ’ )
(byit2) . [35]
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With an additional condition, my = ma (and 03y = gzz), '
Longuet-Higgins and Pople (60) further fbu‘nd-a result
for the pure fluid by considering the exponential decay
of the auto correlation function. -
Their result is '
) : v n.0 _ Aﬂk’vr\i( P '1}'}. . ’ ) ’ oo
R R AN WAC - ) [361
Substituting for - - '
- YNl o
R i S 1)L=ﬁ61’-b11‘) o
. A byl 1 ="b1g) .«
L we get after rearranging . L T
B . B . \ . . N
- 1-b44)2 kY S
DiY = %‘F‘-ﬁ'}‘ )
% i (5D | BNEL
Substituting, ’
‘ ( kT) 9_1’"‘8#9’0‘ from eq'n [17] T o
| . -
nD$ = fom® 2(i-byy) C[38)
(bi+2)
; .
- - R
- e
T A
- : oy
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' Application to the Diffusion of -Gases in Liquids

At present @e is a grea.t deal of data for the
diffusion of gases in liquids but 1ittle has been done

to determine these féctors which control the tempera.— |

'ture dependence of the diffuaion coefficien‘ts of" such R

'jstatistical-mechanical theories

,.‘systems or to calculate the diffusion coefficients from

'S

£ : {

,f initio we - look at the ratio V/py°.

Thus eq’n[jo] divided by eq'n. [38] gives Ca
LA R ' - S

_».‘; o o
D (l-bfa-béz) 321& (2+b1,) | L

-~

D10' .

2R (1-5;,)%0 (1 bu‘bzz)z—-’“* + (g—-%— + a‘i‘f So2al

L [39]

) R £

Substituting fo%m and 3;0 emd simplifying we get

,*2 (1 b,;)a{( -b§2)2+3bgggz:+3b]3022

012

s
S
@ RN

-

l.v . ﬁ_ ' "ff tno]

L3

\ !

the mixed-ha.rd 'spheres .- Mole fraction 1 defined as’

R&ther than “calculate D (mutual diffusion) &

o

o

. !

I

-

+ Xi

=
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Lebowitz and Rowlinson (61) deflned mole fra.ction
in a binary mixture of he.rd spheres as o
i w
p 1 ' ' o -
X1 = 5T ¥ R
_where B : T~
py = vii N ina mixture
I i ' 11
N = Avogradro's number 7
* Nii = NQ‘,. of moles of i in tne mixture B o
R o 7 Vii = mola.r volume of i ‘
py = number density of 1 in the mixture.
Thus Xy = Wiy - o .
3 ' : VIL o :
Nf], + Nzo )
11 i;22

Comparihg eq'n ‘[ 40] end.eq,'n, U&l] :\‘;le find that ‘they are

equal only if the V's are the same.
Thus | -
Py = iy
. Vm
"h
| (“’ a

ere

s
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. : (1) for b 1*1 ‘,in the mixture :
Biy = Niglnoyy® [ 42)
: m f
= Nl 1N|Tc 1 13 ) [43]
(N1 1V1i + N22V22)6 7 - . °-.‘ '
Dividing top and bottom by Sii &
N : Ny, + N22 -
| / - . RCE ‘ -
T e f*i\ 1NT‘[O 1 1 : _ - S : ,,,[44],, _
(X1V11 + X2V22)6 - o Coe o
(11) for bJs in the mixture .
3 ) 3 -
A NozNrioz2 [ 457
Vm6 ' : R
_ XaMmoza®
(X1Vyiy + X2V22)6
Dividing top and bottom by Veo
pX, - Xa2Vez - - Mg 223
‘bz = S v
X1Vyiy + X2Va2 Vaz - R
< RS X1Vyy *+ XaVa2
\ . .
R (iii} when Xk-) 1 E 07"'” T T T
At
-— %aQ—Ee[LH%’#%}bhea—beeemes - -
» B
‘ b
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T Since we are “studyirrg“gysf‘e‘ms in wnicn the solubilities of

(b) Egq'n[4s5] thén becomes -

bgz = Xz Vz
11

"baga

= 0

the disdblved gases are small we are dealing with the

q;se b‘%&" b;z and bzz =0,

" Thus eqHu[uO} for the special case  becoines

m +m2 25 \2 (1- bax)z (2+b11)y
(iﬁ ><o #,{1-b, )“’[2(1 bi1) #3bj30g27
gi2

"' *

i ’ N
Y

. ,+ma)( ;) e

%‘b11) +3b;;023
3 » T Oz

Diffusion coefficients are calculated using the above
quation for -various systems and compared with the experi—

mental values. o L L

The validity of this theory will be discussed later

!
.



Diffusion equation and its solution for the open-tube

and inverted tube,
{

The development of an analytical theory of Aiffu-

‘sional flow began in 1855, when Fick (52) applied

8 Fourier's equation for the flow of ‘heat to the flow of

matter by diffusion.

Q?e mathematicals theory of diffusion in iSOtropic

~media is based on the rate of transfer of difﬂbsing sub-“

,;stance througnra,unitfarea of--a-section- which iS'propUr-*;

tional to the concentration gradient measured normal £o6.

the'seetion'i.e., ' , ' RS

where Fy 1s the rate of transfer per unit ares of~secﬂnn;

¢ 1is ‘the concentration of diffusing substance, x is the

~

'

spaée coordinate measured normal to the section, &and D '

1s called the diffusion coefficient.

By considering the mass balance of an element of
- . - ,\.r

volume it is easy to show that the fundamental differen-

tial gquation of diffusion gtakes the form

R AR
Eé’EBﬁbentration c and also when the medium is not

homogenoususo that D varies from point to point, eq'n

R b T i BB T T ) o
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(2) vecomes : ' e
ac__.a_Dg_é 2 (128 3 (RCy 4
5t = 5x( %) * 55 y) +,-a'z(Dg—Z") | (+2]
where D may be a function of x, y, z and c . Frequently,,
- e
diffusion occurs effectively in one direction only, i.e.

t <

there is a gradient of concentration only along the

x-axis; in such cages eq'n [48 and [ 49jreduce to
2 2

T
: -

3 d%c f ‘
= pa=t | ) - [507
3% ax? S e |
and %% = 2 c) ; : respectiveiy

The fundamental differeux{gl equation of diffusion in an
isotropic medium 1s derived from eq'n [47]as follows:

o

D - D
S A {Qé
<:j§ . G o' - R
- L Sy . /
- l'c ‘
o .
4 P . 3
. w o o v . R
S B . F
- ’ 1 = - . - . -/:‘
A ‘ — AL ,
- & b A‘\ - - - - .
o \\\\\\\;; . .
B i . _B - _

—

The element of volume is in the form of a rectangularv

parallelopiped whose sidesvgre parallel to tge axis of
coordinates and are of. lengths 2dx, 2dy, 2dz. The /‘

K\\_%’ Vv'f':"' R
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go-

centre of the eleoigygis atrP({,y,z),'where the concen-
tration of diffusing substance is c. ABCD and A'B'C'D!
are the faces perpendicular tof%hé_axis’of X. Then the
rate at which diffusing Substénces enoer’,the element

through the face ABCD in the pldne y~z 1is given by

3dFx
oX

bdydz(Fx - dx);‘where Fx 1s the rate of transfer

_stance through the face A'B'C'D' is given by

through unit area of thgfcorrespooding plane through P.

Siijlarly, the rate of loss gf diffusing sub-
Vs . ..

l&dydzl(Fx + 2Fx dx)
3x

A

The contiibution to the rate of increase of diffusing =

substance in the element from these two faces 1s thus

Fy

~equal to -8dxdydz 98X ,(ﬂg ~ .

3X
Similarly, from the other faces we obtaiq,

. 5F F
-8dxdydz %yz and -8dxdydz %Eﬁ . But the rate at

which the amount of diffusing substance in the element

increases is also given by 8dxdydz 7%% and hence we

have immediately

3c _ 3Fx , 3Fy | 3F,

3t 0X 3y dZ
where '

2Fx . _pafc .

3x . . ax®

Using Fiok's second law and boundary conditions for

&.

various geomeiric snapes, one C&n find a solution to

'it, which can enable one to calcUlate the diffusion

rcoeffieientwg@~:~im——r~ o e e s L D
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‘Methods for measuring diffusion.coe?ficients of dilute

solutes. : : Qf‘

Considerable efforts have been spent inndevising
equipment in which the variables of concentration, dis-,
| tanee, and time can be observed in such axnanher'during
N ‘ .
R a dliIuslondprocess tﬁﬁf“fﬁéwalffﬁsIon“éoéffiéiéﬁfjﬁﬁﬂf”*

ﬁ\\\ ' can be calculated from one‘of the varilous matnematical

S forms of the basic difquion equations = ;:

For a- number of earlier methods, excelfent reviews
of both the mathematical and experimental aspects of the

giffusion process have been glven by Barrer (63), Carslaw

developments of these‘metnodsrarewavailable in the

literature, this presentation will be confined to & brief

summary of the mostruseful'contributions to blassical "
diffusion measurements‘ i o 7 7’7 o
There have been a number of ways of classifying
diffusion measurements, but in general ‘the eXperiments'
can be divided into two broad classes (67). They are
‘l.,tecnniques where‘diffnsionroccurs in a.psendo,'

'stationary state and where the diffusion rate and con-

13

=
and Jaeger (64), Crank S/j), and Jost (66). Since.detailed

4

1

L sentratienfgradient ean—be—meas&red -

o2, {a)mtechniquesiuhereiaigiyeniinitialiconceniiif4.f4;;4;e

tration. distribution at a starting time is known and the
concentration distributien at the end of _the. experiment

can be determined, an unsteady state method (67), or
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(v) techniques whicn are similar to part (a), except

tnat the concentration distribution is determined con-

,tinu sly or at intervals thrqughout the experiment,

(A) PreVious Methods

1)Pseudo-Stationary State Diffusion Measurements (67)

Although restricted to rather few types of exper- »
imental methods, calculations by use of Fick's first isw : ;f

are simple. If it is possible to measure the diffusié;
flux, F, in a given system with a knqwn-concentrationék
gradient, then the value for D is immediately calculable,

for.

