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I N T R 0 D U C T I 0 N 
--- ---- -----

THERMODYNAMICS OF SOLUTION 

The present investigation was carried out as 

pnrt of a wider plan to determine the effect of methanol 

Ln breaking down the water structure in water-methanol 

rntxtures and the possibility of preferential orientation 

pf one or other of the constituent molecules of the 

oolvent in the neighbourhood of the solute molecules. 

Work on the solution process of ions in water-
96 

"'''the. no 1 mix\{ures by Perrin seemed to indicate prefere:nt ia 1 

or·Lentation of water molecules round the ion. 'l'his was 
97 

hltnwn by Debye and McAuley who stated that an ion in a 

rulxture of polar molecules will tend to stft out the 

dipoles so that the more polar molecules congregate round 

t.he ion. Uncharged gas molecules however should not, 

und in fact do not, show any tendency to cause preferential 

orientation. 

The measurement of the solubility of a gas ove� 

a temperature range r,a�es possible the calculation of the 

thermodynamic quantities�GSolv. 6Ssolv . 
.6Hsolv.

, that is 

the free energy, entropy and heat of solution. 

If � is the Ostwald Coefficient , which is the ratin 

of the volume of gas absorbed at any pressure and temp

urature , to the volume of the absorbing liquid, then 



6Gsolv . ::: Rr l 01 I l 8 2. 1 X 'i.' - 1' n (f' + n .J.. n 
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'dlt la s t  term correc ts to t he s t an dard s t at e  us ed b y  

�rank and Evans fo r the solution (i�e. N2 = 1 ). AS 

\d ll b e  s e en lat e r  this quantity vari e s  f ro m  autho r t o  

nutho r. 

D'' 
uso lv. :::: 

b.IIso lv. -· 

_ _)_ (L}GS o 1 v. ) :::: R ()T 

R ln 

�Gso l v .  + 

82 ·1 X T ----vl 

T4Sso lv. 

ln� + R'l' l ln·�-
eT 

RT �- ln V 1. + 
oT 

·�he c on s i derable amount o f  wo rk which has b een done  on thG 

1-llt:oreti c al eva luation of t h e  en t ro py o f  so lut ion may b e  

d1vide d  into two t y p es :  

li) Those pos t ulatin g a mechan i sm; such as Eley's cav i t y  

format ion . 

( i i )  �hose pos t u la t in g  no  definite me c han i s m ; e.g. Frank 

an d Evans . 



A. ENTROPY OF SOLUTION FROM OAVI'l'Y FORMATION 
J 
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A number of attempts have been made to calculate 
. 1 ,2,3. d the entropy of solvation of gaseous 1ons an 

molecules4'5'6'7', but in practically all except that of 

Frank and Evans some mechanism has been postulated. 
I 

Eley splits the process of solution of gas 

molecules into two steps with the f�llowing energy changes: 

1. Formation of a cavity in the liquid involving 
AEC a positive internal energy change N . 

2. The gas moleeule is then placed in this cavity 

_4EA calories of energy being liberated. N 
�he internal energy change for the solution of a mole of 

gas is then 

.6 Eo = .6Ec + .!lEA 
The idea of the f ormatiob of a cavity in the liquid was 

first put forward by Sisskind and Kassarnowsk.y 7 and Eley '.s 

treatment differs only in the method of calculatingAE0. 

If -4EA>.&:o . ��e
-

temperature coefficient o:l' 

solubility will be negative and if 4Eo) -�A it will be 

positive� 

KorosyB has shown that in general the temperature 

coefficient is positive for gases with a critical temp

erature To under 180°K and negative for those with Tc 

above 180°. Because the solvent-solute interaction term 

-.6EA would be expected to increase w ith increasing To such 
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a relation should arise for a series of �ases in an 

organic solvent if 4Ec is constant over the series in 

comparison withcEA. These regularities break down in 

water where the temperature coefficient of solubility is 

nearly always negative at ordinary temperatures, i. e. 

0 - 50°C. 

6EC ,T 

In ca lculating �E0 from Eley' s 
2 o Qs = '1 E . 0 + k'l' �1, ln u A' oJ: QG 

:::: Li Ec ,o + ld'2 .1.. ln Q'w 
oT Qw 

model we have 

Qs Partition function for the gas in solution. 

� " ,, for the gas. 

Q' " ,, for water molecules in solution. w 
Qw ,, " for pure water. 

If we assume that there is no change in water structure 

from 0°K to 273°K we may write 

When a mole of gas dissolves in an infinite volume �f 

so lution at a concentration of 1 mole per litre a di latat.io�l 
of V c.c. occurs. 

For solvent ���T 
0<. thermal ex pans ion, 19 compress ib i li ty. 

this is only true for small volume changes , and if we 

assume� and f9 are the same for the solution as for the 
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and as p is negli�ible 

• 0 241 T �V cal. mole-1 . 
f3 

.6 Ec and &.Se are found to be negligible at room temperature 

but to inc�ease rapidly with T. 

6EA can be shown to vary only slightly with temperature:-

,8E A ,T  2 == bE A , T  l + k ( 'rl - T� ) �� ln �� 
Now roughly �T ln Qs ::l6 N � ln NH - NG -� - · 008 u QG cYI' NG 
so that the maximum correction at 353 °K to the above va1u.es 

will be only 0 • 5 Kcal1 i. e. small compared withAEc· 

'£hus the temperature variation of t:.E0 may be 

represented by variation in 6Ec· Assuming this, the 

values listed below were calculated. These are somewhat 

larger than the observed differences but show the same 

general variation. 

Gas 293°K. 

�E L'..Ec 
He 0• 11 0•61 
Ne 0 • 5 0 · 6 5 
A 0 ·7 1 • 23 

1•07 l• 51 

0 -�E 273 

ss 

0 • 4 
1·7 
2· l 

4·6 

293°K. 
6.Sc 
2 • 0 

2•.2 

4 · 3  

5·2 



The calculated values of E0 
are obtained from 

�E� = .6EA277 + �Ec ,T • 

i.e. the value of�EA used is that at 4°0. 

Calculation of AEq· 
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The energy of cavity formation may be estimated 

by any one of three available �ethods : 

( a) fhat used by Eley for most of his calculations:-

:::: 'l' � V If 
(b) If we assume a similar structure for the internal 

spherical surfaces as f or· the macroscopic solvent 

surface we may ea lculate .6Ec from o- the surface 

free energy in ergs/cm2 
• 

.0 Ec � 4Hc = 4 5 • 4 ( 0' - T �) 
For Nv = 10 c.c. i . e. cavity radius = 1•58 � 
This is cornparab le to Uhligs 11 L�Gc = 411r20"' 

(c) Lan�e and Marten9 suggest 

l�Ec = 6Evap� �
s
�2 

where rs is molecular radius of the solvent and 

r the radius of the cavity .  This AEc is approx-

imately the energy required to put a solute 

molecule onto a quasi lattice point of the solvent. 

�he three methods give comparable results for 
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organic s olvents. 
AEc Kcal/mole 20°0. 

0 
b10 Solvent rs(A) a c 

Water 1 • 4 0•32 5•3 1 13•1 

Et OH 2 · 0 0 · 86 2•0 1 6·0 

Hexane 3•2 2·25 1 ·69 

Acetone 2· 4  1•05 2·67 3·08 

Ether 2•7 0•6 2 1· 9 2  1· 96 

CCl4 3 · 0 0•94  2•9 2  2 · 05 
C6H6 2·5 1• 01 3 · 4 3· 01 

For close packed liquids of little structure 
(i.e. organic liquids) it is to be expected that gas 

molecules will share quasi lattice points. For water, 

however, specia l kinds of cavity formation are possible 

and the discrepancies between the three methods for water 

are probably due to the fact. that here quasi lattice points 
are not occupied. 

In fact at high temperatures methods ( a) and 

(c) yield comparable values for �Ec for water. 

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

Ca lcu lation of oEA 

If we consider an inert gas atom as just touching 

a water molecule, i.e. with separation of centres cf 
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rG + rw there are three forces operative: 

( i) London Forces (attraction) 

( ii) Po larisation of gas atoms in the field of 

the solvent dipole (attraction) 

( iii) Repu lsion Forces 
·z: 

oi. c/y, J ex f1. (>( w = - -2�' 6 (ra + rw) 6 (rG + rw) 
b 

+ 

� polarisabi lity; I ionisation potential. 

Using va lues of�w and rw from B�rnal and 

Fowler12 and� and I from London13, we find that to obtain 

exact agreement with experiment for the rare gases about 

10 water molecules must be packed round each solute mo le-
cule. 

0 
-EA ( kca l) 

.1Eo2ZZ Gas rG(A) EA 
He ·93 • 256 1·6 
Ne 1 ·1 2 · 166 1 0• 9 

A 1 • 5 4 • 41 6 7•3 
Kr 1 • 69 • 4 36 9·8 

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

.Qalcu_lation of�� 
If 48�98 is plotted against � R ln � (where 

rnG is the reduced mass of the gas molecu le against a water 

molecule)� a straight line is obtained for the inert gases. 



9 

This is to be expected as no appreciable restriction of 

water in the field of the gas molecule occurs and the main 

change in entropy is due to loss of translational motion. 

Por gases of increasing complexity the �8° values 

are more negative indicating the presence of additional 

factors, e.g. some loss of rotation on solution. 

Considering only loss of translational motion to 

contribute to 68° we find:-

o f Ns + NG j VGN � -� 1.) S == 6Sc + R l ln NG + 2 ln � + ln V + T '?lT ln VG -�� 
This equation can be derived as follows. 

The entropy of l mole of gas at l atms. pressure in a 

volume V is 

s� = Nk rl 
( Zn'm�l� V 

L.
n h N + �] 

In solution, if we regard the Ns solvent 

molecules and NG gas molecules as perfectly interchangeable� 

OLJ Ns + NG quasi lattice points without seriously 

increasinp the energy of the system, then the partition 

function Q(T) for the system is given by the formula of 

Guggenhe im. l4 

Q(T) 

where V is the free volume of the molecule. 

J is the partition function for the internal energy 

of the molecule. 
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�,the contribution of 1 mo lecule to the configuration

a l  potential energy of the solution , may be neglected for 

purposes of entro py. So 

Ns + NG ri.
S

Ns 
��( 'l' ) :: N r= N ' '1" S • G• 

The entropy of solution is 

S ('I') :: k [ln Q('l') + T * ln Q( T
·� 

'l'he partial mo la l entropy of the gas in a solution of 

concentrat:ion IQ. moles in n8 moles of solvent, 
(oS(T)) ( � sill) 8s == ( o nG ) ns 1 T , p == N ( ?.1 N G ) ns ''l' 'p • 

'l'herefore, 

SS == Nk rln Ns + NG + l_l NG 

8 0  substituting for 0 we 

So R [l Ns +_!a; � ==.�Se + n 
NG 

get 

+ j2 l � 1 V�N T a . n m + n + � ln VG 

This will on ly hold for organic so lvents with a minimum 

of structure, i.e. where quasi lattice points are occupied. 
For water, where the solute molecu les wil l occupy cavities 

already present we must 

..1 go == LlSc + R r
_
ln NH-NG 

I HG 

add a further term, 
j mG VGN 0 + 2 ln m + ln -y- + T � ln VG + 

T 1L_ ln NH-NG _, 1] � Na 
where NH i s  the number of cavities or available sit es in 
the water so lvent. 



B.. FREE V OLUME ASPEC'l'S O F  ASs0 lv, 

the work of Frank and Evans5 on the free 
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vo lume aspect of so lutions ha� e liminated one of the major 

weaknesses of ear lier theories, i.e. the necessity to 

postulate some definite mechanism. 

Their basic equation, 
V 

b.S = R ln ..:.JL 
'o3 vf 

( V g free vo lume of gas,b3 free angle ratio of liquid,V f 
free vo lume of liquid) 

may be derived quite genera lly as fol lows: 

·rhe statistica l definition of entro rY is 

S = R ln w 

where w is the total number of possib le states bf the 

system compatib le with the prescribed tota l energy. 

\rh en the motions are c lass ica 1 w is the volume 

of phase space within which the representative pOi'i!t may 

be found wi thout viola ting the assumed conditions. 

i. e. w :::: Jccessib lJe� 
.X . u,P1 • • dqt reg1.on ' 

1 
. . . . 

N1, N2 etc. are the numbers of the different kinds of atcr.s 

present. 

3t is total number of degrees of freedom of the system as 

t = N1 + N2 •••• N3• 
�e may choose the q's as the CArte:jR� co-ordinates of t�2 



individual atoms. x1 y1  z1 x2 y 2 • • • • • • the p's being 

the co-ordinates of momentum . 
Then the energy E is given by 

i== t 
E == Eq + Eint + L 

1=1 

Eq is the potential energy . 
. / 

1 2 2 2 
2m1 ( Pxi + Pyi + Pzi ) 

12 

Eint is the sum of the internal energies of all the part

icles. 

By the principle of equipartition of energy15 

the sum of the p2 t erms is � tkT which will be correct for 
uny state of the system in which all the external motion£ 

of the atom are classical. The integral over the p'� 

is then the hypervolume of the hyperellipsoid which is 

d efined by 

j ::: 2 t kT. 

This is equa 1 to W ( 2rnn �kTe) 3 N j/2 
j::::1 

( 8 ::: 

8o w 

number of kinds of atoms present.) 
· JNjn 

== -JI � x 1 x1 • • • • • .E.1s ( 2···m .. k'l' e } vc. fall xy z fd 
j=1 N ·'h 3N· compatib e 

J • J with E . 
3Nj/ j �- s 2 nm · kT e ) 2 

V N j = J� N j ! J h3N j f j (A) 

where Vf1 == /dx1d y1 dz1 ( over all configurations compatibl�· 

with E ) . 
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(A) def in e s  the f re e  vo lume of any atom i c  s pec i es as the 

� eo met rica l  mean of  the ext ens ions  of  r ea l  s pace ac6 es sib ln 

to ea ch of the Nj ato ms of the  k ind in quest io n .  

1�ow for any isotherma l sy st em , 

:::: 

:::: 

k ln WE 
WA 

� k l n  �Vf� 
V fA 

·,�.'h e se  res ults ho ld o n ly for a c la s s ica l ly excit ed sy stem. 

For po lyatomic  liqu id s  the  fr ee  vo lu me mu st 

in c lud e  a t erm for the d egree  o f  f re edom of rotat io n o f  

the mo lecule, 

i. e. Com p let e  free  volume ==�Vf .3 
S3 i s  the 11 fre e  ang le rat io" of Kincaid and Eyr ing 16. 

fhis i s  d ef in ed as the averag e  fract ion of  the  

i� ee  rotat iona l motion which t he mo lecu le i s  ab le to 

exe cute  after co"nd ens at ion, and is  e qu a l  to B�2 . It 

obv ious ly must a lwa y s  b e  less  t han o r  e qua l to u n it y . 

� �s the so lid ang le subt end ed at the  c entre  o f  t he mol e

cule b y  the r e stri ct ed atom aft e r  cond ensat ion . 

fl is  the ang le s ubtend ed at the c entre  through which the 

r·uotri cted atom is  free to move . 

'rh t · �> s = R l n  53Vf l iq • e equa J.on ...., -
Vfgas  

pro vided that, 

i s  rigorous 

(i) The interna l vib rat ional mot ion s  ar e s e parab le 
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from  t he trans la t ion and rota t ion of the  mol e cu l e .  

( ii ) The  int e rna l vi b ra tiona l mo tion s o f  the mo l e c ul e  

are  no t cha ng ed b y  the pre s en c. e  o f  n ei ghbours . 

( i i i )  the o s c i l la t ions whi ch hav e re p laced rotation 

in t he li quid are  e ff ec ti ve l y c la s sica l .  

I t  i s  ob vio us from  t he abov e d i scus sion that 

on e of the  major advanta0 es  of Frank and Evan s ' theo ry 

is  that i t  do es  not pos t u late any mechan ism for the pro

cess  of so lut ion , d ea ling on l y  w it h  the in it ia l  and f inal 

s ta t es of the ga s mo le cule . Thi s  a pp ea r s  to b e  a s t e p  

in t he right  d irec t ion a s  theories  s uch a s  E le y's  can a t  

t he b e s t  b e  on ly s emi- quan ti ta t ive . 
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PREE VOLUME AND :B1REE ANGLE RAT !OS 

W e  w i l l  now con s id er the mean ing of free 

vo lume and method s o f  ca lcu lat ing it . 

A s  we  saw abo ve Frank an d Evan s d ef in e  it as  

the geo metr ica l mean o f  the ext en s ion s of  rea l s pa c e  

acc ess ib le to each of the ato ms o r  mo lec ul� s in qu estion. 

Kinca id and Ey ringl6 d ef in e  it a s  the tota l 

int eg ra l o ver that part o f  the pot ent ial energy o f  the 

mo lecule in t he l iqu id  which is  due to t herma l  d i s p lac e

ment s of the c entre of gra vity of t he mo le cu le from  it s 

equi lib r ium po s it ion. The free  ane le is  t he corres pond-

ing int eg ra l o ver  angu la r  d is p lac ements of  t he mo lecu le 

about it s c ent re  of g ravity . 

�he s e  workers a s s ume t hat each mol ecule i s  

tra p pe d  in a ce l l  who s e  bo un9ary pot ent is l i s  infin it e. 

B e caus e  the pot ent ia l energy t en d s  to inf in ity the id ea 

of  communa l entro�y has to b e  introduced to account for 

the possib i lity o f  a mo lec u le moving f ro m  on e c e l l  to 

another . H i l l17 a vo i d s  this  by a s suming thut a s  a 

mo lecule mo ves o ut fro m  t he c e ll c entre the pot ent i� l 

en ergy increa s es and b efo re it can pas s into anot her ce l l  

it must pas s o ver  a f in it e  pot ential barrier. 

Fo r a c lass icR l perfect ga s, 

-A/Nld' == ln � 2n:��� V j(T) + 1 
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v = Vitl and j(T) is the internal par tition funct i on . 
In passing to the free volume model of a liquid 

Hill replaces v (the volume per molecule) by an effect ive 

free volume Vf. - X is the potent i a l energy of inter
action, calculated when the molecule i s  in the centre 

of its celL 

have:-

-A/l'H<T 

Neglecting the dependence of X on '1' we 

( l.nm �)� :&Yl = ln( h�) Vf ( v,T) j('£) + 1 + kT. 

Now assuming both Vf and X are functions of v only. 

From this equation and 

-2kT = �(- L) oV NkT 

we have 

where /\ == 
A "f (v) = 

==..£(L. 6_) + !J_ B (L.) 
y ( V_. kT ) kT ( V ... ) 

z� (z is  average numb er of nearest neighbours) 
X( v) 

Vf ( V ,'I') ::: Vf ( V, T) 

v·� = r"'3j�>tc -�· depends on type of packing. 

( 'fhese follow Fowler and Guggenheim 15) 
iJ = llln Vf 1 � ln f 
' � ln ( v /v•) == + "S ln ( v /v• ) 

B = clt ( d ln v /v•) 

Prom these Hill calculates values o f  f and 'fit f or the gas es 

Ne, N2 and A. f( v,T) is the fraction of the actual volume 



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

that is effec t ively free, 

Eyr ing16 d ef ines 

,. 

�}f by 

wher e  03 the free  angle ra tio = 

= 
RT 

p 
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Par t ition func t i on f or restric t ed r o t at ion i n  l iquid  
Par tition function for  free ro tat i on in  gas 

� •... c(;1 
I I \ I ' \ 

I I 
·"----- ./ 

T he mo la l  free vo lume is re lated  t o  the  ave rage volume 

of c e l l  v by 

Vf ::::: Nvf 

where f is a fluc tuation factor  taking account of;-

1. Temperature variability of v 

2� En c roachment of mo le cules on each other's free  vo lume 

3· Whethe r or not  a mo lecu le is counted as being able 

to  oc c u py the physi c a l  volume assigned  to  anothe r  

wi thout c hangi ng p lac es wi th  it . 

Suppose the liquid is d i vid ed into  cells of  

v1 average vo lume -- - one p e r  molecule . N Diame ter of a 

c e ll is pro port ional t o  ����! 
::::: C ( V

N
l) i i . e .  d istance  between 2 mo lecules ( ) 

c d e pends on shape assumed for  c e ll, i.e. c = 1 for cubes, 



Vl t 
uo the mo lecule can move in a len gth c(N) - d.  

• • Vo lume of cell  in which mo lecule is free to move 

18 

b depends on the geome try of packing . For simp le cubic 

b � 2. 
. . . 

• ( 6ln V f ) -� • •( bV ) -T 
:::: 

whore g == 1 -

1 1 
f3bg Vf

-3 

·-, 
d '  I 3 

..J 

N!d , .. \ 3 

v1 

• 1 1 r 2 
+ ( V 13 - N 3d I ) -1 l V 1-'3-

2 

+ � c1n �b3f2 �T -3 cv �N j �j 
3 V1 ln v T ::: 1 - �t��T 

. • . ( 1) 

g measures the eff ect of  change in vo lume on the exc lusion 

tl1ameter . 

Now Frank and Evans5 showed l� S 

whence 

�jl_§.) :::: 
,)V) T 

,�E ) uo ( 'oV ) T 
:::: 

1 f" ���E) + 
T I 'i'V) 

- � 'I' 

R'I' (�ln vf � 
( <::V ·r 

-� p, 
l ... 

+ 

::: R 

R'l' 

r�ln (�wr)l 
'()V I - --1 

(�\ ln �, 3) 
0 V ) 'l' • 

1' 

• • ( 2) 

J-h;cause P is very much smaller than the "interna l  pressure" 
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lhnr•u h 

( 1 ) and (2) we have 
fb 3g3 l.. R'l' l 3 

v f == h 3v 1 2 ( � E I� v) 1, J 
== 1 _ R'l' ( ?nn C b 3f & 3 J I 6 v b 

( �E I c, V )rr 

Now lllld eb rand 1 8 has shown ����'I' = n :-�Ev 

uo Vf == 

•llor8 �Ev i s  t he energy of vapo ris at ion .  

lt,yr·lngl9,2D,21' ob ta in ed a s im i lar  equa t i on .  

vf 

or vf 

== 

== 

b 3t V 1 [ J�v ] 3 

1 r 2 R'l' 1 3 
V 2 - p + ( c E I() V) 'I' _J 

• • • 

. • • 
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( 3) 

(4) 

llo derived t hi s  lat t er equat i on b y  consid erin 8" t he molecu les 

"" hard s pheres . This is  n ot n ec es s a ry as  Kin c aid and 

�,yvlng22 have t re at ed liqui d  mercury as suming that t he 

ulz� of t he mo lecules varies w i th both t emperature an d  

volume. 

When att empts  are mad e t o  c alculat e f ree vo lumes 

fr·vm ( 3) o r  (4) , two mai n  d i ff i cult i es are encount ered . 

(i ) �he values o f  the parameters f ,  b ,  g, h,  and n ,  

are not ·  known an d appro ximat ions mus t be  us ed .  

(11) the value ob t ained i s  that o f  Vf whi le t hat  

ac t ually n eeded i s  the prod uc t b_ff · 
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The firs t o f  thes e ob je c t io ns can b e  elimina�od 

by calculat ing Vf from s o und velo c ity  dat a  while a p pro x
lrnl::lte va lues of [., 3 may b e  ob tain e d  from  s pe c tro s co p�.c 

m11aour ements . 

�lculatio n  o f  Vf from sound velo Qit y da ta.  

_ _t-cfv;r� �;::: .. (/ A .,> �/ B · - ,) 
\. :1 

'------- ,/ 
, _ ____......· . , .�-- d-

( c -� 

lf a s o u nd wave firs t t ravels from the inner  edge cf A t0 

the adjac e nt e dge o f  B with ve lo c it y  U gas 

Ugas 
(RT Ci ·1 � 
1 -M".J 

where � is the ratio o f  the s pe c if ic heats. 

This equation is ob t ain e d  from 

U gas  ::::: /\:� "J d 

p is t he pres sur e �  d t he dens it y. 

pV RT M RT :::: or p d == 
{fi"_ [R�aJ 1 2 • • Ugas =:) £M == R1' 

uo tha t uga3 is indepen den t of pressure assuminF that the 

�as law holds . As s oo n  as  A c ollides with B the signa l 

iB transmitted almos t  instantaneously t o  the o p posite edg� 

of B. 



TABLE I 

Waut<l Ace tone Ethe r Ch loroform 

•.• Ill•· oc. A B A B A B 

-

10 · 57 ·55 • 24  •29 

:.n •45 •5 4  • 70 ·65 . 29 ·34 

.�n · 9 0  · 79 •3 4  •40 

ltO ·6 4 ·63 • 4 0  •4 7  

--

A. Vf from s o und ve loc i t y  me a s ur e men ts. 

IL Vf from ent;rgy vo lume c o eff i c i e n t s . 

i . e .  fro m  Vf ::::: 
1 

v 2 
( 2R'l' "' 2 

l. P+ (:>,. E/6V )·.r _1 
All fi�ures from Kinc a i d  and Eyr ing16• 

21 

Carb o n  

'l'etrach lor i d e  

A B 

• 24 • 26 

. 28 • 31 

·33 · 37 

· 38 •43 



• • (Eyring l9) 

22 

Hecause the ratio of the total distance to the free space 

between two points in a liquid (V ) � is given by ( vf ) , or 
(V ) 1_ more correctly by� Vf ) 3� c is a proportionality factor 

c � 1 9 
. .. Uliq == 

Thus, if the velocity of sound in the liquid 

und in the gas is known� values of vr can be calculated. 

Quite good a�reement is found between values of 

Vf calculated from s ound velocity and from energy volume 

coefficient data (Table I). 

A method of determining free volumes which should 

become of increasing importance is from spectroscopic 

measurements. 

The frequency of vibration of molecules in liquids 

is related to the free volume by the approximate relation

ehip16, 

1 1 1 ( 2 n mkT) 2 y_:__ ( lt'Ml'c � � ::: N-3 kl' 
h uliq ( h� 

which connects the velocity of sound in the liquid with 

the energy h� for a translational degree of freedom.· 

Thus one would expect the light scattered from 

liquids to show the familiar Stokes and anti-Stokes lines 

of the Raman spectrum. Such lines have been observed23 
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and as Debye24 notedy they show the same correlation 

between frequency and sound velocity as would be expected 

from the above equation. 

The Free angle ratio. 

The value obtained for the free volume of 

water at room temperature is about 0 •4 cc. but the product 

�jVf from heats of vaporisation and vapour pressures at 

the same temperature is about 0•02 cc. The discrepancy 

�f a factor of about 20 may be assigned to a small free 

unRle ratio, i.e. considerable restricted rotation of the 

water molecules. Cartwright25 observed frequencies 

corresponding to 167 a nd 500 cm�1 in liquid water at 

room temperature and interpreted them as arising from 

restricted rotation of the molecules. 

Stearn and Eyring26 using a doubly degenerate 

frequency at 167 cm.-1 to represent this absorption band 

calculated the values of L3 shown below (Table I I ) . Quite 

�ood agreement with vapour pressure figures is obtained. 



•remp. 0c. 

10 

20 

30 

40 

Free Volumes 

Vf 
(Sound 

Velocity) 

•43 

•4 2 

•4 2 

•43 

24 

for Liquid Water 

f3Vf 
('Vap. 

Press.) 

·012 

•014 

•017 

•021 

I 1 I 6 3 �) 3 V f IS 3 
(Spectroscopy) 

25 

25 

24 

24 

·36 

·35 

·41 

·50 

The free angle ratio, giving a measure of the 

restricted rotation, may be obtained from diolectric 

constant values. 

If for non-linear molecules �2: (S3)J 

and e, is the polar angle through which the molecule is 

free to turn, 
cos G1 1 - --

2
--

2 . -2 
Kincaid and E;yring list values relating t;2 to)'\ /.J..g 
where .. l.(l is the dipole moment in the liquid and/A::g that i�1 

the gas where free rotation is assumed. 

From the well known equation 

�- 1 V lin 2 
i. + 2 

::::: 3 N ( 0( + /�) 3kT 

and n 2 - 1 JiliNV< ---V ::::: 
n2 + 2 3 



where � is the d ie lect ric cons tant 

n t he refractive index 

� t he di po le moment 

V t he mo la l vo lume 

� p o larisabilit y  

25 

2 -2 
we can c a lculate values o�1 )f. g and s o  o b t a in va lues 

of � 2 and &' 3 • 
This met hod o f  ca lcu lation leads t o  a v•lne 

of62 for met han o l27 at  0°0 of  0•25 whi le s ound velocity 

and vapour pres s ure data give 0·13� 

There is a t end ency for �2 from the d ie lectric 

constan t  �o be greater t han (�3)� d et ermined from other 

sources. This may be due t o  a restriction on rot ation 

ab out t he axi s  in which the e lec tric moment of the mo le-

cule lies  which is prob ab ly greater t han that ab out  the 

other two axes . 

From t hese c onsiderations we see that the 

abnormalities of the s o-c a lled associa ted liquids can b e  

exp lained f rom  the s tandpoint  o f  res tricted rotation o f  t he 

mo lec u les . 'l'hus , although w ater and met hano l are 

ordinari ly c la s sed as high ly abnormal, t heir free vo lumes 

from s ound velocit y dat a are not  markedly d ifferen t from 

those of other l iquids . It is on ly the product o3Vt 
tat her tha n  Vf it s e lf whi ch  is of a differen t order of 



magn i  tuqe for "hydro gen b o nd ed '' as compared to norma l  

liquids . 

He lat�s hip b etween Vf and vis co s i!i· 

Attem pts have been made in t he pas t  to  l ink 

viscosi ty w i t h  f ree volume by means of an emp irical 

equat ion . 

e • g • Bats chinski 28 

This equa t ion has been deve lo ped b y  Lederer30 and b y  

McLeod 29 who ob t a ined an equat ion 

Y1 == K Moo< 
\ vf 

26 

hlo is t he mo lec u lar wei ght and ��he d egree of as s oc iatio�-

�he a greemen t b etween va lues calcul�ted f rom 

t.his equation and e xperimental res ult s is suff icien tly 

good t o  show that an invers e re lat ionshi p d oes exis t  

b�tween free vo lume and v i s c os ity . 

Boswo rth31 , us ing Frenkel'a32 c oncept of a 

'' phon on gas" deri ves an express ion rela ting  vis eo s i  t y  t o  

free vo lume or to s ound .ve loc i t y  in t he liquid 

or 

1 rMRT _213 
•2068 N ,J 7 Vf 

'!'he calc u lated results agree quite we l l  for "no rma l" 
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27 

l iquids b ut w id e  d eviat ions are found for water and 

u lc oho ls. T hi s  may poss ib ly b e  due to  t he fact that t he 

equat ion 

uoes  not app ly str ict ly to  "assoc iated" l iqu ids, a 

proport ional i t y  factor c b e ing requi red, as was s e en 

above. 

e. g. = 

where c ( 1 .  
Th is  would increa s e  the ca lcu lat ed va lues  of1 and b r in g 

t h em nearer  t o  the  ob s erved one s, A lternat i ve ly it 

may b e  necessary t o  u s e  the  product b3Vf in p lace of Vf , 

wh ich for  highly ass oc ia t ed l iquids  is  much less  than Vf , 

h e re aga in an i nc re as e in� wou ld result .  

Eyr ing19,34,35 attempt ed t o  obtain an equat ion 

from statistical theory but his f inal eq uat ion of the 

form 
N 

1'\_ = v 

gi ves a d irect re lat ionship b etween  viscos ity and free 

vo lume . 

The author, b y  c hanging on e of Eyr ing ' s  assump

tions, ob t a ined an equati on whic h  is  very s imilar to t hat 

of Bosworth. Powe l l , Ros e veare and Eyr ing33 derive an 

tlXpress  ion, 



28 

Nh flG*/RT 
11 ::::�: v e 

where 6G• is the energy of activation of the molecule to 

the mobile state. 

Let A be the distance between equi librium 

positions in the direction of flow and A1 A2 A3 be 

distances bet�een neighbouring molecu les in the three 

directions at right angles. Using the theory of absolut� 

reaction rates and postulating a symmetrica l potential 

energy barrier 

Shearine- fo�_ce ( f � 
---

without shearing 
force 

fore"' 

with respect to another the applied force on & sing le 

mo lecu le in direction of motion is f A2 A3 as A2 A3 is 

offective area per molecule. 

Hence the energy acquired by a mo lecu le at the 

top of the barrier = f A2 A3 x � A 

= �f A2 A3 A 

If e0 is the energy of activation at 0°K, the number of 
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t imes a mo le cule pas s e s  o ver the barr ier per s econd is:-

F� and F are the partit i on f unctions for unit vo lume of 

mo lecu le in act i vated and in it ia l  states . 

Specific rate of flow in the forward direction 

i s  

K.r F* = liF 

= xe if A.2 A. 3)./kT 
and in  the backward d ir ection 

Hence the distance moved by a mo le cule per second is XfA. 

in one direction and xb). in the other . 

