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ABSTRACT 

The extension of Scaled Pas t i c l e  Theory (s.P.T.) t o  t h e  predictions 

of t h e  thermodynamic proper t i es  of dissolved gases was f i r s t  demonstrated 

i n  1963. Over t h e  intervening years  t h i s  theory has been extensively 

used and has always been shown t o  provide excel lent  agreement with 

eqe r imen ta l  data. No modifications of t h e  o r ig ina l  theory have been made 

desp i te  t h e  f a c t  t h a t ,  s ince  i t s  conception, progress i n  &her t heo re t i c a l  

s tud ies  has indicated bas ic  inconsis tencies  i n  i t s  formulation. 

The purpose of t h i s  research was twofold, t o  t e s t  t h e  theory against  

experimentally determined s o l u b i l i t y  da ta  f o r  a range of gases i n  H 0 and 
2 

D 0 solvents,  and t o  incorporate c e r t a i n  improvements i n to  t h e  s t ruc ture  2 

of t h e  theory i t s e l f  and pred ic t  thermodynamic proper t i es  of dissolved 

gases i n  various organic solvents.  

Much data a l ready e x i s t s  f o r  t h e  s o l u b i l i t y  of gases i n  H20. 

Suprisingly enough, t h e  S.P.T. i s  ab le  t o  p red ic t  qu i t e  accurate ly  t h i s  

data .  It i s  known t h a t  H 0 exh ib i t s  p roper t i es  t h a t  a r e  unl ike  those of 
2 

simple organic solvents and t h i s  d i f fe rence  i s  r e f l ec t ed  i n  gas so lub i l i t y  

data.  No adequate theory f o r  t h e  descr ipt ion of t h e  proper t ies  of pure 

H20 e x i s t s  and y e t  it would appear t h a t  t h e  S.P.T., desp i te  i t s  s impl ic i ty ,  

'can pred ic t  t h e  proper t ies  of gases dissolved i n  t h i s  solvent.  D20 i s  a 

solvent matching t h e  complexity of  H 0 and ye t  known t o  show a 5 t o  10% 
2 

difference i n  i t s  gas s o l u b i l i t y  behaviour. No appl icat ion of t h e  S.P.T. t o  

gases dissolved i n  D20 has been made, pr imari ly  due t o  insuf f ic ien t  data.  

Such a comparison was considered a good t e s t  of t h e  S.P.T., so so lub i l i t y  

data  was obtained f o r  a range of gases over a 40 OC temperature range 

i n  t h i s  l a t t e r  solvent.  

The technique developed f o r  these  measurements i s  novel i n  t h a t  it 

ii i 



allows d i r e c t  determination of a gas dissolved i n  a 1 / 2  ec sample of 

D 0 and simultaneous determination of t he  same dissolved gas i n  a 
2 

1/2 cc sample of H20, t h e  l a t t e r  providing an i n t e r n a l  reference.  The 

gas chromatographic method developed compare% d i r e c t l y  t h e  s t r ipped  gas 

from t h e  1 /2  cc  solvent sample t o  a pure gas ca l i b r a t i on  curve obtained 

under i den t i ca l  condit ions,  hence el iminating t h e  need f o r  r e l a t i v e  

measurements by comparison t o  known amounts of 'another'  dissolved gas 

i n  t h e  same solvent.  

The Scaled P a r t i c l e  Theory of gas s o l u b i l i t i e s  i s  r igorously  developed 

incorporating c e r t a i n  f ea tu r e s  only appreciated a s  necessary t o  t h e  theory 

from t h e o r e t i c a l  s tud ies  performed s ince  i t s  o r i g ina l  formulation. From 

t h i s  development t h e  approximations i n t r i n s i c  t o  t h e  o r i g i n a l  theory a r e  

seen and t h e i r  v a l i d i t y  i s  tes ted .  Consideration of t h e  l im i t i ng  (hard 

sphere) condit ions of t h e  theory show t h e  o r ig ina l  development t o  be 

inconsis tent .  It i s  found t h a t  t h e  more r igorous theory cannot p red ic t  

t h e  proper t ies  of gases dissolved i n  H 0 and D 0 solvents and has only 
2 2 

l imi ted success i n  t h e  common organic solvents.  The reason f o r  t he  

predic t ive  success of t h e  o r i g i n a l  Scaled P a r t i c l e  Theory i s  revealed by 

the  subsequent examination of a hard sphere version of t h e  S .P.T. It 

i s  shown t o  be  r a t h e r  f o r tu i t ous .  
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INTRODUCTION 

This t h e s i s  i s  divided in to  two separate sect ions .  The 

ou t l i ne  summarizes t h e  topics  covered i n  each section.  

following 

Section I d e t a i l s  t he  experimental gas chromatographic system which was 

designed f o r  t he  determination of gas s o l u b i l i t i e s  i n  H20 and D20. ' From 

the  so lub i l i t y  values so obtained the  enthalpies associated with t h e  

dissolut ion process were calculated f o r  both H 0 and D20 and compared t o  
2 

other experimental data where available.  The data  f o r  gases dissolved i n  

D20 were used t o  t e s t  t h e  Scaled Pa r t i c l e  Theory (S.P.T.) which had been 

previously shown t o  give goo'd agreement f o r  gases dissolved i n  H20 Further 

examination of t h e  S.P.T. using t ransfer  coef f ic ien ts  revealed t h a t  the  

enthalpy expression was a strong function of t he  solvent experimental thermal 

expansion coef f ic ien t  and represented a ra ther  s impl i s t ic  approach fo r  the  

calculat ion of t h e  enthalpy. 

I n  sect ion I1 the  S.P.T. f o r  gas so lub i l i t y  i s  rigorously developed. 

It was noticed t h a t  i n  t h e  or ig ina l  theory t h e  temperature dependence of 

t he  e f fec t ive  hard sphere diameter of t he  so lu te  and solvent molecules had 

been ignored. Use was made of t he  (extrapolated) proper t ies  of a solute  

molecule of zero po la r i zab i l i t y  t o  determine the  need f o r  inclusion of such 

a temperature dependence. It was unambiguously shown t h a t  t he  dependence 

must be included i n  t he  theory. Rederiving the  theory t o  include the  

temperature dependence, it was shown t h a t  agreement between theory and 

experiment ( fo r  a wide range of solvents) was now very poor and, i n  an attempt 

t o  fur ther  understand t h e  theory, the  theory was now derived i n  a purely 

hard sphere formulation. 

The approximations necessary t o  produce the equations of t he  or ig ina l  

S.P.T. were then examined. This showed t h a t  t he  o r ig ina l ly  observed 



agreement between theory and experiment was purely for tui tous.  Indeed 

it i s  shown tha t  t he  theory can only be applied t o  systems wherein the 

behaviour of the  solute  molecules i s  suf f ic ien t ly  similar t o  t h a t  of a 

hard sphere. 

The theory is  thus shown t o  be a very simple model of a perturbation 

theory i n  which the  reference system i s  t h a t  of a system of hard spheres. 



Section I - Introduction 

The thermodynamic proper t i es  of solutions of gases i n  water d isplay 

anomalies i n  con t r a s t  t o  t h e  proper t ies  observed i n  organic solvents.  

These a r e  revealed i n  t h e  unusually low molar entropies  of so lu t ion  

and l a r g e  negative molar hea t s  of solution.  Corre la t ions  o f  gas 

s o l u b i l i t i e s  have been attempted using such proper t i es  a s  p a r t i a l  vapour 

pressures,  surface  tension and p a r t i a l  molar volumes i n  an attempt t o  

formulate a theory f o r  dissolved gases, but l ack  of r e l i a b l e  s o l u b i l i t y  

data  has hindered these  attempts. 

~ a t t i n o ' l )  has t abu la ted  and c w e d  f i t t e d  s o l u b i l i t y  values fo r  

dissolved gases i n  water t o  obta in  t h e  temperature dependence of t h e  

s o l u b i l i t y  according t o  t h e  equation 

where A, B and C a r e  coe f f i c i en t s  

f o r  se lec t ing  t h e  s o l u b i l i t y  data  

experimental method employed, t he  

and T is  Temperature (OK). The c r i t e r i a  

were based on t he  r e l i a b i l i t y  of t h e  

reproducibi l i ty  of t h e  worker's own 

data  and from comparison with data  from other sources. Consequently data  

fo r  many of t h e  temperature dependent s tudies  cons i s t s  of da ta  obtained by 

( 2  various workers using many d i f f e r en t  techniques . 
This research has developed a gas chromatographic technique which, 

unlike other  techniques, allows an absolute measurement of a dissolved 

gas i n  a solvent.  The use of a gas chromatographic 

technique t o  determine t h e  amount of a gas dissolved i n  a known 



4 
volume o f  s o l v e n t  is  widely r e p o r t e d ( 3 , 4  9 5 )  . With a p p r o p r i a t e  

chromatographic c o n d i t i o n s ,  s m a l l  so lven t  samples can be ana lysed  and 

amounts of d i s so lved  g a s  down t o  moles can be a c c u r a t e l y  

measured. Most workers  have used t h e  so-ca l led  ' s t r i p p i n g '  t echnique  

wherein t h e  chromatograph c a r r i e r  ga s  is bubbled r a p i d l y  through 

t h e  sample under i n v e s t i g a t i o n ,  t h e  g a s  i s  then  d r i e d  o f  s o l v e n t  by 

passage through an  a p p r o p r i a t e  absorbent ,  and f i n a l l y  t h e  amount o f  

s o l u t e  g a s  s t r i p p e d  from s o l u t i o n  i s  measured us ing  a g a s  c h r o 1 1 i a t o ~ r a ~ h ( ~ , 7 ) .  

The s t r i p p i n g  t e c h i q u e  has  caused most workers t o  adop t  a r e l a t i v e  

r a t h e r  than  an  a b s o l u t e  measurement o f  g a s  s o l ~ b i l i t ~ ( ~ , ~ ) .  Thus, t h e  

amount o f  g a s  d i s so lved  i n  a s o l v e n t  is  measured r e l a t i v e  t o  t h e  amount 

o f  ' ano the r1  g a s  d i s s o l v e d  i n  t h e  same s o l v e n t  under  c o n d i t i o n s  wherein 

t h e  s a t u r a t i o n  s o l u b i l i t y  i s  w e l l  e s t a b l i s h e d .  

I n  t h i s  r e s e a r c h  w e  r e p o r t  a  ga s  chromaographic method which 

a l l ows  a  d i s so lved  g a s  sample t o  be measured a g a i n s t  a  c a l i b r a t i o n  

response curve  ob t a ined  us ing  pure g a s  samples,  y e t  a l l owing  t h e  

c a l i b r a t i o n  curve  t o  be ob t a ined  under c o n d i t i o n s  matching those  used 

i n  s t r i p p i n g  t h e  d i s s o l v e d  gas .  



Solubi l i ty  of Gases i n  H20 and D,O 
L 

" ~ e t  us l e w n  t o  dream, gentlemen, then perhaps we s h a l l  

f ind the t ru th .  But l e t  us beware of publishing our 

dreams till they have been tested by t h e  waking understanding ," 

Friedrich August ~ e k u l 6  
Translated by F .R . Japp 
Journal of Chemical Education 

35, 21 (1958) 



D i s t i l l e d  H20 o r  D20 (99.8% Stohler Isotope chemicals) i s  degassed 

by a sublimation technique. Twenty mls of t he  solvent  i s  introduced 

i n to  a degassing c e l l  through a Rotaflo valve. Liquid nitrogen i s  placed 

i n  t h e  cold f i nge r  above t h e  degassing c e l l  and t h e  system i s  evacuated t o  
I 

t o r r  causing t h e  solvent t o  freeze.  Sublimation i s  achieved by 

placing a heat ing mantle around t he  solvent container and subliming 

t h e  frozen solvent  onto t h e  cold f inger .  Once degassing i s  completed 

t h e  s a tu r a t i on  c e l l  which i s  connected t o  t h e  degassing c e l l  i s  

-4 
evacuated (10 t o r r )  and t h e  frozen solvent i s  allowed t o  melt 

under vacuum. Approximately 20 mls of t h e  solvent i s  then t rans fe r red  

t o  t h e  sa tu ra t ion  c e l l  under an atmosphere of t h e  gas under study. 

Teflon stopcocks a r e  used t o  prevent grease contamination. No 

detectable  amounts of gas have been observed i n  a G.C. ana lys i s  (on 

maximum s e n s i t i v i t y )  upon analysis  of t h e  degassed solvent.  

Saturat ion Ce l l  

The sa tu ra t ion  c e l l  i s  maintained i n  an insu la ted  water ba th  at  

0 
T'C + . O 1  C .  Upon t r a n s f e r  of the  solvent from t h e  degassing c e l l  t o  

t h e  sa tu ra t ion  c e l l  t h e  gas under study i s  dispersed through t h e  solvent 

using a f r i t t e d  A t  t h e  same time t h e  solut ion i s  constantly s t i r r e d  

by a magnetic s t i r r e r  (control led from outs ide  t h e  water ba th ) .  The gas 

pressure above t h e  sample i s  maintained a t  atmospheric pressure,  thus 

preventing supersaturat ion.  Complete sa tu ra t ion  i s  normally achieved within 

2.5 h rs .  This w a s  determined by monitoring gas uptake a s  a function of 

time fo r  severa l  gases.  Before samples a r e  withdrawn t h e  

bubbling of t h e  gas through t h e  solvent i s  ha l ted  and t h e  



- 

r 

s o l u t i o n  i s  l e f t  s t i r r i n g  f o r  1 h under  one atmosphere o f  g a s  t o  ensure  
7 

Sample T r a n s f e r  

The s a t u r a t e d  sample i s  t r a n s f e r r e d  t o  t h e  g a s  s t r i p p i n g  l i n e  

u s ing  a  g r e a s e l e s s  g a s  t i g h t  2.5000 _+ .0001 m l  Gilmont micrometer syr inge .  

The s y r i n g e  is i n i t i a l l y  f l u shed  with t h e  g a s  under  s t u d y  t o  prevent  

a i r  contaminat ion o f  t h e  sample. The s a t u r a t e d  sample is withdrawn from t h e  

s a t u r a t i o n  c e l l  by i n s e r t i n g  t h e  needle  o f  t h e  s y r i n g e  through a  rubber  serum 

cap f i t t e d  on t h e  s a t u r a t i o n  ce l l .  The s y r i n g e  is  des igned  such t h a t  

t h e  b a r r e l  can be f i l l e d  wi th  2.5 m l s .  o f  s o l v e n t  ex t remely  s lowly ,  t h u s  

p reven t ing  t h e  sample from being placed under a  reduced p r e s s u r e .  The 

s y r i n g e  is then  withdrawn from t h e  s a t u r a t i o n  c e l l ,  c o n t a i n i n g  

approximatley 2.5 m l  o f  t h e  s a t u r a t e d  so lven t .  

Gas S t r i p p i n g  Line 

The g a s  s t r i p p i n g  l i n e  shown d iagrammat ica l ly  i n  FIG. 1  is  

cons t ruc t ed  o f  4mm I . D .  Duran 50 g l a s s .  

The l i n e  i s  p r e v i o u s l y  evacuated ( t o r r )  th rough s topcocks  12 

and 13 and then permanently maintained under Helium c a r r i e r  ga s  pressure .  

I n i t i a l l y ,  .25 m l s  o f  t h e  sample a r e  i n j e c t e d  i n t o  t h e  g a s  s t r i p p i n g  

c e l l  ( F i g .  2 )  t o  "wetw t h e  f r i t  s i n c e  i t  would appear  t h a t  some 

abso rp t ion  o f  d i s s o l v e d  g a s  occurs  on t h e  f r i t .  Then f o u r  .500 m l  

samples a r e  i n j e c t e d  s e q u e n t i a l l y  (a l lowing t h e  p rev ious  sample s u f f i c i e n t  

t ime t o ' b e  s t r i p p e d )  and t h e  s t r i p p e d  gas  ana lysed  on t h e  G.C.  These 

samples a r e  i n j e c t e d  without  t h e  s y r i n g e  being withdrawn from t h e  

s t r i p p i n g  c e l l ,  e n s u r i n g  t h a t  no l e a k s  o r  a i r  contamina t ion  occu r s .  For 
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i n j e c t i o n  t h e  d i s s o l v e d  g a s  is r a p i d l y  s t r i p p e d  from t h e  

s o l u t i o n  by Helium c a r r i e r  g a s  d i spersed  through t h e  sample by a 

#2 p o r o s i t y  g l a s s  frit p laced  a t  t h e  base o f  t h e  s t r i p p i n g  c e l l ( 9 ) .  

The Helium c a r r i e r  g a s  f low can be p r e f e r e n t i a l l y  d i r e c t e d  

i n t o  s t r i p p i n g  c e l l  81 o r  c e l l  #2 us ing  s topcock  7  (3-way). 

Closing s topcocks  9  and 10 o r  s topcocks  8 and 11 a l l ows  each  

s t r i p p i n g  ce l l  t o  be used i n d i v i d u a l l y .  The s t r i p p i n g  c e l l s  were 

i n i t i a l l y  evacuated t o r r )  through s topcocks  12 and 13,  and 

t h e  l i n e  purged wi th  Helium through s topcock 16. 

The s t r i p p e d  g a s  i s  d r i e d  by passage through a 50% CaC12 and 

50% CaS04 d ry ing  t u b e  be fo re  e n t e r i n g  t h e  chromatographic  column; 

a p p r o p r i a t e  columns a r e  used f o r  each g a s  ( s e e  APPENDIX I) .  The 

s t r i p p e d  g a s  is  then  ana lysed  i n  a Varian (Model gOP) d u a l  f i l a m e n t  

thermal  c o n d u c t i v i t y  d e t e c t o r .  The s i g n a l  from t h e  d e t e c t o r  is 

i n t e g r a t e d  on a C.M.C. d i g i t a l  readout  (Model 707 BN) f requency  

counter  and t h e  response  is  compared d i r e c t l y  t o  a  c a l i b r a t i o n  p l o t .  

The v a r i a t i o n  i n  response be ing  no more t han  1.0% amongst t h e  f o u r  

i n j e c t e d  samples.  

GAS CALIBRATION 

The s o l u b i l i t y  va lue  is  obta ined  by a d i r e c t  comparison wi th  a 

c a l i b r a t i o n  p l o t  o f  moles o f  g a s  vs .  chromatographic  response  a s  

recorded by an on l i n e  i n t e g r a t o r .  The c a l i b r a t i o n  cu rve  i s  ob ta ined  

by observ ing  t h e  chromatogramls response t o  a  known number o f  moles o f  

g a s  conta ined  i n  t h e  g a s  sampling l o o p ( l O )  ( ~ i ~ :  1 ) .  

The g a s  sampling loop  (Volume .7076 I+_ .0001 mls)  and l i n e  a r e  

evacuated t o r r )  through s topcock 1 wh i l e  s topcocks  3 ,  4,  5 and 

6  a r e  open. The l i n e  i s  then  i s o l a t e d  from t h e  r e s t  o f  t h e  vacuum 

i 



GAS DETECTION 

The gas  is  d e t e c t e d  by a d u a l  f i l amen t  thermal  c o n d u c t i v i t y  

d e t e c t o r  wi th  one f i l amen t  be ing  used as a r e f e r e n c e  and t h e  o t h e r  

f i l ament  a s  t h e  g a s  d e t e c t o r .  A f low r a t e  o f  75 mls/min f o r  both 

r e f e r e n c e  l i n e  and sample l i n e  is maintained.  A c u r r e n t  o f  175 >mA 

i s  used f o r  d e t e c t i o n  and t h e  d e t e c t o r  block maintained a t  1 1 0 ~ ~ .  

The s i g n a l  from t h e  d e t e c t o r  is recorded on a 1 mV f u l l  s c a l e  

Varian c h a r t  r e c o r d e r  (Model 9176) and t h e  s i g n a l  i s  i n t e g r a t e d  by an 

e l e c t r o n i c  C.M.C. (Model 707BN) d i g i t a l  readout  f requency coun te r .  

,ystem by s h u t t i n g  s topcock  1,  S h u t t i n g  stopcock 5 enab le s  one t o  

u t i l i z e  t h e  U-tube a s  a c l o s e d  end manometer. The g a s  i s  in t roduced  

i n t o  t h e  sampling loop  a t  room temperature  from one o f  t h e  g a s  bu lbs .  

