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Abstract - The excess p roper t i es  o f  l-C.Hzm+iOH t CnHZn+2 mixtures are 
described f o r  2 5 m 5 12 and 4 5 n 5 16 using a model w i t h  chemical and 
physical terms. The model i s  a development o f  e a r l i e r  attempts by 
Stokes e t  a l . ,  Kohler e t  a l . ,  and Gaube e t  a l . .  I t  assumes chain asso- 
c i a t i o n  w i t h  a d i s t r i b u t i o n  o f  assoc iat ion constants favour ing chains 
o f  medium length, t he  existence o f  c y c l i c  tetramers, a heat o f  
formation o f  a hydrogen bond o f  -25 kJ mol-1 (except f o r  smaller values 
o f  dimer and t r imer ) ,  and a volume change o f  formation o f  -5  cm3 
mol- l .  The phys ica l  terms conta in  a con f igu ra t i ona l  c o n t r i b u t i o n  ca l -  
cu la ted a f t e r  Donohue and Prausnitz, and a res idual  term calcu lated 
w i t h  Kehiaian’s model o f  group surface i n te rac t i ons .  The model repro- 
duces the excess p roper t i es  gE, hE, cpE and VE o f  numerous systems 
almost w i t h i n  experimental accuracy, and may thus serve f o r  i n te rpo la -  
t i o n  between d i f f e r e n t  numbers o f  m and n. The p r i n c i p a l  correctness o f  
t he  chemical terms i s  corroborated by a n.m.r. i nves t i ga t i on  on etha- 
no l  t cyclohexane and the  temperature dependence o f  VE o f  ethanol t 
hexane. 

INTRODUCTION 
Alcohols are considered t o  be associated substances. That means t h a t  t he re  e x i s t  s p e c i f i c ,  
i . e .  s t rong ly  or ientated,  i n t e r a c t i o n s  which are appreciably stronger than the  general 
d ispers ive i n t e r a c t i o n s  and which lead t o  the  formation o f  groups o f  molecules. These 
groups s t i c k  together f o r  t imes which are orders o f  magnitudes longer than the  v i b r a t i o n  
per iod o f  a molecule i n  the  l i q u i d  q u a s i l a t t i c e  ( r e f .  1). Th is  formation o f  molecular 
groups, c a l l e d  species, i s  best t o  describe by a chemical equi l ibr ium.  However, such a 
desc r ip t i on  i s  on l y  necessary when the  a lcohol  i s  d i l u ted .  I n  pure o r  concentrated s t a t e  
the  e f f e c t  o f  assoc iat ion can be fo rma l l y  incorporated i n t o  a cohesive energy o f  somewhat 
l a rge r  value and somewhat d i f f e r e n t  temperature dependence ( r e f .  2 ) .  I t  i s  f o r  t he  consi- 
de ra t i on  o f  t he  whole densi ty  range o f  pure a lcohols  o r  t he  whole concentrat ion range o f  
mixtures t h a t  the i n t roduc t i on  o f  chemical e q u i l i b r i a  i s  needed. 

The accounting f o r  d i f f e r e n t  species by chemical e q u i l i b r i a  b r i ngs  the  problem w i t h  it how 
t o  combine t h i s  w i t h  the  e f f e c t s  o f  t he  weaker bu t  more general i n t e r a c t i o n s  which are 
present a l so  i n  non-reacting mixtures. For shor t ,  how t o  combine chemical w i t h  phys ica l  
terms. Numerous s i m p l i f i c a t i o n s  have been t r i e d ,  e i t h e r  by neglect ing the phys ica l  terms as 
i n  the  treatment o f  i dea l  associated mixtures, o r  by assuming t h a t  chemical and physical 
terms can j u s t  be added. The l a t t e r  assumption means t h a t  i n  the  thermodynamic associat ion 
constant ( i f  w r i t t e n  f o r  a d imer izat ion,  a1 and a2 being the  a c t i v i t i e s  o f  monomer and 
dimer, resp.) 

