
Thermochimica Acta, 69 (1983) 273--297 273 
Elsevier Science Publishers B.V., Amsterdam -- Printed in The Netherlands 

EXCESSENTHALPIES OF LIQUID MIXTURES AT HIGH PRESSURE. 

EXPERIMENTAL TECHNIQUES AND MOLECULAR INTERPRETATION 

A. He in tz  and R.N. L i c h t e n t h a l e r  

PhysikalJsch-Chemisches I n s t i t u t  der Universi t~t  
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ABSTRACT 

Calorimetric equipment and experimental procedures recently de- 

veloped for measuring excess enthalpies of l i qu id  mixtures at high 

pressures are described. Experimental results of alkane-alkane 

mixtures and alcohol-alkane mixtures are discussed according to 

the Prigogine-Flory free volume theory and the real associated 

solut ion model. 

INTRODUCTION 

The interest  in experimental and theoret ical  work on thermodyna- 

mic properties of l i qu id  mixtures has increased wi th in  the last  

years. Most of th is  work has been done in the f i e l d  of f l u i d  phase 

equ i l i b r i a  but also excess properties in the l i qu id  and super- 

c r i t i c a l  region have been measured which par t ly  indicate a re- 

markable change with increasing pressure. Mainly data of the excess 

volume V E have been determined (ref .  I - 8) and un t i l  about three 

years ago only some data of the excess enthalpy H E at high pressure 

existed ( re f .  9-  13). In the meantime, however, a few high-pressure- 

flow calorimeters have been developed sui table fo r  measurements 

of endothermic and exothermic excess enthalpies (refo 14- 16). 
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Nowadays i t  is  t h e r e f o r e  p o s s i b l e  to de te rm ine  excess p r o p e r t i e s  

e x p e r i m e n t a l l y  over  a wide range o f  p ressu re  and t e m p e r a t u r e  w i t h  

such a p r e c i s i o n  t h a t  s y s t e m a t i c  i n v e s t i g a t i o n s  o f  these p r o p e r t i e s  

a l l o w  to  s tudy  the  thermodynamic b e h a v i o r  o f  f l u i d s  and t h e i r  

m i x t u r e s .  

From the t h e o r e t i c a l  p o i n t  o f  v iew excess p r o p e r t i e s  at h igh  p res -  

sure are o f  p a r t i c u l a r  i n t e r e s t .  High p ressu re  thermodynamic  be- 

h a v i o r  o f  f l u i d s  and t h e i r  m i x t u r e s  s e n s i t i v e l y  depends on the  

i n t e r m o l e c u l a r  i n t e r a c t i o n s  e s p e c i a l l y  on the  r e p u l s i v e  f o r c e s .  

T h e r e f o r e ,  data o f  excess p r o p e r t i e s  at  h igh  p ressu res  p r o v i d e  an 

i m p o r t a n t  t e s t  o f  c u r r e n t  m o l e c u l a r  t h e o r i e s ,  e .g .  p e r t u r b a t i o n  

t h e o r i e s  or  modern f r ee  volume t h e o r i e s .  

In  the  f i r s t  s e c t i o n  o f  t h i s  a r t i c l e  a d e s c r i p t i o n  o f  c a l o r i m e t r i c  

e x p e r i m e n t a !  equipment  is  g i ven  which has proved to  p r o v i d e  r e l i a b l e  

r e s u l t s  wo rk ing  at  p ressures  h i g h e r  than  100 bar .  The p r i n c i p l e  o f  

f l o w  c a l o r i m e t r y  is the common c o n s t r u c t i v e  f e a t u r e  of  a l l  c a l o r i -  

meters d e s c r i b e d .  Th is  c a l o r i m e t r i c  method p resen ts  not o n l y  an 

e l e g a n t  p rocedure  o f  measur ing excess e n t h a l p i e s  o f  f l u i d  m i x t u r e s  

at  h igh  p ressu re  but  a l so  is the e a s i e s t  way o f  a v o i d i n g  vapor  

space in the  l i q u i d  system which is an i n d i s p e n s a b l e  p r e c o n d i t i o n  

at  wo rk ing  w i t h  l i q u i d s  under h igh p ressu re .  

In the  second and t h i r d  s e c t i o n s  e x p e r i m e n t a l  r e s u l t s  and t h e o r e -  

t i c a l  i n t e r p r e t a t i o n s  o f  two groups of  b i n a r y  s y s t e m s a r e  p resen ted  

and d i s c u s s e d :  a l k a n e - a l k a n e  m i x t u r e s  and a l k a n e - a l c o h o l  m i x t u r e s .  

HIGH PRESSURE CALORIMETRIC PROCEDURES 

F ig .  I shows the  schemat ic  diagram o f  the  i s o t h e r m a l  f l o w  c a l o r i -  

meter o r i g i n a l l y  p u b l i s h e d  by He in t z  et  a l .  ( r e f .  14).  

The r e a c t i o n  vesse l  ( I )  c o n t a i n i n g  the  i n t e r n a !  w a t e r b a t h  o f  the  

t e m p e r a t u r e  T, has a volume o f  about  30 ml. I t  is  immersed in  a 

l a r g e  e x t e r n a l  w a t e r b a t h  (~  100 i )  whose t e m p e r a t u r e  T e : T i is  

c o n t r o l l e d  to  w i t h i n  ± 10 -3 K. To measure the  e n t h a l p y  o f  m i x i n g ,  



275 

G(~) g~ ,A_:, 

P 

PA- P. High pressure pumps TH Control thermistor 
R~, g. Liquid re~rvoirs H Control heater 
® High pressure valves P Peltier cooler 
(3 High pressure gauge HE Calibration heater 
B Back pr~sure regulator EC Equilibrating coils 
l Insulated reaction vessel M Beginning of mixing coil 
T~ Temperature in the external v, ater bath S Stirrer 
T, Temperature in the reaction vessel ECC Electronic control circuit 

F ig .  I .  Schemat ics  o f  h igh  p ressb re  f l o w  c a l o r i m e t e r .  

the  two liquid components A and B are pumped t h r o u g h  e q u i l i b r a t i n g  

c o i l s  (EC) in  the  o u t e r  wa te rba th  and e n t e r  a t  p o i n t  M i n t o  the 

m i x i n g  c o i l  in  the  i n t e r n a l  w a t e r b a t h .  For a l l  c o i l s  s t a i n l e s s  s t e e l  

t u b i n g  is used ( w a l l  t h i c k n e s  : 0.3 mm, i n t e r n a l  d i ame te r  = 0°9 mm). 