• • Nett rate of f low in fo rward direction 

by 

l:lu = r..(-q - ')(b) 

or Au = 2). x s i nh f A.2 A_3 A. 2kT 
( From above equat i on 

But we know by defin it ion that 

Now 2kl' » 

fA.1 
Llu 

, = 

n = �--A,_j1-. f_-:--------
2A.x s inh ( fA 2). 3A /2kT) 

fA.2r.. 3 A and on ex panding  

6 u is given 

for  xf and xb) 



From above 

• • 

,., 
A1 1Cr 
"11. 211. 3"i\."2 'K 

= 

kT F"' _eo/k'I' 
'K .. hF e 

:: e /k'I' e o 

Eyring here assumes that ·x 

he obtains 
Nh F 

Tl= v F" 
e /kT e o 

30 

F or replacing plil by ( 2IIMk:£l i 
h 

1 
Vf� (which is equal to the 

ratio of the partition functions). 

N 1_ 1 fb /k'l' 
TT = V v f 3 ( 2 II MkT ) � e 

The assumption that � = A1 = �*�� appears to the author 

to be rather doubtful. This distance would be expected 

to lie somewhere between �N�.; and �*j-! - b t�f� -3- and. 
probably much closer to the latter. 

• • • 

Assuming that A = �*�i -b�Nt�-! 

T1 

( b � 1 depending on cell shape. 

The most likely value is b � 2) 
Nh � E... Eb/kT 

= v-; [v-;--bv r-3:1 
F e 

... 
Nh F 

2bvT�r-!J i* 
Nh 

2 1 2 
V + b V3Vt3 2bV� 

F 
1 

F,.. vr� 

c0/kT 
e 

eo/k'l' 
e 
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N 
= 

1. 1 t0/kT 
V /�13_ 2b v2/3v f.;( 2 II Mk'.l' )  �Vi� e 

� or since K 
e0/kT 
e = t. G */RI' 

e 

Here, as in the equations of Bosworth, McLeod and others, 

the viscosity is inversely proportional to the free 
volume. 

The replacement of ���i by ���t-b��fj� will 

increase the values of T') by a factor of approximately 

1· 5 - 3. 

This equation reduces to Eyring's for liquids 

with small free volumes, 

i. e. vr;o f*l!, - b(Y�j k = (*li 
and so we are left with 

n = Nh F e Co/kT 
v :F* 

Powel l, Roseveare and Eyring33 using their 

equation T1 = �h e t.G..,. /RT found t hat 6G* wa s a function 

of the energy of vaporisation of the liquid, 

i ;tt ___ t.Evap • e, 6 G 
2 •45  

Since the energy of activation for viscous flow is related 

to the work required to form a hole in the liquid the 
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experimenta l ly observed activation energy 6Evis may be 

expected to be some fraction of 6Evap' 

i.e. 6Evis = 6Evap 
n 

Eyring finds the following values for n at 

n = 3 for CCl4, C6H6 
n = 4 for CS2 1 CHC l3 , Ether, Acetone 

n = 2�4 for water. 

i.e. liquids with smaller free volumes ( o3Vf) have smaller 

values of n. 
The activation energy for viscosity 6Evia differs 

• from the free energy of activation 6Gvis on account of 

the entropy change accompanying activation for viscous 

flow. 

J:t,or gases (where V::f!:t,Vf) the author's equation 

for viscosity reduces to that obtained by Eyring2l,34· 

e.g. T} = 
1 

( 2 IT mkT)� 
Vf28 

F for the ratin p�. 

From the above equation for viscosity it should 

be possible to calculate values of Vt when 11 and 6Evap are 
known. This equation wi ll  be referred to later in 

connection with rates of s olution of gases where it is 

found to give much better agreement with experiment than 
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that of Eyr1ng et al. Prigogine4° found that values of 

�calculated from Eyring's equation were closer to the 

experimental values when values of Vf calculated from the 

Lennard-Jones model were used. Summarising these 

re lationshi ps between free volume and quantities capable 

of experimental measurement we have:-

o3vf = 

Vf = 

ul. lq 
Uliq 

::: ::: 

ET -6Hve.p 
P e RT 

fb5g§ v rB'£ ]3 
h n 1LAEve.p 
(y_)! (EI.t)i C(Vf ) ( M ) 
1 J(3":0cpp ((3cp adiabatic compressi--· _ ) 

bilit:; Nh 6Eva p 
� 1 2 1 41 e nR1; 

· = V - 2b V 3v f � + b V 3V f 3 



CORRELA'I' ION O:P GAS SOLUBILI'l'Y wiTH PHYSICAL 

PROPERr.riES OF 'l'HE SOLVENT 

Man y attempts have been made to discover 

regularities in the solubility of gases. G. Just36 

34 

found that the solubility of one gas in a solvent may be 

found approximately by multiplying its solubility in 
another solvent by a factor which depends only on the 

solvents and not on the gases. He also observed a 

negative correlation between the refractive index and 

the dissolving power of solvents. Skirrow37 and0hrdstoff8 

found that surface tension and dissolving capacity are 

negatively correlated. This was also noted by Uhlig11 

who found 

ln y 

where Y is the Ostwald coefficient. 

i. e. a pJ.ot of ln y against a for one gas in a number of 

solvents is linear. 

Sisskind and Kassarnowsky7 examined the relation 
between electric polarisability, dipole moment, and solvent 

power. An increase in either of these two appears to 

increase the solvent power but certain deviations are 

found. Hildebrand39 discussed the influence of cohesive 

forces on solubility and expressed these in terms of 
internal pressure. He found that the solubility decreased 
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more or less regularly as the a � function (� ) increased . 

He ascribed the d iscrepencies as d id � ammann41 to t he 

d isconcertin g  lack of agreement of the pub lished data . 

i hen it is remembered that the internal �o E  ) press ure oV ) appears in the equation for free volume 
'.I.' 

::: [ RT -� 3 
( �E/�V ) T _ 

i t  seems very likely tha t  the solubi lity of any one gas 

in a number of solven t s  should be pro �ortional to t he 

free vo lumes of the s o lvents or to the product �Vf ,  
On plo t t in g  values of YVl  [i. e .  solubili t y  

converted t o  8 mole f r act i on basis] aga inst o3Vf the 

author found that for a number of gases the points 

scattered about st raight lines w i th remarkably small 

deviations when the accuracy of the d ata used was con

sidered . ( T able II I .  Graph I ) . 

V c.-. lues of o3v f are only a va i lab le for a few 

s olvent s  so t ha t  from the remaining solubility figures 

value s of o3 for the solvent may be calculated a nd compared 

w i t h  known o 3 va lues . Va lues ca lculated in this way are 

compare d in �nble IV with values from the w ork of Eyring 

and Frank c::.nd Evans . 

Frnnk and Evans c alculate va lues of � from 

P vap ::: RT .[6Evap] 3 -6H/RT 
ff'V 1  R1' 

e 
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where f3 = Ojfb3g3 /h3n3 

T he y  then as sume as a f irst  a p proximat ion that 

0 3 = �6 for mos t  liquid s .  

T he s tra ight lines  were  found t o  have s lo pes 

pro port iona l to  the vo lume of the gas mo lecule  and 

ca lcu lat ed va lues of  rgas are compared b e low with  t hose 

ob t ained  from e le c t ron diffrac t ion  work b y  Lenard 4 2 ,  

Ramsauer43 and Mayer44  • 

r e a  le 

He 
1 •  28 

Ne 

Thus it  is found tha t  

y Vl = 03Vf -X V 

or o3Vf = YV 1 
V 

where v i s  t he vo lume of t he gas mo lecule  or  effec t ive ly 

Van de w·aa 1 I s  b .  From t hi s  it  is s een tha t  a p lo t  of 
YV l agains t  b for  a numb er of gas e s  in any one  s o lvent 

should a ls o  b e  linear and this  is found to be the case 

as  is s hown by  Gra ph I I. 

An e m p ir ic a l  r e lat i o n ship b e t w e e n  t he · ve loc i t y  

of  sound in the  liquid and i ts molecular we ight and d ens i ty 
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'l'ABLE III 

Y {o s t w a ld Coefficien,l) 

A l l  F igures at 25°C .  

Et 20 . CH3COCH3 C6H6 CHCl3 C 2HsOH H20 CH30H CC l4 
--

He • 036 • 0 21 . • 032  • 0086 • 036 

Ne • 05 2 • 0 31 • 04 5  • 013 • 04 8 

H2 - 1 4 5 • lOO · 07 2 • 067 · 0 8 5  • 01 8  • 099 • 0 8 5  

N2 • 293 • 1 79 • 1 20 • 1 41 • 1 6  2 

0 2  . • 4 55 • 280 • 2 23 • 031 • 24 • 302 

A • 299 ( · 24 2) ( .  1 8 ) • 258 • 034 • 267 

Kr ( 1 • 2 )  ( 1 .  0)  - • 061 ( 1 • 36 ) 

X e  • 1  09 

Rn 1 4.  0 5 · 8 1 1 •  0 1 3· 8 5 · 7 • 21 

vl :::: s o lub i li t y  corrected t o  mo la l vo lume b as i s . 

Et 20 CH3COCH3 C 6H 6 CHC l3 c 2H sOH H 20 CH30H CC l4 

He 2·  7 1 .  9 1 .  7 • 055 1 .  5 
N e  3 · 8  2 · 8 2 • 5 • 24 1 • 7 

H 2 1 5 • 2  7 • 4 6 • 4 5 • 4 1  5 • 2 • 34 3 • 8 8 • 2 

N 2 30 · 6  1 3 • 2 1 0 •  7 5 ' 7 1 5 •  7 

0 2 4 7 · 6  20 · 7 1 9 . 9 · 56 9 · 8 29 · 3  

A 2 2 · 1  ( 2 1 • 7) ( 1 4 • 5) 13 • 9 i 65 1 0 .  9 

Kr ( 88 . 8 ) ( 8 8 )  1 · 1  0 1 32 · 1  

Xe 1 · 96 

Rn 1 4 6 4 •4 4 29 98 2 · 3 1 1 1 3  334 3 • 8  
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TABLE IV 

( at 25°C. ) 

Vf :b,r om So lub i l i t y  D a t a  

L i quid Mo l a l  S ound En er gy 03Vf �Vf 03( S . V) 0 3( E .  V . C . ) 0 2( s .  v. } 02( E .y ... c).c: 0 2� ea le � 
Vo l . Ve lo c i ty Vo l .  (Fran k (Law) E & n,' 

Coeff . and  
Evans) 

Et 20 1 04 . 6  · 68 • 67 • 59 • 60 • 88 • 89 · 9 2  · 93 

CH3COCH3 74 • 0 • 47 • 55 • 20 · 26 • 55  • 4 7  · 67 • 60 

CHC l3 80 · 7 • 29 · 35 

C6H6 89 · 3 • 27 • 29 · 2 1 • 238 • 87 • 8 2 • 91  · 88 · 89 

CC 14 97 • 1 • 32  • 33 • 31 • 31 • 97 • 9 4 • 98 · 96  

c �50H 58 · 6 " 52 - - • 1 75 • 34 - · 4 8 

CH30H 4 0 · 7 · 9 2 - - • 1 25 • 1 3 - · 25 - · 1 3 - · 2: 

H20 1 8· 0 ·· 4 9  • 4 2 • 01 5 • 0 1 5 • 030 • 036 · 1 2 · 1 9 · 1  2 

CH3COOH 57 · 5 • 22 - - · 1 4 · 64 - · 7 4  

cs 2 60 · 6  • 28 · 62 - · 1 9  · 70 • 31 · 79  · 46 

nC6H1 4  1 1  0 · 0 • 4 6 - . 
- • 46  1 • 0 1 • 0 1 • 0 1 . 0 

():> 
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was put forward b y  Rao 46 

1 M 
R ::; Ufiq p 

i . e .  re lat es u liq  w i t h  mo la l vo lume s . 

39 

This work led La gemann4 8 t o  n o t e  that  the rat io 
U l ig 
Ug�s 

a p peared t o  g ive an ind i c a t i on of t he amoun t of 

a s s o c iat ion oc curring  in the l iquid . T ab le V gives the 

va lues of this rat i o  f or a numb e r  of  liquid s .  I t  may 

b e  s een t ha t  f o r  tho s e  compound s c ommon ly ac c e pt ed as b e in g  

as s o c i at ed t he rat i o  i s  sma l le r  than f o r  norma l liquid s .  

TABLE V 

Me tre s /s ec . U lig 
L i quid  u 1iq  Ref . U gas 

CH 3COCH3 1 173 ( 4 7 ) 6 • 1 6  

CHC 13 98 4 ( 4 7 ) 6 • 5 2 

C 6H 6 1 31 0  � t�� 6 · 86 
1 30 0  00 1 4 9 1 9 ( 4 7 ) 6 ·  71 

CH3COOH 1 1 4 0 ( 4 5 ) 6 · 39 

C 2H 50H 1 207 ( 4 6)  4 • 84 

CH30H 1 1 30 ( 4 6 )  3 • 54  

H �  1 4 94  ( 4 7) 2 · 88 

T h e  re lat i ve ly hifh va lue f o r  acet ic acid  may 

b e  d ue to the f ac t  t ha t  i t  is a s s o c ia t ed to ab out the s ame 

extent  in t he l iqui d  and in t he va pour . 
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�hi s  e m p i r ic a l  re la t ion o f  Lagemann is  s een t o  

have s ome theore t i c a l  b as is when i t  i s  rememb ered that 

U l ig 
Ugas 

where c ·t 1 

I t  was seen ab ove  that va lue s  of Vf f or b o th 

as s oc iat ed and n orma l l i qui d s  ar e of the s ame ord er , b ut, 

that c i s  much less  than un i t y  for  ass oc i a t ed liqui d s  s o  

that t he. r at i o  U lig wou ld b e  expec t ed t o  give a measur e ugas 
of the a mo un t  o f  as s oc iat ion . This  me t hod has the 

ad van t ape t ha t  it is ind e pend e n t  of measurements  c onn e c t s (  

with t he l i quid  s urface  whe re c on d it ions  mus t d iffer fro: 1  

t hose i n  t h e  b u lk l i qu i d . 
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'l'HE NA'I'URE O :B, ALCOHOL-WA'l'ER MIX'fURES 

The present inves t i gat ion of gas s o lub i l i t ies  

in a lc oho l-wa t e r  m i xt ures  was  c ar ri ed out i n  the  ho pe 

of elucid atin �  the structure o f  these m i xt ures . 

Measure men ts of their physi c a l  pro p erti es show that 

imp ortant changes in the s t ru c t ur e  of wat er and of t he 

alc oh o l o c c ur when they are mi xed . 

These cha ng es , for which a n  ex p la nat ion wi l l  

later b e  a t temp t ed o n  the b as i s  of the conc e pt of  free  

volume , a r e  best discusse d  und er the fo l lowing head i n gs : 

( i ) Partia l Mo la l Volumes 

( ii ) 
( iii ) 

( i v ) 
( v ) 

Heat , E n t ro py an d Free En ergy of Mixi n g  

Visc osity 

S ound Velocity 

Gas S o lub i li t y  and Entro py o f  S o lut io n . 



( i )  M!t£IAL MOLAL VOLUMES . 

The par t ia l  mo la l  vo lume 

v1 == dV 
dn1 

v2 
dV == dn 2 

42 

gives a meas ure of the var i a t ion of the vo lume of the 

s o lut ion V when a s m a l l  quant i t y  dn1  of one c omponent  o r  

dn 2 of t h e  o ther  is  add ed .  
- -

T hus dV == V1 d n1 + V2 d n 2  

o r  f o r  f i n i t e  amounts  of the t w o  com ponents 

Lew is  a n d  Ran d a l l49 give va lue s o f  V1 a n d  V2 

f or e thano l-wa t e r  m i x t ures  and t he autho r  us ing  the i r  meth r �  

o f  in t e rc e pts  c a lc u la t e d  the  corres p ond ing va lues  fo r water 
me than o l . �he s e  are  shown in T ab le VI and Gra ph II I ,  

where , for the s ake of  conven i enc e , t h� partia l mo la l vo l-

ume le s s  t he mo la l vo lume of t he pure liquid i s  us ed  as 

the ordinat e .  A l l  t he f igure s l i s t e d  are a t  25 °0 .  
I t  i s  s e en that for  e than o l-wa ter mixtur e s  at  

10 Mo le % a c on s id erab le  c ontrac t i on o c c urs on mixing whi le 

for methano l-wa t er m ixtures  a simi lar phenomenon oc c urs at 

20 Mo le % t hough to a les s er ext ent . The fact t ha t  more 

wat er has t o  b e  ad d ed to e t han o l  than to  methano l to 

prod uc e this min i mum is n o t  un expec t ed when i t  is  re memb ered 

that 
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TABLE V.I 

Met hano l - Wat e r  

Mo le % MeOH \'1 v1 
-v 2 - Vo V2 - Vc 

0 18 · 05 4  37 · 4 4 0 -3 · 23 

1 0 18 • 0 5 37 • 43 0 -3 · 24  

20 1 8 · 1 0 37 · 31 + · 05  -3 · 36 

30  1 8. 00  37 · 86 - . • 0 5 -2 · 81 

60 17 · 1  0 39 • 49 - · 9 5  -1 · 1 8 

80  1 6· 0 5 4 0 • 22  -2 • 0 0  - • 4 5  

1 0 0  1 4 • 1 5 4 0 • 672 -3• 90  0 

--

Ethano l - 'i'a t!ll: 

Mo le % EtOH \'1 v2 v1 - vo v 2 - vo 
0 18 . 05 54 • 65 0 -4 · 00 

1 0  18 • 05 53 • 25 0 -5 • 40 

20 1 7 . 70 55 • 87 - · 35 -2 · 78 

30 17 .• 4 2  56 · 65 - · 63 -2 · 00 

60 1 6 . 07 57 • 43 -1 . 98 - · 80 

80  15. 20 58 •  21 -2· 85 - • 30 

1 00  13 • 65  58 • 655 -4 • 4 0 0 



I 
I 

I 

I 

f 

, 
I 

I 
I 

I 

I 
I 

I 
/tJ 

I 

\ 

I 
I 

I 

I 

\ 
' 

\. 

l:f 
I 

I 
I 

I 
I 

I 

\. 

....... 
• 

f\1 
I 0 

> 
�----- ,� 

' 
...... ' ' 

,., 
' 

/ 
I 

/ 

/ 

)2 
/ 

/ 

'0 
I 

() 
0 ..... 

0 
"' 



( i i )  HEAT , ENTROPY AND FREE ENERGY OF MIXING . 

4 4 

� he s e  the rmodynamic f unct ions were c a lcu lated 

fro m  vapour pr e ssure measure me nt s by the me thod of 

S c at chard and Ray mond50 ,  The s tandard s tates were taken 

as the pure com ponents  at t he same temperatur e  and pres sure 

as the mixture . 

the d ifference  in any of these  funct ions in the  

state  und er d i s cus s i on and in t he s tandard s t ate  wi l l  b e  

d es i gnated  b y  a su perscri pt  M. ( mixing)  and the d ifferenc e 

b e tween tha t func t ion and one f or an id ea l so lut ion of the 

s ame compo s i t i on by a supersc r i pt E. ( exc ess ) .  

Thus for t he chemi c a l  pot en t ia l ,  

� 1 M == RT ln a1 
� 1 E = RT ln Y 1 

where a1 and y 1 ar e the . a c t i vi ty and the activity  co effi c i  s �· "·, 

of  the first  c omponent . 

S cat chard and Raymond show that t he chemic a l  

po tentia ls  of t he componen ts  i n  a s o lut ion a t  pressure  P0 

ar e g iven b y  

I-L 1 = 1?1 0 + RT 1n Py + � p  + 0 P ( 1 -y ) 2 + v1 ( P0 

IJ. 2 ::: li, 20 + R'l' ln P( 1 -y )  + 13 2P + opy2 + v2 ( P� 

where : 

P )  

P )  

F1 o and  F 20 are f unct ions of  t he t em peratur e  on ly .  

P t he va �our pressure  of t he mixture . 

( 1 ) 
( 2 ) 

Py and P( 1 -y ) are the par t i a l  pres sures of the two compo� e� � q. 



y the  mo le frac t ion of  component 1 in the va pour . 

V1 and V2 mo la l vo lumes of the c omponen t s .  

whe re � i s  a f unc t i on of the reduc e d  t e mperature  and 

pre ss ure o f  the gas e s . 

From equa t ions ( 1 ) and ( 2 ) 
M 

)..1.1 = F1 0 + RT ln Py + �1 P + o P( 1 -y ) 2 + v1 ( P0 -P) -

4 5  

(F1 o + RT ln P1 + �1 P 1 + V., <t'o - P1 U 
::: RT ln 

M I-L 2  ::: RT ln 

£.l + ( �1 -v1 ) ( P-P 1 ) + 0 P( 1  ... y ) 2 p1 
P( 1 -Y) ( ( 0 2 p 2  + �-V 2)  P-P2)  + Py 

• 

• 

• • • 

• • • 

wher e P1 and P 2  are t he va pour pressures of the pure 

com ponen t s . 

( 3) 

( 4 ) 

� 1 E = IJ. 1 M - R1' ln x :: RT ln �x + ( � 1 -V1 ) ( P-P1 ) + 0P( 1 -y ) 2 

where x is t he mo le f ract ion in  the liqui d . 

6 GE = 6GE( N1 + N2 )  ::: x &, + ( 1 -x) IJ. 1  X 

6 8 E X ::: - (b 6 G x E /� T ) p • N • 
6 H M 

X ::: 6 H E X = 6Gx E + T 6S x  E 

These  are a l l per mo le of  l iquid . 

• • • • 
( 5 )  

( 6 )  

Accord ing t o  t hi s  theory o f  c o rres pond in g s ta t es 

t he l i m i t  at zero pre s s ure of � P 0)1· 0 s ho u ld b e  the same 

- ----�- ---



f unc t ion of �r for a l l gases , where  Tr i s  the reduced 
'l' 

t emperature  T • I n  t e rms of cr i t i ca l  and reduced c 
quan t i t ies  the equation of  Keyes , S m i th and Gerry51  

b ec omes 2 
0 • 1 930 /l'r 1 1  • 5 - ( 24 • 78 /Tr ) X 10 

where fl is  in c c . /mo le , Pc in a tmos phe res and T c in d e grees  

ab so lut e . Va lues of � and V used are shown in Tab le VI I I  

whi le the results  for alcohol-water  mixt ures  ca lculated 

on the assum pt ion s  that  o = 0 and that  t he ratio  � 1 A3 2 

was given  b y  the the ory of  c orre s pond ing s tates  are shown 

in T ab le X and Gra ph IV . 

�he lis t e d  va pour pressure f igures are  taken 

from t he work of Bred i g  and B ayer52 , Vrewsk155 ,  Dobson56 ,  

and B ut ler 53 . These  fi gures  however d o  not  give 

suff i c i ent ly re liab le  va lues of 6GxE t o  enab le 6 s � to b e  

ca lcu lat ed from the i r  t emperat ure c oeffic ient s . This is  
· E shown b y  T ab le IX wher e va lues of �Gx at three t empera-

tures ca lc u lated  by the above theory are given . T o  ob tain 

va lue s of  6 s F whic h were  even qua li t at ive ly correc t the 

author ca lcula t ed 6G} f rom B ut ler and Dobson ' s  va pour 

pr essure f igures  and us ed va lues of  6 HxE 
in terpola t ed from 

the work of  Bos e54 whos e  results are shown in Tab l e  XI . 

Graph IV shows t hat e thano l-water mixtures d e par t 

from idea l b eha viour t o  a grea t e r  e xtent  t han do  m ethano l-

wat er mixtures . This d i ver�enc e  is  great est  at 20 Mo le % 
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.1. ABL.& Vli i  

Tc Pc - �j ( c c . /mole ) 

'1' em p .  �5 39 •80 4 9 • 76 54 • 81 

Me thane l 51 3 • 1 7 8 •7 - 963 -800· 4  -7 1 3 •3 -676 

·ita t er 6 4 7· 1 21 7 • 7 -1 266  -985 -84 5•  1 -787 

Ethano l 5 1 6 • 3 63 • 1  -1 239 - 1 0 28 -867· 3 

� 
T e m p .  25 39 · 76 4 9 • 76  54 . 81 

Methano l 4 0 • 7 4 1  • 4  4 1 . 9  

Wat er 1 8 • 05 1 8 · 1  1 8 . 2 

Et hano 1 58 " 7 59 " 6  60 · 6 



TABLE VI I I  (c on t . )  

METHANOL-WATER 

25oc . 53 39 · 76° c . 52 39 · 9 G0c . 55 4 9 · 76°c . 52 

XCH30H YcH3oH P( mm . ) XCH30H YCH3JH p XCH30H YCH30H p xc H3uH YcH3uH p 

• 00 00 · 0 0 00 23 · 8  · 0000 · 0000  54 · 6  · 00 00 · 0000 54 · 7  · 000 0 · 00 0 0  9 2 · 0  

. • 0202  • 1 438 26 · 7  • 04 78 · 2559 68 · 1  •'1 49 9  · 6 279 1 0 5 · 3  · 04 8 6  • 2741 1 1 9 · 5 

· 04 03 · 2564 30 · 0  · 09 25 · 4 595 86 · 0  · 1 785 · 66 24 1 1  4 . 0 · 1 21 8  · 4 741  1 57 · 0 

· 0620 · 34 26 33 · 9  · 1 5 23 · 61 64 1 03 · 4 • 21 07 · 6960 1 2 2 ·  4 · 1 4 7 8 · 5220 1 69 · 7 

. 0791 • 4 1 5 2 36 · 3  · 2027 · 679 6 1 1 9 · 1  · 2385 . 7 1 25 1 29 ·  6 . 21 31 -·629 4  1 96 · 0 

· 1 1 45 ' 5 043 42 • 6 • 3065 • 761 2 1 4 2 • 7  • 2731 • 7378 1 36 · 4 · 3 25 2 · 7580  236 · 6 

• 201 7 · 64 8 0  55 • 3  • 41 7 2  · 8 04 8 1 61 .  5 • 31 06 · 7573 1 4 3 •  7 · 51 4 3  • 8203 283 · 0 

• 3973 • 794 0 75 • 4 . • 5033 • 8 4 57 1 75 · 4 • 4 01 4 · 79 56 1 60·  5 · 6 279 • 8654 306 - 4  

• 6579 · 8900  96 · 2 · 5933 • 861 9 1 88 • '2 • 4 704 · 81 81 1 73 · 1  · 7083 · 9007 324 · 1  

· 81 37 · 95 1 8 1 09 · 9 · 6949 · 8974 206• "4 · 5580  . · 8532 1 8 5 · 7 · 803 7  · 94 06 348 · 4  

1 ·  0000 1 . 0000 1 26 ·· 6 · 8002  · 9536 2 23•"1 · ·689 9  •' 9004 207 · 5 · 9 0 0 7  · 96 27 373 · 5 

· 9 270 · 9761  24 4 • '5 - -8607 - 9 572 235 - 3  • 9 4 61 - 9736 391 · 1  

1 . 0 000 1 .  0 0 00 259· 8  1 . 0000 1 . 0000 260 · 7 1 · 0 0 0 0  1 · 0000 4 04 % 
- · 

� 
OJ 
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TABLE VII I ( cont d , )  

E'l'HAN JL-YWATER 

22'? c . 56  _d9 · 76°c . 55  5 4 • 81 °c .
55  

xc 2HsuH Yc 2H5rn P ( mm . ) xc �5oH Yc 2H5oH P Xc 2H50H Yc 2H50H p 

• 0000 · o o r n  23 • 8  • 00:)0 • 0000 54 • 6  • 0 000 • 0 0 0 0  1 1  6 .  6 

• 0 5 23 • 31 65 33· 1 7 • 0689 • 4 560 81 • 4  • 091 6 • 4 753 1 9 2 '  9 

• 091 7 ' 4336 38 • 4 4  • 1  4 5 2  • 5 4 31 99 • 4 • 1 1 57 • 5036  204 • 2  

• 1 343  • 51 3 0 4 3 • 4 2  · 2 208 • 5874  1 0 7 •  3 • 21 20 • 57 27 2 28 · 1  

• 20 23 • 5685 4 7 • 2 1  · 3677 • 634 1  1 1 5 • 7 • 3698 • 61  51  24 7 • 5  

� 28 49 • 61 0 2 50 · 33 • 4 808 • 6726 1 21 · 9 ' 4788  · 6554  256 · 6 

' 490 4 . 679 2  53• 9 5  · 6089 • 71 89 1 25 • 3 • 61 0 2  • 71 0 2  264 · 6 

• 7 81 1 • . 81 61 5 8 • 08  · 7796 . 81 29 1 29 • 2 • 9 1 4 5  · 9 1 4 5 275 · 9  

1 ' 0000  1•0000  59 . 0 1  • 9390 • 9397 1 31 . 5 1 • 0000  1 •  0000  275 • 2  

· 95 52 · 95 52 1 31 . 4 

1 . 0000 1 •0000 1 29 · 8  

---
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TABLE IX 

ME'rHANOL-WA!,llih 

Va lues  o f  .6G� ( c a ls )  

Mo le % MeOH 2500�3 39 · 9°o . 55 49 • 76°o . 5 2 

0 0 0 0 

1 0  20 • 0  -9 · 0  3 2 ·  0 

20 51  • 2 -1 2 ·  6 61 . 8  

30 63 · 8 + 2 2 · 1 7 1 . 6  

4 0  68 · 9 + 55 · 0  76 · 0  

5 0  69 · 0  +70 • 2 7 6 · 0 

6 0  66 · 8 + 7 2 · 1 70 · 0  

70 59 • 0 + 65 · 0 5 8 · 6 

8 0 39 • 7  + 4 4 • 7 36 · 3  

9 0  1 9 · 0  + 1 9 • 0  1 2 •  4 

1 0 0  0 0 0 
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TABLE � 
At2_2°C 

Mo le % METHANOL-WATER ETHANOL-WA'rER 
A lc o ho l .  

6G E 
T 6 8  E 

6H E E 
6 8 E 

6H E 
X X X 6 Gx X X 

--

0 0 0 0 0 0 0 

1 0 22 1 1 3 1 35 70 96  1 66 

20 50  1 50 200 1 4 1 53 1 94 

30 63 1 4 7  21 0 1 76 - 8 1 68 

4 0  69 1 36 205 1 8 2 -4 6  1 36  

50  7 0  1 1 7  1 87  1 75 -70 1 06 

6 0  68 97  1 65 1 56 -71 85  

70  5 9 79 1 38 1 36 -70 65 

80  4 0  60 1 07 1 1 3 -66 47 

9 0  20 4 0  60  74 -4 8 26 

1 0 0 0 0 0 0 0 0 

A l l  va lues in c a l or i e s . 
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TAB LE XI 

C a lo r i m e t r i c a l ly me as ured hea t s of mi xi.!l&..54 

ME'l'HAN 0 L -WA'l'ER ETHANOL-WATER 

Mo le % 
�lc oho l .  

0°C . 1 9 • 69°c. 4 2 • 37°C. o0c . 1 7 · 33°C .  4 2 · 05°� 

0 • 0 0  • 00 • 00 . oo . oo • 00 

5 1 0 0 · () 81  • 6 60 · 0 1 ,4 8 • 6 1 1 6 · 7 74 • 0 

1 0  1 68 •  0 1 4 3 ·  5 1 04 • 1  237• 5 . 1 86· 8 1 09 •  8 

1 5  2 0 5 • 8 1 8 2 • 3 1 33 • 8 265· 9 208· 3 1 1 7 · 6 

20  22 9 • 1 209· 3  1 52 •  5 258 · 0 204• 2 1 1  2· 7 

2 5  237· 3 21 8 ·  7 1 60• 6 238·  0 1 9 2 ·  0 1 0 1 . 4 

30 237· 3 21 9 ·  8 1 6 2· 9 21 9 •  5 1 78•  2 86·  5 

4 0 2 27• 5 2 1  2 •  1 1 55· 7 1 81 ·  0 1 4 4 •  1 60 · 8 

50 209 • 3 1 94 • 5 1 4 1 •  7 1 4 7· 1 1 1 3· 7 4 0• 4 

60 1 8 5· 3 1 71 · 8 1 24 •  0 1 1 9· 2 89 · 9 23· 7 

70 1 5 4 •  7 1 4 3 · 9  1 0 0 • 2 9 8· 3 70· 4 1 2· 4 

80 1 1 6 · 3 1 09 · 0 68· 7 75 · 2 5 1 · 0 5 ·3 

9 0  66 · 8 60 · 0  3 2 • 2  4 5 · 4  28  · 1  1 . 3 

1 00 • 00 • 00 ' 00 • 00  � 00  • 00  



for me thano l and a t  9 Mo le % for e thano l . This i s  s hown 

more c lear ly when the t ot a l  entro py of m ixing is  us ed i n  

p la c e  of  

fhe en t ro py of mixing  of  an id ea l s y s t em i s  

�iven b y  the we l l  kn own e qua t ion 

� Si d ea l  = -RN1 ln N1 - RN2 ln N2 • 

• • � 8Mixing == �s x
E + � Si d ea l 

t he va lues for  wa t er -me thano l and wat4r-e t hano l 

s y s t e ms ar e shown in t ab le XII . 

TABLE X I I  

T � 8Mixin g 
0 

a t  2 5  c .  

