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The saturat ion s o l u b i l i t j , ~ ~  cf 02/CW4, 02/& and 
I 

&/CH+ mixtures i n  water a t  25,00•‹C rand 1 ae.bnosphere 
C I 

t o t a l  pressure a r e -  reported a t  O2 p a r t i a l  pressures of 

0.25, 0.5 and 0.75 atmosphere. The s o l u b i l i t i e s  of 

methane, nitrogen, oxygen, ethane and carbon t e t r a -  

f luoride a re  reported. The s d u r a t i o n  so lubi l i ty  I 
- - - - -  - - - - 

of each gas is lower than expected by Henry's Law. 
* - ,  

One ternary sydtem, N ~ / o ~ / D ~ o ,  showed tha t  the mutual - 

lower* of so lub i l i ty  found in water a l so  occurred i n  - 

D20 solvent. The saturation so lub t l i t i e s  of puke Ar, A 
X 
1 

02, If2 and CF4 gases bi H20 and DaO are  a l so  reported J) 

, and where comparison,can be made t o  reported l i t e r a t u r e  

values.dt  is  seen t o  be good. 

The design of a medium pressure gas .solubi l i ty  
4 a 

/apparatus i s  also reported. oxygen and nitrogen solu- 

b i l i t i e s  have been measured i n  water from 0 t o  3 atmos- 

pheres i n  fncrement~ of 0.25 atmos s ,  A ternary 1 

system, N2/02/~20, -6 been studied fbr  a constint  

02 pttrtial pressure,the lowering of the N2 s o h ~ b ~ l i t y  

- frols me expckert=I,s UW value Aecreasecatk------- - - - 

+ 

- - -- -- - - increase of ~ 2 ~ r t L a l  p r e ~ s u r e  .- 
Current theories f o r  the hredf ctiorr of the so lubi l i ty  

of gases in water a re  discussed. 
- - - - - - - 



Data f o r  the dissolution of a gas In* a pUre 

golvent, water, measured both w i t h  the gai  held above 

.. t h e  solvent and with the gas held below the solvent 

a re  preMnted. It is ahown t ha t  diffusion coefficients 
' 

- - - - - -- - -- 
--+- - 

measured by thd l & t e r  method ?re in good agreement w i t h  

t Petermined by other workers. The former d a t e  

,? show@-fe?e h~ uptake t g  be - fa r ,  greater  than m y  be 
- - - - - - - - - - - - - - 

- - -  & 
Y 

anticipates assuming the dissolution process t o  be 

simply a diffusion mechanism. It would appear th8t - . I 
f o r  the gas above the solvent the dissolution of the 

gas resu l t s  i n  a density increase a t  th&inter face  

which gives r i s e  t o  an added convection mechanism. A 

comparison of rates of ,dissolu$ion f o r  carbon &iox3.de 

and argon in  Water i s  made,and ' i t  i s  shown that '  the 

uptake w i t h  the above the solvent may follow e i the r  

a pseudo non-steady s t a t e  or pseudo steady s t a t e  r a t e  

C, law, 

X Dif s i o n  coeff ic ient  values are reported 

t o  35'C temperatus  range fo r  A r ,  Copt CHq, CH+ 

CHSC1, and CHC12F i n  water. Various empirical theories 

solute molecule are  extbined. None a re  f owd.$alid. 
,% 

McI+mghfinls hard sphere theory is-examined' and found 

in surprisingly good agreement w i t h  experiment, 

I ' 
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Introduction 

V 
"And l ike a mml t o  double business 
bound., I stand in pause when shall 

2 
I first begin." 

(Hamlet 111, 2 ,  40) 



* 
of l iquid  water, accounting for a l l  

of i ts  properties,  has appeared so far. This is  not unex- 

the special  Interactions exis t ing in water. 

Modern theory of the s t ructure  of l iqu id  water was 

water has a def in i t e  s t ruc ture ,  the a t r u c l q o f ;  tri- 
>& ' 

dymite, quartz and close-packed spheres. The %ernel and 

Fowler method was c r f t i c i z &  on the  grounds t h a t  the r 
various c rys t a l lo  forms a r e  too rig14 ( 2 )  .' 

u 
Thw-theory s t&cture  with the grtzetest 

-- 
1, * - 

number of adherents st the  present time appears to  be 
, 
the "f l icker ing c lus ter"  model proposed by Frank and 

Wen ( 3) m a  more recently developed by Nemethy arrd 

Scheraga ( 4 ) .  Frmk and Wen postulat.ed tha t  the form- 

ation of H-bonds in water is predominantly a co-operqtiive 

phenomenon .that gives r i s e  t o  constantly forming a&'. 
- 

dissolving "f l ic$ering c lus ters t '  of very %brief half - 

of the c lue te rn ,  These clusters are  mixed w i t 6  'ndn- - 
hydrogen bonded miecules ,  which const i tu te  the rest 

. - 9 
of the system, the whole held together by vergr strong 



An Important c l a s s  of water models represents l iqu id  

water as having a d i s to r t ed  o r  mned ice structure. In 

the  s t ruc tu re  proposed by Sam01 (5) the i c e  s t ruc tu re  a 

i s  d i s to r ted ,  but in l iqu id  wat the  i n t e r s t i t i a l  s i t e s  
I 

a r e  occupied by- water molecules. ,A similiar model was 

,..' advanced by Fors l ind(6) .  Pople (7 ) suggeste-d that there  
, -* 

i s  exten8ive d i s t o @ i o n , ~ b u t  not breaking, of H bonds. 

a r e  the various c l a th ra t e  o r  cage models. Them models 
-*, 

go a step beyond the  water - f i l l e d  i n t e r s t i t i a l  spaces 

of t he  loosened iceamodels and suppose the  presence i n  
4 

the  l iqu id  wter of l a rge  cav i t i e s .  These cav i t t e s  are ,-+ 

'7 -. f i l l e d  wfih water molecules t h a t  Frank and .Quist (8) 

claim a r e  monomeric and free t o  ro t a t e .  The mael IB 

based on analogy w i t h  the  s t ruc ture  of the c la th ra te -  

compounds in  which molecules are encaged i n  %he lattice 

of other  molecules. d 

The water model of Davis and Litovi tz  (g)., l lke the  

model of Bema1 &d Fowler (1) and the l a t e r  simpliyied 

model of ~ a d a  (ID) ,postulates t h a t  l i q ~ W I  water is  a 

mixture of two different  s t r u c t u r a l  forms. Both Boms are 

other  they are close-packed so  that the reaul t lng struct- ' '- 



Frank and Wen model is the =st sui table  model t o  account 

f o r  numy of theCobserved properties of l i q u i d  water. T h l  

model is based on physically reasonable picture, which , 

takes in to  sccount the properties required of hydrogen 

bonded s t ructures  and 'Wcludes features which can accoulf 

-- r ~ m ~ ~ t ~ l l q u ~ c - g - - ~ - m ~ ~ w - f e a m r ~ ~ - r  uater;-- 

The model is  in agreement with spectral  data and provides 

a qualitative explanation fo r  relsxational  properties. Its 
- - - - - - - - - - 2- - -- - - - - -% -: - - -- - - -- - - - - - - 

most s ignif icant  r e s u l t  I s  the ab i  y t o  account f o r  the 

thermodgnartlics Functions and volume properties of l iquid 

water over a rsnge of ?O0C above the m e l t b g  p o h t  
e r f  

of water. 7 

The thermodgnamic properties of gases dissolved in  
- 

water have f o r  a long time Men of considerable interest. '" 
9 

Diss.olved in typical  nonpohr  solvent^, gsses h a v e  satfar- 
4 

a t ion  s o l u b i l i t i e s  (1 atmosphere; 2 5 O ~ )  X2-5x 10-4 ; A 

entropies of= solution (8 - sB)  -5 c a l  ./deg.-mole an? 
3 

enthalpies of solution A% -400 ca l  ./mole. In water, gsses 
* 

.- d 
exhibit  comparatively low so lubi l i t i ee ,  X,*10-5 , s negative 

i 

entropy of eoivtion (S -sg) * -15 cal./deg.-mole and 

snce 3n properties is  obv;lously a matter of the difference 
I 



- suf f ices  then t h a t  a study of the  proper t ies  of  gases 

dissolved i n  water might help i n . t h e  e lucidat ion of the ' i \  
L. 

f s t ruc tu re  of water i t se l f ,  

Uhllg (11) a cavi ty  model i n  which he con- , 
sidered the  ~ ) o l u b I l i t y  process t o  ' take place in ew6 s teps  : 

-- ----  ~- ---.--L-aL---.LL--L------aL~L-u--~Aa~.--~~--pa-~L-~L*-,*- -~ 

first, do ing  work on the  solvent against the  80lvent 

surface tens ion t o  c rea te  a cavity, and second placing 
> 

the gas gmlecule  he energy-' of_inte_r- 

ac t ion between.the molecules can then be 

calculated.  Eley (12) consf dered a, two-step process 
C 

s'imiliar t o  t h a t  of Uhl ig ls  but was able t o  more care- 

f u l l y  evaluate the- aeparate contributions of each s t e p  . 
9 in the ener and entropy $mnges lved,  H i s  approach P 

F *yp 2 
h gave a reasonable i n t e rp re t a t i on  themdynamic 

trehaviour of gases in both wa and organic solvents ,  
I 

although he showed that  the ,case  f o r  water was more 

-complicated, due t o  the  poss ib i l i t y  of structural mod- 

(if i ca t ions  . - If  B non$lar s o l u t e l ( e  .g. oxygen) is  dissolyed in k 
a GoUr l i qu id  solvent  2 ( e  .g. water),, the  chemical , 

potenti& of the so lu t e  is  
4 

' %, 
I 

If a s a l t  is  now added t o  the  solut ion the  fugacity fl 



\- -- . 
-- - - - - - - - - - - - - - - -- - - - - -- - A- - . 

-r- . . - kll A 

large.  .- r' 
" -9 

Certain h a l t s  (i3.g. those containing t e t r a s l k y l  
.z 

r_umnonium ions) increase the so lub i l i t y  by more than k n  

order of magnitude (sa l t ing-In) ,  and a l s o  change the 

solvent s e l e c t i v i t y  for var-ious sdlutea; others decrease 

of the dissolved gaswars  a leo prdfopndly affected by the 
* addi t  ion of salt. - 3* 

changes (13). ~ o s t  of these theorfes can explain cases t 

h e r e  increased so lub i l i t y  is observed but can not  explain 

a s o l u b i l i t y  decrease, Recent papers by Gubblns (141, and 

Masterton (15) have been cable 'to successfully explain both 

s i tua t ions .  Gubbins Waed h i s  method on the perturbation 

theory f o r  mixtures and applied it to the  prediction of the 

thermodynamic propert ies of gases dissolved i n  e lec t ro ly te  

soluWons, His theory i s  found t o  be superior over previous 
- 

theories fosr s a l t  effects. The calculat ibns a re  best  f o r  
t 

sal*ing-out systems, The qua l i ta t ive  feature  of salting-in 

i s  p dicted by the theory, but quanti tat ive predi&ions - 3 
are -d t  sa t i s fac tdry  f o r  such systems. He  a t t r ib&es  t h i s  

t o  approximations made i n  evaluating the pertur&tfon terms, 
- - - - - - - - - - - - - -- - - - - - - - - - - - - - - - - - - 

P i e r o t t i  ( lasdeve loped a theory of gas-soXibil i ty 



using equations fo r  -calculating the reversible work re- 

quPred t o  introduce a hard-sphere in to  a , f l u i d ,  H i s *  theory 

-allowed the calculation of the saturation so lubi l i ty ,  the 

heat of solution, and the p a r t i a l  molar vol- of the dia- 

solved gas. For both polar and nanpolkr. solvents good 

- -- 

agreement was found between the experimental and calculated 
- - - - - - -- -- ll_lILIIXLIIL- 4 -I--- 

propert ies,  P i e r o t t i  ' s theory works very w e l l  considering 

t h a t  no aseumptions concerning the s t ruc ture  of the  solvent 

- w e r e  taken &?%&wGouT~% - ---- -- - - - - - - - - - - - - - - 

\\ 
6 t l ~ o  structure . m o d e ~ s ~ ~  of water have b& succeeaiully 

',x 

used (n. 18) t o  explain some of the properties of water and 

aqueous solutions. By uswg different  variants of thie  
t 

a model (B) i"t was shown that the equilibrium 6etwaLkhe , ' 

"? 

two fgrms of water I s  sh i f ted  towardd the associated 

form when gas is dissolved i n  water, This is In accord 

with'the theory of Frank and Evans (20) concerning the 

iceberg formation around a diesolve4 gas m6fecule, but " w 
no reason f o r  such a formation was given, 

Ben-llaim and Bser (21) 'have determined the so lub i l i ty  
* 

able in terms of the influence of ethanol on the s t ructure  

of water. Small arrro&ts of ethanol increase tbe concentration 



of the ice-l ike form 'of m t e r * a t  low temperafure, at 
I 

, about 30' the ice-l ike s t ructure  of water is breaking 

da)~n and the argon so lubi l i ty  tends t o  increase monotoni- 
I 
i 
i 

ethanol. Dissolved argon itself influences the amount of d 

ice-like water present. The entropies of sol~tion in i 

alcohol. This suggested t o  Ben-Naim anQBaer t h a t  the i 

4 b 2 

sbnomally l o w  entropy of aolutfon of argon in pure i 
- - - p p  - -  - -- --- - - - - - p -  -- - - - -  4 

water cannot be a t t r ibu ted  t o  an act ive fornation of ice- . , 

3 i h  water but t h a t  the argon shifts the already existing 
+ I. 

equilibrium toward the ic&-like fosms. A sfmilar study- 
; -* 

of argon so lub i l i ty  in  water-p-dioxane system is reported 

by Ben-Naim and Morgan. (22) . The maxin?tm in the argon 
P 

so lubi l i ty  a t  low concentnr t ion~ and low temperatures 

seen in the water-ethanol system was not found in the 

water-dioxane system. This is  interpreted t o  mean p- 

dioxane has a destabil izing influence on %he large compact 

c lus te rs  of water molaciiles st a l l  p-diorsne concentrations 
t a' 

and temperatures studiecl. -e + 

-s .. k r  , 
~n &t,ernative way of looking a* the ~ o l u b i l i t y  of 

gases in water is  that recentla proposed by Aildebrand (263. 
I 

Basing M e  thsetg-on t ~ & 1 , +  m4eL&7& 

B 
He c l a w  t h a w  the differences Fn entmpg of gar3se 3.n 

0 s r  m 1 * 



water is a matter of surface area of the molecule ra ther  
1 

than of the molecule v o l ~ .  Molecules and drops of vary-+ - 

; /  'i. 
ing s izes  could hardly lose entropy in any c o n s i s h n t  

fashion by surrounding th,emselves with any: reasonable s o r t  

- of "icebergs". ' I 

< 
z .  

- ,  ' Yu V. Gurikov (231 has applied a uniform snd non- - --.-.--; - - - - - - - - - - 

uniform model t o  a ternary s o h t i o n ' o f  two nonpolar gases 
i 

In water. On using the uniform model, he found a salting- i 
! 

out  -e f fec t  i ,e ; the- solubility o f  each- cmpomntdecreaseB . - - 

i 

H e  found a sal t ing- in  effect  on using the ltwo-structure 

uniform model. 

'S Since 1940 a gres t  deal of gas so lubi l i ty  work a t  

high pressure has appeared and the understanding of gas . 
solubility aC both l o w  and high pressures tzas i q r o v a d  , 

(24). Krichevsw and -&sarnovqlsy (25) have daveloped a 
Z P 

thermodynamic equation f o r  calhulating the solubil&ty of ' 1  
a l i @ t l $  soluble gases a t  high pressure i n  solvents of 

low vapor pressure. The1 is  only empirical, 

The par%iaX m o l a l  volumes from twlr aquatian 
seld~m agpee eth the experimentally deterplned partial 

m o l s l  volumes. They clklmed that the departure of 8. 

discovery'of deviations from Henry's Law.  -This w i l l  be - 

discussed later , 

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

ous ly 



t h a t  two phenomena deserved investigation. 
'I 

The e f fec t  of a second dqlute solute upon the saturation 

~ o l u b i l i t y  of a gas appears t o  of fer  a useful  way of studying 

the general water-structure problem. A study has k e n  made of 

the eaturation s o l u b i l i % i ~ o f  gas mixtures ih water. For 
4" 

ir 

any effect  (saltinpin, salt ing-out)  shoulcl 

I i 

explansCion of so lub i l i ty  thermodynamic properties of each1 of 
1 

the pure gases in uater .  The systems studied generally 'Y 
- - - - - - - - - - -  -- - - - - - - - - - - - - - - - - - 

included oxygen as one of the caqmmts  of the gas mixture, 

Bildebrand @s recently suggested tha t  the  comparison 
fl 

of diff'usion coeff ic ient  data f o r  gases i n  water.and in 

non-polar solvents may help to  elucidate the r o b  of the 

water cage s t ructure  (26 Apart from the -p rac t i ca l  use 

of such data: the coefficient  values should be 

sensi t ive  tp possi61e "structural" *features . The gases 

studied have beenphosen because they cover a hydrate 
< 

decomposition pressure (at O'C) from 311 atmospheres 
B 

( C I I ~ C ~ )  t o  12.3 atmospheres (~02) and a decomposition temper- 

ature (st 1 atmosphere pFessure) from + l B . l o ~  ( c H ~ B ~ )  t o  
* 

-42.8'~ ( A r ) .  Also, studies of the temperature depenaence 

of the diffusion coefficient  of a wide range of gases 



"If you have had your attention direhted 
to the novelties in thought in your own l i f e -  
time, you will h a v e h e r v a d  thst'almost a l l  
really newJdeas x have a certain aspect of 
foolishness when they are f i r s t  produced." 

- 

A.M. mitehead (1861-1947) 



A 2 .  
The var ie ty  of approaches which have en used ti) de- - _$ 

tenoine the solubility of gases in l iquids  is an adequate 

testimonial t o  manls ingenuity2. The ecpipment used ranges 

in complexity and cost  from mass epectrcnueters 'so simpleG 

van Slyke apparatus, ill ~ I I W  from mlnuteit t o  many hours, . , 

snd in precision from purely qual i ta t ive t o  the hfghly 
-- - -- -- - - -- -- A - - -- - 

precise. 