K = az/ar2 x2/x iZ f z / f i 2  (1) 

t he  a c t i v i t y  c o e f f i c i e n t s  f i  are d i f f e r e n t  from u n i t y ,  bu t  t he  r a t i o  f z / f r z  i s  equal t o  
u n i t y .  From inves t i ga t i ons  on associat ion e q u i l i b r i a  i n  pure l i q u i d s  and i n  d i l u t e  
so lu t i ons  o f  d i f f e r e n t  so lvents  we know t h a t  these s i m p l i f i c a t i o n s  are no t  j u s t i f i e d .  

The p r i n c i p l e s  o f  a thermodynamically cons is tent  treatment have been formulated by 
Kehiaian ( re f s .  3, 151, and Kohler ( r e f .  4) has t rea ted  var ious actual  mixtures, where one 
component e x i s t s  i n  d i f f e r e n t  species. It could be shown t h a t  t he  phys ica l  terms ( i . e .  t he  
r a t i o  o f  a c t i v i t y  c o e f f i c i e n t s  i n  eq. 1 )  e x e r t  an appreciable s h i f t  on the  mole f r a c t i o n  
r a t i o  over the concentrat ion i n t e r v a l ,  i n  t he  case o f  t he  a c e t i c  ac id  t carbon 
t e t r a c h l o r i d e  mixture over th ree  orders o f  magnitudes. But t h e  phys ica l  terms were s t i l l  
much s i m p l i f i e d  by using on ly  a Por ter  ansatz f o r  them. This  i s  probably no t  permiss ib le  
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f o r  1-alkanols, where l a rge  cha in - l i ke  species occur so t h a t  d i f f e rences  o f  s izes and con- 
t a c t  numbers have t o  be taken i n t o  account. 

It w i l l  i n  t he  f o l l o w i n g  t o  develop a thermodynamically cons is tent  treatment f o r  
a lcohol  mixtures by incorporat ing a l l  features which are thought t o  be essent ia l .  The aim 
i s  no t  a simple t o o l  f o r  technica l  appl icat ions,  bu t  a p h y s i c a l l y  r e a l i s t i c  desc r ip t i on  
which can be appl ied f o r  i n t e r p o l a t i n g  and ex t rapo la t i ng  the  thermodynamic p roper t i es  o f  
l -CmH2m+rOH + C n H ~ n + 2  mixtures f o r  a v a r i e t y  o f  carbon numbers m and n. 

be t r i e d  

CHEMICAL TERMS 
The chemical e q u i l i b r i a  between the var ious a l coho l i c  species should show the  f o l l o w i n g  
features : 

(1) The d imer izat ion should be disfavoured i n  comparison t o  the  add i t i on  o f  a monomeric 
u n i t  t o  an already e x i s t i n g  chain. This  fo l l ows  from var ious i nves t i ga t i ons  i n  so lu t i ons  as 
w e l l  as i n  the gaseous s t a t e  ( re f s .  5-9). 

(2) The p o s s i b i l i t y  should be provided f o r  t he  formation o f  c y c l i c  associates ( r e f s .  10 - 
13). 

(3) Quantum mechanical ca l cu la t i ons  ( r e f .  14) show t h a t  t he  energy o f  each hydrogen bond 
increases w i t h  increas ing length o f  t he  chain, u n t i l  a p la teau value i s  reached f o r  longer 
chains. On the  other  hand, it can be expected t h a t  longer chains are e n t r o p i c a l l y  
disfavoured. Therefore, t he  a d d i t i o n  o f  a monomeric u n i t  t o  an already e x i s t i n g  chain w i l l  
be most l i k e l y  when the  chain has medium length. 
The assumptions on the bas is  o f  these considerations are: 

The equ i l i b r i um constant K i  f o r  the react ion 

(i-1)mer + monomer+i-mer 

fo l l ows  a d i s t r i b u t i o n  given by: 

~i = a i - r iar  = K/[1 + (H)2]  1-1.2 ( 2 )  
a 

where a i  i s  t he  a c t i v i t y  o f  t he  i-mer. Th is  d i s t r i b u t i o n  peaks a t  t he  tetramer, and 
decreases s lowly  f o r  h igher  i-mers, as can be seen from Table 1. 