32z o . .

LS. i . .
It is possible to integrate the above equation if D is

assumeﬂ constant and the concentration 13’@ linear

i?unctidn“of distance.tThermost useful-application of

thizs type is with diaphragm cells, wnere'difquion takes
place &Cross & porous diaphragm connecting two cells in

which the concentrations are maintained uniform.

J

Another application of tne constant flux method is tne

diffusion process involving a vertical tube open at

both ends, placed with each end in & reservoir of uniform'

concentration Although the diaph’!%m cells have been

widely used for diffusion,measurements, serious discrep-

ancies exist ong data’ obtained by different investiga~

»
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. _ o ,
' , - e
‘tors (67) using this technique. C
(a) Diaphragm Method | ‘F, v
This is a pseudo steady-state method (67). The dia-

phragm is a metal disc, with many holes, sealed acro8s a

T e ;,A,,A,f.ckylinder+wykw_f;#4* AAAAAAAAAAA -
- - »
- capillary ‘L( capillary =
. for 1y ‘W"fﬁfwmfilliﬁg}fw’”'W"iffwm*Wﬁ”””

emptying

} rotating
magnets*

r's

The dissolved gas diffuses through the holes-frém s solu-

-

Vtion of higner concentration to ohe of lower concentration.

\

Saturation is meintained by having the gasfabove a small

layer of liquid on the disc. If the cross—sectional area

“is not known, each cell must “be 1—dfviTaIIy ca.llbra.ted c

-
+

'rdifficulty is involved 1in measuring very small concentra~ -
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tion’ehanges.n A more important d{iadvantage are surface

effects within the holes of the disc These non- constant ' K\;ﬁ
effects qould affect tgg rate of maé? transfer across the e
disc, %hus influencing the value of D. These effects

mightrcnangeswith concentration and solvent. ®

et b e iy B i < .
Iy

.~ (b) Absorption of the gas-into-a liquid-jet.— g? L
This is a steady-state (67) laminar flow system, and

the experiment involves three stepe' diffueion in tne

gas phase, diffusion in the liquid phase ‘and interfacial -

resistance. Theladvantages'include the simpie design,of

the equipment the freedom from caneétion currents, and

the speed with which the experiment can be done. The

k two main difficulties are obtaining an initial uniform

" velocity at the Jet tip,rand therneededrvery acouraterr |
solubility data. It}has»been oalculated'(68) that an error

of 1% in solubility data would lead to a 24 error in the e

diffusion coefficient. v

(e) Ringbom Method

The equipment for this method consists of a gas-

saturated and a gas free column separated by a,pure gaS'

phase.)~The gas-Saturate -waterfis connected to'a reser-
uﬂ:.fmemﬂmaot |

measured by'observing the rate of the gas saturated wwmr

T ,;g#,.m“

moving into the displaced gée*SPace, ‘The two problems'

with this method are ¥he' influence of convection currents,

and very accurate temperature control is needed.

e Grpbge-onr
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2) Hnszeadx State Qiffusion Medsurements

The second classification of diffusion measurements
includes those methods in which the 1ni€€2}!concentration
distribution is known as well as the concentration dis-

tribution in parts of the - diffusion system at some later

w

poafible for a number.of geometrically snaped cells useful

in diffusion studies so long as the concentration &istri-

| bﬁtion 15 arcéntinuous function of dist ce and time.
For this case, the differ%;ﬁgal equation to be

solved is

O

| 2,
3¢ _ pa.c
3t 2

3X

Depending upon the length of the diffusion cell, the mathe-

matical soiutions can be divided into three major types:

(a) For a semi infinite boundary (67)

Concentration distribution and gradient at time

't! are *

c= A epf —=
2/ Dt

or ‘ ;{ 2

P NS
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with a somi-infinité boundary (67), the concentration dis-‘
tribution at time 't! is given by e s o

= Aerf 'm*/erf %o

(c) For a finite boundary (67):

Concentration distribution at time 't' is

c ‘iro "’”cos{mx ) -exp{= (—-)zﬂtim‘~ 124; )‘

C

These are probab%y the most used of all solutions to
t * diffudion studies ;;\%he boundary conditions are ful <.
fillef;ﬁxgctically by allowing diffusion to proceed fg; 7
'i“\:such a time that the concentration at the remotégend of
, the diffusion cell remains unchanged.

»Some methods for steady-state measurements (67) are:

-

tiallx infinite liguid . ) -
Tno—*aﬂ%:of solution of a stationary gas bubble in

(a) Dissolution of & stationéry bubble into an essen- v '

L -
a liquid is governed . both by “the solubility ;,_ the diffu-

sion coefficlent of the gas. The liquid “at thef} bble
surface maintains a ges concentration equal to C the

'Tsaturated’soiﬁfIOn concentr&tionj“and“diffusionois~consi4WV*WW~;

dered to oceur radially outa&rdf , on,
Cf/;;d to be independent of concentration The bubble
. »
NS - radius as’ a,function of time can then be megsured to give

‘D, The two mein disadvantages of using gas bubblei,;o find
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\_A
‘che. diffusion coefficient a.re effects due to surface
, 7 tension, and'k effects caused by the colla.pse of the
.’ .
. bubble ond:;the consequent 'stirring' of the solution.
S - e e
- i
% ""4 :
1 - 1.
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(B) Methods used in this investigation -

T Open—Tube Method o a f1 S .

The method used was that of following the rate of l-i

»
gas absorption into the liquid as a function of time

x

The apparatus used was similar to that of Houghtonvx\

C .

et. al (69). The diffusion cell was a uniform tube

of 2M cm2 cross-sectional area and 25 cm. length The

1

of a typiqal ’nun,),is"less than 2 cm. After filling -

the diffusion cell with the degassed solvent,
thermal equilibrium wes established by keeping the
cell thermostated (25 + 0.01°C) for aE least 24 hours
»p;"ior‘ to allowing the gas into the cell above the
solvent. The-volgme of gas diffusingeinto*the“solveﬁt';
was measured with a calibrated manometer; The gas
Vwas kept¢a£ COnstéhi;temperature.—

Special care was taken to ensure that the liquid

-

was at equilibrium prior to & run and also that the

system was free of any surface active contaminants.

Experimental Procedure

The apparatus for measuring the diffusion coeffi-

olents is.shown in Fig, 11.
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Fig1l . -
Open-Tube Diffusion Appa‘f'attjs'./'_/ -
. Ty *
. » ) \
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mercury level in manometer E was‘lowered by opening stop~"

cock 9 and lowering the accompanying B mercury reservoir

Fisher spectroquality solvent was introduced into flask C,,'
or if solvent from a previous run was used, the flask was

evacueted, end_then stopcock‘S5 (Hg ;ealed)*waswopenedrtorgr

'S

allow the solvent to flow back intoffleskic;'s5’wes then

‘closed. The mercury,level'in manometer G was lowered by

openins,stQPCOCK 512;999WJQHQtl92#3@?m§999@2%9¥%§5ﬂE&uwm,W;WW
reservoir. 812 and 813 were then ‘closed.

The system. was then evacuated: S11 had been opened and
5 closed, liquid Qgtrogen was put in trap £. After
shutting Sl’ the pump was: turned on and both S, and S3

were opened The solvent was then degaSQEd by warming

"~ and evacuating; The~degassing~procedure~was repeated'

about three times, then 54 and S3 were closed.

- To transfer the solvent to the diffusion tubecD,r'

_elther a beaker of very hot‘Water was placed underz?lask i

C and the solvent vapour pressure was permitted to trans-

- fer the solvent when stopcock 85 was opened, or pressure

of added Helium gas was used to trangfer the 1iquid

(The Helium gas has a very low solubility in water, and

therefore nould not affect the diffusion coeffieients )

A

“When D wEE‘KIMﬁEt‘fiileﬁ“BtUpeocKS‘Sg‘and‘SEg‘werE‘Bhut‘* —

‘The gas storage bulb wa.s then filled with,the required

mges:~with~stopeocx~513fopen,ethegneedlewvelve,wasfopened,ill”,,m,
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opened. When the

‘pressure Of 1 atmosphere, the gas cylinder, the needle

7 e ol

s/

and then closed. Stopcoc):css's13 and‘,S3
The ges'cylinder,dﬁij; and the needle valve were then

were then closed.
g level in H had reached an internal

valve and 813 were closed After'allowing the Hg level.:

" after stopcock 16 had been cpened, at which point the

in manometer G to rise, by opéning 812, 813 was opened

to the atmosphere. The pump was turned off and S, was

1

, opened Finally, a little solvent from J was allowed

into manometer E by opening 86, then the Hg level in
the manometér'was allowed to rise, with solvent levels-

equal in the two arms. -

To start a run, stopecocks 11 and 7 were closed,-‘

timer was started. Changes in thefvolumewofrgas'werevgf—

measured as -8 function of time. The levels of mercury _

in the two arms of the manometer E. determined the volume.,

The Hg level (cm) was observed with a cathetometer at
t=0. At any time t > 0, the two levels of Hg were‘adjust~
ed by opening S, until the level in the right arm had
‘risen to the level in the left arm. The new height of

the Hg levels was recorded with the time.