This study is to complement research 6n the diffusion 
- 

nips-es and mixtr?rss_olgase-s -in mter. - Axexaminstian hL- - 
the l i t e r a t u r e  shows that there is  a vaat body of data f o r  

the so lub i l i ty  of gases in l iquids ,  Unfortunately there 

,exis t  few measurements of so lubi l i ty  of gas Illixtures In 

liquids, Scarcity of so lub i l i ty  data f o r  qdxtures fs due, 

in  par t  t o  experimental d i f f i cu l t i e s  i n  ana lyshg  f o r - t h e  . " 

mixtures. 
k 
1 -v 

Volumetric and chemical methods were rejectedlas being 

chemical i n t e r f e h e s  and are res t r ic ted  t o  oxygen and 

hy&ogen. As a resu l t ,  gas chrometography was selected as . 
the most appropriate t eep ique ;  



* 
pkcision of 3. The gas chromatographic lqsthod gave a 

.precision of .t 2%. 
.- 

+ 
,$ " The application .-- , of gas chrometogrs~  to  the d e t e r -  

offers se&kal advantages not found in either --try > 

4 _ 
or mas8 spectrometry.. ' The method i s  lees t lae   cone^, '. 

- ----- u 
7---------- 

sample s i ze  c a n  be kept ~ m a l l ,  the lnstrumenbtion 58 

relatively simple, and 'no loss is experlaced In precision. + 

has the advantage of res'olving for -each compound in the 

mixture. 

Gss chromatography has already been applied ho : 

. analy& of di seo lved  gases in water. However, the diffi- 

culty in' obtaining a goo& sample for analysis has not 

In this shtdg. ensuresr the removal of tihe ssmple without . - 

Equilibrium Between the gas and flqufd pfhases has 
, # - 

been obwined by shaking- a mixture' of the two' m b  %y - 1 ,  . f 

both techniques compare v g r  well,. 



---- 

nitrogen and nitrogen-oxygen In Hz0 and 'nitrogen-oxygen .- 

*-.- D& at partial pressures of each component of 0 f l 2 5 ,  

0.50, 0.75 and 1 atmosphere. Data are &sented for 
.%- 

the so lubi l i ty  of nitrogen &nd oxygen at (0-3) atmogpheras, 

phere partial pressure of helium, n&trogen, methanei 

. ethane, and -ton. The results are 

&ally in tGrmFof t h e  water st&cGre 

discussed anslyti- 
- - --- - -- - -  -- 

problem. ' R 



Themodynamic*relations for solubility of gasea In water 

3 The Gibbs-Duhem Equation 

, The Gfbbs-Duhm equation provides a basis f o r  cal- &.- 
4 

culating the activity of the sozvent in a b ry s ~ l u t i o n .  Y .f 

expressed as 

a particular, for a binary mixture , we have 
i 

eT*p= 3 ~ 1  + 5#2 . 
Differentia- rmP this relatZonsbip leads to  

If eq n [33 %s compared to 
Z 

dG = - SPT + VdP + ,Qnl + @XI;-+ . . . . ,+ni 1 
1 

! Y a t  constant T and P 

 his is bown as tbe Gfbbs-Duhem relation .In eeneki - 

= 

f o m  J 
- - - - - - - - - - - -- - - - - - --- - +-- -- - -- - 

- - G  = y  - - i w w ~ , ~  - •’53 
-- - - -- 

S u c e  &i i= ~ ~ a r m ~ ,  we may write sqtn [ 43 in. thd follow- 
* 



\ 

nr&tnal .+ na&tmz = 0 t 61 
i 

or, d i v i d i n g  by the totals number of moles, 

Hence 

- - -- -- -- 
One s o l u ~ i ~  fax the Gib s-Wen arises &en a l l  of P 

of the pure component 

of temperatur0 and pressure only 
9 

equal to  PI - the vspour pressure ' 

i. 
6 

f I 

For simplicity it w i l l  be suppbsed that the total 
i 

pressure, as well as the temperature,' Is held' constant 
- .  . .- - > 

by the- presence in the gaseous phase of a cq&ment q c h  
p: J 

is haoluble in the solution. Under these conditions Ki 

is constaint - and thus * 
dWlPi = &mi + enxi. ..- 

= d4-i 
.+ 

-&mi [I03 9 

' 4 

Thus, that eqrn C93 i f 3  sati6iled for all compon- 



I, 
-a+ -- 

a - 
, . 

sa t i s f i e s  the,  condition 

and 4%eArefore sstisf ies the Gibbs-Duhem equation. In 

brief aqfn [9'J i s  a pennlesible h a t i o n  between and 

Xi if it applies to  a l l  the components of a pr t i cu lar  



Thermodynamical Calculations of Solubilities a t  High 
fre~suree  

T 
A method of calctxlatlon of solubil i t ies  of gases i n  I 

! 
one special C& where the solubiliCLes of the .geees . I 
. /  I 

and the vapour pressure of the solvent .are s'mall i s  i 
- I 

I 

discussed. 1 
- - --A- f 

When the co'ncentrstlon of EL solute i a  ,small the fugsclty j 

i 
of the solvent can be calculated by meane of Raoultte law, 

t o  the equatip of Gibbs-DuJyrn 1 
i 

Z 

( Xb X 2 ~ d  fl, f2 are mole fractions and f'ugacitiee of 

either wlvent -and solute respectively). 
'i i 

It cca be sham that there . exiats u u  a direct proport- 
* 

i o ~ ~ ~ l i t y  between f; and X2, knorm aa liemyts law ~ 
4 

data on the solubility of gases in water i s  poorly exp~essed 5 

by equation [1151t wouk~ seem to follow as a them~odgnsmi- 

eal consequence that Benryts law would be obligafo& f o ~  
! 
t 
f 
! 

%fie diseolved gas. Wlt Wiebe et al found that the experi- 
- - - - - - - - 

-- - - -- -- -- 
i 

ne7i%%ZX&a. are evidentl-y La contmdiction to-this Cheap- t- t -  

e-1 d e m u n ,  , - - 
i 

It i. easy to shm ha; the usual equation of Henry h a s  I - 

- -- 

r - to-be- correct& k to p~ed iz t  the- sohrbf l3ty o f -gasea  



jr 

in water. 

The integration of the Gibbs-Duhem equetion, 

abd supposing that the fugscity of the solvent 

obeys Raoult s law, gives ~en$s l a w  

1 
of the e o h t e  gas.N2 I s  the concentration which could be. 

J 

, obtafned through compensation of the gas pressure by m e b  

1 
Tha transition from N2 to N2 can be made by mesns of 

the well lolorn equation 

he = v2 
, FT [I33 

I 

where a, is the partial molal free energy of A the dissolved 

. gas and V2 is its pertial mole1 volume. . 
Since the concentration of t M  gas is small 

Substituting .equation [I83 fnto eqdtion [ 131 g i v  s B 

6 4n 1(2 f15 3 (em-) 2 = '2) RT 
Integnrtion of equation r15] wlth the supposition of .indep- 

endence of T2 
- -- - - - - - - - - -- -- 

f 
- - - - - -p - - - - - - -- -- - - - -- 

- - A 

tn B, - 4n I?, - - - - f16f -- 



The second tern in equation [ 

find 

law pressures, Thua it is safe to say that Henry's l a w  holde . 

(i) ~ ~ ~ t r o p y  of ed~ution 
- - - -- - - -- -- -- - -- - - -  - -- -- - -  -- - - --- - 

The entrop) of solution of a solute, AS may be related - 

L i  
to the temperature coefficient of, its s ~ l u b i l i t y ~  by means 

L 

*of the thermodynamic equation 

The aecmd %_em on the fight I s  the change of - 

s o ~ u ~ ~ t t g  with temperature at constkiit pressure if AG =o, 
0' 

In the first term, A 0  = RE an f2/f2 , where f2 is the 
& 

Algacitx of the solute in the so'lution and P P 0 i s -  that of 
\ ,- 

the pure solute, that I s  , f2 * i s  not a Aulction of X. 
t - 

Thus we can H . t e  

Thus, equation (a became& 



straight iine Thus, a plot 

wfth slope A 
R 

Cn X2 versus Cn T gives 

for the enthalpy of solution, 

= TAS 

where Henry's law holds (I.@, 

Thus equation f 233 Becomea 

( iii ) Fermodynarnic properties for $tatistical 
thermodynamics and the partition Aulctign 

We rill consider, for' simplicity, t the only parameter "ati 

-- - - -  - - - - - - - - - - - -  -- - - / - - -  ,-+ - -  
&% the ~elmholtz  free energy A, 5 

-i 
/ 
/' * /' 



The chemical potential is given by = ( $# ) T,V. 
d 

Remembering, q is not a iunction of T and Y but of N 

For the Gibbs free energy G = +Hg ; so 



*. 
Experimental Procedures : 

a - 

Oas chromatog phy provide's s conveniat &d rapid f 
bp 

. . 
means for the dete t10n of thb solubility of gases i 

1 L 
in water, Diesolved gases are r e s d l l y  removed from 

solution by d i s p d s i n g  a stream of heXlum carrier gas 
- - L - 

\ through the liquid sample and passing the gases to  8 '. 
& 

suitable d e t e c t o r .  T~chnic@esbased oh this prhc-iple 

- -  

these di f f icul t ies  a d  stmplif i$s the operatiqn %valued, 
t E 

The Varian Aerograph gas phromatograph Mod@ 9043 r 

#as used fn th i s  work, mie imtm611t enip1oys.a cam- 

pact single column and uses a themql con&c%ivity type 

deteetor. The output signal from the detlector - waa 

recorded on a l ~ v  - V s r i a n  Aerograph Mo8el 20 recordep, " .  

with a chart speed of 3 5 ~ c h  per minute, 

- 
A ~ I  coirnectium throw which Ciie free a& water m e  

- ,  ---- 
were mtrde with swagelo~k flttinge (Columbia VaXYe Fittings) ,, 

a to  avoid absorption and ~ont8n+,nati vlth grease, ," ,/' 
, . 



The vacuum line was constructed e n t i r e l y  of Pyrex 

glass with t h e  analysis l i n e  of copper tubing (kff-). This  

apparatus has f a c i l i t i e s  f o r  degassing the solvent, 
-b 

measuring and tfitnaferring the gas nixturn, sa turat ing 

the solvent,  obtaFning samples of- the saturated mixture -- - - ? -- 

and then i ts gas chromatographic analysis .  These specie3- 
i 

ized f a c i l i t i e s  were dterconr$cted t o  allow quant i ta t ive  

The solvent (dks t i l l ed  water) was degassed by a 

sublimation technique. The degassing unit  is  shown in', 

Fig. 1 . About Xf. qls of d i s t i l l e d  water is .  poured into . 

A through the Whitey valve (2' ) . This valve f s  then 
+ 

closed and 8 l i qu id  nitrogen" 'trapt i s  slowly pla ed ' 

t 
under tihe bulb ( A )  u n t i l  a l l  the water is fr~zen.~~%!he 

stop-cock B is then opened t o  thd vacuum -line t a  evacu 

the complete unit. During the complete degassing process 1 

the Hg diffusion pump i s  isola ted.  The liquid nitrogen \ 

t* 5s sheh removed. Ltquid n i txp~en  ie 

3nto the  cold flnger C ,  The bulb i s  then 

-- 

t ing a d  vapourizing'all the water. The vacuum is then 

closed off& -B. The--fPozen water an %fie cord f inger  

r rn" 



Fig. 

.& S o h b i l f  ty apparatus 



Fig* I *- 



4 
Preliminary &ns were done to teat the efficiency- . 

qorr wrs achieved bJf a large-single-stage mercury diffu- 

sion pump bacl;bd by-a mechanical oil pump (~&clsion 

P t ~cientific Co, Model Ao. 75). Situated between the 

trap immersed in liquid nitrogen to p o t e c t  the pmp - , . 
. " 

from evacuated contaminants. In Addition 'another mech- 

"L mica1 pump (Preclaion Scientific Model No. m5) was 

connected to selected parts of the apparatus, inclubng 

' A  mabd gage  was used to measure t h e  prassu&G the ' ,. & I 

= :  

-. s y Y s t ~ *  I - . - :--_ ----. i 1---: -: - - - - -  :? 
- - -  - ~ 

. - 

.~ - -  16- -~ .- , ~- -~ - .. . - --. ~ 

. _  _ - . - . - , . . , - -~ . , .. 



I. 

The solubility c e l l  is conn&tid to the degassing 

unit a t  D, a s i d e  a m  from the bulb A ,  The solubility 

cell is also connectix~ to the vacuum line at poGt E. T - 

The. saturation solubility c e l l  was thorougnly evacuated 
2 

bean standardized at ice-wkter and dry-ice acetone 
- -- - - - - p---p- -- --- - 

temperatures, 'AS the eolubflitles of the gaeee in 

water are very 'slsell (Xa - lo-*), a f l u c p t i o n  of 
t 

& O.lOO~ affects the solubility only * 08% (271, 
P 

thus the temperature contml used In t h d a  experbents 

effects the mole-fractton solublli~ty ( ~ 2 )  in the 
- 

second decimal pl.ace. About 20 ml o f  the degassed -wter " ' 
- 

4 

was pushed into the solubi l i ty  cell by means of the gas -: 

or the gas Wxture under s M d y .  The gas was then 
- 2 

bubbled through the base of the solubility cel l .  The . ,  -- 
water was s t i r r e d  by a magnetic operated 6,tlrrb.g bar s b  

($') from:)& outside of the themastated tank. This 

method of acNrting squilibriun avoided the po~eibility * 

of supersatwetian. Equilibrium saturation solubility - \ 
P ~ t l  - h 2 ~ _ w i a c a e c l a f k t r - h b ~ ~ - ~ + f  ~PiftS W--- 

a; 

- 

p--pp- 

about 12 hours .. 
! * b 

( 4 ) Ssrmple Collection 3 



settle so as to a l l p w  the bubbles of gas in  the  solution I 
to rbe. The saturated solvent  was slowly displaced 

4 4 

upwards by mercury into three sample tubes of known t 

{ ' 

volume. These are connected t o  the 6aturktion cell and' I : 
a l s o  themnostated in the 8 w +  tank. TQe 'volume of each 

A 

sample -- tube is 1.00 i 
-p--LA2--p--------- .OOI a a  , me valves, of each - ---- r- , 

sample tube were %hen closet3'md the tubes removed from 
, . 

the t h e m s t a t e d  tank. The tubes were then disconnected 

Th8 sampl tube was placed in the gas stripping 
d 

2 I 
l ine for analysis, dlagra-1~aaatically represented in Fig ,  2 ,  f 

f 

~ur& the e q u i l i b r a t i o n  period for the gas c h o ~ t o g x e p h  
< -  - - - 

t b  warn up and attain bes t  working c ~ n d i t i ~ ~ ~ ~ ,  atopcoak 4 1 .  
'3 * 

f 

MS closed shd-ktopcock D ~ n r s  Ldjusted t o  position ,2 so + i that the helium carrier gas by-passe* the solubiPftx I 
- 

ssntple c e l l  and passed d i r e c t l y  t o  the column'cplla the 
L 

detector. 

The lines connecting the sample tube were then 



Schematic 

d f  srso3ved 

diagram 

Fig 2 

of apparatus 

*_ ' 

for analysis of 





1. The sample valve is opened and the helium pushes the 

sample via the medium frltted glass disc. Dissolved gaa .. 
wss rapidly stripped f r o m  the s-ple by the helium gas 

stream and passed,to the detector v i a  the drying tube 
f - - 

(F) which served to remove the solvent vapour. The dry- 
- 

ing tube con-ed a 5 mixture 'of snhg'drok calcitnn 
UL-- 

-I_ _ _  ------a - 

chloride and calcium sulphate. The column ueed to gep- 

arate the gases was a 6 feet by + inch 32-60 mesh mole- - 
- - - - -  c-aaar e l e v e , _ &  AS ~ _ ~ ~ 4 d i f i c a t i i o n - b ~  &-------- -- -- - - 

Aerograph gas chromatograph was undertaken so asr,fa 

allow analysis to be done at O•‹C. A dummy c a l m  warr , 

placed in the oven and the separating co1umn was connec- 

ted outside the f-njection port and the 'by-pasis ., All 

bath. This prove& to be very effective fur ach3eving - 

separation of all the gases used. 

aimlyeed on a Varian Aemgraph Model 90-P3. Tha detector 

was msintPined a t  WQC and the filament current -a$ 1% 

-ps. Sigdals from the gas cllmatograph were -fed into 
- 

an Aerograph Model 20 ~ecor4er, 

Helium used  se the carrler gas was dried BJ pses3.@ . , .  
- - 

- - - -  

it t m w  rt mofeeusar-aiave c ~ ~ .  d&vi~ebr t * l x r ~  
- -  was maintained st 70 nU per minute thmtigh the iaference 

s i d e  of the detector. 



---- s k s - b ~ d s  on 
-- 

the accuracy of callbratian. The gas chmmat'ograph waa 

calibrated by determining the peak areas o f  measured 
' samples of the pure gas over a range roughly correspond- 

- - 

lng to'the range of solubilit ies obtainei in these 

experiments. Areas were meaaured with a Gelman 39321 

A plot of the meaeured peak area vs the number of 
6 ' i  

moles of gas, calculated from WT relationshipa, gives 

- - - - a - s t r a i g U  Une C81%brsHon ~ - w f t h - W e r c e p t  zerq - -  -- - 

-- 

showing the requgred linearity between the concentra- 

tion of a gas and instrument response. From the cal i -  

bration curve the concentration of dissolved gas can 

be estimgted to + O,05$. Random errors may be expected 

in carrier gas f low rate and the variati&s In the 

stripping of the solution by the carrier gas. To 

estimate the cctmBB$.ned effect of these vsrfabl%s on the 

precision of the method, a known sample of the e s  was 

don& prior to doing runs cm that day. 
a- 

(b) Gas #ixtu,re 

The required gas mixture was made using a flow 
; 

rate technique. Rupro Double Pattern very fine meter- 
-- - 

, 
- -- - - -  - - -  - 

frt& vafvee are w e d  for 8xtremely accurste flow control- 
-- 

(as low as 100 cc per ho* for gas=#. The tyo flow r 

rates are set by the valves in the ratio desired: 



gases are mixed in a bulb (1000 cc) and then passed 

through a glass co i l  ( 6  f t )  which is in the thermostated 

tank before being bubbled through the solubility cell. 