Mo l_L� Methano l..=!a t er. �thano l-wa t er 

0 1  Q l  0 

1 0  290 273 

20 4 48 348 

.30 5 0 4  3 4 8  

4 0  5 23 347  

50  5.33 347 

60 4 85 31 7 

70 4 38 288 

80 35 8 233 

90 21 9 1 29 

1 00 0 0 



54 

The se show that as w e  pass from m ethano l to 

e thanol the re is a decrease in the amount of random 

or i entation in the solution which is at a maximum for 

methano l at 45 Mo le % and for ethano l at 30 Mo le % ·  

The typ e  of  T 6 s x
E p lot gi ven by ethano l-wat er 

is very simi lar to that re ported by S c atchard and Raymond0 

for ethano l-ch loroform mixtures.  They state that the 

positive excess entro py of mix ing is due to the reduction 

in the amount of association of the a lcoho l and the 

negative excess entropy to an association of chloroform 

and a lcoho l. If  w e  a p p ly the i r  ex p lanation to ethano l-

wat er mixtures it wou ld indicate that the number of 

alcoho l mo lecu les in a c lust e r  is greater if the c luster 

also c on t a i n s  a water molecule sincA the ne gative excess 

entro py occurs in a lcoho l r ich so lutions , but that eaoh 

mo lecule  is t hen less tight ly he ld. 

Unt i l  more accurate va pour pressur e data is 

avai lahle howe ver it se ems unwise to attempt to draw 

any deta i led conc lus1ons from these entropy fi gures. 
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( i ii ) VISCOS ITY . 

Knowledge of  the v i s co s i t y  of water-a lcoho l 

mixt ur e s  should lead to  informat ion about  the ir  fr e e  

vo lume and general s truc t ure when i t  i s  r ememb ered tha t  

T) == 
6 �VaQ 

e nRT 

Gugel 57 ,  on t he b as i s  of kine t ic theory ob tain�d  

an e quat ion simi lar t o  tha t  of  B a t chin s ki , 
c 

11 == Vf 
., 1 

wher e  V f 3 == V e 3 - D 

D b e in g  c onnec t e d  t o  t he mo lec u lar d iame t e r  d b y �  

d == 
whe r e  M i s  the molecu lar wei ght  a n d  N == 6· 0 6  x 10 23 

He c a lc ulat ed  tha �  d for MeOH == • 9 8 9 0  

and for  EtOH == 1 • 0 182 . 

An ear ly  t heore t ic a l  a p proach t o  the vi s cos i t y  

o f  b i nary liquid m i x tures  was a t t e mp t ed b y  Mc1eo38  w�o 

pro pos e d  that i t  was a s im p le f unc t ion of the " fr e e  

spac e ' ' w i th in the l iquid. Previous to  this  the change 

in vo lume on mixing l iqu ids had b e en effec t ively ne gle r;: � :� 

as s hown b y  the w ork  o f  Kenda l l  et  a l . 59 �  

McLeod  obta ined an equa t i on, 



------ --·----

T} 

N 1 and N 2 lvio le percent ag.es of the c omponents . 

x 1  and x 2  their " free spac e '' · 
+ c .  

v1 and v2 vo lume perc ent ages . 

c chan ge of  vo lume f or l c c . on mix ing. 

�he free spac e (x ) at  any t em perat ure was 

5 6  

obtained from a know ledge o f  the viscosity and density 

at t wo t e mperat ures but this was  unsatisfac t ory for 

asso ciat ed liquids where the d e gre e of association 

changed with temperat ure . For norma l liquids , however , 

quit e good agre ement was ob taine d . 

R e c ent w ork b y  Panchenkov 60 who proposed the 

s quation 9 

T} :::: 

where e i& t he bond energy of the mo lec u les . 

l<10r mixture s use e M :::: + + 

c 1  and e 1 1 Mo le  frac tion and bond energy of c omponent 1 . 

� 2  mutua l b ond energy . 

and S rin i  vas an 61 

1 ·; 
Tj 3 (p0 /100) ('11 ? v1 + 

m is a c ons tant . 

v1 and v 2 volume of  c omponent in l O O g .  of mixt ure . 
lOO 

p 0 observed density and P c ca lcula t ed densi t y  fro m v1 + v2 



57 

has mad e pos sible f a i r ly accura t e  c a lc u lat ion of the 

vi s cositi e s  of a s sociated liquid s .  the s e  e quation s 

give good a g r e e ment for w at e r -ethanol and wat e r -m ethanol 

mixt ur e s. 

The vi s cositi e s  of wat e r - m ethanol and wat e r 

ethanol mi xtur e s  as  me a s ur e� b y  T ammann a n d  Pillsbury 6 2 

and b y  Bin gha m and Jac kson ( Graph V)  a r e  s een t o  p a s s  

throu gh a maximum. It a p p e a rs li kely that the 

oc c urren c e  of a maximum in the vis cosity c ur ve . is 

as sociat ed with a minimum in the fre e  volu me . This i s  

not a ltog e the r un e x p ected a s  w e  wou ld e x p e ct a con sid e r able 

ti gh t enin g up of the w a t e r  structure when e ven small 

amoun t s  of a lcohol a r e  added an J here as befor e the effe c t  

i s  p rod uc ed  b y  l e s s  ethanol than m e thanol . 
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( iv )  SOUND VELOC ITY AND COMPRESS IB ILITY . 

M i kha i lov 6 4 no t e d  tha t many m i xed so lv en ts 
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show in g a maximum v iscos i ty a lso gave a ma x i mum sound 

ve l oc i t y  a t  or a b out t he s ame composition when o n e  of 

t he compo n e n t s  was water. He e xp la ined this as b e in g  

du e t o  inc r eas ed associ a t i o n  i n  this r e gion , i . e . a 

r e d u c t i on i n  t he f r e e  ang le r a t i o , b u t  i t  a p pe ars mor e  

l i ke ly tha t the r e a l  r e ason is a d ecre ase in fre e  vo lume 

Vf r at her than o3 . This po i n t  o f  v i ew i s  s u p po r t ed b y  

t he w o r k  o f  Pa rshad 65 who c la ime d that t h e  ass oc i a t i o n  

of w at er i s  d ecreased by the add i � i o n  of a lc oho ls , 

i . e .  an a c t ua l  i ncr ease i n  o 3 •  I t  wi l l  be se en la te r 

that the incre ase in � i s  suf f ic i en t to  o ve r c o m e  t he 

d ec r e as e i n  Vf and so make o3Vf in crease  s t e ad i ly f ro m  

wat e r  t o  a lcoho l .  

f h e  ve l oc i t y  o f  so und in the l iquid ( u l iq ) i s  

re la t ed to the a d i ab a t ic compressi b i l ity � � b y  

u l .  l q .  
1 

:: � whe r e  p 

and t o  the f r e e  vo l ume Vf b y  

CY ) !(g�) i 
u l iq . == c(Vf ) ( M ) 

is the density 

Y is the rat i o  

T ab l e  X I I I  s ho w s  t he var i a t i o n  o f  ul iq and a � 

in a lc oho l-wa t er mi xt ures f o r  the lat t e r  o f  which the 

min i mum i s  s e en t o  l i e  a t  ab o ut 18 Mo le % alcoho l. 
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TABLE XI II  

ME'l'HANOL-WATE,E64 E'fHANOL-WATER66 

u l iq f3cp u l i q  

1 4 94 4 5 • 2 1 4 94  

1 5 6 2  4 2 • 7  1 64 7 

1 4 50  5 2 • 4 1 54 5 

1 338 67 • 9  1 4 09 

1 2 23 8 6 · 0 1 281  

1 1 1 3  1 05 •  8 1 1 51 

Ve loc i!1_of S ound in Gas a t  25°C . 

4 01  31 9 • 4 

�tp 

4 5 · 2  

39 · 5  

14 7 . 5 

60 · 0  

75 • 2 

98 · 0 
· -

E thano 1 
----



( v)  GAS SOLUB ILI'l'Y AND ENTROPY OF SOLUT ION 

PreVi ous t o  the pres ent wor k ,  t h e  on ly  gas 

s o lub i l i t ies  me as ured  in wat er -a lc oho l m i xt ur es w e r e  

hyd rogen 67 9 oxy gen 67 a n d  n i trogen36 i n  e t hano l -wat er 

60  

m i x t ures . T he r e s u l t s  o b t a i n ed ( t ab le XIV) a l l  s how a 

mi n i mum a t  ab out  10 Mo le % . ( Graph VI ) . In  me t han o l  

so lut ions  hyd rogen s hows n o  mi n i mum b ut t he r are gas es , 

he l i um and n e on , d o  ( s e e  b e low ) . For a l l  thes e thre e , 

however , YV l shows n o  min i mum . T h i s  a p pe ars t o  ind i c at e 

t hat  63Vf pas s e s  through a m i n imum f or ethan o l-w a t e r  

mi x t ur es b ut n o t  f o r  me t han o l-w a t e r  mixt ur es . 

Ca lc u la t e d  va lues  of 6 G s o ln s h ow a maxi mum 

for t he rare p a s e s  a t  1 5  - 2 0  Mo le � m e t han o l  whi le 6 Ss o ln 

P t  h i gh t e m pe ra t ur e s  s h ow s  a m i n i mum i n  the  same r egion . 

� h i s  wou ld ind i c at e more  fr eed o m  of t he s o lut e mo lecu l e s  

e t  t h i s  con c en t rat ion  a n d  prob ab ly  e x p la i n s  why Kin g68 

� · o � :t1d that  t he ab s o lut e part i a l m o la l i on i c  e n tr o pi e s  of 

na+ and K+ !)as s throuph a max i mum a t  ab o u t  20 Mo le  % 
r:'c; thano l .  
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'l'ABLE XIV 

HYDnJGEN OXYGEN N ITROGEN 

Mo le % EtOH (3 20 (3 20 }lio le �o EtOH (3 2� 

0 • 01 8 1  · 0 273 0 • 0 1 49  

3 • 7  • 0 1 33 . 0 2 59 6 · 1 • 0 1  4 1  

7 • 3 · 1 1 20 • 0 2 4 1  1 2 · 1  • 01  58  

1 0 . 5 • 01  09 • 0 23 5  1 00 · 1 31 1  

1 3 . 6 · 0 0 9 7  • 0 23 2 

1 6 . 3 • 01 0 9  · 0249  

28 • 1  • 0 1 8 8  • 03 2 6  

4 3 • 9 • 0 23 8  • 0 4 61  

1 oo · o • 086 2  • 2 201  
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SUMMARY AND CALCU�'l' ION uP b,REE VOLUME 

O:B' \iA'l' ER -ALCOHvL MIX'l'URES 

S ummar i s i n g  the  ab o v e  l i n e s  of evid e nc e w e  

ha v e : -

WA'r ER -ME'l' HAHOL . 

The f r e e  vo l ume Vf a pp e a r s  t o  pass  t hrough 

a m i n imum a t  or  b e low 20 Mo le % m e t han o l  whi le the pro d uc t 

o 3vf shou ld s how n o  s uc h  d e c r e a s e .  A maxi mum in the 

free an p l e  r a t i o  o3 is ind i c a t ed part i c u la r ly at h i gher 

t e mperatur e s 9 e . g . 4 8°C . a t  a low m e t han o l c on c en t rat i on . 

A t  r oom t em p e r a t ur e s  n o  ma x i mu m  s hou ld e x i s t . 

}YATER-E'l'HAN01: . 
B ot h  t he fr e e  vo lume Vf and t he prod uc t 63Vf 

should p a s s  t hr o uf h  a mi n i mum a t  a n  a lc oho l c on c en t rat ion  

less  t han that  r e qu i r e d  f o r  m e t han o l .  'l' he  f r e e  an g le 

r a t i o  03 d oe s  n o t  a p pe ar t o  p a s s  t hr ough a m i n imum and 

shou ld o e  gr e a t e r  t han t he c o r r e s p ond in g va lue s for 

me thano l-wat e r  mi x t ur e s 9 i . e .  l e s s  r e s t r i c t i on on t he 

ro t at i o n  of t h e  mo lec u le s  e s p e c i a l ly in a lc oho l r i ch 

s o lut i on s . 

� e  w i l l  n ow a t t e mpt  t o  c a lc u la t e  va lue s of Vf 

The f r e e  vo lume may b e  ob ta i n e d  from li s te d  

d a t a  o n  s o und  ve loc i t y  s in c e , 



uR:as 
U liq  

:::: ( Vf ) 1-
( V  ) 
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whi le o3vf may b e  c a lc ulat ed  f ro m  gas so lub i l i t y  d at a .  

o r  f rom h ea t s  o f  va pori s at i on 

RT 
p e 

-6Hvap /RT 

where  p i s  the va pour pressure  in atmos pheres . 

Tab le  XV shows va lues of Vf c a lc u lat ed from s ound 

ve loc i t y  an d a ls o  03 and 63Vf ob t a i ned  as  ab ove . 

va lue s are  p lo t t e d  aga in s t  a lc oho l conc entrat ion in 

Graph V I I .  

Thes e  

S t ud i es of n i trat ion and p i crat ion i n  e thano l

wa t er m ix tures  b y  Kor tum9 ° showed  ihat a max imum oc curred  

in  t he ao s or p t ion b and  a t  ab out 20 Mo le � e than o l .  H e  

accoun � ed f or t hi s  on  t he b as i s of a vary ing s t ruc ture c f  

the s o lvent wh i ch  s e em s  t o  conf irm  the  fa c t  no ted a b ove  
that t he s o lvent  i s  mo s t  c los e ly pac ked at  about t h i s  

c on c en t r a t i on . 

� he va lue s of the  f r e e  vo lume of wat er -e t hano l 

mixt ure s  l i s t e d  ab ove may b e  c o mpared  wi th  t ho s e  c a lcu lat ed 

by Ma t s uyama 1 31 wh i c h 9 wh i le n o t  re f erring  t o  qui t e  the  

same t hin p , may  oe  t aken as  a m eas ure of  � he vo lume in  

which  the mo lec ules  ar e f ree  t o  move . He c a lculated  the 
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vo lume o c c u � i e d  b y  1 mo le o f  w a t er a nd 1 mo le of ethano l 

f rom kn o w n  d i m e n s i on s  o f  t he m o le c u l e s  and o b t a i n e d  

f i gure s  of v11 2 0  1 8 · 6  c . c. a nd v02 Hy JH 3 1 · 9 c . c . 

r h e n  f or a give n so lution the ,, f r ee vo lume 1 1  was  

d e f i n e d  fro m 

whe re V iu t h e  mo la l v o l u m e  o f  t he s o lut ion . 

� he re lative fre e vo lume i s  the n d � fined b y  

'' Free  
V 

vo lume "  a nd the f o l lowing resu lts obtained : 

:r R e  la ti ve 
Mo l e  ( ,. ;o EtJH V "l<,re_!L Vo l.£!!!.£'1 FreeVo lum e 11 

--------

0 1 8 < J6 9  7 · 4 7 8 .  4 1  5 

28 21  · 238  8 • 7 2 1 • 4 1 1  
4 8 25 · 5 7 2 1 8 .  6 8 · 4 1 5 

51  28 · 4 67 1 1  . 9 'l • 4 1 8 

6 :J  3 2 < l8 1  1 3 . 5  8 · 4 22 

8 ()  4 1  . 8 6 1  1 8 .  2 1 · 4 3 6  

1 0()  5 8 · 6 8 0  26 · 8 0 · 4 5 7 

i hese va lues are  see n  to  show the same tr end 

as those c a lc u lat ed f rom so lubi lity and s ound ve locity 

d ata in t hat a minimum is f ound in the re gion of 20  Mo le  % 
e thana l .  



TABLE XV 

METHANOL --viAT ER Gas So lub i li t y  
Mo le �o MeOH u l . 

vf o2Yt 03 
-- � - · ·--·--

lQ 
0 1 4 9 4  • 35 • 01 5 • 0 4  

2 ·) 1 56 2  • 33 • 0 25 • 07 

1+ 0 1 4 5 0  • 4 3  • 0 40 • 09 

6 0 . 1 338 • 56 • 060  • 1 1  

g ,) 1 223 • 7 4 • 095  • 1 3  

1 00 1 1 1 3 • 96  • 1 2 5 • 1 3 

ETHANOL -WAT ER 
G R S  S o lub i l i t y  

L;0 :.e ��; E t  OH U l ig Vf o3Vf � 
- - - - - -----

0 1 4  9 4  · 35  • 0 1  5 ·0 � 

;:' [)  1 64 7 · 29 •0 1 6 •055 

4 0  1 5 45  · 35  •0 25 • 0 7 
6CJ 1 4 09 • 4 3  . o so • 1 1 5 

3 C  1 281  • 5 1 · 1  0 0  · 20 

1 o r�· 1 1  51  · 59 · 1 75 • 30 
--· ·- �-·------
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GAS 30LUB ILI'l'Y MEASQREMEN'l' 8 

Man y me t hods  of pro c e d u r e  and kind s of a p para t us 

have b e e rj us ed in  t he meas ureme n t  of gas s o lub i l i t y .  

Mos t of t he s e  c an b e  c las eed d ef in i t e ly as e i t h er phy s i c a l 

or chemi c a l .  T h e  lat t e r  me t ho d s  d e pend  o n  s p ec i f i c 

che m i c a l  pro p e r t i e s  of  t he ga s and  thus c an b e  us e d  

w i th on ly a l i m i t ed n umb e r  o f  ga s e s . The  main phy s ic a l  

me thod s d e pend  on t he meas ure men t o f  the quant i t y  of gas 

n e c e s s ary t o  s a t ur a t e  a known vo lume of i n i t i a l ly gas -

f r e e  s o lvent . T h i s  may a p pe a r t o  b e  a s i m � le ma t t er 

b ut the f o l low in g d i f f i c u lt i e s  ar e e n c oun t er e d : -

l .  C om p le t e  d e gas s in g  of s o lven t . 

2 .  At t a i n i ng  e qui lib r i um wi thout the  d an ge r  of 

s u pe r s a t urat i on . 

3 . Measur e m e n t  of s o lv e n t  vo lume and gas s pa c e  

e.b o v e  i t . 

4 • U s e  of d r y  gas or gas s a turat ed w i t h  s o lvent  

va pour . 

1 .  � h e  prod uc t i on of gas-f r e e  s o lven t i s  not  an 

e a s y  mat t e r  as was  shown b y  Led uc
69 

who f ound t ha t  e ven  

af t e r  b o i l i n p  d i s t i l le d  wat er r. lon g t i me it  ga ve  up  gas 

b ub b le s  on f re e z i n g .  T h e  usua l m e t hod o f  pre pa r in g  gns -

fr e e  l i qu i d  f o r  s o lub i l i t y  me as ure me n t s has b e en  b o i l i n p  



fo l lowed b y  c o o l ing  in a vacuum .  �ft er d egas s in g  care  

mus t b e  t aken t ha t  t he s o lvent  does  n o t  c ome in contac t 

w i t h  a i r  or  low s o lub i l i t y  resu lt s are ob t ained . For 

organ i c  s o lven t s , 30 minut e s  d e gas s ing i s  suff i c i en t  b u t  

f o r  wat er  �ro lon ged b o i l in g  over s eve ra l hours  i s  requ ired . 

2. In the ear l ie s t  gas so lub i li t y  w ork , by  B un s en 7° , 

equi lib r i um was at t ained b y  vi go ro us ly  s haking the gas and 

s o lven t in  t he ab s o r p t ion  ves s e l  where  bo t h  the gas and 

s o lvent  vo lumes  were  me asured . Os twa ld 71  in trod uc ed a 

me thod wh ich proved t o  b e  muc h b e t t er t han B uns en ' s ,  the  

fun d a me nt a l  d i fference  b e ing  that the  gas  vo lumes were 

m e e s u r ed i n  a b ur e t te c onn e c t ed to  the ab s orpt i on ves s e l  

rather t han in the v e s s e l  i t s e lf .  Equi l ibr ium was s t i ll 

a t t a ined  b y  s haking the ab s o r p t ion  vess e l  which  was  

c onn e c t ed to t he bur e t t e  by  a f le x ib le c a p i l lary t ub e . 

S t e rn 72 us ed  a g lass  c a p i l lary  s p ira l as d i d  

Maxt e d  a n d  �oon 73 ( Fi g . 3)  whi le met a l  s p ir a l s  w e r e  us e d  

b y  S t e i n e r 74 ( P lat i num ) , � i mof e jew 75 ( P la t inum ) , E s tre ichJ� 
an d Curry and Haze l t on 77 ( Co p per ) . 

� he who le a p paratus was  shake n  b y  �cDanie l 79 

and b y  Lannun g79 ( Fi g .  1 ) ,  but  whe r e ver v i gorous shaki n g  

is  us ed  t o  s e c ure equi l ib r i um t her e a p pears  t o  b e  a dan ge r  

o f  s up e r s a t u ra t in�  t h e  s o lut ion . This  as pect  was d is cuss ed 

b y  C ad y , E ls e y  an d B e rger 8 0 who c on s i d ered  that super s a t 

ura � t r :. � � s  e As i ly att a in e d . Morgan and Pyne81 a t t empt ed 
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to t es t  thi s  by  us ing an a p para t us i n  whi ch  the gas was 

repeated l y  b ubb led  through t he s o lven t .  'l' hey  ob tained 

s imi lar r e s u l t s  for  the s ys t em  c arb on d iox id e-wat e r  as 

o ther wo rkers  who had us ed v i o lent  agit a t ion , but the ir  

me thod s e ems just  a s  l i ke ly to  c aus e supersaturat ion as  

the one s  used b y  the w or kers  whom they were t r y i n g  to  

check.  

Rake s t raw and Emme 18 2  found t hat  when s ea wa t er 

was shaken w i t h  n i r  and the s o lut ion a l lowed t o  s t and unt i l  

bub b les were n o  lon ger vis ib le  the n i t rogen c ont en t  was 

two per c en t  higher than the  equi libr ium va lue . 

A me thod o f  s t ir r in g  whi c h  ens ures  t ha t  the 

co rrec t e qui l ib r i um is ob t a in e d  is by means of an iron 

b ob en c losed  in g lass , and a magne t .  This  was used  b y  

Aker lof 27 ,  An tro pof f83 , Cndy , E ls e y  and Berger 80  ( Fi g . 2 ) , 

Cas s ut o 84 , w r i ght and Maas 85  nnd horiut i 8 6. · A lthough 

there  3 p p e 2rs  � o  be  n o  d anger of s upersaturat ion �hen 

this  me G hod is us e d  i t  h�s the d i s ad van t age of requir ing  

a large d ead g 3 s  s pnc e above  t he s o lvent thus reducing  

the acc urac y  of  the resu l t s . 

3 ·  �he usu� l me thod of d e t ermining  the s o lven t 

vo lume i s  b y  mer cury  d i s p lacement  ( Lannung ) , or b y  we i ghing 

the Rb sorp t ion vess e l  ( Mexted  nnd Moon ) . B oth  of  the s e  

resul t  in the ab s or p t ion vess e l  b e ing c om p le t e ly f i l le d  
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w i t h d e ga s s e d  s o lve n t  and McD an i e l 78 
prod u c ed a su i t ab l e  

gas - l iquid i n t e rf ac e  b y  runn i n g  o u t  so lvent a n d  w e i gh i n g  

i t  t o  f in d  t h e  vo lume of ga s w h i c h  r e p la c ed i t . When 

t hi s  proc ed ur e  is f o l low ed there  is s ome d anger that  a 

part of t he so lut e w i l l  b e  lost  e s pec i a l ly when t he 

d ens i t y  o f  the s o lvent  inc reas e s  a f t e r  gas  so lut i o n . 

Ho r i u t i  s how ed t ha t  a cons i d e rab le  error  was i n t r o d uced  

by  this  me thod f o r  the  s y s t e ms s u l phur d i oxi d e  and n i tr ous 

ox id e  in ac e t o n e . A b e t t er a lt e r n a t ive method i s  t o  

le ave mer cury in t he ab s or p t i on ves�l  and run i t  out i n  

the same man ne r .  T h is  was  d o n e  b y  Lan n un g ,  Hor iut i and  

C a d y , E l s e y  an d 3 e r per . 

Lun g e  c onn e c t e d the b o t t om of the ab s or p t ion  

ves s e l  t o  a l e ve l l i n g  b u lb of merc ury  which c o u ld b e  

low e red t o  l e t  merc ury out  of the ves s e l .  Af t er e qui -

l ib r i um was a t c a i n e d  t he s o lve n t  l e ve l was ra i s e d  t o  t he 

ori gina l ma r k  an d t h e  g a s  vo lume m e a s ur e d . 

me t hod w a s  u s e d  b y  Cad y 1 1 ls e y and B e rger . 

A s imi lar 

Chr i s t off 38 b r ought t he liqu i d  nnd ga s in t o  

c on t ac t b e f o r e  me as urin g the gas vo lume . He f ound that 

the rate of s o lut ion w as s uc h  thn t  n o  a pp r e c i ab le vo lume 

of gas d i s s o lved d urin g the  measuremen t . I t  w i l l  b e  

s e en la t e r thP t w hi l e  t hi s  may b e  true  f o r  wat e r a s  a 

s o lve n t ? i t  i s  c e rt ain ly n o t  t r ue for  or�snic  s o lvents  

s uch as e t h e r . Es tre i c h e r76 and Druc ker and  Mo les8 8  left 
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a vacuum over  the l iquid when the ves s e l  w as f i l led , w�i�h 

was lat e r  f i l le d  w i t h  g2s from the b uret t e  af t e r  t he 

vo lume had b e en  measured . 

� he change i n  vo lume of the so lut ion as a gas 

d i sso lves  introduc e s  a c ertain erro r .  Markham and Kob e89 

showed t hat  the s o lub i li t y  of c arb on d i oxi d e  in aq uenus 

so lut i ons m i �ht b e  in error up to 0 · 1 %  for  this  reason , 

whi le Cady , E ls ey and B e r ge r 80 con s id er that  it  cons t i tu t e s  

one o f  the ma i n  errors i n  An tro poff ' s 83s o lub i li t y  work on 

he lium . An other  sourc e of in accuracy i s  t he var i at ion  

in  s o lvent  vo lume w i th t emperature . This  is very 

impor tnnt  in an a ppara t us s uch a s  L n n n un g ' s where the 

s o lvent  le ve l is not r e t u r n e d  to the s a me mark before a 

read ing i s  t aken . For thi s reason the a uthor c on s iders  

that Lun �e ' s  me thod  prob ab ly lead s to  the  mos t accurate  

res u l t s  und er ord inary c ond i t i ons . 

S ome workers  have us ed dry  gas in  the b uret te  

whi le o thers  have us ed  gas s a t urated w i t h  s o lven t vapour . 

If the gas in  the b ure t te i s  s a t urated , the  va pour press ure 

of the s o lvent is  of l i t t le i m por t 3n c e , but if  it  is dry 

the  va pour pre s s ur' e  mus t be  known o.ccuro. t e ly s in c e  a l l  gEts 

c o m in g in to  the free  s pace  ab ove the l i quid  in the 

ab sor p t i on ve s s e l p i cks u p  va pour increAs ing  i t s  vo lume 

to an ex tent  d e t 6rmine d  by t he VQ pour pr e s s ure . 
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When wet  gas i s  us e d  the who le a p paratus  mus t  

b e  ke p t  i n  the t he r m o s t at or s o lvent  va pour w i l l  c ond e n s e 

out and caus e errors . Hor i u t i  c la i ms t ha t  wet gas give s  

an o ma lo us re s u l t s  n e ar the  b o i ling  p o i n t  o f  the  s o lvent  

but  t hi s  a p pears rather  un l i ke ly a s  i n  a l l gas  s o lub i l i t y  

wo r k  t he gas over  t he s o lven t  i n  t he ab s or pt i on .ve s s e l 

i s  s a t ura t ed w i t h  s o lv e n t  va pour . 

�h e n  a m i x e d  s o lv ent  suc h as  a lc oho l-wat e r  i s  

us ed , t h e  gas t aken in t o  t he b ur e t t e  mus t b e  d r y , as  it 

i s  prac t i c a l ly i m po s � ib le t o  have d e gas s ed s o lvent of the 

s a me c o m �o s i t ion  a s  the s o lven t i n  t he gas s a t ur a t or s in c e  

the a l c oho l c o n t en t  o f  � h e  s o lv e n t  i s  c o n s id erab ly r e d uced  

d ur i n g  d e gas s in g . 
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The genera l  pr i nc i p les whi ch have b e en d i s c us s ed 

are b es t  i l lus t r a t ed b y  con s id er in g  re pres e nt at ive t y pe s  

of  a p parat us ; -

A d iagrum of t he e ss en t ia l f ea t ur e s  o f  Lannung ' s  

a p para t us i a  shown in  F i gure 1 . S o lven t was b rought i n  

through S o y  a l low i n g  mer c ur y  t o  run out  t hrough 1 un t i l  

A was a b o u t  ha lf f u l l  of  s o lve n t . The j o i n t  S was then 

conn e c t ed through d r y i n g  t ower s t o  a pump  and the so lve n t  

d e ga s s e d  a t  r o o m  t e mperd t ur e . Mercury was  t hen le t in 

throu gh 7 unt i l  t he s o l v e n t  s urfa c e  was  at d .  The t a p  

3 was o p e n e d  and t h e r ema ind e r o f  t he a p para t us f i l led 

w i t h  merc ury . T he who le  a p paratus w aa t hen p laced  in 

an a i r  t hermost at and b ro u rht to 2 0 °C . th e s o lven t le ve l 

b e i ng ke p t  at  d b y  rai s in g  or  lo� ering  g .  T he gas b ure t t e  

was then f i l led  and merc ury b ro u ght  through t he s y phon 

tub e to a .  T a p  4 was then c lo s ed . B y  o pe n i n g  7 and 

ra i s in g g a f ew d ro ps of s o lven t  were  pa s s ed o ver i n t o  t he 

gas b ur e t t e  t o  s a t ur a t e  the ga s w i t h s o lve n t  va pour . 

b r in gi n g  t he 8 0 lvent  s u�f a c e  t o f a s ma l l  quan t i t y  of 

me rc ury was b lown from  t he hor i zon t a l  c a pi l lary t o  t he 

s u r fa c e  o f  t h e  s o lven t . fhe  re8 t of the mercury  wRs 

t h e n  suc Ke d  iJ c, c k  to c .  A S  t he b u lb A and ver t ic a l  

c a p i l lary hf c on s t i t u t e d  a s e n s i t i v e  thermom e t e r  i t  was 

Aft e r  
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easy  to  t e l l  v\ t 1 e; n  t e mpe r n t ur e  e qu i librium  was a t ·� a inc c . 

8 3 � u r a t i on of t he s o lvent  was  b roug ht ab c � �  

by  runn in g o u t  t hrough 1 ab out l c c . of merc ur y  which w a �  

we ighed , a n d  t ll.sn �ut t in g  the a p pa ra t us i n t o  an air 

thermos t at where  it  was mech3n ic a l ly shaken . The ct.::.1n ge 

in ga s vo lume was  re ad from the  le ve ls in B and  C and 

the s o lub i l i t y  c a lc u la t e d d i rec t ly .  

W i th the vi Forous s ha king e m p lo y ed b y  Lnn nung 

t here  i s  s o me d an ger of s u pe r s a t ura t i o n , which  was 

e li rn in 3 t e d b y  C �d y , E ls e y  and B e rger88 who us ed a ma gn e t i c  

s t i rr e r  ( Fi �ure 2 ) . T o  s t art  a me asur e men t the b u lb B 

was f i l led w i � h d r y  � i r  a t  a t m o s pheric  p r e s s u r e  and 

sea le d . C and F w e re pum p ed out t hr ough the  t hr e e -way  

s t o pc o c k  b e lo·.v 11.. Dur i n g  t he p ro c es s , t he s t o pc o c k  

b e tw e e n  B anC C w a s  c a ref u l ly o pened  un t i l  e x pans i on of 

a i r  i n  B h a d  d r i ven t he me rcury  i n  the man ome t e r  u p  t o  

t he s t o pc oc k n � d  t hro ugh i t s  b or e . � h e  c o c k  was then 

c lo s e d  a n d  � h �  G v 2 c u � t ion  o f  C and F c o m p le t e d . The 

b u lb F w � s t h e n  f i l le d w i t h me r c ury fr om K .  'l' he s o lve n t  

i n  M w a s  d e � & s � � d f o r  Gb o u t  i hour a n d  t he n  b r o ught t o  

a t mo s phe r i c pr e o s ure . � he gas  was i n t r od uc e d  int o the 

s y s t e m  a s  f o l l ow s . 'l'he b u lb E was e v a c u a t e d  and f i l le d  

w i t h  mercury f rom D .  A sms l l  amount  of s o lv e n t  was  

in t ro d uc e d  � nd b o i l e d  un d e r reduced  p r e s s ure to  r e mo vA t he 

air . He l i um w e s  then i n t r o d u c ed and the  wat e r  b o i l e d  
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nga in b y  r e duc in g t he pressure  en suring  t he remo va l of 

u i r  f rom t he w a t e r . 