- The. manometer arm'was,calibrated,previously. The .

are&*of‘the‘d1ffusion‘tuhe‘Irwas‘measurea‘previously.h

Calibration of Diffusion Cell for Open-Tube

The cell was cleaned with distilled water. and dried

thoroughly in an oven at 100 C The Cell was then clamped



LY

ondo a steble‘retort stand, free from vibration. bis; —
tii&ed water was then poured into the cell by means of a

_ constricted funnel to about 5 cm. from the bottom. This ‘
- level was marked with black ink in such a manner that’ the

meniscus coincides with the inkmark.

w——

g e g 2

The height of this water level was read off by

means of & Gaertner'cathetometef%xfh% cell was .then -

,Wiiweighed,on,a,sagdttorigl balance.-¥(i;autions were taken to -

ensure that there was no loss of water through the cap-

4
short to ensure minimum loss o water,by evaporation

1llary while weighing Th%/pet;:d of handling was
More distilled water was poured into the cell to
‘about 15 cm: from the bOttQ?:;SPGQial,08?3.338‘?9k¢n.t9
ensure that ‘the sldes of theiceli'ﬁere not‘wetted'whiie
pouring in the water. This was avoiaéd by filling the
cell,from.the bottom. The?eightof thislevelwes’agagn,
"read‘ty means of the Gaertner cathetometer. The cell was
weighed again,ltakiné the precautions mentioned above.
Calculation of the Area of the Cell
bensitr of neter(fl) at Qﬁéc :..........,= 0.9972967gm/cc

29

Endﬁeizhtvfwkterfieg;i:#~----------{1-='93-8895fm‘*~.%;*

-~ ist ‘Height of wa
. Height of water ....... e etecesacanseseanes

]

10.810 cm

2nd Weight of water + Cell ...

i

1st Welght of water+ cell ....5...:....... 252.890 gm

Weilght of WELEL tevvvearaeeedveeannnenas. = 184,010 gm

426.900.gm - -

e
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B ,
Density = -Mass ‘ = MESS (m) ‘ ' ,E
(£) . Volume  ——  Tength(t) x Area (A) §
. ' .. Area = . m : - : ;
i | | (A) E S o
, r A = _184.010 | R
T e WM~M*~~*MW~16~8-19 5&9-99¥296~»~ S —— &
\ _ 17.0683 cn? R
This is 8 typical result Several measurements were made. . ~
= The accurac§ is\;ﬁémbbiiﬁrgpﬁ‘* T e

II The Inverted Tube Method

‘A method=for the dissolution of a gas into a semi-
infinite cylinder of pure solvent was considered in (1).
We eaiied the experimental techniqUe the 'open—tube method!'.

It'appeafs from studies to be. discussed,later thatvfof f

certain systems this method has definite limitations
Where the dissolved gas brings about a'ﬂensity increase in
the surface layer, as compared to the densityrof tne pure' | ,7; !
solvent the simple diffusion dissolution process is com-
4 ,plicated by the onset of a convectioﬁ mechanism(?O)
To id this natural convection term we have inves-e~
‘v tigated i:?ﬁlnverted tube method wherein the solvent isr ‘
"~ held in a capiiiarj”aﬁové"Efemei1”siug of*the—dissoivingwsuififeﬂéi
a5} i Vs:iut"‘

gas remains below the less dense pufe solvent ahd thus in i

— ’

-~~~ - tne accepted sense convedtion through tnhe formatiosn of a =
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-

density gradient is avoided;

Experimental Procedure

The diffusion. cell is made‘fromvprecision bore . .
tubing (1 mm diameter) and about 15 cm long. (Fig 12) R N |
" A small bulb of about 1 ml capacity is blown 2°cm from B

; t~1sm€CZ§mi

one endﬁgnﬂ*tHE“otherfend“iafseaied:“ﬁkr“

first placed‘in'the'dessicator vessel and evacuated

thorougnly The whole apparatus is then flushed with

‘the gas under investigation and re—evacuated several times. -

It 1s finally filled ‘with gqs at 1 atmosphere pressure

and a few drops of the degassed solvent are transferred

into the'bulb of the diffusion cell through a serum cap,

using a hypodermic syringe The" diffusion cell is then A
placed in a thermostat and after-§G minutes, more';w"”L':'””w’

L

degassed solvent at the same temperature as the thermostat,'

K}

iquuickly introduced into the capillary, displacing the.

gas, %gtil a gas slug of some 5 mm " length is left at
. the end of the capillary Tne change in the position of
the solvent meniscus accompanying the dissolution of
the gas is followed with a microscope fitted with a ;;jat «',: ?
calibrated filar eye piece (Gaertner Scientific CQrp— | ‘:_i
fonu4g91ﬂmermgniﬁmtum4ﬁdmendmmmmgaial;valpl;

and the posit;on of the meniscus can be - measured as a

) function of time to within 0 005 mm The wnole apparatus

—_—

' is mounted on a concrete block to avoid mechanical
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vibration A typic:al run lasts a.bout 5000 seconds and
during this time the meniscus moves some 1.5 mm For

7 prelimfnary runs, capillaries of 1, 2 and B-mm were used
for the cells., The rates oﬁ/absorption of carbon
dioxide into waterwerefbund to. be independent of the

,W_l_lll%lllMll_dhuxmionuofmthewcelllwlqdihin;uupaeeupacyuofuthe

- © experiment The solventj/water, was purified by distil-
1ation in a Pyrex veséel and all gases used were.

3&57”;”””**"”f’" ‘supplied 'By Métheson. *i

Lo
EN -
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P ol

Fig 12

The diffusion cell and the dessicator vessel,

JhA

e e o i
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Theory
A The Solution of Filck's 2nd Law for the Methods Used in

this Investigation

vii) S For the systens studied diffusion 1s in a semi~
e ”f’*“““*f**“infmit“ef mediunr;f“where“*tne*‘bcunde:ry_(xzo‘)“ir"RevtEW e
- 477“constantrconcentration,’ O,‘andzthe initial concentration |

for x>0 is zero througnout the medium, Using the Laplacev

‘transformation we find a solution to_

- at axE [51]
satisfying the'boundary conditions
c _;co X =20 t’> 0 : [52]

on multiplying both sides OftSL] by ¢~Pt and integrating
gith respect to 't! from O to = 4

T Rt 3% at -1 |7 ePac at =0 [54]

and'assuming the orders of'integration and;différen' CR

N : tion can be interchanged we get

-

e g‘ -
- jo e Pt 3 ce\d ———2—— (55 . o
S ax” . /_\\ o

: Integégt;;;by parts, we~nave 7 A

J TEE ac dt t ce Pb]o * pJO Cefpc dt = pc [56]

Y0 (a—f A
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Since [ce"pt]z vanishes at t = o by the virtue of the
initial condition and at t = = through the exponential
factor, eq'n [51]reduces to

o S = pt o [s7]
oxX : . .

D

L]

_ By treating the ;bounda.ry, condition [ 53]in the same way

weobtain .

’W7wwuj'coe gt = %P—,'xmg"T;f"””m”mf‘”ﬁmm"f”'fBBJ"”www”

Thus. the partial differentiation eqg'n [51]redﬁces .t‘o, the .
ordinary differentia.l eq'n [571 '
The solution of eq'n 571 satisfying eq n [56] and

for w‘ﬁlck{; remains finite as x - = is

g = %’— e~ where qQ = -%— ' ) ['59]‘,

"~ The funt:tioh whose transform is given by eq'n [59],15

¢ = c, erfc -  [60]

Cq is the satura.'tion' solubilii:y« of the gas in the liquid

and erfc(x) is the/ compliment of the error function.

“The~ equation”for‘ mass transfer is

£ A~ ) J’;
k‘l_;:c_ = . 1 > am -~
A a,% )
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3m_ _ P av g ' S
where =¥ = RT 3T assuming ideal pehaviour. |
Differentiating (10), o
- - njl“
pc _ ‘-tp o _-x2
0% /DTN T
e
At X = o, g = = o_(
. Ve A
then pee . Do _ /BT L B oav
° LADEN °© Vit ART TE
,/,/,, _ R _ L e _._ - ,‘; P — S,
Separating the variables and integrating we get
D\ ART [ ,-% | ‘
oV [ tTPa - [av 61 ,
. . [«Wn‘
_ 2ART Dt -
A e [62]
" The theory iﬁcorporatihg the ihtefféciélhresistancé
term and the -convectlon mechanism is derived in the Appen-
. dix. A discussion of the magnitude of these terms is also
given .in the Appendix. ' 7
-“ 3 - 7 N ”
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RESULTS '

In figure 13 typical data for the diffusion of nitroen
'into benzene solvent are given It is‘seen that botnetne f
open-tube method (O T. M ) and inverted tube method (I.T.M.)