The energy l i b e r a t e d  ( e x o t h e r m i c )  or  absorbed ( e n d o t h e r m i c )  d u r i n g  

m i x i n g  is absorbed or  d e l i v e r e d  by the  wate r  in  the  r e a c t i o n  v e s s e ] .  

A P e l t i e r  c o o l e r  a t  the  bot tom o f  the  reac%ion vesse l  removes energy 

from the wate r  i n s i d e  at  a c o n s t a n t  r a t e  and d i s c h a r g e s  i t  to  the  

s u r r o u n d i n g  w a t e r b a t h .  A c o n t r o l l e d  hea te r  ( E l e c t r o n i c  C o n t r o l  

C i r c u i t  Tronac 1250) compensates f o r  t h i s  energy  and f o r  the  energy  

l i b e r a t e d  or  absorbed by the  m i x i n g  process m a i n t a i n i n g  the  i n t e r n a l  
-5 

w a t e r b a t h  at a c o n s t a n t  t empe ra tu re  ( t o  w i t h i n  ± 2 .  10 K). The 

d i f f e r e n c e  in  the  energy s u p p l i e d  by the  h e a t e r  d u r i n g  and be fo re  
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a m ix ing  process is a d i r e c t  measure of  the energy of  m i x i n g .  The 

number o f  heat pulses ( 0 -  25 .000/sec)  supp l i ed  to the hea te r  are 

counted and r e g i s t e r e d .  The tempera tu re  T i is  c o n t r o l l e d  w i t h  a 

t h e r m i s t o r  (TH) and a s t i r r e r  (S) assures a homogeneous tempera tu re  

w i t h i n  the bath.  Using the heater  HE, a we l l  de f i ned  energy can be 

generated thus making the c a l i b r a t i o n  o f  the whole system p o s s i b l e .  

Two high p ressure  pumps (PA' PB; Var ian HPLC 8500) coupled w i t h  a 

back pressure  r e g u l a t i n g  v a l v e  (B; C i r c l e  Seal Corp. )  a l l o w  the 

u n i t  to be run at  any pressure  from I to  600 bar .  Pressures are 

measured w i th  a p r e c i s i o n  Heise gauge (G) whose accuracy is 0.1% 

of  f u l l  sca le  (± I ba r ) .  The f low ra tes  of  the two pumps are inde-  

pendent of  p ressures  and can be v a r i e d  in s teps o f  I ml /h  to fo rm-  

u l a t e  m i x t u r e s  of  d i f f e r e n t  compos i t ions  in the m ix ing  c o i l .  The 

f low ra tes  must not be chosen too high to assure complete heat 

exchange be fo re  the m i x tu res  leave the m ix ing  c o i l .  

Knowing the v o l u m e t r i c  f low ra tes  VA and VB d e l i v e r e d  by the two 

pumps the molar  excess en tha lpy  H E is  g iven  by: 

H E = 9M ( I )  

~A J~A ~PB 

where qM is  the change in the hea t ing  power be fo re  and du r ing  the 

cont inuous m ix ing  p resess ;  ~A and~B are the d e n s i t i e s  o f  the two 

components at  the pressure  and tempera tu re  under i n v e s t i g a t i o n ;  

and M A and M B are the molar  masses. The mole f r a c t i o n  o f  the m i x t u r e  

obtained in the mixing coil is: 

x A : 

~A J)__AA 
M A 

J}A + vB -PB 

(2) 

The mixing coil is about 45 cm long and has a volume of about I ml. 

Measurements have been performed with d i f fe rent  ~A and GB but with 

a constant rat io VA/VB for each system to f ind the l imi t ing flow 
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c o n s i s t e n t  w i t h  comple te  heat  exchange.  

As an example o f  the  e x p e r i m e n t a l  p rocedu re ,  F ig .  2 shows the  

ana log  r e g i s t r a t i o n  o f  the  h e a t i n g  power necessary  to  keep the  

system i s o t h e r m a l  a t  I bar and at  300 bar ,  r e s p e c t i v e l y .  The meas- 

urement was per formed w i t h  n-C 6 + C-  C 6 at  a mole f r a c t i o n  x n C = 

0.453 and at  298.15 K. The change qM o f  the  h e a t i n g  power w l t h  

r e s p e c t  to  the  b a s e l i n e  cor responds  to the change in  the  heat  pu l se  

r a t e  s u p p l i e d  to  the c o n t r o l  hea te r  b e f o r e  and d u r i n g  m i x i n g .  There 

are two reasons f o r  the  d i f f e r e n t  va lues  o f  qM at  I bar and at  300 

bar .  The endo the rm ic  H E is  l a r g e r  a t  300 bar and the  molar  f l o w  at  

300 bar is  l a r g e r ,  t oo ,  due to  the i n c r e a s e  in  d e n s i t y .  To d e t e r -  

mine qM' the  heat  pu l se  r a t e  i s  measured and r e g i s t e r e d  at  i n t e r -  

va l s  o f  I m inu te  each. The d i f f e r e n c e  in  the  t i m e - a v e r a g e d  heat  

pu l se  r a t e s  be fo re  and d u r i n g  m i x i ng  g i ves  qM d i r e c t l y  a f t e r  c a l i -  

b r a t i o n  o f  the  system has been per fo rmed.  
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F ig .  2. Analog r e g i s t r a t i o n  f o r  n-C 6 + c-C w i t h  Xn_c6 0.453 

at  258.15 K and I and 300 bar .  

A s i m i l a r  h igh  p ressu re  c a l o r i m e t e r  has been c o n s t r u c t e d  by 

C h r i s t e n s e n  e t a | .  ( r e f .  12) and i t s  r e c e n t  m o d i f i c a t i o n  ( r e f .  15) 

i s  shown in  F ig .  3. I ns tead  o f  the  e x t e r n a l  w a t e r b a t h  an a i r  ba th  

is  used in  wh ich  the  r e a c t i o n  v e s s e l ,  t he rma l  s h i e l d s ,  and accom- 

pany ing  supp l y  l i n e s  are suspended. The a i r  ba th  is  capab le  o f  
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t e m p e r a t u r e  c o n t r o l  to b e t t e r  than  ± I K over  the  t e m p e r a t u r e  ranqe 

253 to  473 K. The i s o t h e r m a l  e l e c t r o n i c  c o n t r o l  system is  the same 

as in  the  c a l o r i m e t e r  d e s c r i b e d  above (see a lso  F ig .  I )  bu t  the  

c o n s t r u c t i o n  o f  the  r e a c t i o n  vesse l  is  d i f f e r e n t .  The brass r e a c t i o n  

vesse l  ( F i g .  3) c o n t a i n s  an i so the rma l  p l a t e  and e q u i l i b r i u m  c o i l .  