After a t t a i n i n g  e q u i l i b r i u m ,  t h e  temperature  o f  t h e  g a s  is read  and 

t h e  p re s su re  a c c u r a t e l y  measured on t h e  Hg-manometer. The number of 

moles of g a s  i n  t h e  sampling loop  is then  obta ined  u s i n g  t h e  i d e a l  

g a s  law. To t r a n s f e r  t h e  g a s  t o  t h e  d e t e c t o r  f o r  a n a l y s i s  t h e  sampling 

loop s t o ~ c o c k  is r o t a t e d  90'. The c a r r i e r  gas  t r a n s f e r s  t h e  sample 

v i a  l i n e  A through a s t r i p p i n g  ce l l ,  d ry ing  tube ,  and chromatographic  

column t o  t h e  d e t e c t o r .  The loop  s topcock is then  r o t a t e d  back go0 

t o  t h e  o r i g i n a l  p o s i t i o n .  Stopcocks 1 and 5 are opened and t h e  system 

i s  then evacuated t o  t o r r .  The process  is repea t ed  f o r  v a r i o u s  
I 

1 

g a s  p re s su re s  u n t i l  t h e  d e s i r e d  number' o f  c a l i b r a t i o n  p o i n t s  are 

obtained.  

Using t h i s  method, a complete  c a l i b r a t i o n  curve  can be ob t a ined  f o r  

t h e  gas  under s tudy  from '1 o ' ~  moles. 



The g a s  flow i n t o  t h e  d e t e c t o r  is divided i n t o  an  i n t e r n a l  

flow and a n  e x t e r n a l  c a r r i e r  flow both main ta ined  a t  t h e  

same flow ra te .  The c a r r i e r  g a s  always f lows through t h e  l i n e  and 

then t o  t h e  d e t e c t o r  v i a  l i n e  B with  s topcocks 18, 19 and 16 

closed and s topcock  17 open. 
I 

Before t h e  sample is i n j e c t e d  i n t o  t h e  s t r i p p i n g  c e l l  t h a t  p a r t  

13. Stopcocks 7 ,  8 ,  9 ,  10, 11, 14 and 15 a r e  open, t h i s  e n a b l e s  t h e  

s t r i p p i n g  l i n e  and t h e  sampling loop t o  be completely evacua ted .  

Stopcocks 12 and 1 3  are s h u t  o f f  and t h e  l i n e  i s  tho rough ly  purged 

wi th  Helium through s topcock  16. This  process  is r e p e a t e d  and t h e  

l i n e  i s  maintained under  H e  carrier gas  p re s su re  by opening  s topcock  

18 while  s topcocks  17 and 19 are c lo sed .  Stopcock 16 is c l o s e d  ( t o  t h e  

Helium tank)  and d i r e c t s  t h e  H e  c a r r i e r  ga s  through t h e  

chromatographic column t o  t h e  d e t e c t o r .  Stopcocks 8 and 9 are then  

c losed ,  while s topcock  7 (3-way) remains open. Th i s  e n a b l e s  t h e  

c a r r i e r  g a s  t o  f low through t h e  g a s  sampling loop,  and through each  of 

t h e  two s t r i p p i n g  c e l l s .  The g a s  flow is then d i r e c t e d  th rough t h e  

drying column by a d j u s t i n g  s topcocks  14 and 15, and subsequen t ly  

through t h e  chromatographic  column t o  t h e  d e t e c t o r .  Each s t r i p p i n g  

c e l l  may be used independen t ly  by d i r e c t i n g  t h e  c a r r i e r  g a s  wi th  

stopcock 7 .  

S t r i p p i n g  c e l l  #I  can be  used by d i r e c t i n g  t h e  He c a r r i e r  g a s  

through s topcock 7 i n  t h e  d i r e c t i o n  o f  c e l l  #1 wi th  s topcock  10 open 

and s h u t t i n g  s topcock  11, t h u s  i s o l a t i n g  c e l l  #2. S i m i l a r l y  c e l l  #2 

can be used by t u r n i n g  s topcock  7 180•‹ and c l o s i n g  s topcock  10 wh i l e  

s topcock 11 i s  open,  t h u s  i s o l a t i n g  c e l l  #1 and ma in t a in ing  t h e  

c a r r i e r  gas flow through c e l l  #2. By p r e f e r e n t i a l l y  i s o l a t i n g  each  



c e l l  one can r a p i d l y  perform sample a n a l y s i s  on two d i f f e r e n t  

so lvents .  I n  p r a c t i c e ,  two s a t u r a t i o n  c e l l s  a r e  used s imul taneous ly  

thus a l lowing  one g a s  t o  be s t u d i e d  i n  two d i f f e r e n t  s o l v e n t s  (eg.  

H20 and D20) a t  i d e n t i c a l  t empera tures  and p r e s s u r e s .  One can 

thus  determine t h e  amount of g a s  d i s so lved  i n  H 0 i n  c e l l  # 1  and t h e  
2 

same g a s  d i s so lved  i n  D20 i n  c e l l  #2. The g a s  c a l i b r a t i o n  curve  i s  

obta ined  a s  p rev ious ly  desc r ibed .  

I n  p r a c t i c e  a c a l i b r a t i o n  response curve  i s  ob ta ined  p r i o r  t o  t h e  

a n a l y s i s  of t h e  d i s s o l v e d  g a s  samples ( ' d r y t  c a l i b r a t i o n )  and then  

repea ted  a f t e r  t h e  a n a l y s i s .  These c a l i b r a t i o n  p o i n t s  ob t a ined  after  

t h e  ' s t r i p p i n g '  o f  t h e  d i s s o l v e d  g a s  samples r e q u i r e s  t h e  d r y  g a s  t o  be 

passed (w i th  Helium c a r r i e r  g a s )  through t h e  2.5 m l s  o f  s o l v e n t  

remaining i n  t h e  s t r i p p i n g  c e l l s .  We c a l l  t h e s e  'wet' c a l i b r a t i o n  

p o i n t s ,  s e r v i n g  both t o  show t h a t  no i n s t rumen ta l  f a c t o r s  have 

a l t e r e d  du r ing  t h e  t ime t aken  f o r  sample a n a l y s i s  and t h a t  t h e  

presence of t h e  s o l v e n t  on t o p  o f  t h e  f i t t e d  d i s k s  i n  t h e  s t r i p p i n g  

c e l l s  h a s  n o t  caused changes i n  chromatographic response  through a  

change i n  c a r r i e r  g a s  f low r a t e .  

Our experiments  show t h a t  t h e  c a l i b r a t i o n  p l o t  i s  independent  

of t h e  c e l l  used. Our experiments  have a l s o  shown t h a t  t h e  

i n t r o d u c t i o n  o f  approximate ly  2.5 m l s  o f  sample i n t o  t h e  s t r i p p i n g  

c e l l  is n o t  s u f f i c i e n t  t o  r e t a r d  t h e  c a r r i e r  g a s  f low r a t e ,  and hence 

change t h e  response o f  t h e  d e t e c t o r .  Consequently "dry c a l i b r a t i o n n  

i s  i d e n t i c a l  t o  t h e  " w e t  c a l i b r a t i o n w .  By d i r e c t  comparison o f  t h e  

i n t e g r a t o r  response o f  t h e  f o u r  s t r i p p e d  samples t o  t h e  c a l i b r a t i o n  

Curve, one o b t a i n s  t h e  number o f  moles o f  d i s so lved  gas .  For low 

S o l u b i l i t y  gases  t h e  i n j e c t e d  sample s i z e  can be i n c r e a s e d  from 

1/2 c c  t o  1 cc and t h e  amount o f  g a s  can be a c c u r a t e l y  determined.  



Again, no change in  detector  response i s  observed f o r  the  1 cc  

i n j ec t  ions. This experimental technique has been applied t o  various 

dissolved gases i n  H 0 and D20 with an estimated accuracy of 1% 
2 

fo r  most gases and 2% f o r  t h e  l e a s t  soluble gases. 

RESULTS AND DISCUSSION 

The sa tu ra t ion  of t h e  gas i n t o  each solvent w a s  ca r r ied  out  

simultaneously and t h e  ana lys i s  of t h e  amount of gas dissolved w a s  

made using one sample c e l l  f o r  H20 and one sample c e l l  f o r  D20. 

Two s e t s  of ' four 0.5 m l  in jec t ions '  were performed on each solvent. 

A comparison of t h e  data obtained with t h a t  reported i n  t he  l i t e r a t u r e  

i s  made i n  Table 1. The comparison i s  seen t o  be excellent .  

There i s  l i t t l e  data  reported f o r  gases dissolved i n  D 0, 
2 

perhaps due t o  t h e  quan t i t i es  of solvent required f o r  experiments. 

One of t h e  advantages of our technique i s  t ha t  l e s s  than 20 mls of 

solvent i s  required f o r  sa tu ra t ion  and l e s s  than .5 mls i s  required 

fo r  analysis  f o r  any one temperature, a l l  of which is recovered. 

Using t h e  s o l u b i l i t y  data  i n  Table I, t h e  gas so lub i l i t y  values 

were f i t t e d  t o  equation (1) with a standard deviation reported as a % 

difference i n  t he  1nX f i t  compared t o  t h e  experimental lnX2 a t  
2 

298.15 OK. Table I1 summarizes these  r e s u l t s  and Figure 3 i s  a t yp i ca l  

p lot  of Argon gas s o l u b i l i t y  i n  H 0 and D 0 expressed a s  I n X  versus 
2 2 2 

I/T (OK-' ) . 
Using t h e  coef f ic ien t s  so obtained from t h e  curve f i t ,  t he  

enthalpies associa ted with t h e  dissolut ion process i n  H20 and D 0 
2 

were computed from equation (1) using t h e  following expression: 



Table I 1 5  

. Mole Fraction X2 of Gases Dissolved i n  H20 and D20 

4 ' 

Argon ( ~ * 1 0  ) 

H2•‹ 
- D20 

To ( K )  / R e f .  Present Present 
hi) 0 63) (1) study s tudy (3;) 

.3769 .3788 - .3787 .3785 .4271 .4270 
,3360 .3364 .3352 .3367 .3333 .3731 .3750 
.3019 .3024 .2g53 .3025 .2988 .3333 i3341 
.2742 .2756 ,2697 .2746 ,2722 .3048 .3003 
.2517 .2530 .2482 .2516 .2520 .2680 -- .2724 
.2332 - .2284 .2326 .2316 .2497 

Present 
(a) study 

~ 5 2 6  ~ 5 . 3 3  
.64g8 .6577 
.5680 .5740 
.5025 .5113 
.44g4 .4526 
.4062 .4180 
.3708 - 
.3417 .3469 

Fresent 
Study 

.8843 

.6847 

,5652 

D2•‹ 
Present 
stuay 

.8624 

.7264 

.6472 

.5544 

.4803 

.4451 

.3809 

Present 
Study 



Table I (continued) 

4 
Nitrogen (x-10 ) 

Present 
2 (17) ' ( 1  Study 

Oxygen 

H2•‹ 

Present 
(li) 6-51 (1) Study 

CHI, 

Present 
(16) (17.1 (1 )  study 

Present 
Study 

Present 
st uay 

Present 
Study (1 1 



Table I (continued) 

Present 
(18) (19) (1) Study 

H2•‹ 
Present 

(-1 > Study 

* 
I in terpola ted value 

Present 
Study h) 

Present 
Study 

- D20 
Present 

Study 

( ) omitted value,  c l ea r ly  i n  e r r o r  



FIG.  3 
LN x, vs 1/T (OK-') ARGON in H20 and D,O 

@ PRESENT STUDY 
0 REFERENCE 
A REFERENCE 



Table I1 

Coefficients i n  the  Equation 

A 
-1 0 1 CalMole K- 

R l n x p  = A + B/T + c l n  (T/KO) 

B C 

C a l   ole-I -1 0 1 CalMole K- 

16452.2 45.7 

14317.4 36.9 

16005.4 41.3 . 

28350.6 82.3 

20059.8 57.9 

18752.4 53.0 

18544.7 54.2 

846.8 -6.2 

24361.5 71.0 

14919.8 37.8 

27749.5 77.4 
12680.5 24: 4 

36142.5 104.8 

56244.3 172.6 

* Standard Deviation of  F i t  I n  X2 as a percentage a t  298 . l 5  OK 



Tables  I11 and I V  summarize t h e s e  r e s u l t s  f o r  v a r i o u s  g a s e s  i n  both 

H20 and D20. The exper imenta l  e n t h a l p i e s  o f  s o l u t i o n  compare 

q u i t e  favorab ly  wi th  t h o s e  from Reference ( 1 ) .  One must remember t h a t  

t h e  experimental  v a l u e s  o f  t h e  Henry's law c o n s t a n t s  from t h i s  r e f e r e n c e  

were f i t t e d  t o  equa t ion  ( 1 )  u s i n g  d a t a  from many workers i n c o r p o r a t i n g  

d i f f e r e n t  t echniques .  , 

These d a t a  can be cons ide red  i d e a l  s i n c e  any v a l u e s  which d e v i a t e d  

from t h e  f i t  by g r e a t e r  than  one s tandard  d e v i a t i o n  were r e j e c t e d ;  hence 

on ly  d a t a  conforming t o  t h e  curve f i t  o f  equa t ion  ( 1 )  were used. 

From t h e  above Tables  o f  e n t h a l p y  va lues ,  one can see d i s t i n c t  t r e n d s  

f o r  both H20 and D20: as t h e  tempera ture  i n c r e a s e s  t h e  en tha lpy  

decreases .  Also one obse rves  a  g r e a t e r  en tha lpy  of  s o l u t i o n  f o r  t h e  

d i sso lved  gases  i n  D20 than  i n  H20. To draw comparison t o  t h e  

exper imenta l ly  determined s o l u b i l i t y  thermodynamic p r o p e r t i e s ,  t h e  

g e n e r a l l y  accepted p r a c t i c e  h a s  been t o  use t h e  Sca led  P a r t i c l e  Theory 

(S.P.T.) of g a s  s o l u b i l i t i e s ,  a l though t o  d a t e  no such comparison f o r  

t h e  s o l u b i l i t y  of t h e  i n e r t  g a s e s  i n  D20 has  been made. The nex t  

s e c t i o n  o f  t h i s  t h e s i s  d e a l s  i n  g r e a t  depth wi th  t h e  S.P.T. o f  g a s  

s o l u b i l i t y .  To p r e s e n t  t h e  p r e d i c t e d  g a s  s o l u b i l i t y  d a t a  f o r  D20 

one must i n t roduce  t h e  r e q u i r e d  equa t ions  o f  t h e  t heo ry .  Here, o n l y  

a  b r i e f  d e s c r i p t i o n  o f  t h e  t h e o r y  w i l l  be presen ted  t o  i n t r o d u c e  t h e  

equa t ions  w h i l s t  t h e  r e a d e r  i s  r e f e r r e d  t o  t h e  fo l l owing  s e c t i o n  f o r  a  

d e t a i l e d  d i s cus s ion .  

The d i s s o l u t i o n  o f  a  g a s  i n t o  a  l i q u i d  i s  cons idered  a s  a  two s t e p  

process .  The first be ing  t h e  c r e a t i o n  o f  a  c a v i t y  o f  s u i t a b l e  s i z e  t o  

accomodate t h e  s o l u t e  molecule .  The second s t e p  i s  t h e  i n t r o d u c t i o n  of 

t h e  s o l u t e  i n t o  t h e  c a v i t y  c r e a t e d .  The thermodynamic f u n c t i o n s  
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a s s o c i a t e d  with these(  s t e p s  a r e  t h e  r e v e r s i b l e  work o r  t h e  Gibbs f r e e  

energy i n  c r e a t i n g  a  ha rd  sphere  c a v i t y  and,  a f t e r  i n s e r t i o n  o f  t h e  

s o l u t e ,  t h e  Gibbs f r e e  energy o f  so lu t e - so lven t  i n t e r a c t i o n .  These 

s t e p s  were desc r ibed  i n  a series o f  papers  by R e i s s  e t  a l . ( * O ~ ~ ~ )  f o r  

a system o f  hard s p h e r e s ,  and l a t e r  extended by P i e r o t t i  f o r  t h e  s o l u b i l i t y  

f o r  t h e  p roces s  i s  g i v e n  by 

- 
where cc and Gi d e s c r i b e  t h e  above two s t e p  d i s s o l u t i o n  p roces s  

and a r e  def ined i n  e q u a t i o n s  (7 )  and (17)  r e s p e c t i v e l y  i n  t h e  fo l l owing  

s e c t i o n ,  V i s  the s o l v e n t  molar volume. The Henry's l aw  c o n s t a n t  KH i s  g iven  by 
1 

The corresponding e n t h a l p y  of s o l u t i o n  is w r i t t e n  a s  

where R i s  t h e  u n i v e r s a l  g a s  cons t an t ,  T is  t h e  t empera tu re  and ap is 

- 
t h e  thermal  expansion c o e f f i c i e n t  o f  t h e  s o l v e n t .  Hc and Hi a r e  t h e  

e n t h a l p i e s  a s s o c i a t e d  w i th  c a v i t y  formation and i n t e r a c t i o n  r e s p e c t i v e l y .  

Tables  V and VI g i v e  t h e  pred ic ted  Henry's law c o n s t a n t  ( h K H )  

and t h e  en tha lpy  a s s o c i a t e d  with t h e  d i s s o l u t i o n  o f  s e l e c t e d  g a s e s  i n  

both H20 and D20 and compares them t o  my exper imenta l ly  ob t a ined  

va lues .  



I 

Table V 

Thermodynamic Properties in D20 at 298.15 OK 

Gas In KH In KH AH (cal  ole-l) AH (cal  ole-l) 
exP S.P.T. eQ S .P .T. 

Table VI 

Thermodynamic Properties in H20 at 298.15 OK 

Gas In KH In KH AH (cal  ole-l) AH (cal  ole-l) 
exp . S.P.T. exp. S.P.T. 



One is amazed a t  t h e  p r e d i c t i v e  a b i l i t i e s  o f  t h e  Sca led  P a r t i c l e  

Theory: n o t  on ly  does  it p r e d i c t  reasonably good A H  v a l u e s ,  b u t  it a l s o  

p r e d i c t s  a  h ighe r  e n t h a l p y  o f  s o l u t i o n  (%$) f o r  t h e  g a s e s  d i s s o l v e d  i n  

D20, which compares f a v o r a b l y  w i th  t h e  exper imenta l  d i f f e r e n c e .  One 

n o t e s  t h a t  t h e  Henry's l a w  c o n s t a n t s  (expressed a s  lnKH) a r e  p r e d i c t e d  

well f o r  bo th  H20 and D20, b u t  one recognizes  t h a t  t h e s e  p r e d i c t i o n s  

could be r a t h e r  f o r t u i t o u s  s i n c e  t h e r e  i s  l i t t l e  d i f f e r e n c e  i n  t h e  

H20 and D20 lnKH v a l u e s .  

O f  i n t e r e s t  are t h e  v a l u e s  o f  t h e  en tha lpy  ! t r a n s f e r t  c o e f f i c i e n t s  

f o r  t h e  i n e r t  ga se s  from H20 t o  D20, t h a t  is  t h e  en tha lpy  a s s o c i a t e d  

with t h e  t r a n s f e r  o f  one mole of s o l u t e  from H20 t o  D20. These 

a r e  o f  p a r t i c u l a r  i n t e r e s t  s i n c e  t h e  va lues  o f  t h e  hard  iphere d i ame te r ,  

t h e  d i p o l e  moment and t h e  p o l a r i z a b i l i t y  of H20 and D20 are t h e  

same. This  e f f e c t i v e l y  a l l ows  t h e  c a n c e l l a t i o n  o f  t h e  i n t e r a c t i o n  term 

i n  t h e  en tha lpy  exp re s s ion  (eqn .  ( 5 ) )  shown above f o r  t h e  d i s s o l u t i o n  process .  