‘data give 1linear Ve /t plots but of greatly differing

slope.  If the presaxce of f:he natural convection term is
ignored and the 0.T.M. data iﬁéerireted according to eq'n b

£621an,"apparent" _diffusion coefficient value of D = 7. 23x10 e

em? sec”! would be found. The plot from the I,T,M: data ,,L“

gives a value D = 3.90 x 10‘5'ci2 sec’ ', A similag paggern -
of behaviour is Observed for the dissolution of argon into’

water, here the O T.M, D(apparent) 10.3 x 10”5 ©em? sec”!

whilst the I“I‘ M. value is D =-1.44 x 1075 cm® sec™!. ALl
"these data were measured at 25;&- 0.01°C.~
For the dissolution of argon in benzene solvent the

data from the 0.T.M., experiment, forrarcell;ofrcross-

seotional area of 24 cm?, failed to give an acceptable ¥ vs

Jt plot so that not even an apparent D value could be calcu-
lated," In contrast to this the .I. T M. data gave linear
V vs Jt plots from which a limiting slope value of D =

3, 99 x 10°°% cm? sec” ! was found

As may be seen from figure(ﬂu, however, the 0. T M.

-

data follows a pseudo-steady state V Vsq% relationsnip. 3
k

» The' slope of this line is quite reproducible. 'The consider*

“able increase i1~ the amount of gas; absorbed‘as & functionf

*ﬁ» . e
S
o
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of timé in the 0.T.M. experiment in'conpariSon:to'the
A£.T.M. experiment isveasily seen from the'plot'sinoe the
'reduced'~gas volume plotted-is made,independent of the
tube cross;5ection area. | |
4 e Me&surements were made for the rate of absorption
—ﬂwwsmusessuoﬁ%m&h%%ékwdéefhrﬂm%eF{wer#ﬂm-taxmr&hﬂeuﬂﬁgﬁmuwMMHMMu~w
‘ "0~ 35°U“i The limiting slope, equation [62] was used to -

‘calculate D. In all casesra good linear V vs /t plot

7;f% wa.s observed . In tableVII we present ‘the slopes of the
o V. vs /t plot, estimated to be accurate to 2% at room
',temperatdre. D values are also given in TableVII and
aré~calculated using the_gmoothed solubility data tabu-
1atedvby Lange(71) This data was found to differ by‘54
to better than 1% at lowerétemperatures. Fig 15 shows a
plot of 1og D vs T; & linear relationship is observed and
the data are represented by the empirical equation o
logioD = 1.303 - 422
The measured data agreed'ouite:well with”tne resultsrof
Unver and. Himmelblau(73) obtained using tne laminar flow |

method, They fitted their data to the following equation:
T DX IG'*}‘O 9589?-? Tﬁlﬂr 10”2*@)-}-*7981TTO “‘q‘a”*f”*’***’f"""”""'




Data for the rate of absorption of Ar in water are
given in Table VI, again over the temperature range 0 -

35° C. The diffusion coefficient values were calcUlated'

“using the solubility data of Ben-Naim et al (7 ) for the

,.:',EH‘

temperatnrelrangelQlluiQ‘QJuulfmumnletlal (75) L8 35°%C.
The plot of log D vs T is given in figure 16 and as seen,
a slight divergence ‘from a strictly linear relatiOnship

" 1s observed. 'These data are represented by the empirical

,radically different. The recent measurements of Boerboom

equation, Dx10% = 7.18x10™! + 3.60x10 2g-2,11x10"%2

1.14x107%9® which fits the experimental data to 1%

accuracy. » | B . :;;Z;
S » ‘ i ‘ ‘ o o "‘

For the argon data we compare our value at 25°C

v

(D= 1.44x1075 cm®sec”™') with ‘that measured by R.G. sfith*‘-;f‘““i

et al, (76) | using tpe “Ringbom" techniquey‘fTheir value

-

of 1.46x1075 cm? sec ! is in excellent agreement with our.

own value even though the experimental tdcnhiques are ”'¥'77

-

S b LA AR e 1t

and Klegh(77) gave a value at 0°C of O 663x10 S cmZsec’ 1:{"faf:‘f
and at 25°C a value of 0“78x10 ° em®sec!. Houghton and E , ,;“;
Wise(TB) using the collapsing bubble method founde’ le%“wlﬁpﬂ; A
- 7galues considerably fﬁgnerrthaﬁyﬁﬁr‘zzgd; . ‘f, ': ) ‘;riv,l;
e de;“tgzﬂgases studied, tbe 'inverted tube method'r'lr? f?iif

”sing 2 into tne solution, the dissolution has no

gave results in good agreement with thoseggalues obtained,«

by other. workers. It would seem that with the gas diffu—' > ?

appreciable density convection term. ,x’

- . A - 5 .
. f , o . ) |

- e - - P ¥
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““*”“”“rt***M“Tﬁetvalué“Ttﬁ*umﬁﬂnnnsftirOﬁmkcsijthO?fis*tntgooﬁ*égreetftf“**““u““”f

_ 'Over“theitemperature rsnge'studied' all gases ekhi-
bited good 1inear log D vs. plots, suggesting there is
no chsnge in the ‘immediate environment<ot the gas'over

IA(Fig;wl%) this tempereture range. ’If~sctivationaenergies

. (AE) are meaningful, the values obtained from the log D

vs %'plots, given in Table V, show reasonablerconstsncf}:‘ ;%

ment with the. 2.90 kcal value for the diffusion,of‘a,wide

range of hydro carbons in water as reported by Wither-ﬁ,» -

spoon. The solubility data for methane, chlorometh&ne,
bromomethane and dichlorﬁfluoromethane were tﬁ/se of Glew “ - ”é
and WoelwyneHughes.(79). They claim their data is pre- g L
cisé to + 24 (using a volumetric technique);/“When,more o

accurate solubility data are obtained for these fluoro-

carbon gases, the diffusion coefficient can be recalcula-

Ay

ted, as the rates of diffusionfgre quoted
Various empirical relationships have _been suggested A
for the diffusion coefficients of gases in liquids. Tne |

difrusion of a gas through a dense solvent is controlled

R

o mainly by the size of the diffusing solute molecule and

by the viscosity of the solvent, Hildebrand has suggested
that® the'product DV, %, where v, is the solute moler volume »
at'thefboiiingrpoiﬂt sho&ldfbe~&ppreximatelyfeonstant—{81}~—wvm~wfﬂ
Juijuquijsmhlevyiiairoughicons observed, though o
the value of this product for argon’ is considerably less

-

“and the value DVb% = 29.72 for CHClpF 1is far Higher than

RN i - - S T T e e T L TP

the other gases. A rough linearity existsgbetween 105Dvb'g



R

and the activation‘energyrﬁﬁrfor—GH‘——eﬂgei\—end CH;B as
might be expeéted from Hildebrand's arguments for the user
of the V 3 term

Othmer and Thakar (52) have suggested that as both o

diffusion and viscosity are rate processes,.both-varying
linearly with the exponentiation of temperature, a plot
; of log D vs log n (the solvent viscosity) should give ‘a

straight line. Such a plot is given in’ Figure 18 and 1t
is seen that &ll six gases give a good linear relation~

“ship- over‘thE'temper&ture~range—meaeuredfﬁAWilkeeand T ———

 Chang (50) have proposed an equation relating the diffu-
sion coefficlent of a solute to the physical properties
of both solute and solvent, viz.

7.4 x 1073 x (2.6M)T /

D =
' nvOB

'x

As may be seen from the‘tabulated data for-each gas, and
:or typlical systems as plotteq in.Figure 19, this equa~az
tioniisttotally unable'to represent thekobeerved data.
Neither does it gIVB a good eetimetion'of.the temperature

dependence of D ! E v .. "

If the simple Stokes-Einstein relation is examfned

Daﬂt kT/3ﬂ022

a reasonable consistency for the D2ﬂ1/T term for all sys-

tems oéer the temperature - range studied we.s found ~ Values

of this term are tabulated for cach system in Table V to
IX. 1If the everage valuq,of D2ﬂ1/T’iS plotted~égainst 

~{%/gs5) 1t was found ‘that though & linear relationship - — .
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exists for the COz, CHs, Ar and CHsCl, the siope of the

line is of the wrong sign '

"~ The extenéion by Thorne (54) of the Chapman-Eskog
theory of dense gases has been combiﬁed with the contact
’radial distrivution function,: obtained by Lebowitz (61)

on the basis of the. Percus-Yevick theory to provide ex—-

,l,li:i,iiil;nmﬂmsions,foritheivariationiofwtneimutualudifﬁusionmgfﬁ

with concentration for a dense, mixid, hard-sphere

‘fiuid (53).

T T T The McLaughlin (53) formilation of the diffusion
equation, based upon the theory of Eskog (82) offers &an
alternative to the Stokes-Einstein equation and the many
empirical,relationships based on it, some of which were
discussed'before;; To obtain mutual diffueion coefficients
from equation [46] values of the self diffusion coeffi-
cient D, of water are needed over the temperature range

— " of the experiment. These values ‘are obtained from the

| data of Wang, Robinson and Edelman (83). Hardsphereri?

diameter values (Uii) of the solvent and of the various

solutes are also needed, For eater we ‘use 'a value of

2 75A (84). For the solutes we ose theAgenerally eogepted;

12-6 Lennard-Jones potential o values 184) VSZ data
obtained with Dz0 as the tracer molecule, L;}) &niiﬂaQ

'traeer data (83) gives o better overall agreement.