IN LETS OUTLET IL 

F ig .  3. Reac t i on  vesse l  w i t h  i s o t h e r m a l  p l a t e  a c c o r d i n g  to  

C h r i s t e n s e n  et  a l .  ( r e f .  15). 

Under the  p l a t e  are a 100 ohm wafe r  c o n t r o l  h e a t e r  and a h igh  

t empe ra tu re  model P e l t i e r  t h e r m o e l e c t r i c  c o o l e r .  The i s o t h e r m a l  

p l a t e  c o n s i s t s  o f  two round brass p l a t e s  w i t h  the  e q u i l i b r a t i o n  

c o i l  so l de red  between the  p l a t e s .  A f t e r  e n t e r i n g  the  r e a c t i o n  vesse l  

and be fo re  e n t e r i n g  the  c o i l  the  r e a c t a n t s  are e q u i l i b r a t e d  w i t h  

the  p roduc ts  from the  c o i l  in  a c o u n t e r c u r r e n t  heat  exchange r .  The 

two tubes c o n t a i n i n g  the  r e a c t a n t s  are b r o u g h t  t o g e t h e r  as shown 

in  F ig .  4. The s m a l l e r  tube  is f i t t e d  i n s i d e  the  l a r g e r  tube  and 

the  two r e a c t a n t  streams run c o a x i a l l y  f o r  a p p r o x i m a t e l y  I t u r n  o f  
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t he  e q u i l i b r a t i o n  c o i l  b e f o r e  the  s m a l l e r  i n l e t  tube  ends and m i x i ng  

b e g i n s .  T h e r m i s t o r s  are used to  c o n t i n u o u s l y  m o n i t o r  the  r e a c t i o n  

vesse l  t e m p e r a t u r e  and to  c o n t r o l  the  p l a t e  a t  a c o n s t a n t  t e m p e r a t -  

u re .  A 100 ohm c a l i b r a t i o n  hea te r  was p laced  between the  t u b i n g  

t u r n s  o f  the  e q u i l i b r a t i o n  c o i l  and s o l d e r e d  in  p o s i t i o n .  The 

t e m p e r a t u r e  o f  the  bot tom o f  the  r e a c t i o n  vesse l  in  c o n t a c t  w i t h  

the  P e l t i e r  c o o l e r  is  c o n t r o l l e d  to  + 0.0005 K. The upper t e m p e r a t -  

ure a t  wh ich the  c a l o r i m e t e r  can be ope ra ted  (423 K) is  l i m i t e d  by 

the  P e l t i e r  c o o l e r .  I t  i s  a n t i c i p a t e d  t h a t  the  upper range o f  the  

c a l o r i m e t e r  w i l l  be ex tended to  4 7 0 - 4 8 0  K as P e l t i e r  c o o l e r s  hav ing  

h i g h e r  o p e r a t i n g  t empe ra tu re  l i m i t s  become a v a i l a b l e .  

The the rma l  s h i e l d s  ( no t  shown in  F ig .  3) c o n s i s t  o f  two cans s u r -  

r o u n d i n g  the  r e a c t i o n  v e s s e l .  The t e m p e r a t u r e  o f  the  i n n e r  s h i e l d  

i s  c o n t r o l l e d  to  + 0.005 K. The o u t e r  s h i e l d  (an a l um in i um  can) i s  

no t  t e m p e r a t u r e  c o n t r o l l e d  but  is  a l l o w e d  to  assume a s teady  s t a t e  

t e m p e r a t u r e  between t h a t  o f  the i n n e r  s h i e l d  and the  a i r  b a t h .  

The upper pressure l i m i t  of th is  calorimeter is 400 bar. 

~1 0.0711CM O.D. 

/ ~ _  0.159 CM O.D. 

I- 1.8 METERS 

Fig. 4. Mixing procedure of the two f l u i d  components in the 

reaction vessel according to Christensen et al .  (ref~ 15). 
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The principal design of the flow c i r cu i t ,  the high pressure pumps, 

and the pressure control are essent ia l ly the same as in the ca lo r i -  

meter of Heintz and Lichtenthaler (ref .  14). Two advantages of 

Christensen's calorimeter should be mentioned. F i r s t l y ,  the length 

of the mixing coil (180 cm) allows working with r e l a t i v e l y  high 

volume speeds and therefore a large heat ef fect  can be measured 

with the same precision as for smaller flow rates. Secondly, the 

a i r  bath construction makes i t  possible to extend calor imetr ic 

measurements to higher temperatures. In spite of these interest ing 

improvements only heats of mixing below 50 bar have been published 

so far with this apparatus (ref .  15). 

Another construction of a high pressure calorimeter has been pub- 

lished recently by Siddiqi and Lucas (ref .  16). This apparatus is 

essent ia l ly  identical with the calorimeter of Heintz and Lichten- 

thaler.  A comparison of results obtained by the three calorimeters 

described in this section is shown in Fig. 5 for the pressure 

dependence of the excess enthalpy of the system c-C 6 +n-C 6. The 

agreement of the results obtained with the calorimeter by Heintz 

et a l .  and the one by Siddiqi et al.  is excellent. The results 

obtained with Christensen's calorimeter ( ref .  12) are s l i gh t l y  

higher but s t i l l  in the experimental error l im i t s .  

14 

12 

~10 

4 

0 
0 

i | i i l i w i 

, / ,  
/ k 

• 1 0.4 0.6 ~8 
x 

Fig. 5. Comparison of ~H E : H E (150 bar) H E (I bar) at 298.15 K 
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, ~ H E from He in tz  et  a l .  ( r e f .  14);  - . - o - , ,  O~ 

AH E from Chr i s tensen  et  a l .  ( r e f .  12),  - - - - ~  H E 

r e p r e s e n t i n g  e x p e r i m e n t a l  data (x)  f rom S i d d i q i  e t  alo 

( r e f .  16). 

ALKANE + ALKANE MIXTURES 

Exper imen ta l  Resu l t s  

At ambient p ressu re  HE-data f o r  a l a r g e  number of  m i x t u r e s  o f  

s a t u r a t e d  hydrocarbons at  va r ious  tempera tu res  are a v a i l a b l e  ( r e f .  