A sample.of the gas mixture is snalysed, before #assing 

through the solubility cell, on th-6 chromatog*ph to  
--- 

-- chedr the proportion of the gases. This was done at 
/ 

three hour intervals t o  ensure that the flow rate dl& 
* , 

not change. , 

Pressure Apparatus 

ities mesaurad at high pressure ,are seldom* very accurate 

&d are often unsuitcrble fqrcslculation of the derived 

h * . -i I 
thermoaynsmic quantities. , T e deteminations conaist 

- - 

3 

j 
the gas at a talcirig a sample of the % 

lndividusl 2 

equilibrium is acoelerated (stirring, shsklng, cimulat- 
r 

ing the liquid or bubbling $he gas) and as to whether i 

I 

sampling I s  coatfnuou. or intermittent. Qaqpllng 4 s  the i 
f 

most crit ical  openrtion and no method has yet  been -dev%eeed I 
I 

tion gradient8 which may occur during the withdrawal of 
4# 



, The apparatus consists  of three parts:  
* 

t t " (XJ gas line, f o r  compressing the gases. 
<++ * 4f 

, ( i i )  an equilibrium apparatus i n  which the ~01ven-b 

i s  saturated with gas and from which a sample of the l iquid 
L 

phase i s  taken a l  constant tempersture and pressure. ' 

(iii) an apparatus f o r  analyzing the semple. 

I 

equilibrium bomb A,of capacity: 1000 ml, containing the 
I 

mounted-on a cradle, so that it may be rocked t o  acceler- 

a t e  the attainment of equil+brium, and the sampling cylin- 

der B (capacity 1 a), which i s  f i t t e d  w i t h  a needle value 

a t  each end and f i l l e d  with gas at the same pressure as  

the equilibrium vessel .  , 

In carrying out  a determination, the evacuated 

vessel A i s  filled with 100 mls of d i s t i l l e d  water, and 
- 

pumped out t o  remove di s so lved  air, The gas is then 

introduced from the lecture  bott les via the gas lines and 

the vessel is  rocked in a thermostat using c Bodbe 

w stirrer (37 l b s  T o m e ,  4.5 r.p.m. 60 c l e s  115 VJ . 
After a t t a m n t  of equilibrium ( indiestad by a 12 

hour constancy of &s8 pressure,), the valve a t  the bottom 

place the gas in the sampling v e s s e l  t h r o w  a needle  



Fig. 

High Pressure Apparatus 

-- 



HIGH PRESSRE APPARATUS 



vessel is maintained constant to 0.03 atmos by 6hl. t-  t 

ting gas from the gas line, In effect, the equilibrium 

and the sampling vessels form two arms of a U-tube and 
- .".- . "  

the wsolution is allowed to rise slowly the inn 

represented by the sampling vessel and is isolated there 

at the end gf the process. 
-- - -. - -- --- - - - - 

Constancy of temperature to. wlthln * '0.02OC is en- 
sured by housing the equilibrium and sampling vessels in 

a large- mter themoatst. - The-temperature- *laa read off -- - -- -- 

Quartz thermometer. The sample tube is taken off and re- 

pBced by.another one. The sample is analyzed on the gas 

chromatograph - the technique which has been discussed 
before. 

The Oxygen Analyzer 
* 

The ~ e c h  Model 777 Uborqtory Oxygen Analyzer is 
=3 

+. a direct-readout inst-ent $or the ehalysis of gaseous 

and dissolved oxygen. Eased on the polarographic princzn 

ple, it combines the simplicity required in many applica- 

tions with a high degree of precision and i-epeatability, 

Two basil: d t s  - a sensor and an amplifier - form 
the analyzer, The sensor detects the oxygen content, and 

the--ql i ;e ier  amplifias a n d a t t m W t h R ~ c l n ~ n r ~ 1 * -  5 -- - --- - 

i"c, 
which may be read di+ctly on the meter. 

t 

(ah Thet Sensor 
- .  

t ': 
'u' 
The sensor consists of a gold cathode separated by an 

- - - - - - - 



, 1 

epoxy casting; from a tubular s i l v e r  anode. The anode is 

e lec t r i ca l ly  connbcted t o  the cathode by a layer of 

potassium chloride gel .  The en t i r e  anode-cathode assembly 

i s  separa$ed from the sample by a gas-permeable Teflon 

membrane which fits f i h l y  against the cathode surface. 

-- -- 
The inner sensor body is contained in a p las t i c  housing 

- d-L----u- U---------- 

--- - - -- -- - -- 

and came~ i n  contact w i t h  the sample only through the 

Teflon membrane. When oxygen diffuses through the membrane, 

it iselectrically-reduced at the cathode by arr appXiad - - 

voltage. ( a . 8 ~ )  T h i s  reaction came8 a current t o  flaw 

between the anode and cathode which is proportional to  the 

p a r t i a l  pressure of oxygen in the sample. 

(b )  The Amplifier 
- 

Amplificetion i s  achieved i n  two 's tages.  A preampli- 
I 

f i e r  first picks up the sensor d i rec t  current signal  and 

converts it t o  an al ternat ing current signal which i s  then 

, amplified. The amplified signal  i s  demodulated t o  d i rec t  

current again, t o  move the meter needle. 

A s  a check on our so lubi l i ty  of mixtures of gases i n  
d 

water resu l t s ,  use was made of the Beelmran Mode1777 Lab- 

omtory Analyzer described above. This procedure of ana- 

of the samples, 

The oxygen electrode is  placed vacuum t igh t  in a small 

cell which is attached to the modified high pressure 
- - - - - - 

- 

apparatus, - 



(i) Epror Analysis of Results 
9 

&&pica1 -experimental result : 

Saturation 
- 

solubTlity of oxygen tn water at 25.00 

atmos pressure. 

- Saturation solubil ity of 
O2 in water as Wsen co- 

Average = 28.67 

Standard deviation of the mew = h0.02 

Typical measurement of the area of a peak by the 

Planimeter 

Units on Planimeter 

Average = 132 



* 

. *standard deviation 6f 'mean =- al.08 ' 

Since 1 uhit corresponds t o  0.064$ an2 , e . %  

standard deviation of mean on area (em2) = +0.07 6. - I 

% 

6' 
Frm the cal ibrat ion curve an e r ro r  of i 0 . 0 5  ch2 

" 

makes a *neglible e r ro r  in the solubi l i ty ,  thus the e r ro r  
" 

- 
- E 

i n  the  measuremaent -of the area As so small, one can neg- _ __  I _la_llj llli- -Up- - - - 

One' can say then .that no loss l n * e r r o r  is  &curred 
~, 

* - 
$3 rom - - - a awaw-nt- of &as o r  -th&peeks ~s orhy - ---: -- - 

5 f 

error is between run iio run, giving' a standerd devia- 
16 

€ion of k0 -02. d 

. . 
Temperature control  $ 

4 

Pattino (27) calculated an er ror  of 0.0% in the 
' -  

A so lub i l i t i e s  of gases In water fog a etiange of +- 0. 1•‹C, . - - 

9 
T h i s  er&r4is not large enough t o  effect the result, .  as @'p 

we can maintsin the temperature t o  *0 .OlO~. 
- 

Calibration curve 

- One qan read 6ff so lub i l i t i e s  t o  + 0.0%. This er ror  

is not large enough to effect our resu l t s .  -Pig. 



Calibration Curve - dissolved opgen 
1 





RESULTS 

The s o l u b i l i t i e s  of .  oxygen, nitrogen, me thane. carbon3 

te t ra f luor ide  and argon were measured in DsO and &O a t  

2 S 0 C .  The r e su l t s  are recorded in Table. IIIb. These A 

r e su l t s  allow a comparison of the s o l u b i l i t i e s  t o  be made 

w i t h  data obtained usingWihe asme experimental technique. 
x, -- - *- - 

The values are a l s o  compared with the a l r e a d j  published 

l i t e r a t u r e  values. Only our value f o r  the  sa turat ion 

so lub i l i t y  -- - - - -  of nitrogen -b mter-AH&) is- signif'Fcaat* - - -  
- 

- - -- 

unlike the values obtained by other workers f o r  the  solu- 

b i l i t i e s  of pure gases in water, We have checked our 

value several  times and w e  a r e  unable t o  account f o r  the 
P 

dksagreemant other workere (Table I). As f a r  as i s  

&own by the author, - - the  only prev data for $fie solu- 
b i l i t y  of gases i n  D20 is that fo* , + 

methane, ethane, n-butane and benzen2 (33). As ia seen 

i n  Table I I a  o w  values for argon and methane in DeO 

compare very well with those of Ben-Nab. As t he  r e su l t s  

agree with the alresdy published . value8 (except f o r  n i t ro-  

gen) the gas khromatographic technique is a re l i ab le  one 

for measuring s o l u b l l i t i e ~  of gases in water. 

The s o l ~ b i l i t l e s  of pure oxygen and nitrogen in dis- * ir3. ed fiWfiw= - - - - - ----- -- - -- 

r were  measured using the so lub i l i t y  apparatus 

=eeaLfur-=&am~solubility at high pressures. - 
f : .  \. 

These values compare very well with the already published 



literature values (27). The saturation solubility value 

obtained at one atmosphere pressure.compares very well 

with $he value using the ngas-bubblingl' saturation tach- 

nique; 
- 

The solubility of oxygen and of nitrdgen in water 

at 25*C was measured at partisl gas pressures of 0.25, 

Henry's I s w  type plots were done - 1.e. a plot of 
- - - - -  - - - - -  - - -- - 

- - - - - - - 

Patmos va concentretion (~ig. 4). Straight lines were 

obtained - the slope of which is the Henry's L a w  constant 

(K). The solubility values compere within 1% of the - 
already published literature value (25) and the K value 

consistent with the measured pressure value (16). 
-- 

In Table I1 we give saturation solubility ~alues for 

each component of the three mixtures studied (oxygen- 
"i. 

methane, methane-nitrogen, nitrogen-oxygen) , at prtial + 

i 

pressures of each component of 0, 0.25, 0.50, 0.75 a d  1 

atmosphere. All data have been measured at a total pres- 

sure of one atmoephere and at a temperature of 25.00 

0 *0l0C1 
d 

In figure 5 ,  typical plots of the saturation solu- 

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



mole/l i tre so lub i l i t i e s  of the two dissolved gases are 

a lso  drawn, 

:A pressure dependence of the so lub i l i ty  of oxygen- 

nitrogen mixtures in d i s t i l l e d  water was measured over . 

the range 0.5 to' 3 .O atmospheres, keeping the pressure 

of oxygen constant at 0.9 atmosphere. A plo t  i s  given 

in F i g .  6. The p lo t  demonetrates the depression of the 

- A pi- -e~i~t.s--~&*-r----- 
=a 

given in Table 6. 

In Table IV we present data f o r  the saturation solu- 

in the presence of a half atmo&phere p a r t i a l  preasure of 

helium, nitrogen, ethane, methane and krypton. 

In Figure 7, the so lub i l i ty  of oxygen a t  P = 0.5 
02 

atmosphere against  that of the ro the r  component gas as a 

puie gas a t  a prees'&e df 1 
- 

It i s  seen that a considerable d€?preesion in solu- 
\ 

b i l i t y  (as compsred t o  the saturntion so lubi l f ty  of pure 
- 

oxygen i n  water at a half atmosphere pressure) occurs 

with gases bbth more soluble and less soluble than 

uxygew* For t b  Efe, G a b ,  cut& Kk m s ,  w l ~ s t s  of t h e .  . 

water smples was made only for the dissoXved oxygen + 

. content, 

8- - - - 

-- 

were made t o  ensure the observed behaviour was free from * -- 

- *- 

sow sort  of systematic er ror .  



(1) I n  the above experiments, a gas mixture of the 
+ 

reqtPfred composition was bubbled through thelwater u n t i l  

sa turat ion was achseved; Some runs were made in which 

the m t e r  was first saturated by bubbling through, one 
1 

#= 
C 

4. 
of the gases a t  one atmosphere pressure and then bubbling 

i 

5 in to  t h i s  solution the gas mixture with each component 
- - A a A - - - - - - - -- - ----- - - --,-.--------- 

a t  a p a r t i a l  pressure of 0.5 atmosphere. Good agreement 

between the t w o  variat ions on technique was obtained. 

( 2 )  - Scme-runs rerg a lso  done- ~&tkfottt-the4r~%~- &be in - - 

- the gas analysis lAne an8 using a Pompak Q eoltlmn. The 

Poropak Q resolves the water peak d o W i e l d  from the gw 

mixture. .Good agreement between the two methods was . 

obtained. 

( 3 )  Some runs w e r e '  done using mixed gases obtained from 

Matheson and Co.  Ltd. ,  to -ensure the mixing of our- gases 
Z 

is an accurate technique. Two mixtures were done - 52% 

f e l l  on the curve obtained using our mixing technique. 

In figure 8 recorder autput peaks are given f o r  tan 

0&?2 mixture in  water at 25OC. 

Some runs were also done using the oxygen electrode 
- - -- - -- - - - - , -p-pp - - -- - - - -- - - - 

to measure the oxygen saturation so lubi l i ty  in-a 1:1 
- 

mfxture of oxygen and nitrogen a t  a t o t a l  pressure of 1 

atmosphere, The fnstrtmrent was calibrated by obtaining 
- - -- - - 1  & - - _  -- - 



percentage setura5ion for known pure oxygen qaturation 

so lubi l i t ies  at 0.50 and 1 atmospheie ( F i g .  9 ) .  Our 

value for the oxygen saturation solubil ity i n  the 1:1 

mixture of nitrogen and oxygen compared. very w e l l ,  w i t h  -- 

our previous value obtained f r o m  the techniques das- 

As these experiments agree within 1% of the results 

using the previous method, it can be s a i d  that there is 

for obtaining saturation so lubi l i t ies .  C+ . - 
4 
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SATURATION SOLUBILITY OF GAS MIXTURES IN Hz0 

1 , N2-02 Sys tern 

?02(atmos) o 0.25 0.50 0 .75 1.0 
-- -- - -L-u----~- -- -- 

lo5xO2 0 0.43 *.ol 0.8%.02 1.5Oi.03 2.3Ok.C 

lo5xN2 1.30*.03 0.8b.02 0.52h.01 0.19 h.01 0 

A 3 .  CH4-N2 System 

A l l  data measured at 2 ? . 0 0 ~ ~  (& 0.01) and at 1 atmosphere total 
pressure. a- 



OF GASES IN D ~ O  AND Hz0 O 2 5 O ~  





of solubilities O2 and Ng in water. Pressure 

Legend 

0 Oxygen -- -- -- - 

X Nitrogen 





Saturation solubi l i ty  of O2-CH4 and 02-N2 gas 

mixtures at various partial pressures of oxygen. 
I 

Solvent, water. Temperature 25:00OC. 1 atmos- 
7 & 

phere t o t a l  pressure. - Q 

Legend : 

data points 

 mole/^ it- 

mo)e/litre ' 

b ,nitrogen, , O oxygen. 5 

- ~ethane/Q;xygen; Solid 

4 methane, 0 oxygen. 
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Fig. 6 

Pressure dependence of the solubility of N. gas 'a 
the preaence of oxygen at a ccbstant partial pressure 





Solubil ity of' oxygen 

pressure in presence 

(at 0.5 atmosphere partial 

of another gas a t  0.5 

atmosphere par i a l  pressure) plo t ted  against -2- 
"other gas" so lubi l i ty  a s  pure gas in water at - 

* I 

25 .OOOc and 1 atmosphere; 



- - pp- --PA---- -------- *- - - ' * 

I IO'X, AT Pa* 0.5" ATMOS. IN PRESENCE 
UF 0.5" ATMOS* " OTHER GASm 



from 

I 

Fig. 8 '  

mixture. Typical peaks 



F i g .  8 



/= 

the Oxygen * Solubility of gases in waCer using 

electrode. 





DISCUSSION Q 
fl 

The experimental data obtained require the explana- 

t iomof two'phenomena - the difference i n  so.lubi2ity of 

gases i n  RpO &d H20, and the mutual decrease in solubil- 

i t y  of gas mixtures in DzO and HzO. We must assume that 
E 

4-0tbf~h_enm!!!wa havethe sfme bas_i.c expl-tion If we _____________ 

f i r s t  ignore the water structure argknents we are led to 
4 

seekan explanation in terms of the Pierotti theory. (16) 

equation for in%, 

are 

lar 

- - -  . -  - 

the number dens i ty ,  p ,  o f  the solvent and the moleeu- 

polarizability a of the solute. 
- - 



where ai i s  the  hard sphere diameter of molecule 1 

(solvent)  and 2 ( so lu t e ) ,  and where 

The above equation for % is insens i t ive  t o  p, the num- 

ber density,  thus the values of p 
H2O = x337 x loz2 ad 

----up------ L , -- 
= 3.321 .x lo2= give a amall "S 

'~2.0 

c L g e  in  s o l u b i l i t i e s  eg. G ( C H ~ / H ~ O )  = 3.94, K~(CHI/D.O) = 

mentally observed value. The theory a l s o  pred ic t s  the  

s o l u b i l i t y  of gases i n  DaO t o  be lower than in H20. This 

is contrary t o  the  experimental data except f o r  the ca se  

of oxygen which has a lower D20 s o l u b i l i t y .  

We w i l k  now examhe the  s o l u b i l i t y  o L  gas mixtures 
- 

by the  P i e r u t t i  theury. L. 
i- 

i )  Since the s o l u b i l i t y  of e so lu te  i s  s ' m a l l ,  

there  a r e  no I- j  intera_ctions, and we  cannot use the  

P i e r o t t i  theory to explain the  observed- r e s u l t s  in t he  

way used by Masterton a d  Lee . ( l 5 )  I n  their ca lcu la t ion  

of s a l t i n g  coef f ic ien t s  Fn t h e  Setschenow equation_, 

i t )  Consideration of the non-ideality of the  gas 

phase. 

is  t h e  sum of the partial pressures of the gases 



is independent of the assumption of the i d e a l i t y '  

of the gas 'phase, 
i 

(b )  the l inea r i ty  of our dnryt  s Law plot  

and w e  value of our Henry's Law cbnstant show r 

, - 
t h a t  ' deviation from idea l i ty  is negligibly smell. ' 

r 

( c )  calculation of the iugacity f o r  t h e  gaa 
-- L A  

L -- .--. 

mixture shows very l i t t l e  deviation from p=l 
P 

atmos, eg, In a 1:l mixture of O2 and Ng the - 

- - -- - - - - - - -fug&Citf s€l am-0 &@@&rut€% o . w45 Cfftt87-We *- - --- 

assume each component of the gas mixture behaves 
P 

as  an ideal gas. 6 

Since the fW&city of the gas phase i p  approxi- 

mately the same as the pressure, the a s s k p t i o n  by 

P i e r o t t i  that the gas phase i s jdea l  i n  wfitfng the chem- 
I i c a l  potential  of the solute  in the gas phase I s  a good 

one. 