TIRSES

As may. be seen in Tables VI to XI, except for the COz-

Hz0 system, the D» valuee obtained from equation'[46}
agree with experiment better tnan do tne Hilke-Chang

I
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equation [12] valﬁes. The values from equetions [46]and
{12] are compared ¥ith the experimental Dz values. for
argon and methane in Fig 19, In genera{y the temperatureﬁ
dependence of Dp is not well predicted by eQuation [45]
The assumption is made that the herd-sphere diameter 11d

values docnotivary with temperature. The validity of 7
this is tested by plotting in Figure 20 the diffusion '

coefficlent of. ‘water. (D,) at the same temperature. For
all systems examined a good linear relationship exists
This suggests that the right hand side of equationl 46]

can indeed be considered independent of tempereture

) coefficient of the solute (Dgl_egainet,theAeelf,diftueionwﬁﬁﬂfw~~—

It is seen from TableyIl that for the COs-Ha0 .

[12] values and experiment is not only w%?ee than‘therv
Wilke Chang values but far worse then.those valuee pre—
dicted from his theory, for this system, by McLeughlin

{(53). McLaughlin made two epproximations when using

'equation{:hs] He obteined the 022/041 ratio from deta

on the lowrdensity gas viscdsities of water and of cog'

over the temperature range of the D values.

- -system the agreement between the'ﬁhébfetICEIjéquetieﬁf"”'”"” o

The ratie is- ebte!ned from-the relationeﬁip (ref. 53)

(1) g = 1:016(%s 04, ®) (myrr/m)E

In this range 0-55°C he ‘found the 022/011 ratiofto o

vary from 0 98 to 1. 01 Having foundrthie.ratio elose'

&




2 to unity he set the last temm in ‘equation (46) equal to .
unity. The very small variations in o§?/a11 (from gas f - '
) viscosity data) over the temperature range studied support .
our interpret&tion of the linearity of the D vs D1 ‘plot. |
" The °22/°11rat1°9 from “%he slope of the D vs D1 plot is d
—w—ww»~*ekﬂ~eeobtained~making*thetassumption“that“the“fiﬁa1 term in:
- equation{ ¢6] is unity. These ‘are given in TableV = and

of . o

it 18 seen that for the 002/ H2O system the valu

:022/011 = 1.10 is, in,fact, self-consistent witn the - -
assumption that tne final term in equation—~'.f '-»-pprox-'
o imately unity. It agrees with the 022/0 / _'/ patned
| ‘W™ from the gas viscosity data for COQ/H 0
agree with the ratio obtained from accepted.c values(49)
Vs D plot, R

L
1n'betterr

- Using the 05/ TBELO obtainea from ‘the D/
values obtained from equation [46] are.

agreemen' with the experimental values (Table V) For

the CH3Q1

| etves oyy/oy; )
‘ * Tables VI and XI,using’these o ratios and‘making the o

and the CHzBr/H 0 systems the D, vs D1 plot

atios close to unity As can be4§een from S f

assumption that the final term in equation r46} is

unity does not 1mprove the agreement with experiment ’
- For the CHC1,F/H stystem;using—a~522 v&hmrfﬁ’2*66~A+*%f;*w?foﬁj;
- (35).tne diffusion valnestheinedare1nra$herepoor,evJ’ifl

agreement with the experimental values. From therD2 ve E " é

[



-120-

.
'“\\

*w*h“#bin“wateruwitn*any*re&l#success

‘ ‘Di plo‘b the a, ra.tio 1s found to be 0 60 but this ratio
is not self-consistent with the a.ssump‘gion tha.t the final
 term in equation [1&6} 1s unity. Dilute as viscosity -
v data for CHCle are not available but it woul&bear :

that equa.tion [46} cannot predict the D value for CHClgF

g —
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Diffgsion*of nitrogen in bénzené*solvent."',fﬁj

‘ Cﬁrve.l. Open tube method.

B . o Curve 2. 'Invertgd tube'methbd.Q
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Rate of Dissolution of Argon into Benzene -
e ,“:} B . L .

» curve 1. Open tube method. g//‘dlfﬁX |
-Curve 2. Inverted tube methdd.

- Data at 25°C, , .
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Fig 15
Temperature Dependence of diffusion of carbon dioxide’
in water. — |
) ~— o i - B . R
: —— Experimental data.
———- Himmelblau data. |
- W_/i:i-firgg;gp;&lity data of Morrison a.nd lange. S
.
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... ... ... of Lange snd-Morrison. '

Fig16 e T

<]

Tempei‘ature Dfependen{:e Qf d;ffus_j.bn of az;gé)nﬂ‘.{ﬁ-r-’ !

M - _water. . -

- ST _ Y

b,

, " —~——— Experimental data.

Himmelblau date using solubility data
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Fig. 17
' Dependence of log D on the reciprocal absolute

tmmme(VWKﬂ

Legend: co, -~ 1(x)

- CHC1_F 2(v)
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Fig 18 ;

' Dependence of gas diffusion coefficient (log D2)
on ‘&he ﬂscdsity of water (lbg 'ﬂ'x{)-

-

Legend: COz O ; CHy O ; CHCl,F v 3 CHCla A
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. Fig 19
Temperature dependgncé of Diffusion Coefficient of
argon and of methane, with Wilke-Chang \gnd
'McLaughlin approximationéf‘ o = B

U : ' +-
- Legend:* Argon data - full line;

Methane data - dashed line.
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- Fig 20

'Difrusion Coefficient of gas (Dz) plotted against,‘ ; :
o the self—diffusion coefficient of wa.ter (D,) a’c
the same. tempera.ture. :
* fegend: COs % 3 Ar A ; CHa "% 0 ;%CHCloF o
\ {
ey
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coNcLusIion

' The six gases studied extend over a wide range of
,gas-hydrate stability ‘No outstanding differences in '

actual. diffusion coefficlent values nor in the tempera-rj B

'similar disparity between the experimental data and the

agreement of measured values and of various empirical

'the°ries-18. in general, poor but this is obviously a,j~—/’

Huq,and Wood (86) have examined a ‘wide rangedtf empiri-=
cal and semi-empirical equations relating D values to

‘the properties of the solute and solvent and found a

/s

'GXpected correlation. S T
‘The McLaughlin diffusion equation, considering ”'”jf .

its simplicity (i e. it comes from hard-sphere theory),

its sensitivity to the O34 values used and even/more S0

to the self diffusion value of water gives remarkable

agreement with experiment It is seen, however, from

the D v8 D,° plots that the tempereture dependence of‘ i k”')

the dirfusion coefficient of the gas solute cannot be -

expressed as D —_;D,O (where A is a constant for -

77777 7/7r77)7r_~ﬁ—)—4.'-7¥7<77)4i‘ e l,,,,r . - .

given system) ‘It is likely that higher te

g theory rerleetiné multiple collisifn) must*te'
incorporated before it csn'sdequetelyrportray the tem-

- pérature dependence of the #iffusjon of & solute ima =

5
—~



dense 501vent medium.

The thermodynamic properties of gaees dissolved in -

SN

'- non-poler 301"31'1/5"'&11(1 in.water show considerable differ_ SRR

ences. This is generally regarded as arising through the -
“water structure" problem ' Meny,ﬁiudieS*suggest thet for"f?

ﬁ; ture 1ghediately around the ges molecule is formed (18)
”7Thus it isrexpected that,for these gasee the;dlffuslon; | f o

rin water are eurrounded'by sonerwater-etructurEI'leeberg{

Aeertain gases dissolvefin water, a clethrate-type struc-'

process 1n water solbent does not depend on thereolute‘

Vsize Blone but upon the enveloping water—strueture 'cage"

It might be argued that nothing in the preeent study

mitigates against the concept that gas eolufeggdieeolved

*reageix*Equelly eo,~neithermthe~exper1mentei~d&t&—ner~1ts A
“interpretation in terms of possible relationships ‘between

D,, D%, oaz etc support sungge concept R S

= The theoretical and semi—theoretical equations do

‘ not cleerly indieate the temperature dependene\\of the

diffusivity ‘because either they involve tempera.ture-'
dependent peremeters or they 1nvolve tempereture-depend—‘
ent veriables _such as the;:iscosity. It is alsordifficult

. to draw conclusione conqerning,the temperature dependencg{

/. o

In extrapolating and 1nterpolat1ng diffusivities ;
an&lytieally—instead—of graphieellyeeasimPle lineer:4~>—~¥<wva~~w

e
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relation should be effective over moderate temperature

ranges, viz

v o
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s . log Di2 = T + B
g .
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_ Chapter III - , e
¥ _  "If we begin in certainties, we sHall end-
in doubts, but if we begin in doubts, and are

- patient in them, we _shg}l end in certainties.

A b et mmeon (15610 1626)
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CONCLUSIONS _f e

solubili studies unat no. detailed theorecticel inter-'
pretation of tne results can be round Equall& so, no.

really satisfactory theory of simple‘gas solubility in

It zpkseen from the\iﬁscussion of both diffusion and ‘
y -

water or gas solubility in water plus other ‘solute systems, |

exists, I consider it necessary at this time to. obtain a

The experimental techriques described should be suitable

for the study of t e wide range of phenomena necesssry -

\“/ﬁider picture of (gas solubllity in water and,water mixturesiiﬂw

4 before the parameters of an adequate theory of solubility can

be discerned

f TQE.eXPsrimsnﬁa; technique described for measuring th&™

3
i‘Q-v

—ssturation~solubility”permits'accurate”dst&’tombe’obtained"”"”

. than-most other methods whose general accuracy is + 1 cc/moled

for geses ‘dissolved in water.,The method appeers to be
precise An accuracy of + 0 05 cc/mole is cleimda ‘better
The main advantage lies, however, in the rapidity or the |
determination. BecauSe of the general importance of. oxygen
solubility in‘water, oxygen ‘was used as oneoof the gas .