17). At h igh p ressures  s y s t e m a t i c  measurements so f a r  have on ly  

been per formed by He in tz  et  a l .  ( r e f .  18) and the r e s u l t s  o b t a i n e d  

f o r  some m i x t u r e s  are shown in F igs .  6 -  8o 

The HE-values are always p o s i t i v e  (endo thermic  m i x i n g ) .  E i t h e r  

the d i f f e r e n c e s  

~HE(p)  : HE(p) HE(p = I bar)  (3) 

or the HE(p ) - va lues  d i r e c t l y  are shown over  the e n t i r e  range o f  

mole f r a c t i o n  x a t  298.15 K. Except f o r  the system cyc lohexane  

(c-C 6) + 2 , 2 , 4 - t r i m e t h y l p e n t a n e  ( i - C 8 ) ,  f o r  a l l  systems a p o s i t i v e  

va lue  ( A H E / ~ p )  is  ob ta i ned .  For the  systems w i th  c-C 6 the depen- 

dence of  H E on pressure  inc reases  w i t h  i n c r e a s i n g  c h a i n l e n g t h  o f  

the  n - a l k a n e ,  i . e .  w i th  i n c r e a s i n g  d i f f e r e n c e s  in m o l e c u l a r  s i z e  

and shape, as shown in F igs .  6 and ~ f o r  n-octane (n-C 8) and 

n-dodecane (n -C l2 )  r e s p e c t i v e l y .  As expected ~ H  E i s  r e l a t i v e l y  

s m a l l ,  f o r  an equ imo la r  m i x t u r e  a lways about 5 - 8% of  the  co r respon -  

d ing a b s o l u t e  HE-values at  I bar f o r  an i nc rease  in  p ressu re  o f  

300 bar .  For the systems w i t h  n-hexane (n-C 6) the  a b s o l u t e  i nc rease  

of  H E w i t h  p ressure  is  o f  the  same magnitude as f o r  the  co r respond ing  

m i x t u r e s  w i t h  c-C 6, however, the r e l a t i v e  change w i t h  respec t  to  

the v a l u e  a t  I bar is ve ry  l a r g e ,  as shown in F ig .  8 f o r  the m i x t u r e  

w i t h  n-decane (n-C10)° In a l l  cases ( ~  H E / ~ p )  decreases w i t h  

i n c r e a s i n g  p r e s s u r e ,  which was to be expected as the c o m p r e s s i b i l i t y  
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of  the  l i q u i d s  decreases w i th  i n c r e a s i n g p r e s s u r e .  

20 I c-C6*n-C8 1 

15 

10- 

F ig .  6. 

-10 

A H  E 

[J.moFll 

x x 

, Xn-C 8,i-C 8 

o ols 

E f f e c t  o f  p ressure  on the compos i t ion  dependence o f  H E 

f o r  c-C 6 + n-C 8 and c-C6+ i -C 8 at  298o15 K. o, • measured; 

- -  R e d l i c h - K i s t e r  f i t ;  x determined i n d i r e c t l y  from 

excess volumes using equat ion  (0) ( a t  161 bar f o r  the 

n-C 8 m i x t u r e  and at  290 bar f o r  i -C 8 m i x t u r e ) .  

Accord ing to the exac t  thermodynamic r e l a t i o n  

,~v  E , (~HE)T = v E ( p ) -  T~-~--]p (4) 
ap 

at  a g i ven  t empera tu re  the v a r i a t i o n  o f  H E w i t h  p ressure  and com- 

p o s i t i o n  can be c a l c u l a t e d  i n d i r e c t l y  from the dependence o f  V E 
E 

on p r e s s u r e ,  t empe ra tu re  and compos i t i on .  One way to de te rmine  V 

is  to measure d e n s i t i e s  of  m i x tu res  and pure components a t  va r i ous  

p ressures  and t e m p e r a t u r e s .  Those measurements, however,  have to 



be e x t r e m e l y  a c c u r a t e ,  as f o r  l i q u i d  m i x t u r e s  V E in  gene ra l  i s  

p r e t t y  sma11. Using a v i b r a t i n g - t u b e  d e n s i t o m e t e r  (e.go DMA 601, 

Paar /Heraeus )  a t  ambient  p ressu re  and a b e l l o w s - d i l a t o m e t e r  a t  

h i gh  p ressu res  those measurements are p o s s i b l e  ( r e f o  19, 20) and 

the  excess volume is  o b t a i n e d  a c c o r d i n g  t o :  
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V E = MAXA + MBX B M A M B 
- x A ~ - -  _ x B - 

9M 9A ~B 
(5) 

where M A and M B are the  molar  masses, x A and x B are the  mole f r a c -  

t i o n s  and ~A and ~B are the  d e n s i t i e s  o f  the  components A and B 

r e s p e c t i v e l y .  9M is the d e n s i t y  o f  the  m i x t u r e .  

Fig. 7o 
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Effect of pressure on the composition dependence of H E 

for c-C 6+ n-C12 at 298.15 K. o, Q measured; ~ Red- 

l i ch -K is te r  f i t ;  x determined i n d i r e c t l y  at 180 bar from 

excess volumes using equation (~). 
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Fig.  8. 

For a l l  m ix tu res  discussed by Heintz et a l .  ( r e f .  18) vE-data have 

been ob ta ined  in t h i s  way at var ious  tempera tures  and ambient pres-  

(OvE/c~T)p = I bar was determined at 298.15 K and the sure .  The s lope 

co r respond ing  Z~ HE-values f o r  a g iven Z~ p were c a l c u l a t e d  using 

equa t i on  (~) .  The r e s u l t s  are inc luded in F igs .  6 - 8  and are marked 
as determined i n d i r e c t l y .  The vE-data are accurate  to w i t h i n  2 -  3%, 

| 

30 | 

268 bar 

[J. mol, -1] 

20 
( 

t , Xn-CIO 
0,5 

Composi t ion dependence of  H E at va r ious  pressures  and 

298.15 K f o r  n -C6+n-C10,  o, e, measured; ~ Red l i ch -  
K i s t e r  f i t ;  x determined i n d i r e c t l y  at 268 bar from 
excess volumes using equat ion  (2 ) .  

but the temperature dependence of V E is very small and hence rela- 
t i ve ly  inaccurate. In calculating (~HE/~p) from equation (4) that 
is important as (~vE/aT)p is multiplied by T, i.e. by a re la t ive ly  
large number. Therefore, the indirect ly determined ~ HE-values are 
only accurate to within ± 25% (with respect of the absolute H E- 
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values that means about + 2%), possible systematic errors not in- 

cluded. This error is nearly twice as high as the one of theZ~LH E- 

values measured d i rec t ly  with the flow calorimeter, which are estim- 

ated to be accurate at least to within + 1.5% of the HE-values 

involved. Within those experimental errors the ~HE-values obtained 

in the d i f ferent  ways agree with each other and hence the data are 

thermodynamica l ly  c o n s i s t e n t .  