The en tha lpy  change accompanying t h e  t r a n s f e r  o f  a  s o l u t e  from H20 

t o  D20 is  

which, wi th  t h e  c a n c e l l a t i o n  o f  l i k e  terms i n  equa t ion  ( 5 ) ,  g i v e s  

where ap is  t h e  expe r imen ta l  thermal  expansion c o e f f i c i e n t  o f  t h e  

s o l v e n t  and y  is  t h e  !compactnesst  f a c t o r  ( a  func t ion  o f  t h e  molar volume 

o f  t h e  s o l v e n t ) .  Table  VII summarizes t h e  exper imenta l  en tha lpy  t r a n s f e r  

c o e f f i c i e n t s  f o r  s e l e c t e d  gases  and compares t h e s e  t o  t h e  va lues  

p red i c t ed  by t h e  S. P.T. 



Table V I I  

( c a l   ole-l) a t  298.15 OK 

Gas A%? 
Present Study Ref. 1 S.P.T. 

(') Reference (25)  



One observes  from Table  V I I  t h a t  t h e  expe r imen ta l  e n t h a l p y  

t r a n s f e r  c o e f f i c i e n t s  dec rease  f o r  t h e  noble  g a s e s  from Argon t o  Xenon, 

w h i l s t  t h e  S.P.T. p r e d i c t s  an  i nc rease .  Genera l ly  poor  agreement is 

obta ined  f o r  t h e  expe r imen ta l  t r a n s f e r  c o e f f i c i e n t s  when 

compared t o  t h e  Sca l ed  P a r t i c l e  Theory p r e d i c t i o n .  

One n o t e s  t h a t  a  s m a l l  d i f f e r e n c e  i n  e i t h e r  t h e  H20 o r  D20 

en tha lpy  v a l u e s  f o r  t h e  g a s e s  c o n t r i b u t e s  t o  a very  l a r g e  d i f f e r e n c e  

i n  t h e  exper imenta l  t r a n s f e r  c o e f f i c i e n t s .  It i s  a l s o  i n t e r e s t i n g  t o  

n o t e  t h a t  t h e  t r a n s f e r  e n t h a l p i e s  pred ic ted  by t h e  S.P.T. a t  o t h e r  

tempera tures  a c t u a l l y  i n c r e a s e  with i n c r e a s i n g  t empera tu re  whi le  t h e  

exper imenta l  v a l u e s  dec rease  with i n c r e a s i n g  tempera ture .  One is 

s u r p r i s e d  a t  t h e  p r e d i c t e d  e n t h a l p i e s  o f  s o l u t i o n  u s i n g  

t h e  S.P.T. c o n s i d e r i n g  t h e  s i m p l i c i t y  o f  equa t ion  ( 7 ) .  

The t r a n s f e r  e n t h a l p y  c o e f f i c i e n t s  a c t u a l l y  g i v e  one an 

i n s i g h t  i n t o  t h e  Sca l ed  P a r t i c l e  Theory's method o f  d i f f e r e n t i a t i n g  

between H20 and D20, a s  shown i n  equat ion ( 7 ) .  Upon examinat ion 

o f  t h e  bracke ted  term i n  equa t ion  ( 7 ) ,  one s e e s  t h a t ,  f o r  t h e  g a s  

Argon, t h i s  term r e p r e s e n t s  approximately a  1% d i f f e r e n c e ,  wh i l e  t h e  

d i f f e r e n c e  i n  t h e  s o l v e n t  thermal  expansion c o e f f i c i e n t s  r e p r e s e n t s  

H20= 2.57x OK-'; <zO = 1 . 9 1 8 ~  10 -4 oK-l) 
approximately 25% ( (+ 

a t  298.15 OK.  From Tab le s  V and V I  one can s e e  approximate ly  a  6% 

d i f f e r e n c e  i n  t h e  p r e d i c t e d  e n t h a l p i e s  f o r  t h e  v a r i o u s  g a s e s  i n  H20 

and D20. Th i s  d i f f e r e n c e  i n  pred ic ted  e n t h a l p i e s  a p p e a r s  t o  be a  r e f l e c t i o n  

o f  t h e  d i f f e r e n c e s  i n  t h e  exper imenta l  thermal  expansion c o e f f i c i e n t s  

of H 2 0  and D20, which a l s o  s u g g e s t s  why t h e r e  i s  no a p p a r e n t  d i f f e r e n c e  

i n  t h e  p red i c t ed  lnKH v a l u e s ,  s i n c e  Cc is no t  a  f u n c t i o n  o f  t h e  

expansion c o e f f i c i e n t s  of t h e  s o l v e n t s .  This  then  a p p e a r s  t o  be  a  

r a t h e r  s i m p l i s t i c  approach t o  t h e  p red i c t i on  .of  t h e  thermodynamic 



p r o p e r t i e s  a s s o c i a t e d  wi th  t h e  d i s s o l u t i o n  p roces s  f o r  t h e s e  two 

complex systems. It s u g g e s t s  t h a t  t h i s  t h e o r y  is  i n  f a c t  o v e r s p e c i f i e d  

s i n c e  bo th  y  (compactness f a c t o r )  and ap a r e  f u n c t i o n s  o f  s o l v e n t  molar 

volume, and a l s o  s i n c e  t h e  tempera ture  and p r e s s u r e  o f  t h e  system is  

s p e c i f i e d .  A t  t h i s  p o i n t  it is  i n t e r e s t i n g  t o  examine t h e  S.P.T. i n  

depth  t o  determine what i n  f a c t  a l lows  one t o  p r e d i c t  w i th  such apparen t  

succes s  t h e  thermodynamic 

o f  a  g a s  i n t o  a  l i q u i d .  

p r o p e r t i e s  a s s o c i a t e d  w i th  t h e  d i s s o l u t i o n  
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Temperature 
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30"x1/4" Molecular Sieve 5 A 
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Section 11- Introduction 

Over t h e  years much work has been done t o  develop 

32 

a theory i n  an attempt 

t o  predic t  gas s o l u b i l i t y  data .  Sisskind and ~asarnowsky('), studying Argon 

s o l u b i l i t y  i n  various solvents,  showed t h a t  t h e  energy of solut ion consisted 

of two terms. The f i r s t  term was described by t h e  increase  i n  surface a rea  of 

t h e  cavity created (upon inse r t ion  of t h e  so lu t e )  times t h e  surface tension of 

t h e  solvent. The second term being t h e  molecular solute-solvent in te rac t ion .  

~ i g ' ~ )  derived thermodynamic equations which expressed t h e  s o l u b i l i t y  - 

of a gas a s  a function of i t s  molecular rad ius  and t h e  surface tension of 

the  solvent . Unfortunately , so lu t  e-solvent i n t e r ac t i ons  a r e  r a the r  complex 

and a t  t h a t  t ime not well  understood, hence only a qua l i t a t i ve  representa t ion 

could be  made. Also, t h e  concept of using macroscopic parameters t o  describe 

microscopic phenomena i s  a poor assumption. Uhlig had t h e  r i g h t  idea i n  

considering t h e  dissolut ion process as a two s t e p  process: t h e  energy of 

cavi ty  formation and t h e  complex in te rac t ion  energy. Lack of accurate 

s o l u b i l i t y  da t a  and of an understanding of solute-solvent in te rac t ions  made 

t h e  developnent of a theory a formidable t a sk .  Even so, these  calcula t ions  

yielded an i n s igh t  i n t o  t h e  anomolous behaviour of water when compared t o  

organic solvents  . 
~ l e ~ ( ~ )  considered a model i n  which t h e  number of gas molecules 

dissolved w a s  interchangeable with t h e  same number of water molecules 

i n  a quas i - l a t t  i ce .  Eley concluded t h a t  t h i s  was energe t ica l ly  

unfavourable and t h a t  t h e  ava i lab le  po in t s  must i n  f a c t  be  cav i t i e s  which 

could e a s i l y  be  enlarged t o  accomodate a gas molecule. An approximate 

p a r t i t i o n  funct ion was constructed which took i n t o  account t h e  e f fec t  

of t h e  gas upon dissolut ion.  Again, gross  approximations were made 



regarding solute-solvent interactions. 

In a series of papers,Reiss, Frisch, Leb0wi-t~'~) and Helfand ( 5 )  

developed a statistical mechanical theory of rigid spheres, based upon an 

exact radial distribution function, which could be applied to real 

fluids. From this theory it emerged that, for hard sphere particles, 

the only part of the radial distribution function which contributed to 

the chemical potentfal of the fluid was the part which determined the 

number density of particles in contact with the hard sphere particle. 

Hence, the calculation of the entire radial distribution function was 

not required. The theory yields an approximate expression for the 

reversible work required to introduce a spherical particle into a 

fluid of spherical particles. The particles in solution obey a 

pairwise additive potential and, upon addition of anotherparticlGtc8this 

system, the particle obeys the same potential by a procedure of distance 

scaling. A necessary condition for this Scaled Particle Theory (S .P.T. ) 

is that the solvent molecules be approximately spherical with effectively 

rigid cores for both the solvent and solute. Assuming the solvent-solute 

interactions are described by a Lennard-Jones 6-12 potential, Reiss et al. Ck 

calculated Henry's law constants for systems which satisfied the above 

criteria for the theory. Satisfactory agreement was found for Helium in 

Benzene and Helium in Argon. 

The development of this theory provided the foundation for Pierotti 

to formulate a theory of gas solubility using the soft potential as a 

perturbation to the treatment of hard spheres. Using the expressions of 

Reiss et al. for the reversible work required to introduce a spherical 

particle into a fluid of spherical particles and by a method of 

extrapolation using experimental data, Eerbttit:as able to predict 



thermodynamic p r o p e r t i e s  f o r  t h e  d i s so lu t ion  of gases i n  organic solvents  ( 6  

and water  (798). The major drawbacks i n  P i e r o t t i  ' s Scaled P a r t i c l e  Theory 

a r e  t h e  b a s i c  assumptions inherent  i n  t h e  t rea tment ,  which w i l l  be 

discussed later.  I n  l i g h t  of t h e  assumptions made, it seemed appropriate 

t o  redo t h e  Scaled P a r t i c l e  Theory extending t h e  hard sphere treatnient a s  

was o r i g i n a l l y  developed by Reiss e t  a l .  (4 '5 )  incorpora t ing t h e  concept of 

temperature dependent hard sphere diameters. An extension of t h e  Scaled 

P a r t i c l e  Theory i s  presented incorporat ing a more comprehensive hard sphere 

treatment f o r  t h e  d i s s o l u t i o n  of a gas i n t o  a l i q u i d .  
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CHAPTER I1 

Scaled Pa r t i c l e  Theory of Gas 

Solubi l i t ies  



Theory and Development 

I f  one considers a system of N spher ical ly  symmetrical molecules 

possessing an e f f ec t i ve  r i g i d  core of diameter G1 with t h e  necessary 

pressure t o  maintain t h e  system a t  a constant volume and, if one excludes 

t he  centres  of a l l  N molecules from a spher ical  region of space o f r a d i u s  

r i n  t h e  volume, then one has created a cavi ty  i n  t h e  f l u i d .  It i s  - , ' 

convenient t o  consider t h e  process of introducing t h e  so lu te  molecule i n t o  

t he  r e a l  solvent a s  consis t ing of two steps.  The f i r s t  s t ep  being t h e  

. creat ion of a cav i t y  i n  t he  solvent of su i tab le  s i z e  t o  accommodate t h e  

so lu te  molecule, assuming t h e  revers ib le  work o r  p a r t i a l  molecular 

Gibb's f r e e  energy i s  i d e n t i c a l  with t h a t  of charging t h e  hard sphere 

of t he  same rad ius  a s  t h e  cav i ty  i n t o  t h e  solut ion.  

The second s t e p  i s  t h e  introduction i n t o  t h e  cavi ty  of a so lu te  

molecule which i n t e r a c t s  with t h e  solvent according t o  some po t en t i a l  

law. The revers ib le  work i s  i den t i ca l  with t h a t  of charging t h e  

hard sphere o r  cav i ty  introduced i n  s tep  one t o  t he  required po ten t ia l .  

If the  cav i t y  s i z e  chosen i n  s t ep  one was su i t ab l e ,  t he r e  should be no 

change i n  s i z e  upon charging. 

The standard equation f o r  t h e  chemical po t en t i a l  of a nondisso- 

c i a t i ve  so lu t e  i n  a very d i l u t e  solut ion i s  given by (4) 

-X2 is  t h e  p o t e n t i a l  of t h e  so lu te  molecules i n  the  so lu t ion  r e l a t i v e  t o  

- 
i n f i n i t e  separat ion,  P i s  t h e  pressure,  v t he  p a r t i a l  molecular volume . 

2 
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3 of' the solute, X and j are the partition functions per molecule for 
2 2 

the translational and internal degrees of freedome for the solute, x 
2 

is the number of solute molecuL2s in solution, and V is the volume of 

solution. The sum of the first two terms on the right represents the 

reversible work required to introduce a solute molecule into a solution 

of volume N2/V These terms can be replaced by ( i  + Ec ) for the two 
i 

step process, assuming that the solution is sufficiently dilute to ignore 

solute-solute interactions. Replacing N2/v by x2/v1 yields the chemical 

potential of the solute in the liquid phase 

The chemical potential of the solute in the gas phase (assumed ideal) 

is given by 

Assuming the internal degrees of freedom of the solute are not affected 

by the solution process, equating equations (2) and (3) one~~obtains 

- 
lnPB = g. /KT + /KT + ln(~T/v~) + lnX2 

1 C 
(4) 

Using Henry's law (defined as P p  = %X2, where 5 is the Henry's law 
constant'), equation (4) becomes, for partial molar quantities, 



The molar heat  of so lu t ion  i s  

where % i s  t h e  thema% 

The P a r t i a l  Molar 

by Reiss e t  a l .  -- 
( W  f o r  a 

expansion coef f ic ien t .  

Gibbs f r e e  energy of cavi ty  c rea t ion  was derived 

system of hard spheres. They obtained 

where t h e  K ' s  were evaluated t o  be 

The K's a r e  functions of densi ty ,  molar volume and diameter of t h e  solvent 
3 Val N 

through t h e  compactness fac tor  y ,  where y = --- 6v . The radius  of t h e  

cavi ty  created i s  equivalent t o  i n se r t i ng  a hard sphere of radius  

a = (al + a ) / 2  (excluding t h e  centers of solvent molecules) ,  wheres,a2 
12 2 

i s  t h e  diameter of t h e  cavi ty  t o  be created.  
- 

( 6  The Gibbs Free Energy of in te rac t ion  ( G ~ )  was derived by P i e r o t t i  in 

the  following fashion. The revers ib le  work fo r  t h e  charging process i s  



where e i s  t h e  molecular 
i 

volume and entropy. The 

energy and ? 3. a r e  t h e  p a r t i a l  molecular 
i 1 

P;. term f o r  t h e  change of s t a t e  of t h e  s o l u t e  
1 

at normal p ressures  i s  considered n e g l i g i b l e  compared t o  t h e  energy of 

t h e  system and t h e  entropy w i l l  be small  and negative i n  t h e  charging 

process. This term w i l l  then be assumed small ,  hence 

If t h e  i n t e r a c t i o n  energy of a  s o l u t e  molecule with a given solvent  mole-' 

c u l e  i s  e , . ( r ) ,  then t h e  i n t e r a c t i o n  p e r  mole of  s o l u t e  w i l l  be E . Since 
1 i 

E i i s  approximately H from equation 8,  hence one can determine g. . 
i 1 

Approximating t h e  repuls ive  and d i spers ive  i n t e r a c t i o n s  by a Lennard- 

( 9  1 J m e s  6-12 pai rwise  add i t ive  p o t e n t i a l  - u(rIdi; -k12 [(yr-(y)12] and 

t h e  induct ive  i n t e r a c t i o n  f o r  a  nonpolar s o l u t e  i n  a po la r  solvent  by 

2 6 
~ ( r ) ~ ~ ~  = U a /r , t h e  i n t e r a c t i o n  energy p e r  s o l u t e  molecule described 1 2  

by induc t ive ,  d i spe rs ive  and repu l s ive  fo rces  i s  given by 

e = -C 
-6 6 -12 + 6 

i dis 8 r p  -5, rp ) - Cin& 
P P 

where r i s  t h e  d i s t ance  from t h e  cen te r  of t h e  s o l u t e  molecule t o  t h e  
P 

cen te r  of t h e  pth solvent  molecule and a i s  t h e  d i s t ance  of c loses t  
1 2  

approach of  t h e  s o l u t e  and solvent  molecule hard  sphere diameters. The 

Lennard-Jones f o r c e  constant  i s  approximated f o r  t h e  i n t e r a c t i o n  of two 

molecules, v i z  E = ( E ~ E ~ ) ' .  U i s  t h e  d ipole  moment of t h e  solvent 
12 1 

and a2 t h e  p o l a r i z a b i l i t y  of t h e  s o l u t e .  Evaluation of  equation (10) 

requ i res  t h a t  t h e  s o l u t e  molecule be immersed i n  t h e  solventand compIetely 

surrounded by t h e  solvent  which i s  assuined t o  be i n f i n i t e  i n  extent .  
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The number of so lven t  molecules i n  a  spher ica l  s h e l l  between r and 

2 
( r  + d r )  i s  e q u a l '  t o  g(r)41'rr pdr, where g ( r )  i s  t h e  r a d i a l  d i s t r i b u t i o n  

function and p  i s  t h e  number densi ty  of t h e  solvent .  Replacing t h e  

with an i n t e g r a t i o n  i n  ( l o ) ,  t h e - t o t a l  interactxion energy y i e l d s  
, 

-6- 0 r -12) - c $ ,.r -61 4r;~pg (r  )d r  
1 2  9 ind  v o l  p  

The in tegra t ion  of t h i s  ,energy-.requires information regarding t h e  r a d i a l  d i ' s t r i l  

but ion funct ion,  which i s  genera l ly  not known. A reasonable value can be  

approximated from x-ray s t u d i e s  on l i q u i d s .  Generally cdie assumes t h a t  

g(r) = 1 outs ide  t h e  r a d i u s  r ,  recognizing t h a t  common so lven t s  behave 

" --s. a s - ~ a g  der  Waals t y p e  f l u i d s .  S u b s t ~ t u t i o n  f o r  t h e  var ious  constants  

w- 
y i e l d s  

wher6 R . is  t h e  d i s t ance  from t h e  cen te r  of  t h e  s o l u t e  molecule t o  t h e  cen t re  

of t h e  nea res t  so lvent  molecule, t h e  i n t e g r a t i o n  y i e l d s  

* 
Introducing ci = Cirp/6012 and R '  = ~ / o ~ ~  

where R '  i s  found by d i f f e r e n t i a t i n g  equation (14)  and equating t o  zero 

t o  obta in  t h e  minimum value  of E. with  v a r i a t i o n  of R ' .  The r e s u l t  being 
1 
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B * 
Since E i s  small compared t o  

i nd 'dis 
then R' i s  approximately uni ty .  

Subs t i tu t ion  f o r  R '  i n t o  equation ( 1 4 )  and noting from equation (8)  t h a t  

- 
Gi : E.  y i e l d s  t h e  required  equation 

1 

This equation i s  i n  exact  agreementwith t h a t  of P i e r o t t i ( 8 ) ,  noting t h a t  

t h e  d ipo la r  i n t e r a c t i o n s  have been omitted s ince  they a r e  not required  i n  

2 
t h i s  t h e s i s .  Also, C = U a f o r  a nonpolar s o l u t e  and a p o l a r  solvent  

ind  1 2 
6 and Cdis = 4 ~ ~ ~ 0 ~ ~ ~ h ~ ~ ~ C S ~  and 0 a r e  t h e  s o l u t e  and solvent  Lennard-Jones 

2 

parameters and o12 = (GI+ 02) . These values a r e  defihed when t h e  L. J. 
2 

6-12 potenkia l  i s  zero. One then assumes that-Ol.and 02 'can be replaced 

" 
by alVand a2 . 