F in a l ly E wcs l e f t  f i l led w i t h  pure he lium und er 

atmos phe r i c  pre s s ure  3nd in con t a c t  w i th wat e r .  T he 

gas -me3sur ing s y s t em C wa s t he n  f i l led wi th  he l ium f ro m  

E and b r o u ght t o  the press ure o f  t h e  ai r in  B .  D e gas s ed 

so lve n t  w � s  b ro ught over from  lvi i n t o  lil b y  runnin g  out 

me r c u ry i n t o  1 whi ch w � s  we i ghe d t o  d e t er m ine  the vo l um e  

of s o lve n t . � he le ve ls of t he man ome t e r b e tween  B and C 

and t he le ve l of the  mercury in  t he gus b ure t t e C w e r e  

rend , t hen t h e  gre 2 t e r  p n r t  o f  the gas w a s  trnns ferred  t o  

F and i t s  s o lu t i o n  s t ar t e d . T he rat e of s o lut ion  was 

increas ed  b y  us i n g  c m� gn e t i c s t irrer  b u t  e qui l ib r i um was 

on ly ob t 1 i n e d  2 f t e r  ab o u t 24 hour s . The s o lven t le ve l  was 

then re turn e d t o  1 t s or i gin a l m2r k , the pre s s ur e  ad jus t ed 

and t he vo lume o f  t he rema i n in g gn s rend . 

The  m�in  d i s ad van t n �e o f  u s i n g  a ma gn e t i c 

s t i rr e r i s  t he lon g t i me required  t o  a t t a i n  e qui lib r ium . 

This  i s  cons id erab ly short ened b y  u s i n g  a gen t le s hRkin g 

m e t h o d  d e v e lo p e d  b y  Max t e d  and Moon 75 ( Fi gure 3 ) . 
I n  this  a p paratus  the  gas s pa c e  ab o ve the  s o lvent  

was  r e d uc e d  t o  a m in i mum b y  e m p lo y i ng an ab s or p t ion ves s e l 

of the form  s hown at  A .  This  ves s e l  w h i c h  w a s  immers e d  

i n  a t he rmos t G t c on t a in e d  in  add i t i on t o  t h e  s o lvent , a 

s ma l l  qua n t i t y of me rc u r y  B ,  a nd was rocke d  s o  t hat t he 
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mercury and the gas b ub b le C moved a lo n g  the t ub e in 

o p pos i t e  d i rec t ions . This  cau s ed the  gas - l iquid int erfac e 

t o  b e  c on s t an t ly ren ewed whi le t he mer c ur y  s t irred the 

li qui d . The 1 m e tr e  lon g c a p i l la r y  D · was  used  t o  ob t a in 

suff ic i e n t  f le xib i li t y  t o  enab le  the ab s or p t i on ves s e l t o  

b e  roc ke d . 

� o  ca rry out  a measurement  t he ab s or pt i on ves s e l 

was d e t a c hed  b y  c ut t in g  a t  F .  A s ma l l  quant i ty of mer c ury 

was  in troduced  and the ve ss e l  f i l le d  w i t h  s o lvent  exc e p t  

fo r t he s pac e c .  � he d e gass ing  of t he s o lve n t  which  was  

car r i ed out in s i t u  was  a id ed by  per iod i c a l ly shaki n g  t he 

ab s or pt i on vess e l .  

I t  was t he n  r e c o nn ec t ed t o  t h e  rema ind e r  of t he 

a p para tus  and t he c a pi l lary  link  D e va cuat ed wi th a Hyvac 

�um p .  � n i s  was  then  f i l le d  w i t h  gas from  the  b ure t t e  E 

and t he z e ro po i n t  ob s er ved . � hi s  as s umed  t hat  in  the  

ab s en c e of rocking  t he ra t e  of s o lu t i o n  was  s uff i c i en t l y  

low t o  b e  n e �le c t ed whi le t he i n i t ia l  read ing  WRS t aken . 

The  ab o ve c on s id erat i on s  have lead t o  the 

d eve lo pme n t  of a n ew a p pcra tus usin g Mnx t e d  and Moon ' s  

me t ho d  of  secur ing  e qu i lib r i um b ut improving  t he m e t hod  

of  d e t e r m i n i n g  gas  and  s o lvent  vo lume s . 



76 

CR IT IC ISMS OF PHEVIOUS GAS SOLUB ILITY WORK . -------------------------------------------

Gas s o lub i l i t y  w ork b efore  19 10  was c on s i d ered  

b y  Ma r kham and Kob e 9 2  to  be  a l l  rat h e r  i n ac c urate . T hi s  

was d ue t o  t he me thod s us ed  t o  a t t a i n  e qu i l ib r i um , whic h  

cons i s t e d  in t he ma i n  o f  vio lent  shaking whi c h  led t o  

su per s at ura t i on and h i gh r e s u lt s . O t her  pos s ib le errors  

were  i n co m p le t e  d e gas b ing  of  s o lvent  · and i m pur e gas e s , t he 

lat t e r  fac tor b e ing  i m po r t an t  in t he c a s e  of  t he iner t 

gas e s  ( He 9 N e , A 9  e t c . ) . 

Ca�9_E ls�2_and B erge� e l i mina t e d  t he error  d u e  

to  c hange in  vo lume of  t he s o lvent d ur in g  a run b y  p us h i n g  

t he s o lut ion  b ac k  t o  a kn own mark af t e r  ab sor pt i on . ·r h e y  

on ly d e gas s ed t he i r  so l ve n �  ( wa t e r ) f o r  ab out 30 minut e s , 

b u t  i n  the  pres ent work  i t  w a s  found t ha t  u p  t o  2 hours 

were re qui red for t he c om p le t e  d e ga s s i n g  of this  par t i c u lar 

· s o l ve n t . 

T he �ork  of 1�D.Q�ng was c ri t i c i s ed  b y  Aker lof on  

the b as i s t hat  t he c on t a c t  s urface  was  s ma l l but a more  

i m por t ant  error a p pears  t o  b e  the f a i lure t o  c orre c t for  

the  e x pans ion of  t he s o l ven t w he n  t he gas d i s s o lves . 

B e cause  the vo lume of  t he s o lu t i on i s  gr e a t e r  t han t ha t  

o f  t h e  p u r e  s o lvent t he g a s  s pac e m us t d ec reas e , so  t ha t 

t he s ol ub i li t y  f i gure s l is t ed b y  Lannung w i l l  b e  t oo low . 

� h i s  d if f i c u l t y  was overc o ffie  b o t h  i n  t he pre s e n t  work  and 
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by Cad y , E ls e y  and B e r�e r  by re t urn in g t he so lvent  t o  a 

d ef in i t e  m ark af ter  s a tura t i on . De�ass i n g  the s o lvent  

a t  room t e mpera ture  a ls o  s e e ms rather uns at isfac t o ry , 

es pec i a l ly f or wat er . 

Ake r lof use d  a me t hod which measured  t he 

d ifferenc e in pres s ure af t e r  s o lut i on .  This  e limin a t e d  

t h e  e rror  in  Lannun g ' s w o rk and h i gher re s u lt s  w e r e  

ob t a ine d . 

He 

A 

-� 
L �nnung 

• 0 31 0 

Aker lof  

• 00 8 7  

• 033 2 

Maxt e d  and Moon give b ut few d e t a i ls of the i r  

a p �ar atus 9 b u t  i t  s ee ms t ha t  there  was  a t  leas t n o  d an ger  

of  su persa tura t i on whi le  e qui lib r i um was u t ta ined  in a 

reqs onab ly short t i me . T he c a p i l la ry c onnec t in g  the 

b ure t t e  to  the  ab sor pt i on ves s e l ,  howeve r , was at a 

t e mpe rat ure d iff ering  f rom thGt  of  the s o lven t and t he 

gas in t he bure t t e  and t h i s  w o u ld int rod uc e errors whic h  

were prob ab ly not  una p pre c i ab le . 
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'I'HE APPARATUS 

I n  Maxt ed  and Moon ' s  a p parat us t h e  s o lven t 

vo lume was d e t ermined  b y  w e i ghing t he p i p e t t e  b efore  and 

af t er f i l ling  w i t h  s o lven t . One  mus t then as s ume  no 

s o lvent  loss on d egas s ing  which a p pe ars rather un l i ke ly ,  

es pec i a l ly for  organ i c  s o lven t s  of  low b o i ling  point s .  

How e ve r � t h e  me t hod o f  s e c uring  equi l ib r i um was very 

e ff i c i en t  and t h i s  pr inc i p le was e mp loyed  in t he pr e s e n t  

a p parat us ( Fi pur e 4 ) . t he s o lvent  vo lume is  d e t ermined  

b y  m e r c ury d i s p lac ement  and  the  a p parat us i s  s o  d es i gn e d  

t h a t  d ur in g  a r un n e i t her the  gas  n o r  t he s o lvent is  i n  

con t 8c t  wi t h  a n y  s t o pc o c ks . 

t he a p pa ratus  c ons i s t s  es s en t ia lly  o f  

( i ) A g a s  measuring  s ys t em . 

( i i )  A � i p e t t e  in  which  equ i l i b r ium  i s  at t ained . 

T he s e  two  parts  are e a c h  i mmers ed  in t he rmo s t a t s  

c on t a in in g  ab out 38 ga l lon s of  wat er , t he t w o  b e i n g  1 ·  m e t r e  

a pa r t  t o  ob tain  suff i c i e nt f lexib i li t y  t o  a l low t he p i pe t t e  

t o  b e  shdke n . t he c o i l ( c ) was put  in t o  increase  t h i s  

f le x ib i li t y  and t oge t he r  w i t h  t h e  c onnec t ing c a p i l lary i s  

j a c ke t ed and wat er  c i rc u la t ed round i t  f r o m  t h e  t hermo s t at s  

b y  mean s o f  t he pump  ( P ) . B y  means  of  t h e  va lves ( a ,  b ,  

c �  d )  i t  i s  po s s ib le  t o  p um p  o ut e it h er of the  t he rmos t a ts 
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to was t e  or to  c i rc u lat e water  f rom lef t t o  right . 

The  p i p e t t e  D is f a s t ened  t o  a c o pper  c rad le 

b y  means of two s ad d les , the low e r  ha lf of each  b e i n g  c o p per  

and  t he u p per  ha lf pers pex . t he c rad le i s  p i vot ed  from 

a p o in t o p �o s i t e  Vi and  moves , w i t h  b ake li t e  tp a r i ngs which 

are  wa t e r  lub r i c at ed , aga i n s t  a s he e t  of  c o p pe r  fas t en e d  

to  the r i ght hand t hermos t at . 
1 

'l' he ac t ua l  movement i s  o b t ained  f rom a 50 h .  P •  

mot or t hr ough a gear box  and f lexib le  cou p ling  on t o  an 

e c c en t r i c . �he c rad le is f i xed  t o  a s pr in g  ( Fi gure 5 ) 
whi ch  t akes u p  ha lf of  the load an d gives  a smoo t h  even 

roe kin g mot ion . 

T he s o lvent  i s  d e gas s ed in  the f lask  ( F ) and 

b r ough t  i n t o  t he p i pette ( D ) , t he vo lume b e in g  d e t e rmined  

b y  m e rc ury d i s p lac ement . The ga s which  may b e  w e t or 

d r y , d e pend i n g  on � he t h e r  a pure or  mixed s o lven t is b e ing 

us e d  i s  measured in  the  b u r e t te ( B ) and ab out 3 c c . pushed  

o ve r  in t o the  pi pe t te ( D ) . � hi s  i s  t hen  rooked to speed 

u p  t he rat e of s at ura t i on . The  s ma l l  amount of  me rcury 

w hich r e mA i ns in t he p i p ette af t er b r in ging t he s o lvent 

o ve r  st irs the liqu id whi le  the  mo vemen t of the ga s bubb le 

c au s e s  t he g :. .ls- l iquid interfac e to be  c ons tant ly renewed . 

N1 and N2 drG  t� � p i e c es of n e o prene  t o  p rovid e s uffic ient  

f lexib i li -,; y b e t Vv e e n  t he f las k  ( F ) nnd  the  roc kin l; p i pe t t e  ( D) ,  

f h� b aths are he ated e le c tric a l ly at  35°C .  and 
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4 0°c .  and w i t h  gas a t  lower  t em perat ures whi le , when 

nec e s s ary 9 c oo led  w at e r -glyc o l  mixt ur e  f ro m a refri gera tor  I 
is pum ped  t nroutrh t he c o o l i ng c o i l .  

A d e s c r i p t i on of the proc edure for a t y pi c a l  

run w i l l  make t he ab o ve po i n ts  C le ar : -

( A )  I f  a pu��o lyen t  is b e ing us e d . ��_!at e r .  

Ab o ut 600 c c .  o f  s o lvent  are p laced  i n  the f la s k  

( ln and w i t h  t a p s  ( 1 0 ) and (1 4 )  c losed  a l ow vac uum ( froin 

a wat e r  pum p ) i s  a p p l i e d  through ( 1 3 ) and ( 1 5 ) . T he f las k 

is  hea t e d b� means of a ho t -p la t e  who s e  out put i s  c on t r o l led 

wi th  a S un v i c  e n e r gy r e �u lat o r . For wa t e r the  d egass i n g  

proces s requi r es s e vera l hours , b ut f o r  or gan i c  s o lven t s  

i s  muc h more ra pid . the tra p  ( H )  wh ich is f i l led w i t h  

a o li d  C0 2 and a c e tone i s  used t o  red uq e t he lo s s  o f  more 

vo lat i le s o lve � t s .  ' he n  t he s o lven t i s  c o m p l e t e ly d e ga s s e d  

the ta p ( 1 3 ) i s shut , t he c o nd en s er ( G ) d ra i n e d , and the 

heat in g c on t inued  unt i l  the pr e s s ure ab ove the s o lvent  is  

a t  at mos phe r i c pr e s s ur e  as sh own by t he gauge ( 1 ) . 'I' hi s 

caus es  the  s o lv e n t  t o  ris e t hrough t he c o i l ( E )  un t i l i t  

has c o mp lt t e ly f i l le d  t he tub e  u p  t o  t he t a p  ( 1 0 ) , n o  a i r  

b ub b l e b e i n g  v i s ib l e . 

t he a p paratus  i s  then  e vac u at ed t hrough ( 5 ) b y  

means  o f  a t wo s t a�e mercury pum p , �n d f i l led c o m p le t e ly 

w i th m er c ury b e t w e e n  t a ps ( 7 ) and ( 1 0 ) .  
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T he t hr e e -way taps  ( 9 ) and ( 1 0 ) are t urned 

to t he a p pro p r i a t e  po s i t ions  and mercury run out through 

( 1 1 ) un t i l  the s o lvent  leve l i s  b e tween ( 9 ) and ( 1 0 ) . 

More mercur y  i s  t hen ad mit t ed in t o  the ap paratus and this 

so l ven t pushed out at  V .  This  i s  r e peated  s ever a l  t imes  

to  ensure t ha t  on ly air  free  s o lvent wi l l  f in a l ly b e  

ad m i t t ed in t o  the  pi pet t e  a s  i ni t ia l ly t he b ore o f  t a p  

( 1 0 ) was f i l led with  air . 

A b eaker  o f  i c e  wat er  i s  p la0ed round t he c o i l  

( E )  and t he me rc ury run out t hrough t a p  ( 1 1 )  in t o  a weighed 

b eaker unt i l  t he r e quired amoun t  of so lven t has b een 

ad mi t t ed . T his i s  then a l lowed t o  co me t o  the rma l 

e qu i lib r ium aft e r  which t a p  ( 1 0 ) i s  s hut  and t a p  ( 9 )  o pene d  

s o  as . t o  a l low mercury t o  f i l l t he � a pi l lary up  to t he 

mark ( Y ) , mercury  b e i n g  run out  of t a p  ( 1 1 ) .  T he t a p  ( 9 ) 

i s  then s hut and t he s o lvent i s  n owhere i n  c on ta c t  with  

tap  greas e .  'l' he wei ght o f  t he merc ury run out  t hr ough 

t a p  ( 1 1 ) gives  the  t o t a l  w e i ght of s o lven t f rom  tap  ( 1 0 ) 
t o  t he m e r c ury s urfac e . From this  must b e  s ub t rac t ed the 

pre vio us ly d e t ermined vo l ume b e t w e en taps ( 9 ) a nd ( 1 0 ) , 

inc lud in g t he amoun t  in t he b ore  o f  ( 9 ) , as thi s  amount 

of so lvent  is t r a p ped when t a p  ( 9 ) is s hut . 

W i t h  t a p s  ( 1 ) ,  ( 2) ,  ( 5 ) ,  and ( 7 ) s hut and ( 3) ,  

( 4 ) , and ( 6 ) o pen gas i s  pas s ed t hr ough t he s a t urator (A) 
and out through ( 6 ) .  T he s at urator , whic h  was d es i gned b y  
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Markham91 , c ontains  ab out 200 c c . of  pure s o lvent and 

e ns ures  that the gas is s a t urat ed  w i th s o lvent  va pour . 

T he us e of t his  i s  on ly po s s ib le  w i t h  pure s o lvent as  i t  

wi l l  b e  s e en lat er t hat  the  c o m �o s i t ion o f  a m ixed s o lve n t  

c han ges dur i n g  d e gas s in g . 

Aft e r  t he gas has  b ee n  pas s in g  t hrough the  

s a t urator  f or some  t i me 9 t a p  ( 2 ) i s  o pened  an d ( 3 ) and ( 6 ) 

shut . The gas in the  s ys t em is  pumped  out through ta p ( 5 )  

af t er which mor e  i s  admit t ed .  In i t i a lly  t his was d on e  

through t a p  ( 3) b u t  i t  was found t hat s o lvent from the 

s a t urat or s p lashed  over in t o  the  gas  line e ven af t e r  a trap  

had b e en p lac ed  in t he head of  the s aturat o r .  T o  e li minat e 

t h i s  t he pres s ur 9  i s  rai s e d  t o  t a t mos pheric  press ure b y  

a l lowin g gas in through ( 1 ) after  which  t hi s  i s  shut and 

( 3 ) o pen ed  un t i l  n orm a l  pre s s ur e  i s  s how n b y  t he gauge ( K) . 

r a p  ( 6 ) i s  then o pe ne d . B y  this  me t hod  s ome d ry gas  i s  

in trod u c e d  b ut b y  c on t inuing t o  pas s  ga s for s ome  t im e  t hi s 

i s  re mo ved and qui t e  re prod uc ib ie s o lub i li t y  f i gure s  a rc 

ob t a in e d . 

The thre e -way t a p  ( 7 ) i s  o �enec  t o  t he gas l ine  

aft er t a p ( 6) i s  shut 9 whi le tap  ( 8 )  i s  o pened . Mercury  

i s  run o ut of  the bur e t t e  (B ) unt i l  ab out  9 " 8 c c s . of gas 

have b e e n  ad mit t e d . Me rc ury i s  then run in t hr ough t a p  ( 7) 
t o  pre ve n t  the gas f r o m  c oming in c on t ac t  w i th t a p  greas e 

d urin g  a run wh ich  may t q ke u p  t o  thr e e  days . The two 
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c o lumn s  of  t he gas b ure t t e  ( B ) are leve l led , and , w ith 

t he aid of  a t e les c o pe con ta in i ng a s c a le , t he vo lume 

read to • 0 0 2  c c . T h e  bure t t e  had pre vi ou s ly b een 

c a lib r a t ed by runn in g m e rcury out t hr ough t a p  ( 1 2 ) and 

we i ghi ng each • 1  c c .  

A t  this  s t age t he gas i s  s e para t ed from  t he 

s o lve n t  b y  a mercury t hr e ad b e t w e en ( W )  and ( X ) . Mercury 

i s  run out throu gh t a p  ( 1 1 )  in t o  a we i ghed b eake r  un t i l the 

gas reaches  t he mnrk ( Z ) e tc hed on the ve r t i c a l  c a pi l lary , 

the  co lumn s of mercury i n  ( B )  b ein g ke pt l e ve l .  T he 

we i ght of merc ur y run out g i ves the vo lume b etween ( Z )  
and ( W ) . I t  is  n ec e s s ary t o  d e t e r m i n e t h i s  f o r  e a c h  run 

as t he po s i t ion  wh ere  t he mercury t hr e ad b r e a ks at  ( W )  

var i e s  s o mewha t . 

More  me rcury i s  run out t hrough t a p  ( 1 1 ) un t i l  a 

b ub b le c on t a in i n g a b o ut 3 c c . of gas i s  f or med  in  the 

p i p e t t e  ( D ) . Roc kin g i s  then c ommenced  and c on t inued f o r  

1 t o  2 hours . A t  t he e nd of thi s  per i od merc ury i s  ad m i t t ed 

t o  the pi pe tt e unt i l  t h e  s o lven t  leve l i s  a t ( Z )  and the 

vo lume of  ga s in the b ur e t t e  r e ad . T h e  d i ff erence  b e t we en 

t his  read ing  and  t he i n i t i a l  o n e  m inus t he vo lume ( W-Z ) 
g ives  t he . vo lume of  gas d i s R o lved . 

Gas i s  t hen p ushed  o ver t o  form an o t he r  b ub b le 

and t he pro c e s s  re peat ed  un t i l  no  furth e r  ab s or p t ion  ot gas 

i s  d e t e c t �b le � f t e �  s �ak i n g  for s o me t i me . 



( B )  Mixed s o lvent s .  e . g. wat e r-me thano l .  

T he procedur e  i s  the s a me as for pure s o l ven t s  

except  that d ry gas mu�t b e  u s e d . When the  wat e r-methano l 

mixture is  d e gas s e d  a c on s id erab le los s  of me t hano l occurs 

so  tha t  the c o m pos i t ion of t he s o lve nt  in  the p i pet t e  ( D )  

cannot  b e  d et e rmined unt i l  a f t e r  the r un when a d en s i t y  

measureme n t  i s  carried  out . 

Dry gas i s  b rought in t o  the b ur e t te through 

t a p  ( 1 ) .  This  i s  then sa t ura t e d  b y  mean s of the  s o lvent  

in  the pi pe t t e  a t  the s a me t ime  as t he so lut ion proc e� s 

i s  c on t inuin g .  � he amoun t  o f  s o lve n t  us ed  for  this  i s  

n e g l i gib le and i s  neglect e d . �he s o lut ion pro c e s s  i s  

a lways  c o m p le t e  o e fore  s aturat i on of the gas , and gas mus t 

b e  pas s e d  from b ur e t t e  t o  p i pe t t e  and b ac k  unt i l  no furthe� 

in crease  in vo lume i s  not e d . 
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lvi.AN IPULA'l' ION OF RARE GASES 

� he method e m p loyed  to ge t rare gas fro m  a 

s e a le d  b u lb into  the  b ure t t e  is s hown in Fi gure 6 .  T he 

J u lb of rare gas ( 1 )  i s  sea led through t a p  ( 5) t o  a b u lb 

( 3 ) o f  1 li t r e  c a pac i ty , t he two  b e i n g  c on nec t e d  t hrough 

t a ps ( 8 ) and ( 9 )  t o  a high vacuum s ys t e m .  The t a p  ( 1 0 ) 

shown here i s  id en t ic a l  w i th t a p  ( 7) of Fi gure 4 and 

conne c t s  w i t h  t he gas bure t t e . 

T a ps ( 1 0 ) , ( 6 )  and ( 7 ) are shut and the  s ys t em 

pum ped  out through ( 9 ) .  B y  us in g a two-s t age mercury 

d iffus i o n  pump b ac ked  b y  a two -s t age rot ary o i l  pum p , 

vacua b s t t e r  than lo-6 mm . of  mercury are ob t a i n ed . At 

t hi s  s t Rge s uff i c i e n t  mercury i s  ad m it t ed through tap  ( 7 ) 
t, o  f i l l  the tub e  ( 2 ) when the vac uum i s  lowere d . T a p  ( 9 )  

i s  then s hut and the p i p  o f  the rare gas b u lb broken  b y  

mean s of  a magn e t ic a l ly o perated  s t e e l  b a l l .  'l' a p  ( 5)  

i a  t hen c lo se d  and the gas in t he r e s t  of t he s y s t e m  

b rough t  t o  a t mo s pheric  pre s s ure b y  ad m i t t ing  mercury t hrough 

t. c, p  ( 7 )  • Vhen this  i s  at t ained  t he leve l of mercury in 

( 2 ) ( with  t a p  ( 6 ) o pe n ) is the s ame  as the lev e l  of the 

mer cury in b u lb ( 3 ) .  

When rare gas has t o  b e  a d m i t t e d  t o  t he bure t t e , 

the le t te r  i s  e va cuat ed through t a p s  ( 9 )  and ( 1 0 ) and fi l le d  
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w it h  merc ur y . •r a ps ( 8 )  a nd ( 1 0 ) are t he n  c los e d  and 

t he T -t ub e  pum ped out through ( 9 ) . 'l' hi s  is then c losed  

and  gas a l lowed in t hrough ( 8 ) .  When  gas  is requi red i t  

may  then be  d rawn d i rect ly in t o  the  b ure t t e  through ta 9 ( 1 0 ) .  
�hen wo rking w i t h  He 9 Ne , and A on ly d ry ga s w a s  

used  as ins uff ic i en t  was  a va i lab le t o  u s e  a sat urator  in  

the line 9 but  i t  was found w i t h  hyd rogen that t he s ame 

re s u lt was ob tained  w i th e i ther w e t  or d ry gas . 
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J?U!_{.JPIQ�'l' ION JF lViA'r ERIALS 

T h� methan o l  was  ref luxed f or s ix hours over 

qu i c k l i m e a n d  disti l l e d . I t  was then dehydr ated b y  t he 

method o f  L un d  a� � B j er rum � d es c r ib e d b y  W e i s sb erger and 

Pros kauer9 5 � u s i n r  ma gn e s i um ac t ivat ed b y  iod ine , f in a l ly 

b e i n g  d i s t i �. led s.nd t he m i d d le frac t i o n  c o l lected . 'l' hi s 

d i s t i l la i . i o n  �·! ns  i n  a !'  a l l  glass  a p parat us w i th a 5 0  c m .  

f r a c t i on a t i n g  c o lumn f i l led w ith g la s s  h e ad s .  

B oi l i r. g- P o i n t  63 · 75°C . 

( b )  R e f r a c � i v e  Ind e x  1 • 3284 I 20°C .  

S pe ctros c opi ca l ].y pu!'e samp les f r om the B rit ish 
J xy g e n  C o � � a n y  w e r e  u�ed . 

N e cn . 

S p� c t� G s c o p i c a l ly p u r e  n eon f r o m  the L in d e 

A i� C o m p� n y  w a s  u s � d . 

E le s � r o l y t i c  h y d r o g e n  f r o m  a c y li n d e r  was pa s s eJ 

thr o u g h  po t a s s i u m  hy d r ox id e s o l u t i on to re move c arb o n 

d i o x i d e , t hr o u gh c on c e D t r a t e rl  s u l phur i c  a c i d  and o ver h e a t e d  
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c o pper  and p la t i n i s ed a s b e s t os t o  r e mo ve o xygen . The 

gas w s s  t he n  d r i ed over phos phorus p en to xid e and pas s ed 

thr ough a l i quid air t r a p  t o  re move e as i ly c on d en s ab le 

i m pur i t i e s . 



89 

METHODS u :B, EXPRES S ING GAS SOLUB I L ITY 

f � o  c o e f f ic i e nt s  have b e e� e�p l o y ed to expre s a  

· he r e s u lt 8 o f  s o lub i li t y  meas ureme n t s  w i t � ga s e s . 

� he f i r s t 1 p r o p o s e d  b y  B un s e n ( lA57 )  is  d efined  

as  the v o lume of  gab red uc ed t o  N . � . P .  d i s s o lved b y  un i t  

vo lume o f  s o lven t a t  the t err. p eratur e o f  the experimen t 

und e� a pa r t i a l pr e s s ure of  the ga s o f  1 a t mo s phe r e .  

� - "' .L l.  y 0 is  t ree vo lume o f  ga s d i s s o l ved , at  N . T . P .  

V j s t h e vo lume o f t he r o lven t 1 

p iG  the pc:_r t ia l  pr 2. s � u r s o f  i: l-: '3  gas � ·J 

at  rr o s  p .'"1e r c s .  

T �en  t h e  B un s en C oef f i � i en t P i s given b y  

:::;: Vo 
V p  

1 hi s  as sumes  tha t t he j d e& �  ge J laws hc ld 1 b ut 

Markham and Kob e 9 2  s :·1o', ; e CJ  t ha t an er r o r o f  0 · 77o was j_ ;--; t r- c- -

d uc s d  f o r  t he s o luo i l i t y  o f  c a r t on C �0xid e in w a t er at 

If t he s o l ' j b i l i t y  i s  e x p re s s E J  per gra mme of 

s o :ven � we  have wha t is kn own as t he Kue n e n  C o eff ic i en t .  

A mo re usefu l coeff i c i en t  i s  t ha t  sugges t ed b y  

O s tw a ld ( 1888)  1 Y ,  which i s  d ef i n ed a s  t �e vo lume of gas 

meR sur ed at the t e mperat�re  and p r e s s ure of t he e xpe r i me n �  



d i s s o lv e d  b y  un it vo lume o f  the s o l ven t . If v is t he 
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vo lume o f  ga s d i s s o lved a t  a t e m per a t ur e  i and a par t i a l  

pr e s s ur e  o f  t he gas p j  t hen as s um i n g  the gas laws a r e  

ob e y e d , 

T 1 
V :::: Vo 273 p 

T . . . .  :::: f3 27j . r 
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S 'r ANDARD S 1'A'1' ES 

The  p art i cu lar s t at e s  us ed  for b ot h  t he gas and 

the s o lut ion in ca lculating  t hermo d yn amic funct i on s  for  

t ':1 e proc ess  

X( gas ) X( s o lut i o n )  

hqve var ied  from author t o  autho r , n o  two  a p paren t ly u s i n g  

the s ame s t a t e s  f or b o th . 

B ut le r 9 4 em p l o y e  d as s t a::t d a r d s t ate s N 2 == 1 for  

the  s o lut ion and a p r e s sur 0  of  1 m m .  f or t he gas . 

B e l l 93 us a d  a pr e s s ur e  c f  1 a � mo s pher e for the 

gas b ut for  -che  F :J � ut i o c  he chos e t he s t at e  a t  which t he 

concentrat ion of th� s o lut i on i s  equa l t o  the c on c ent rat i o n  

o f  t he gaseous pha3 e .  

E ley�
4 

s t a� � ard s t a t e s  ar e a pres sure of 1 

a tmo s phere for  the gas and a c on c en t r a t ion of 1 mo le per 

li �re for che s o l ut i on . 

pra���n�E�:5 us e d  a pre s s ur e  of  1 a t mos phere  

for  the gas and  N 2 � � for  the s o lut ion . 

The prob lem  of whe t her t o  u 3 e  N2 == 1 or  1 mo le 

li t r e -1 a s  the s t and a nd s t a � e  f or the  s o lut ion i s  a c om p lex  

one b ut when c omparing t he the rmod ynRw.ic f un c t i ons for  any 

one gas in a numb e r  of s o lve n t s  the f ormer is t he more 

sat i s fa c t o��· . I n  t�e 9 � . s 6 n t  work r es u lt s  are quot ed on 
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the ba s i s  of b oth  E ley ' s  and Frank and Evans ' s t andard 

s t at e s . 

i he ab ove var ia tions i n  s t and ard s ta t e s  giv e 

r i s e  t o  d iff eren t e qua t ions for aGs o ln 6Hs o ln 6 S so ln a l l  

of w h i ch , how ever , are in terc onver t ib le b y  the add i t ion  

or s ub t rac t i on of s u i t ab le t erms . 

M3-
But l e r  ::;: -R'.C ln y + RT 

v•there R '  == 8 2 · 1  cc . a t ms . d eg-1 

So 

6GB e l l  

6GE ley  

�G . :F'ran k 
Evans 

and 

::;: -RT 

== -RT 

= -R'l' 

ln y 

ln y + RT 

ln y + R'l' 

for the c or r e s  pond i n g  e n t r o py t er m s  

�8Fran k and E van s 
6S:b,ran k  and Evans 

�sl<,rank and Evans 

== 
= 
-

68B ut le r 

�SB e l l  

�BE le y 

ln 
R ' T  X z6o 

v l  

ln R ' T 
1 00 0  

ln R ' T 
v l  

w e  f ind 

+ R ln 760 . 

R ln R ' 'l' - R ln v1 

R ln V l  
1 0 0 0  

T h i s  c aus e s  variat ions of the fo l lowin g ord er . 

H 2 i n  

68B e  ll  

�E ley 
6S:b,rank 

b e n z e n e  at 

and Evans 

20°C .  

' 34  
- 7 · 1 

-1 1 . 6 



H · t a t  25°c .  2 � n  w a  er 

6SB ut ler -39 • 2  
6 SE ley -1 8 • 2  
6 8Frank and Evans -26 · o 

93 
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CALCU LAT ION O F  RESULTS 

D u e  to t h e  cha n g e  in me t han o l c on c en t r a t i o n  of 

the s o lve n t  during  d e ga s s i n g  t he e x p er i me n t a l  s o lub i l i t y  

f i gu r e s  w e r e n o t  o b t a i n e d  a t  e ve n  me t h an o l c on c e n t ra t i on s . 