Theo re t i ca l  I n t e r p r e t a t i o n  

Thermodynamic excess p rope r t i es  of  l i q u i d  mix tu res  con ta in ing  mo- 

l ecu les  of d i f f e r e n t  s ize  and shape ( e s p e c i a l l y  cha in-molecu les)  

have been discussed on the basis of  molecu lar  s t a t i s t i c s  very suc- 

c e s s f u l | y  using the P r i g o g i n e - F l o r y - P a t t e r s o n  f ree  volume theory  

(PFP-Theory) ( r e f .  21-  24). The t h e o r e t i c a l  equat ions der ived from 

t h i s  theory  to descr ibe the dependence of  the excess p rope r t i es  

on temperature ,  pressure and composi t ion conta in  qu i t e  a number 

of system s p e c i f i c  parameters.  However, f o r  a b inary  m ix tu re  a l l  

these parameters,  except one, can be ca l cu l a ted  from pure component 

data (e .g .  p ,V ,T -da ta ) .  The so -ca l l ed  i n t e r a c t i o n  parameter X 12 
remains the only  one being ad jus tab le  to represent  the excess pro- 

p e r t i e s  p r o p e r l y .  This parameter is r e l a t e d  to the d i f f e r e n c e  of  

the d i f f e r e n t  i n t e r m o l e c u l a r  i n t e r a c t i o n s  between d i f f e r e n t  mole- 

cu les .  As a molecular  parameter i t  is regarded to be independent 

of  temperature ,  pressure and composi t ion.  

For a large number of l iqu id mixtures, in par t icu lar  for polymer 

solut ions, the PFP-Theory predicts good results for the thermo- 

dynamic excess properties after the parameter X12 has been adjusted 

properly (e.g. using an experimental value of Hi). In some cases, 

however, inconsistencies of the theory have been observed for 

various reasons. For mixtures of n-alkanes with re la t i ve ly  compact 

(globular) molecules (e.g. c-C6) X12 shows a s ign i f icant  decrease 

with increasing temperature (ref .  25). This is incompatible with 

the concepts of the PFP-Theory, which regards X12 being independent 

of temperature. Furthermore the X12-values determined from HE-data 

for mixtures of c-C16 + n-alkanes are much larger than those obtained 
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for mixtures of c-C 6 with the corresponding branched isomers ( ref .  

25). The same results are obtained from experimental data of the 

excess volume (ref .  19), This fact cannot be explained by the d i f -  

ferent numbers of methyl- and methylene-contacts within the d i f f e r  

ent mixtures of the d i f ferent  isomers, as the difference in the 

intermolecular interaction energy is too small. Addi t ional ly for 

mixtures of c-C 6+ n-alkanes X12 was found to increase with in- 

creasing pressure, when determined from HE-data at various pres- 

sures (ref .  26). Again this is incompatible with the concepts of 

the PFP-Theory which regards X12 being independent of pressure. 

For mixtures of c-C16 with corresponding isomers such a pressure 

dependence was not observed• 

Figs. 9 and 10 show for the mixtures c-C 6+ n-C 8 and c-C 6+ n-C12 

the experimental and calculated results for the differences A H E . 

Fig. 9. 
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Xn - C 9 

E f f e c t  o f  p r e s s u r e  on t he  c o m p o s i t i o n  dependence  o f  H E 

for c-C 6 + c-C 8 at 298.15 K. experiment (Redlich- 

Kister f i t ) ;  . . . .  PFP-Theory with XI2(P); - . - . - ,  . . . .  

PFP-Theory with X12 (I bar). 
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Wi th in  the e r r o r  o f  the expe r imen ta l  data (see r e f .  18) the agree-  

ment is very  good. The c a l c u l a t i o n s  w i t h  the PFP-Theory are very  

s e n s i t i v e  to smal l  changes in X12. I f  a t  h igh p r e s s u r e s ,  f o r  example,  

the c a l c u l a t i o n s  are per formed us ing the same X12 as at  I bar f o r  

a l l  c-C 6 + n -a l kane  systems much too smal l  ~ HE-va lues  are o b t a i n e d ,  

even n e g a t i v e  ~ H E - v a l u e s  are p r e d i c t e d  as shown in F igs .  8 and 9. 

The o r i g i n  o f  these d i s c r e p a n c i e s  has f i r s t  been recogn ized  by de- 

p o l a r i z e d  l i g h t  s c a t t e r i n g  per formed w i t h  pure n -a l kanes  and t h e i r  

m i x t u r e s  w i t h  c-C 6 (see e .g .  r e f .  27).  Accord ing to these r e s u l t s  

w i t h i n  l i q u i d  n -a lkanes  e x i s t s  some sho r t  range o rde r  which is  de- 

s t r oyed  upon m ix ing  w i t h  a compact molecu le  l i k e  c-C 6. This  mole-  

c u l a r  o rde r  most p robab ly  can be i n t e r p r e t e d  as a packing e f f e c t  

favoured  between segments of  d i f f e r e n t  n -a l kane  cha ins .  A p p a r e n t l y  

t h i s  is  a s s o c i a t e d  w i t h  an e n e r g e t i c  s t a b i l i s a t i o n  in  r e l a t i o n  to 

the c o m p l e t e l y  d e s o r i e n t e d  s t a t e .  Upon m ix ing  w i t h  c-C 6 t h i s  sho r t  

range o rde r  is  des t royed  g r a d u a l l y ,  depending on the compos i t i on  

o f  the m i x t u r e .  The assoc ia ted  energy leads to a l a r g e r  endothermic  

excess e n t h a l p y  and hence to a l a r g e r  X12-va lue .  The decrease o f  

X12 w i th  i n c r e a s i n g  tempera tu re  shows t h a t  the s h o r t  range o rde r  

w i t h i n  the pure n -a lkanes  a l r e a d y  is p a r t i a l l y  des t royed  by thermal  

mot ion be fo re  m i x i n g .  These e f f e c t s  are smal l  or do not e x i s t  a t  

a l l  f o r  m i x t u r e s  c o n t a i n i n g  the branched i somer i c  a l kanes ,  as these 

pure components show on ly  l i t t l e  or no shor t  range o rde r  due to 

s t e r i c  h inderance ( r e f .  25) .  Along the same l i n e s  the i nc rease  o f  

X12 w i th  i n c r e a s i n g  p ressure  is  p h y s i c a l l y  reasonab le  as a t  h i ghe r  

p ressures  the sho r t  range o rder  is  expected to be more d i s t i n c t ,  

thus l ead ing  to a l a r g e r  endothermic  excess e n t h a l p y  and hence to 

a l a r g e r  X12-va lue .  Again these e f f e c t s  o f  p ressu re  are smal l  or  

do not  e x i s t  a t  a l l  f o r  m i x t u res  c o n t a i n i n g  branched i somer i c  

a lkanes (X12 f o r  c-C 6 + i -C 8 is  independent  o f  p r e s s u r e ) .  