The enthalpy of i n t e r a c t i o n  defined i n  equation (16) can be f u r t h e r  

reduced by d i r e c t  s u b s t i t u t i o n  of t h e  appropr ia te  constants ,  hence 

-16 where K i s  t h e  Boltzman constant  = 1.3805 x 10 e rg  OK-', R i s  t h e  gas 

-1 0 -1 
constant  = 1.987 c a l  mole K and p i s  t h e  number densi ty  of t h e  solvent  

which i s  t h e  only term t h a t  i m p l i c i t l y  accounts f o r ' d i f f e r e n t  so lven t  

s t r u c t u r e s .  U1 i s  t h e  d ipo le  moment of t h e  solvent  i n  esu-cm, 

0 a s  previously defined has u n i t s  of  cm, t h e  p o l a r z a b i l i t y  of  t h e  1 2  

solvent  a has u n i t s  cm3 molecule-l, and cl2/K, a s  previously defined,  

0 has u n i t s  K. 



4 2 

The enthalpy of so lu t ion  was defined i n  equation (6 )  as t h e  

de r iva t ive  of in%, which e n t a i l s  t h e  de r iva t ives  of z. and the 
1 c 

Gibbs f r e e  energy of i n t e r a c t i o n  and cav i ty  formation. It was assumed i n  

- 
equation ( 9 )  t h a t  ci = Hi, hence only t h e  temperature d e r i v a t i v e  of a s  

c '  - 
defined by equation ( 7 )  i s  required.  I n  t h i s  present  de r iva t ion ,  t h e  hard 

sphere diameter of t h e  solvent  i s  assumed t o  be temperature dependent. A s  

t h e  temperature of t h e  solvent  molecules increases  t h e  r o o t  mean square 

( r . m . s . )  k i n e t i c  energy increases ,  which allows t h e  molecules t o  penet ra te .  

It w i l l  be shown l a t e r  t h a t  obtaining 

from Henry's law c o e f f i c i e n t  shows a 
1 

t h e  solvent  hard sphere diameter al 

t o  decrease with increas ing 

temperature. 

An e f f e c t i v e  hard sphere o r  r i g i d  sphere i s  defined by t h e  

p o t e n t i a l  energy of  i n t e r a c t i o n  with another molecule. 

where r i s  t h e  separa t ion  between t h e  cen te r s  of a s o l u t e  and solvent  

molecule of diameter al and a 2 ' 



- 4 3 

To ob ta in  B t h e  de r iva t ive  of i s  required ,  !!%.&T = fi , which 
C )  C a ( ~ / R T )  C 

e n t a i l s  d i f f e r e n t i a t i n g  a l l  t h e  K '  s , equations (7a-7d). One can 

s i m p l i e t h e  problem with t h e  following procedures. The s u b s t i t u t i o n  of 

- ~ T / R T *  f o r  B ( ~ / R T ) .  Hence 

Next d iv ide  by RT and group t h e  f i rs t  s e t  of terms i n  K K and K2 
C 0 ,  1 

toge ther ,  then group t h e  l a s t  term i n  K K and K with K and evaluate 
0 '  1 2 3 

these  groups separa te ly .  

Hence 

3 4 'rfPNa12 - N'rfPal 3 2 ~ . r r ~  2  znd Term 2 - + "12"1 - 
3 

2mala12 

Then l e t  Z = 16y/(1-y)] + 18[y / ( l -y ) ]2  and a = a + a 1 2  1 2 •÷ 

2 
A = - - -  a2 . The f i r s t  and second term reduce t o  

"1 



The expression f o r  t h e  f i r s t  term can now be fu r the r  s impl i f ied 

Resubsti tut ion f o r  Z y i e l d s  

Inclusion of t h e  second term y i e l d s  t h e  s impl i f ied expression f o r  /RT 
C 

The der ivat ive  of  G involves the  der iva t ive  of A and s ince  both ?and a2 
C 

a r e  assumed t o  be temperature dependent and t h e  der iva t ive  of A 

y ie ld s  A(k2-k1), where i?i i s  introduced as t h e  hard sphere temperature 

dependence 1 / ~ i  (dai/dT ) , then t h e  following assumption 



dA i s  made: - - - 0. Typical  values of -2 f o r  organic so lven t s  a r e  (10) 
dT 1 

.13 t o  .16 x ~ O - ~ S O K - ~  and a t y p i c a l  value f o r  -!L2 f o r  Argon (13) is 

.16 x so , using t h e  above values,  t h e  assumption i s  v a l i d .  

Hence 

Further s i m p l i f i c a t i o n  y i e l d s  

3 rial N 
Since y = 7 

The thermal expansion c o e f f i c i e n t  % i s  defined a s  . 

Since one i s  dea l ing  with a hard sphere system, it seem;- appropr ia te  t o  



H.S. 
introduce a a s  a hard sphere (H.s. ) expansion c o e f f i c i e n t  (a 

P P 1 * 
~ u b s t i t u t i n  both  t h e  hard sphere temperature dependence c o e f f i c i e n t  !Ll 

and t h e  H.S. thermal expansion c o e f f i c i e n t  y i e l d s  

Subs t i tu t ion  f o r  i n t o  equation (28) y i e l d s  
dT 

~ % / R T  - H.S. 2 3 
- y(3g1-g 2 N~rPa2 d~ ) ( 1 - ~ ) - ~ 1 3 ( 1 + 2 y ) ~  + 3(1-y)A + ( I - ~ )  I +  - ( 3Tk2-1 ) 

6 ~ ~ 2  

Since = -RT 
C 

2d'c/RT , one obta ins  t h e  enthalpy of  cav i ty  formation a s  
dT 

The thermal expansion c o e f f i c i e n t  s u b s t i t u t e d  i n  t h e  equation f o r  t h e  

enthalpy of c a v i t y  formation, Rc ,  was previously defined a s  a hard sphere 

term and, hence, should be derived from an equation of  s t a t e  f o r  a system 

of hard spheres. The equation of s t a t e  f o r  a hard sphere system derived 

by Carnahan and S t a r l i n g  (12,131 serves a s  a s t a r t i n g  point  



D i f f e r e n t i a t i n g  equation (32) f o r  V y i e l d s  

R Subs t i tu t ion  o f  equation (32) f o r  p and RT - followed by d iv i s ion  with V 
P 

y i e l d s  



Further simplification yields 

Substitution of equation (30 ) for * followed by suitable rearrangement 
dT 

yields 

With sufficient manipulation, one obtains an expression for the thermal 

expansion coefficient for a system of hard spheres 

This is 'similar . to the expression obtained by Wilhelm (IL) presuming 

that a typographic error exists in the latter half of equation (17) in 

Wilhelm ' s (14) paper. 

A good test lor any theory is the ability to predict the partial molar 

volumes of the solute (15), which is defined as 



Hence, from (2)  

- 
the re fo re ,  

v2 = v. 1 + 7 C + RT (-L-) V d P  T 

where t h e  isothermal compress ib i l i ty  i s  defined as B = - 
E) T V a p T ?  

s u b s t i t u t i o n  f o r  t h i s  

- 0, - 

This equation c l e a r l y  

term y i e l d s  

shows t h a t  t h e  p a r t i a l  molar volume of t h e  so lu te  i s  

both a funct ion of  t h e  c a v i t y  formation and s o l u t e  solvent  i n t e r a c t i o n  upon 

charging. Using equation (17) ,  one can deduce q u i t e  r e a d i l y  t h e  ti term, 

ap 
. Since z. i s  a funct ion of  t h e  dens i ty  o r  t h e  p a r t i a l  molar 

1 

volume of  t h e  s o l u t e  i n  both  terms of  t h e  equation,  then 

- - - 
Gi 

- (constants  A - constants  B) and v 

Subs t i tu t ion  f o r  B y i e l d s  f o r  a  system of hard spheres T 

The determination of V n  involves t h e  d e r i v a t i v e  of t h e  more complex 
C - 

funct ion . A good s t a r t i n g  point  i s  t h e  s impl i f i ed  vers ion of  GC'RT 
C 



from equation (27) where i s  defined as 
C 

Hence 

Subs t i tu t ing  f o r  = y(BT + 3 ~ ~ )  and introducing Q  a s  , t h e  1 a dl? 
1 

solvent  e f f e c t i v e  H.S .  diameter pressure  dependenee, one obta ins  with s u i t a b l e  

manipulation and c o l l e c t i o n  of  terms 

F ina l ly ,  

The isothermal compress ib i l i ty  term i s  t h a t  f o r  a s y ~ t e m o f ~ ~ d s p h e r e s  

(11) andas suchmus't beder ived from t h e  Carnahan-Starling equation o f . s t a t e  . Using 

H.S. 
equation (32) a s  a s t a r t i n g  p o i n t  and t h e  d e f i n i t i o n  of B T 

one ob ta ins  

H.S. - - 
-VBT - dP 



, . Then 
4 

Rearrangement y i e l d s  

F ina l ly ,  t h e  i so thermal  compress ib i l i ty  i s  given by 

where one recognizes t h a t  t h e  pressure  P i s  now f o r  a  system of hard spheres 

and i s  ca lcu la ted  from equation ( 3 2 ) :  Typically f o r  organic solvents  t h e  

pressure  requ i red  t o  maintain t h e  syscem of  hard spheres a t  a constant  



temperature and volume resembling t h a t  of t h e  r e a l  f l u i d  system i s  

The p a r t i a l  molar volume of  t h e  s o l u t e  f o r  t h e  d i s so lu t ion  process 

52 

3 
10 atm. 

i s  given by 

One notes  t h e  s i m i l a r i t y  between t h e  equations (47) f o r  vc and equation (31) 

f o r  fic' . Subs t i tu t ion  f o r  t h e  bracketed term i n  t with t h e  equivalence of  
C 

t h a t  te rm i n  gc, y i e l d s  f o r  P 
2 

Using t h e  o r i g i n a l  concept of  t h e  Scaled P a r t i c l e  Theory, a s  presented by 

R e i s s e t  a l .  ( ) , t h e  thermodynamic equations f o r  t h e  d i s so lu t ion  process and 

t h e  corresponding hard  sphere parameters were derived incorpora t ing an 

equation of s t a t e  f o r  a  system of hard  spheres. Using these  equations t h e  

P i e r o t t i  S.P.T. w i l l  be examined and a  pure hard sphere theory  w i l l  be 

presented and considered a s  an a l t e r n a t e  method f o r  t h e  ca lcu la t ion  of 

t h e  thermodynamic p roper t i e s  f o r  t h e  d i s so lu t ion  process.  
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The d i s s o l u t i o n  p roces s  o f  a  g a s  i n t o  a  s o l v e n t  i s  now cons ide red  as a 

four  s t e p  process :  ( 1 )  t h e  g a s  s o l u t e  is d ischarged  t o  t h a t  o f  a ha rd  sphere  

wi th  no a t t r a c t i v e  p o t e n t i a l ;  (2)  a  hard sphere  c a v i t y  i s  then  made i n  

t h e  s o l v e n t  o f  s u i t a b l e  s i z e  t o  accommodate t h e  s o l u t e ;  ( 3 )  t h e  ha rd  

sphere  s o l u t e  i s  p laced  i n  t h e  c a v i t y  a t  a  cons t an t  p r e s s u r e  and 

temperature;  and (4 )  t h e  s o l u t e  i s  then recharged ,  t h u s  a l l owing  

so lu t e - so lven t  i n t e r a c t i o n s .  The thekmodynamic s t e p s  cons idered  i n  

t h i s  model a r e  t h e  r e v e r s i b l e  work i n  c r e a t i n g  a c a v i t y  i n  a real  
- 

f l u i d  a s  given by t h e  S.P.T. G c t e r m .  The second i s  t h e  s o l u t e - s o l v e n t  

i n t e r a c t i o n  i n  t h e  r e c h a r g i n g  process ;  t h i s  can be w r i t t e n  i n  terms 

o f  some p o t e n t i a l  o f  i n t e r a c t i o n  and t h e  r a d i a l  d i s t r i b u t i o n  f u n c t i o n  

o f  t h e  s o l v e n t  and exp re s sed  a s  Gi. 

I n  t h i s  s e c t i o n  f o u r  c a s e s  o f  t h e  above model f o r  t h e  d i s s o l u t i o n  

o f  a  g a s  i n  a  l i q u i d  w i l l  be  cons idered .  For Case I ,  on ly  t h e  

s o l u t e  h a s  been d ischarged  t o  t h a t  o f  a  hard sphere  and t h e  s o l v e n t  

always r e t a i n s  its normal p o t e n t i a l  o f  i n t e r a c t i o n ,  even s o  t h e  s o l u t e -  

s o l v e n t  i n t e r a c t i o n  i n  forming t h e  c a v i t y  i s  s t i l l  t h a t  o f  a  p a i r  of  

hard spheres .  A consequence o f  l e t t i n g  t h e  s o l v e n t  r e t a i n  i t s  r e a l  

p o t e n t i a l  of i n t e r a c t i o n  i s  t h a t  t h e  u p  and BT v a l u e s  a r e  t h o s e  o f  

t h e  r e a l  s o l v e n t  and a  t empera tu re  dependence on t h e  s o l v e n t  e f f e c t i v e  

hard sphere d iameter  must be i nco rpo ra t ed .  Case I1 is a s  

above, but  exc luding  t h e  tempera ture  dependence on t h e  s o l v e n t  and s o l u t e  

e f f e c t i v e  hard sphere  d i a m e t e r s ,  a s  was assumed i n  t h e  o r i g i n a l  model 

used by P i e r o t t i .  

For c a s e  I11 n o t  on ly  is  t h e  s o l u t e  discharged t o  t h a t  o f  a ha rd  

sphere ,  but  s o  is t h e  s o l v e n t .  A consequence o f  this is that one must use 

pres su re s  c a l c u l a t e d  from a n  equa t ion  o f  s t a t e  f o r  a  system o f  hard  



5 spheres ( typica l ly  10 atm. for  organic solvents) t o  maintain the  

system a t  t h e  volume and temperature of the r e a l  system. Hence, 

the  a and B values w i l l  now be those values calculated from an 
P T 

equation of s t a t e  fo r  a system of hard spheres. In t h i s  par t icu lar  

case the temperature dependence of the effect ive hard sphere diameter 

of t h e  solvent and solute  w i l l  be included. Finally,  i n  Case IV, 

both the  solvent and solute  temperature dependence of the  e f fec t ive  hard 

sphere diameter w i l l  be excluded. Hence, Case IV i s  the  hard sphere 

equivalence of t h e  or ig ina l  P ie ro t t i  Theory. 

For t h e  ine r t  gases dissolved i n  a given solvent, one i s  able t o  plot 

any so lubi l i ty  thermodynamic property a s  a function of the  gas polar izabi l i ty  

and obtain a smooth curve. Extrapolation of t h i s  curve t o  zero 

polar izabi l i ty  y ie lds  the  value of tha t  thermodynamic property f o r  an 

iner t  gas type hard sphere dissolved i n  t h a t  par t icu lar  solvent. Figure 1 

i s  a plot of the  e f fec t ive  hard sphere diameter of the  ine r t  gases versus 

t h e i r  respective polar izabi l i t ies .  A smooth extrapolation y ie lds  a value 

of 2.55 8 f o r  t h e  e f fec t ive  hard sphere diameter of the  i n e r t  gas type 

hard sphere having no a t t rac t ion  potential ,  E /K=O, which defines the  solute  2 

hard sphere l imit ing case. 

I f  a s imi l a r -p lo t  of the  Henry's law constant ( fo r  the  i n e r t  gases i n  

a given solvent) against the solute polar izabi l i ty  i s  extrapolated t o  zero 

polar izabi l i ty ,  one obtains a value fo r  the  Henry's law constant 1 "HO of 
0 

the hard sphere gas (a1=2. 55 A, E/K=O) i n  t h a t  solvent. The extrapolated 

ln%O value can be equated t o  equation ( 5 )  t o  obtain 

l i m  % = l n q  = Z,/RT + l n  (RT/V) 
WO 
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56 
One n o t e s  t h a t  ei becomes ze ro  when a =O.  T h i s  is e a s i l y  seen s i n c e  

t h e  i nduc t ive  c o n s t a n t  Cind, which is  a f u n c t i o n  o f  t h e  s o l u t e  

p o l a r i z a b i l i t y  becomes ze ro .  Also, s i n c e  t h e  a t t r a c t i v e  w e l l  depth 

p o t e n t i a l  f o r  a hard  sphere  i s  ze ro  (E2/K = 0 ) ,  t h e n  t h e  d i s p e r s i v e  

c o n s t a n t  Cdis is  ze ro .  Th i s  hard sphere l i m i t  v a lue  o f  lnKH was 

o r i g i n a l l y  used by P i e r o t t i  t o  e s t a b l i s h  t h e  e f f e c t i v e  hard sphere  

d iameter  va lue  f o r  v a r i o u s  s o l v e n t s  a t  298.15 OK. Th i s  concept  

was l a t e r  used by ~ i l h e l m ( ~ O )  a t  o t h e r  t empera tu re s ,  t h u s  

e s t a b l i s h i n g  a  f i n i t e  t empera ture  dependence f o r  t h e  e f f e c t i v e  hard 
- 

sphe re  d iameter  o f  a  wide range of  s o l v e n t s .  S ince  t h e  i n t e r a c t i o n  

term i s  ze ro  f o r  a hard  sphe re ,  one s imply e q u a t e s  e q u a t i o n ( 5 7 ) t o  

t h e  e x t r a p o l a t e d  lnKHO v a l u e s  ob ta ined  f o r  t h e  i n e r t  ga se s  i n  a 

g iven  s o l v e n t  o v e r  a  tempera ture  range ,  and s o l v e s  f o r  a  a t  t h e  va r ious  
- 1 

t empera tures  ( i n c o r p o r a t i n g  t h e  equa t ion  f o r  G,). Using our  d a t a  we 

i l l u s t r a t e  i n  F i g u r e s  2 and 3 f o r  H20 and D20 t h e  method o f  g r a p h i c a l  

e x t r a p o l a t i o n  t o  o b t a i n  lnKHO va lues  over  a  tempera ture  range.  For 

t h e s e  graphs  my expe r imen ta l  s o l u b i l i t y  d a t a  was supplemented wi th  Helium 

D20. The curves  were f i t t e d  us ing  a  cubic  polynomial,  Table I 

i g l v e s  t h e  c o e f f i c i e n t s .  







Table I 

C o e f f i c i e n t s  i n  t h e  equa t ion  h K H  = A + ~ c r  + ~ a 2  + m3 

(1 )  Percentage s t anda rd  d e v i a t i o n  from exper imenta l  h K H  v a l u e s  

f o r  helium. 

S e t t i n g  t& p o l a r i z a b i l i t y  t o  ze ro  i n  t h e  cub ic  polynomial  f o r  lnKH 

y i e l d s  t h e  v a l u e s  a t  a g iven  temperature .  Hence 

S u b s t i t u t i n g  t h e  l n ~ ~ O  v a l u e s  i n  equa t ion  (57)  one o b t a i n s  



Recognizing f o r  t h e  P i e r o t t i  t rea tment  t h a t  P = 1 atm 

0 
a2 = 2.55 A ,  one is  a b l e  t o  s o l v e  t h i s  equa t ion  f o r  a  

e f f e c t i v e  hard sphe re  d iameter  o f  t h e  so lven t .  

and us ing  

t h e  s o l v e n t  

Table I1 summarizes t h e  e x t r a p o l a t e d  lnKHO va lues  f o r  a ha rd  

sphere  s o l u t e  o f  2.55 1, and t h e  r e s p e c t i v e  hard sphere  d i ame te r s  

ob ta ined  from s o l v i n g  e q u a t i o n  (59)  f o r  H20 and D20. 

Solven 

Table  I1 

~t E f f e c t i v e  Hard Sphere Diameters 

Using t h i s  da t a  one o b t a i n s  a  gl-value ( 4 = l / a l  dal /dT) of 

- .12 x 10- 3 oK-1 f o r  H20 and - .42 x 1 0  -3 oK-1 f o r  D20. 