B ec a us e of th i s  t he r e s u l t s  of s i x o r  s e ven r un s  a t  e a c h  

t e m p e r a t ur e  w e r e  leas t s qu a r e d  and v a lues a t  each 20  Mo l e  % 
me than o l i n t e r po la t ed . 

f h e s e  va lue s we r e  t hen c o n v e r t ed t o  O s t w a ld 

c oeff i c i e n t s  s i n c e  

Va lues of t h e  f r e e  en e r gy o f  s o l u t i o n  may t he n  b e  ob t a i n e d  

f rom 

-RT ln y + 
R ' T RT ln v 1- ( Frank a n d  Eva n s ) 

o r  6G8 0 1 v= -RT ln Y + RT l n  • 0 8 2T ( E l e y ) 

T he var i a t i on of 6Gs o lv w i t h  t e m p e r a t ur e  c a n  b e  

e x pr e s s ed i n  t he f orm of a n  equa t i o n  b y  t he me t hod o f  

le a s t s quar e s  wh i c h  on d i ff e r en t i a t i on g i v e s  va lues of 

In t h e  pre s en t  w o rk t he e qua t i on s  r e la t in g  

I:. Gs o lv . t o  t e m p e r a t ur e  w e r e quad r a t i c  s o  tha t  o n  

d if fe r e n t i a t i on a s t r a i ght l i n e  r e l a t i o n s hi p w a s  e s t ab l i s h e d  

b e tween  te mpe r a t ure o n d  en t r o py . T hi s  ma y b e  c r i t i c i s ed , 

b ut w he n  t he ord e r  of a c curacy  of t h e  r e s u l t s  i s  c o n s id e r e d  
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( � 0 •5 eu . )  it is seen to b e  quite un i m po r t an t . Th i s 

inaccuracy of up to · 5 eu . seems to  ha ve b e en neglect ed 

b y  workers such as Eley t who strove to ob tain t heoretically 

value s w i thin  0 • 1  e u .  of t he exp �rimenta l onGs , when the 

lat ter are often po s s ib ly s everal entropy units out . 

In the follow ing tables ( XVI - XIX) the thermo-

d ynamic  func t ions  are lis t ed for the s t an dard st ates of 

b oth  Eley 1 and Frank and Ev�ns . For purposes of 

c o m pa r is on b e tween d i fferent s o lven t s  the la t t er on ly 

should be  used as the molal vo lume of the s o lve nt is 

taken in to  a c coun t . 

T ab le XX l i s t s  the va lue s us ed f or t he va pour 

pressure of wat e r -met han o l mixtures in the calculation of 

t h e  li s t ed B uns en coefficients. The s e  were int e r po la te d  

from d a t a  l i s t ed by Vrewski55 , Butler53 and Bred ig an d 

B e yer5 2 � n d  are ac cur a t e  t o  + 1 mm . This wi ll introduce 
rtn erro r i n t o  the r e s u lt i n g  so lub i lit  y f i gures , which will 

how ever b e  n o t  grea t e r  than 1 %  i n  t he most unfavourD ble 

c a s e , i . e .  w i t hin  t he experimental error. 



96 

TABLE XVI 

'l' he rmod y namic  Pun c t i ons  f or t he S y s t em He - H20 - CH30H 

��rn.f2.!..._ 0 

� 0  •0 098 
� 5 · 0097 

20 • 0096 

25 · 009 5 

30 · 0094 

_Y5 · 0 092  

4 0  · 0 091  

Buns en Coeff ic ient � 

}lfo le 9o MeOH 

80  20 4 0  6 0  
---- ---·-------

• 00 9 8  · 0 1 2 2  · 01 70 · C 2 2 3  

· o 09�  · 0  "1 2 if · 0  1 .7  3 • 0235 

• 0096 • 0 1  26 •01 77 · 0 2 4 3  
•0093 ·0 1  28 · 0 1 81 · 0 250 

· 0 09 1  • G 1 30 •0 1 85  � c  2 5 8  

• 01 0 1  ' C 1 3 8  · 0 � 93 · � 2 9 3  

· 01 08  • 0 1 5 2 • 0 21 3  · 0 288  
------------- -. - - ---

0 3  -J:, ·N a ld C oeff i c i en t  y_ --------

1 0  • 0 1  C 2  • 01 0 2  • 01 2 6  • 01 7 6  • 0 236 
1 5  • 0 1 0 2  . 01 0 2 • 0 1 31 · 0 1 83 · 0  211 8 

20 • 0 1  0 3  • 0 1  0 2  • 0 1 3 5  ·0 1 90 • () 261 

25 · 0 1  0 4  • 01 0 2  · 0 1 40 • 0 1 98 o CJ 273 
30 • 0 1 0 4 • 0 1  0 1  • 0 1 4 4  • 0 2 :')5 < () 286 

35 • 0 1 0 4  • 0 1 1 4 · C 1 56  • 0 21 8  · 030 2 

40 · 0 1  0 4  · 0 1  2 4  • 0 1 7 4 • 0 243 · 0 330 

1 0 0 

• 0 293 

• 0306 

• 031 9 

· 033 1 

· 0.31.: �l 
,... -- � r  

' l.) _) ' ___ J 

• 0372 

� 030'--1 

· 0 3 23 

· 0 3 4 ?. 

· 0361 

· 0 382  

• 0 40 2  

• 0 4 27 



Ele;y and Evan ' s Standard States  

l'lG80 lv. ( ea ls . ) 

·r e mQ· () 20 �() 6 0  

1 0 43 5 2 43 4 0  4 2 23 4 037 

1 5  4 432 4 4 43 4 298 4 1 03 

20 lf 5 1  4 4 534 4 364 41 63 

25 4 59 9  4 6� 0 4 4 2 2 4 21 7 

30 4 684 4 673 4 4 74 4 2 65 

3 5  4 77 2  4722  4 51 5 4306 

4 0 4 86 2 4 757 4 550  4341  
· ---·· ---··-·· -.. -----

Mo le % 
Me OH 

0 f., G'l' ·- -23 4 + 1 7 • 4 85T 

20 b. G'l' :: -2 3 9 9 4 0  + 1 77 · 636'r 

4 0  b. GT :: -1 2 9 9 5 5  + 1 0 5 · 6991 '1' 

6 0  6G,r :::: - 9 , 779 + 83 . 7 681' 

80 6 G'l' :: ... 4 8 1! 1 + 5 0 . 3391 '1' 

1 00  ::.. a .. , J. -· 24 5 + 1 5 · 9 5 3 21' 
------··-� --· - -··� .,. , __ _.. . .., ... ,�- �·••r•-· 

0 - 6 Sr_r 

20 - 6 ST 
4 0 

- b. ST 
60 

- b. ST 
8 0  

- b. ST 
1 00 - 6 ST ---- --

:: 1 7 • 4 8 5  

:;: 1 77 · 63 6 

:::: 1 0 5 ·  6 9 9  

== 83 · 768  

:: 50 · 3.3 9 

:: 1 5 . 9  ] 3 
. .. . . ·-·· 

• 0 0 66 6'1' 

• 5 4 9 2 2r 

• 31 8 0 � 'J.' 

• 2 4  70 2T  

• 1 391 6T 

• 0 25 65T 
... , __ __ __ ., __ ... 

97 

80 1 00 

38 74 3734 

39 28 3777 

3979 381 9 

40 27 38 61 

4 071 390 2  

41 1 1  39 4 3  

4 1 4 8 3987 
�----

• 0 0 666T 2 

• 27 4 6 1 ·r 2 

· 1 590 21' 2 

• 1 2351 T 2 

· 0 6908T 2 

• 01  28 21' 2 



'l' ern p. 0 

1 0 1 7 · 4  

1 5 1 7  • 4  

20 1 7 .  3 

25 1 7  •3 

30 1 7 . 2 

3 .'5 ' 1 7 . 2 

4 0  1 7 .  2 

'l' e rn o .  0 
1 0 -58 2  

1 5  -579  
20 -575 

25 -5 54 

30 -5 28 .• 

3 5  -5 26 

4 0  -52 2  

- 6 Bso lv. 
_Mo le % Me OH 

20 �0 
22 • 2  1 6 • 4 

1 9 . 4 1 4 · 6  

1 6 . 6 1 2 · 8  

1 3  · 8 1 1  . 0 
1 1  · 1  9 · 3 

8 • L1 7 · 7 

5 · 7 6 · 1 

L H 
_ _ __ so 1 v . 

20 

-1 9 4 5 · 

-1 1 4 6 

- 332 

+ 4 9 6  

+1 308 

+ 21 34 

+ 297 2 

��o le �� M�OH 

liQ_ 
- 4 1 9 

+ 9 1 

+ 61 2 

+1 1 4 4  

+1 65 5  

+ 21 4 3  

+ 264 0 
----

9 8 

60 80 1 00 

1 3  ·5 1 0  ·9 8 ·6 

1 2 · 3  1 0 · 2 8 · 5  

1 1  · 1  9 • 5 8 · 4 

9 · 9 8 · 8 8 ·3 

8 · 6 8 · 1 8 • 1  

7 ' 4 7 • 4 8 • 0 

6 · 2 6 · 7 7 · 9 

60 80 1 00 

+ 21 6 + 8 0 4  +1 379 

+ 560 + 990 +1 3 28 

+ 9 1 0 + 1 1 95 +1 357 

+1 266 +1 4 03 +1 387 

+ 1 6 61 +1 61 6  +1 4 4 7 

+2026  +1 831 + 1 4 78 

+ 24 00 +2051 +1 5 1 3 
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99  

Frank §nd Evans S tand ard S t�_te �  

�Gso lv . 

·r e mp .  0 20 40 60 8 0  1 00 

1 0 661 4 64 9 8 6285 6004  5760 5547  

1 5  67 29 6 6 28 638 2  61 03 584 4  561 5 

20 6 84 8  6751  6 4 81 61 94  59 25 5 68 lf 

25 6976 6870 6580  6 2 8 1)  6003 5757 

30 71 04 6974 66 68 6360 6077  5831 

35 7231 705 2  6744  64 33 61 4 7 5904 

40 7353 71 20 6 8 0 5  64 98 6 21 4 5961 

::__� 8 8 0 l V .  

1 0  25 · 2  29 • 4  23 · 1  1 9 . 8 1 6  · 9 1 }� . j 
1 5 25 • 2 26 · 6  21 · 3  1 8 · 6 1 6 · 2 1 4 • 2 

20 25 • 1  23 · 8 1 9 · 5 1 7 .  4 1 5 . 5  1 1� .  0 

25 25 · 1  21 . 0 1 7 . 7 1 6 · 2  1 4 · 8  1 3 • 9  
30 2 5 · 0  1 8 .  2 1 6 ·  Cl 1 /; .  9 1 4  • 1  1 3 · 7 

3 5 2 5 • 0 1 5 . 5  1 4 .  4 1 3 · 7  1 3 · 4 1 3 . E: 
4 0  25 • 0  1 2 ·  8 1 2 ·  8 1 2 . 5 1 2 ·  7 1 3 ·  5 



'l' e rnQ . 0 
1 0 -53 2  

1 5  -5 29 

20 -5 25 

25 -504 

30 -4 78 

3 5  -4 76 

4 0  -4 7 2  

6 Hs o l v . 

20 40 

-1 835 - 279 

-1 036 + 231 

- 2 2 2  + 7 5 2  

+ 606 +1 284 

+1 4 1 8 +1 795 

+ 2 2 4 4  + 2 283 

+308 2 + 2780 

1 00 

60 _§Q__ 1 0 0 

+ 376 + 9 84  +1 589 

+ 720 +1 1 70 +1588 

+ 1 070 +1 375 + 1 58 7  

+1 4 2 6  +1 583 + 1 5 97 

+1 8 21 +1 796 +1 6 57 

+21 8 6  + 201 3 + 1 688 

+ 25 60 + 2 231 + 1 7 23 



1 01 

TABLE XVII 

Thermod ynamic  Punc t ions for  t he S y s t em Ne  - H 20 - CH30H . 

B unsen  coeff i c i en t  @ 
Mo le % MeOH 

T emp � 0 20  �0 6 0  8 0  1 00 

1 0  •0 1 36 · 0 1 1 3  ·0 1 4 0  . 0 203 . 0290 ·04 1  0 

1 5 ·0 1 31 • 01 1 2 ··0 1  4 2 · 0 206 · 0 29 6 · 0 4 2 2  

20 • 0 1  26 • 0 1 1 2 • 01 4 4  · 0 21 1 · ( 304 · 0 4 3 4  

25 • 0 1  21 • 0 1 1 2 · 0 1 4 7  • 021 8 · 031 3  · 0 4 4 6  

3 0  • 0 1 1 7  . 0 1 1 1  · 0 1 52  · 0 2 27 · 032 5 · 0 4 58 

3 5  • 0 1 1 5 . 0 1  21 • 0 1 60  · 0238 · 0339 · 0472 

4 0  • 01 1 5  • 01 30 • 01 73 · 0 250 · 0357 · 0503 
--

O s twald Coeff i c i en t  Y 

1 0  . 0 1  4 1 • 01 1 7  · 0 1 4 5 • 0 21 0 • 030 1 · 0 4 25 

1 5  • 01 38 • 01 1 8 • 01 5 0  • 0 21 7 • 031 2 · 0 4 4 5  

2 0  • 01 35 . 01 20 • 01 55 • 02 27 · 03 2 6  · 0 466 

25 • 01 32  • 0 1  22  • 01 60 . 0 238 • 034 2 · 048 7  

30 • 01 30 • 01 23 . 0 1 69 • 0 25 2 • 0361 • 0508  

35  • -0 1 30 . 01 37 • 0 1 81  • 0 269 • 0383 • 0533 

l.  C) . 01 3 2  . 01 49  • 0 1 9 8  • 0287  • 04 09 · 0577 



?e mQ. 

� 0 

1 5 

20 
25 

30 

35 

4 0 

Mo l e  r� 
HeJH 

0 

�0 

)T 0 
60 

Be 
1 00 

E l ey 

0 

4 1 64 

4 265 

4 36 3 

4 lf 57 

4 5 4 7 

4 6j3 

4 71 5 

and Evans ' S tand ard S t at�a  

6 G9 0 1 v .  ( ea ls . ) 

20 �0 

4 266 4 1 4 5  

4 356  4 221 
4 4 36 4 286 

4 5 ·) 4 4343  

1. 561  4 391 

4 60 7 4 4 30 

4 64 2 4 460 

6 0  

394 4  

4004  

4 058 

4 1 0 8  

4 1 5 2 

4 1 90 

4 223 ----- - --.. �� --

6G·.L· :::: - 8 , 0 4 3  + 65  • 4 81 7T 

LG'i' ::;: -1 9 , 069  + 1 4 5 · 50 4 4'1' 

6G.1. :::;;: -1 5  9 73 1 + 1 1 7 · 4 857T 

/;,G,l, :::: - 8 , 439 + 74 · 882'1' 

�r -, _ _ ·. ·r ::: 6 , 1 67 + 58 • 5 94T 

00,1' :::: - 3 , 6 2 2  + 4 0  • 4 698'r 
- · --·- --- . .. .  - -.... - - -· - -- --

0 - t�s'l' :::: 65 - 4 ·C::· 2 • 1 5 8 0T 

20 - 6St ;::;: 1 4 5 ·  50 4 • 4 4 64'1' 

4 0  - 68'1' ::::: 1 1 7 · 4 8 6  • 3 589'1' 

60 -68·1' :::: 7 4 · 8 8 2  • 2 2 0 0'1' 

B o -68'1' :::: 58 · 594  · 1 6671' 

' 0 0 -68'11 :::;: 4 0 • 4 70 • 1 071 T 
" - - ·· 

1 0 2 

80  1 00  

3741  3544 

3796 3593 

3�4 7 3640  

3893 3684 

3936 3725 

3974 376 4 

4008  3800 

• 07899'1' 2 

• 223221' 2 

. 1 794 7T 2 

. 1 1  O OT 2 

. 08 335'1' 2 

• 05354'1' 2 



1 03 

�Ss o lv .  

Mo le % MeOH 

'l' emp . l 20 40 60 80  1 00 --

1 0 20 · 8  1 9 • 1 1 5 . 9 1 2 · 6  1 1  • 4 1 0 · 1 

1 5 20  < )  1 6 · 9 1 4 · 1  1 1  • 5 1 0 .  5 9 · 6  

20 1 9 .  2 1 4 .  6 1 2 .  3 1 0 . 4 9 · 7 9 · 0  

2 5 1 8 . 4 1 2 .  4 1 0 .  5 9 · 3 8 · 9 8 · 6  

30 1 7 . 6 1 0 .  2 8 • 7 8 · 2 8 • 1  8 · 0 

35 1 6 . 8  8 · 0 6 · 9  7 · 1 7 · 3 7 · 5  

4 0 1 6 · l 5 · 7  5 .  1 6 · 0  6 · 4 6 · 9  
------ -·· 

6Hs o lv .  

Mo le % M eOH 

1 0  -1 724  -1 1 4 1  - 356 + 377 + 51 4 . + 6 8 5 

1 5 -1 4 9 7  - 51 3  + 1 58 + 691 + 771 + 827  

20  -1 265 + 1 57 + 681 + 1  01 0 +1 004 +1 00 2 

2 5  -1 1 28 + 808 + 1 21 3 +1 336 +1 240  +1 1 26  

30 - 78 8  + 1 4 69 + 1 781  +1 6 67 +1 481  + 1 300 

35 - 543 +21 4 2  + 2304 + 2003 +1 7 25 + 1 4 53 

4 0 - 29 5 +28 57 + 2863 +2344  + 20 0 4  +1 640  
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1 0 4 

:B,r an k  and Evans ' S t and ard S ta t e� 

6Gso l.Y.:. 

'1' e m  Q .  J 20 4 0 60 80  1 00  

1 G 64 26 6 4 2 4  6 2 0 7  5 9 1 1 5 6 2 7  5 3 5 7  

1 5 6 5 6 2  6 5 4 1  6305 60 04 5 71 2  5 4 31 

20 6697 6653 6 4 03 6 0 89 5793 5 50 5  

2 5  6 8 34 6764 6 5 0 1  61 71  5869 5 580 

3 0  6967 686 2 6 5 8 5  6 2 4 7  594 2 5654 

35 709 2 6937 6659  631 7 60 1 0 5 7 2 5  

4 0 7 2)6  70 0 5  671 5 638 0 6074  5774  

- b. Ss o lv . 

1 0  28 · 6 26 · 4 2 2 · 6 1 8 · 9 1 7 . 4 1 5 . 9  

1 5 2 7 · 8 2 4 · 1  20 · 8 1 7 · 8 1 6 · 6 1 5 · 3 

20 27 • 0  2 1 . 9 1 9 ·  0 1 6 · 7 1 5 ·  8 1 4 . 7  

2 5  2 6 · 2 1 9 · 6 1 7 . 2 1 5 · 6 1 5 · 0 1 4 .  2 

30 25 · 4 1 7 ·  3 1 5 · 4 1 4 · 5 1 4 . 2 1 3 · 6 

35 24 · 6 1 5 ·  1 1 3 · 6 1 3 ·  4 1 3 · 3 1 3 · 1  
4 0  2 3 · 8 1 2 · 8 1 1  . 8 1 2 · 3 1 2 · 5 1 2 .  5 

----- · 



1 05 

L\HS o l.Y.!_ 

T e m p .  ') 20  4 0  60 80 1 G O  

1 0  -1 671 -1 0 50 - 1 91 + 561 + 7G 1  + 8 5 6  

1 5  -1 4 4 8 - 4 0 2  + 31 3 + 8 7 5  + 930 +1 0 2 3  

2 0  -1 21 6 + 234 + 834 +1 1 9 5 + 1 1 62 + 1 1 9 7 
25  - 9 7 6  + 92 1  + 1 373 + 1  5 20 + 1 398 + 1 3 4 7  

3 0  - 731 + 1 61 8 + 1 9 1 7 + 1 851  + 1 668 +1 5 3 2  

35  - Lf 8 7  + 2 285 + 24 6 9  + 21 8 8  + 1 9 1 2  + 1 688 

4 0  - 2 4 5 + 2998  + 3 8 2 0 + 2 5 29 + 21 60 + 1 8 6 0  

----------· -- ·-··- --... - ·  



1 0 6 

'l'ABLE XVI I I  

Thermod ynamic  :B.,un ct i ons  f or t he S ys t em A - H2u - CH30H 

�em� 8 
1 0 · :J 4 29 

1 5  · l 387 

20 · 8348  
2 5  · :J328  
3J · Cl 299 

35 · l 281  

4 0 · 8 27 1  

1 0 • 0 4 4 5  

1 5  · 04 Cl 8  

20  · 03 73 

25 · J 3 4 9  

3 0  · 0 332 

35  · J31 7 

4 0  · J31 1  

Bunsen C o ef f i c i ent � 

Mo le % MeuH 

20 �0 6 0  

• Cl I+ 4 6 · 86 7 7  • 1 1  21  

< l 4 25 · 0 663 · 1 1  0 2  

· 8 4 05 • J651  · 1  088  

· 8 3R6 · 0 635 · 1  066 

· 0373 · 8 633 · 1  053 

• 0371 · 0632  · 1  0 5 5  

• 0381  · 0 6 4 7  · 1 069 . 

us twa ld Coeff i c i en t  y 
---

• 0 4 6 2  • 0 7 0 2  • 1 1 6 2  

• 8 4 4 8  • J 7 0 8  • 1 1 63 

· 0 4 35 · 0697 · 1 1 6 4 

. 0 4 21 · 0 693 • 1 1 64 

. Cl41  4 � 0703 · 1 1 68 

· 0 4 1 9 · 0 7 1  3 • 1 1 90 

• J 4 37 · 07 4 2 • 1 237 

8 0  1 0 0 

· 1 779 · 265 2 

• 1 74 3  • 258 5 

· 1 71 5 • 2531  

- 1 68 2 • 2 4 8 1  

· 1 660 • 244 3 

· 1 658  • 2 4 1 3 

· 1 648  • 2383 

• 1 8 4 4  " 274 8 

· 1 839 • 27 2 8  

• 1 837 • 271 7 

· 1 8 36 • 2709 

· 1 8 4 2  • 271 1  
· 1 8 6 2  • 272 2 

• 1 889 • 2733 



1 07 

:b.1.§1l and Evans S t andard S ta t es 

�Gs o l v .  ( c a ls ) 

1' 8 ffif! ·  0 20 
___ J±O 60 80 1 0 0 

1 0  3532 3494  3258 2978 27 20 24 9 6  

1 5  3653 3594  3338 304 ll 2781 2556 

20 3769  3686 34 1 0 31 08 284 1 261 3  

25 388 1  3771 34 75 31 68 2898 2668 

30 3987 3846 3532 3224 2954 2722 

35 4 087  391 5 358 2  3278  3006 2775 

4 0  4 1 8 2 3975  3624 3328 3057 2826 
--

Mo l e  1..� !vi: e 0H 

0 � G .l' ::;;: -1 1 , 9 33 + 84 • 4 4 0 5T · 1 0 531 '1' 2 

20  � G ·.l' ;:::;; -1 5 , 48 4  + 1 1 3 . 1 388T · 1 62861' 2  

4 0  � G'.L' ;:::;; -1 3 , 727  + 1 0 3 • 2 1 1 7'1' · 1 5 2651' 2 

60  b, G·1· ::;: - 6 , 24 4  + 51  • 4 65 8;1' • 06673'1' 2 

8 0  b. GT - - 4 , 391 + 37 · 6531 1' • 0 4 4  29'1' 2 

1 0 0  6. G'l ;:;; - 3 , 508 + 30 · 4 535'l' • 03265'1' 2 

0 - 6 8 T ::;: 8 4 · 4 4 1 • 21 06'1' 

20 - � s.i' ;:::;; 1 1 3 • 1 39 • 3257T 

40 - 6. S ·.L· ::;;: 1 03·  21 2 • 30531' 

60 - 6 8·1' ::;;: 51 • 4 66 - · 1  335'1' 
80  - 6 s'I' ::;;: 37 · 653 • 0886'1' 

1 0 0 - 6 ST ::;;: 30 • 4 53 • 0653'I' 



1 0 8 

- 6 8 s o l_y . 

Mo le % MeGH 

'.1.· c m p . C) 2 0  4 0  60 8 0  1 0 0 
----��· 

1 0 2 4 • 8  20 · 9 1 5 · 8 1 3 • 7  1 2 · 6 1 2 ·  0 

1 5  2 3 · 7 1 9 ·  3 1 4 . 7 1 3 · 0 1 2 ·  1 1 1 .  6 

"2 0 2 2 · 7 1 7 · 6 1 3 · 6 1 2 · 4 1 1 .  7 1 1 . 3 

2 5  2 1  • 6 1 6 .  0 1 2 ·  6 1 1 . 7 1 1  • 2 1 1 .  0 

30 2 0 · 6  1 4 . 4 1 1 .  7 1 1 . 1 1 0 ·  8 1 0 ·  7 

35 1 9 · 5 1 2· 7 1 0 · 6  1 0 · 4 1 0 ·  4 1 0 ·  4 

4 0  1 8 ·  5 1 1  • 1 9 ·  6 9 · 7 9 · 9 1 0 ·  0 

6 Hs o lv . 

M o l e  % M eOH 

'1' e m p .  0 20 4 0  60 80 1 0 0 
---- --------------·---

1 0 -3501  -24 23 -1 21 3 -900  -847  -901 

1 5  -31 75 -1 9 6 6  - 896 -701 -687 -78 6  

2 0  -28 8 4 -1 4 73 - 575  - 5 26 -58 8  -69 9  

2 5  - 2 5 5 8  - 9 9 9 - 280  -320  -4 41  -61 1 

3 0  - 2 2 5 7  - 51 9  - 1 3  -1 4 0  -31 9 -52 1  

35 -1 9 21 + 2 + 31 7 + 7 4  -1 98 -4 29 

4 0  - 1  61 0 + 50 0  + 61 9 + 291  - 4 3  -30 5 
- - - --
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6-RRPH X'm 

" 

- 1000 
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'l' e m (.l . 

1 C) 

1 5 

2 0 
2 5  

3 J 

3 5  

4 G  

B,rank and Evans S t a nd ard S t at es  --------

6Gs o lv . 

J 2 0  4 0  6 0  8 0  .., __ --· ·----- --�---- - ·· - -------

5 7 9 4  5 6 5 2 5 3 20 4 94 5  4 60 6  

59 5 0 5 77 9  5 4 2 2  5 0 it 4 4 6 '3 7  

6 1 0 3  5 9 0 3  5 5 2 7 5 1 3 ':;1 47 8 7  

6 2 5 6 60 31 5 653 5 23 1 4 87 4 

6 4 0 7 61 4 7 5 7 2 6 5 3 1 9 4 9 60 
6 5 4 6  6 24 5  5 8 1 1 5 4 0 5  50 4 2  

6 67 3 6338 58 79 S L1 85 5 1  23 

1 09 

1 0 ) 

4 30 9 

4 394  

4 4 7 8 

4 5 64 

4 651  

4 73 6  

4 8 0 0  
----------

- 6 8 S o lv . 

1 ') 3 2 1 6  2 8  · 1  2 2 · 5  2 0 · 0  1 8 · 6 1 7 · 7  

1 5 31  . 5 26 · 5 21 • 4 1 � .  J 1 8  o 1  1 7 . 3  

2 0  3') . 5 2 4 · 8  20 · 3  1 8 . 7 1 7 . 7 1 6 · 9 

2 5  2 � · 4 2 3 · 2 1 9 . 3 1 8 · 0 1 7 · 2  1 6 • 6 

30  28 • 4  21 • 5 1 8 .  4 1 7 · 4 1 6 · 8 1 6 . 3  

3 5  2 7 · 3  1 9 · 8  1 7 . 3 1 6 · 7 1 6 .  4 1 6 . C) 

4 0  2 G · 3 1 8 · 2 1 6 ·  3 1 6 · 0 1 5 ·  9 1 5 .  6 --------- ---------·-· 



T e m p . Q 
------ ·-·---�-

1 0  -3 4 51 

1 5 -3"1  2 5 

20 - 2 83 4  

25 -2 5 0 8  

3 0  - 2 2 'J 7  

3 5  -1 8 71 

4 0 -1 5 6 J  
----· 

6 Hs o 1 v .  

2 0  4 0 

- 231 3 -1 0 7 3  

-1 8 5 6 - 7 5 6 

-1 36 3 - 4 3 5 

- 8 8 9  - 1 4 0 

- 4 0 9  + 1 2 7 

+ 1 1  3 + 4 5 7 

+ 61  0 + 7 60 

1 1  Q 

60 8 8  1 8 8 

-7 4 0 -667 -691  

- 5 4 1  -5 0 7  -5 76 

- 3 66 - 4 08 -4 8 9 

- 1  60 - 2 61  -4 01  

+ 2 0  -1 39 -31 1 

+ 2 3 4  - 1 8  - 2 1 9 

+ 4 51 + 1 4 0 -1 0 0 
--------



1 1 1 

'l'ABLE :A IX 

3 un s en C o e f f i c i e n t  � 

'l' e m � .  0 21  4 0  60  80  1 1 0 
-----------· 

1 0 • ) 1 8 9  • 0 21 8 • 1301  · 0 4 4 1 · 06 32 · 0 875  

1 5  • 01 8 1 • 0 21  8 • 13 06 · 0 4 4 8  · l6 4 1  · 08 8 5  

2 0  . 0 1 7 2  • 0.2 1 8 · 03 1 1 · 0 4 5 6  · 1650 · 0 8 9 6  

2 5  • 01 6 5  • 0 21 8 · 031 6 · 04 67 . o667 · 0909  

3 0  . ) 1  5 7  • 0 2 1 9 · 0 3 2 5  · l 4 7 8 · 1684  . 09 27 

3 5  • 01  51  · 0 223  · 0336 · 0 4 8 9  · 1 704  · 0 94 9 

4 0  • ) 1  4 7 • 0 235 • 0 353  • 1 5 1 8 • 07  4 4  · 1 1 20 
·---

u s t w a ld C o e f f i c i e n t  y 

1 0 . l 1 96 • 0226  • 031 3 · 1 4 5 7  . 0656 . 0907  

1 5 • ')1 ';) 0  · 0 230 • 0 3 2 3  • 'J 4 7 2  • 0675 · 0 933 

20 • 1 1  B 5 • 0 2 3 4  • 0 334 . '1 4 90 • 0698 • 0 961  

25 • 1 1  79  · 1 238  • 0345  · 0 5 1 9  • 07 28  · 0 9 9 2  

30 • 11  7 5 • 0 2 4 3  • 0361  • 0 530 ' 176 0  • 1 02 9  
3 5  • 01  69  • 0 25 2  . 0379 · 0 5 5 2  • 1794  . 1 071  

4 0  • ') 1 67 • 0 2 6 9  • 0 4 0 5  • 0 5 9 5  • 0 8  53 • 1 1 70 
-- ---
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3� and E va ns S t an d ar d  S t a t e s  

'l' e m p . 1 
---·· 

1 J 39 7 4  

1 5 4 176 

2 :) 4 1 77 

25 4 276 

3) 4 37 3  

35 4 4 6 8  

4 0  4 56 1  
----·-··- · 

Mo le 76 M e JH 

0 6G .L' ;::;: 

20 6G . .L' :::; 

4 0  6 G1. ;::;: 

6 0  6 G . .L ;::;: 

8 0  6GT -· 

1 00 6 G.1, :::; 

0 - 6 s ,r ::: 

20  - 6 S·i' -· 

4 0  - 6 S 'I' :::: 

6 0  - 6 8 1' :::: 

8 0  - 6 .}j_• :::: 

1 0 ')  - 6 8 '1' ::;: 

6 Gs o l v . ( c a ls ) 

2Q  4 0 
----------·----

3898 371 7  

3972 377 8 

4 0 4 2  38 35 

4 1 07 38 8 7  

4 1 6 7 3935 

4 2 23 3978  

4 27 4  4 1 1 7 

-5 1 343 + 4 4  · 9 78'1' 

-7 1 981  + 67 . 8 80'1' 

-7 1 28 q + 6 4 . 9 4  2'1' 

-5 9 01 5  + 4 8 . 8671' 
-6 1 1 4 0  + 5 5 . 8 8 1 '1' 

- 8 1 1 4 1  + 6 8 • 1 9 2'1' 

4 4 · 978 · 08 5 26'1' 

67 . 88 0  -
· 1 8 5 6T 

64 · 94 2 - · 1 8  li 28T 

4 8 · 8 67 • 1 33341' 
5 5 . 8 8 1  - • 1 5 91 6T 

68 · 1 9 2 · 2 J 1  O'l' 
-----·----

6 0  8 8  1 0 8 
· --·----

3 585 3381  31 1 5 

35 58 3354 31 69 

36 0 9  34 8 2 321 8 

3657 34 4 6  3 26 2 

370 2 34 8 5 330 1 
374 3 3 5 2 2  3335 

37 8 2  3554  3364 

· 0 4 2 631' 2 

. 0 9 2 8'1' 2 

· 0 9 21 4'r 2 

. 06667'1' 2 

· 0 7 9 58T 2 

· 1 0 0 5'r 2 
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- 6 3 c l 
_ . ..E.SL::L!. 

Mo le �o MeOH 

'l' e m LJ • 
:; 2 Q  4 0  60 8 0  1 0 0 

· ·---·· - · --- .. 