Table 1. The thermodynamic q u a n t i t i e s  f o r  t he  formation o f  hydrogen 
bonds between t h e  (i-1)mer and the  imer i n  ethanol (298.15 K) .  

i K i  - g iO /J  mol-' - hiO/J mol-1 - s io / J  mol - lK- l  

5.516 
30.57 
40.0 
37.41 
34.08 
31.56 
29.72 
28.35 

4233 
8478 
9145 
8979 
8748 
8557 
8408 
8291 

18000 
23700 
25000 
25000 
25000 
25000 
25000 
25000 

46.2 
51.1 
53.2 
53.7 
54.5 
55.1 
55.6 
56.0 

4->c 3.0 2723 25000 74.7 

Cyc l i c  species can be expected t o  occur as tetramers o r  s l i g h t l y  l a rge r  i-mers. This  i s  
because dimers and t r i m e r s  are e n e r g e t i c a l l y  disfavoured f o r  t h e i r  angular hydrogen bonds, 
and l a r g e r  c y c l i c  species are e n t r o p i c a l l y  disfavoured ( r e f .  12). Therefore, it i s  
be l ieved t h a t  c y c l i c  tetramers are the  dominating c y c l i c  species and t h a t  t he  neglect ion o f  
c y c l i c  pentamers, and, i f  e x i s t i n g ,  c y c l i c  hexamers w i l l  no t  lead t o  s i g n i f i c a n t  e r ro rs .  
The constant f o r  t h e  c y c l i s a t i o n  o f  t he  tetramers 

KC = ac/a4 (3) 

i s  a l so  w r i t t e n  i n  terms o f  a c t i v i t i e s .  

For t h e  enthalpy o f  format ion o f  a hydrogen bond a value near 25 kJ i s  used f requen t l y  
( r e f s .  10, 13). Again, t he  hydrogen bond o f  a dimer i s  thought t o  have a lower enthalpy o f  
formation ( re f s .  10,15), and i n  order t o  make the  sequence smooth, a s l i g h t l y  lower value 
than 25 kJ i s  attached t o  t h e  formation o f  t he  second hydrogen bond i n  the  t r imer .  The 
r e s u l t  o f  these assumptions f o r  t h e  example o f  ethanol, where we have set  K = 40, KC = 3, 
i s  presented i n  Table 1. 
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For the  higher 1-alkanols, m L 3, t he  equ i l i b r i um constants are se t  t o  K 30, KC = 4.2, 
bu t  t he  enthalp ies o f  formation remain unchanged. Therefore, t he  ent rop ies o f  formation 
become more negative. 

For the  react ion volume i n  forming a hydrogen bond a value o f  -5 ~ m ~ m o l - ~  was used 
throughout ( r e f .  16). 

PHYSICAL TERMS 
As i-mers o f  appreciable s i z e  might be formed, it was thought necessary t o  consider s i ze  
dif ferences e x p l i c i t e l y .  Thus the  a c t i v i t y  c o e f f i c i e n t s  o f  species I are w r i t t e n  

I n  f i  = I n  f i , c o n c  t I n  f i , r s s  (4) 

where the  f i r s t  term on the  r.h.s. ( t he  con f igu ra t i ona l  term) takes s i z e  d i f f e rences  i n t o  
account and the  second ( res idua l )  term i s  due t o  d i f f e rences  i n  i n t e r a c t i o n  energies. 