It i s  d i f f i c u l t  t o  make a q u a n t i t a t i v e  assessment o f  a l l  t h e  p o s s i b l e  

sources  o f  e r r o r  involved wi th  t h e  de te rmina t ion  o f  &-va lues .  Wilhelm 

es t imated  t h e  e r r o r  t o  be '30% us ing  t h e  g r a p h i c a l  e x t r a p o l a t i o n  



b v a l u e  ob ta ined  f o r  D20 appea r s  unusual ly  high wi th  r e s p e c t  t o  

water  and o t h e r  s o l v e n t s .  Th i s  is d i r e c t l y  a t t r i b u t a b l e  t o  t h e  
I 

lnKH v a l u e s  o f  Helium and Neon sugges t ing  t h a t  t h e  d a t a  o f  Abrosimov 

(Ref.  17) is u n r e l i a b l e .  A s  can be seen  from F i g u r e  3,  t h e s e  v a l u e s  

d e v i a t e  c o n s i d e r a b l y  from t h e  smooth curve which is  expec ted  when compared 

t o  t h e  H20 curves .  It is  i n t e r e s t i n g  t o  no t e ,  however, t h a t  t h i s  

method o f  e x t r a p o l a t i i o n  y i e l d s  an e f f e c t i v e  hard sphe re  d iameter  f o r  

0 
both H20 and D20 o f  2.78 A a t  298.15 OK,  which i s  t h e  ave rage  

va lue  used by most workers .  

If one p l o t s  t h e  e n t h a l p i e s  o f  s o l u t i o n  f o r  t h e  i n e r t  g a s e s  i n  a  g iven  

s o l v e n t  ve r sus  t h e  g a s e s '  p o l a r i z a b i l i t y  and e x t r a p o l a t e s  t o  t h e  hard 

sphere  l i m i t ,  one o b t a i n s  AH0 f o r  a  hard sphere i n  t h a t  s o l v e n t .  
- 

Equating t h e s e  ha rd  sphere  e n t h a l p i e s  and recogniz ing  t h a t  t h e  Hi term 

i n  equa t ion  6  is  z e r o ,  one o b t a i n s  

where is d e f i n e d  i n  equa t ion  (31) .  S ince  y  i s  a  f u n c t i o n  o f  

a l ,  which h a s  p r e v i o u s l y  been obta ined  from t h e  lnKHO v a l u e s ,  

equa t ion  (60)  can be so lved  f o r  !?, a t  t h e  hard sphere  l i m i t .  The 

R-value ob ta ined  wi th  t h e  AH' e x t r a p o l a t i o n  can be compared t o  t h e  

1-value ob ta ined  from t h e  lnKHO va lues ,  t h u s  producing a  s e l f  

c o n s i s t e n t  check f o r  e l .  Using t h e  o r i g i n a l  concept o f  t h e  s c a l e d  

p a r t i c l e  t heo ry  as i n  Case I ,  apHbS* i n  equa t ion  (30)  i s  r ep l aced  by 

t h e  exper imenta l  va lue  of (+ f o r  a  given s o l v e n t ,  and l e a v i n g  k1 

a s  an undetermined v a r i a b l e ,  equa t ion  (60) can be so lved  t o  o b t a i n  

t h e  tempera ture  dependence l / a  da/dT o f  t h e  s o l v e n t  e f f e c t i v e  hard 



$ 3  

s phere  d iameter .  The fo l lowing  t a b l e  

t h e  el va lues  ob t a ined  by 1 n ~ ~ O  ani imo 

compares f o r  s e l e c t e d  s o l v e n t s  

e x t r a p o l a t i o n s .  

Table  111 

Ext rapo la t ed  So lven t  Diameter Temperature Dependence 

Included i n  t h e  above t a b l e  a r e  t h e  AHO va lues  ob t a ined  from equat ion  (60)  

wi th  R1 having a  v a l u e  o f  ze ro  a s  i n  t h e  c a s e  o f  t h e  o r i g i n a l  P i e r o t t i  

f o rmu la t ion ,  i t  is  seen  t h a t  t h e s e  va lues  a r e  nowhere n e a r  t h e  va lues  

ob t a ined  from t h e  exper imenta l  e x t r a p o l a t i o n s .  One is  amazed a t  t h e  

remarkable  agreement between t h e  temperature  dependence o f  t h e  s o l v e n t  

e f f e c t i v e  hard sphe re  diameter  ob ta ined  from t h e m o  and l n ~ ~ O  extra- 

p o l a t i o n s .  Whils t  t h e r e  was never  any doubt as t o  t h e  tempera ture  

dependence, t h i s  p o i n t s  ou t  unambiguously t h a t  t h e  o r i g i n a l  P i e r o t t i  

fo rmula t ion  should i n  f a c t  c o n t a i n  a  term r e f l e c t i n g  t h e  tempera ture  

dependence o f  t h e  s o l v e n t  e f f e c t i v e  hard sphere  d iameter .  

An e x t r a p o l a t i o n  o f  a  p l o t  o f  t h e  en t ropy  of  s o l u t i o n  f o r  t h e  i n e r t  

g a s e s  i n  g iven  s o l v e n t  a g a i n s t  t h e  g a s e s t  r e s p e c t i v e  p o l a r i z a b i l i t y  

t o  t h e  hard  sphere  l i m i t  w i l l  y i e l d  AS0 va lues .  The v a l u e s  s o  

ob ta ined  can be compared t o  t h e  t h e o r e t i c a l  en t ropy  g iven  by 

As = AH - AG = (As0 f o r  a  s o l u t e  o f  2.55 8)  (61)  
T 



The method o f  o b t a i n i n g  As0 from equat ion  (61)  is  r a t h e r  f o r t u i t o u s  

s i n c e  from t h e  assumptions i n  t h e  theory  i t s e l f  one is  n o t  

r equ i r ed  t o  d e l i b e r a t e l y  s e t  t h e  Ei and Ei terms equa l  t o  zero .   he 

entha lpy  of s o l u t i o n  AH is g iven  by equa t ion  ( 6 )  and t h e  Gibbs free 

energy of s o l u t i o n  AG i s  g iven  by 

Hence t h e  en t ropy  of  s o l u t i o n  is 

- - 
So,  u s i n g  our p rev ious  assumption t h a t  Hi=Gi, t hen  

T 

which is  i d e n t i c a l  t o  equa t ion  ( 6 1 ) .  The ASO va lues  ob t a ined  from 

equat ion  (65),  when compared t o  t h e  hard sphere  e x t r a p o l a t e d  va lues ,  

provide a  good s e l f  c o n s i s t e n t  check f o r  both t h e  k1 and a, v a l u e s  

used f o r  c a l c u l a t i o n s  of  t h e  thermodynamic p r o p e r t i e s  o f  t h e  d i s s o l u t i o n  

process .  The fo l l owing  t a b l e  g i v e s  a  summary o f  e x t r a p o l a t e d  

thermodynamic d a t a  u s ing  t h e  hard  sphere s o l u t e  a s  t h e  l i m i t i n g  c a s e  



for  se lected solvents .  

Table I V  

Extrapolated Thermodynamic Hard Sphere ~ a t a  a t  298.15 OK 

ASO AS' m0 mHO 
( c a l ~ o l - I  OK-') ( ~ s l ~ o l  -1 oK-1) - ( c a l ~ o l  -1 o K -1 ) . , 

SOLVENT Experimental Eqn. (65) , Case I Experimental ~ q n .  (59) 



Scaled P a r t f c l e  Theory 

The S.P.T., a l though severe ly  c r i t i c i s e d ,  y i e l d s  remarkably good Henry's 

law cons t an t s  f o r  bo th  organic  s o l v e n t s  and water .  Th i s  is  r a t h e r  

unexpected s i n c e  t h i s  theory  t r e a t s  H20 l i k e  any o t h e r  so lven t  and 

does n o t  t a k e  i n t o  account  any fundamental d i f f e r e n c e s  (such a s  those  

due t o  H-bonding). The hard  sphere  equat ions  der ived  i n  t h e  theory  

s e c t i o n  above ( t ak ing  i n t o  account tempera ture  and p r e s s u r e  d e r i v a t i v e s  

of t h e  so lven t  e f f e c t i v e  d iameters )  w i l l  now b e  shown equ iva l en t  t o  t h e  

equa t ions  obta ined  by P i e r o t t i .  

The Henry's law cons t an t  f o r  t h e  d i s s o l u t i o n  process  can b e  c a l c u l a t e d  

For Case I and 11, where P = 1 atm., t h e  l a s t  term i n  t h e  express ion  i s  

n e g l i g i b l e  ( 2  5 x f o r  a  t y p i c a l  gas ,  Argon, a t  298 OK). I n  

c a l c u l a t i n g  t h e  en tha lpy  of s o l u t i o n ,  A H ,  equa t ion  (31) desc r ibes  t h e  

c o n t r i b u t i o n  due t o  c a v i t y  formation as 

. - 2 H.S. 2 
B c = yRT (% --3!L1) (1-y)-3~3(1+2y)~2 + 3(1-y)~ + (1-y) 1 

Again f o r  Case I and 11, t h e  l a s t  term i s  sma l l  ( z  .3 c a l  mol-l f o r  

argon a t  298 OK) and may b e  assumed n e g l i g i b l e .  I n  o r d e r  t o  o b t a i n  

- 
t h e  express ion  f o r  Bc g iven  by  P i e r o t t i ,  

a p  hard sphere  by t h e  experimental  v a l u e  

2 EXP 8 = yRT ($ c - 3~,) 0-y)-~13(1+ 2yb2 

i t  i s  necessary  t o  r ep l ace  
- 

of ap. We w i l l  w r i t e  Hc a s  



and r ega rd  t h e  o r i g i n a l  P i e r o t t i  formulat ion of  t o  be  t h a t  c a s e  f o r  

which R1=O ( though,  a s  w e  have shown above, t h i s  i s  a  poor  approximation) .  

The par t ia l  molar volume f o r  t h e  d i s so lved  s o l u t e  is de r ived  i n  equa t ion  (56) 

us ing  hard sphe re  d i ame te r  temperature  and p r e s s u r e  d e r i v a t i v e s .  For 

Case I ,  r e p l a c i n g  ha rd  sphere  ap and BT v a l u e s  w i th  expe r imen ta l  
- 

v a l u e s ,  V2 a t  1 atm. r educes  t o  

where Q1 was p r e v i o u s l y  in t roduced  a s  t h e  p r e s s u r e  

dependence on t h e  e f f e c t i v e  hard sphere diameter  Q, = l / a l  

and h a s  been e s t i m a t e d  t o  be of t h e  o r d e r  10-4 atm'l, an  o r d e r  

(18 > of  magnitude less t h a n  t h e  R1-values . . 

I n  o r d e r  t o  a s s i s t  i n  t h e  computations o f  t h e  thermodynamic p r o p e r t i e s  

f o r  t h e  d i s s o l u t i o n  p roces s ,  a  P L I  program l abe l ed  'Hard Sphere1 (see 

Appendix I )  was developed inco rpo ra t i ng  a l l  t h e  r e q u i r e d  e q u a t i o n s  f o r  

Cases I and I11 where Cases  I1 and I V  a r e  ob t a ined  by s e t t i n g  

k1 = e2 = 0.  Computer c a l c u l a t i o n s  f o r  t h e  systems:  i n e r t  g a s e s  02, 
*2  

CH4 and SF6 i n  H 2 0 ,  D 2 0 ,  C6H6, CC14,  n-C H 7 16' 

C - C 6 ~ 1 2 ,  and ~ - c ~ H , ~  o v e r  t h e  temperature  range 273.15 OK t o  

323.15 O K ,  were c a r r i e d  o u t  t o  f i n d  t h e  thermodynamic p r o p e r t i e s  

f o r  t h e  d i s s o l u t i o n  p roces s .  Tables V and V I  summarize a l l  s o l u t e  and 

s o l v e n t  parameters  a t  298.15 OK requi red  f o r  t h e  c a l c u l a t i o n s .  For 

convenience, o n l y  t h e  298.15 OK va lues  a r e  g iven  f o r a p ,  BT and 

d e n s i t i e s  wi th  t h e  a p p r o p r i a t e  r e f e r e n c e s  con ta in ing  o t h e r  temperature  

va lues .  



Table V 

P r o p e r t i e s  o f  t h e  s o l u t e s  a t  298.15 OK 

H.S . ~ i a m e t e r ( ~ )  ~ o l a r i z a b i l i t ~ ( ~ )  L-J Force  c o n s t  .(a) 

Hard Sphere 2 55 0 0 

H e  2.63 .204 6.03 

N e  2.78 .393 34.9 

A r  3.40 1 .63 122 

K r  3 60 2 -46 171 (b) 

(a )  Ref. 1 9 ,  (b )  Ref. 7 ,  ( c )  Ref. 20 

The fo l lowing  t a b l e s  p re sen t  thermodynamic d a t a  a t  298.15 OK f o r  t h e  

d i s s o l u t i o n  p roces s  i nco rpo ra t i ng  t h e  temperaure dependence Case I 

(R1 = l/al d a l / d ~ )  of t h e  s o l v e n t s  a s  p rev ious ly  determined 

a t  t h e  hard sphere  l i m i t .  
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~ a h l e  VII 

H20 Case I 

lnK13 
Calc . 

Hard S p h e r e  284 --- 

( a )  R e f e r e n c e  16 



T a b l e  VIII 

GAS 

Hard Sphere  

He 

N e  

Ar 

Kr 

Xe 

O 2  

N2 

CH4 

SF6 

(a) R e f e r e n c e  16 



Table IX 

r - 
- -  

GAS 

Hard Sphere 

c-.C6H12 Case I 

R1 = -.14 x 10 -3 of1 



Table X 

n-C6~14 Case I 
-3 o f 1  R1 = -. 19 ,X 10 

GAS 

Hard Sphere 

H e  

N e  

A r  

K r  

X e  

O2 

N2 

CH4 

SF6 

One can s e e  

AH 

( c a l  ~ o l - l )  

Calc . 
2238 

1913 

1461 

1052 

751 

672 

from t h e  above t a b l e s  t h a t  t h e  theory  p r e d i c t s  q u i t e  we l l  

t h e  Henry's law cons tan t s  and r e l a t i v e l y  poor agreement i s  obtained f o r  

t h e  e n t h a l p i e s  of s o l u t i o n  a s  one d e v i a t e s  f u r t h e r  from t h e  i n e r t  gas 

type hard sphere. As previously shown, t h e  e n t r o p i e s  of s o l u t i o n  

provide a  good s e l f  cons is tency  check f o r  t h e  R1-values. The 

fol lowing t a b l e s  compare ca l cu la t ed  e n t r o p i e s  f o r  t h e  d i s s o l u t i o n  process 

of t h e  i n e r t  gases jn se l ec t ed  so lven t s  a t  298.15 OK. 



Table XI 

~ S ( e a l   ole-' OK-')R~O Case 1 

Calc . Eqn. (65) EXP 

Hard Sphere -23.15 ---- 

Hard Sphere 

He 
I 

Ne 

Ar 

Kr 

Xe 

Table XI1 

A S (cal  ole-l ) . c ~ R ~  

Calc. ~ q n .  ( 6 5 )  
-10.14 

Case I 

0 '1 
K 



Table XI11 

hS(ca l   ole-I O r 1 )  c-C6H12 Case I 

a, = -.14 10- 3 oK-1 

Calc .  Eqn. (65) - Exp. 
Hard Sphere -10.09 ---- 

Table X I V  

~ s ( c a l   ole-l OK-') n-C6H14 Case I 
-3 0- -1 R 1 = - . 1 9 x 1 0  K 

Calc.  Eqn. ( 6 5 )  

Hard Sphere -9 50 

He -9 . 36 

Ne -9 .08 

Ar -7.78 

K r  -7.30 

Xe -6.11 

From t h e  above t a b l e s  it is c l e a r  t h a t  t h e  e n t r o p i e s  a r e  p r e d i c t e d  

r e l a t i v e l y  w e l l  f o r  H20, w h i l s t  t h e  o rgan ic  s o l v e n t  e n t r o p i e s  a r e  

g e n e r a l l y  low and a l s o  dec rease  i n  value while  t h e  exper imenta l  va lues  

i nc rease .  

It is i n t e r e s t i n g  t o  no t e  t h a t  t h e  hard sphe re  e n t r o p i e s  c a l c u l a t e d  from 

equat ion  (65)  a r e  i n  good agreement with t h e  hard sphere  ( e x t r a p o l a t e d )  
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o f  a tempera ture  dependent  hard sphere d iameter .  

I n  l i g h t  o f  t h e  r a t h e r  poor agreement ob t a ined  f o r  t h e  e n t h a l p i e s  and 

e n t r o p i e s  o f  s o l u t i o n ,  t h e s e  thermodynamic p r o p e r t i e s  were r e c a l c u l a t e d  

exc luding  t h e  tempera ture  dependence o f  t h e  e f f e c t i v e  hard  sphere  

d iameters .  The fo l l owing  t a b l e s  summarize t h e s e  r e s u l t s  f o r  t h e  i n e r t  

ga se s  i n  t h e  same s o l v e n t s  f o r  Case 11. 

Hard Sphere 

He 

Ne 

A r  

m?: 

X e  

Hard Sphere 

He 

Ne 

Table XV 

H20 Case I1 

AS 

( c a l  Mol -1 oK-l) 

Eqn. (61) 

-24.58 

-24.78 

-25.49 

-28.88 

-30.03"'. 

-33.07 

(cal Mol 
-1 0~4) 

Eqn. (61) 

-13.00 

-12.94 

-12.87 

-12.55 

-12.43 

-12.17 



T a b l e  X V I I  

~ " 6 ~ 1 2  

AH 

( c a l  MOI-l) 

Eqn. (6)  

Hard S p h e r e  1807 

H e  1391 

N e  791 

AX - 22 

K r  -499 

X e  -897 

Case I1 

AH 

( c a l  ~o l - ' 1  

E ~ P  

---- 

2421 

146 1 

-2 18 

-831 

---- 

( a )  Ref ;7 ,  ( b )  Ref. 19 ,  (c) Ref. 35,  (d )  Ref. 3 6  

T a b l e  X V I I I  

n-C6H14 Case I1 

Hard S p h e r e  

H e  

N e  

A r  

K r  

AS 

Eqn. (61) 

-12.64 

-12.60 

-12.55 

-12.26 

-12.14 

-11.83 

Eqn. (61) 

-12.16 



One can see from t h e  above Tables  t h a t ,  f o r  Case I1 (exc luding  a 

tempera ture  dependence on t h e  s o l v e n t  e f f e c t i v e  H.S, d i ame te r ) ,  t h e  

p red i c t ed  e n t h a l p i e s  o f  s o l u t i o n  f o r  t h e  o r g a n i c  s o l v e n t s  a r e  g e n e r a l l y  

poor when compared t o  t h e  app rop r i a t e  exper imenta l  e n t h a l p i e s .  It is  

n o t  s u r p r i s i n g ,  however, t o  s e e  good agreement between t h e  p red i c t ed  and 

exper imenta l  e n t h a l p i e s  f o r  H20 us ing  t h i s  P i e r o t t i  fo rmula t ion .  I n  

t h i s  formula t ion  t h e  Lennard Jones f o r c e  c o n s t a n t  E1/K f o r  H20 was 

obta ined  by equa t ing  t h e  exper imenta l  lnKH v a l u e s  f o r  t h e  i n e r t  
- 

gases  t o  t h e  exp re s s ion  con ta in ing  Gi and s o l v i n g  f o r  t h e  v a r i a b l e  

- - - 
parameter E,/K. S i n c e  di = Hi and Hi is  t h e  dominant term i n  t h e  

en tha lpy  exp re s s ion  (one n o t e s  f o r  He and Ne t h e  -RT term c a n c e l s  
- 

t h e  ic term, l e a v i n g  Hi a s  t h e  dominant t e r m ) ,  one e x p e c t s  good 
- 

agreement f o r  t h e  p r e d i c t e d  e n t h a l p i e s .  For Argon and Krypton t h e  Hc 

va lues  a r e  707 c a l   ole-l and 797 c a l   ole-l r e s p e c t i v e l y ,  while  t h e  

r e s p e c t i v e  gi v a l u e s  a r e  -2585 c a l   ole-l and -3394 c a l   ole-l. 

Upon examination o f  t h e  e n t r o p i e s ,  one obse rves  a l l  t h e  c a l c u l a t e d  

o r g a n i c  e n t r o p i e s  t o  be g e n e r a l l y  low and have d e c r e a s i n g  v a l u e s  from 

Helium t o  Xenon, w h i l s t  t h e  exper imenta l  v a l u e s  a c t u a l l y  i nc rease .  