Making use o f  these  q u a l i t a t i v e  r e s u l t s  the PFP-Theory has been 

m o d i f i e d  and extended q u a n t i t a t i v e l y  in o rde r  to take  i n t o  account 

p o s s i b l e  sho r t  range o rde r  p resent  in  l i q u i d s  ( r e f .  26) .  W i th in  

the  framework o f  the extended PFP-Theory X12 is  depending on temper -  

a tu re  and p ressu re  accord ing  to the f o l l o w i n g  r e l a t i o n :  

T 
X12 = X~2 " T - T  (p) (T ~T o) (6) 

o 
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F ig .  10. 
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E f f e c t  o f  p ressu re  on the  c o m p o s i t i o n  dependence o f  H E 

f o r  c-C 6 + n-C12 at  298.15 K. ~ e x p e r i m e n t  ( R e d l i c h -  

K i s t e r  f i t ) ;  . . . .  PFP-Theory w i t h  X12(P) ;  - . - . - ,  . . . .  

PFP-Theory w i t h  X12 ( I  b a r ) .  

o 
X12 is  the  i n t e r a c t i o n  parameter  in case no s h o r t  range o rde r  is  

p resen t  and hence i t  i s  i ndependent  o f  t e m p e r a t u r e  and p r e s s u r e .  

To(P) f o r m a l l y  has the s i g n i f i c a n c e  o f  a t r a n s i t i o n  t e m p e r a t u r e ,  

o from which f o r  a g i ven  p ressu re  can be de te rm ined  t o g e t h e r  w i t h  X12 

the  t empe ra tu re  dependence o f  X12. At I bar T o was found to  be 

lower  than  the  m e l t i n g  t empe ra tu re  T m ( r e f .  25) and in  f a c t  t r a n s i t .  

ion phenomena have been observed f o r  some a lkanes  below T m ( r e f .  
28) .  

The p s e u d o - t r a n s i t i o n  t empe ra tu re  To(P) shou ld  i n c r e a s e  w i t h  i n -  

c r e a s i n g  p ressu re  as at  h i g h e r  d e n s i t i e s  the s h o r t  range o rde r  is  

more d i s t i n c t  and t h a t  is  in f a c t  the  case f o r  m i x t u r e s  o f  c-C 6 + 
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n - a l k a n e s  ( r e f .  26) .  The o r i g i n  f o r  the  i n c r e a s i n g  X12 w i t h  i n -  

c r e a s i n g  p ressu re  hence is  the  i n c r e a s e  o f  To (P) .  An averaged i n -  

c rease o f  8 K was o b t a i n e d  f o r  an i n c r e a s e  in  p r e s s u r e  o f  300 bar .  

I t  is  i n t e r e s t i n g  to  compare t h i s  number w i t h  the r e s u l t s  o b t a i n e d  

by W f i r f l i n g e r  ( r e f .  28) ,  who measured the  p ressu re  dependence o f  

the  t r a n s i t i o n  t empe ra tu re  in  the  s o l i d  s t a t e  f o r  some a lkanes  us ing  

the  DTA-method. He found an i n c r e a s e  o f  5 - 10 K f o r  an i n c r e a s e  in  

p ressu re  o f  300 bar .  Th is  agreement is  somewhat s u r p r i s i n g ,  as 

W ~ r f l i n g e r  not  o n l y  has i n v e s t i g a t e d  n - a l k a n e s  bu t  a lso  more g l o b u -  

l a r  molecules, which show the typical rotat ional t rans i t ion of 

p rac t ica l l y  f i r s t  order. The processes characterized by To(P), 

however, are occuring within a wider temperature range. Neverthe- 

less the direct investigations of t ransi t ions and the i r  dependence 

on pressure support the physical interpretat ion and the theoret ical 

concept of short range order within l iqu id  n-alkanes. 

The ex tended PFP-Theory d i scussed  accounts  f o r  p o s s i b l e  s h o r t  range 

o rde r  p resen t  in  l i q u i d s .  Such o r d e r ,  f o r  example,  e x i s t s  w i t h i n  

n - a l k a n e s  and hence o n l y  the  PFP-Theory in  i t s  ex tended form g i ves  

a c o n s i s t e n t  d e s c r i p t i o n  o f  the  t empe ra tu re  and p ressu re  dependence 

o f  H E o f  the  a lkane  m i x t u r e s  d i scussed  here.  The r e s u l t s  c l e a r l y  

i n d i c a t e  t h a t  very  r e l i a b l e  HE-data over  a wide p r e s s u r e  and tempe- 

r a t u r e  range make p o s s i b l e  a r i g o r o u s  t e s t  o f  m o l e c u l a r  t h e o r i e s  

o f  f l u i d s  and t h e i r  m i x t u r e s .  

ALCOHOL + ALKANE MIXTURES 

For such m i x t u r e s  the thermodynamic excess p r o p e r t i e s  depend main-  

| y  on the  a s s o c i a t i o n  due to  hydrogen bond ing  o f  the  a l c o h o l .  As 

the  t e m p e r a t u r e  dependence o f  the  excess p r o p e r t i e s  g i ves  some 

i n f o r m a t i o n  about  the  e n t h a l p y  o f  hydrogen bond ing ,  the p ressu re  

dependence shou ld  g i ve  some i n s i g h t  in  the  volume change a s s o c i a t e d  

w i t h  the  f o r m a t i o n  o f  hydrogen bonds. 