For the  conf igurat ional  term the  approximation o f  Donohue and Prausnitz ( r e f .  17) has been 
used, which i s  thought t o  be super ior  t o  the  usual Flory-Huggins expression. Gaube e t  a l .  
( re f .  18) have shown t h a t  i n  1-alkanol t alkane mixtures an exponent p would be appropr ia te 
w i t h  0.9 2 p 2 0.7. Thus, assuming v i  = i - v i ,  and denoting the  alkane by s (so lvent) ,  

I n  f i , c o n f  = ln(iP/D) - i P / D  t 1 (5) 

where 
chain 

i 
D = I x i  1P t Xc 4P + X s  ( V s / V i ) P *  ( 6 )  

For p 1 the  Flory-Huggins expression i s  recovered. As w i l l  be seen i n  the  fo l l ow ing ,  
p-values between 0.85 and 0.87 have been used. 

For the  second term, i t  proved t o  be essen t ia l  t o  take i n t o  account e x p l i c i t e l y  the  
dif ferences i n  contact  numbers o f  molecular groups. Otherwise the  change i n  the composition 
dependence from hexane systems t o  hexadecane systems could n o t  be reproduced. Therefore, 
t he  res idual  term has been modelled according t o  Kehiaian’s model o f  group surface 
i n t e r a c t i o n s  ( r e f s .  19 - 20), used i n  t h e  zeroth approximation. When from Kehiaian’s ex- 
pression fo r  gE the logar i thm o f  a c t i v i t y  c o e f f i c i e n t  i s  der ived by standard thermodynamic 
formulae ( r e f .  21), t h e  r e s u l t  i s  f o r  an a l coho l i c  i-mer 

Here the  q i  are r e l a t i v e  surface areas o f  t he  molecules. The f o l l o w i n g  values have been 
used f o r  t he  groups: q C H 3  0.875, q C H z =  0.75, qOH = 0.8. The l a s t  value i s  used f o r  both 
f re8 and bonded OH. 

Thus, when m and n denote the  number o f  carbon atoms i n  the  a lcohol  o r  alkane, resp., 

q i  = 1.0.875 t (m-1).0.75 t 0.8 

qc = 4.0.875 t (m-1).0.75 t 0.8 

qs = 2-0.875 t 0.75(n-2) 

The i n t e r a c t i o n  constants g i j ,  g ic  
i n t e r a c t i o n s  

g i j  -1/2 I I (asi - a e j ) ( a t i  - at  
. t  

(8a) 

(8b) 

(8c) 

g i s ,  gcs o f  eq. (7 )  are formed as sum o f  group 

where the  aei are the  surface f r a c t i o n s  o f  groups s on t h e  molecule i. Denoting 
methyl/methylene by m, f r e e  OH by f, and bonded OH by b, we have: 

act = 0.8/qi , abi = a f l ( i - l ) / i  , ami = 1 - a f i  

abc = aci , amc 1 - a f l  (10) 
ame = 1 

Eq. (9) conta ins the  s p e c i f i c  group i n t e r a c t i o n  parameters, get, which are t o  be adjusted. 
I n  a lcohol  t alkane mixtures, t h ree  d i f f e r e n t  parameters have t o  be taken i n t o  account: 
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gmf f o r  t he  i n t e r a c t i o n  between methyl/methylene and f r e e  OH, 

gmb f o r  t he  i n t e r a c t i o n  between methyl/methlyene and bonded OH, 

gfb f o r  the i n t e r a c t i o n  between f r e e  and bonded OH. 

The parameters o f  t he  phys ica l  terms, gmf, gmb, gfb, p and PO were f i r s t  adjusted f o r  the 
mixture ethanol t hexane. The values chosen were (energies i n  J mol-1, temperature i n  K and 
pressure i n  MPa) 

gmf 10000, gnb : 800, Qfb -6500, p = Pm = 0.85 

For the  sake o f  c a l c u l a t i n g  hE and vE,  temperature and pressure de r i va t i ves  o f  t h e  g ’s  have 
t o  be given also: 