1 l  2 0 · 8  1 5 •  4 1 2 ·  8 1 1  • 2 1 0 • 9  1 1  • 3 

1 5  2 0 · 4 1 4 .  4 1 1  . 8 1 0 ·  5 1 0 .  1 1 0 · 3 

2 :)  2l • O  1 3 • 5 1 0 .  9 9 · 8  9 · 2  9 · 3  

2 5  1 9 · 6  1 2 ·  6 1 G • O  9 · 1  8 · 4 8 · 3 

30 1 9 .  1 1 1 .  6 9 .  1 8 · 3 7 · 6  7 · 2 

35 1 8 · 7 1 0 · 6 8 •  2 7 · 5 6 · 7 6· 2 

l+ 0 1 8 · 3 9 · 8 7 • 3 6 · 7 5 · 8  5 · 2  

6 Hs o lv . 
Mo l e  2o ._MeuH 

1 Q -1 9 1 5 - 4 6 2  + 93 + 334 + 21 5  - 85 
1 5  -1 8 :) 1  - 1 7 8 + 37 8 + 53 2 + 4 4 2  + 2 0 1 

2 0 - 1 6 8 5  + 85 + 6 4 0 + 7 37 + 7 0 5  + 4 9 2  

2 5 -1 5 0'1 + 35 1 + 9 0 6  + 9 4 5 + 9 4 6 + 78 8  

3 0  -1 l. 1 6 + 6 5 1  + 1 1 78 + 1 1 8 6 + 1 1 8 2 + 1 1 1 9 

3 5  - 1 2 :93 + 9 5 7 + 1 4 5 2  + 1  4 4 1  + 1 4 5 7  + 1 4 24 

4 l  -1 1 7 0 + 1 2 6 6 + 1 732 + 1 7 4 8 + 1 738 + 1 7 36 
-·----·-
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Pran k and 

'l' e m p . 0 

1 0 6 2 36  

1 5  6373 

2 0  651 1 

2 5 6653  

30  6793  

35 69 2 7 

4 0  7 0 5 2 

1 0 2 8 · 6 

1 5 2 8 · 2  

2 0  2 7 · 8  

2 5 2 7 · 4 

30 2 6 · 9 
3 5  26 · 5  

4 ·) 2 6 · 1 

Evans S t and ard 

6Gs o  1 v .  

2 0  

6056  

61 5 7  

6 2 5 9  

6367 

6468  

6553 

6637 

4 0  

5 779 

5 8 6 2  

5 9 5 2 

6 0 4 5 

61  29  

6207 

6 2 7 2  
---

-68soly ,  
2 2 · 6 1 9 . 5 

2 1  • 6 1 8 . 5 

2 0 · 7 1 7 . 6  

1 9 ·  8 1 6 .  7 

1 8 ·  8 1 5 ·  8 

1 7 . 8  1 4 · 9  

1 7 ·  J 1 4 • 0 

1 1  4 

S t a t e s  

6 0  8 0  1 00 

5 4 7 2  51 8 7  4 9 2 8  

5 55 8  5 270 5 0 0 7  

5 6 4 0  5348  5083  

5720  5 4 2 2  51 5 8  

5 79 7  5 4 91 5230  

5 8T ')  5558  5 29 6  

5 939 5 6 20 5338 

1 7.  5 1 6 · 9  1 7  · 1  

1 6 .  8 1 6 · 1  1 6 · 1  

1 6 .  1 1 5 · 2 1 5 · 1  

1 5 .  4 1 4 . 4 1 4 · 1  
1 4 .  6 1 3 · 6 1 3 · 0 

1 3 . 8  1 2 · 7  1 2 .  0 

1 2 · 8 1 1  • 8 1 1 · 0 
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6Hs o l v . 

'f e m p . r) 20 4 0  6 0  8 0  1 0 0 

1 0 -1 8 6 5  - 3 5 2  + 233 + 4 94 + 3 9 5  + 1 2 5 

1 5  -1  7 51 6 8  + 5 1 8 + 6 9 2  + 6 2 2  + 4 1 1 

2 0  -1 635 + 1 9 5 + 7 8 0  + 8 9 7  + 885 + 7 02 

25 -1  5 1 1 + 4 6 1  + 1 0 4 6  + 1 1 0 5 + 1 1 2 6 + 9 9 8  

30 -1 366 + 761  + 1 31 8  + 1 3 4 6 + 1 36 2  + 1 3 29 

35 -1 2 4 3  + 1 0 6 7  + 1 5 9 2  + 1 6 0 1  +1 637 + 1 634  

4 0  - 1 1 2 ()  + 1 376 + 1 8 7 2  + 1 9 1 8  + 1  9 1 8 + 1 9 4 6  



i'ABLE XX 

Vapour P r e s s ure of · ,i ater-Methano l M i x t ur e s 

Mo le /o Methano l 

T emp .  () 1 0  20 30 4 0  5 0  60 70 

1 0  9 · 2 1 6 · 0 23 · 0  2 9 · 2 35 · 0 38 · 1 4 2 •  8 4 6· 0 

1 5 1 2 · 8 21 · 8 31 . 2 39 · 0 4 5 · 8 4 9· 2 5 4 · 8 5 9 ·  8 

2 ()  1 7 · 5 3 1 · 0  43· 0 5 2 · 2 6 0 · 3 66 · 3  7 2 · 2 78 · 0 

25 23 · 8  4 0  • .2 55 · 0  66 - 6  7 5 · 7 8 3 · 0  9 2 · 1 1 () () .  4 

30 31 · 8 5 4 · 7 7 0 · 6 84 · 4  9 6 · 0 1 0 5 · 7 1 1  5 .  9 1 27 · 8 

35 4 2 · 2 7 2 · 1 9 2 · 8 1 1  0 ·  0 1 2 4 · 0 1 38 ·  9 1 5 0 ·  0 1 63 · 6 

4 0 5 5 · 3 9 0 · 5 1 1 9 · 5 1 43 · 0 1 60 . 5 1 7 6 ·  5 1 9 2 ·  8 209 · 0  

8 0  9 0  

4 9 · 3 51 . 7  

6 4 · 4 68· 0 

84 · 1 9 0 · 8 

1 0 9 · 1 1 1 7 · 8 

1 37 · 7 1 4 9 · 2 

1 77 ·  3 1 89 · 6 

2 25 · 2 2 4 2 · 8 

1 0 0  

54 • 2  

7 2 · 2 

95 · 1 

1 24 · 0 

1 60 . 3 

205 · 2 

260 · 5  

_... _... 
0'\ 
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(a ) ACCURACY OF GAS SOLUB ILI'l'Y METHODS IN GENERAL 

The w id e var ia t ion s  in  pub l i s hed gas so lub i l i t y  

d ata  a r e  s hown in  T ab l e  XXI and Gra phs XVI and XVI I .  

'l' e m p . 

1 0 

1 5  

2 0  

25 

30 

35 

4 0 

'1' e m p .  
1 0 

1 5  

2 0  

25 

30 

35 

4 0 

TABL!L_XXI 

S o lub i li ty of He l i um in Wat er . 

Pre s en t  7 9  
Aker lgf 99 Lannun g Cady , E ls e8 An tra -

'Nark 

• J098  

• J J 9 7 · 0089  

• 0 096  • 0 08'8 
· 0 0 95 · 0 087  

· 0 094 · 0 086 

. C) :) 9 2  
· 0 1 9 1  

,3 o 1 ub i 1 it  L of 

and B er ger 0 poff 

·0089- ·0090 • 0098 

· 0086  

· 0 087 · 008 4 - · 0080  · 01 0 0  

·0 1  0 2  

He  on  in W a t er 

76 Es t re-
i cher 

· 0 1 4 4  

• 0 1 38 

· 01 37 

• 0 1 38 

P r e s e n t  Work Lannun g79 An tro poff83 Va lent in e r98 

· 01 36 · 01 1 1 - • 0 1 1 5 · 0 1 1 7  • 01 8 5  

• 01 31 

• 01  2 5  • 0 1  04  • 0 1 4 6 • 0 1 64 

• 01 21 • 0 1 0 2 

• 0 1 1 8 • 0098 • 0 1 58  • 01 4 5  

• ') 1 1 5  • 0 097  

• 01 1 5 · Oo96  • 0 1 6 6 • 0 1 26 
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S o lub i l i t y o f  Argo n _ i n  Wa t eE_ 

T e m p . P r e s e n t  Lann u6� E s t r e i c h�B 1oo W i n k  e r  Ake r lo f  
W o r k  

1 .')  • 0 4 28 • 0 4 53 • 0 4 25  

1 5  · 0 387 • 0371 • 0 4 1  0 

2 0  • 0350  • 0 336 • 0379 • 0351  

25  • 03 2 2  · 031 5 • 0347  • 033 2 

30 · 0301 · 0 28 9 · 0 3 26  • 0300 

35 • 0 28 2  · 0 2 71  • 0305 

40  • 0 271 • 0 25 4  oCJ 287 • 0 271 

1 0  • 0 1 9 0  • 01 9 5  

1 5  • 01  8 1  • 01 88 

20  • 01  7 2 • 0 1 8 2  

25  • 0 1  64  • 01 7 5  

30  • 01 5 7 • 01 70 

35  • 0 1  5 0 • 01 66 

4 0  • 0 1  4 6  • 01 64  
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S o lub i li t y  of Hydroge n  in  Or gan i c  S o lven t s  a t  2 0°C .  

( O s tw a ld C o e ff i c i en t )  

kax t ed 
73 

86 eX 
J us�6 

C hr i s t of� S o l  ven t H o r i ut i lVtOOn --------
CC l4 • 0 78 0 

B en z en e · 0 6 8 5 • 0660 • 0 70 7  

E t h e r  · 1  398 • 1 35 0  

A c e tone  · 09 50 • 0703 

Me t han o l  · 09 0 2  

1 1 9 

Pre s en t  
Work 

· o798 

• 0961  
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It  is  s e en t hat d i ff eren c e s  of up t o  2$b in  the  

va l ue o f  t he B un s en coeff ic i e n t  are n o t  uncommon , s o  that  

th e r e l i ab i li ty of  t he d e r i ved t hermod ynam i c  func t ions  

is  s o mewhat  o pen to  ques t i on . 

In ca lcu la t i n g  the  O s twa ld c oe f f i c i ent f ro m :  

y ::: 
vo 760 
V p 

T 
273 

where  v0 i s  the vo lume of  ga s d i s s o lved , reduced  to  N . t . P .  

V is  the vo lume of s o lvent , 

p i s  the vapour pre s s ure  of  t he s o lven t , 

� i s  t he t e mpera t ure  of t he measuremen t ,  

t he on ly a p pre c iab le e rro rs i n t rod u c ed are  in  t he 

measureme n t  of  v0 1 and i n  t he ac curacy  o f  l i s t ed va pour 

pressur e  d a t a . 

I f  the  f orme r of the s e  i s  · 0 0 2  c c . the  f ourth f i gure o f  

y i s  unaff e c t e d  b u t  vari a t i on s  of  up  t o  l mm . in  t he 

l i s t ed va pour pr e s s ure d a t a  are  of t en f ound a nd t hi s  c an 

qui t e  e as i ly c ause  e rrors of  u p  t o  1 %  in  Y • 

Ne i t he r  of t he s e 1  how e ver , wou ld norma l l y  caus e errors  

as gr eat  as J.% in  the s o lub i l i ty and  the s e  d i verpen c i es 

mus t  b e  a t t r ib ut ed to  on e of t he f o l low in g :  

( a ) I n c o m p l e t e  d e ga s s i n g of s o lven t s .  

( b )  I m pure  gas e s . 

( c )  Lac k  of a t t ai nmen t o f  true  e qu i l ibr ium . 
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( a ) Com p le t e  d egas s i n g  of s o lven t s , a s  we  have 

s e en , i s  qu i t e  a d if f i c u l t  proc e s s  and the compara t i ve l y  

l o w  r e su l t s  o f  s ome e ar ly  worke rs m a y  b e  a t t rib ut ed t o  

this  f ac t or . vnc e the s o lvent  has b een d egass ed i t  mus t 

b e  ke p t  in  c on t ac t on ly w i th i t s  o�n vapour un t i l  the 

proc es s of so lut ion  is c ommenc ed . T hi s , a nd the fact  

t ha t  n o  a l lo�anc e i s  mad e for  the  i n c reas e in so lvent  

vo lume when t he gas d i s s o lves  prob ab ly e x p lains  why 

Lannun g ' s re s u l t s are a l l  lower t han  t h o s e  ob t ained  in t h e  

pre s en t  w o r k .  

( b )  t he hi gh r e s u l t s  of b ot h  Es t re icher76 
and 

98 83 Va lent i n en are c le a r ly due  t o  i m pur e gas . An tro poff 

prob ab ly had pur e he lium  and n eon , b ut he found af t er he 

had f in i shed hi s �or k t ha t h i s  me t hod c on t a ined  a s er i ou s  

s our c e  o f  erro r .  H e  mea s ured the gas i n  the b u re t t e  i n  

a d ry c ond i t io n , b rough t  a s ma l l pa r t  of  i t through a 

lon g g la s s  s pi ra l  i n t o  c on t a c t  w i t h  t he wat er  in the 

ab s o r p t i on ves s e l 9  shook  t he la t t e r  for t en minut es and 

a s s umed  t ha t  e qui l ib r ium had b e en r ea ched  a nd t ha t  the  gas 

in t he measuring  sy s t e m  was com p le t e ly  s a t urat ed  w i th 

wa t e r  va pour . I n  hi s �o rk on kry pt on he  showed that the 

d iffus i on of � a t er va p our was so  s low t ha t  t hi s  as s um pt ion  

w a s  wron g and  t ha t  the error  was  gre at e nough to  change 

the  e n t ire sha �e of  t he s o lub i li t y  c urve , givin g  an a p parent  
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m i n i mu m  o f  so lub i li t y  w h e n  n o n e  e x i s t s . An t ro �off a ls o  

� o i n t s  out tha t  w i t h  hi s m e t hod t h e  r e su l t s  a t  lower 

t e m �e r a t ures  a re in e r ro r b e caus e in  t he a b s enc e of l i quid  

w a t e r  in the gas  bure t t e  and s in c e  he  wen t fro m  a h i ghe r 

t o  a lower t e m�erat ure , the gas a t  lowe r  t em � e r a t ures 

wou ld b e  s u persa turated  w i t h  w a t e r  va�our . 'r hus on ly t he 

r e s u lt s  in  the m :i d d le of his  s e r i e s  a r e  1 1 c orre c t " . 

� he me t hod us ed in t he �re s e n t  work  f o r  mixed  s o lven t s  
83 

is s omewha t  s i mi la r  t o  t ha t  of An t ro �off , in t ha t  d r y  

gas i s  t aken i n i t i a l ly and e ach r un �roc e ed s  f rom a hi ghe r  

t o  a low e r  t e m p e r a t ur e . � �  have s e e n  t ha t  i t  i s  i m po s s ib le 

t o  use  s at urat e d  g a s , and t he a l t erna t i ve t o  t he p r e s en t 

me t hod ( whic h c ons i s t s  i n  s aturat i n g  a l l the gas i n  the  

a p para t us ) i s  t o  put  a s t o pcoc k i n  the gas  l i n e  b e t w e en 

t he b ure t t e  and t he pi pe t t e .  � he n  t his  i s  done  n o  gas 

s ho u ld b e  a l l ow e d  to pass  b ac k  i n t o  the b ure t t e  b u t  as 

t he vo lume of  gas over t he so lven t mus t e x pand a s  i t  

b e c omes  s a t ura t ed , more me rcury mus t b e  run o u t  of t he 

� i �e t t e  t o  ma i n t ain a t mos �he r i c  �r e s s ure  ab o ve the  ��v�t 

or when the t � �  c onne c t ing t he b ur e t t e  t o  t he pi �e t t e i s  

o �e n ed s a t ur a t e d  g as w i l l  �ass b ac k  i n t o  t he f o rmer . 

w i l l  on ly occur whe n  t he e x �ans ion  of  the gas over the  

T his 

s o l ven t is gr e a t e r  t han  the  amount  r e quired  f o r  s a tu ra t i on 

and t hus d e �end s on  t he f r e e  gas s �a c e  ab ove t he s o lve n t  

and  a ls o  o n  how of t en t he c onn e c t i ng t a p  i s  opened . If  
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this  i s  d on e  frequen t ly ,  reasonab ly  a c c ura t e  results  s ho u ld 

b e  ob t a in e d , b ut on the who le  the me t hod s e e ms very like ly 

d H 
. . 1 86 lt  to  give r e s u l t s  t hat  are  t o o  low an so o r l ut l  s r e s u  s 

mus t b e  o p en to  s ome  d oub t . 

In  the pres en t work the saturat i on of the gas 

t oo k  a n y t hin g up t o  12 hours , compared  w i t h  1 to 2 hours 

fo r the  s a t urat ion of the s o lven t .  Us e o f  t hi s  method 

however  s hou ld g i ve qui t e  r e l i ab l e  r e s u lt s . 

( c ) Po s s ib ly t he mos t  s eri ous error  in Estrei cher76 

and An tro poff ' s 83 work i s  t he way i n  wh i ch e qui lib rium was  

s ec ur ed b e t w e en the ga s a nd the  liqui d . Gas i s  ab s or b ed 

very  s low ly b y  a l iquid  un less  t he s urfa c e  o f  the la t t e r  i s  

changed c on s t ant ly . Es t re i cher and An t ro poff  s e c ured th i s  

b y  c onne c t i ng t he b ure t t e  t o  t he ab s o r pt ion  ves s e l  b y  a 

f le x ib le s p i r a l  o f  g la s s  t ub in g and shaking the ab s o r p t i o n  

b u lb vi o lent ly w i th a motor . This  ena b led them to  reach 

a s ta t i c cond i t i o n  in 10 mi nut es . Vio len t  hammeri n g ,  

ho� e ver , res u lt s  when a ve s s e l part ly f i l led wi th  s o lve nt  

and  free  f rom air  or  o th e r  gas e s  i s  shaken , thi s b eing  

used  as  a t es t  for  the pre s en c e  of a ir  in t he vess e l  

b ec ause  e ven  a s ma l l  quan t i ty of  gas w i l l  s o  cushion the 

b low that no such e f f e c t  is f ound . Vhe n  a gas i s  a c t i n g  

to  s t o p  t h e  b low b e tween  a s o lven t and the glas s it  i s  

pu t und e r  a pre s s ur e  gre a t e r  than tha t  e xe r t e d  b y  the r e s t 



1 24 

of  t he gas and i s  d r i ven in t o  the  s o lve n t , f orming  a 

s u pe rsa t ura t ed so lut i on . A l l  measurements  mad e in thi s  

manne r w i l l  o e  i n  error as i t  i s  much eas i er t o  g e t  a gas 

i n t o  s o lution  t han i t  is t o  ge t i t  out a ga i n , s o  that  

a l low in g the  a p parat us t o  s t and f or 1 to  2 hour s aft er 

vi o le n t  s haki n g  is of li t t l e us e and the f a c t  t ha t  gas 

d oes  not  c o me out of s o lut i on d ur i n g  this  pe riod  d o e s  not  

show t hat  the s o lut i on i s  not  s u persatura t ed . 
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( b ) 'l' H E  EP}-,EC'l J }., CHANG ING MEt HAN OL CONCENT�A'l' I ON ON ---------------------
GAS S J LUB I L I'1' Y  

Pr om the gas s o lub i lit y f i gure s l is t ed in  

T ab les XVI - X I1 we s e e  t ha t  the s o lub i li t y  pas s e s  t hrough 

a mini m um f o r  t he two  s ma l le s t  gas e s  - he l i um and neon . 

T h i s  e f f ec t  wnic h i s  not  found f or hyd r o gen or ar gon in  

w a t er -me t han a l mixture s does  o c c ur f o r  t he f ormer in  wat er -

� t hano l mix tures  as shown i n  Gra ph VI . I t  may a ls o  b e  

no t e d  t ha t  a s  w e  �as � f r om he lium t o  n e on t he m i n i ma o c c ur 

a t  a l � � � r  Mo le � methano l 9  b u t  n o t  a t  t he higher 

t e m pera t ure s . 

�e s aw in  an e a r l i e r  sec t ion on t he s t ructure  

o f  w a t e r -a lc oho l mi xtures  t ha t  t he free  vo lume o f  wat er -

me t hano l pas s e s  t hr ough a m i n imum a t  about  1 8  Mo le % Me0H 9 

so  that the und i s turb ed liq uid a t  25 °C .  i s  c lo s e  pac ked a t  

th is c on c e nt r at ion . Ra i s i n g  t he t e mperat ur e  w i l l  c aus e 

the mo l ec u le s  t o  move more f re e ly  and therefore  inc rea s e  

t he f r e e  vo l ume . I t  a lso  s e e ms lo gic a l  tha t  if lar �e 

un char ged  �a s mo l e c u l e s  are forc ed b e tween  t he so l vent  

mo le cules  t he s t ruc t ure of  t he l i quid  wi l l  b e  b roken d own . 

� h i s  prob ab ly e x p lains why the  so lub i li t y  o f  he lium  pas s e s  

t hr o ugh a m i n i mum a t  ab out  1 8  Mo le � MeOH b ut f o r  lar ger 

�as e s  t he mi n i mum is e i t her s hi f t e d  to a low er met hano l 

c o nc e nt rat i o n  or d is a p pe ar s  e n t i re ly .  'I' h is s hi f t  i n  

min i ma i s  s hown i n  Gr a ph XV I I I  wher e t he B un s en c oe ff i c i e n t  
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for  He , N e � H 2 a nd A at  25 °C . i s  p lot t ed aga i n s t  Mo le % 
MeJH . 

The  s o lub i li t y  of he l i um e ven at  4 G °C . s hows 

a m in imum whi le n on e  is f ound for any of t he larger gas es 

a t  t hi s  t e m pe ra t ur e . T h i s  a ga i n  i s  d ue t o  a b reakd own 

of t h e  l iquid s t ruc t ure c aus ed b o t h  b y  inc r e a s i n g  gas 

s i z e  and in c r ea s in g  t e m p e ra t ur e , In wa t e r -e thano l 

m ixtures  i t  �ou ld b e  e x pec t ed t ha t  n e o n  wou ld s how 

m i n ima  u p  to 4 G °C .  s in c e  b o t h  t he f r e e  vo lume Vf and  th e 

pro d u c t  63Vf are  muc h  s ma l le r a t  low e thano l c onc en trat ion s 

t ha n  a t  t he c orres pond ing  m e t han o l con c e n trat i o n s . 

S umma r i s i n g  we s e e  that e i t her  increas i n g  

t em perature  o r  mo le c u lar gas s i z e  s hi f t s  t he m i n i mum , when 

it e x i s t s � in  t h e  d i r e c t ion of d e c r e as ing  m e t han o l  

c o nc e ntrat ion . 
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( c )  'l' HE  'l' E:rviPER.A'l' URE C OE:B,FIC I ENT O :B, GAS SOLUB ILJ'l' Y 

70 B un s e n  a p p li e d  a pure ly e m p i r i c a l  e qua t i on t o  

t he d at a  t ha t  he  found f o r  t he s o lub i li t i e s o f  a numb e r  

o f  gas e s  i n  wat er an d e t hano l .  t h i s  was of t he f or m : 

::: a .  + b t  + 

. 1 82  1 03 75 d . . l t .  C ar 1 us , Than , and 'l' i mof e jew  u s e  s 1m1 ar  e qu a  1 0ns . 

t h e  c on s t a n t s  a ,  b ,  and  c a r e  ob t a in e d  b y  s ub s t i t u t i n g  

e x per i men t a l  d a t a  a t  s e ve r a l  t e m pe r a t ur e s , 'l' hi s  i s  

s i mi lar t o  t he me thod  e m p loyed  in  t he pres e n t  w o r k  w here 

a quad rat i c  e qua t i on i s  f i t t ed  to  a func t ion  of  t he 

J s t w a ld Coef f i c i e n t  b y  means  of t h e  me thod of leas t s qua res . 

� i nkler 1 J1  ad d e d a further  t e r m  i n  t3 , b ut this  a p pe ar s  

unn e c e s s ary when t he a c c ur a c y  o f  t he d a t a  i s  c on s i d e r e d . 

\1 i ed e m3.n1 0 4  s howed tha t whi le a ,  b and c fo r d i ffe r e n t  
b ; c;a ga s e s  in w a t e r  w e r e  v e ry d if f e re n t  the  rat ios � and 1 

w e r e  n e ar l y  t he s ame for  a l l .  gas e s . S i mi la r  r e s u lts  were  

ob t a i ned f or e t ha no l .  

B ohr 1 15 Qr o po s e d  t ha t  a t  c ons t an t  partial gas 

pre s s ure  t he o s m o t i c  pre s sur e  of  a d is s o lved gas wns  

c on s t an t . Thus � T  wo uld  b e  c on s t an t , bu t on s ub s t i t u-

t in g  e x p e r i m en t 3. l  VG lue s  he f o und t ha t  s uc h  was n o t  the  

c as e , b ut th0 t � ( T  - a ) = c on s t an t . H e  f ound a t o  b e  

a c on s t an t  wh i c h  f o r  the four  d i at om i c  gas e s , hydr o gen , 

oxyge n , n i t r o�en and  c arb on mono x id e in  wat e r was a l in ear 
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f unct i on of  the mo lecu lar w e i ght . He  la t er a t t e m pt ed 

to f ind a t he or e t i c a l  b as i s  for t he s e  e mp i r ic a l  e quat ions  

by  equ2 t i n g  t he rat e o f  s o lut ion  o f  a gas  t o  i t s  rate  of  

e s c a p e  and  ma king meas ure m e n t s  of e ac h .  

H e  e s t ab l i shed  a n  e m piric a l  re la t ion  f o r  t he 

rat e of e s c a pe wh ich proved t o  give  t he e qua t ion t hat  he 

s ough t .  � he e m p i r ic a l  nat ure of h is res u lt how e v e r  

remaine d . L2 t e r Kof ler showed t ha t  the s ame equa t ion  

f i t t e d  his  resu l t s  for  rad on in  wat e r  over  the  t em pe rature  

ran ge J - 75°C . 
Kof le r 1 0 6  lat er  s t a t e d  tha t  there  i s  a c onnec t i on 

b e tw e e n  the c ri t i c a l t em peratur e  of  a gas and i t s  s o lub i li t y  

i n  a given  s o lvent . He p lo t t ed '1' /'l' c for  a n umb e r  of gas e s  

in  w a t e r  aga in s t  � a n d  f ound t he y  f e l l  on a s mooth  c urve . 

Me y e r 1 ?7 a p p lied  the  e qua t ion 

� ::;: b + e -a e 

t o  the  s o lub i li t y  of  a numb e r  o f  ga s e s  in va r io us s o lv e nt s . 

�he  equa t i on f i ts  b e t t er if i t  r e f e r s  t o  the a moun t of 

ga s d i ss o lved  pe r un i t  we igh t  of s o lvent . e i s  a meas ure 

of t he t em pera t ure 9 on a s c a le s u c h  that for a given s o lve n t  

there  are  a hund red  d egre es  b e tween  t h e  me l t i n g  po int  a nd 

t he b o i l i n g  po i n t . Thus i n  the  c a s e  of wa t e r  i t  is  t he 

C e n t i �rad e s c a le . Meyer  found a t o  b e  n ea r ly the same  

f o r  a l l gas e s  and  a l l s o l ven t s . For t he sys t em rad on -wa t er 

t he equat i on f i t s the  r e s u l t s  very w e l l .  
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1 C) Jae p e r  from  kin e t i c  c ons i d er a t i ons  d er ived 

the e quat i on ,  

E m p i r i c a l ly he f ound t hat : -

A + 

He  f ound t hat the equa t i on re pre s en t ed t he e x peri ment a l  

va lue s w i t hi n  2 t o  3')0 , c b e in g  c ons t an t  f or a l l gas e s  and 

equa l to the  c a pi l lar i t y  c o n s t an t  of  wa t er . 

fhe  C la pey ron e quat i on has  b ee n  us ed a s  a b a s i s  

f o r  t he d e r i vat ion of  severa l e qua t i ons r e la t in g  gas 

s o lub i li t y  an d t e mperatur e . I f  the  hea t of  so lut i on of  

the gas  in  t he l iquid  is  n o t  a f unc t i on of  the t e m pe r a t ur e  

o v e r  t h e  i n t e rva l us ed , the C la pe yron e qua t ion gives : -

Y 1 ln Y 2 
A 

- R: ( 

where t he s ub sc r i pt s  refer  t o  t e m pe r a tur e s  1 and 2 . 

Gra phi ca l ly lo g y i s  a l in e ar f un c t ion of 1 /l' . 
f r e quent ly t he e x ponen t i a l  f orm  i s  used . 

A 
y ::: ae  - R'T 

Iviore 

T am mann1 08 and 1annun g79 
ha ve us ed  thi s f orm 

whi c h  may be c o m pared  w i t h the  ab ove  e quat i on of Jae ger . 

Lannung , workin g w i t h  t he rare gas e s , f ound t ha t  lo g y 

was  a lmo s t  a l inear  fun c t ion  o f  1 /r for organ i c  s o lven t s  

b ut n o t  for w a t er . 
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I f 9 a s  i s  norma l ly t he c a s e , t he heat  of 

s o lut ion  i s  a f unc t io n  of the  t e m p e r ature , an  equa t i on 

of  the f o r m  of  the  i s ocho r e  r e s u l t s  wh ich  may b e  short ened  

t �  t he form  used  b y  Va len t iner : 

l o g  Y = a 
'1' + b lo g  T + c 

T h i s  was us ed b y  Va l e n t i n e r98 f o r  t he avai lab l e  d a t a  on 

t he rare  ga s e s  in wa t e r  which  i t  f i t t e d qui t e  we l l .  

Expe r im e nt has s hown t ha t  t he s o lub i li t y  of a l l  

gas e s  in  w a t e r  d e c re a s e s  w i t h  inc reas ing t e mperat ur e un t i l 

a mi n i mum i s  r e a ched a f t e r  whi ch it of t e n  i re reas e s  qu i t e  

ra p id ly . When the s o lub i l i t y  i s  e x pres s ed a s  the B uns en 

c o e f f i c ien t t he min i mum o c c urs f o r  hyd rogen at 6o CC ,  
n i t r ogen a t  90 °C . an d he l i um a t  ab out 50°c . \i hen t he 
O s t wa ld c o ef f i c i e n t  i s  us e d  t h e s e minima occ ur at  muc h 

lower  t e m � e r a t u r e s , e . g .  he l ium ab o ut l0 °C .  
F o r  o r gan i c  s o lvent s  w i t h s ma l l  gas mo le c u le s  

s u c h  a s  he l i um ,  n eon , hyd rogen , t he so lub i li t y  i n c r e a s e s  

w i t h . t he t E mperat ure , a t  l eas t ab ove 1 D°C . The  t e m pe ra t ur e  

c o e f f i c i e n t  i s  f ound t o  b e  gre a t er f or s ma l ler  gas mo le -
. 

c u l e s  and a l s o  f or h i ghe r pre s s u re s . e . g . For t he 

s ys t e m  H2 - liqui d ammon i a  a t  1 0 00  a t ms . L he r e  1 s  a 

s e venfo ld inc reas e i n  so lub i li t y f r om 0°-- 1 00°c .  
For larger  m o l e c u l e s  t h e  pos i t ion i s  somewhat 

ob s c ur e 9 b ut w o rk on rad on b y  Rams t ed t 1 09 and the p re s en t 

wor k on a r �on s e e ms t o  ind i c a t e  t ha t her e , as in wat e r , 
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t h e  s o lub i li ty f a l ls off  w i t h  i n c r e a s i n g  t emperat ure . 

� h i s  would lead us t o  e� p ec t  t ha t  f o r a given s o lv en t  

t he re i s  s ome  c ri t i c a l gas s iz e  where the t e m pe rat ur e  

c oe f f i c i e n t  o f  t he s o lub i li t y  change s  s i gn ·  

A p parent ly  t he gen era l ly a c c e pt ed i d e a  tha t  t he 

s o lub i li t y  o f  gds e s  d ecre ases  w i t h  r i s e  of t em perature  i s  

d ue t o  mo8 t  mt a s ur e ments  having  b ee n  mad e w i t h  wat er a s  

a s o lv e n t  a n d  over a l im i t ed t e m perature  range . As wa t e r  

in  the li�uid s �a t e 9 i s  highly  a s s o c i a te d  a t  low t em per

a tures 9 on e � ou ld e x pec t anoma l i e s  i n  the  t e m perature  

c oe ff i c i en t  of many  of  its  pr o per t i e s  in c lud ing  i t s  

d i s s o lving power  o f  gas e s . 

From � he ab ove r e m a r ks w e  m i ght e x pec t t he 

s o lub i l i t y  of a l l gas e s  i n  a l l  s o lv e n t s  t o  pas s t hrough 

a m in i mum ? t he po s i t ion of  whi c h  i s  s o le ly  d e pend en t on 

the part i c u lar gas and s o lven t .  For increas in � gas 

s i z e in b o �h wat e r  and o r �anic  s o lven t s  the min i mum occ urs 

at  pro gres s i ve ly i n c reas ing  t e mpera t ures . �ie have s een 

that  this  is  t rue for s e v e ra l ras e s  in  wat er whi le in  e the r 

the  m i n i mum occ ur s  for oxygen a t  -4 1°c .  and f or n i trogen  

a t  -1 0 6°c . 