Cthonents”in'the gasrmixture It isvto beé noted th&t*in

L IR

f”most of our gas mixture work, analysis was only made fop: T -

——

By .

S

the dtSBOLved oXygen, as we were only interested in the
solubility behaviour of oxygen. '

~In- the triengle binary gss mixtures“that waS‘done with
L



&
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| an‘analysis‘of‘both‘components'( 1, e. Nz/oé’ 02/CH and.
VVCH4/N )" - a lowering of the satur%tion solubility of each

Vcomponent Was obsarved in all cases. I would suggest that

other experiments be done for anofher triangle of mixtures.

The one I would suggest is Ar, Xe and Ne, as there is very

little’tnté”ﬁction of these inert gases in the gas phase.

Our data obtained from our pressure apparatus was

i

obtained mainly to support our\aata obtained by other

77techniques. I would think ‘that rather than study a one =

,atmosphere pressure saturation solubllity,at,as C, as 1s
norﬁallyvdohe; using the pressure bomb technique described,

a presSure dependence of the saturation soluhiiity (say

. 0-1C atmospheres) can be simply done., From this the slope
KH? (Henry s law constant) o? the solubility-pressurev”“ A
;graphs give -a self consistent value for'the saturation R

'Vsolubility. '

',our pressure dependence,offtheeoa/ﬂg mixturefisrof
practical interest as there is 8" lowering of the\gxygen
saturation solubility. But(it is found that 8 better

experiment would be to keep gas. (2) at a high pressurev(say

20 atmos.) and find the C*A&Eﬁn gas (1) oVér”O"-}”’y“~——<

atmos. range i e, the pressure of; gas (1) is a constant

Thisghan ‘be done by a simple modificatidﬂrof the bomb

*anu‘tne‘pressurE‘gauge. . .
In & recent paper, Lujis (35) claims that methane

ra

mater below this. A temperature dependence study of’the

J

- o
£

—~~behaves.as a structure. breaker above~28—?w—and & structure*”***

-



present apparatus. _ ‘ ’ %;ﬂ,_fkazg"

the solubility of the pure gases and their mixtures is
worthwhile; from this one oould obtain AH ‘and AS'values 1
for. such transitions irf they do occur, We can do solubility

at any temperature without any modification of our:

OQur present methods of measuring solubility can be

used for any solvent The only modification is choosing

a column which will separate the solvent from the gas

wmemmixxurefeltfwouldfbeminterestingwte~de—thewselubility —— -

of mixXture of gases in- benzene, as one would then haver
data for a solvelit "without & structure e

' ‘"The solubility of air in water obtained by chemical
analysis contradficts our results (87) obtained both from
miitures_made | -proportioning and from.preumixed gaseS'
obtained from Matheson and @o. A percent error of + 0. 10
mls. in the titration using the Winkl:; method results _
in + 54 in their value for the oxygen saturation solubility.'?'
Since the value of oxygen sa*uration solubility in air 5 )

T

1g very small, a small error in the~titration can'lead‘to .
, AP

a high degree of inaccuraqg this may have been overlooked

The technique devised for measuring diffusion is

;-_.___‘1

obviously suitable for doing temperature dependence studies

It is not en§gly adapted for pressure dependenoe studies. L

a

It is found that for a wide range of gases D, is linear in ",“‘

% between 5+ 35°C. This suggests that there is no part—

icnlarly strange behavioun as convection,occuring(Bﬂ In view of o

#%"



. _1)43_~ .

otner work in this erea, diffusion in D20 should be measured
as well as diffusion in water (and Dz0) - alcopol, and
dioxane mixtures. As there is a large discrepancy in resuits‘
- obtained using different techniques for-measuring diffusion
‘”{ S coefficient pfobebly due to'"eonvection", the uitimate k {P 7 1,
experiment is study diffugion using an isotopic method so as .

?ﬁAH? »ﬁ , to eliminate this convection problem. In & method wherein
- an, isotopically labelled dilute solute, in a saturated solu-
,u”iivhgﬂtionjgdiﬂfuses intoea saturated selution containing- the—nen-fw;f—jm;
labelled species the counter diffusion of the solute species
- takes place without change in solute co;centratie? and hence
-without change in 1oca1'solvent density.
As solubility data for mixtures of gases in water are now-

available, diffusion of.- mixture of - gases should ‘be - done.~wI S e
~ would predict that the rate of diffusion is less than,that

for the pure components, because the rate of diffusion is
'directly'proportional to- tne seturetion solubility.

Gubbins (14) recently used an improved hard-sphere model :
to calculate partial molal volumes end diffusion coefficients?
of gases in aqueous electrolytes He found good quaiitetive
agreement between experiment and tneoryi ;It'is to,oe noted 

that his theory is only good,for>weter pius a,eoluterwhich'

isvfeirlyrhighiy”eoluhle:“'IthOu1d7th”WQrk‘as*ﬁ61i“for-ouf“" o

very dilute systems. Also, perhai')s such studie’s'ere’ of*“

?:\:,



littleuse/zi the interpretetion offthe binary gas eolubility‘
effect since salts appear to have very large effects upon the

P °

water stducglire. f;//x\\,\*\
Our- observed mutual 1owering of the so%gpi%it’/o;/binary

gases. in water ehould encourizz/otggr/wofiErs to: pursue this

e e “mm hy“ other “tecmiunS“&B 88 —Spec‘trome‘bry:;“gg W‘é“ﬂw‘*ﬂt——“

wide p;actical/epplications for such data Until other

metnods///;e been tried, one is not in a position to make any

- concrete statements about our dbserved phenomena.‘

~
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Thedry Incornpratiﬁ§¥the Intérfacial Tension 'h' and

the Convection 'u’'.,

1)  oOpen tube Method . (No convection tdrm but an inter-

-

facial tension)

u
-

EXperimentally the gas 1s ﬁlaced above the pure

degassed’solvent ‘and the volume. §? gas (V) moving across

the é%f?ent interface (of interfacial tension h) 15 mea-_

o sured as & function of the time T
” . The solution for Fick's laws of linear diffusioni"

iz, e T e
Jx I% X A T

T ae Lo e
Lt T e ~

'T satisfying the experimentaiyconditions
c = 0, x>0 t-0~
. was derived eailief. It 15 | | ;
L '5i*'  ,';f 1:' e =7 Cy erfc (xfszt ) ;,5%?J;f§7‘
if | For mass tranafer across an,interﬁaﬁg . i "7?>¢{"
| | | x= mﬂg—=-a(° co),x=0 rtel
~where a is the reciprOeal of ‘the interracial resistance

"and<:s 13 the solute concentratibn at the tnterfaea at




M N .
3 - .-
~.‘ ) . - e R R
’

o~ 15 ) .

-
B - - T
. ) -

Eq'n[ 1] can be written using the La.pla.ce_ transfor-

ma.tion~' ' e

[5]

‘éﬁ"n\i‘jl &re’ BaqJL and- Mq‘x' S:ane ¢ is finite as. ™
the solution for eq n (5) s :

7y = :2_.’ - ) - o - ¥ X ) ) . ' -
'Q:"r,«‘ - Ae g s) 5 [5]

lif

- e Using the condition tmt :bhe mass tra.hfsmferr aci‘oss the 7
i”t"‘ace 15 & fun‘:tion of ¢q, the Lap:lace transfomatim St

) N e Lt

- of E = n(c- co)is, N < P o |
R 7: ,\:: ‘ IR . . l» ‘ . E :’x, o . /£

.o : a;a he =~ Mg .- . | L .‘_:7],, ]
R U IV R
P ‘- 7 'hm 7% “t ~7 'r; B e > 3 ’ 4=
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Thus, eq'n {7] becomes - . - ' o , -f)'

-q 2e™¥ = hae”¥ . n

|8
-
L

Solving for A, we get

A = BCa - ogtax . Toe

o o pleta)
e B I AT

A - he - L - o /
P(h+Q) o -

' The flux- ‘BCYOS8 X = 0

~ Substituting into [5] we have a solution ,

P{q+h) o ' :

!
o

- A solution for which ,. - .

s . L=’ cd_‘erfc( X 3.;“) .
B eth, [

~

o - TR 5G9, ,

Usingeq'n [711]777: N /

LRI




' So, at ‘interface, X=0, them: .

i G—J%) - cg 2. -a-l'ieh erfc(h/Dt + eh Dt, '(h/'Dt)

Lo X=0. - - 2/Dt . s . - 71'? . ———-—' ce L
4:@;’“ . ‘ .n. } A : ) B - x’ S 7 rv . 2/Dt a '

- o ’2 ERE 2' o
\ i =t T .-heh Dterfc(hfntl + eh Dt 'h Dt 1o

I e .peh®Dt e 1+ 1
s ey onet Plerfe(n/DE)- 1+ 1 T
o - /mbt  /mDt-

. - 21t f" e :
Do .coheh,Dterfc(nth) -
‘7 v

'I‘hus, I(g:) = Déghéh bt jc-z(h/bf) S | ..N

HGQ F_Ka’f S

Assuminga 1dea1 ga.s beha.viour I‘or the gas a.bove the solvent

B

g we have

S a f‘.5%‘%3{“‘0"?9“'?t"“ffc(“@t‘)‘}dtt% S O

S I T UA SIS S ‘—,,;_;».’,;i Tl ,WLE PECRE ‘:,“ e I R
»* OB mtagrai;ion, "'; T R P .