F igu re  4  is  a  p l o t  o f  t h e  c a l c u l a t e d  e n t r o p i e s  f o r  Cases I ,  I1 and I11 

and t h e  exper imenta l  e n t r o p i e s  o f  t h e  noble  g a s e s  i n  Benzene s o l v e n t  ve r sus  

t h e  g a s  p o l a r i z a b i l i t y .  It is c l e a r  from t h i s  graph t h a t  t h e  remarkable 

d i f f e r e n c e  i n  t h e  c a l c u l a t e d  e n t r o p i e s  observed f o r  c a s e s  I and I1 i s  

d i r e c t l y  a t t r i b u t a b l e  t o  t h e  so lven t  e f f e c t i v e  H.S. d iameter  temperature  

dependence. One n o t e s ,  however, t h a t  i n c l u s i o n  o f  an R v a l u e  (Case I) 

enab le s  t h e  c a l c u l a t e d  en t ropy  t o  have t h e  same hard sphere  l i m i t i n g  ca se  

i n t e r c e p t i o n  p o i n t  a s  was ob ta ined  with t h e  expe r imen ta l  en t ropy  va lues .  



CASE l 

CASE II 
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A t  t h i s  p o i n t  i t  i s  i n t e r e s t i n g  t o  compare Case I and I1 w i t h  t h e  

p u r e  ha rd  s p h e r e  t r e a t m e n t  which i n c o r p o r a t e s  p u r e  h a r d  s p h e r e  p r e s s u r e s  

and clp and BT v a l u e s  c a l c u l a t e d  from t h e  Carnahan S t a r l i n g  e q u a t i o n  

of state. T a b l e  X I X  summarizes t h e  p u r e  h a r d  s p h e r e  thermodynamic 

p a r a m e t e r s  used i n  t h e  c a l c u l a t i o n s .  

T a b l e  XIX 

Hard Sphere  P r o p e r t i e s  a t  298.15 OK 

H2•‹ gH6 ~ " 6 ~ 1 2  n-C6H4 

7 .841 3.887 3.426 2.368 

\ 

1 .085 .737 .717 .770 

-923  .386 .387 .332 

-413 .564 .624 .968 

*413 .5 64 .624 .968 

T a b l e s  XX t o  XXIV compare t h e  h a r d  s p h e r e  t r e a t m e n t  u s i n g  t h e  

a p p r o p r i a t e  c a l c u l a t e d  v a l u e s  from t h e  e q u a t i o n  o f  s ta te  f o r  

c a s e s  I11 and I V  f o r  t h e  i n e r t  g a s e s  i n  H20, C6H6, C-C6H12, 

and n-C6H14 f o r  t h e  d i s s o l u t i o n  p r o c e s s  a t  298.15 OK- 



Table XX 

H20 Case I11 and I V  

-1 ' -1 , - (ca l  ~ o l - l )  (ca l  Mol .) ( ca l  Mol o K - l j '  ( c a l  Mol -1 
3  oK-L R=- .08xl0- R=O ~ = - . 0 8 ~ l o - 3  O K - ~  &o 

Table XXI 

C6H6 C a s e  I11 and IV 



T a b l e  XXII 

T a b l e  X X I I I  
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Examination of  t h e  e n t h a l p i e s  f o r  t h e  d i s s o l u t i o n  process  us ing  t h e  h a r  

sphere  theory  r e v e a l s  t h a t  t h e  expected t r e n d ,  when compared t o  experimental  

va lues ,  e x i s t s .  For  organic  so lven t s ,  a l though t h e  e n t h a l p i e s  a r e  

g e n e r a l l y  low, t h e  v a l u e s  decrease  from Helium t o  Xenon, which i s  t h e  

experimental  t r end .  The e f f e c t  of i nc lud ing  a  s o l v e n t  e f f e c t i v e  hard spher  

diameter  tempera ture  dependence f o r  t h e  pu re  ha rd  sphe re  theory  i s  n o t  a s  

pronounced. One n o t e s  t h a t  t he  e n t h a l p i e s  f o r  H20 a r e  p red ic t ed  a l l  
- 

p o s i t i v e ,  which i s  due i n  p a r t  t o  t h e  l a r g e  p r e s s u r e  t e r m  i n  H,. 

Subsequently w i t h  t h e  inc lus ion  of t h e  p r e s s u r e  term t h e  va lue  of is 
- 

p o s i t i v e  and approximately twice a s  l a r g e  a s  t h e  Hi t e r m .  (For  Argon, 
- - 
Hc is 6697 c a l  mole-' and Hi is -3394 c a l  mole-l.) One f u r t h e r  

no te s  t h a t  t h e  p r e d i c t e d  lnKH va lues  f o r  H20 i n c r e a s e  from Helium t o  

Xenon w h i l e  t h e  experimental  va lues  decrease ,  w h i l s t  t h e  h K H  v a l u e s  

f o r  organic  s o l v e n t s ,  a l though high, d i s p l a y  t h e  c o r r e c t  t r end .  Examination 

of t h e  e n t r o p i e s  r e v e a l s  t h a t  these  va lues  a r e  ~ r e d i c t e d  h igh  f o r  organic  

s o l v e n t s  and low f o r  H20 b u t ,  u n l i k e  the  previous  c a s e s ,  t hey  i n c r e a s e  

i n  v a l u e  from Helium t o  Xenon l i k e  t h e  experimental  va lues .  Although 

g e n e r a l l y  poor  agreement i s  obtained us ing  t h e  hard  sphe re  theo ry ,  i t  

i s  i n t e r e s t i n g  t o  s e e  t h a t  t h i s  theory  t r e a t s  H20  l i k e  o r g a n i c  s o l v e n t s  

b u t ,  u n l i k e  t h e  o r i g i n a l  formulat ion,  has  no p r e d i c t i v e  success .  





DISCUSSION 

P lo t s ,  o f  t h e  exper imenta l  en t ropy  and c a l c u l a t e d  en t ropy  f o r  t h e  i n e r t  

ga se s  i n  H20 and C6H6 v e r s u s  t h e  g a s  p o l a r i z a b i l i t y  f o r  Cases I, 11 

and I11 are shown i n  F i g u r e s  4 and 5. One 'no t e s  t h a t  t h e  exper imenta l  

en t ropy  curve and t h e  Case I ent ropy  curve  (w i th  an  "I,., va lue )  i n t e r s e c t  

a t  t h e  ha rd  sphere  l i m i t .  A s  one d e v i a t e s  from t h e  ha rd  sphere  l i m i t ,  it 

becomes appa ren t  t h a t  a r a t h e r  l a r g e  en t ropy  a s s o c i a t e d  wi th  t h e  charg ing  

p roces s  is r e q u i r e d  t o  b r i n g  agreement between t h e  e n t r o p i e s  from Case I 

and t h e  exper imenta l  e n t r o p i e s .  

A s  p r ev ious ly  mentioned, one o f  t h e  i n h e r e n t  assumptions o f  t h e  S.P.T. 

- 
i s  t h a t  fii was assumed t o  be Gi, a  consequence o f  t h i s  being t h a t  t h e  

c a l c u l a t e d  en t ropy  i s  i n  f a c t  n o t  a  func t ion  o f  t h e  i n t e r a c t i o n  term. 

Examination o f  equa t ion  ( 6 4 )  r e v e a l s  t h a t  t h e  major c o n t r i b u t o r s  t o  

t h e  en t ropy  a r e  t h e  cc and & terms. For Xe i n  Benzene Case 11, 
- 
Hc 4800 c a l   ole-l, i n c l u s i o n  o f  a tempera ture  dependence a s  i n  

Case I y i e l d s  a  va lue  f o r  Ec of 9400 c a l   ole-l, hence c o n t r i b u t i n g  

an  e x t r a  15 c a l   ole-l O K - ~  t o  t h e  en t ropy ,  which c r e a t e s  t h e  

l a r g e  d i f f e r e n c e  i n  t h e  c a l c u l a t e d  en t ropy  cu rves  f o r  t h e  i n e r t  ga se s  i n  

Benzene ( F i g u r e  4 )  f o r  Cases I and 11. 

It is i n t e r e s t i n g  t o  note  t h a t ,  f o r  t h e  o r i g i n a l  P i e r o t t i  fo rmula t ion ,  

i n  Case I1 t h a t  t h e  8, term is almost  i d e n t i c a l  t o  t h e  cc term f o r  t h e  

i n e r t  ga se s  i n  o r g a n i c  s o l v e n t s .  Typ ica l ly ,  f o r  Argon i n  Benzene, 
- - 
Hc and Gc, have v a l u e s  o f  3612 and 3659 c a l   ole-' r e s p e c t i v e l y .  

Remembering t h a t  Bi e q u a l s  Ei, t hen  t h e  en t ropy  term f o r  t h e  P i e r o t t i  

fo rmula t ion  i s  e s s e n t i a l l y  a  func t ion  o f  c o n s t a n t s  wi th  t h e  major con t r i -  

bu t ion  be ing  R ~ ~ C R T / V ~ ) .  A s  a r e s u l t  t h e  c a l c u l a t e d  e n t r o p i e s  when 

p l o t t e d  a g a i n s t  t h e  i n e r t  ga se s  ' p o l a r i z a b i l i t y  a r e  almost a s t r a i gh t  
- 

l i n e  f o r  o rgan ic  s o l v e n t s .  For H20,  though, t h e  Hc va lues  a r e  much 
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less t h a t  t h e  Gc v a l u e s ,  and hence one o b t a i n s  a l a r g e  nega t ive  

c o n t r i b u t i o n  t o  t h e  en t ropy  term through Gc r e s u l t i n g  i n  a  curve which 

looks  s i m i l a r  t o  t h e  experimental  p l o t  shown i n  F igure  5 .  

For Case 111 (w i th  !L, and !$ va lues )  , ' t y p i c a l l y  f o r  Argon i n  Benzene 

t h e  and terms have va lues  of 3281 and 4828 o a l   ole-I 
r e s p e c t i v e l y ;  t h u s  t h e  major con t r ibu t ion  t o  t h e  en t ropy  is from these  

terms. Th i s  is t y p i c a l  f o r  a l l  o rgan ic  s o l v e n t s  and p r e s e n t s  a  more 

r e a l i s t i c  method f o r  c a l c u l a t i n g  t h e  en t ropy  a s s o c i a t e d  ~ 5 t h  t h e  

d i s s o l u t i o n  process .  From these  graphs i t  is a l s o  c l e a r  t h a t  a  l a r g e  
- 

ent ropy  (Si) c o n t r i b u t i o n  i s  requi red  t o  b r i n g  agreement between t h e  

c a l c u l a t e d  and exper imenta l  en t ropy  va lues .  

A t  t h i s  p o i n t  i t  is  i n s t r u c t i v e  t o  examine t h e  magnitude of t h e  . in te r -  

a c t i o n  term f o r  t h e  d i s s o l u t i o n  process .  p l o t s  o f  t h e  experimental  lnKH 

v a l u e s  f o r  t h e  i n e r t  gases  i n  a s o l v e n t ,  wi th  c a l c u l a t e d  (lnKH-Gi/RT) 

va lues ,  ve r sus  t h e  i n e r t  g a s  p o l a r i z a b i l i t y  y i e l d  i n s i g h t  i n t o  t h e  
- - 

magnitude of t h e  Gi term. Exclusion of t h e  Gi/RT term from lnKH 

f o r  t h e  i n e r t  ga se s  p r e s e n t s  a !'pure hard sphere"  t h e o r y ,  a  t heo ry  

whereby one can i n c l u d e  s o l u t e  and s o l v e n t  v a l u e s  i n  t h e  Ec term, 

which a l lows  one t o  examine t h e  i n t e r a c t i o n  term f o r  t h e  r e a l  system by 

comparison wi th  exper imenta l  lnKH va lues  f o r  t h e  d i s s o l u t i o n  process .  

F igu re s  6 and 7 a r e  such p l o t s  f o r  t h e  i n e r t  g a s e s  i n  Benzene and H20 

r e s p e c t i v e l y .  One n o t e s  t h a t  t h e  exper imenta l  lnKH v a l u e s  a r e  

i d e n t i c a l  t o  t h e  ~ ~ K ~ - ~ ~ / R T  va lues  a t  t h e  h a r d  sphe re  s o l u t e  va lue  
0 

of  2.5 A.  A s  one d e v i a t e s  from t h e  hard sphe re  l i m i t ,  c l e a r l y  t h e  

i n t e r a c t i o n  term becomes i n c r e a s i n g l y  more s i g n i f i c a n t .  Typ ica l ly  
- 

f o r  Argon i n  Benzene t h e  'Gi va lue  r equ i r ed  i s  approximate ly  -3970 

c a l   ole-l a s  compared t o  a  c a l c u l a t e d  va lue  o f  -3088 c a l   ole-' t o  . 

b r i n g  agreement between t h e  hard sphere t h e o r y  and exper imenta l  values .  
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If .one p l o t s  &--Hi and A H  experimental  f o r  t h e  i n e r t  ga se s  i n  a  

given s o l v e n t  ve r sus  t h e  s o l u t e  e f f e c t i v e  hard  sphe re  d i ame te r ,  one can 

c l e a r l y  see t h e  magnitude o f  t h e  en tha lpy  of i n t e r a c t i o n  r e q u i r e d  t o  

b r i n g  agreement between t h e  c a l c u l a t e d  hard sphe re  e n t h a l p i e s  and t h e  

experimental  e n t h a l p i e s .  F igures  8 and 9 are p l o t s  o f  t h e  c a l c u l a t e d  

and exper imenta l  e n t h a l p i e s  f o r  t h e  i n e r t  g a s e s  i n  H20 and Benzene 

r e s p e c t i v e l y .  It is clear from t h e s e  graphs  t h a t  i n c l u s i o n  o f  a 

s o l v e n t  e f f e c t i v e  hard  sphere  diameter  t empera ture  dependence does  n o t  

produce as pronounced a n  e f f e c t  as it d i d  f o r  t h e  c a s e  o f  t h e  o r i g i n a l  

P i e r o t t i  fo rmula t ion  (Tab le s  V I I  and V I I I ) ,  a l t hough  a  l a r g e  i n t e r a c t i o n  

en tha lpy  i s  r e q u i r e d  t o  b r i n g  agreement wi th  t h e  expe r imen ta l l y  observed 

va lues .  It is i n t e r e s t i n g ,  however, t o  no t e  t h a t  t h e r e  are no parameters  
- 

i n  t h e  Hi term which account  f o r  t h i s  d i f f e r e n c e .  

Another method f o r  t h e  examination of t h e  i n t e r a c t i o n  term e n t a i l s  

vary ing  t h e  s o l v e n t  e f f e c t i v e  hard sphe re .d i ame te r  and u s i n g  a  hard sphere  

0 
s o l u t e  va lue  o f  2.55 A, t h u s  e l i m i n a t i n g  t h e  Hi term. One n o t e s  t h a t ,  

- 
i n  t h e  exp re s s ion  f o r  lnKH, t h e  p a r t i a l  molar volume V2 o f  t h e  

- - 
so lven t  carries t h e  s o l v e n t  temperature  dependence th rough Gc t o  Hc 

when one d i f f e r e n t i a t e s  lnKH t o  o b t a i n  A H. AS a r e s u l t  an i n t e r e s t i n g  

0 
2.55 A ,  c a l c u l a t e d  from t h e  express ion  f o r  A H ,  and A H  ob t a ined  from 

t h e  d e r i v a t i v e  o f  lnKH ( equa t ion  ( 6 ) ) ,  as 

a  f u n c t i o n  o f  t h e  s o l v e n t  e f f e c t i v e  hard sphere  d i ame te r .  F igu re  10 

c l e a r l y  shows f o r  t h i s  p l o t  o f  AH va lues  f o r  t h e  ha rd  sphe re  s o l u t e . i n  

Benzene an  i n t e r s e c t i o n  p o i n t  e x i s t s  f o r  t h e  two c u r v e s  a t  a  s o l v e n t  diameter  
0 

of 4.13 A when R1=R2=0 (Case IV).  Also inc luded  on t h i s  graph i s  t h e  

same p l o t  f o r  AH v a l u e s  ob ta ined  by t h e  two methods o f  c a l c u l a t i o n  us ing  



H.S. DIAMETER (i) 
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Case I (2-va lues)  and t h e  o r i g i n a l  P i e r o t t i  f o rmu la t ion ,  Case TI. Remembering 

0 
a t  t h e  ha rd  sphe re  l i m i t  wi th  aI2g8.5.26 A t h e  e x t r a p o l a t e d  experimental  

kIO value  was o n l y  ob t a ined  f o r  Case I ( s e e  Table  111) .  It is  a l s o  

seen t h a t  i n  t h e  c a l c u l a t i o n  of from t h e  inKH v a l u e s ,  t h e  

e x t r a p o l a t e d  expe r imen ta l  AH0 value is  only ob t a ined  if t h e  lnKH va lues  

a r e  c a l c u l a t e d  r ecogn iz ing  t h a t  a l  i s  a f u n c t i o n  o f  t empera ture .  C lea r ly ,  

t h i s  t empera ture  dependence i s  requi red  t o  r a i s e  t h e  AH-& curves  of 

Case I1 t o  t h o s e  o f  Case I ( a s  shown i n  F igu re  10) t o  o b t a i n  t h e  c o r r e c t  

va lues .  One obse rves  t h a t  t h e s e  s e t s  o f  cu rves  f o r  bo th  c a s e s  a r e  a lmost  

i d e n t i c a l  and neve r  i n t e r s e c t ;  t h i s  could i n  f a c t  be  due t o  t h e  exper i -  

mental e r r o r  a s s o c i a t e d  w i th  Benzene s o l v e n t  v a l u e s .  A change i n  t h e  

O$ va lue  o f  approximate ly  3 t o  5% w i l l  b r i n g  agreement between t h e s e  two 

curves.  T h i s  agreement does n o t  e l i m i n a t e  t h e  p o s s i b i l i t y  o f  a s o l v e n t  

e f f e c t i v e  hard sphe re  tempera ture  dependence, n o r  does  it  a f f e c t  t h e  

e x t r a p o l a t e d  AH0 v a l u e s  used i n  t h e  de te rmina t ion  o f  a s o l v e n t  H.S. 

t empera ture  dependence. 

Both o f  t h e  preceeding  t r e n d s  a r e  a l s o  observed f o r  a l l  o rgan ic  s o l v e n t s .  

F igu re  11 i s  t h e  same p l o t  o f  t h e  AH va lues  c a l c u l a t e d  by t h e  two 

methods, bu t  t h i s  time f o r  Case 111, wi th  t h e  i n c l u s i o n  o f  a hard sphere 

s o l u t e  and Benzene s o l v e n t  e f f e c t i v e  hard sphere  d iameter  temperature  

dependence. Also inc luded  on t h i s  graph a r e  t h e  same p l o t s ,  but  t h i s  t ime 

wi th  a  d i f f e r e n t  s o l u t e  e f f e c t i v e  hard sphere  d i ame te r ,  3.55 i. Clea r ly  

comparison o f  t h e s e  two p l o t s  shows t h a t  t h e  s o l u t e  s i z e  has  no e f f e c t  

0 
on t h e  i n t e r s e c t i o n  va lue  o f  4.55 A obta ined  us ing  t h e  two methods o f  

c a l c u l a t i n g a ~  v a l u e s .  One n o t e s  t h a t  t h i s  Benzene s o l v e n t  e f f e c t i v e  hard 

0 
sphere  d iameter  o f  4.55 is  d i f f e r e n t  from t h e  va lue  o f  4.13 A ob ta ined  . 

without  a  s o l v e n t  hard  sphere  diameter t empera ture  dependence (F igu re  10). 
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The s i g n i f i c a n c e  o f  t h e s e  hard  sphere diameter  v a l u e s  i s  shown by examining 

p l o t s  o f  t h e  c a l c u l a t e d  thermal  expansion c o e f f i c i e n t  (w i th  t l = O  and 

$= -. 15 x  10-3 O K - ~ ,  eqn. (37)) a s  a  func t ion  o f  s o l v e n t  e f f e c t i v e  

H.S. d iameter .  It can be seen  from ~ i g u r e  12 t h a t  a s o l v e n t  hard sphere  

va lue  o f  4.13 (ob t a ined  from t h e  i n t e r s e c t i o n  o f  t h e  two AH cu rves )  

c a l c u l a t e d  f o r  t h e  c a s e  when +=112=0, g i v e s  an $ va lue  of 

1.23 x  10'3 f o r  Benzene. This  va lue  i s  i d e n t i c a l  t o  t h e  

experimental  t he rma l  expansion c o e f f i c i e n t  f o r  Benzene a t .  298.15 OK. 