Fro m  t he s t and p o i n t  of  E ley ' s  t heor y 9 t h i s  me ans 

1-ha t the 1., e la ti ve va lue s of il EA and ilEc have chang ed . 

He  s t a t e d  -G hat when -ilEA ':> il Ec the t em pe rat ure c o e ff i c i en t  

i s  nega t i v e  and when il Ec ) - ilEA t he t e m perature c oe ff i -
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c ient  is posit i ve . I f  t h is is true , t hen  the m inimum 

must occur a t  t he t e m�erat ure where � Ec = - 6EA • 

E le y  showed tha t  the va lue o f  the e ne r gy of  c av i t y  

forma t ion ( 6 Ec ) in wat er inc reas ed s moothly from zero  

This wou ld mean tha t  

s inc e the minima for larger �as mo lec u le s  occur at  

highe r t em pe ratures 9 s o  w i l l  the energy o f  int erac t ion 

( - 6EA ) be greater  for larger gas es , and in fac t  t his i s  

what  i s  f ound on  ca lc u la t ion : -

Gas  - 6 EA ( K . cal) ---
He • 25 6  

Ne · 1 6 6 

A • 4 1 6  

K r  • 4 36 

:Xe  • 4 4 5  

the s ma l l  va lue f or neon is s o mewha t  une x pec t ed , b ut may 

b e  due t o  i ilac cura t e  d a ta . �hes e values a r e  a l l  much 

lower , however , than t ho s e  ob t a in ed b y  e qua t ing 6E0 t o  

- 6 EA at  t he po s i t ion  o f  t he minimum in t he s o lub i lit y 

p lo t .  �his  i s  n o t  unex pec ted  a s  there  mus t b e  a s trong  

t emperature d e pend en c e  of - 6 EA '  e s pe cia l ly  for  larger 

ga s mo lee u les . If acc ur a t e  c a lc u lations  of the energies 

of  in terac t i on �nd c avity forma t ion were pos s i b le we 

wou ld b e  a o le t o  pred ic t  t he  pos i tion  of t he s o lub i lit y 

minima . 
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s o lub i li t y i n  w a t e r  b y  pos t u la t in g  t ha t  the gas had a 

s t r onger  int eract ion  w i t h  wat e r  I t han t he o t her w a t e r  

s pe c i e s . E ley , how e ve r , pref e r s  t o  s a y  t hat  s o lut ion  

occ ur s  on to  tho s e  po in t s  in  a hy pot he t ic a l  " s ta t i c  

w a t e r  s t r uc t ure "  whe re mod i f i c a t i on s  o f  s t ruc t ur e  i n  the  

d ir e c t i on I �  II-. I I ' -.  I I I  can o c c ur .  Thi s c la s s i f i c a t irn 

of wa t e r  was  s u gge s t ed b y  3 e rn a l  and Fow l e r . Wat er I 

exi s t s  b e low 4 °0 .  b ut �� this  t e m p e rature i t  changes to  

a qua r t z - li ke s t ruc ture  w a t er I I . Ab o ve 4 °C . the rma l 

expan s ion occur s  t hr ough t he f orma t ion of ho les  in 

quar t z  w a t e r  I I t oge t her  w i th a mod i f i c a t ion t oward s 

c lo s e  pac ked  wat er  I I I . A s ign i f icant  mod i f i c a t i on o f  

t t t 5 0 ( � - t 1 1 0 ) h "  h wa e r  s rue ur e o c c urs ar ound 0 c . s e e  �aga w l C  

m i ght be c a l led a mod if i ed quart z s t uuct ure I I ' . Over 

0° C .  t o  5l°C . a c ont i n ua l b reakd own I� I I� I I '  o c c ur s  
(::; '0 0 

b ut a b o ve � - )  c .  o e haves  as  a c lo s e  pac ked organic  l i quid . 

I f  th is  theory  of  the m i n i ma in the s o lub i li t y  

i s  t rue , a i mi lar ch�nges  mus t occur  i n  or ganic  li qui d s  

t o  e x p la in t he r e s u l t s  o b t a ined . 'l'his  may no t b e  

un l i ke ly a s  a t  very  low t em pe ra tures  ( e . g . -80°0 . )  t he 

li quid s are  prob a b ly n o t  c lo s e  pac ked . I n  fac t t he 

main  d i f f e rence  b et w e en w a t e r  and  o rgan i c  s o lven t s  c ou ld 

b e  d ue t o  the f r e ez i n g  po int  o f  wat er oc cur ing muc h nearer  

the  t em perat ur e s  where  mo s t  e x p e ri m e n t a l  work is  d on e , 
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A much b e t t er a p proach than E le y ' s  t o  t h i s  

prob lem s e ems  t o  b e  t hat  f r om t he v .iew po i n t  o f  f r e e  

vo lum e . � e  s aw e ar li er t ha t  the  s o lub i l i t y  of a gas a t  

a par t i c ular t em pera t ure i s  la rge ly d e t erm in ed  o y  the 

free  vo lume &nd  �he free  ang le ra t io of t he s o lvent  s o  

� ha t  t h e  t e m pera ture c oe f f i c ie n t  of  s o lub i li t y  m us t b e  

c o n t ro l led  b y  t he t e mperature  c oeff ic i e n t of  t he s e  t wo 

fac t o rs . 

y == 

T h e  t e m perature c o e ff i c i en t  o f  s o lub i li t y  i s  then g i ven  

b y  

.Q.Y. == ( ddT {):Irf • \ '!_g
l 

+ F. �  d ( V a) dT -y ; v, Vy f · dT ( v}) 

s o  that  i t s  s ign i s  d e t ermined  b y  t he r e lat ive  t e m pe rat ur e  

d e [)en d en c e  of  t he f r e e  vo lume Vf , t he f re e  an g le r a t i o  63 , 

t he mo la l  vo lume V 1 , and t he vo lume of the gas e ous mo le 

c u le Vg · 

Por b en z en e  us ing  o3vf == • 24 0  a t  2 5°C .  

== " 2 4 6  a t  26°c . 

vl 8 7 · 7 a t  0 == 2 5  c . 

== 8 7 · 75  at  26°c . 

rH 2 ::: 1 • 9 j 
we  f i nd y 2 5 == · 0720 , Y2 6  • 0723 , and  

d Y 
+ • 00 03 :::: dT = 

com pared w i t h Y25 = · 07 1 6 e x [)e r i m en ta l .  T he e rror i n  
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the va lue of  t he s o lub i l i t y  i s  re as on ab l e when t he 

ac c ura c y  of  the  f r e e  vo lume f i gure s i s  c on s i d e r e d , whi le 

t he t e m pe ratur e  c o ef f i c i e n t  i s  of t he c o r r e c t s i gn and 

o rd er . 

A s i m i l9 r  c a lcu la t i o n f o r  water u s i n g  

o3vf ::;: •01 50  at  25 °C .  

::;: • 0 1 5 2  a t 2 6  °C . 

v l  :::::: 1 8  · 0 8  at  25 °C .  

= 1 8  •1 5 at 2 6  
°c .  

0 
r

h 2 
:::: 1 • 9  A 

gi ves y25 ::;: • 0 2 1 8 ,  y2 6 :::: • 0 21 7 1 and Q..Y ::s - · 00 01 . 
d'l' 

H e r e  agai n  � he t e m pe r a t ure coe ff i c i en t  i s  of t he c o rrec t 

s i gn and o r d e r . 

Ca lc u la t i ons  on a la r ge n um b e r  o f  l i quid s are 

un for t una t e ly n o t po s s ib le  D e c au s e  of lac k of  o3Vf d a ta , 
b u t  t he b a s i c  i d e a e m p lo y e d a p pears  t o  b e  n o t  u n r e a s onab l e . 

t h i s  a ls o  g i v e s  a po s s ib le e x p lan at ion f or t he gre a t e r  

var i a t ion w i t h  t e m peratur e of t he s o lub i li t y  of  large 

gas mo lecu les  a s  t he re the f a c t o r  Vg wou ld b e  e x p e c t e d 

t o  va ry t o  a gr e a t er e x t e n t  wi t h  t e mpera t ure t han for 

s ma l l gas e s  s u c h  as he l i um . When more f r e e  vo lume d at a  

i s  ava i l �b l e y i t  s ho u ld b e  pos s i b le t o  pred i c t gas 

s o l ub i l i t i e s  o v e r  w i d e t e m p e ra t ur e  ran ges , and a ls o  the 

po s i t i ons o f  t he m i n i ma .  

T h e  t e mpe r a ture d e p e nd e n c e  of OjVf i s  d u e  t o  
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the  f a c t  t ha t  a s  t he t empe ra ture  i s  r a is ed the  pot e n t ia l  

b ar r i ers o e t w e en t he c e l ls in  the l i quid  b eco me s m a l ler 

and so t he e f f e c t ive  f re e  vo lume i n c reas e s .  A t  the 

s ame t i me the mo lecu les  are  ab le t o  r o ta t e  mor e  fre e ly , 

a nd t he f r e e  angle  rat io  mus t in the limi t t e nd t o  uni t y .  

As t he t e mpera t ur€ i s  r a i s ed , t h e  u s twa ld 

c oeff i c ient  w i l l  a pproach un i t y , w hic h w i l l  b e  reached 

at  the  c r i t i ca l  t e m pe rature of t he s o lven t : a t  t hi s  

po int  the c on c en t rat ion of  gas i n  t he l i quid  and gas e ous  

phas e s  w i l l  b e  the s ame • 
. , . k l  

1 1 1 t . 1 t . . j 1n  · e r  pr o pos ed an e qua 1on  re  a 1ng  v 1 s -

cos i t y  t o  so lub i l i t y : 

f3 1 - f3 2 T) 1 - T)2 ::::: 
f31 T) 1 

� he s ub s c r i p t s  r e f e r  t o  t e m perat ures  1 and 2 . 

From  t h i s  he pred i c t ed t he exi s t enc e of m i n i ma in  t he 

s o lub 1 li t y  c e m bJeratur e  p lo t s  s in c e : 

� i t h inc r e a s ing t e m perature  the  increas i n g  vo lume of the 

_ s o lven t  ·11 i l l caus e  an inc re as e in  f3 whi le the d ec reas ing  

vi s co s i t y  w i l l  caus e a d e c reas e in f3 .  
I n  the  pres ent  work  a min i mum in  t he t e m pe ra t ure 

c o eff ic i e n t  wou ld b e  e x pe c t ed  to oc c ur f or e a c h  gas a t  

s ome d e f in i t e  me t han o l  c onc e n t r at i on s in c e  i n  p ur e  wat e r  

- fl EA ) fl Ee ( n e gat i ve t e m p e ra t ur e  c oeff i c i en t ) whi le 

in me t han o l t he re ver s e  i s  t ru e . Thus , at s ome i n t e r -
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med iat e po i n t i t  i s  logi c a l  f rom  the E le y  viewpo int 

t o  e x p e c t  t ha t  6 Ec ::: - 6 EA . '.J.' ha t t hi s  d oes  oc cur 

may b e  s hown by examin i n g  the s o lub i li t y  d a ta in 

� ab l e s  XVI - �IX where  it i s s een  t ha t , when  lar ger gas 

mo lec u les  � r e  d is s o lved , t he minima occur at hi gher 

me t ha n o l c on c e n t r a t i on s . 
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( d )  EN':l'ROPY 01? SOLUt iON ---

The t ran sf er of a m o le c u le f ro m  the gas pha s e  

t o  a s o lut ion i s  c om p le t e ly chara c t er i s ed f ro m  a t hermo -

d yn a m ic poin t of view b y  t he c han ge in  any  two of t he 

thr e e  par t i a l  mo la l quan t i t i e s  heat  cont e n t  ( H ) , f r e e 

ene rgy ( G) and en t ro py ( S )  9 the s e  c han g e s  b e ing  re lat e d  

b y  the  equa t ion 

6 G ::: 6H - 'l' 6 8 . 

I f  � e  c ons i d e r  a s er i es of  s ys t ems  in which 

the f or c e s  ac t i n g  ar e qua li t a t i ve ly s i m i lar , it  m i ght b e  

pos s i b le  t o  d e r i ve s o me f ur t her re lat ion  b e tween � G ,  

6 H  and 68 wh ich w� u ld b e  va l id f o r  any  s y s t e m  in this  

ser i e s  and  wou ld thus  mak e  a know led ge of  one  of  t he s e  

quan t i t i e s  s ui f i c i e n t  t o  d e t e rmine t he o ther  two . S uch 

re la t i ons mi ght o e  o f  two kind s , name ly : 

( a ) rl re lat i on va l id f o r  a given s o lute  in  a s e r i e s  

of d i ff e re n t  s o lven t s . 

( b ) A re lat i on va l i d  for  a s e r i es of d ifferent  

so lut es  in  t he s a me s o lv e n t . 

E vans and Po lan y i 1 1 2 s u gge s t ed t hat  s uch  

re la t ions  m i ght e x i s t and  e xa mined the a va i lab l e  e x pe r i -

men t a l d at a  for t he s o lub i li t y  of s o l i d s  in liqui d s . 

c a me t o  the c on c lus i on that  a r e la t i on of  t y pe ( a ) is  

va lid : 

i .  E • '1' /::. S = a. b. H  + 13 

'I' hey  



1 39 

wher e  a and r3 a r e  i n d e pend e n t  of t h e  s o lvent . On t he 

o t he r  hand the corres pond i ng re lat i on f o r  a s e ri e s  of 

d if f e rent s o l u t e s in the  s a me s o lve n t  was f ound t o  b e  

of  very l i mi t e d va li d i t y . A l l  the s o lu t e s  c ons i d ered  

by  E van s and . P o lany i were  e i t h e r  s o l i d  or l iquid so  that 

i t  s h o u ld oe of i n t e r e s t  to ana l y s e  t he d a t a  f or gase s .  

T hi s  was d on e  b y  B e l l 1 1 3 who , f rom t he d a t a  of Hor i ut i
8 6 

and Lannun g79 , f ound t hat  a l in e a r  r e l a t i on e x i s t ed 

b e tween  T 6. S an d 6.H  for a numb e r  of gas e s  i n  a gi ve n  

s o l ve n t  wn ich  o ot h  i n  range and i n  a c c urac y b e tween  t he 

o b s e rved and c a lc u la t ed va lue s  was  c o mparab le t o t ha t  

f o und b y  E v a n s  a nd Po lany i .  When t his  t y pe of p lo t t in g  

i s  us ed 9 d e vi a t i on s o f  u p  t o  3 e u  f ro m  t he s t ra i gh t  

l i n e  a r e  f o u n d . I f , how ever , 6.H  i s  re p la c e d  b y  6.G  

much b e t t e r  p lo t t ing  is  o b t a in ed a s  shown b y  Gra ph XIX . 

� hi s  t y p e o f  r e la t i o n s hi p i s  no t un e x pec t ed whe n i t  i s  

rememb ered  t hat : 

6. 8 s o lv . = R ln ( Frank and Evan s ) 

o r  mo re c o r r e c t ly , 

6. 8  :::: R ln 

f or t:. he r e mo va l of nB mo le s of s o lut e f rom d i lut e 

s o lut ion . 

-�.f'I' ln y :::: -R'l' ln 
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� r o m  t h i s  we s e e  t ha t  f o r  a n um b e r  of ga s e s  i n  any 

l i q u i d , or f o r  o n e  gas in a s e r i e s o f  l i qui d s ,  a s t r a i gh t  

l i n e  w i l l  b e  ob t a i n e d  wh o s e s lo p e i s  p r o p o r t i on a l  t o  t he 

f r e e  vo lume of t h e  g a s , o r  t o  t he f r e e  v o lume of t he 

l i qu i d . 

A s t r o n g  d e c r e a s e  i n  - 6 8  s o l v. w i t h  i n c r e a s e  

of t e m p e r a t ur e , f o r  t he i n e r t  ga s e s  i n  wa t e r an d i n  

2 0  Mo l e % me t ha n o l  i s  a t t ri b ut ab le ac c o r d i n g  t o  E l e y  t o  

a s t r o n g i n c r e a s e  o f  

f r o m  a n  i n c r e R s e in 

6 8  w i t h  t e m p e ra t u re , ma i n l y  a r i s i n g  c . 

a ,  t h e  t h e r ma l ex pan s i on c de f f i c i e n t .  

T h e  o th e r  f a c t o r  w h i c h  m i gh t  v a r y  s i gn i f i c � n t l y w i th 

t e m pe r s t ur e i s  t h e  f r e e  vo lume o f  t h e  g a s  mo le c u le in t he 
3/2 s o lv e n t , V G . R o � e ve r , f o r v0 = c� w e  s ho u ld on ly 

e x pe c t an ::� l t e r a. t i on i n  6 s5 0 1v . of G · 9 eu o v e r  0 t o  l 0 l °C .  

f r o m  t h i s  s o ur c e . I n  2 0  M o le % m e t han o l a l a r g e  t e m p -

e r a t ur e  c o e f f i c i e n t  i s  n o t  u n e x pe c t ed , a s  h e r e · w e  ha ve 

a v e r y  c lo s e  pz c ked s o lve n t  at lo w e r  t emperatur e s  whi ch 

r a p id ly c h a n g e s  i t s  char 2 c t e r i s t i c s  a s  t h e  t e m p e ra t u r e  i s  

r a i s 6 d . 

A l a r ge p s r t  of t he d i f f e r e n c e  b e t w e e n e n t r o p i e s  

o f  s o lu t i o n  o f  a g a s  i n  a n  o r ga n i c  s o l ve n t  an d i n  w a t e r  

i s  t o  b e  a t t r i b u t e d t o  t h e  r e l a t i ve ly large i n c r e a �e i n  

t he e n t ro p y o f  t he o r gG n i c s o lv e n t  a s s o c i a t e d w i t h  t he 

f o r m a t i o n  o f  a c a vi t y  i n  i t , i n  which t o  put t he g a s  

mo l e c u le .  T ha t  o t he r  f a c t o rs , s uc h  a s  t he r e s t r i c t io n  o f  
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the s o lvent  in  t he f ie ld of t he gas mo lec u le are i mport an t is 

s hown by t he f ac t  t hat var i a t i ons in  � R m m:a wi l l  b y  

no  means a c c oun t for  the  var iat ions  in  the ob s erved � S s o lv . 

f h es e  r e s t r i c t i ons , in  ord er t o  give  the  ob s e rved var i -

a t i on s  i n  � S 8 0 1v mus t inc reas e r a t he r  more r a p id ly w i t h  

increas e o f  s i z e  o f  t he gas mo le c u l e  t han the corres pond ing  

increase  i n  � Se .  Po lyat omic  gas e s  wi l l  b e  expec ted  t o  

re s tr i c t t he s o lve nt mo lecu les  t o  the s ame ext ent  as  inert  

gas e s  of s i mi lar s i z e  and  p 6 la r i s ab i li t y .  How e ver , po ly -

atomi c ga s e s  a r e  f re qu en t ly more r e s t r i c t ed themse lves 

t han the c o r r e s p o n d i n g  i n e r t  gas . 

I f  the e n t r o p y  of va por i s at ion of a so lut e gas 

from wat e r  is gre a t e r  than from an organ i c  s o lven t , i t s  

entro py i n  the a q u e o u s s o lu t i on mus t b e  ab norma lly  low . 

fhe part i a l  e n t r o p y  of a s ub s t an c e  in s o lut ion ( the  change 

of  e n t r o p y  p e r  m o l c au s ed b y  ad d in g  s ome  of  t he s o lu t e  t o  

the s o lut i o n )  inc lud e s  n o t  on ly the  e n t r o p y  o f  •the s o lu � e  

mo lec u le s ) b u t  a ls o  an y change s  o f  e n t r o p y  which t he s o lut e 

mo le c u le s  b r in F ab out in  their  ac t i on on t he s o lven t .  

� hus the par t i a l e n t ro py of a s o lu t e  i n  water  may b e  

ab norma l ly low i f  the  pre sence  o f  a s o lu t e  mo lec u le 

d imin ishes  t he e nt r o py of  the  s o lvent  mo le cu les  ab out i t . 

I t  mi ght d o  t hi s  me r e l y  b y  the f o rmat i on of  t he c a v i t y , 

which b y  r e G uc i n �  t h e  n umb e r  of way s i n  which  t hey  c an 
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un i t e  w i t h  e �ch other , r e s t r i c t s  the numb e r  of c on f i g

urRt i o n s  o pe n t o  wat e r  mo l e cu le s , o r  b y  red uc in g t he i r  

ab i l i t y  t o  r o t 8 t e . E i t he r  of t h e s e  w o u ld r e d uc e  t he 

pr od u c t o3Vf nnd s o inc re a s e  t he e n t r o py of v� po r i s n t i on . 

The nb n o rm8 l d r o p  in e n t r o p y , ho w e ve r , d i m i n i s h e s  

r a p id ly a s  t he t e m pe ra t u r e  r i s e s . Fra n k  and Eva n s  g i v e  

t he f o l lowin g e x p lan 2 t i on f or t hi s . � h e y  s ugg e s t  t ha t 

w h e n  n rare  g a s  n t om or n o n - p o l8r mo le c u le d is s o lv e s  i n  

w a t er � t  room  t e m pe r a t ure i t  mod if i e s � he wa t e r  s t r uc t u r e  

i n  t h e  d i r e c t i o n  o f  gr e a t e r  c r y s t a l l i n i t y , i . e .  t h e  wa t e r  

b ui ld s 8 mi c ros c o p i c  i c eb e r g  a r o un d  i t . 'l' he e x t e n t  o f  

t h i s  i c e o e r p  is gr e a t e r  t he larger t he f or e i gn o. t om .  

'i' hi s ' " f re e :.::. i n [ 11 of  w r� t c;; r p r o d u c e d  b y  the r Rre ga s a t o m 

c Au s e s  he a t  2 n d  en t r o p y t o  b e  lo s t , b e y ond whq t w o u ld 

n o rma l ly h�ve b e en e x pe c t ed .  t he he a t ad d s  on t o the 

he a t  · of  s o l ut i on o f  t h e gas , p r od uc i n g  t he c on s i d e r�b l e  

po s i t i ve 6 Hva p • The lo s s  o f  en t r o p y  c q us e s  the e n t r o p y  

o f  va p o ri s a t i on t o  b e  s o  r e mar kab ly la r ge .  A s  the 

t e m p e r a t ur e  is r C� i s e d  the 1 1 i c eb e rgs 11 m e l t  gi vin g r i s e  t o  

t he e n o r m J u s  p.:: rt i a l  mo l a r  he :=:.. t  c a pa c i t y of the s e  ga s e s  

i n  w a t e r , w h i c h  may e xc e e d  6 0  c a l .  d e g -
1 mo l .  -1 T he 

ma gn i t ud e of t h is eff e c t n a tura l ly d e p en d s  on the s i z e o f  t he 

i c eb e rg o r i ginn l ly p r e s e n t , s o  i t  i s  gr e a t e s t  f or r a d o n , 

an d a t  t he h i g h e r  t e m p e r a t ur e s  the o r d 6 r  of 6 8 f o r- t he 

rare gas e s  has 3 c t ua l ly r e ve rs ed i t s e lf ,  6 8  of va po r i s a t i o n  
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of rnd o n  b e i n g  s m s l le r  than that of he l i um .  

T h i s pr e su m ab ly me a n s  t ha t  her e the ex pan s ion 

o f  t h e s y s t e m  b y  int rus i o n  of a r ad o n  at o m  loo s e n s  the 

w a t e r  c o ns i d e r cb ly mare t han w i t h  h e l i um and t he r e su lt in g 

ga in in ent r o p y s how s  u p  i n  t he low e r  en t r o py of vn p o r -

i s a t i o n . S u c h  a t e nd ency  sho u ld a ls o  e x i s t  i n  c o ld 

w a t e r  whe r e � howe ve r � it  i s  o ve r sh a d o w e d  b y  t he i c eb er g  

e f f e c t .  

� he es s um p t i o n  t hn t  t he r a r e  gas e s  f o r m  i c eb e r gs 

whe n t he y d i s s o lve i n  wat e r  at low t e m pe r a t ur e s  r e c e i v e s  

s o m e  s u p p o r t  f r om the exi s t e nc e of c ry s t a l l i n e  hyd r a t e s  

o f  t h e s e  s ub s t : �nc e s . � h e r e  i s  ob v i o u s ly n o  ge n e r a l 

c o r r e la t i on b � t we e n  s o lut e s pe c i e s  and s o li d  phas e s  but  

i n  the c a s e  of t he r nr e  ges e s  w o r k  by d e  F o rc rand 1 1 4  on  

t h e i r  S ) li d  h y d r a t e s  i nd i c a t e s  t hu t  a t  any ra t e  the 

ge o me t r ic r e l� t i on s  b � t� e e n t he n �n -po lar s o lu t e  and t h e  

w a t e r  m o l e cu l e s  d o  no t pr e c lud e t he e xi s t en c e  o f  c om p le xe s . 

A po s s ib le c aus e of i c eb e r g  f or m at ion w a s  

s u gge s t e d b y  F ran k and E vn n s  a s  b e i n g  d ue t o  a m i c ro sc o p i c  

o p e ra t i on o f  t h e  Le  Chat e l i e r  p r in c i p le .  Any s a lu t e  

mo lec u le J c c u p i e s  a s pac e t h � t  i s  large c o m pa red w i th 

what w o u ld b �  r e qui r e d  i f  i t  w e r e  n o t  t he r e , and  t he re f o r e  

e v en he l i u m  c & u s e s  the wat er t o  e x pand s o mewha t . Co ld 

w a t er a s  w e  s nw is un ique i n  t ha t  t here e x i s t s  i n  i t  a 

mob i le e qui l i b r i um b e t w e e n  d if f e ren t s tr u c t u r e s  in whi ch 

t h e r e  are pr Jb 8b ly s e vera l s tr uc t u r e s  re p r e s en t e d  b y  
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mod erat e ly lar g e  populeti ons . O n e  of t he s e  s t ruc t ur e s  

mus t b e  m J r e  o p en t han an y o th e r an d  i t s e e ms re a s onab le 

t o  i ma gi n e  t hE t a t t he ed ge of a pa t c h  o f  t hi s  ma t e ri a l  

t h e r e  i s  2 r. r E.. ft t e r p r o p·.Jr t io n  Jf 1 1 c-. va i lab le 11 s pac e  t han 

e ls e whe r e . 'i e m i gh t  t he r e f o r e  e x p e c t u fo r e i gn m o lecu le 

t o  f ind i t s  � ny t o  s uc h  en e d ge loc a t ion and t o  s t ab i lise  

i t  t �  such e f f e c t  as t o  i n c re a s e  t he p J p u lat i on o f  t he 

i c eb e r g ma t e r i a l . 
C o n s i d e r i n g  the e n t r o py o f  so l u t i o n  of he l i um , 

n e on , and a r go n , w e  f i nd t h � t  us t he s i z e  of t he gas 

mo le c u le i nc r e R s e s 9 t h e  r e g i o n  o f  m a x i mum t e mpera ture 

d e pe nd e nc e  of e n t r o p y move s t oward s higher  me than o l  

c an c en t r 11 t i 0n . 

M o le % 
� ll S  

Gas Me OH for max . If 
H e  1 9  

Ne 25 

A .30 

Thi s i s d o ub t le s s  d u e  t o  t h e f ao t  t ha t  large r gaa mo lec u le s  

aff e c t the s o lv e n t  s t r uc t ur e t o  a gre a t e r  e x t e n t  t han d o  

s ma l l e r  )n c: s . T he e n t r J py of t he sma l l  mo lecule he liu m, 

in 20 Mo le % me t han J l  a t  1 0° ,  1 5° a nd 20°C .  i s  s e en t o  b e  

e ve n  l o w e r  t ha n  i n  w a te r an d thi s  c o u ld b e  d ue t o  t h e  

la r ge a m o un t of r e s t r i c t i o n p laced  o n  i t  b y  t h� o lo s e  
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pac ke d  s J lven t s t r uc t ur e  a t  t h is c Jm po s i t i � n , i f  th e 

gas m� le c u l c s  w e re s uff ic i e n t ly s mu l l  t o  f i t  int � t he 

i n t e r s t i c e a  �f t he s J lven t s truc t ur e . This  s t ruc t ur e  

w i l l  b r c � k  d 0wn � s  t he t e m p e r2 t ur e  i s  ra i s ed , s o  tha t  i t  

is n � t s u r pr i s i n g  t J  f ind t he "n :Jrmn l "  t y p e J f  p l J t at 

h i ghe r t e m pe r 0 t ur e s . 
At h i gh6 r  t e mper nt ur e s  a m i n i mum e x i s t s  f o r  

e2ch � R s , t h e  s i z e  � f  which  d � creas e s w i th t he gas s i ze .  

e . g . at  4 0 -b . w e  hqve , 

G n s  Ho l e  I Me OH f o r m i n i mum . D e pt h J f  m i n i mum ( eu )  ;o 
._ .. ____ _ 

He 2 0  2 · 0  

Ne 28  1 · 8  

A 4 0 0 •5 

�he s e  f i gures  u r e  a l l f �r e n t r o pi e s  cn lc u la t e d  on the 

b a s is � f  E lc y ' s  s t an d a rd s t a t e . S t r i c t ly ,  w hen c o m par i n g  

e n t r o p i e s  i n  d i ff er e n t  s � lve n t s  we  shJu ld us e F r q n k  and 

E vans  s t 2n d  s t a t e wh ich  t � ke s ac c Junt  of t he var y i n g 

mo la l  vo l u m e  o f  t he s J lvent . When thi s i s  d on e  t he s i ze  

o f  t h e  m i n i mu m  i s  gr E:: u t  ly r ed uc e d b ut :i::t.s pos i t ion  r emn ins  

pr8ct i ca l ly u n 8 l t e r e d  exc e p t  in  t h e  c as e  of  a rgo n where 

i t  d i s a p p e :::: r s . 

Gas Iv'D l e  d Me OH f ·J I' m i n i mum De p t h  J f  min i mum ( e . u) ,'0 - ----
H e 20 1 .  0 

N e  2 8  0 · 8 
A 0 



Th8 oc c urrence  of t h e s e m in ima mean s  that  here  

we have t h e  maxi mum a mount of  f r e e d o m  of t he d is s o lved 

g a s  m o le cu le . T h e y  a r e  t o  s o me e x t e n t  unexpe c t ed , b ut 

i t  is  n o t eworthy t ha t  f or increas i n g  s iz e  of gas mo le cu le s  

m o r e  me t han o l  i s  required  t a  prod uc e t h e  minima which  

0ocur on ly n t  t he hi ghe r t e mperatures . 'l'he t e mperature 

of occurren c e  d e c re a s e s  ns  �he s i z e  of the gas mo lecu le 

i s  increased . T hu s  f or he l i um t he on ly minimum oc c ur s  

at 4 0 °C .  , f or n e on and f o r  ar g·'Jn there  i s  Jn e at 4 0  Jc . 

and a les s we l l  d ef i n ed one  a t  35J C . , while  f or hyd r b ge n  

w e l l d ef i n e d  min imn a r e  s hown a t  10 ° , 15 ° and 20 00 .  'l'his 

w : u ld i n d i c a t e  t h� t  a larger gas m J lecu le such  as  n e on 

c a use s  a s uff ic i en t  b re akd o wn of  the  s o lve n t  s tr uc t ur e  

even a t  3 5 °C .  t ha t  i t s  free d Jm of  move men t  i s  c Jn s i d erab ly 

enh an c e d . B y  t h e s e  re mnrks w e  t �c it ly i mp ly t ha t  the 

t e mper :.t.ture c �;e f f i c i en t  Jf 63Vt i s  grent e s t  a t  the p o in t  

o f  J ccurrenc e Jf t he m i n i mn s o  t ha t  f o r  m i xed s o lven t s  

in  t h e  pre s e n c e of  l G r g e  gns m o l e cu le s  63Vf mus t r e f e r  t o  

t he f r e e V J lume of the  s J lvent mod i f i ed b y  the pre s e n c e  

o f  t h e  gas m � l e c u le s . 

Me nsuremen t s  on kry pt on 9nd x en an shou ld s how 

t he e xis t ence  ;f min imn at me t hAn o l  c onc en tr a t i on s  ab ove 

40 Mo le % and �t t e m pe r 2 t u r e s  d own t o  1 0° and 1 5°C .  

T he r e s u l t s  Jb t 3 i n e d  f o r hyd r o p e n  d o  n o t  f i t  

i n t o  t h i s  gen e r � l  s cheme  b u t  t h i s  may b e  exp la ined  o n  t he 
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b as i s o f  i t s  d i atomi c na t ur e . I f  i t s  d i s rupt ing  effec t 

i s  gr e a t e r  t hnn �ou ld  b e  e x pe c t e d f r o m  i ts s i ze a s  given 

b y  e le c t r on d i f frac t ion  � a r k , t he sha pe  of t he curve s 

ob t ai n e d  e s s e n 1 i a l ly f i t  t he ab o ve s che me. He re t h e  

m i n i ma are  occ urr i n g  at  ab out  8 �  - 9 0  mo l % me than o l  a t  

1 0 ° 9 1 5 °  a nd 2 0 °C . w h i le at  h i gher  t e mperatu r e s  they 

have d i s a p 9 e a r e d co m p le t e l y .  � hus genera l i z ing  f o r  a l l  

t he gas es  s t ud i ed we  may s ay : -

( a )  Min i ma i n  the e n t r o 9 y -a l c o h o l c onc ent r a t i on p lo t s  

occur f o r  a l l  gas e s  i f  s t ud ie d  o ve r  a wid e  enough 

temperat ure ran ge . 