Experimental Results 

HE-data at high pressures have only been reported by Heintz ( ref .  30) 
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and more r e c e n t l y  by Oswald ( r e f .  31).  F ig .  11 shows r e s u l t s  f o r  

the m i x t u r e  2-propanoI  + n-heptane exper imen ta !  at  va r i ous  p ressures  

and tempera tu res  ( f rom r e f .  30).  An inc rease  o f  H E w i th  i n c r e a s i n g  

tempera tu re  and a decrease w i th  i n c r e a s i n g  p ressure  is o b t a i n e d .  

The a lcoho!  + a lkane m ix tu res  show a dependence on p ressure  and 

tempera tu re  which is oppos i te  to the one f o r  a lkane + a|kane m i x t u r e s  

From a p h y s i c a l  po in t  o f  v iew t h i s  is the impo r tan t  r e s u l t .  

Hess has determined the pressure  dependence of  H E from h is  vE-data 

using equa t ion  (4) ( r e f .  29).  For an equ imo]ar  m i x t u r e  of  2 - p r o -  

panol + n-heptane at  298.15 K F ig .  12 shows a comparison of  the p res -  

sure dependence of  H E as determined d i r e c t l y  w i t h  the c a l o r i m e t e r  

by He in tz  ( r e f .  30) and i n d i r e c t l y  by Hess. The r e s u l t s  ob ta ined  

in the d i f f e r e n t  ways agree we l l  showing the vE-data and HE-data 

to be the rmodynamica | ] y  c o n s i s t e n t  
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and p ressu res  f o r  2 -p ropano l  + n - h e p t a n e .  • measured at  

298.15 K and p ressures  i n d i c a t e d ;  o measured at  303 K 
E E 

and I bar ;  ~ R e d l i c h - K i s t e r  f i t ;  . . . .  Hphys. = Hexp. 
H E chem. a c c o r d i n g  to  e q u a t i o n  (~ ) .  
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F ig .  12. P ressure  dependence o f  H E f o r  an e q u i m o l a r  m i x t u r e  o f  

2 -p ropano ]  + n -hep tane  at  298.15 K. o ( r e f .  30) and + 

( r e f .  29) measured; - -  bes t  f i t .  

T h e o r e t i c a l  I n t e r p r e t a t i o n  

In case o f  m i x t u r e s  w i t h  a s s o c i a t i n g  components l i k e  a l c o h o l s  mos t l y  

quas i  r i g i d  l a t t i c e  t h e o r i e s  have been a p p l i e d ,  based on r e a l  asso-  

c i a t i o n  models ( r e f .  32, 33) or  approaches l i k e  UNIFAC ( r e f .  34) .  

These t h e o r i e s  are very  u s e f u l  f o r  a s y s t e m a t i c  d e s c r i p t i o n  o f  the  

Gibbs excess energy G E and H E but  they  n e g l e c t  a ] l  excess p r o p e r -  

t i e s  r e l a t e d  to  V E, (~vE/~p)T  or (~HE/~T)p as V E = 0 is  assumed. 

The rea l  a s s o c i a t i o n  s o l u t i o n  model,  f o r  example ,  has been a p p l i e d  
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s u c c e s s f u l l y  to m i x t u r e s  w i t h  s t rong  hydrogen bond ing  components 

l i k e  a l c o h o l s .  In t h i s  t h e o r y  thermodynamic p r o p e r t i e s  are s p l i t  

in  a s o - c a l l e d  chemica l  and p h y s i c a l  c o n t r i b u t i o n  ( e . g .  HE= H E 
chem. + 

HE h ~ ) At low p ressu res  the model a l l o w s  a c o n s i s t e n t  d e s c r i p t i o n  
P Y • • 

o f  G ~ and H E ( r e f .  33, 35) .  The model assumes t h a t  l i n e a r  i -mers  o f  

a s s o c i a t e d  a l c o h o l  mo lecu les  are formed by c o n s e c u t i v e  " chem ica l  

r e a c t i o n "  ( r e f .  32, 36) .  The f i n a l  e q u a t i o n  f o r  H E a t  normal p res -  

sure is  o b t a i n e d  as f o l l o w s :  

0 ~ I  . - 
HE = ~ho " K" (01 - 91)" XA + OA (I ~A ) (7) 

E and the  second one H E where the  f i r s t  term r e p r e s e n t s  Hchem" phys . "  

h o is  the e n t h a l p y  o f  f o r m a t i o n  o f  hydrogen bonds and x A is the 
o 

mole f r a c t i o n  o f  a l c o h o l .  91 and 91 are the  volume f r a c t i o n s  o f  

a l c o h o l  monomers in  the  s o l u t i o n  and the  pure a l c o h o l  r e s p e c t i v e l y ,  

depending o n l y  on the  a s s o c i a t i o n  k o n s t a n t  K and x A • K is  regarded 

as i ndependen t  o f  the  number i o f  a s s o c i a t e d  u n i t s ,  an assumpt ion  

be ing  j u s t i f i e d  by F I o r y  ( r e f .  37) .  ~A is  the volume f r a c t i o n  o f  

a l c o h o l .  B' is  r e l a t e d  to  the d i f f e r e n c e s  in  the  i n t e r m o l e c u l a r  

i n t e r a c t i o n s  between the  d i f f e r e n t  mo lecu les  o f  the  m i x t u r e .  

Renon and P r a u s n i t z  ( r e f .  33) found ~ h o : -25.1  kJ mol " I ,  be ing  the  

same f o r  d i f f e r e n t  a l c o h o l  + hydrocarbon systems.  For 2 - p r o p a n o l  + 

n -hep tane  K : 60 was found at  323 K. With these  va lues  the HE-data 

f o r  t h i s  m i x t u r e  at  298.15 K and I bar can be d e s c r i b e d  w e l l  us ing  

the  f o l l o w i n g  e q u a t i o n  f o r  the  t empe ra tu re  dependence o f  K: 

h o 
(2 In : + - -  
T K )  P RT 2 (8)  

In t h i s  way at  298.15 K a va lue  of  K = 131.5 was o b t a i n e d .  The va lue  

f o r  H E c a l c u l a t e d  by t a k i n g  the  d i f f e r e n c e  H E E is phys exp :  Hchem 
shown in  Fig 7. At i t s  maximum H E XA . is  140 J mol I - ( f o r  = 0~65) phys 
and f o r  low a l c o h o l  c o m p o s i t i o n s  i t  has even smal l  n e g a t i v e  v a l u e s .  

With i n c r e a s i n g  p ressu re  H E decreases s l i g h t l y .  phys.  