As the results obtained using ~ ~ f e l e c t m d e  method 

agree with the resu l t s  from the gas chromatograph within 

I$, t h i s  suggests t h a t  the observed l o g r i n g  of the 

s o l u b i l i t i e s  is not an a r t e f a c t  of the  experiment. 
/ 

- 
5 .- We may calculate the Henryts l a w  constant (%) and 

thus the ~ o l u b i l i t i e s  (X*) uslng ~ i e r o t t i ' s  equation, 
- - - - - -- -- -- -- - -- - - -- -- --- 

mgklrrg the rnonber density a variable.. I f  t h i s  ~ i s  done 

f o r  each component of & gas mixture then the number density 

depende'hce of, the mole f ract ion (X*) Can be foun8. Such 



plots a r e  given f o r  0 2  and N2 i n  Fig,  10. It i s  seen . . 
that  M e  presence of one gas ch&ngeS t h e  number densit? 

p -.this can be interpreted bs arising from a change 

in the  s t ruc ture  of water. It I s  a l so  noticed that " 

there is a big change in Xp f o r  a &all change i n  p at  

the  lower mole fAc t ion ,  suggesting t h a t  there  reaches . I 

--  - -- , 

a point where our solve is so highly structured that P 
no solute molecule can be diissolved in t h e  solvent.  

' 

tucas (35) in a recent paper emptlasisis 'the same pc&t 
- - - - - - - - - - - - - - - - -- - 

- -- - - - -- -- - -- 
as  i s  made above. He c l a m  t h a t  a$ the number density 

increases there is a dec&aae in the number of th6 

bonds between t h e  water molecules - th&s may be inter- 

preted as follows: since thepe is mare room in the 

open tlm~re-hydrogen-bondedl' s t ,mcture  of wster 'than i n  
" 

the broken down structure,; the solute is more easixy 
3, 

.c 

8'oluble in the former than in the Istter. I?, then, * 

I >  
+- 

there  'is a decrease in the number .of bonds betwei~n the  

water -molecules, there* w i l l  be a decrease in soh ib i l i t y .  

We will now look a t  the water s t ruc ture  arguments - 
t o  explain two phenomena observed 111 t h e  experiment 

S. measurements. - "t- 

- of two kinds of molecules 
C 

- - ' - -- - - -  - - - + -  - 

in eheniical equilibrim: t h e  



Fig. 10 . 

-Dependence of X2 on number density(pHp,) 
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-monomeric water molecules ( p  molecules ) , t h a t  is ,  fnolecules 
. )  

, not linked by hydrogen bonds t o  o ther  molecules, and mole- 

cules of water which a r e  *f'ully hydrog& bonded ( I  mole- 
* 

cules) .  It I s  suggested .(32) that there  i a  an increase i n  

the concentration of i form in DzO which'leads t o  rr higher 

- - - &8&~86-8f-4-i"b-t , ~ & X t ~ ~ ' s - - - -  Cr .* 
arguments, it can be concluded t h a t  the g rea te r  the  m b e r  

" of cav i t i es ,  (which is proportional t o  the concentration of * *  

a grea te r  "degree of c r y s t a l l i n i t y "  of the solvent QzO.  

Since the re  Is a g rea te r  number of c a v i t i e s  in D20 than i n  

H20 one would expect there  i s  a higher probabi l i ty  of the  

solute  enter ing t h e  B20 s t ruc tu re  than the H20 s t ruc tu re ,  Thus 
ui 

we would pred ic t  a &her gas s o l u b i l i t y  I n  DzO than H.0. 

We found t h i s  i s  true f o r  CF4, CH4, ,NQ and A r  but not  f o r  

the  

the 

)fa0 

\ 
/ 

Ben-Naim (36) recent ly  explained the 

s o l u b i l i t y  of gases in DzO and Hz0 on the sbrength of 

hgdrophubic i n t e r ac t ion  of a pair of gas so lu tes  fn d 
and D20. -kHydrophobib l n t . e r a c t i o  (37') .refers ' t o  the  

'% 

indirect pa r t  5f the  Gibbfs free energy change f o r  bring- 



-Y, y- '9 4. 

Ben-& a&s t h a t  there  i a  a sfronger hydrophobic 

in teract ion between the so lu tes  in HnO compared t o  DzO, 

thus the so lub i l i t y  is las-a in HaO than D.0. eTh18 is % 

* ? 
prbbably t rue  f o r  A r ,  CHI, NZ and CF4. Ihe  oxygen s o h -  

b i l i t y  downf t f a l l  i n to  the above category i,e, Op is l e s s  

soluble in  DPO than HPO. Ap_oaa_fhl,aa~plan&&m 
- -- - - i s - m a t h a t  

since Dza0 i s  more hydrogen-bonded than H.0 there i a  probably 

a grea te r  degree of Interact ion between the ogygen molecules 

s t ruc ture  by the oxygeh molecules. 

It . For a l l  the &binary gas syEttems examineda the same 

trend is  observed, the  so lub i l r ty  of each gas is lowered t 

3 

from the expected Henry% Law value. For oxygen a t  any 

- p a r t i a l  pressure the r e l a t i v e  lowering o r  i t s  satuPa€ion 
- 

s o l u b i l i t y  increase8 with the difference between i ts solu- 
c..i 

b i l i t y  a s  a pure gas in water and the so lub i l i t y  of the 

other  component as a pure gas #ater."Kis is i l l u s t r a t e d  

i n  Fig 7. * 

. Many atudlCfs have been made of' the change in satura- 

t i o n  s o l u b i l i t y  of' a gas f r o m  the addit,lon of mi added 
< 

solute.  Ben-Naim (32) has Msoussed the eolubiUtybf  
i " 

/ 

argon &i dilute 8queous a h t i o n s  of nonelectrolytes = 
- - -- - - 

terms of the  two-structure model of water-. Wen and Hung 

( 3 8 )  have similarly used this theory t o  explaln t h e  thenao- 



. 
a lkyl  ammonium salt  solutions.  

I n  the present study, the mutual lowering of solu- 

b i l i t y  occurs a t  extremely low mole f rac t ion  of each 
I 

component ("Io-' ) . We can thus discount any theory f o r  

which the observed e f f e c t  depenb < ,  upon a ( s 0 1 u t e ) ~ -  

( so lu te ) ,  in teract ion,  term. /"fn t h i s  sense, we can d i s -  
---PA- -- -- -- - -- 

count the  ea r ly  theories of Eley (12) and of Frank sad 
f 

Evans (20).  Similarly, the theory developed by Masterton 
4 

and Lee  -f %9)-,-4xk8ec-~k%ktg approach of Shmrand-Cubb$na- -- -- 

1 
9 .  

(407, can only be used when the  ( r 0 1 u t e ) ~ - ( e o l u t e )  d i n t e r -  

act ion a f f e c t s  the free energy of both forming a cavity 

i n  solution and i~ placing the (gas) so lu te  molecule in to  
EC;;c, 

the cavity.  Th i s  w i l l  not  happen a t  the low mole firaction 
2 

solubilities of each disaolued gas an8 w i l l  not explain 

the observed resu l t s .  I 

The two-structup model of Ben-Naim (32) and of '  . 
's 

Namiot (39) has been most successful both in &xpla&ning '1 
?, 

5 a 
t h e  seemingly anomalous propert ies of the  i n e r t  gases i n  '\ 
water and of the e f f e c t  6f th pr& "7 eJec thJy te  '\ \ ' c 

and nonelectrolyte solutes,u..on the u b i l i t y  . . I n  t h i s  
i 

model water is assumkd to'cow%& oP monomeric water and 

a f f ec t s  the  equ%llbr1.tuii tietw~eh these species.. -In d5scus- 
z 9 "  

" 1  1 

,---- 

fjing the  e f f e c t  of added non-electrolytes it appears t h a t  $a 



s t ruc ture  w h i l s t  o ther  solutes  have the  opposite e f f ec t .  

The s t a b i l i z a t i o n  i s  enhanced by the grea te r  the  i n t e r -  

ac t ion .of th,e so lu te  w i t h  monomer water. S t ab i l i za t i on  

7 of the  water s t ruc tu re  by methyl alcohol enhances the  
I 

number of cavities in the water and increases the s o h -  . * 
* 

b i l i t y  of gas (41). 
- - - - - - - - - - - -- I -  7 

The experimental data show t h e  s o l u b i l i t y  of each 7 ' 

component t o  be red, and in f a c t ,  t he  t o t a l  number 03 

salute aFecLes8 -- ut ion  ---- t o  be l e s s  - - than - - the  -- - -- algebraic - - -- -- - 

expectation (1 ; a =  eL%h&sum of the  expected Henry s Law 
v 

_ s o l u b i l i t i e s )  ., This requires. t he  des tab i l i za t ion  of the  

water by each of the two gaaes, i ,e.  a lowering i n  the 

number of available voids. Thus, on t h i s  two-structure a 

model the  explanatl'on required t o  account f o r  the proper- 

t i e s  of the  pure gases in water ia eon t~ad%eto ry  t o  t h e i r  - -, 

propert ies  in water as a gas mixture..' 

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

and the uniform mode$ (8).  Por both model8 there  e x i s t s  

an equilibrium between ' f r e e 1  water mo2ecu?,es and water 

molecules which are part of some structure- i?armatiod 

The two models are quite di f fe ren t  i n  t h e i r  descript ion 

t e d  increase o r  decrease in the number of free 'vo;tdsf 
, - 

. - i 
upon the &adition of a non-electrolyte.  - 

t 



. + 

In Gurikovts theory, he obtalsls equation for the 

change in the therntodynMc potentials of component 1% 
I -- ' 

affect ,  which is similar to &. a r h n t s  based on the 
6 

/ fraction of free void..  his is contrary to t i e  predic- 

salting in e f fec t  (Lee  a mtual increase In the eolu- 
e 

b i l i t y  of each gas ) . ,I 

Qurlkovrs theory can only &plain the trend in 

eolubility depend- on whether AM is negative (or posi- 

t ive)- .  It does not the nnrgnitude of the solubility. 



gas is about 0.001,' or sometimes l ess .  ~herefdre one 

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

under the conditions studied. f 

- -  ut 
Ben-Naim and Bagr (21) in  their studiee of  the 

+ 
solubi3ity of argon in ethanol-water mixtures faund an . 3 f 

- ' 1 D c - - i n - t R e - - e f f - a a  
t 

ethanol, In the present studies, the mdle fraction 'we are 

looking at  is =-low5, much lower than Ben-Naim. Probably, 

water system, except in this ease. there i s  a lowering of 

solubil i t ies .  



Chapter I1 

"For up and down and round says he, 
Go a l l  appointed things and losses on the 
round-about8 means, grofits  on the swings. 11 



Intrqduct ion 

The investigation of t he  diffupi&lod$ses i n  water 

w a s  undertaken i n  order t o  tes t  out varfous empirical equa- 
4 

t ione  &elating the  diff'usion coeff ic ient  D t o  various mole- 

cu la r  propert ies of t he  gases. In as much a s  the  P i e r o t t i  
-- - A- --- -- - - - -- 

theory f o r  gas so lub i l t t y  appears t o  give a retisonable 

successful predict ion of the  so lub i l i t y  of gases i n  water, 
I 

proposed theory of Mchughlin. This theory has the  rigorous 

h s k o g  theory as i t s  basls and , like the  P i e r o t t i  theory,  

is essen t ia l ly  &'theory baaed upon the  hard sphere equation 

of state.  

A h  examination of the l i t e r a t u r e  shows some data t o  

exist for the  diff'ikion coef i ic ien ts  of simple gases i n  

water bu t  most of t h i s  i s  for  room temperature condi t ional .  

Much of the published data is now regarded aa unreliable 
,.&. 

but i n  the  discussion of t h e  r e su l t s  a comparison f a  made 

of the da ta  obtained i n  this study t o  those data of other 

workers. -\- 

Apart fm purely experimental o r  ana ly t ica l  d i f f i c u l t -  

ies the  two mein problems besettifig the measurement of - 
dfrf'uf&i~n in liq@fds are fir& a well deffned set- of con- 

* @= 

ditions under which the diffusion takee plece and second 

the clccurence of a conuect3onaX mixing mechanism on top o f ,  
% 8 

the  chemical po ten t ia l  indtfce-d d i  f fisf an:- W o  L B C f i n i q ~ e $  - 



are described for measuring the diffusion of s gas in 

water. The inverted tube method, places the diffusing 

gas below the water column. It i s  seen that the open- 

tube method i s  subject t o  large density convection 
* 

effects  . !Fhe Inverted ~ x L g l m d i f f u s i o n - ~ - -  
--A - A - - - - - -- - 

coeffieient data- in good agreement with the values of 

other workers. A compsrison of the two technique8 shows 

- . how -Wrge- -~;RB =fectOlf %lie -aimed b e m i t y  cmc t i o n  -- 

mechanism is.apon the overall rate of d i s~o lut ion  of 

the gas. 

- 



Theories of Diffusion in  liquid,^ + 

Hietorically , developments of. suitable expressions 
D 

for a diffusion coefficient have generally followed arLVler 

a hydrodynamic, & thermodymuiic, a kinetic, or & quantum- 
- - - - - - - 

- 3 T t - m .  
X - - -- 

The classical hydrodynamic development of -the C 

diffusion co6fficient was originally made by Nernst ( 4 3 ) ,  
- - - - - - - - - - 

-- - - - - p- -- - - 

and Einstein (44 ) . According to the Nernst-Elnstein 
r" equation, the diffiwion of a single molecule, designated ,, 

as i, through a medium, designated 
f 

j, may be described by, 

the relation 

*%re k is Boltanam constant, and 
1 

$ 3  is the frictional 
f 

molecule (i.e. the 

steady state velocity, Ui, attained by a particle under 

' a unit force, F, 5 IJ = U ~ / F  . According to ~bstein, 

where ri is the radius of the difAleing molecule and U.J 

is the viscosity of the soxvent . ~q 'n f '23 can only be 

of the diff'using spherical molecule, m a  with the difm - 
P '  

sing particles considerably larger than the solvent 



which is called the Stokes-Einstein equation. The hydro- 
I 

dynamic theo suggests that the shapes of the diffusing . fY 
molecules may be important slntp the drag coefficieht 

varies with prticle -- shapes. 
A - -- J------ - ---- 

A f~rmalized~approach to evaluating diffusion coef- 

ficients was made by DeGroot (45) applying Opsagerts 

phen&meno%og%cal mff %cfent to--ttre--therrm,dymurdcr~ - -- - 
-- - 

irreversible processes. From a combination of the pheno- .: - 

menological equations and the usual difasion equation; 

the diffusion coefficient i s  defined &s 

where ij*is a phenomenological 

chemical potential,  The theory 
* 

v 

. , 
coefficient and w i -  is the 

- 5  

gives no' indic_e;tion of 

the form of 
1.j 

as a fruiction of concentration and knvolves 
* 
dif liculties in determining experimentally. ~ b r  these 

, . 

Inversely as 'the squcye~oot -of the molecular weight), the -. 



C 

theory was made by Arnold (46), after making certain 
. I- . 

aorrections. Arnold prbposed the folloking equation, 
* 

which i s  slmil&r to the equation developed by Gillland 

(47 1 for gases, 

a d  sol~&, B is a propa~tiohality constaht, p is the : 

factor. bless the abnormality factors are known in ad- 

-vance (f- em&ical data) eqt n [ 53 i s  not useful*' in  , -  

a f . .  

3 * 
absolute rate theory t o  d%ffisior$bprocess by,qss~Bing 

* 

that t h e  energy of &iustion for the difiuslon procear, 

i s  that energy required to form an extra s$ce in the 

liquid t o  rllow the noleclLles %o move. Applying the 
L -. R. + 

Maic fum of the expression for the rate of reaction, 
7 - 

K may be exp?eesed-@a - + P + 

For the fundament&& diffusion process the d i f f u -  co 

.t 

sion cosfiicient * is given by: 1 



k 
1 

where X i s  the distance between equilibrium positibna,, ,  
- * 

* - 

. . Eqln [ 73 may then be cbmbined with eq In [ 61 t o  give 

t 
and. i f  ' t h e d f f b s i o n  process . L is carrlgd out without any . - - * 

es'n C-gr-L--- - - ---- 
A - A - -- --- - -- - - --- 

volume changes, ,. . may be rewritten: 
, - f 

i ,. AS* D. = ~ ' " e ( ~ )  e x p  (T - &*/RT) [: 91 

k~ AS* B" =. A 2  e(T) exp 

P 
Suff ic ient  data have nar been correlatedlwith the Eyring . 

C, 
I 

,6 

to show that w i t h  present lmowddge%f moiecular 

. pakmeters  the rndhod y ie lds  values & thet.prqper order  
--- 4, a - 

, r -  *d t 

of magnitude (49) . <However, calculated'  vaiues - o$ diffu- 
*, 

s ion  coef f ic ien t s  cornpar@ ' t o ' ' i x p e ~ n t a 3  values  show . .  
- * -  % - -  .- . 

t h a ~  the Eyring .equation frequently predic ts  low . . 
d 

values. The equrPtlon fails t o  p ~ d ! L c t  corre'ctly. h i f fus i - .  a 

Gvities i n  rhnideel  systems of aqueous so lu t ions ,  t 

Another intgksting equation fdr diffusion processes - 

' h  &d Warea the same -fo; the  proce&es of d i f fus ion and 

qiscous flow, the can be derived f o r  D: 
- 'F 



where 1 x and h are distance characterizing the spa-. 
+ 

G 

ing layers of mlecules in the .quasi-crystalline liguid 

1at;tiee. T h i s  is a particularly useful relation arnd.has 
?, - ',-- 

4 
been used by msnx. lnvestig~ttors to develop semi-empirical 

relations for eg t ' ima t ing  diffusion coefficients. As ' 

d f 

equation [11] requires specification of kits, it fails in 
& ,  

- , the sa&categ~zy as-the Arnold -equation in predicti ng - - 

I 

' diffi~ivities of dissolved gases, 'since variat.ion of 

'diffusio? coefficients with blute species have been mted, 

chang and Wilke Eo.) empirically modified> the Eyriw . " 
- .  / -  

theory of absolutg reaction rates 

equation ['3je, The covelation 

- group F = T (Di2~). Within the limits of the available 

experimental data, F was eesentialiy independent of tem- 
4 

perature far a given system, but was a function of the 
, . 

dolal volume of the solute. . 
J 

In 1955-~ilke and C h p g  (50) performed several 
1 experiments and obtained data to supplement 'that.used by . 