For  a  hard sphere  va lue  o f  4.5 8 (obtained from t h e  AH c u r v e s  u s ing  t h e  

a p p r o p r i a t e  L1 v a l u e s ) ,  t h e  4 curve c a l c u l a t e d  w i t h  el= -. 15 x  OK-', 

aga in  g i v e s  an ap va lue  equa l  t o  t h e  Benzene exper imenta l  thermal  

expansion c o e f f i c i e n t .  Obtaining t h e  exper imenta l  v a l u e  of up f o r  Eenzene 

c l e a r l y  s u g g e s t s  t h a t  t h e  experimental  thermal  expansion c o e f f i c i e n t  

va lues  a r e  r e q u i r e d  t o  o b t a i n  self cons is tency  between AH and lnKH. 

Th i s  t r end  i s  observed f o r  a l l  o rgan ic  s o l v e n t s  and,  a s  shown i n  F igure  11, 

t h e  al  va lue  ob t a ined  from t h e  i n t e r s e c t i o n  o f  t h e  two AH c u r v e s  i s  

independent o f  t h e  s o l u t e  hard  sphere diameter .  In  c a l c u l a t i n g  lnKH, 

exper imenta l  v a l u e s  o f  s o l v e n t  molar volumes a t  a  g iven  tempera ture  a r e  

used. Hence, one  must i n p u t  t h e s e  same exper imenta l  v a l u e s  i n  t h e  

express ion  f o r  t h e  AH term which inc ludes  t h e  expansion c o e f f i c i e n t .  This  

e x p l a i n s  why i n  t h e  o r i g i n a l  P i e r o t t i  fo rmula t ion  (Case 11) t h a t  comparison 

o f  the AH v a l u e s  c a l c u l a t e d  from b o t h  t h e  ln% and the  AH exp re s s ion  

y i e l d e d  similar v a l u e s .  Th i s  is t h e  case  f o r  a l l  s o l v e n t s  cons idered  and 

i s  d i r e c t l y  a t t r i b u t a b l e  t o  t h e  use o f  t h e  exper imenta l  expansion c o e f f i c i e n t .  

For Cases I11 and I V ,  however, t h e  c a l c u l a t e d  hard sphere  AH va lues  f o r  H20 

us ing  t h e  two methods never  i n t e r s e c t  a t  a  r e a l i s t i c  a l  va lue .  
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Typ ica l ly  f o r  t h e  hard  sphere s o l u t e  i n  H20, a s  one dec reases  t h e  a l  va lue  

0 
from 2.78 A t o  2.38 A ,  t h e  va lues  dec rease  from 2400 t o  1100 

c a l   ole-l , w h i l s t  t h e  A H  va lues1  c a l c u l a t e d  from lnKH dec rease  from 150 t o  

-270 c a l   ole-' and one neve r  o b t a i n s  t h e  exper imenta l  up va lue .  

Hence, t h e  ha rd  sphe re  w i l l  never  work f o r  H20 s i n c e  one cannot  

o b t a i n  self  c o n s i s t e n c y  through t h e  thermal  expansion c o e f f i c i e n t s  and,  

as such ,  H20 cannot  be  t r e a t e d  l i k e  a t y p i c a l  o r g a n i c  s o l v e n t ;  t h u s  t h e  

t heo ry  has  no  p r e d i c t i v e  succes s  with H20. T h i s  is  how t h e  hard sphere  
7. 

t heo ry  d i f f e r e n t i a t e s  o r g a n i c  s o l v e n t s  from H20, s i n c e  self  cons i s t ency  

can be ob t a ined  f o r  o r g a n i c  s o l v e n t s .  The n e t  r e s u l t  o f  t h i s  being t h a t  

a sma l l e r  s o l v e n t  e f f e c t i v e  hard sphere diameter  is  r e q u i r e d  f o r  o rgan ic  

s o l v e n t s  e f f e c t i v e l y  t o  make t h e  up value c a l c u l a t e d  from t h e  

equat ion o f  s t a t e  t o  be e q u a l  t o  t h e  exper imenta l  va lue .  The fo l lowing  

t a b l e  summarizes s o l v e n t  e f f e c t i v e  hard sphere d iameter  v a l u e s  r equ i r ed  

t o  b r ing  agreement between t h e  c a l c u l a t e d  and exper imenta l  thermal  

expansion c o e f f i c i e n t s  f o r  s e l e c t e d  s o l v e n t s  ob t a ined  by t h e  c a l c u l a t i o n  

of A H  by t h e  two methods p rev ious ly  descr ibed .  



Solvent  

Table XXIV 

So lven t  E f f e c t i v e  Hard Sphere Diameters a t  298.15 OK. 

Pure Hard Sphere Experimental  

c a l c u l a t e d  (1) ('2 > 

Since  e x a c t  agreement between AH c a l c u l a t e d  by t h e  two methods is 

obta ined  f o r  a hard  sphere  s o l u t e  i n  H20 f o r  Case 11, i t  i s  s u r p r i s i n g  

t h a t ,  upon i n c l u s i o n  o f  t h e  i n t e r a c t i o n  term and r e a l  s o l u t e  va lues ,  

b e t t e r  agreement i s  n o t  ob ta ined  f o r  both t h e  AH v a l u e s  and lnKH 

va lues  when compared t o  experimental  va lues .  Also i n c l u s i o n  of t h e  

i n t e r a c t i o n  term g e n e r a l l y  g i v e s  poor agreement f o r  t h e  i n e r t  gases  i n  

o r g a n i c  s o l v e n t s .  One must remember t h a t  t h e  o n l y  o t h e r  v a r i a b l e  i n  t h e s e  

c a l c u l a t i o n s  o f  bo th  t h e  lnKH and AH va lues  i s  t h e  i n t e r a c t i o n  term, 

which a f f e c t s  both o f  t h e s e  c a l c u l a t i o n s  i d e n t i c a l l y .  A t  t h i s  po in t  it 

i s  i n s t r u c t i v e  t o  examine a c t u a l  va lues  of t h i s  i n t e r a c t i o n  term and t o  

- 
check t h e  v a l i d i t y  of t h e  assumption t h a t  Ri = G ~ .  

It was p rev ious ly  shown t h a t  t h e  en t ropy  exp re s s ion  was a  good t e s t  

f o r  bo th  t h e  a l  and a ,  va lues  used. Th i s  same exp re s s ion  was 

der ived  wi th  t h e  assumption t h a t  <i was equa l  t o  gi, bu t  subsequent 

p l o t s  f o r  t h e  en t ropy  (F igu re s  4 and 5)  r evea l ed  t h a t  a  l a r g e  i n t e r a c t i o n  

term Si was r e q u i r e d  t o  b r ing  agreement between t h e  c a l c u l a t e d  and 
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experimental  e n t r o p i e s .  It appears  t h a t ,  f o r  some of  t h e  c a s e s  

- 
cons idered ,  t h e  assumption regard ing  ii and Gi might be 

i n c o r r e c t .  The v a l i d i t y  o f  t h i s  assumption can be determined by a  

s e r i e s  o f  s e l f  cons i s t ency  checks incorpora t ing  exper imenta l  va lues  and 

t h e  der ived  equa t ions  of lnKH and &I f o r  t h e  d i s s o l u t i o n  process .  
- 

These va lues  t hus  ob t a ined  f o r  t h e  Hi and Gi terms can be compared' 

t o  t h e  o r i g i n a l  exp re s s ion  f o r  Ei. 

Using t h e  i n e r t  ga se s  i n  a g iven  s o l v e n t ,  t h e  exper ' imental lnKH v a l u e s  

can be equa ted  t o  equa t ion  ( 5 )  t o  ob ta in  Ei f o r  t h e s e  gases .  These 

va lues  can be compared t o  t h e  Ri va lues  ob ta ined  by equa t ing  the 

experimental  e n t h a l p i e s  of t h e  i n e r t  gases t o  equa t ion  ( 6 )  f o r  t h e  same 

so lven t .  These va lues  can then  be compared t o  t h e  va lues  ob ta ined  
4 

from t h e  express ion  f o r  Ei ( equa t ion (17 ) ) ,  t h u s  de te rmin ing  t h e  v a l i d i t y  
- 

o f  t h e  o r i g i n a l  assumption t h a t  ~ ~ . j i ~ . G ~ .  The fo l lowing  t a b l e s  

summarize t h e s e  r e s u l t s  f o r  t h e  i n e r t  gases  i n  H20 and C6H6 

c a l c u l a t e d  f o r  a l l  f ou r  cases considered.  

Table  XXV 



Table X X V I  

C 6 ~ 6  a t  298.15 OK Interaction terms f o r  Case I and Case 11 

Table X X V I I  

H20 a t  298.15 OK Interaction terms fo r  Case I11 and Case I V  

Eqn. ( 5 )  Eqn. (6) Eqn. (6) Eqn. (17) 

R1=O Li=-.O8x10 - 3 
He -1 383 -2669 -3010 - 399 
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C 6 ~ 6  a t  298.15 OK I n t e r a c t i o n  terms f o r  Case 111 and Case IV 

Eqn. (6)  Eqn. (17). 
R = - . 1 5 ~ 1 0  -3 
I + 495 - 519 

- 171 -1322 

-31 10 -3088 

-4316 -3916 

-6826 , -5181 

Examination o f  Tables  XXV through X X V I I I  r e v e a l s  why t h e  hard sphere  
- - - 

t heo ry  does  n o t  work, t h e  assumption t h a t  Ei = Hi = Gi does no t  

hold t r u e .  The e f f e c t  o f  i nc lud ing  a n  va lue  on t h e  Bi term 

( 210%) i s  n e g l i g i b l e  when compared t o  t h e  l a r g e  d i f f e r e n c e  i n  t h e  
- - 
Ei and Gi terms.  Fo r  Cases I and 11, i n c l u s i o n  o f  an R-value c r e a t e s  

approximately a  30% d i f f e r e n c e  i n  t h e  ii term,  which gene ra l l y  

i n v a l i d a t e s  t h e  assumption. C l e a r l y  f o r  t h e  o r i g i n a l  P i e r o t t i  f o rmu la t ion ,  

Case 11, t h e  assumption i s  a l s o  n o t  v a l i d ,  a l t hough  t h e  d i f f e r e n c e s  i n  t h e  

i n  t h e  i n t e r a c t i o n  terms a r e  much l e s s  t han  t h e  hard  sphere  t rea tment  

d i f f e r e n c e s .  It i s  i n t e r e s t i n g  t o  n o t e  t h e  a g r e a e n t  between 
i 

and E. f o r  the  inert gases i n  H 0 is  j u s t  an i n h e r e n t  a r t i f a c t  o f  t h e  
1 2 

method employed, as p rev ious ly  o u t l i n e d ,  f o r  o b t a i n i n g  E/K. 
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A novel approach f o r  t h e  treatment of gases dissolved i n  l iqu ids ,  

u t i l i z ing  t h e  concepts of a pure hard sphere treatment has been examined. 

The hard sphere treatment r e s u l t s  suggested t h a t  t h i s  theory i s  i n  f a c t  a 

perturbation theory i n  which t h e  r e a l  system i s  approximated by a hard sphere 

equivalence. This en ta i led  t h e  use of t he  Carnahan S ta r l ing  equation of 

s t a t e  t o  obtain t h e  necessary hard sphere values f o r  t he  thermodynamic 

properties.  The recharging t e r m  appears a s  t he  r e a l  par t  correction and the  

calculated thermodynamic proper t ies  were shown t o  deviate from experimental 

thermodynamic proper t ies  a s  one increased the  magnitude of t h e  interact ion 

term. The hard sphere theory was shown t o  have no predict ive success f o r  

t h e  treatment of gases dissolved i n  H 0 .  The theory e f f ec t ive ly  t r ea t ed  
2 

H 0 a s  a t yp i ca l  organic solvent but ,  due t o  fundamental differences i n  the  2 

molecular proper t ies  (small E/K, a ) and calculated hard sphere properties 
1 

(small $ and l a rge  P ) ,  and e f f ec t s  due t o  hydrogen bonding, t h e  theory was 

not capable of making v a l i d  thermodynamic predict  ions f o r  t he  dissolut ion 

process. For t h e  treatment of gases dissolved i n  organic solvents, 

a remarkable p a r a l l e l  was shown t o  ex i s t  between the  predicted 

enthalpies and those predicted by t h e  or ig ina l  P i e r o t t i  formulation. 

The Henry's law constants f o r  organic solvents typ ica l ly  gave agreement 

f o r  Helium and Neon solutes ,  whilst  deviating substant ia l ly  a s  one increased 

the  solute  value of E/K. Using t h e  hard sphere treatment t h e  calculated 

entropies were shown t o  p a r a l l e l  the  experimental values, unl ike t h e  

or ig ina l  P i e r o t t i  formulation. Since no interact ion term e x i s t s  i n  t h i s  

calculation and t h e  pressure terms from both the and If terms 
C C 

effect ively cancelled, t h i s  suggested tha t  t he  R term was i n  f a c t  
C 

a va l id  approximation fo r  t h e  enthalpy of cavity formation. The d ispar i ty  

observed i n  the  numerical predict ions  of the  entropies i s  a re f lec t ion  



of t h e  poor cho ice  o f  Chermal expansion c o e f f i c i e n t s  and was exemplified 
103  

by observing.  t h e  d i f f e r e n c e s  i n  A H - B ~  ca l cu l a t ed  from both t h e  d e r i v a t i v e  

of lnKH and t h e  e x p r e s s i o n  f o r  AH f o r  t he  i n e r t  gases .  

The o r i g i n a l  P i e r o t t i  fo rmula t ion  appeared t o  p r e d i c t  wi th  l im i t ed  

succes s  t h e  thermodynamic p r o p e r t i e s  f o r  t h e  d i s s o l u t i o n  o f  a  g a s  i n  

H20 and o rgan ic  s o l v e n t s ,  which is  due i n  p a r t  t o  t h e  use o f  t h e  

exper imenta l  t he rma l  expansion c o e f f i c i e n t .  It was a l s o  shown unambiguously 

t h a t  t h e  assumption was i n  f a c t  wrong. As was shown i n  t h e  

Experimental s e c t i o n  (eqn.  (7 ) ) ,  t h e  thermal  expansion c o e f f i c i e n t s  

accounted f o r  t h e  t r a n s f e r  c o e f f i c i e n t s  of a  s o l u t e  from H20 t o  

D20, which f u r t h e r  s u b s t a n t i a t e s  t h e  choice  of t h e  exper imenta l  thermal 

expansion c o e f f i c i e n t s  used i n  t h e  c a l c u l a t i o n  o f  t h e  e n t h a l p i e s .  One 

a l s o  n o t e s  t h a t  i n c l u s i o n  o f  a s o l v e n t  e f f e c t i v e  hard sphe re  diameter  

t empera ture  dependence does  n o t  a f f e c t  t h e  c a l c u l a t i o n  o f  t h e  t r a n s f e r  

c o e f f i c i e n t s .  The p r e d i c t i v e  succes s  of t h i s  t h e o r y  i n  H20 was due 

t o  t h e  f i t t i n g  procedure used t o  o b t a i n  t h e  low va lue  of E/K f o r  H20, 

e f f e c t i v e l y  f i x i n g  t h e  i n t e r a c t i o n  term. Agreement i n  o r g a n i c  s o l v e n t s  

( t y p i c a l l y  Benzene) was shown t o  be f o r t u i t o u s  i n  t h e  o r i g i n a l  P i e r o t t i  

fo rmula t ion  p r e d i c t i o n s ,  a s  i n  t h e  ca se  of t h e  e n t r o p i e s ,  where t h e  Calcu- 

l a t e d  e n t r o p i e s  o n l y  c r o s s e d  over  t h e  exper imenta l  e n t r o p y  curve  f o r  t h e  

i n e r t  ga se s  f o r  a  s o l u t e  wi th  molecular  p r o p e r t i e s  t y p i c a l  of Argon g a s *  

A good test o f  t h i s  t h e o r y  was t h e  p r e d i c t i o n s  of l i m i t i n g  c a s e  a t  hard 

sphere  l i m i t .  The t h e o r y  was shown t o  be i n c o n s i s t e n t .  

The so lven t  e f f e c t i v e  hard sphere diameter  t empera ture  dependence 

was ob ta ined  a t  t h e  ha rd  sphere  l i m i t  and compared ex t r eme ly  favourably  

w i th  t h e  value ob t a ined  us ing  e x t r a p o l a t e d  e n t h a l p y  and lnKH va lues .  
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Although g e n e r a l l y  poor  thermodynamic agreement was ob t a ined  upon i n c l u s i o n  

- 
o f  t h i s  2-valhe, i t  sugges ted  t h a t  t h e  Hc term was c o r r e c t  and t h a t  t h e  

- - -  
assumption Ei=Hi=Gi was i n v a l i d .  F igure  13 is  a p l o t  o f  t h e  

d i f f e r e n c e  i n  t h e  exper imenta l  e n t h a l p i e s  o f  t h e  i n e r t  g a s  i n  Benzene 

c a l c u l a t e d  from t h e  o r i g i n a l  P i e r o t t i  fo rmula t ion  and Case I ( i n c l u s i o n  

o f  an R v a l u e )  ve r sus  t h e  s o l u t e  e f f e c t i v e  hard sphere  d iameter .  C l e a r l y ,  

i n c l u s i o n  o f  t h e  R v a l u e  g i v e s  b e t t e r  agreement f o r  t h e  small s o l u t e s  

and d e v i a t e s  about  t h e  same a s  does t h e  o r i g i n a l  P i e r o t t i  fo rmula t ion  

f o r  t h e  l a r g e r  s o l u t e s .  

One would n o t  expec t  a t h e o r y  o f  g a s  s o l u b i l i t i e s  t o  p r e d i c t  t h e  

thermodynamic p r o p e r t i e s  a s s o c i a t e d  wi th  t h e  d i s s o l u t i o n  o f  a g a s  i n  

bo th  H20 and o rgan ic  s o l v e n t s  t h a t  does n o t  t a k e  i n t o  account  fundamental 

d i f f e r e n c e s .  A t  t h i s  p o i n t  t h e  hard  sphere t r ea tmen t  yields encouraging 

results f o r  the  t r ea tmen t  o f  o rgan ic  s o l v e n t s .  

A novel  ga s  chromatographic  technique  was developed which allowed 

d i r e c t  de t e rmina t ion  o f  g a s e s  d i s so lved  i n  H20  and D20 by comparison 

o f  t h e  s t r i p p e d  g a s  w i th  a g a s  c a l i b r a t i o n  curve  ob t a ined  under c o n d i t i o n s  

matching those  o f  t h e  s t r i p p e d  gas .  This  technique  is  r a p i d  and 

e f f i c i e n t ,  r e q u i r i n g  minimum amounts of  s o l v e n t ,  of which a l l  is  

recovered .  The system a l s o  h a s  a b u i l t  i n  s t a n d a r d ,  t h u s  a l lowing  

f o r  t h e  de t e rmina t ion  o f  t h e  s o l u b i l i t y  of  a g a s  i n  both H20 and 

D20 s imul taneous ly  under  i d e n t i c a l  cond i t i ons .  
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//CAB JOB ' ( 0 0 2 2 ~ 0 5 0 1 3 ) ,  ~ 3 3 - ~ ~ - 4 0 3 9 ~ ~ ~ 1 ~ ~ = 0 0 0 1  
/*JOBPABM PSHD=COS 
// EXEC PLIXCG lCPA%U=' N A , N X  1HAG,NOP',REG108= 1808 
//SYSII DD * - .  