- ',‘-"" ‘- v:";‘ . e N Av? K Wh{ h DtGrrC(NDt)u.l+2h % } = - ‘ ‘

»

e e [ SRS - R - - 3 AR - L T I LI SRR
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on éubstituting, eo= EE&‘(Henryfs inw)A S : S

-

' - S D 1y
B SR

e - RTAx Jh2bt,

= X2 erfc tht 1+2h bt Co B
hvVz | (' )- kY o - L;&]

i h -

Typi‘;a.l da.ta. a.re shown 1n F:Lg 2’4 Eq’n [14] re-

presents phe non—steady state diffusion in terms of the
total volume of gas absorbed as & function of:the time t
The equation has been found to fit experimantal data gell; '¥/

It is found that there is a rapid approech to asymptoticrrr

/r~~ limiting behaviour of the . Blope (2 RTﬁxz/V:)th/ﬂ, allow- b
ing D to be fairly accurately estimated from the 1inear"' A l
' portioﬁ of the curve. Data,over the whole range of ~
:experimental measurement can be-fitted to equation [14]
by -a least squaresrmethod,A&llowing an—aceurate value of i~~~~rx§
D, as well a.s h¥to be obtained. o |
,The interracial resistancewﬁerm is not._ the only
problem associ&ted with the diffnsion or gases in liquids
wWhen the dissolution or akgaa tbrqugh a 1liquid interface
:1nto a pure solvent brings about a density'increaae, with
AR respact to the: pure solveﬁt a convection term must be

rincludad in the ditfusion equation. Such an equation 1s

derived leow rer tha ‘open-tnbe' metbod, wbere tha ga.s R u

R T
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11) Open Tube Method (with convection term) ) ;‘
Fick's laws for ldnear. diffusion including convec--
tion are written using a velocity term 'u', viz,
, . ac } i &
’ ‘ Jx=0 D ucx;o
J&nde ‘ B
R 3c 3% 3c
3t~ axz - 90X ’ - !
,, ' , , @
‘ Boundary conditions are those used earlier. a
‘ - - _ 47 , ;7” [ VU S S
T —Using the laplace transformation - ?
43¢ _uds _P s _,
&z "P& "D [15]
Solu_t,ions for eq'n (15) ; fk
e 2 _P _ L0
S m< - ﬁ R -5= 0
. 412 i L I
m=¥op W3R i
' _ D2 D T
.- 2
“Thus,; ‘ |
o ru u? aP
) ) . % .
- S ' »
At x=0, ¢
. E=A. o ‘
Using tables we find-a solution .
4’”7:7”?‘ N . 7‘7 7 _‘ e ] - :“__,M, ,: ,7 u{, S ‘: - — ! E
' ' €O+ ops (X -u : apfo XUty
C = - B e ————) -
g
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, . x_ut)Z; » . u_% ‘ . o . .
3¢ _go -E e’ED 1 +e u o (E2 l
== — € erfc
%72 o &/pt . - D . <.2/D
§ v : et 2
ux _(x—t—uD
+ e e 771 s
” .
2/Dt
JE 77 e ,7,,,—!,4,,2,t . N | A, :',\12,13,
5 7 L 0D, . : o 39) *
G—@::%:l - 1 e +f—%e'rfc %5 -1 e
X=0 . /uDt ' /mDt S
The flux at the' interfa.ce without the veIocity ‘term 1s L
| -%_;t - o
38y - oo %{ o
‘ngzo Do e Y8 erre (?[ﬁ> [16]~~~~ e
JuDt , .
The flux at the interfa.ce with the. velocity term is 7
A ' .‘ -
J xX=0 UCx_o -
'_,ucp
uex'zbi‘f - erfs ( + epfc QE/‘Dt ) [173 .
‘ . i co
Thus Jx=° -uc _ _ .
- s oy
18 eq'n[16] - eq*ri'c iﬂ - N
S T
: - . -
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~
:’ 5 -u‘?’c : L ‘ ‘ .
o [D g ™ °°u erfc(% % )=uCo
T =z S
. )
or, . Cut
D u erfc ( )-u} .
_ 5 7 ﬁ |
’ K S J - |
But the flux is equal‘to ‘
1 _ 1 pav
. Kdt ~ K RTdt
_ ey Thus ;,,,,, [ . ’ S A S . T ST .
' o ' ' -uat S ) R ;
Y ‘ o T y L '
av = A-‘i"g.- J’ . dt “u erfc( £ ) dt-udt
'Integrating,
't : -uat / '
. ARTG0 D" -4 7B -
O V==p— T, 8% W 4.u ] erfc 57 ftdt .
I Vﬂ'[o o J i t L }
[18]
- 5
111) Solution to the: Diffusion Eqpation with ‘u' and ‘ !
‘h' 1ncluded o | : . : ) !
In deriv, ng eq'n[18] we included only the velocity - )
. e g
= S

term, leaving out- the interfa.cial tensio\x To be real---'-'
1st1c, we have to mclude both terms, as they both play

*
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with the inclusion of "the condition

o~ and ¢ = A, when X =0 N ’_, [22]

From egq'n (20), using the Lapiace transformétion

R R T
then,}rom (21) ' |
S ~ o S TR S * L
P ; 2 . “InE t
RN I L N




-;59;

[N s .
or -
hco - . 1 :
A = T . .
1 u? P-_u_ _..p u -
“ap2 * D 55 th-y
- V . L
Substituting -into eq'n (21) :
Q | ‘\.._w i - *
. ~e*pwﬁ~u ~l‘i-~+«5~P —x
-ﬁaw ‘-
+ ﬁ + h- g_ 4D2 ‘%’:"
. 4p* » -
| D ter)
S “To Bﬁﬂpliﬁ;ﬁ eﬁt’f:} R ‘ T v*im*;7”777'7'%’"?:7"”'7"7-7’””7 P
) 2 me " = - u
5\""" B “4p and k = h-= 2 D
- Since we can only solve this équation'by an Inverse /)
Laplacian transformation we look for a solution ‘whose ”
','Iaplacé‘is eqh1[27] ' Thus, we have o $75ﬁ°‘”“f” R
cT - oo ux T - I - coTtT T 'qg T - Tt ""‘T '. TreTT Tt s PR
- gx « o]
c = J' heg ', e 2D o e 0t | '
- Tb-xi{q-ﬁf T B [28]
br . '. N V ) V.Vk o T 0, Tt Tl %” e o '{ B %
A n ’Eﬁ J' e~aX at | N
&= 3 (p-a)(qﬂ SO {291
. 'ﬁbqk{hg at Tables (Carslaw ‘and Jaeger) (64)
. e Ty u.t v % X ~f t
. J ‘Y (P"’Q—)(Q‘Ef = Q e | m erfc 2/‘Dt o4
D . N D erfe _x + Jat - P g
e 2/Dt | |
= i 'r
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P06 [30) .

R I e S
S (h-3 5)D% + %

+(.h - 2 %)th

Al ~ s - N Ll .. 'f‘;.f,,.‘,,.. -

S 558

. Cep v
oS Ll

c = Co —Dbh erfe-Xx-ut

] - o= + -3 emh%ér-ﬁ‘ S
2Dh Eub;‘ : ‘Q/D ?ﬁh ﬂ | ,

L oxtut : | . ]
'””i%”if”“"‘2£Dt*“‘"‘?hzﬁzfﬁﬁﬁinﬁri—#uewgﬁggffsz7 7*,‘5‘ T

L . S T
R v , SR . b
gy . . - .
3 =

+ (th".‘ 3\1h:-'+ 2 u? )tf erf'c_ X + (QhD' - 311)13 7 7 [32] S
o B a/Dt T

- I R U U S SR
4 - -
> . - o ooy . .
. o ) ’ o
. - . : . %, R » , ;
. . : S T - N ‘f.v
. R ) . R - :-7
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vNow,. ’ )
h - o o (x - ut)
- i 2
. X = % ZOR - Tu 7o e T(2/Dt ) 1

2/Dt

@
A j '
-1 I
®
o
i
e}
S
ot
®
oic
-+

5 ‘e 2/Dt /D%

X -2

Ph2D? - 3uhD érfé- x + (2hd - 3u) t
¢ 2h®D2% - 6uhD - B4u2® . 2/Dbt :

(h - u)x + (h®D - 3uh + é u? )t
B S G e
(h - u)
Sy

3 ’ . '_ f 2’2 _ ’ (h - u)x‘+'(Q?D = 3uh + 2 u® )t
S 2n°p® - swnp . P 7§ )= Jun+2u )
 2R®D2 - 6uhDp - 4u® -

-2 o -[x+. (onp - 3u)t] ‘1 | o v
S - g/Dt - 2/pt ' 33

R Eﬁ;?fﬁ_wg_m,fAjﬁr@WWWW;fuégfmmm_hMWffWWW;ff;iww

e SRR ETI
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5 s }
' | | (h2D-3un+2¥ )‘t :
Ny 2T . - g |
2h®D° - 3uhD, (h - u) e CRL 5
2h®p? - 6unD - 4u® )
- erfe (2hD = 311)13 - (héD"Ajuh +’ 2u"’)t,
. a/bt : D 5
- | ;o
By == ~
e : o /nDt (347"
. Mlso, o o | . - ’
~.r-’ - - S >’,,» - » .
= ¢o 35 erfe +-.Dh 3

{: c’xzoz,com errfc_ -ut

[N

) -

ut - 2h?D? - 3unD

2/pt  °DH - RO

erfe

e(hYD ub+ 2 %— )t erfc

/Dt 2h2p? X 5uhD - 4uZ

(20D - 3u)t

: 1 .
The equation for mass transfer is = N T ,

N Y toy

Jx?a = =P ' x))h:o ue, o ‘ \
/ v S\

~ 1 dam - P - 4V i

"R A T KT dF 5
If we let ’a‘jﬁ o dye R |

..
we get . oy
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ave _ o - -ut

I =D Dh 1 ﬂﬁ

- . B j e;k -
-(2Dh - 2u){/nDt

[nﬂf

uh——r— peree <§, -1

A —u?