Wilke in 1949. Experimental data from 178 experiments 
! 

were rehodwed an average deviation of 10%.   heir 
t 

- - --- 
-" Pi 

-- - - 1 
I data indicated 'that P was a smooth fmctian af the solute . . 

P and apparently' merged with the Stokes-Einstein equation 

at hie 6 l a l  volumes. Over  the mf3dle  r-mge of rnolsl 



% volumes, the curve may be represented by a l i n e  of slope 

0 -6 ;  theqefore they assumbd that D~.~/T was .proportional 

n t o ;  . 
5To determine the e f f e c t  of solvent propert ies on 

rl 
.-. 

diff 'usivi ty,  a wide. variety of variables such as solven_t - 

were examineh . O f  these the moiecular weight appeared t o  

' &relate  the data most successfully. ~ l though '  there is  a 

a& half corre la tes  +each system f a i r l y  well on a' p l o t  of 

From the above r e su l t s  Wilke concluded t h a t  an 

equation f o r  unassociated l i c p i d s  of the form 

would successfully include the in teract ion of solvent and 

r 
nitrogen a& carbon dioxide. -- 

l% f e l l  
~ 2 f  

above the  line f o r  unassociated l iqu ids .  By assigning a .  

molecular weight t o  1120 of 2.6 times the  nominal weight, 

the curve w&s brought in to  agreement with the curve f o r  ' 

unassociated l i & d s .  . p+-Lp-- 

Scheibel (51) made a correction t o  the or ig ina l  - 
B 



Wilke cor re la t ion .  It i s  possible t o  express Willie's 

cor re la t ion  without 'the solvent fak tor  as 
I 

O t h m e r  and Thalrar (52) followed the  p r inc ip le  used Q 

p lo t t i ng  logari thmlcal ly ' the property of one mater ia l  

against the  same property of another on a sca l e  based on . . . 
- - -  _ - - -  - - - - - - - 

A 

. the  vapour pressure of a reference substance. If diff'u- 

s i v i t y  is expressed a s  a  rat; process which var ies  expo- 

nentially w i t h  the  temperature, by introduction of the  

Clausius -Clamyron equation it ' can be shown t h a t  log 4 
ED- 

D l 2  = L log  P + const ,  This suggested t h a t  & log 
% 

p l o t  of D12 vs the  vapour p r  ssure of a  reference sub- t 4 
stance at  equal temperature$ would g i v e  a straight l i n e  

e 

of  slope E ~ I  L. 
, 

The equation which bes t  represented the  data f o r  - . 1 water as the solvent  was 

proposed fo r  estimating dif fus ion coef f ic ien t s  from 

' either basic molecular data o r  _other physlcal propert ies  



df the system. This i s  lrtrgely due to  lack of undarskmd- - 
ing the liquid state.  

We have made use of McLaughlints (53) application 

of hard sphere theory t o  the diffusion of gases in 'water, , 

benzene and carbon tetrachloride. The calculated values I 

compare very_ well with thq experimental -data, The t h e ~ r y  
- - -- - - - - -- --+ -7 

is  discussed i n  detai l  below. 



Application of hard-sphere theory t o  d i f fus ion of gase& ' 

in l iquids. .  --. 
Recently, McLaughlin (53) made use of Th&rnets 

' s-%& extension of ZheEnskogtheory fo r  d i f fus ion  in a dense 

mixed hardsphere f lu id . '  We have made use of* h i s  theory 

- - 
t o  calculate d h f u s i o n  coef f ic ien t s  of gases in l iquids .  
- - ---LA-LLL--pp--A-------~ ----- 

. For thelcomplete discussion tke  reference s t a t e s  . , 

w i l l  be b l l  and bZ2 f o r  pure dense f l u id s ,  where b l l  

f o r  the'\$nixed dense f l u i d  we define %new values: -bF1 f o r  I 

the Bolvint in  the  mixture and bz2 f o r  t he  so lu te  i n  t h e .  t 

mixture. 

Besides the  equa-tions for the  pure f l u i d  there a r e  . 
I - 

a - se t  of equations f o r  the t ransport8 of mixed - 
r, * 

hard-aphere fluids whi  ch have been developed by Thorne 
% 

%(54). In t h i s  sect ion,  these equations are applied t o  . 

di f fus ion  i n  systems which are of practicalrim 
/ 

and fo r  which, a t  present, .  d i s c u d o n  and predict ion a$e 
7 i4 

l a rge ly  based on the  ~tokea-  in stein eqqatlon -in one form 

Dif f"s f on Theoiy 

can be wr i t t en  C" 



. . ' =  n061g1n(012) C 133 

where - 
* * is the number density of the =T- w 

dense fluid. - t 

n = ni + n, an8 2a12 = a l l  + o l  1- LA 
- - -- - - 

t 

gl~(ul2) = contact radial,distri-bution f'uncttrn 

for the mixture, 

- n o =  humber"ders1ty-of the &1&te-flu&& - - - - - r  - 

6 
a = mutual diffusion coefficient of the 

. 
corresponding Infinitely dilute gas 

, at the same r 

g l .  (a 12 ) is related t o  the 
/ 

reduces to 

' P  ; 1 + 4bl d d  
-- C 253 

w .  A 
- -% 

where b = 
,. d 

b,, is the mtio of the volume of the moleculee to the 



* 

As e q f n  [ 333 has the  term g (a 1 ~ )  - the  pa i r  distr ibution 

function - it is necessary to"  obtain an expression-for  it , 
# 

- -- -- f r o m _ ~ ) e e q u r t ~ i b z ~ * ~ q + _ M c L a ~ ~ ~ - ~ ~ - l t f k t ~  -- 
b 

Percus-Yevick equation in deriving gI2(a and g(a ) . - 1 

Percua! and Yevick equation (55 ) 'enabled Wertheim (56 ) . and 

LebowiDz (p) one for g l ~ ( u l s ) .  -. - 
There is a' familiar method o'f calcula t ing the 

equation of s t a t e  when the  r a d i a l ' d i s t r i b u t i o n  function ' 

-, 

is* known. It i s . t k r e . r e l a t i on  

which. was o r ig ina l ly  derived from the  -a1 theorem (54). 
I 

The Percusi Yevjick equation may then be solved analytic&lly 

, f o r  the  ha&-sphere po ten t i a l  (59). The resur t ing pr  

sure equation of s t a t e  is 

where - 



S u b s t i t u t i n g  Qto eq In .C 193 w 

- 
The v i r i a l  presbure i s  obtained explicitly from 

t he  s o l u t i o n  of the Percus-Yevick equation s ince  for t he  
.. 

case of a mixture of hard-spheres -4 

, 
*- 

\ 
' -* 

a r 

t - ~ n ~ + 2 / s F n , n ~ o t ~ g ~ ~ ( o ~ ~ 1  

&ere g i J b i J }  is t h e  contac t  v a l s e .  of t h e  radial d i a t r i -  ' 

bution function, f o r  which the ~ e r c u s - ~ e v l c k  eouation 

g'ives as derived in ref. ( 5 8 ) ;  



4t * 
where 5 = b l l  + b22 * 
5 is sPor the mixture of 'kolute' plus solvent. mter on 

mutual diffusion coefficient of a dense' hard-sphere mixed 
- - - -  - - - -  - - - 

f lu id  of molec&e ,& different diametep . 
From eqt n [ 131 

To simplify the algebra, let 
0 .  



and 

f 

~ividing top *and bottom of L.'H.s. of eqln r 263 by o 1 

which simplifies to 

Thus, ' 

. For the case of mutual diffusion in a dense mixed 
* * 

sphere rt wjwre t he  e e c u l e s  %vethe-am- s i z i c ~ ~ j  

hard- 



Substituting for ,i 

Eqln - c 321 can be rewritten asu- - 
- - - - - - 7- - - -  

From eqtn [ 1.61 . 
- 

Substituting in eqtn I: 33% 



- 
with an additional condition, mi = m. (and oil = 024, 

Longuet-Higgins and Pople (60) further fou;nd a result 

for the pure fluid by considering the exponential decay 
Y \ 

of the auto correlation f'unction. 

Their result is 

Substituting for 

we get after rearrdngfng 
\ 

Substituting, 



. - Apglication to  the Diffision of -Gases in Liquids 

A t  present e is a greit deal  of data lor $he 
f .  

d i f  fus f bn of gas liquids but l i t t l e  has -ione , 
, e 

- *' 
to determine these f&tors which control the tempera- a P 

- .  
tuf& dependence of the diffusion- cchfficients of such ..- 

+ -- ---- - . A- -pa 
-- ------------ - 

B Y S ~ W  or to calpl~?cte ,the- diffision coefftcients Prom 

, statistical-meckeenfcal theories. -. . : c 5 

- r 

+ , =  
.c . 

- - -r Rather , t ~ a n  ---- calculate --- - D (mu_t~gt~di~~usion)-B/,  1- - -- - - - 

s 
/ 

, L 

, ; initio we -look pt the ratio ~/D,o. 
, . 

Thus eqin[30], divided by eqtn [383 gives 3 , 

R z 

' . 
1 \ 

F * =!2u D (l-bf1-b&) 11: gv+w , - - = 
, Q l l  .' T 

a d I O ,  , 
2%(l-b;;)'[ ( ~ - b g ' ~ , - b . 2 ) ~ 9  + L%.+ %)$a21 .: , 

1 1  

- f the mixed-hard -spheres .- Mole fraction )i def Led as* 



/ ,  
Lebowitz and Rowliason (61) defined mole- f r a c t i o n .  

6 

in s binary mixture of hard-spheres as 
3 8, 

'.- 

= Avogradrots number! 

-5 9 Nii = No,, of moles of i i n  the  mixture I 

-- 

- 
- - - - - - - - - - -  - - -- - - - - - - -  - -  

- 

a Vii = molar volume of i 

P i  = number densi ty of i i n  the  mixture. 

Comparing eqln [40] md.eqtn 1411 we find that they are 
' t  

equal only ff' the  vts' are the same. 
' r .. 

Thus 



. 0) for -b in the mixture 

N1 top and bottom by 
Nll + N22 

( i ~ )  for b& in the mixture . 

Div id ing  top and bottom by V2= 
" 



( b ) Eq n [ 451 then becomes ' 

the disdblvgd gases are small, we a re  dealing with the 

" Thus, eq'n C 401 for the  spec$gl case becomes 
T- 

* 

y, 612 

-- 
Diffusion coefficients are calculated using the above 

equation for.various systems and compared with the experi- 

mental vaiues . 
The validity of this theory will be discussed l a t e r .  



Diffusion equation and i ts  solut ion f o r  the  open-tube 

and inverted tube. 
I 

The development of .  an &a ly t i ca l  theory of d i f  fu-  

s iona l  flow began in 1855, when Fick (62) applied 

Fourier 's equation f o r  the. flow of h e a t  t o  the  flow of 

matter by di f fus ion.  -- ---- - - --A------- 

The mathematicaktheory of d i f fus ion i n  i so t rop ic  
'7 f 

media is  based on the  rate of t r ans fe r  of d i f fhs ing ~ u b -  

s-tance through a m i t  area-of-* section-which-3s pi6por- =- 

t i o n a l  t o  the  concentration gradient measured normal €6, 

the  sect ion i . e . ,  

@ere Fx is  the rate of transfer per u n i t  area of sec&, 

c is  'the concentration of d i f fus ing substance, x i s  the  

space coordinate measured normal to  the  sect ion,  e n d  D 

is called the d i f fus ion  coef f ic ien t .  

By considering the mass balance of an element of 
-L 

volume i t  is easy t o  show t h a t  the  fundamental d i f feren-  

tial muat ion  of d i f fus ion ,takes the form 

provided D is a constant. When D depends markedly on 

J 
the concentration c and a l so  when t h e  medium is  not  

* 

homogenous .so tha t  D var ies  from point ts point,  e q r n  



( 2 )  becomes 

where D may be a function of x, y, z k d  c  . Frequently,, 
b 

dif fus ion occurs e f f ec t ive ly  in one d i rec t ion  only, i .e. 
B 4 

there i s  a g rad ien t  of concentration only along the  . 
F 

- - - - a -- - - - - LL id-- --+ 

x-axis; i n  such ca es eqln [ 483 and [ 493 reduce t o  2 *- 

The fundamental d i f f e r e  a1 equation of d i f fus ion i n  an ""t 
+- i so t rop ic  medium i s  d e r i v e d  from e q l n  c47] as follows: 

-4 

The element of vOlU3ne is  in the  form of a rectangular 

parallelepiped whose s ides  are parallel to the  axis of . . 



centre  of the  element s a t  P(x,y,z), where the  concen- -2 
t r a t i o n  of diffusing~substan 'ce i s  c .  ABCD and A t B t C I D f  

a r e  the feces  perpendicular t o  t h e  ax i s  of x.  Then the 

A t e  st which di f fus ing substances en t e r  the  element 

through the  face A N D  In the plane y ~ z  is  given by 
4 .  

a FX 4dydz(Fx - - dx),-where Fx is  the  rate of t r ans fe r  
ax -- LL A - A -a a -A- A -- - 

through u n i t  area of tha corrqsponding plane through P. 

S w J a r l y ,  t he  r a t e  of loss  qf d i f fus ing  sub- 

The contr ibution t o  the r a t e  of increase of d i f fus ing 

substance i n  the element from these two faces i s  thus 
aFx equal t o  - -8dxdydz - . ax 

~ i m i i a r l ~ ,  from the  other  faces vie obtail), - '. A 

t he  r a t e  a t  

i n  the element which the amount of diff'using substance 

and hence we .. a c increases is  also given by 8dxdydz aT 
have immediately 

where 

- - - - - 

Us; tng-Fie f s  second l a w  and boundary conditions f o r  
'*. 

-- 

v a i o U B g e 0 m e t ~  c s h&peS, onecanrlndasolu%ion t o  

ca lcula te  t he  d i f fus ion it, which can enable one t o  
.b 

eoeff icient p,. 
' I 



Methods f o r  measuring d i f fus ion  c 04f i c i en t s  of d i lu t e  
I 

s o l u t e s .  

Considerable e f f o r t s  have been spent i n  devising 
1 

equipment i n  which the variables of comentrat ion,  d i s -  

' tance, and time can be observed i n  such a,manner during 
6 

-", can be-calculated from one of the various mathematical 
A> 

forms of the basic diPfu6,ion equations: , 7 
- -- - - - - - -  - - - - - - - - - - -- - - - -- - -- 

For a-number of e a r l i e r  methods, excelfent reviews 
- 

of both the mathema'ticsl and experiinental aspects  of the 

* $iffusion process have 6een given by Bsrrer (63) ,  Carslaw 
k 

and Jaeger (64 ), Crank (6 ), and Jos t  (66 ) . Since detai led 
e .  6 3 

developments of these* methods a re  avai lable  i n  t he  
d 

8 I 

l i t e r a t u r e ,  t h i s  presentation w i l l  be confined t o  a brief  

sumnary of the most usef'ul eontributfons t o  6 1 a ~ s i c h  rn 

diffusion measurements , 
- 

There have been a number of ways of c lass i fying 

diffusion measurements, but i n  general 'the experiments 
f 

can be divided i n t o  two &ad classes (67) .  They are 
$ 

1. tectmiqqes where diffusion occurs i n  a peeudo 

stationary state and where the diffusion r a t e  and con- % 

/%ration d is t r ibu t ion  a t  t i  starting time i s  known and the 6 
- concentration - - - di6tr ibut i .p  - a t  the end - - of - L - the - - experiment , - - -  

- 2 .  

I ..can be determined, an unsteady state method (61), ar 



( b )  tecnniques which a r e  similar t o  p a r t  (a), except 
! 
i 

the% t he  concentrat ion d i s t r i b u t i o n  i s  determined con- ! 

t i n u  s l y  o r  a t  i n t e r v a l s  thrqughout t n e  experiment. 
f 

a"\. 
2 
i 

I 
( A )  Previous Methods 

- .  _ - - - - u u _ _ . - . - _ _ .  " -  
1 .  

1)Pseudo -Stat ionary S t a t e   if f u s i ~ n  Measurements . ( 67 ) i 
~ ~ d h o u ~ h  r e s t r i c t e d  t o  r a t h e r  few types ,  of exper- 'r-l. 

imental  - methods, cg lcu la t ions  - by use of F i c k l s  
- - - - -- - - --- - - - - - - - - 

a r e  shp&. If i t  i s  pbss ib le  t o  measure t h e  d i f f u s i &  ' 

Y 
f l u x ,  F, i n  a given system w i t h  a known concen t ra t ionL - 

gradient,  tnen tne value f o r  D i s  i v e d i a t e l y  ca lcu lab le ,  

f o r  

f 

It is  poss ib le  t o  i n t e g r a t e  the above equa$ion 19 D is 

assumed cons tant  and the concentrat ion is a l i n e a r  

functidn'  of d i s t ance .    he most use fu l  a p p l i c a t i o n  of 

thfs type i s  v i t h  diaphragm cells, where d i f fugion  takes  . 
place across  a- porous diaphragm connecting two c e l l s  in 

which the  concentrat ions ere ma3 n t ~ i n e d  uniform. 
1 

both ends, placed w i t h  each end in a r e s e r v o i r  of uniform 

Z concentrat ion.  Although t h e  dlaph gm c e l l s  have been: 

e d e l y  used f o r  d i f f u s i ~ m e a s u r e m e n t s ,  s e r i o u s  dbscrep- 

mcies exist ong data obtained by d i f f e r e h t  inves t iga-  Y 



C, 
t o r s  (67) using t h i s  technique. 

(a) Diaphra- Method ' e  
T h i s  is  a peeudo steady-stat; method (67). The d i a -  

phragm is a metal disc,  witn many holes,  sealed acrogs a 

The dissolved gas diffuees through the holes  f r o m  a solu- 
/ 

t i on  of higher concentration t o  one of lower concentrat3on. 
[ "  

Saturat ion is maintained by having t h e  gagabove a small 
' 

* 

lsyer of l i qu id  on t he  d i s c .  If the  c r o s g s e c t i o d l  area 

d i f f i cu l ty  i s  invo lved  in measuring very small concentra- , 



I 
t i o n  changes. A more important &sadvantage a r e  su r face  

\ e f f e c t s  wi th in  the  holes  of t h e  d i  c .  These non-constant , 

e f f e c t s  qould a f f e c t  tRg r a t e  of ma& transfer across  the 1 
- ,  

disc, b u s  inf luencing  the value of D.  These e f f e c t s  1 
m i g h t  change- with concentrat ion and so lven t .  