( b )  � he pos i t ion o f  the mi n i mum moves  t owar d s  the 

a lc oh o l  r i c h  s o lut i o ns as t he s iz e  of the gas mo l ecu le i s  

i n c r e as ed . 

( c )  �he  � o s i t i o n  of t he m i n i mum moves  t o� ard s t he a lcoho l 

rich  s o l u t i o n b  for  any one  gas a s  the t e mp e r a tur e i s  

low e r e d . 



( e ) HEAT AND :B1REE ENERGY OF SOLU'l' I JN . 

'r he  large d i f f e r en c e  b e t w e e n  t:\ H  s o lv. for wat e r  

and f o r  me thano l whi c h  i s  of t h e  o r d e r  of 2 Koa l mo le -1 

may b e  a t t r ib ut ed t o  the d i f f e r e n c e  i n  t he e n e r gy of 

c av i t y  f ormat i o n , s in c e  AE 0 = - RT , and a g i ven 

gas h a s  muc h the s a m e  va lue of A E A in a l l s o lve n t s  

i n c lud in g w a t e r . Ca lc u lat e d  va lue s o f  oAHc are o f  t he 

ord e r  2 - 3 Kc a l  mo l e -1 i . e . a p pr ox i mat e ly t he s ame a s  

T he f a c t  tha t A EA i s  ab o u t  t he same i n  wa t e r  

a s  i n  or gan i c  s o l ve a t s  i s  d ue t o  t h e  fa c t  t ha t  t h e  

po lar i s at i on en e r gy a r i s ing f r om a wa t er d i po le i s  

n e  g l i  gib le . 

S ome in t e re s t in g  fac t s  ab o u t  t he s t ruc t ure of 

t he wa t e r-me t han o l  s o lve n t  may b e  d ed u c e d  f r o m  t he A H s o lv . 

r e s u l t s  more e s p e c i a l ly f o r  he l i u m  which has t h e  leas t 

d i s t urb i n g  e f f e c t . 

we  f i n d  m i n i ma w h i c h  o c c ur at p r o gr e s s i v e ly lower m e t han o l 

c on c e n t r a t i o ns a s  t he t e m p er a t ur e  i s  r a i s ed . T he s e  

i nd i c a te c lo s e  p a c k i n g  o f  t he s o lve n t  an d may b e  c or r e la t e d  

w i t h  t he e n t r o py va l u e s  whi c h  i nd i c a t ed a large amount o f  

r e s t r i c t io n  on t he g a s  rno l e c u te s  a t  t he s e  com po s i t i ons . 

Ma x i ma a r e  f ound t o  o c c ur f o r  a l l  ga s e s , b ut a t  

pr o gre s s i ve ly low e r  t e mpe r a t ur e s  as t he s i ze o f  t h e  gas 

m o l9 c u le i nc r e a s e s .  
' � hi s  a ls o  c a us e s  the maxima t o  move 
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into  the re eion  of greater  methanol c onc ent rat ion . A l l  

the s e c hanr- e s  may b e  corre la t ed with  t he co rres pond in g 

e n t r o py c han �es w h i c h  w e r e  d is cu s s e d  i n  the previ ous 

s ec t i on . 
t he va lue s of t he free  en e r gy of so lut ion which 

for E le y ' s s t an d a rd s t a t e s  ure d e penden t on ly on t he 

s o lub i l i t y  o f  t he gas show t h e  e x p e c t e d  c hara c t e r is t ic s . 
Max ima are f o und for he lium and neon a t  d ec re a s ing m e t han o l  

conc e nt r a t i o n  a s  the t e m pe r a t ur e  i s  r a is ed b u t  a t  a higher 

me thanol  c on c e n t r at ion f or he lium t han n eo n . H e re 

again the  maxima are ma in ly d ue to the ty pe of s t and ard 

s t ate s  us e d . I f  we  c o nve r t  the va lue s  of 6G 1 to  s o  v .  

Fran k and Evans ' b a s i s , i . e .  p e r  mo le of s o lven t  r a t her 

t han per c . c . , the s e  maxima vani sh c o m p l e t e ly and we  are 

l e f t  w i th a s mo o t h  c ur ve o ve r  t he wh o le ra n ge whi ch , 
how e ver , d oe s s how a d e f in i t e  change of s lo pe f rom 30 % 
me than o l  d own to  pure wat e r . 
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RA'l'E OF SuLUT I ON OP GASES IN LIQUIDS 

INTRODUCTION 

T he r 8 t e  n t  whi ch a gas  d i s s o lves in a l i qu i d  

i s  d e p e nd e n t  o n  t he s i z e o f  t he g a s  m o le c u le and t he free 

vo lume o f  the l i q u i d . T he re f or e , rat e measure m e n t s  on 

a g n s  i n  a s e r i e s  of s o lven t s  s ho u ld give a m e t hod of 

d e t e r m in i ng the t)rod uc t �Vf . 

T h e  e a r l i e s t  wo r k  on ra t e s in he t e ro g e n e ous 

s y s t e ms was done b y  No y e s  and W hi t n e y
1 1 5 who p r o p o s e d  a 

t�o s t e p p ro c e s s : -

1 .  R a p i d  r e a c t i on a t  in t e rf ac e . 

2 .  S l o� d i f f u s i o n from in t e rf a c e  

f o r  t he re a c t i on n t  s o l i d - li qu i d  i n t e rf ac e s . 

f h i s w a s  ge n e ra l i s e d  t o  a l l he t erogeneous s ys t e ms 

b y  H e rn s t
1 1 6

• nd e n e y  and B e a ke r  1 1 7 , 1 1 8 '  1 1 9  s t ud i ed  

t he r a t e of s o lut i o n  o f  a i r ,  o xy ge n , an d n i t r o ge n  f r o m  

b ub b l e s  o f  kn own m8 gn i t ud e i nt o  w a t e r  and ob t a i n ed an 

e m p i r i c a l e q ua t i on : 

dW 
d t  

== SA p 8 - f - w V 
A is  t h e  i n i t i a l r a t e o f  s o l u t i on p e r  un it  a r e a . 

f t h e  c o e ff i c i e n t of e s c n pe fr om t h e  l i q u i d  p e r  un i t  

vo lume and un i t  a r e � . 

8 t h e  a r e a o f  b ound a ry s urfac e .  
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V t h e  l iquid vo lume . 

p t he gas pr e s s ur e . 

W t he w e i ght of gas d i s s o lved . 

D on nan and Mas s o n 1 2 0 mod i f i e d  Ad e n e y  and B ea ke r ' s 

e quat i on and p r o po s e d : 

dW 
d t  

o g c o n c en t r a t i o n  of ab s orb ab l e  ga s i n  va p our phas e .  

c 1  c o n c en t r a t ion o f  ab s orb ab le gas i n  l i quid phas e .  

k H e n r y ' s  Law c o eff i c i en t . 

k 2  a c ons t an t .  

T h i s  i s  s i m i la r  t o  the e q ua t i o n  o f  Lewi s , 

W h i t man and Ke a t s 1 2 1 

d\11 
d t  

:: 

P g and p 1 are t he par t i a l  p r e s s ur es of t h e  ab s orb ab le 

c o m po n e n t  i n  the gas and l i qu i d  pha s e s  r e s p e c t i ve ly . I n  

d er i v i ng thi s e qua t i on s t at i on ar y  gas and l i quid f i lms a t  

the b o und a r y  w e re p o s t u la t ed . Dav i s  an d C rand a l l  1 2 4 

a s s umed t hat t he u p p e r  s u rfa c e  of t he l i qu i d  f i lm i s  

a l mos t i n s t an t a n e ous ly  s a t ur a t ed  w i t h  t he g a s  and i n t e r 

p r e t ed t he i r work on t he r a t e  o f  s o lu t i o n  o f  oxygen in t o  

wat e r  b y  t he e q uat io n : 



C d s a t ura t i on c o n c e n t r a t i o n  o f  d i s s o lved gas . 

c 1  c o nc e n t r a t i o n  of gas i n  the l iquid pha s e . 

k 1 c on s t ant . 

n n umb e r  of m o l e s  of ga s in t he l iquid p has e .  

S ar e a  o f  b o un d ary of s urf a c e .  

1 5 2 

f h i s  t he o r y  of Dav i s  and C r and a l l  i s  s im i lar 

to that  of Nern s t 9 a nd No y e s  and W h i t n e y , a l l b e i n g  

b a s e d  o n  t w o  as s um p t i on s : -

( ! ) Ex i s t e nc e  of a s t a t i on a r y  f i lm o f  l i qu id or 

s t a t i on a r y  f i lms o f  l i qu i d  and gas . 

( i i ) I n s t a n t an G ou s  s at ur a t i o n  of t he u p p e r  l a y e r  of 

t h e  s t a t i o nary f i lm w i t h  t he gas . 

M i y a mo t o 1 2 2 n e g le c t s  t h e s e  a s s u m p t i ons w hic h 

w i l l  ob v i o u s l y  no t ho ld whe n t h e  m a i n  b od y  of th e l iqui d  

i s  ke pt  we l l  s t i r r e d . H e  s e pa r a t e s  t he p r o c e s s  of 

s o lut i on i n t o  t wo s t e ps : -

( i ) Pen e t r a t i o n  of gas mo l e c u le s  i n t o the li quid 

phas e .  
( i i )  E s cG p e  of g a s  m o l e c u l e s  f rom t h e  l i qu id phas e , 

Rnd ob t a i n s  f ro m  ge n s r a l ki n e t i c  t h e o r y  the e qua t i on 

dn  
d t  

. 2 
1V1u0  
2Fl:- C1 N .JR'T 

1 0 00 2 7C M 
e 

C1 c on c e n t r a t i Qn of gas i n  t he l i qu i d  phas e .  

p p a r t i a l  pre s s ur e  of  the ga s . 
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uo t he t hr e s ho ld ve loc i t y  at  r i gh t  an g l e s  t o  the i n t e rfac e 

wh i ch mus t b e  e xc e ed ed b y  t he en t er in g  mo lec u l e s . 
I 

Uo t he t hr e s ho ld ve loc i t y  a t  r i gh t  an g les t o  the  i n t e >:f a c e 

whi ch mus t b e  e x c e e d e d b y  mo le c u le s e s 8 a pi n g  f r 0m  t h s  

s o lut i on . 

Miyamot o u s e s  h i s  equa t i o n  t o  ca lcu lat e va lue s 

o f  llo r a t her t han ra t e s  of s o lut ion . 

A l l  t he ab o ve e qua t i on s  e it her i n vo lve a s s umpt j. ons  

of  a que s t ionab le n a t ure o r  i n vo lve parame t er s  wh�s e  

va lue s cann o t  b e  d e t e rmined  w i t h  an y great  a c cur ac y . 

A more  r i gor ous t re a t m e n t  of r a t e s  of s o lu t i o n  

h a s  b e en mad e b y  S t e arn , I r i s h  a n d  E y r in g1 23 who us e 

Ey r in g ' s t he ory  of ab s o lu t e  r e ac t io n  r9t 9 s . 

T he d if f us i on coeff i c i e n t  D i s  d ef i n c j  b �  t hF 

re la t i onshi p :  

d s  d e  ::: - DA. d t d x  

T h i s  i s  n e ga t i ve as  d iffus i on o ccurs  i n  � he d irec t ion o f  

d e c re a s i n g c on c en t r a t i on . d s  i s  t he qnen t i t y  of s o lut e  

which  c r o s s e s a b o un d a ry o f  c r o s s  s e c t i o n  A i n  t i � e  d � ,  

when t he c on c e n t r a t i o n  grad i en t i s  �� : -L. he d i s t an c e  x 

b e i ng me as ured i n  t h e  d ir e c t i on of C i f fu s i cn . 

equa t i on � 

D = 

S t e arn , I r i sh a nd Ey r i n g  t hen  ob t a i n  an 

? kT 
A. h. ' 

- 1\EV'J 0/ - , n RT 
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whe r e  A is  t he e qui l i b r ium d i s tan c e  b e tw e en mo le cu le s  

i n  t he l i quid . 

T he pro c e s s  of d i ffus ion  i s  ve ry s imi la r  t o  

t ha t  o f  vi s c os i t y  ( wh i ch w as c on s id e r ed e a r l i e r )  e xc e pt 

tha t in  t h� f ormer c a s e  un l i ke mo l e c u les are invo l ved . 

I n  ord er t o  d i ffuse  i n t o  s o lut i on , a m o l e c u le of s o lut e 

and one  of .s o lvent  a r e  r e quired  t o  s li p  pas t each  o t he r . 

S u p po s e  � i s  the d is t an c e  b e tween  t wo succ e s s i ve 

e qu ilib r i um pos i t ions , so  that t hi s  i.s t he d i s t anc e through 

whi ch a mo lecu l e  of s o lut e i s  trans por t e d  in  e a ch j um p .  

The chan ge of t he s t andard  f re e  e n e rgy w it h  d i s t an c e  c a n  

t hen b e  re pres en t ed b y  t he curve : 

D irec t io n  of  D if f us ion  

(j) (j) 
H 

(j..; 

"'-r· 

--.. ··� � 

c c + 

1+-----� � -�� 
D i s t an c e  ( x )  

,/ 
� d e  

d x  

I f  k '  i s  t h e numb er  o f  t i me s p e r  s e cond  tha t a par t ic u lar 

mo l e c u le is engaged in  pass ing  a n e i ghb our in the d i rec t io n  

o f  d i ff us i on t he n  f r o m  ab s o lut e r e a c t ion  rat e t heory w e  

m a y  wr i t e : -

k '  kT ::: h 

k1' ::: h 

F ,.. 
F 

e 

. -
-

Eo; RT 
e 

6G�rtT kT 
_ 6 S "'tR - 6Hi . RT == h e e 
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where F � · and F are  the  par t i t i on f un c t ions  o f  t he reac t in g  

s y s t em i n  t h e  ac t i va t ed and n orm a l  s t at e s  re s pe c t ive ly . 
>ll • ;41 

6 G , 6 H  and 6 8  are r e s pec t i ve ly t he s t and ard free  energy , 

h e a t , and e n t r o p y  inc r e as e s  when t he ac t i va t ed c om p le x  

i s  f ormed from t he re ac t an t s . 

E 0 i s  t he d if f e renc e in energy b etween  t he lowes t s t a t e  

in  the norma l and i n  t he a c t ivat ed  s t a t e s . 

k B o lt zman n cons t an t . h P lan c k  co ns t an t . 
1 2 5 2 I I t  can a ls o  b e  shown t ha t  D ::;; f... k · 

S o  D '\ 2 kT =: 1\. h 
;,11 

F 

F 

_ 
Eo/R'l' 

e 

I f  we as s um e  that the  d e gr ee of f r ee d om c orres 

p ond in g  t o  f low i s  a trans lat iona l on e an d t ha t  the part -

i t i on f un c t i on s  f o r  o ther d e gr e e s  of f r e ed o m are  t he s am e  

f o r  the  i n i t i a l  and a c t ivat ed  s t a t e s  

V f  i s  t he f r e e  vo lume . 

I f  the un i t  proc e s s  in d if f us i on i s  t he pass i n g  of 

two mo lec u l e s  in  t he s e n s e  of a par t ia l  rot a t i on of a 

d oub lA mo l e c u l e2 1 , ext ra s pac e mus t b e  provid e d  t hough 

t h i s  may n o t  nec e s s a r i ly have t o  b e  a ho le  the  f u l l  s i ze 

of  a m o l e c u le . �herefore t he e nergy of ac t ivat ion  for  

.d i ffus ion per  mo l e  may  be  t aken a s  s ome  f ra c t ion of  the 

e n e r gy of vapori s a t ion . 
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= 6Evap /n 
_ AEvap/nR'l' 

D :::: e 

Va lue s o f  t he �arame ter  n ,  whi c h  vari es �rom  2 - 4 c an b e  

ob t a i ned fro m  the  t e m �erat ur e c o ef f i c ient  of  t h e  v is co s i t y  

o f  t he s o lvent . Ewe l l  and E y r in g35  ass umed t hat  t he 

average ac t i va t ion  en e r gy o f  f low f o r a l i qu i d  was given 

b y :  

:::: R d ln TJ I d ( 1 /'I' ) 

and f ound va lues  of ths � a t� 6 Evap / 6Eac t . l i s ted  b e low . 

Liguid  

lia t er  

Ether  

Met hy l A lc oho l 

n 

2 · 4 
4 
3 

Ac e ton e  4 
C arb on t e t rach lo r i d e  3 

C arb on D i su lph i d e 4 

In t h i s  equa t ion  f o r  d iff usion  as i n  his  c orres �ond ing  
•i 

o n e  f or vis c os i t y , Eyring  ass umed t ha t  ?.. == ( V  /N )  3. where 

V is  t he mo la l  vo lume , so  t hat  

D. CY:f� ( }Sf__ ) �- - 6 Eva p /nR'.i' :::: ( N ) Vf 3 ( 2 7C  M )  e 

H e r e , howe ve r , for  t he s ame reas ons as b ef or e , ?.. i s  
( v):S ( Vf ) t . 

probab ly m uch c lo s er t o  ( N ) - b (rr-) s o  t ha t  the  c orrec t ed 

e quat ion  f or D i s  

D == 
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I t  m us t o e  r E memb e red 9 how e ve r , t hat  i n  g en e r a l  d i ffu s i on 

invo lves  m o le c u l e s  o f  t wo t y p e s 1 s o lv e n t  an d s o lut e ;  hen c e  

m e an va lue s of A. 1 Vf and 6 Eva p s ho u l d  b e  e m p lo y e d  • . 
For A. and Vf w e i gh t e d  a r i t hm e t i c m e a n s  of  t he va lue s 

f o r  t he two  pur e c o m ponent s are  ob t a in ed f rom : 

wh i le t h e  m e an va lue of 6E va p w a s  c a l c u l at e d f r om t he 

e qua t i o n  

� h e  mas s M i n  t he e q ua t i o n  f o r  D i s  t h e  red uc ed 

mas s  of t he two c ons t i t ue n t mo le c u le s  tr 8st ed  as a c o mb � � a J  

un i t .  Fo r gas e s  of low s o lub i li t y  such  as hyd ro ge� t he 

e r ror i n t r od uc ed b y  t he u s e  of va lue s o f  1 ... 1 Vf an d 6 E va p . 

for  t�e pure s o lvent w i l l o e  n e g l i g i b le . 

Ewe l l  a nd Ey r in g f ound  n o  s i gn i f i c an t  d if ferenc e in  

t he va lue s o f  t he free  vo lume c a lc u lat e d  f ro m  sound ve loc i � y  

or e n e r gy coeff i c i en t  d a t a e xc e pt i n  t he c as e  of w at e r .  
Vf ( S . V . ) 

For f ive orran i c  l iqui d s  the  rat i o  vfTE.V.c . ) avera ged 

1 • 9 5  and var i e d  f rom 0 · 85 to 1 · 07 Wher� a s  f or wat e r  thi s 

ra t i o  was 2 · 5 · 

� he s e  workers  t e s t ed t he i r  equa t i on f or d if fu s i on on 

a numb e r  of c om pound s .  For t he d i f fus i o n  of t e t r ab r omo -

e t ha n e  i n  t e t ra c h l o r o e thane t he c a lc u la t ed va lue s a r e  a ll 

t w i c e as b i g  as t h e  2 x pe r i ment a l  on e s  wh i l e f o r d i f fu s i on 
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i n t o  wat er ·c he rat io  Dob s . /Dca lc . r an ges  from  4 • 5 t o  1 · 7 · 

Yor t he d iffus i on of gas e s  in t o  w at er t hey  ob tained  the 

fo l l.ow i n g  va lues : 

G a. s  '1' E. m�e rat ure Dob s .  x 1 o5 �a..L!2� 
C ;?H 2  291  1 . 76  · 391 

CJ 2 291  1 • 4 6  • 367 

N 2  291  1 · 6 2  · 396 

H ? 291 3 · 59 1 • 0 4 

� h e i r  e x p lan a t i on f or this  d e viat ion  i s  that in the  

case  of  a l i quid  suc h as  wat er ( i . e .  w i th con s i d erab le 

s truc t ur e )  rot a t ion i n  t he norma l  s t a t e  w i l l  b e  hin d ered  

� o  a gr � a t e r  e x t ent  than in  t he act i vated  s t at e .  Thus 

in canc e l l i n g  out a l l  b ut the trans la t i ona l t e rm in t he 

part i t io n  funct ions c o rr e s pond ing  t o  the t w o  s t at e s  thi s  

fac t or i s  o ver loo ked  re s u lt in g  in t oo l o w  a ca lcu lat ed 

va lue . 

I f � however ? the co rre c t e d  e qua t ion for D is us e d , 

t hd s 6  d a v i �� i on s  2re  reduc e d  t o  a c er t ain  e xt en t . t he 

� s s e n t i a l  d i f f e r e n c e  b e t w e en t he two  is  t he e x i s t e nc e  o f  
2/ 1 ., 

t h e  f rt c -c o r  ( b 2Vf 3_ 2bV3Vf 3 ) in  the c orre c t ed f or m  a nd i t  
.1. 1 2 2.1. is a p o::-tr e n t  t hat if  2bV 3Vf3 )  b Vf '-'t he r e s u lt in g  va lue s 

0 f  D wi l l  b e  le s s  t han thos e c a lc u la t ed f rom t he equa t i on 

of  S t e CJ.rn ? Ir i s h  -"'.nd Eyri n g 9 whi le  if  b 2v/13 ) 2b vivf� the 

va lue e � i l l  b e  gre a t er . � hi s  chan ge in t he va lue of D 



may b �  i l lus t ra t e d  b y  the f o llow i n g  ca lcu la t i ons  f or 

b e n z e n e  and wst er . 

Us ing  a vu lue of 1 0  for  t he fa c t or b w e  have : -

1 ' 
Vf 3V3 

if6 + b2 Vf
26 -

v213 

87 · 7  

• 27 

2 · 9  

6 · 4 

1 9 . 4 

Wat er 

1 8 · 1  

• 4 2 

1 • 9 

24 · 8  

6 · 8  
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From  thi s we  s e e  that  the r at i o  DEy� i n glncorr . for 

b en z e ne i s  3· 0 whi le for wnt er  i t  i s  0 • 23 .  The s e  f a c t O!' ::. 

a r e  a l mo s t  i d e n t i c n l  w i t h  t ho s e  b y  w h i c h  Ey r i n g ' s 

ca lcu lated  v� lues d e viated  from  the  e xpe r iment a l ly 

ob s e r ved  ones . T hi s  is  shown in  T ab le XXI I  where  va lue s 

ca lcu la t ed f r o m Eyr in g ' s and the  c orrec t s d  e quat ion  are  

compared  w it h  t he ob ser ve d  VR lue s . 

TABLE XXll 

S ub s t .:tn c e  DEy r i n g  X 1 o5 D corr . x 1 o5 Dob s . x 
-' r ! O .J 

----- -------- ----- · -

N it r o gen  - wat e r  . 39 6 1 . 7 2  1 . () 2 

Hyd r o gen - w n t e r  1 • 0 4  • 4 . 5 2 3 · 59 

Curb  on D ioxi d e  - wnt e r  • 367 1 .  60 1 • 46 

Phenan threne  - b en z e n e  3 · 34 1 • 1 1 0 • 95 

O c t y  1 :aromid e - b enzene  3 · 29 1 · 1  0 1 • 1 7  

Iodo form - b en ze n e  3 · 0 4  1 • 0 1  1 • 1 2 "  
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T he fQct  that  t he c o r r e c t e d e qua t ion  gives  va lue s 

in  g o od agre e ment  wi th t he ob s e r ve d  one s  d o e s  n o t  in 

i t s e lf prove tha t t he equa t ion i s  c or rec t ,  but  the 

i m proved agr e e me nt s e e ms to ind i c a t e  t hat  t he inc lus ion  

of b and Vf i s  n o t  unreas onab le . t hi s  i s  part i c u lar ly 

s ho wn b J  t he increas e in  t he va lue s f o r  w a t e r  and the 

d ec re as e  f o r or gn n i c so lven t s . 
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'l'EMP:;..:E=: RA='l;..;;' U.=.;RE C_OEJ!'FIC IE:N1_' _OF D IFFUSION 

I n  the o ld er t r e a t ment s o f  d i ff us i on in  l i quid 

s y s t e ms t he e f f e c t  of t em pe ra t ur e  on the d at a  has n o rma lly  

b e 6 n  re pre s e n t ed b y  l inear func t i on s . 'l'h is  d oub t l e s s  

aro s e  f rom t he li mi t e d  m�t er i a l  a va i lab le , meas ure me nt s 

o f  the d iffus ion  c o e ff i c i e n t  oft en b e in g  on ly ava i lab le 

Gt two te m per at ur e s . �he d at a  was t hen re pr e s en t ed b y  

H n  e quat ion  of � he form : -

P r e c i s i on work b y  C ohen �nd B ruins 1 26 how e ve r , s how ed  t ha t  

d i ffus ion  w a s  o n  e xpon en t i a l  f unc t i on of t e m per a t ure . 

A lthough d at a  for  t he t e mper a t ur e  var i a t ion  of 

d i ff us i on c oe ff i c i en t s  i s  meagre  t he re are  gene ra l i s at i ons  

po s s ib le whi ch ar e r e 2d i ly und er s t and ab le from t he 

s t and po int  of d i f fus i on as a ve loc i t y  p roc e s s  d e pend in g 

u p on ho l e  format ion i n  the  l i quid  med ium . Thus Oho lm1 28 

on  t he b as i s  o f  d 8t u  at  two t e m pe r0 t ur e s  w it h  a w i d e  

var i e t y  o f  med ia  p o i n t e d  out t ha t  s ub s t anc e s  s how i n g  d h i gh 

va lue  f or t he d i ffus i on c oeff i c i e n t  a lways s howe d  a s m a l l  

t e m pe r q t ur e  c oe ff i c i en t  and v i c e  v e rs a .  

f h i s  i s  t o  b e  ant i c i pat ed on t he b as i s  of Eyr in g ' s 

t h e or y  s in c e  the more s low ly d if f us i n g  par t ic les r equi re 

l a r ger  ho l�s  thLn t he f �s t e r  s pe c i e s  and t he ac t i vat ion 
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energies  � �  prod uc e lar ge r h o l e s  are  c or r e s pond i n g ly 

rr e at e r . 

R i e c ke 1 27 a t t e mpt ed t o  f or mu lat e a kin e t ic 

t heory  of d if fus ion  in d i lut e s o lut i �n s  and ob t ai n ed an 

e x pr e s s i on f o r  t he d if f us i � n  c o e ff ic ient , 

1 
D c Jns t .  ( 1 /M ) 2l 

where M i s t he m� lec u l0r  we i gh t  nnd l t he mean f r e e  pat h .  
0 Va lue s  f o r  l of t he or d e r  o f  0 • 1  A were  ob t ained  w it h  

t h i s  e quqt i on , b ut J h � lm s h�wed  that  f or mo le c u le s  wi t h  

mo l e c u l a r  we ight s b e t w e en 5 0 and 3 0 0 , t he d iffus i o n  

c � e f f i c i e n� B  VRr i e d  q u i t e  rand o m ly on t he mo lecu lar w e i ght 

b a s i s . l h i s  m3y  b e  c o m pared w i t h  Eyr i n g ' s  c on c e pt which  

s h �ws  t hat i t  i s  t he n ha p e and v o lum e o f. t he d iffus i n g  

mo le c u le rether  t hnr i t s  mas s  w h i c h  d et e rm ines  t he 

d i f f u s i J n v � lo c i t y i n  u g i ven med i um . 
� �r k  b y  B �rrer 1 29 , a nd N ew i t t  and Wea le 1 30 , on 

the r � t e Jf d i f f us i o n  Jf g a s e s  i n t o  h i gh po lyme r s  has 

s h �wn t h2 t  t h e  v . � lues  of  D �b t a ined  are  c o m parab l e  to th Js e 

f 0 r  d i � f u s i o n  J f  g ec c J  in t o  orgnn i c  l iquid s .  'l'h e  va lue s  

f J r  hyd r J ze n  ·w e r e  much gr e .<t t e r , a t  a gi ve n t e m perc ture , 

than t h J s e  f J r n t t r � g e n . 1he  d i f f us i Jn c oe ff i c i en t s  o f  

ga s e s  in  v � r i o u s  liquid n nd s o l i d  s ub s t an c es w e r e  s hown 

b y  B n r r e r  t )  i n c r e � s e e x p Jn e n t ia l ly w i t h  t e mp e ra t ure 

a c c J rd i � �  to the re lat i on :  



D ::=: D 0  e 
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where  :D 0  i s  o. c :::m s tan t end En is t he h e a t  of ac t i vat ion 

:)f d if f us i on . 



S o me a p proxi mat e r a t e  me asure men t s  were  c arr i ed 

out w hi ch s howed that t h e  rat e of s o lut i o n  o f  hyd rogen 

d e c r a a s ed i n  t he fo l lo w i n g  ord er -

E t h e r  -� c arb o n  d i s u l phid e --7 n -hexane  � c arb o n  

t e t r �c h lo r i d e � methy l a lc oho l -� wat e r .  

T h i s  i s  t he ord er t ha t  w o u ld he e x pe c t ed from  va lues  

of  D c a l c u la t e d  from  the  c orrec t ed e qua t i on .  

Fur ther  wor k i s  now  b e i ng c a rr i ed o u t  i n  this  

lab or a t o r y  on rat e measure men t s 9 u s in g  t he a p parat us 

t ha t  has b e e n bui lt  for  e q u i l ib r i u m  mea s ur e m e n t s . T h e  

ob j e c t  of t hi s  work  w i l l  b e 9 n o t  so  much t o  add  to  the  

a lread y lar ge a moun t  of un r e l at ed  d if f us i on dat a e xis t in g  

b u t  t o  g i v e an a l t ernat i v e  me t hod of c a lc u la t i n g  free  

vo lumes . T hus if  t he r a t e  of  s o lu t i on of  any  o n e  gas 

j n  a s o lv e n t  is measured  i t  w i l l  b e  p os s i b le t o  ca lc u la t e  

t he equi l ib r ium s o lub i li t y  of an y o ther gas in the s ame 

i::> O lv e n t . 



SUMMARY . 

1 .  A gas s o lub i li t y  a p paratus has b e en d es i gned  and 

con s t ruc t ed . 

2 .  � he s o lub i li t y  of he l i u m , n e on , argon and hyd rogen 
0 0 in wat e r -methan o l  m i x t u res  o ve r  t he range 1 0  - 4 0 c .  

has  b e en measured and t he d e r i ved t he rmod ynam i c  

pro pert i e s  c a lcu la t ed . 

3 .  An e qua t io n  has b e en  s u gge s t ed whi ch � e la t e s  

s i m p l y  t he s o lub i l i t y  o f  a gas t o  t h e  prod u c t  63Vf 

f or t he s o lve n t . Qui t e  good agr e e m e n t  was found 

f o r  t he large numb e r of  gas e s  and s o lve n t s  t e s t ed . 

4 · A c orr e c t e d  f or m  o f  Eyr i n g ' s  vi s c os i t y  e qua t ion hns 
b e e n s hown t o  r e pr e s e n t  t he e x periment a l  d a t a  mor e  

acc ura t e ly a n d  a ls o  t o  g i ve t he c orre c t  re lat ion shi p 

b e t w e e n  v i s c o s i t y and f r e e  voiume . 

5 .  � he s t ruc t ur e  o f  m e t hano l -w a t e r  mix t ur e s  has b een  

examin e d  and t he s o l ve n t  s hown t o  b e  c lo s e s t packed  

at about  20 Mo le � and ve lue s of  t he f r e e  vo lume 

and f r e e 2n g le ret i o  c a lcu la t ed from  s evera l s e t s  

of  d a t a  l i s t e d . Corres pond ing  va lues  f or e thano l-

wat er m i xture s  were  a ls o  c a lc u la t ed and  c om pared 

w i t h  t he w ork of Mat s uy am .a .  
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6 .  1he correct ion  e mp lo yed  i n  t he v i s c os i t y  e quat i o n  

has b e en  e xt en d e d  t o  t h e  corres pond ing e qua t i on 

for  d i ff us ion end a me thod s ugge s t ed for  t he 

e va luat i on of f r e e  vo lume s . 

7 . An ex p lana t i on has b ee n  offe red  f o r  t he var y i n g  

t e m pe r 8 t ure  c o e f f i c ient  f rom wa t e r  t o  organ ic  s o lven t s  

on t he b as i s of fre e  vo lume . Ca lcu lat ions mad e 

w i t h  the limi t e d  d a t a  s va i lab le s how good agr e e ment  

w i t h  e x per ime n t . 
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