The real associated solution model shows that hydrogen bonding 
accounts for the main contr ibution to H E also at higher pressures. 
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Th is  r e s u l t  was not  o n l y  found f o r  the  2 - p r o p a n o l  + n -hep tane  system 

d i scussed  but  a l so  f o r  o t h e r  a l c o h o l  + a l kane  systems ( r e f .  30, 31) ,  

As the  model is  no t  ab le  to  d e s c r i b e  V E and r e l a t e d  p r o p e r t i e s  l i k e  

(~HE/~p) T He in t z  ( r e f .  30) has ex tended the  t h e o r y  in  o rde r  to  ac-  

coun t  f o r  the  volume change a s s o c i a t e d  w i t h  the  f o r m a t i o n  o f  hydrogen 

bonds.  To a f i r s t  a p p r o x i m a t i o n  the  d i f f e r e n t  numbers o f  hydrogen 

bonds in  s o l u t i o n  and in  the  pure a l c o h o l  are c a l c u l a t e d  us ing  the  
E H E same k ind  o f  e q u a t i o n  f o r  Vchem ° as f o r  chem.: 

V E o 
chem. = A v o "  K" ( ~ 1 -  ~1 ) " XA (9) 

Here ~ v o is  the  volume change a s s o c i a t e d  w i t h  the  f o r m a t i o n  o f  one 
o mol hydrogen bonds;  the  n o t a t i o n s  x A, K, @I and ~I meaning the  same 

as b e f o r e .  From the va lues  r e p o r t e d  in  l i t e r a t u r e  ( r e f .  38) v o = 

-4 cm 3 • mol - I  has been chosen as the most p r o b a b l e  one. V~hem" c a l -  

c u l a t e d  w i t h  e q u a t i o n  (9) f o r  the  maximum o f  the  V E ve rsus  c o m p o s i t i o n  

p l o t  g i ves  0.12 cm3mol - I  f o r  2 -p ropano l  + n -hep tane  in  c o n t r a s t  to  

the  e x p e r i m e n t a l  va lue  found to  be 0.60 cm3mol - I  ( r e f .  39) .  The 
cm 3 r e s u l t i n g  va l ue  f o r  the  p h y s i c a l  c o n t r i b u t i o n  is  V~ 0 48 

- I  - hys.  " 
mol c l e a r l y  shows t h a t  t h i s  c o n t r i b u t i o n  is d o m i n a t i n g .  

E E-Vchem has In c a l c u l a t i n g  Hchem" at  h igh  p ressu res  the  p r o d u c t  p E . 

to  be added to  the  f i r s t  term in  e q u a t i o n  (7) w i t h  Vchem" g i ven  by 

e q u a t i o n  ( 9 ) .  The va lue  o f  K at  h igh  p ressu res  is  o b t a i n e d  us ing  

the  r e l a t i o n :  

~ v o 

( )T = RT ( lO)  

The r e s u l t s  o b t a i n e d  f o r  ~ H E = H E (p) - H E chem. chem. chem.(1 bar )  in  t h i s  
way are shown in  F igs .  13 and 14 f o r  the  m i x t u r e s  2 - p r o p a n o l  + n- 

heptane and 2 - p r o p a n o l  + i -C 8 r e s p e c t i v e l y .  In both  cases the  chemica l  

c o n t r i b u t i o n  is  about  20% o f  the  t o t a l  va lue  o f  ( ~  H E / ~ p ) T  d e t e r -  

mined e x p e r i m e n t a l l y .  Aga in ,  as a l r e a d y  found f o r  M E, the  p h y s i c a l  

c o n t r i b u t i o n  is  l a r g e r  than  the  chemica l  one. 

In  c o n c l u s i o n  i t  f o l l o w s  t h a t  in  m i x t u r e s  o f  a l c o h o l  + a l kane  the  

p h y s i c a l  c o n t r i b u t i o n  a c c o r d i n g  to  the r e a l  a s s o c i a t e d  s o l u t i o n  

model p lays  a more i m p o r t a n t  r o l e  than  the  chemica l  one f o r  t hose  
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excess p r o p e r t i e s  which are a s s o c i a t e d  w i t h  V E. Th is  a l r e a d y  has 

been suggested by T reszczanow icz  and Benson ( r e f .  40) in  the  i n t e r -  

p r e t a t i o n  o f  t h e i r  vE-data  o f  a l c o h o l  + hydrocarbon  m i x t u r e s .  D i r e c t  

Iy  measured HE-data at  h igh  p ressures  c o n f i r m  t h i s  c o n c l u s i o n  as 

d i scussed  here.  

High p ressu re  thermodynamic p r o p e r t i e s  depend the  s t r o n g e r  on the  

change o f  volume the  h i g h e r  the  p ressu re  i s .  To o b t a i n  b e t t e r  de- 

s c r i p t i o n  at  such i m p o r t a n t  s t a t e  c o n d i t i o n s  the  ex tended rea l  as- 

s o c i a t e d  s o l u t i o n  model p r o v i d e s  a r easonab le  bas i s  f o r  f u r t h e r  

t h e r o r e t i c a l  work.  Most i m p o r t a n t  are e f f o r t s  to  deve lop  a t heo -  

r e t i c a l  e x p r e s s i o n  f o r  the  p h y s i c a l  c o n t r i b u t i o n  o f  excess p r o p e r -  

t i e s  i n c l u d i n g  the  change in  f r ee  volume. Th i s  would a l l o w  a b e t t e r  

p h y s i c a l  i n s i g h t  in  the  dependence o f  the  excess p r o p e r t i e s  o f  

a s s o c i a t e d  systems on p ressu re .  

-50 

-100 

0.5 1.0 

[//moll ~ . 4 H  E l exp. 

Fig. 13. E f f e c t  o f  p ressu re  on the  c o m p o s i t i o n  dependence o f  H E 

f o r  2 -p ropano l  + n~heptane a t  298o15 K. - -  e x p e r i m e n t  
E = HE(p) H E ( R e d l i c h - K i s t e r  f i t ) :  ~ H e x p .  - ( I  b a r ) ;  . . . . .  

a c c o r d i n g  to  e q u a t i o n s  (7) and ( 9 ) .  
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Fig.  14. E f f ec t  of pressure on the composi t ion dependence of  H E 

f o r  2-propano] + 2 , 2 , 4 - t r i m e t h y l p e n t a n e  ( i -C8)  at 298.15 K 

experiment ( R e d l i c h - K i s t e r  f i t ) :  ~ H E = HE(p) - 
exp. 

H E I ba r ) ;  . . . . .  according to equat ions (7) and (9) ,  
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