T h i s  i s  ,a s t eady-s ta t e  (67) laminar flow system, and 

t h e  experiment FnvoLves t h r e e  s teps:  d i f f u s i o n  i n  t h e  

res is tence . '  The advantages include the simple design of 

the equipment, t h e  freehorn from convection cur ren t s ,  and 

t h e  speed w i t h  which t h e  experiment can be done. The 

a c 
two main d i f f i c u l t i e s  a r e  obta in ing  an i n i t i a l  uniform ' 

$ 
3 

. B 

' v e l o c i t y  a t  the  j e t  t i p ,  and the  needed very accura te  

s o l u b i l i t y  d a t a .  It has been ca lcu la ted  (68) t h a t  an e r r o r  
1 

f 
of 1% in s o l u b i l i t y  data would lead  t o  a 2$ e r r o r  i n  the  

+-- , i - / 

d i f f p s i o n  c o e f f i c i e n t .  

( c )  Ringbom Method 

The equipment-for t h i s  method c o n s i s t s  of a gas- 
m 

. . 
s a t u r a t e d  and a gas f r e e  c o l u m ~  separated by a puke gas -, 

B phase. - The gas-satura water ' is '  connected tb a rese r -  

u n i r .  The v~Iume'~_of- i&a-t&#+ure-w&ker  EL - - - - 

-5 
h 

measured by observing t h e  rate of the  g a s s a t u r a t e d  water - 
-pp pp------- -- 

- ,.a:'". 

moving i n t o  the disp@d grta.space. The two problems 

with t h i s  method of convection c u m t s ,  
- - - d -  

and very accurate temperature con t ro l  is needed. 



-y State  - iffusion Medsurements 

? The secona classification of.diffusion measurements 
3 , Y 

,-- includes* those methods in which the in&- concentration 

distkibution is. &own as well as the concentration dis- 

tribution in parts of the diffusion system at some later 

pogsible for a number-of geometrically snaped cells useful 
"J 

in diffusion studies so long as the concentration kstri- 
- - - - - - - - - - -  - 

bution is a continuous function of distyye and time. 
', 

For this case, the differen a1 equation to be 3 
solved is 

, ? .  

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 

It' are % 

' X *  
C = A B F ~  rn 

and 

- 

% (b) Far a P i n i t e  boundaky of length, i , 
r V in contac 



, , 

tribution at time I t t  is given by 

4 -x 4+x = A erf + erf' ,rm , 
- - - - - - - - - - A - A - - - - 

( c )  For a finite boundary ( 6 7 )  : 

Concentration distribution at . time 'tt is 

used of all solutions to c 
1 boundary conditions are fil - 

* 
by allowing diffusion to proceed f 6 r d 

-9 
-, such a time that the concentration at the remote end of 

the diffusion cell remains unchanged, 

d o m e  methods for steady-state measurements (67) are : ; 

(a) Dissolution of a stations- bubble into an essen- * 
f 

- * 

tialls infinite liauid 
4. 

Th f solut ion of a stationary pas bubble in 
L 

a liquid Is goyerned both by the solubility dif'fu- 1 
sion coefflcleqt of the @gas. The liquid-at the bble 

a v 

surface maintains a gas conceniiration equal % to Cs, the 

Gd to be independent of concentration. The bubble 
G * 

prJt' radius as'a functim of time can then b% m&sured to g i v e  

'D, The two main disadvantages of using gas bubbles o f i n d  4 



_ * t l *  

- d - 
the diffusion coefficient are effects due to surface 

; -&?,- - . <i-* - 
tension; an3 effects caused by the collapse of the 

bubble and~the co~sequent 'stlrringf of the solution. 
T 5  



( B )  Methods.u&ed i n  t h i s  i n v e s t i g a t i o n  . 
- 

I Open-Tube Method e - *  , 
. 7' 

The method used ui:ae that. of f o l l o w i n g ~ t h e  r a t e  of 
A % - v  - ,  

gas absorpt ion 'into the'  l i q u i d  as a f'unckion of time. '. + 

The apparatus used was similar t o  that  of Houghton? 
-- -- -A- A-2p--- ---a -- . 

a 

e t ,  a?. (69 ) .  The d i f f u s i o n  c e l l  was a- u n i f o m  tube 
7 

of 24 cm * '  croas-eec t ional .  area and 25 cm. length.The C 

& - 
- aver i~e-  dLffu_~~i_o_n le_n&b bb~or--20!!~kin~te~ (tne_~*rHtion - -  r 

. i 

of a typi%,al tpunl ) is less than  2 cm. After f i l l i n g  

t h e  d i f f u s i o n  c e l l  wk%h t h e  degassed so lvent ,  

thermal equilibrium was es tab l i shed  by keeping t h e  

cell t h e ~ o s t a t e d  (25 - + 0.01 "C)  f o r  a t  l e a s t  24 hour& .. 
p r i o r L  t o  allowing the gas i n t o  the c e l l  gbove t h e  

- s o l ~ e n t .  The volume of gas d i f f u s i n g  i n t o  the  solvent  

was measured w i t h  a calibrated manometer. The gas 

was kept a t  constah% temperature. 

4 

Special care was taken to ensure that t h e  liqutd 
7 

was a t  equilibrium p i o r  t o  a run and a l s e  that t h e  
-. 

system waa,free of any surface-act ive contaminants, 

1 
bcperimental Prmedure 

The apparatus for measurfhg the d i f f u s i o n  c o e f f i -  

11, and 16 open t F  



Fig 11 , 

Open-Tube D i f f u s i o n  Appflatus. 

/7-' 



Thermal Both 



mercury l e v e l  i n  manometer-E was lowered by opening stop- 

cock 9 and lowering t h e  accompanying B mercury rese rvo i r .  

F i she r  spec t roqua l i ty  so lvent  was introduced i n t o  flask C ,  

o r  i f  so lvent  from a previous run was used, t h e  flask was 
. - 

evacuated, and then stopcock S ( ~ g  f e a l e d )  was opened t o  
- - - 5 --- - -- - , 

allow t h e  so lvent  t o  flow back i n t o '  f l a s ~  C. S5 was then + 

closed. The mercury l e v e l  i n  manometer G was lowered by 

opening stopcoc~ Spe and lowering -the - accompanying - - - - 
- - - - Hg - -- - 

r e se rvo i r .  S12 and S l j  were then closed.  

The syatem'was then  evacuated: SI1 had been opened and 

S2 closed,  i t r o g e n  was put i n  t r a p  2. After  
liquid B e 

s h u t t i n g  S1, t h e  pump wasaturned on and both S2 and S 3 
were opened. The so lvent  was then d e g a g e d  by warmikg 

and evacuating. The degassffig p k e d u w  was repeated 

aboqt t h r e e  t imes,  then  S4 and S were closed.  
3 

- To t r a n s f e r  the  so lvent  t o  the d i f f u s i o n  tube D, 

e i t h e r  a beaker of very ho t  wat;kr rias p l a c e d ' u n d e r b l a s k  i 

C and t h e  solvent vapour pressure was p.ermitted t o  t r a n s -  
* 

f e r  t h e  so lvent  when stopcock S was opened, o r  pressure  5 
o f  added Helium gas was used t o  t r a n s f e r  the l i qu id .  

(The Helium gas has a very low s o l u b i l i % y  i n  water,  - a ~ d  
- - - - - -- 

t h e r e f o r e  woufbk6tPaf ecmhedif fusiollcoef f l P f % E € s ~  
. .  

wnen u was aZm&3TZZed, a i q c ~ k s  S - ' " 5 =a Df6 w- 
The gas s torage  bulb was then f i l l e d  w i t h  t h e  requi red  . 

t 

gas : with stopeoc~ S open, t h e  -needle valve w a s .  opened, 13 



and then  closed.  Stopcocks S and S were then  close#. , 13 * 3 
The gas cy l inder ,  

B 3  
, and t h e  needle valve were then 

opened. When t h e  dg l e v e l  i n  H had reached an i n t e r n a l  

pressure df 1 atmosphere, t h e  gas cy l inder ,  t h e  needle 

valve and S were closed.  After a l lowing t h e  H g  l e v e l  13 
-- - - A - - - -- -- - - --A p--u----u-- ---- ..- c;., L 

in manometer .G t o  r i s e ,  by op&ing SI2, SI3 was opened 

t o  t h e  atmosphere. The pump w&s turned off and S1 was 

opened, l?@aay_, a l i t t l e  so lvent  from J w a s  a l l w e d  - - - - 

i n t o  manometer E by opening S6, then t h e  Hg 1 e v e l . i n  

t h e  manomet&r was allowed t p  rise, with so lvent  l e v e l s -  ' 

equal  i n  t h e  two arms.  #. 

To start a run, stdpcockS 11 and 7 were closed,  

a f t e r  stopcock 16 had been opened, a t  which po in t  t h e  

t imer  was start'ed; Changes i n  the voluqte of gas were - = 

' .  
deasured as a, funct ion  of t i m e .  The l e v e l s  of mercury 

0 .  

2r-1 the two arms of the manometer E d e t e d n e d  the volwn-e, 

The Hg !eve1 (crn) was observed k i t h  a ca the tometG at - 

t = O ,  A t  any t i m e  t > 0, t h e  two l e v e l s  of Hg wepe ad jus t -  * +  

ed by opening S, until t h e  l e v e l  i n  t h e  r i g h t  arm had' 

r i s e n  t o  the level i n  the left am. The new height o f  

the Hg levelk was recorded with t h e  t i m e ;  

Calibration of Dif fus ion  Cell f o , r  Open-Tube 
- -- - - 

The cell- was cleaned %&h d i s t x l l e d  water- and dbied 

thoroughly i n  an oven at  100•‹C. The c e l l  was then  clamped 

* 
1 



I - I .  

d i 
on30 a s tab le  r e t o r t  stand, f r e e  from vibra t ion.  D i s -  ,, 

, 

ti1 ed  water was t he3  poured i n t o  t h e - c e l l  by means oS a 
J -  t ! 

i 
constGicted funnel,  t o  about 5 em. from the  bottom. This i 

k 
- l eve l  was marked with black ink i n  such a manner that ' the 

meniscus coincides with the  i n k p a r k ,  
- -- - -- - 

---L1l-llL ii_lll_lll_lll-lIll------" - - 
The height of t h i s  water l eve l  wa8 reed bff by 1 

1 

means of a GaertneP cathetomete hk c e l l  was .then 

w e i g h t &  & a Sagi%%orlal balance ;_ weretaken to- - - - i 

ensure t h a t  there was no lo s s  of w a t b  th roum the  cap- 
a 

i l l a r y  dh i l e  weighing. iod of handling waq The/p% 7 

short t o  ensure minimum l o s s  o waterj by evaporation. 
C 

More d i s t i l l e d  water was pour-ed i n t o  the  c e l l  t o  

about 15 c m ;  from the bottbm, Special- care was taken t o  
* 

ensure t h a t  the  s ldes  of the celz %re not wetted while 

pouking In the  water. This was avoided by f i l l i n g  the  f 
cell  from the bottom. The height  of this level was aga4n 

C 
I 

* i 

: .read. by mkans of the Gaertner cathetometer. The cell was 
t 1 

! 
weighed again, taking the  precautions mentioned above. 

1 

Calculatfon,  cf the  Area of t he  Cel l  

......... ~ e n s i t y  of water (71) at 2 4 0 ~  ..= 0.997296 ~W'CC 
. 

rc 

- Tnd-Aeight =-%k88*a--- -- ---- t 

.......................... ~ e i g h t ' o f  water = 10.810 cm 

2nd Weight ofwater +-cell ........l...... - - -- = - 436.900 gm 

1st Weight of w a t e ~  ce l l  ................ = 252,890 gm 

We&@% of water ............. :,..,.....:.. = 184.010 gm i 
Y i - 



- - . Mass 

.*. Area 
( A )  

F A = 184.010 
- - -- -- - - - A -------I. -x-g-gg!j?~* 

* 

Y 
= 17.0683 em2 

T h i s  is a typ i ca l  r e s u l t .  Several measurements were made. 

A methodqor the dissolut ion of a gas i n t o  a semi- 

i n f i n i t e  cyl inder of pure solvent.was considered i n  ( I ) .  

We cal led  the  experimental A - .  technique the 'open-tube method!. 
- - - 

It appears froln s tu&ies  t o  be discussed l a t e r  t h a t  f o r  - 

- c;rta&n sjrsteins t h i s  method has de f in i t e  l imi ta t ions .  

Yhere W e  dissolved gas brings about a W s i t y  increase i n  

the  suFface layer, as compared t o  the  dendity of the  pure 

solvent; the  simple di f fus ion  dissolut ion proeess i s  com- 

pl ica ted by the  onset of a cdnvect'ion m&hani&n(j0). 

To t h i s  natural convection term we have inves- 

t iga ted  the  'ah verted tube method wherein the solvent  i s  

gabp-- di- @ t h e  
SLI 

gas remains below the less dense pure solvent  &rid thus i n  , 
I - - 



, 

- - - --  -A - _ -e LA . - -  - -  __ - - A 

-L 

6 

t 

density gradient is avoided, 

Experimental Procedure i , f 

The diffusion c e l l  is made ,from precision bore 
r' 
tubing (& mm diameter) and about 15 ern long. (Fis. 12 ) 

I 
* 

A smaf 1 bulb df about 1 ml capacity Is blown- 2- % crn from 1 
1 

A A - - - -- 
XlnE - ~ ~ ~ ~ - I f ; 8 ~ e a l e ~  wae 1 11 ,f* --f - 

I 

f irst  placed -in' the dessicator vessel and evacuated 1 
I 

thoroughly. m e  whole apparatus i s  then flushed with i 
-- - --  - - - - - - -- - - - - - - - - -1- --- - - - - - - - - - --- --- - - - - - --- I r 

the gas under inves$fgation and re-evacuat d several times. 
- f, _ -- _ 

It is f i n a l l y  f i t l e d  w i t h  gap at 1 atmosphere pressure 1- 
&d a f e w  drops of t he  degassed solvent are transferred 

into thebulb of the diff'usion c e l l  through a serum cap, 

using a hypodermic . syr$nge.  The diffuefon cell i s  then . . 
placed in a themosta t  - and a f t e r  3- minutea, more 

' degassed solvent a t  the same t erature as the thermostat 
ii- 

; i s k u i c k l y  introduceb into the cspi l lery,  displacing the.  
1 

$1 a gas slug of some 5 m -length is l e f t -  a t  

the end of the capi l lary.  The change i n  the position of 

the solvent meniscus accmpanying the dissofutfan bf 
the gas is-followed w i t h  ia mfcroscope f i t t e d  w i t h '  a i 

i. 
calibrated f i lar  eye piece (~ae r tne ;  Sc ient i f ic  Cprp- . .f 

- 
- - - - - -- eratio~g~ - r ~ ~ ~ - - O f _ t h , - l n i c r m i c a p e ~ - _ 1 ~ ~  - - i p  L 

- - 
L L  . 

li 

-- - and the positaon o f  the meniscus can be measured as A a - 

. function of time t o  within 0.005 m. The whole app&ratus 
--- -- 



vibmtTon. A typical run lasts about 5000 seconds and 

during this time the meniscus moves some 1.5 mm, For 

prelimiharY runs, capillaries of 1,2., and 3 mm were used 

f o r  the c e l l s .  The rates o f p b s o r p t i o n  of carbon 

dioxide in to  waterwere fourid t o  -be independent o f  the 



Fig 12 

-, 
The diffhs ion cell ~ n d  the dessicator vessel, 





Theory - 
A. The Solution of Fickis 2nd L a w  for the Methods Used in 

this Investigation 

For the systems studied, diffusion is in a semi- 

- constant concentration, co, andpkthe initial concentration 

for x>O is zero througnout the medium. Using the Laplace 

satisfying the boundary conditions % 

-z= co x = O  

c 4 =  0 , x >  0 

On multiplying both sides 0f[5iJ 

p t h  respect to t from 0 to w 

by 6-Pt 'aid integrating. 

and assuming the orders of integration and.differen 

tion can be interchanged we get 



-ptl' vanishes at t = o by the virtue of the SLnceCce 

initial condition and at t = through the exponential 

fact&, eq'n [51] reduces to 

Q 
d 

--u4 
- & 'a - - C 581 -J coe-*at = p , X = 

- 

0 
s 

- 
Thus the partial differentiation eqfn C5l)redhces-to the- 

/ 

ordinary differentisf eqln [573 , 

m e  solution of eqtn C'57I satisfying 

for &ic& remains finite as x + is 

where q = 9 
I 

The function whose transform is given by eq 
V /  

," 
c, is the saturation solubility of the gas 

eqln ['%I and 

n the liquid 



where as,ming ideal behav-iour . ' 

-x 

D i f f e r e n t i a t i n g  ( l o ) ,  <.- 
-A 

then 3 e -D - = DCo - - P dv0 - - - 
a x  p ART 

Separat ing t h e  va r i ab les  and i n t e g r a t i n g  we g e t  

The theory incorpora t ing  the i n t e r f a c i a l -  resistance 

term and t h e  convection mechanism i s  derived i n  t h e  Appen- 

d ix .  A discuss ion  of  t h e  magnitude of these  terms i s  a l s o  



. J ,  RESULTS 
P 

I n  figure 13 t y p i c a l  data . for  t h e  d i f f u s i o n  of e, n i t r q p n  

into benzene so lven t  are given.' -It is. seen t h a t  both  the .  
- 

open-tube method (O.T.M.) and inver ted  tube method ( I .T .M.)  

. data give l inear  V .is Jt p ~ o t s  but of g r e a t l y  d i f f e r i n g  
- - - - - - - -- 

s l q e .  I f  t h e  -e of  t h e  w t u r a l  convection term i s  
2. 

ignored and t h e  O.T.M. r e t e d  accordi rg  t o  eqfn , . 

en2 sec-.' would be found.  he p l o t  from t h e  I .T .M. + data  . 
gives a value D = 3.90 x Q" sec- I .  A similar , - p w e m -  - 

of behaviour is  observed f o r  t h e  dissolution of argon i n t o  - 

water, here the O.T.M.  apparent) = 10.3 x low5 'em2 sec-' 

these data were measured at 25 t O.Ol•‹C'.- 

!For the d i s s o l u t i o n  of argon in benzene so lvea t  t h e  

data from the 0,'T.M. experiraent, f o r  a ce l l  of cross- * ,  d 

s e c t i o n a l  area-of 24 an', failed t o  g i v e  an acceptable  U v s  
- .  