HARDSP :PROC OPTIONS ( H A  IN) ; . 
/******************************t****************************/ 

/* DECLARATIONS */ /* . * / .  * 'HC'Z' : ENTBALPP OF CAVITP FORf lATIOI , ,  . - .  */ * @ H I '  : EITHBLPP .OP IHTEBACTIOI BETWEEN THE SOLPENT */ 
/* AND THE SOLUTE. , */ 
/* ' GI' . : -GIBB'S  PBEE ENERGY. OP INTERACTION BETVEEB TIfE */ 
/* SOLVENT AND TRE SOLUTE,, - */ 
/* 'GCr : PABTIBL HOLAB G I B B I S  FREE ENERGY -OF CBVITZ */ 
/* FOPl5ATIOI., . - .  - */ /* 'PC : PBESSIIRE.,  - - . . - */ 
/* @!I" : TEHPERATUPEC DEGREES KELBXS ) , . - - - . -. */ /* a Xr : COHP1CTNESS FACTOR OF TBE SOLVENT. . - */ * a AP8 : THERBAL EXPANSIOE COEFPICIENT OF THE SOLYEIT, ,*/ 
* 'APX* : EXPEBIMENTBL THERWBL EXPBBSIOI  COEPPTCIENT. */ 
/* _ O F  P E E  SOLVEIT. -- */ * ' PI  I : PARTIAL BOLA3 VOLUBE OF THB SOLVENT. , . */ * ' V 2 '  : PARTIAL HOLAB VOLUBB O F  THE SOLUTE,. */ 
/* *ill' : B A S S * ,  */ /* 'D' : DE13SITY , */ 
* A t '  : EFFECTIVE HABD SPHEBE DIAHZTER O f  THE SOLVENT */ * ' 82' : EFPECTIVE HABD SPBERE DIABETER OF THE SOLUTE,, */ 
/* 'Lt' : L I B E A R  EXPANSION COEFFICf ENT OF THE EFFECTIVE */ 
/* HABD SPHERE DIABETEB OP THE SOLYENTm, */ /* ' S G I  : 3 B T I O  O F  THE HABD SPHERE DIA~I~LIETEBS OP THE 

SOLUTE OVER THE SOLVENT, - 
*/ /* */ /* ' S G 1 2 *  : HARD SPHERE BADIUS OF A SPHERE YBICH EXCLUDES */ 

/* THE CENTERS OF SOLVENT PfOLECULES, (81 + A 2 / 2 ) ,  */ 
/* WHERE ' 82 '  A I D  '81' ARE DEFINED ABOVE. */ * 'AIS* : E f P E C T I V E  HARD SPHEBE DIAEIETEB OF THE SOLYEHT */ 
/* AT S* T* P* ,. */ * 'DBIDT': THE TEtlPERATUBE DEPENDENCE OP ' A 1 ' .  */ 
/* ' flKr : EAGIITUDE O F  THE FORCE POTENTIBL Due TO THE */ 
/* I NTEB ACTION BETHEEN TWO SOLVENT BOLECULES, */ 
/* DIVIDED BY THE BOLTZNAN1S CONSTANT ' K ' ,  */ 
* E2K' : HAGNITUDE OF THE PORCE POTEHTIAL DUE TO THE */ 
/* INTERACTION BEPVEEN THO SOLUTE BOLECULES, */ 
/* DIVIDED BY THE BOLTZBAIJ'S CONSTANT ' K ' r  */ /* * E12K' : SQUARE ROOT OF THE PRODUCT OF *EIK1 AND @E2K1 */ /* 'DPNI '  : DIPOLE PIOHEPT OF THE SOLVENTm , - - "/ 
* ' P 0 2 '  2 POLARIZABILITY O F  THE SOLUTE, . */ 
* '80' : NUBBER D E N S I T I  OF THE SOLVENT. */ 



110 * 'LPKH' : NATURAL LOGORJXHfl OF HEBBYeS LAB COISTANT. , */ /* ' BT' : ISOTXERHAL COMPRESSIBILITY OP ' T E E  SOLVENT* ,, */ /* BTX' : EXPERIMENTAL ISOTHEBflAL COHPBESSIBILZTY OF- */ 
/* THE SOLVENT,. */ /* 'DXS . : TOTAL ENTRALPP OP THE DISSDL.UTIOlY OF. TH3$ */ - 
/* SOLUTE INTO THE SOLVEIT.: */ , /* ' SUB.  : IIPUT/OUTPUT A R R A Y  TO B O L D . . ~ E E  SOLUTE VALUB.,  */ /* . 'SV' :. ICIPUT/QUTPUT BBBAY ,TO HOLD THE SOLVENT YALUE* . */ 
/*, 'R' . : XDEAL GAS COISTAHT* , - . - */ 
/* 'l#@ ; AVOGADBOIS IUHBEB, _ .. - */ 
/* 'BI', : BOLTZHAId'S CONSTAIT, , - . . -  - */ 
* ,PXa : COIJSTABT, . . . .- */ 
/* . ' S '  : . 'SYSII' FLAG., , - -  - . -  - . -- * / .  
/* 'L* : BRBAY SUBSCRIPT, .  . - -  . .  - .  - -. */ 
/* * SPECS a : INPUT SPECIFICATIONS VBRIABLB */ /* 'OUTI,. : ABRAX TO STORE THE F I R S T  S E T  OF OUTPUT DATA. I */ 
*  OUT^*" : ARBBY TO STORE THB SECOND S E T  OF. OUTPUT DATA. */ 
/* *TABLEe:  ABRBY TO STORE THE DESIRED IHPUT DATA BITEI- */ 
/* THE COLUHH HEADIPGS ( T I D4H20) I APX (El201 - # */ , 

/* BTX (820)  , D (BZ) . APX /BZ). . BTX (BZ) ) - . */ 
/* - .. - */ /***,*****************+**************************************/ 
DCL ( H C ' P , H I ~ G I ~ C C ~ T ~ Y ~ A P ~ B P X ~ V I ~ V Z ,  B , D ~ B I ,  A ~ , L I , L Z . S G , S G ~ ~ , A P ~ V  

DAIDP, EIK. E ~ K ~ E ~ ~ K ~ D P H ? , P ~ ~ ,  Bo,L#KH,BT,BTX,DHS, DA2DT) 
PLOAT DECIMAL(S), 
(SUflSV) CHAR (1 0 )  , - 

% FLOAT DBCIIIALtS) I l f T ( 1 . 9 8 7 )  . - . - .  
P FLOAT DECIXAL(5) f fJIT(0) , . - 
N PLOkT DDCCIl AL (5) INIT ( 6 . 0 2 2 5 3 + 2 3 ) ,  
K FLOAT DECIHAL ( 5 )  I N I T  (1 380 SUE-1 6) 
P I  FLOAT DECIHAL(5) I b l I T ( 3 w 1 4 1 5 9 ) f l  
S BIT(1) I N I T ( ' 0 ' E )  # 

I P I X E D  (1) , S P E C S  FIXED(  I ) ,  
OUT 1 (7 .6 )  PLOAT DECIHAL(S),  
OUT2 (7.6)  FLOAT DECIBAL(5) , 
TABLE(7 ,22)  FLOAT DECIHAL (5) ; - . 

/* LOAD THE ARRAY *TABLE8 */ 
GET LIST (TABLE) ; 

/* S E T  ' S Y S I N '  FLAG 'St TO '1'8 I F  END OF F I L E  */ 
01 ENDFILE (SYSIN) S = * 1 ' 8 ;  . - 

- - 
/* OBTllIN VALUES FOR THE SOLVENT AllD TBE SOLUTE */ 
GET E D I T  (S V8 SU) (COL ( I )  , A  ( I  0 )  , A  (10) ) ; - 



/* LOOP T H R O U G B  THE INPUT S P E C I F I C A T I O N S  V B I L E  THE */ 
/* ' S P S I N '  FLAG Q 8  I S  EQUAL TO 'O'B */ 
DO WHILE( S = 'O'B ); 

/* SELECT THE APPROPRIATE SOLUTE 'SU'  PfOa THE INPUT */ 
SELECT (SU)  ; . 

- 
* WHEN THE SOLUTE I S  l E B L I U l l l  */. 
$ H E R  ( ' H E * )  DO; . 

S U  = lHELIUH1; _ 
B 2  = 2.63B-08; . 

E2K = 6.03;-. 
PO2 = , 2 0 4 E - 2 4 ;  
END; 

/* UBEEJ THE SOLUTB I S  PEOIY* */ 
WHEN (lHE1) DO; 

S U  = 'NEON*; .  
A 2  = 2.783-08; . - 
E2K = 34.9; . 
PO2 = . 3 9 3 E - 2 6 ;  
END; 

/ WHEN THE SOLUTE IS *ABGOI1 */ - 

MREN (I AB I) DO; 
S U  = *ARGOB1; 
A 2  = 3 . 4 O E - 0 8 ;  
E2K = 122; 
PO2 = 1.63B-2U; 
END; 

/ WHEN THE SOLUTE ZS 'KBYPTON? */ 
HHEH (I K R 1 )  DO; 

S U  = 'KRYPTON1; . 

A2 = 3 . 6 O E - 0 8 ;  
E2K = 171; 
PO2 = 2.463-29; 
END; * WHEN THE SOLUTE I S  'XENON' */ 

#HEN ( 'XE1)  DO; 
S U  = 'XENON1 ; 
A 2  = 4.063-08; - 

E2K = 221; 
PO2 = 4,OOE-24;  
END; 

* WHEN THE SOLUTE I S  ' NITBOGEI' */ 
%HEN ( *  N2' )  DO; 



S O  = @NITROGEN@; 
A 2  = 3,703-08; 
E2K = 95; 
PO2 = 1.74E-24;  _ 
END; 

. .  /* WHEN THE SOLUTE IS ~ O X Y G E I I ~  * I .  i 
a H E a  ( I .02  ') DO; . . - 

S U  = ?OXYGEIg; . - .  
A 2  = 3,463008; . 
E2K = 118; . v 

PO2 = 1, S7E-24  ; . 
END; 

* HHEN THE SOLUTE I S  'BETHANE' . */ . 
UHEB1 ( 1 C 8 4 1 )  DO; 

S U  = l f lETHBIEa;  
A2 = 3e70B-08: . . .- 
E2K = 157; - . -  

PO2 = 2.70E-24; -- 
END; 

* gHEN THE SOLUTB IS  IS-HEXA-P1 . */ . 

BHEIJ ( l S P 6 1 )  DO; 
SU = S-HEXA-P*; _ 
A 2  = 5.51E-08;  
E2K = 2 0 1 ;  
PO2 = 4 .48E-24 ;  
END; 

* THE INPUT VALUE FOR SOLUTE @SU1 H A S  ILLEGAL */ 
OTHER WISE 
PUT SKIP (2) L I S T  ( *  ** ILLEGAL SOLUTE **I-, SU) ; . -- 

END; 

/* CALCULATE DATA FOB BOTH INVESTIGATORS */ 
DO SPECS = 0 TO 1; 

. - /* SELECT THE APPROPRIATE SOLVEIT *SV8 FBOEl THE INPUT */ 
SELECT (S V) ; 

/* HHEN THE SOLVENT I S  'H201  DO CALCULATIONS FOB THE */ 
/* ENTIRE TEBPEBATURE RANGE. */ 
WHEN ( ' H 2 0 1 )  
DO I = 1 TO 7; 
H = 18,0154; 
D = TABLE(I ,2 )  ; 



A 1 S  = 2 . 7 6 5 E - 0 8 ;  
DPH1 = 1 . 8 4 E - 1 8 ;  
APX = T A B L E ( I , 3 ) ;  
BTX = TABLE (I, 4)  ; 
IF SPECS = 0 
THEN DO; 

L1 = 0; 
D A l D T  = 0; 
EIK = 85; 
END; 

EL$& DO; 
Z1 = -.08E-03: 
DBIDT = - , 2 2 2 3 - 1 1 ; .  
EIK = 85; 
E1D; - 

CALL CALC; 
END; 

WHEI ( 'BEIZENZ* ) 
DO I = 1 TO 7; 
H = 7 8 . 1  1 4 ;  
D = TABLE(1,S) ; . 
A1S = 5.26E-08; 
DPH1 = 0; .  
BPX = TABLE (I,6) ; 
BTX = T A B L E ( I , 7 ) ;  
EIK = 5 3 1 ; .  
XF SPECS = 0 
TBEH DO; 

L t  = 0 ;  
DBIDT = 0; 
END; 

ELSE DO; 
L1 = -.15E-03; 
DA1X)T = - , 7 8 9 E - 1 1 ;  
END; 

CBLL CALC; 
END; 

/* UHEN THE SOLVENT IS  'BZ DO CALCULATIONS FOB THE */ 
* ENTIRE TEMPERATURE RANGE,, 



A1S = 6.25E-08; 
DP81  = 0; 
A P X  = TBBLE (1.9) ; 
BTX = T A B L E ( 1 , I O ) ;  
E1K .= 573; ., 
IF SPECS = 0 
THEN DO; 

L1 .= 0;  - . 

DAIDT = 0 ; .  
EIYD: : 

ELSE DO; 
L1 = - .13~-03; 
DBlDT = - , 8 1 E = l l ; .  
END; 

CBLL CALC; . , 

END; 

#HEN ( 'CCL4')  . 
DO I = 1 TO 7 ; ;  
ff = 153m82;. 
D = TABLB(S,II); . . 
B1S = 5.37E-08; : 

DPflt = 0:  . ' 

BPX = TBBLE(IE, 12); 
BTX = ' P A B G B ~ I ,  13) ; 
E1K = 536;. 
IF SPECS = 0 
THEB DO;.  

Zll = 0 ;  - 
D A l D T  = 0; 
END; 

ELSE DO; . 

L1 = -.14E-03: 
D B l D T  f - ,752- 1  1; 
END; 

CALL CALC; 
END; 

VHEN{*C-BEXBNE*) . 

DO X = 1 TO 7; 
B = 8Q.16; 
D = TABLE(X,14 ) ;  
A 1 S  = 5 .652 -08 ; -  
DPHl = 0; 
APX = TBBLE(I,15) ; 



BTX = T A B L E ( I , 1 6 )  ; 
E1K = 589; 
IF SPECS = 0 
THEN DO; . 

LI .= 0; 
DAIDT = 0; 
END; 

BLSE DO; 
Ll .= -,I4E-03; 
DAIDT = - . 7 9 E - 1 1 ;  
END; 

CALL CALC; . 
END; 

0BEB(8N-HEXABE8) 
DO I = 1 TO 7 ;  
B = 86,t8;.- 
D = T A B L E ( f , l 7 )  ; 
A 1 S  = 5,923-08; 
DPRI = 0; 
BPI = TABLE (I, 18) ; 
BTX = TABLE (I, 19) ; 
E1K = 5 1 7 ;  
I F  SPECS = 0 
THEN DO; 

L I  = 0; 
DAIDT = 0; 
END; 

ELSE DO; 
L1 = -.19E-03; 
DAlDT = - 1 , 1 2 5 E - 1 1 ; .  
END; . 

CALL CALC; 
END; 

WHEN ( ' D 2 0 ' )  
DO I = 1 TO 7; 
I•÷ = 20.028; 
D = TABLE ( 7 , 2 0 1  ; 
A t S  = 2,7653-08; 
DPH1 = 1 . 8 4 E - 1 8 ;  
APX = T B B L E ( I , 2 1 ) ;  
BTX = TABLE (I,22) ; 
I F  SPECS = 0 
T H E l  DO; 



L1 = 0 ;  
DAIDT = 0; 
E I K  = 85; 
END; , 

ELSE DO; 
L 

Ll = -.)2E-03;.. -. . - . 

DBlDT = -033B-11: , ,  . -. 

E1K .= 85; ... 
END; : . - - . -  

CALL CALC; 
END: . 

. . * THE I I P U T  VALUE FOB SOLYEW! ' S V '  PAS ILLEGAL */- 
O'EHERIITCIISB / 

- - PUT SKIP42) L I S T {  I** I L L E G A L  SOLVENT *S1,SV) ; 
. -. - . - ,- . . . . . . - . . - . . . . . . . - . . . -. . 

END;. . . . - .  . . 

* OUTPUT THE DATA STORED POP THE SPECIFIED SOLVENT */ 
/ AID THE SOLUTE, */ - 
CALL OUTPUT; - .  -- 

END; 

/* GET THE NEXT VALUES POR SOLFlElT AND SOLUTE. . *f .. 

GET BDIT(SV,SU) (COI, (1) ,B(fO)  ,A(10) f ;  

* CALCULATIONS FOR T H E  OUTPUT */ 
CALC : PROCEDURE; 

T = TABLE(1,I) ; . 
V 1  = H/D; 
a0 = $/Vl; 
DA2DT=-5.44E-12; . - 
L2 = DA2DT/A2; - .  

A 1  = BlS+DAIDT* (T-298.15)  ; 
S G  = A2/AlS;  
S G 1 2  = (Al+A2)  J2; 
E12K = f(ElK*E2K)**O.S) ; 
Y = (Pf * (A  1**3) *N) / (6*V 1 )  ; * CHOOSE THE DESIRED ' & P c  . */ _ 

IF L I  = 0 
THEN AP = APX; 
ELSE AP = (1/T) * [ 1-2* (Y-3) + (Y**4) ) / 

(1+4*Y+4* (Y**2 )  -4* (I**3) + Y * * 4 ) .  .t - 



(6*L1)*((2*P+2*(X**2)-X**3) / 117 
( 1 + 4 * ~ + 4 *  ( ~ * 4 2 )  -4*(Y**3) +Y**U) ) ; 

I P  L1 = 0 ' 
THE8 P = 0 :  

ELSE P = 82 .057S*T/Yl*  ( I  +I+ ('IC**2)- (ll**3) ) / (  (1-11) *43) ; . a 

HCT = (Y*R* (T**2)  * (AP-3*L1) * ( (I-Y).**-3) * - .- -. 
(3* (1+2*21) * ( S G * * 2 )  +3* (I-Y) *SG+ (41-Y) * *2 )  ) )  - % . 
(R*N*PX*P*(B~**~)  *({3*T*L2) - I )  ),!(6*8Z.OS75) ; J , 

HI = -3. SSS*B*PI*BQ* (!$G12**3) *B12K : * . 
$.333*R/K*PI*BO* (Dl?&! 1 t*2) *P02/  (SG 12**3) ; /* LIST CALCULATXOBS 01 A R B A X  'OUTI!  POP LATER PROCESSING */ 

CALL L I S T I ;  - .  

G I  = HI: - - 
IF L1 = 0 
THEN P = 0; 
ELSE P = P;, 
GC = R*T*(SG**2)* (9/2* ( (I/ (1-2) ) * *2 )  +3*2/.(1-Y) ) 

~*Y*SG*B*T/{\-Y) -R*T*U)G ( (1 -P)  ) + . . 

N*PI*P*(A2**3) *R/(6*82.0575) ; .. 
IRKE = GI/ (R*T) +GC/ ( J i * l ! )  +LOG ( ( 8 2 . 0 5 7 5 * ~ / ~ i ) )  ; - 

/* CHOOSE THE DESIRED 'BTe */ 
XP L 1 ,  = 0 -. - 
?HEN BT = BTX; 
E L S l s B T =  (1/P)*[l-2*(S**3)+(Y**4)) / . 

(1 +4*P+4* (P**2) -4* (Y**3) +Y**4) ; -. - 
V2 = BT/ (AP-3*L1) * i i ~ ~ / ~ * 8 2  . 0 5 7 5 / ~ + ~ ~ ~ * ~ 1 * 8 2 .  ~ 5 7 . 5 ~ 3  + 

BTX*82 e0575*T+I*PX* (A2**3f /6; 
DBS = HI+HCT-R*T+APX*B* (T**2) ; 
/* L I S T  CALCULATIONS 0 8  ABBBfl 'OUT2' FOB LATER PROCESSIHG */ 
CALL LISTZ; 
END; 

* PROCEDURE TO STORE THE F I R S T  S E T  O f  OUTPUT CALCUL8910IS  */ 
L I S T 1  :PROCEDUBE; 

OUT1(1 ,1 )  = T; 
O T ( 2 )  = A f ;  . . 

OUT1 (I, 3) = P; 
OUT1 ( I , 4 )  = AP; 
o u r r ( 1 , 5 )  = HCT; - 
O U T l ( f , 6 )  = HI; 
END; .. . 

/* PROCEDURE TO STORE TEE SECOND SET OF OUTPUT CILLCULATIONS */ 
LIST2 :PROCEDURE; 

OUT2 (I, 1 )  = T; 