] 2h2D2 - 6uhD ~ 4y

erfe (hD - $.u) /%

- _ 1 . ¥D -u Dh
° B0h - Bu {1 * erf(z -ﬁl

,,,j,:,i,gz,,,,iﬁ,fﬂn?,,,; ( .‘ : = "

Dh

: " u t
; erfec :
Dh - 4bu . 2 D

.

_ 2n3D2 = 3uhp - (hED’- 3uh + 2y )t

(hZD-jyh +A2

R “‘“m‘nhu‘“““ erfa (5»/t e S
+ 2hep? - 3uhn )tTWW;WﬁWW”,WW;ﬁ




- P g S SN
v Y
FLo4= ~
/ '
. erfc_: (2hD ;}LI) _ % Dhr [36]
. N
L ' . . “u?t oy
N AN v o b - .
T IEEQ Ve a-'E T int 5 erfvc -1-21— 'ﬁ [ 371

It will be shown later, by putting numerical values into

these equations how the interfacial resistance 'h' and

the‘veldcity 'u! affect the rate of diffusiqn.

O

;‘\ )
1
s
[ad
¥
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Discussion

It 15 seen from figure 13 and 14 ‘that the 0.T.M.
. (down) data cah give either a pseudo-steady state uptake
of gas (lL.e. V H vqﬁ' or a pseudo- steady state uptake

(V vs /?7 Ir it 15 not recognized that the latter rela-

in the gas, dissolution process, the interpretation of the

data can obviously lead to erroneously high values In ,

e S

’”figures 22 and 23 .we show the ‘volume of ¢ gas absorbed
~as a function of time according to equation§:37] -
have chosen & value of D = 4§ x 1O "5 cm sec”! and plot the
'expected relationship #or & range pf convection,-u R ‘
valués. ‘The éhénge from the pseudo vun-steady ététe

' relationship to a pseudo steady state relationship is i; i
_ clearly seen.

>

Within the constraints discussed aboyg we may
assume th&t for Ar/ BHG system the I. T M. value D =
3 99 x 1073 cmzsec is the "correct" value of the
diffusion coeffieient. ~Using:tnis value of D we now
calculate the expected V vs t rélatidnship from the
(asymptotic) equation[37] forvarious values.-of u. ‘A

. COmpArilE 1son_ of the ﬂxlleriment&14uwe—tg %h&e&}.cu&ated\” ,,,,,,7,,,,',,,

set of‘thaoretical curves is ive 1ngg1guxg,gyg)ﬂpggxkgg,glg,mﬂffﬁ

is recognized that it is 1mpossible to 'fitr' D, 'h, and
u to the experimental data uniquely, but esdiscussed o

above, the interfacial resiatance term merely shifts o , ﬂ
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rgives a value u = 1 S x 10 = Cm,13é¢lm

the limiting slope portion‘of the relationship along the

time axis. The asymptotic glope is not a function of h.

For D= 3.9 x 1072 cm sec‘l, 1t 18 noticed that the

'theoretical expression, equation[37] only gives an asymp-

for a value of u = 13 x 10 5 cm sec'l. It is found that

for such a high value of u- the asymptotic slope value is -

not uery sensitive to D. As ﬁay be seen frsn figure 2,

1t 1s, however, sensitive to u, particularly at low u
values A similar comparison of the theoretical expres-
”sion, equation(}?), to the experimental data- for N2/06H6

.system using the I.T.M. value for D ( = 3 9 x 10 -5 cm 'Secﬂl)‘

-1 35”t9¢"m3?9h4h6,,f,§wul o
'asymptotic slope value.yg o | V

JE

Within the limitations of the reported data little'

can be said of the actual valuas found for u, the natural
convection tenm Simple Stokes law argument would lead S
to an,expected value of the order of 10 -9 om sec 1; e
The likelihood of Stokes law applying tova gas molecule in

solution is nardly to ve expected as the natural convection

the 1liquid under thepull of zravitv.\It is & ‘complex ;4;li;

convection process and the u term merely represents tne

7ﬁadded rate or gas dissollution because of its presence.;ﬁ

At tnls,time no simple argument can be'put forward to
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account for.the actual u'values.-Ighis obvious, howeVer,

that the presence of this convection term greatly

3

. inereases the rate of gas dissolution. In figure (°5)
we plot_the}volume of the gas absorbed as a function F;, '

of time for the‘CO2 - water system at 25°C for both

A T

~I.,TM. and O.T.M, data For the open-tube method

O

the gae uptake follows a pseudo steady-state relation- ;

'ship. The convection term increases the volume uptake .

of gas by a factor of 3 iq the firet 1000 seconds._r'\
A eimilar enhancement 4n uptake occur in the Ar/H20

system but in this case a pseudo non-steady state

law 1s followed, as shown in f1gure (11) This latter ¥

»system has been used for 8 ver}‘preliminary study of
0. T.M. cross-sectional tubeoarea dependenCe of - u.,i,l
: It 1is séen that the 'effective' D value (obtained
vfrom the slope of the v vs, / t linear plots)

approaches that value found from T.T.M. experiments (of

1.4y x .10 Sacmaa "). Using this latter value for the

true D value the fitting procedure described above was

used to find u- values for ed@h cross-sectianal tube ares -

considered Figure(26)shows that a roughly linear u ve
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ignoring the 'u' term and so report only the "apparent"'
D value The same comment may be made for all studies
involving the dissolution of a gas from a bubble into a -
solvent. vaen ignoring other errors,to which these a

, | S &
techniques are proné,(e7g. simple hydrodynamic problems - -

eu“?‘"oe*‘*“*bfwa_aprinking bubblei the error in 1gnoring the u-term
must lead to higf “apparent" D values,

Y

The role played by the gravity induced»convection

term in the dissipation of e gas into a 1iquid has not

ﬁ%&/ " been previously demonstrated in a simple marner. Other
‘ ‘workers have commented. that such a ‘term may exisg, such ;
as for the dissolut;on of carbon dioxide in water. The
comparatJVe rates of absorption of the gas for the 0 ? M.
and I T M experiments demonstrate the importance of -
j this term. It 1s pertinenh*fo questiod%tae role of this,

term in many gharmacological processes, or perhaps therliihf

“

lsck of this term in extended non-gravitational situ&- '12/2,

)

tions.,



Fig 21

Diffusion of nitrogen gas 1n benzene at 25 C, e

"D = T7.23 cm3sec ’., , o _’ . <

Wd"mthLMHAAAAk#ngi//jwExperiméntaI“?es”Ifs. :
' . '_ -~ Equation 16 (no interfacial resistance) <ol
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:'K «
Pseudo non-steady state diffusion in presence

of natural convection V* = (PV/ARTCp).

§
7

=4 x 10 °s Cm sec 1, h =3,

e ENEMER ¢ 1] 773 1 =1x 10'4 cm sec !
"Curﬁe 2, u==6x 107% cm gec ?
CurVe }o u ﬁizixﬁ,‘l,o::?ggm,iec;lr e ’f':"*'."" -

Curve 4, u =1 x 107® cm sec™? e
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Pseudo non-steady state‘difquioh in presence

~ of natural convection. V* = (PV/ARTCo).

*"**"‘”‘*'*“*“*H*%f*ﬂf"«f*ﬂ;w:s;cmzsem ’3“3‘:‘“‘“““‘“““'*“‘“*“*‘—““?“'“‘*““ S e
Curve 1. u =1 x 107% cm sec™? e
curve 2. u =6 x 10°° cm sec”! ,
o . Curve 3. u=2%x }Ofe cm sec !
| . Curve 4. u =1 x 107% cm sec™? .
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Fig 23 -
- ‘ - .o Pseudo st?adyQBtgte diff‘usibn in presence OQ‘

)} . - . - natural convection, | ‘

e e X 107 S emPsee T Y V= (PV/ARTCo)

Curve 1. u = 6 x 107% cm sec ! g
) " Curve 2. u =1 x 107% cm sec™!?
& ‘j‘ 2 :
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Fig 24 | S

. Dissolution of Ar into Wenzene solvent (25°C), . . .
"Cdmparison of experim;nﬁal curve tb'ﬁhe‘éssymPé

totic theoretical expressidn,'unatidn'(BB);"
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Fig 25
~ Absorption of CO» in water at 25°C,

1. Open tube method
 Atea of cell = 0.33 em®

2. Inverted tﬁ_be method.
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