Jt p l o t  s o  t h a t  no t  even &:.apparent. D v a l u e  could be calcs- 

l a t e d . *  In contrast t o  t h i s  the,I.T.M. data  gave  l inear  
C 

V- vs [t plots from which a l imi t ing  s'hpe value of D = 

3.99 x la-" an2 secgl ura;s found. 

data fofbws a pseudo-steady state V irsSfj rel&t&cm8hip.' ' ' 

w $ - t. 

'ihe' s b p e  of t N s  l ine- is quite reproducible.  The consider- +. 



of  timb in  t h e  O.T;M; experiment. i n  comparison t o  t h e  
I 

*Z.T.M. experiment i s  e a s i l y  seen from the  p l o t  s ince  the  

' reduced1 gas volume p l o t t e d  i s  made independent of the  

tube cross-sec t ion  a r e a ,  

heasuremen,ts were made f o r  t h e  rate of absorpt ion 
, 

0-j5-& The l i m i t i n g  s lope,  equation [ 6 2 ]  w a s  used t o  

c a l c u l a t e  D. In a l l  cases  a good l i n e a r  V' v,s Jt p l o t  
.- - - - - - - -- - - -  - P- - P  -- - -- - -- 

,,,? was observed, .In t a b l e ~ ~ ~  we present  the  s lopes  of t h e  
I 

# V vs  Jt p l o t ,  es t imated t o  be accura te  t o  2% a t  room 
'LL 

. temperature.  D values are a l s o  given in  TableVII and 

are?calculated using t m m o o t h e d  s o l u b i l i t y  d a t a  tabu- 

l a t e d  by Lange (71). This data  was found t o  d i f f e r  by 55 

from the high temperature data of ~ o r r i ~ n ( ~ ' )  but agreed 
2 

t o  b e t t e r  than  I$ a t  lower&emperatures. Fig 15 shows a 

p l o t  of log D v s  F; B l i n e a r  r e l a t i o n s h i p  i s  observed and . 

t h e  d a t a  are represented by t h e  empir ica l  equat ion 

9.23 log,,D = 1.303 - .T 
The measured data agreed q u i t e  well with the  r e s u l t s  of 

Unver and. Himmelbfau (73) obtained using t n e  laminar flow 

method, They f i t t e d  t h e i r  data t o  the  following equation: 

a dotted lwe. 
.) 



Data f o r  the  Sate of absorption of A r  i n  water a r e  . 
. I  

given in Table VI, again over the temperature range 0 - 
35Oc. The diffusion coeff ic ient  values were calculated 

using the solubility d a t a  of Ben-Naim e t  al , (74) f o r  the 

1. The plot of log  D vs  is given in f igure16  and a s  seen, 

a slight divergence from s s t r i c t l y  linear re la t ionsh ip  
I 

- - - - - -  

-is 06seFVeK T h - 6 s e  -dgta-WG repr<s=edby the-empiricay 

1.14~10-*$~ which f i t s  the  experimental data t o  14 

For the  argon data  we compare our value a t  2T•‹C 
..- 

(D = 1.44~10-~ cm2sec-' j with t ha t  measured by R.G. S i t h  * fi 
et al. (76) using t& f l ~ ~ b ~ m l l  tectmiqie , /  Their value 

of 1.46x10-~ cm2sec-l is i n  excellent  agreement w $ t h  our 

own value even though the  experimental t&&iques are * 
t r * .  

rad ica l ly  different.  The rece* measurements of Boerboom - 3 G * 

and Klegh v a a d 0 of 0 6 c a 2 ~ ~ - "  A- - 

gave results in good agreement with those@ues obtained . 
*. 

by other  workers. It would- beem that, w i t h  th'e g a i  dif fu-  
- - - - - -  

sing,upwEtrds ln to  the solution,: the dissolution has nd' . 

appreciable densi ty  'convpcti& te& . I i 



-- 1 
a Over the temperature range studied,  a l l  gases exhi- . I 

i 

1 I. b i t ed  good, linear log D V S . ~  plots ,  suggesting there  is ! 

no change in t he  ~ ~ d i a t e  environment of the  ga$ over . 6 

I 
1 

t 
(Fig. 17) t h i s  temperature range. If &t iva t ionene&ies  , i 

i 
. (AE) are memi@ful, the vslues obtained from the log D ! 

1 vs ip plots ,  given in Table  V, show reasonable constancy. ; 

merit with the  2.90 kcsl  value for the  d i f fus ion of  a wide i 
range of hydro carbons i n  water as reported by Wither- .,, 
-- , -  - .-- - - - - - -  - - -- - - - - - - - - - - - -- - 
spoon. The so;lubili ty data f o r  methane, chloroaethane, i _- .- 1 

1 

br-metpane and dichl&fluol'dmethiie were &Be 'df GI& , 
? 

I 
\ )I 1 

and Woelwyn-Hughes. (79 ) .  They claim t h e i r  data is  pre- I & 

1 

4 '  
. a I 4 

cise t o  + 2$ (using s volumetric technique),  ,- When more 
I 

- I 
accurate s o l u b i l i t y  data are o&tained f o r  these  fluoro- -. i 
carbon gases, the  d i f fus ion coeffici 'ent .., can be-recalcula-  1 

t : 
ted,  as the  rates bf diff'usion,gre quoted. 

i 

various empirical r d l ~ t i o n s h i p s .  have been suggested - 

f o r  the dif fus ion o o e f f i c i e n b  of gase? -in l iqu ids .  The I 

' \  

diftusion of a gas thro&h a de&e.'sdvent i s  control led 
--I- - 

<- 
_ _--- ..A&- - -- -- -- mainiy by the s i z e  of t he  ddif'uusing so lu te  molecule and - 

the  

the value D+ = 29.72 f o r  CHC1.F is  far Higher -- - than 
a 

it other gases. A rough l i n e a r i t y  exists between 105~vb I 
? 



'.. 
and the act lva t  on -a 101- b l ~  

n E N? O T T  
4,  ~ L L ~ C ~ . ,  ! 

YT r f 
might be: expebted from 'Hildebrandts arguments for the use I 1 

Othmer and Thakar (52) have suggested that as both '  
- I  f l  

I . - diffusion and viscosity ar6 rate processes, 'Wth varying . 

i 
linearly with the exponentiation of temperature, a plot 

of l o e v s  log q (the solvent viscosity) should give a - - - -- - 
A " 

straight line. Such a plot is given in, Figurg 18 and it" 
- - 

s, is seen that all six @Sea give a good linear relation- 
- -  - 

stlipLuver-the-temperature range measured-. ,Wilke anend - - - - - -  

Chsng (50) have proposed sn equation relating the diffu- 

sion coefficient of a solute to the physical properties 

of both solute and solvent, v i z .  ' .  

As may be seen from the tabulated data for- each gas, W d  

for typical systems as plotted in Figure 19, this equa-.. . 
tian is totalu unable %o represent the observed data. 

Neither does it give a good estimation of,the temperature 

a reasomble consistency for the D2qt/T term for all sys- 

IX. If the average valu% of D ~ ~ ( , / T  is plotted &&Inst  



- 
l i n e  is of the wrong sign. , , ' > '  

I 
. , 

The extension by Thorne (54) of the ~ h a p a a n - ~ s l h ~  

theory of dense gases has been cgmbined with the 'contack 
+ -. 

r a d i a l  dis t r ibut ion  fW~ction, obtained by Lebowltz (61) *- 

on the basis of the ~ e r c u s - ~ w i c k  theory to provide .e~- . ,$  .- 

i w i t h  concentrat$an fo r  a dense, mix d, hard-sphere 
I - * , 

f l u i d  (53). - - .  

a l te rna t ive  t o  the stokes-  in stein equation and the many 

empirical relat ionships b a s e d  on it, some of which were 

discussed- before, To obtain mutual diffusion coefficients 

from equation ( 463 values of the self ;+$if fusion coeff i- 
0 

*-* 

c ient  Dl of water are needed over the temperature range 

of the experbent .  These values a r e  obtained from the 

data of Wang, Robinson and Edehm (83) .  Hardsphere 

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

solutes are also needed, For water We 'use'& value of 

- 2 . ~ ~ ;  (84). For the solutes we use the  generally accepted 
- c 

12-6 LennardlJ*nes potent ia l  o values 184). D$ data 
b 

- bb%inecl- v_i_ &&aa &_trscer molecule, 1 & )_and-m, - - r - - - 

- A  

tracer data (831 gives no better overall sareemefit, , 

As may be seen $h Wbles rfI: t o  Xf, except f o r  the ~ 0 2 -  

H20 system, the D2  value^ obtained from equation 1461 
- * - 

\ 

agree rrith experiment better than do the Wilka-Chang. - F 



-118- 
d 

equation [12] values. The values from equations C46Jand 

[ 123 are 'compared with the experimental Dn values for  

F ajr&on and methane in Fig .I9 . In general the temperature \ 4 .  
dependence of De ia not well 'predicted by equation 1 463 ' 

. - 

The assumption is made that the hard-sphere diameter 
- - -- - -- ---- -- -- 

values do n o t  -vary with temperature. ~ h e  validity of 

this is tested by plotting in ~ igura  26 the diffusion 

all systems examined a good linear relationship exists. 

T h i s  suggeses that the right hand side of equation[ 463 * 

- can indeed be considered independent o f  ~em~er'ature. 

It i s  seen from T a b l e m  $&at f o r  the COa-HzO 

system the agreement between the €heoretical. equation - 
rl 

[I23 values and experiment is  not only wyse than the , 
. ~ 

Wilke-Chang values but far worse than those values pre? 

? 

(93).  ~ c ~ a u k h l l n  made two approximations when uiing . - 
equation [ 463, Be obtained the u ~ ~ / ( J  ratio from data 

on the law- beneity gas viscosities of tvater and of'COn 

over the tenpem&re. rang. of the D values. 



I I 

I h i t y .  The very small variations in up/aI1 (from gas 
-. t, 

viscosity data) over the temperature range studied support - 
1 

0 

our interpretation of the linearity of the D vs D1' plot. 
- 

. The u2~uJOl lra t io s  from 'the slope of the D v s  D~~ plot  is  
! 

- - --- --**- ~ s s u m p t ; ; t ~ ~ m ~ c - l n i n - - - - -  -L-LLII___L_ 

- equation[ 461 Is unity. These are given in TableV and 

it is seen that for the Cod H20 system the 
- 

- - ------ - - - -- ---- --  - - 
i 

--- - - - I 

= 1 .I0 i s ,  ir+ fact, self-consistent w i t h  the 022h;. 1 4 

. that  the final term i n  equation &pPmi- 

imrrtely unity. . ~ t  agrees with the a2 do l&atioJZ?2%tyd 

, from the gas viscosity data for 

agree with the r a t l o  obtained 

Using the u2$al1 ra t io  obtainea from the D plot,  -. " v~luea obtabed from equation c46] a 

P agreemen with $he experimental values .(Table v). For 
L 

i 
i 

the C & B ~ / H ~ O  systems the D2 v s  Dl0 plo t  I 
i' 

gives D2du11 b* ios  close to unity. As can be Been from 
* 

i 

L 
'- Tables VX and XI,using these a ratios and'making the 

aftsuption that the final term i n  equatiun r461 is' 

unfty does not hprove the agreement with experiment. 

-- - -- ( & M e  di i ius ion  value~ obtained are in ratherpoor - -- -- -- 

e g r e e m ~ t  Ath the experimental values. From the D2 v s  
3 . 

I 

J' 



k 
D~' plot the a* ra$io is found to  be 0.60 but this  rat io  

* - 
is not self-consistent wkth*the assumpfion that the fine1 

'5 

term in equation [ 463 is uni ty .  ~ i l u t e  %&s vQcosity 

data for CHCIC1.F are not available but it wouldxpear 
?- 

that equation f $63 cannot predict the D value for CHC1.F . I 

- - -- - - -th-w _- LI----I-----l------- 
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61 F i g  14 

Rate $ Dissolution of Argon into ~enzene 

.- A 

W r v e  1,. Open tube method, 6' -Curve 2. ~nvekted, tube m t h  d .  

Data at 25"C, 





ofdi f fus ion  of ~em~erature Dependence carbon 

in water. - 

--em- Himmelblau data. 





----- 
em- - -  + Himmelblau dati using s o l u b i l i t y  data 





Dependence of log Dp on the reciprocal absolute 

temperature( I/TOK-=) 





Fig 18 

Dependence of gas diffusion coefficient ( l og  DZ) 

on We viscos i ty  of water f l o g  q ) . 
a * \ - Legend:, COa 0 ; CH4 0 ; CHCI2F V ; CHC3.3 A 





Pig 19 
, . . 

Tempemture dependence of Diffusion Coefficient of 
L 

argon and of aethane, with Wilke-Chang and 
% 

McUughlin approximations. -. 

bgend:'Argon data  - f'ull line; 

* Methane data - dashed line. 





Fig; 20 
f 

~ i f ~ t s i o n  Coefficient of gas (De') plotted against. . 

the self-dif'f'usion coefficient of water (D;) at 
+u L 

the asme temperature, 

--A 
, &--- 

/ Legend: Con t ; Ar A ;' CH4 '@: '. D ;.:cHc~.F o 





A 

The six gases s tudied  extend over a wide range of 
- .  - \ 

gas-hydrate s t e d i ~ i t ~ .  NO outstanding d i f f e r k c e s  in  

a c t u a l ,  d i f i u s i o n  coe f f i c i en t  values' nor i n  t he  tempera- - 

ture dependence of t h e  D'values are observed. The 
-- 

agreement of measured values and of vsr ious empir ical  
-- 

-. 

theor ies  is,  in general ,  poor but t h i s  16 obviously a 

- - - - ----- -- - rpatkr- or the pwertgd tihe empLr - I~&l - r+X~h ipe . -  
- 

Huq and Wood (86) have examined a wide  range f ampiri- a z 
* 

c s l  and semi-empirical equations r e l a t i n g  D values t o  

the p roper t i e s  of t he  s o l u t e  and soivent  and found a 

s i m i l a r  d i s p a r i t y  between the  experimental da ta  and the * 

expected co r r e l a t i on .  + 

The McLaughlin diffusxon equat ion,  considering f' 

i t s  s imp l i c i t y  ( i . e .  it comes from hard-sphere theory) ,  

its s e n s i t i v i t y  t o  the aii values used and evenmore so 
8 

t o  the se l f -d i f fus ion  value of water gives remarkable 

agreement with  experiment. It is seen, however, from 
. . , . 

the D v a  D,O plots t h a t  the temperature dependence of 

it can adequately portray t h e  t e m -  . incorporated before 

of  the tTZffusFon o f  a-so1uteAi6 a ' 



dense solvent medium. 

The thermodynamic propertie6 of gases diissolved in 
. - - .. . . 

non-polar s o l v e n y  and i n  .water show considerable dif fee- 
1 

ences. This is  generally regarded as arising through the 
a 2 

"water st&cture" ihac f o r  
- --- 

--A--L2-----pw p-- --PA- 

' - certain gases i~disso lve  f i n  water, a clathrate-type struc- 
- 

.a 

tu re  h)nedietely around the gas' molecule is formed (18) 

process i n  water solvent does not depend on the sa lu t e  

s i z e  b e  but upon the enveloping water-strudtue 'cage . 
r' .& 

~ t ' m i g h t  be argued that nothing In the present stltdy 
\ 

a i t i g a t e s  against the  cbncapt tha t  gas so ld&3,d isso lved  
* -  - . r 

i n  water are surrounded by Borne water-structure ' icebergt  . . 
> -  - 

cage. Equally so, nezther t he expe~imentdl  deb  n w  its - 

in te rpre ta t ion  in term of possible reletionships -44 bet- 
.I'' + 

D, ,. D ~ O ,  etc euppart concept. ' 

c 
JI-5r. 

-. The theore t ica l  an& semi-theoretical equations do 

not clearly indicate  .the temperature d s p e n d e y o f  the  
4 

d i f fus iv i ty  because e f th&r . they  involve -temperature- 

dependent patamatem' o r  they involve tempekture-depehd- 





Chapter I11 . F 
t '  

Sr 
.c 

"1f we begin in certainties, we k&ll end. 



P It i seen from the k>cuss ion  'of both diffusion and 

s o l u b i l i g  s tudies  tiat no detai led theorecticcll in te r -  
r 

fl pre ta t idn  of the r e su l t s  can be found. Equal1 so, n o  1. / 
I 

I r ea l ly  sa t is factory theoryoof sImp1e'g;as s o l u b i l i t y  
I _ _ I j  ' a 

water or  gas s o l u b i l i t y  i n  waterwplus other sblute  s y ~ t e ~ ~  

- 4 

The experimental described should he su i tab le  

f o r  the study of of phenomena necessary - . ' 

before the parameters of an adequate theory of s a l u b i l i t y  can . 

be discerneb. - 1 t 

' The experimental technique descrlhed for measuring t h ~  . - -  

seturat ion s o l u b i l i t y  pernits accurate data t o  be obtained 
B 

f o r  i eses  dissolved i n  water. ,The method appears t o  be 
b 

+precise. A n  accuracy of + 0 .O5 ccimole is &aim& - 
than most oCher methods whose general accu'racy is  +, 1 cc/mole, - 

I 

The main advantage lies, however, i n  the rapidi ty  of the  

determination, Because of the general importance of'oxygen 
d 

solubi l i tx  In water; oxygen was used as one of the gas ! 

j 
components i n  the gas mixture. It i s  t o  be noted t&t i n  I *  

so lub i l i t y  .betmviour of oxygen, 



ant ana lys i s  of both components ( ' i .e . ~2/0$, 0$cH4 and 

C H & / N ~ ) '  - a lowering of the s a t u r  tion s o l u b i l i t y  of each 7 * 

compbent was obsqrved in a l l  cases.  I would suggest that  

o ther  experiments be done for ancbher t r i ang le  of mixtures. 
i 

The one I would suggest is  A r ,  X e  and Ne, as there  is very 

l i t t l e s a c t i o n  of these i n e r t  gases in the  gas 6pHase. 
-- - -- - - -- 

P 

Our da ta  obtained from our pressure apparatus was 
; r g  6. 

obtained mainly t o  support our%&ta obtained by other  

n o d l l y  done', using the  ~ r e a s u r e  bomb technique described, 
* 

a pressure dependence of the sa tura t ion s o h b i i i t y  (say 

0-16 atmospheres) can be simply done. From t h i s  the  s l o p e  

KH3 (Henry's law conskmt) of the io lubi l i ty-pressure  -J- , 1 - 

2 
a 

graphs give a se lYcons i s t en t  value for the ' s a tu ra t i un  

so lub i l i t y .  
' % 

Our pressure dependence if the &/Ife mixture i~ of 
I 

I 

prac t i ca l  i n t e r e s t  as thkre i s  a - lowering of the  oxygen , 

+%. 

sa tura t ion  solubility. But  it is  found that a b e t i e r  c 
experhient would be t o  keep gas (2 )  a t  a high pressure (say 

C P 
20 atmoa . ) apd f i n d  the $k&i?ffi g a s  ($1 o v e r  -0 4 F - - - 

e. 

atmos . range. i .e , the  'pressure o f ,  gas ( 1') i s  a constant.  
- -- -- 

-~~~s%an ae -&~i i i~as i rn~ i~  m o d i f i i a t ~ ~ f  the boat, ,, , 

. In a recent paper, Lucb (35 ) claims that methane . . 

nahdr. b e l o w  t h i s ,  A tedperature dependence study of  the  
k *  
-, 1 

t 

.* 



" - 

the solubtlity of the pure gases and their mixtures is 

.worthwhile; from this one aould obtain AH and  values % 

. for such trangitions if they do occur. We can bo solubility 
J 

I qt any temperature without any modification of our', 
I 

i', present apparatus. 

d' *' used for any solvent. The only modification is choosing 

a column which kill separate the solvent from the. gas 

a I r 

data for a solvent nwithout a structure." . 

'The solubiljty of air in water obtained by chemical 

analysis cone cts our results (87) obtained both from . - - 
mixtures made 

* 
proportioning and from, pre-mixed gases- - 

* obtained from Matheson and @o; A percent error of + 0 .I0 
1P - 

- 
"a mls. in the titration using the Winkler method results - 

in + - fn their.value for the oxygen'saturatfon soluMlity, 
= 

Since the value of oxygen sawration solubility in air .B *= .A 
U 

Is very small, a small error in the titration can lead Lo , 
I - f l  a high degree of inaceunrcy, t h l s  may h&e been overlooked. ' . 

The technique dewhe4 f o r  measuring difPusion is . - -- 1 

obviously suitable for doing temperature dependenck studies. . 
- - - - - In - -  ----InIn- -- In-In-- - - - - - - - - b - 

A It' is not -" ly adapted for &essure dependence 8tudies. - % . - 
- --In- 7- 

r .It is found that far a-wide range of gases D2 id linear in + 

1 between 5 + 35'~. This suggests that there is no 
'R; 



other  work in this area, diffusion in D20 should be meaBured, 
w 

as w e l l  a s  diffusion in water (and ~ ~ 0 )  - alcoDol, and * 

C 

dioxane mixtures. A s  there  .$.s a large discrepancy i n  r e su l t s  

obtalned using dif ferent  techniques fofmeas'uring diffusion . 
coeff ic ient ,  probably due to. "~onvec€ion", thb ultimate - 

t' 
experiment i s  studj. diffusion using an ieotopic method so a5 
- d. -p---u----u---L -- - 

t o  . eliminate . I this convection,,problem. In a method wherein 
I 

an isotopical ly  labelled d i l u t e  solute,  In a saturated solu- 
I I. 

- t i ~ ~ + k f u s e s  into a-satur&ed se -Won eon%alna %e-=en-- - 

label led species %he counter diff t is ioh of the so lu te  species 
& 

takes place without change in soltxte concentratio and hence 9 :- 
i 

without change In l oca l  solvent density, 

As s o l u b i l i t y  data fo r  mixtures of gases in water -now 

available, diffusiort of-mfxturs of gases ahoufd be done; I 

would predic t  th&t t h e  a t e  UP diffusion i s  l e s s  than tha t  

f o r  the  pure components, because the r a t e  of diffusion is  

d i r e c t l y  to the ssturation solubility . 
~ubbins  ( 14 ) recently used & improved hard-sphere model 

t o  calcula te  p a r t i a l  molal volumes a&•÷ diffusion coeff ic ients  

of gases in aqueous e lec t ro ly tes .  He found good qua l i ta t ive  

agreement between experiment and theory2 'ft is  t o  be noted 

t h a t  hia theory is only good fo r  water plus a so lu te  which 

fs fairly htghly soluble. It- would ngt work Bs w e l l  f o r  our 

very d i l u t e  systems. Also, perhaps such studies are ofwL---- - 



effect since salts appear t o  have very large effects upon the 

d t e r  s t v ~ e .  

Our observed mutual lowering of the sol- 
/ , 

gases in water should t o  pursue. th i s  

-- - - - f ia lb -by-  a%kr 
/ 

wide pr&tical~pplications .for s'uch data. Until other + 
- / 

rnetho&d& been tried, one is not i n  *a position to  make any ' 

- -- --- - - -- - --- - -- 

- - -- - - -- 
concrete-state~nts  about our observed phenomena. 
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Theory lncorporatinghhe Interfacial, ~ensidn 'h and \, \ 

\ 
the Convection ' u f ,  

1) Open tube Method (No convection t$pm but an inter- 

facial tension). " 

* *- .9 

EXperhmntally the gas is $laced above the pure . 
w 

-the e h t  ' i&erfsce (of aP int;erfacia~ te&&oL h ) , i. m a -  
. <  

. , . sured as a fbnction of.-the time 'tl, < t - .. 
- - - - - - - - - -- - -- - 

Z The solution for Fickla laws of' &&ear d 1 f f k 3 . o ~ '  + . c 
I viz. 

- 2  
- - 

satisfying the experimental conditions - .-.--. 
t 

* -  

was derived earliex. It i s  . w e  + 
* ' . . . . 

- c = - c, erfc-.(xt2f~t ) . , . . .r - .  P . . - - 3 

-FOP ~ e s . 6  tmmefar across an inter& 
I -* I . b . - 

. . jX "ce?8-g = :,(c.;4 ,f, x = 0 €21' . . 

. t i  

where i8 the rsiipraeal ofA%ha inte$facial resi t a n c ~  . - , 1 
- -.-- --. 

- .C 

~ d ' e ~  is the s-&ts concentratf~n at $he &tarface at' , . + .. . . 
tiare ti, 

-. ' 

- . -L  
L 

'- . '%:- - \  * .* 





Thus, eq fn [ 73 . becomes - .  

4 Ae -qx = h AeoqX - 
. , - 

Solving for A, we get 

~ u b s t l t u t i n g  i n t o  [ 5 ]  we have a 8-olution , 

A solution for which 



L- 

So, st 'interface, x=o, thew 
- > 4 

-L - 

- - -  -- 

AssumZn& i d e i l  gas &ehavlour for the gas above the solvent,  - 



. 
i ' n -  

data are shown in Fig. 24 . Eqrn [ 147 re- 
#-- 

<.presents ?he non-steady state diffusion in %&I& of the 
;A 

total volume of gas absorbed as a function of twthe t i m e  t . 
3 I -  

The -/- equation -- - has been found to $'it experimental data ell 
- -  - - - - -  - - - Jp-L - - - -- 

. /ft is found that there is s rapid approach to asymptotic 
/+ 

/' ---.limiting behavlour of', the - slope ' ( 2 ~ A ~ , / V S  )&t/n, allow- ' 
. . 

- - 
ing D to be fairly accurately eat imted f r o m  the l inear  

partiorf of the curve. +t@. over the whole range of - 

i *  ' experimental measurement can be fitted to equation 1141 . - . - - * -  I-. 
by a least squares mekhod, an eceurate uahe . . of J 
D, as w e l l  as h$%to be- obtained. 

' The 3qtsrfacial resi~tance~hrm not the m l y  1 . I I. ! 
problem a s s o c i s t e d  w i t h  the diffusfon of gases fn liquids. 

* .  B I 
Yhen the dissolutidn o f  &"gas thrgugh a. liquid %fiterrace 

? - - - .  
&to a pure solvent brings & g u t  a. dansSty increase$ with- 

respect t o  the plve acXvant, a. convectidn te& muat w 
' 

: I i 

, - i 
! 

included in the difhrsion. equation. such an. eq&-tion. 16 i - 
- + -  . i ,  . , IC t 

~m~~~~~ f c a  z om-tub . m e i t h o 8 , ~ ~ e  the gas F 



11) Open Tube Method (with convection term) 
% 

Fickt s laws for linear ,.diff'usion including convec- 
.a 

tion are written using a veloci ty  term 'ul, v i z ,  

Boundary conditions are those used earlier. ' 
" 

U s b g  t8blss. we find. a solution 



The flux at th&interface wfthout the 
-u2t, 

v e l o c i t y  term is , i - 

The flux at the interface with the ve loc i t y  term is 



Integrating, 

fn derik g eqfn [ 181 we included only the velocity F ". 
" %&JIJI% 3- 

term, leaving out t$ interfacial tens%&. To be real-, .4 

istie, we heve to - @ c l ~ d &  both terms, as they both play 
.l , 



w i t t r  the inclusion of 'the condition 

found solut ions  to eqrn 

when x = o 

/ .  . . 
transformation From eqln (20), u s i n g  the Laplace 

then from (21) - 



4 

Substituting .into eq9n (21) 

- S h c e  we can only solve t h i s  equation by an Inverse 

Laplacian transformation we look f o r  a so lu t i on  whose 

* hqkpg at Tables (Csrslaw and Jaeger) (64) ' 

i * 



- 
Thus, 

1 i 

e r fc  x-ut -& 

P w ' i 
I 

x+ut erfc - 
- - - - - - - - 

- u2t - erfc  x + (h - j 2 D t  = 

4D P, 

x+ut 2h2D2 - . f u h D  
b 

erfc -- 
- - - -  - -  3gBtp-- exp (h-U)'X i *$yp~Bm-Erq -kEs-p p*pp -+:+ --- -- 1- 

> - 

k 
4 3 

k 
)t erfc x + ( 2 h ~  - 3u)t t 321 

I. 

2 / D t  1 
- - - - F - -  - -  - *+> 



Now, f 

0 I 

~h 
(x - ut)" 

a c  co 
- -2 

, g F =  n JTI e 'm I 
mt - 

, - 
1C 

Dh x 4- ut g .. - 
X 

+ 9 Dh - YU erfc , . e 
2 f D t  

- + n 

.. 
- 2h2~2 - 3 ~ h D  erf c x + (2hd - 3u) t 
4 2h2~' - 6 ~ h D  - 4u2 , WDt 

ROW, C . '  t 



r Dh *> - * P  

2u erfc -ut +--Dh 5- 
g=OP ' 0  - .  

1. 
r 

y D t  - -'- i .  
- * 

it3 * 9' L 

ut - 2h.*Il2 - 3UhD erfc 
1 > 

- z/I>t 2h2LI2 - 6 ~ h D  - 4u2 

The 

* 

e 
equation for mass transfer is 



* ._ 
-t 

Dh u t erfc 
2 ~ h  - 4~ 



erf c j2hD - 3u) 
2- 9 Dh 

For large 'tl and ,Ihr 1 
/- 

\ 

4 

-u2t 
A, - - - -- 

e ' " - u  erfc u t 
3 B C373 

It will be shorn later, by putting numeric+ values into 
- 

these equations how the interfacial reslntance Ihl &d 

the velocity lul affect t h e  rate of diffusiqn. 



\. Discussion 
,+ 

L 

B 1t is seen from f igure  13 and 14 that the O.T.M. 

(down) data qi@ give  e i t h e r  a pseudo-steady s t a t e  uptake 

of gas (i.e. V s*) o r  a pseudo- s teady state uptake 
c * 

.2@ ' (V vs m. If it is no t  recognized that the l a t t e r  r e l a -  
" 

- 
- - -- 

* - - -  - t i o n a k l ~ + a ~ - s ~ ~ ~ w t - ~ ~ ~ i i ~ ~ n ~ ~ s n r  
i n  the g a s , d i e s o l u t i o n  process ,  the  i n t e r p r e t a t i o n  of the  

da ta  can o b v i o u ~ l y  l ead  t o  erroneously hign values.  In 
-- - 

- - - -  

- -  0 - -  - - - - - -  

figures 2 2  and 23 we show the volume of gas absorbed 
;+. 

as a function of t h e  according t o  equat ion C371. We 

\. have chosen a value of D = 4 x loo5 cm ~ e c - l  and p l o t  the  

expected re l&t ionship  f o r  a range of convection, u , . . 
I 

values.  The change from the pseudo un-steady state 

r e l a t i o n s h i p  t o  a pseudo s teady s t a t e  relations hi^ i s  
- 

c l e a r l y  seen. 

I 

2 

Within t h e  c o n s t m i n t s  discussed above we may 

- assume that f o r  the I.T.M. value,  D = 

' 3.99 x loa5 value of t h e  

d i f f u s i o n  c o e f f i e l e n t .  ' Using t h i s  value of  D we  now 

c a l c u l a t e  the  expected r v s  t relationship from the  -. 

(asymptotic)  equation^] f o r  various value&.pf u. A 

- - 

s e t  of theoretical curves I s  given 
PA- e a 7 g - e - ~ 2 4 4 - . - ~ - - - -  

is recognized that it is impossible t o  ' f i t r  D, h, and 

. - 
u t o  the  experimental  data uniquely, but ss discuss.ed - - -  - - - -  -- - 

- 

above, the i n t e r f a c i a l  r e s i s t a n c e  term merely s h l f  t s  
, . I 

i 



- - *t2cx + o p e e i n - ~ e r n e n F ~ - t ; ~ t - e x p ~ f r k m ~ ~ ~  
Z 

for a vasue of u = A 131 x loo5 cm2 secvl. It is found that 
f 

for such s high value of u h e  asymptotic slope value ie -:- 

it is, however, sensitive to u, particularly a$ low u 

values. A similar comparison of the theoretical eipres- 

-sion, equation (371, to the experimental data for N$c6H6 
2 aystem using ths 1.T.M. value for D ( =*3.9 x l on5  cm secw') 

5 L value u = 1.5 x low5 crn2 set-I as the &tchiilg 
< asymptotic slope value. 

7 

Within the limitations of the reporeed data little 
P 

can be said of the actual'valrres found for u, the natural. 
. 1  

convection term. Simple Stokes law axwent would lead , 
P 

-1 I to kn expected value of the order of 10,' cm sec , 

p e  l ike l ihdod of Stokes law applying t b  a gas molecule in 

solution is btXrdly to be expected as the natural conveckion 

the lfmitlng slope portion of the relationship along the 

time axis. The asymptotic slope is not a func$ion of h, 

Far D= 3.9 x em2 sec-I, it is noticed that the 

theoretical expression, equstionL371 only gives an asymp- 



-. 
< .  account for,+the ac tua l  u values. I i s  obvious-, however, k -> . t Y 

$, 9 
I 

tha t  the presence of t h i 7  canvection term grea t ly  :: 1 l 1  
F 9 

increase; the rate of gas diesolution. In f igure  (85) ? 
p r I 

w e  p lo t  We, volume of the @e,&b6orbed a s  a function 
b 9 i 

of time f o r  the C02 - water system a t  25'C f o r  both i 
- 

i uc 5 C '  r 

the gas uptake follows a pseuco steady-state rel"tion- . , 
5 

sh ip .  The convection term increases the  volume uptake 

of gas by s f ac to r  of 3 i q  the first 100p seconds. 
m 

A similar enhancement in uptake obcurb d the  A r / ~ , p  

system but i n  t h i s  case a pseudo nod-steady s t a t e  
* 

law i s  followed, a s  shown in figure (11) T h i s  latter 'I 

a, 
- " .  

system has been used f o r  a very preliminary study of 
- 
L .'*j. 

- .. 
O.ToM, cross-sectional tube a h a  dependence of -u, 

It is seen t h e t  the ' e f f ec t ive t  D value (obtained , 
d 

from the slope of the  v v s  J t linear p lo t s )  
t 

approaches tha t  value found from 1.T.M. experiments (of t 
1.4'1 x .l~-~-un%ec-~). Using this l a t t e r  value for  the 

t 

t rue  D value t he  fitting proqedure described above was 
B 

." 

used t o  find u values ior eAh cross-sackfa&l tube area 
L 

coksiderea. Figure(26 ) shows t h a t  a raughay. l i nea r  u vs 

ha& interpreted t h e  pseudo non-eteady s t a t e  behavior - 



ignoring the  fun term and so report only the  "apparent" 

D value. The same comaent may be made f o r  a l l  s tud ies  

involving, the  d issolut ion of a gas f Porn a bubble into a . 

solve'nt. Bven ignorlng o ther  e r rors  t o  which these 
k 

techniques are prone (e .g .  simple hydrodypmic problems 
-- - 

TEL-ibubble] the-zrror  -snoring the u-term 

must lead t o  hi& "apparent" D values.  
I 

The r o l e  played by the  gravi ty  induci&%onvection 
- - -  - -  - - - -  --- - -  

- -  - 

teht i n  the  dissipation of a gas i n to  a l i qu id  has not 

been previously demonstrated in a simple m m e r .  Wher 

worker$ 'have commented t h a t  such a 'term may exis$, such 
1 

as for the  d i sso lu t jon  of carbon dioxide i n  wster. The 

comparat&ve r a t e s  of absorption of the gap f o r  the, 0.h.M. 

and I.T.H. experiments demonstrate the  importance of 
E= 

- 
t h i 8  term, It i s  p r t i n e n &  q u e s t i o n b e  ro l e  of t h i s  . " 

Itra 

~ a r m a c o l o g i c a l  processes, o r  perhaps the \ term i n  inany 

6" lack of t h i s  term in extended non-gravitational s i t u a -  

.v 



Dlf fusion of nitrogen gas in benzene 

--- Equation 16 (no interfacial ~esistance) 
.r 





, . 

, a 2 2 -  
4 .  * 

pseudo non-s teady atate diffusion In presence .. 
of ktura l  convection. V* = (PV/ART@). 
f 
/ 



Pseudo nun-steady s t a t e  diff'usion in presence 

of natural convection. V* = (PV/ARTCD ) . 
/# 

Curve -1. u = 1 x loo4 cm S ~ C - ~  v 





; * 
Fig 23 , . 

-c. 

Pseudo steady-s tate in presence of 

2 . - e ,  
." natural convection, 





Di~soluti~n of A r  i n to - . e zene  solvent (25 *c) . 
* 

Corngarison of experimental curve to the assymp- 





.p'- F i g  a 

Absorption of GOz in water at 2 5 O ~ .  

1 Open tube method 

Area of cell = 0.33 cm2 





Area dependence of the velocity 'I+' 