dTgmf = -13 , dTgmb = 0 , dTgfb +4 

dpgmf = 35 , dpgmb = 0.6 , dpgfb = -6 

I n  p r i n c i p l e ,  these i n t e r a c t i o n  parameters should apply f o r  a l l  a lkanol  t alkane mixtures. 
With t h i s  assumption, t h e  empty c i r c l e s  i n  the  Figs. 7-12 are ca lcu lated.  I t  i s  seen t h a t  
a f i n e r  adjustment i s  necessary f o r  a lkanol  t alkane mixtures w i t h  d i f f e r e n t  m and n. This  
f i n e r  adjustment was brought about by changing somewhat gmf and i t s  de r i va t i ves ,  gnb and 
i t s  de r i va t i ves ,  and p (crosses i n  Figs. 7- 12). The i n t e r p r e t a t i o n  f o r  these changes w i l l  
be given i n  the discussion. The on ly  change o f  p was made between ethanol ( p  0.85) and 
pentanol (p  = 0.871, where p va r ied  l i n e a r l y  w i t h  m. For m 2 5, p remained 0.87. The 
parameter gst and i t s  de r i va t i ves  changed on ly  w i t h  n, as given i n  Table 2. The parameter 
gmb and i t s  de r i va t i ves  are shown as func t i on  o f  n and m i n  Table 3. 

Table 2. The v a r i a t i o n s  o f  gmf and i t s  de r i va t i ves  w i t h  n (carbon no. o f  alkane). 

n 4 5 6 7 8 9 10-16 

9m f 7750 8875 10000 11125 12250 13375 14500 
dTgmf t 1 4  to.5 -13 -26.5 -40 -53.5 -67 
dpgnf 28.5 31.75 35 38.33 41.67 45 48- (n-10) 

dpgmb I 

m Y  
2 

4 

5 

6 

a 

10 

12 

Table 3. The v a r i a t i o n s  o f  gnb and i t s  de r i va t i ves  w i t h  n (carbon no. o f  alkane) and m 
(carbon no. o f  1-alkanol).  The f i r s t  e n t r y  i s  gnb, t he  second dTgmb, and the  t h i r d  

, I  For intermediate values o f  n and m, t he  v a r i a t i o n  i s  l i n e a r .  

4 6 10 16 

680 800 1040 1400 
6 0 -4 -8.2 

0.6 0.6 0.6 

-120 266.67 1040 1400 
25.2 10 -2 -34 

-6.5 -0.6 28.5 

520 0 1040 1400 
35.25 15 1 -29.5 

-12 -1.2 

-1020 -333.33 1040 1400 
45 23.33 5 -25 

-18.5 -1.8 

-2020 - 1000 1040 1400 
62.5 40 22 -16 

-3.8 -7.133 

-3020 -2333.33 1040 1400 
80 56.67 30 -7 

-62 -12.467 

-4020 -2333.33 1040 1400 
97.5 73.33 38 2 

-92 -17.8 
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METHOD OF CALCULATION 
The problem i s  t o  f i n d  the  se t  o f  mole f r a c t i o n s  o f  species x i ,xz ,  ..., x i  ..., X C ,  xs 
which s a t i s f i e s  a l l  

and KC = &.% . K = & =  X i f i  
a i  - 1  a1 x i  - 1 f i  -1  x i  f i  X 4 f 4  

As the  a c t i v i t y  c o e f f i c i e n t s  are r e l a t i v e l y  complicated func t i ons  o f  t he  mole f r a c t i o n s  
(eq. 5 and 7), an e laborate i t e r a t i o n  procedure i s  necessary f o r  each set  o f  parameters. 
For a quick s o l u t i o n  several interconnected va r iab les  were adjusted simultaneously by a 
modi f ied Newton method ( r e f .  22). 

Denoting the  formal mole f r a c t i o n s  o f  a lkanol  and so lvent  by Xa and XS, and the  
corresponding a c t i v i t y  c o e f f i c i e n t s  by and re ,  t he  excess Gibbs energy i s  

gE = RT(X. I n  r. t X. I n  r e )  (11) 

w i t h  

X. = (I i x i  t 4 x c ) / ( I  i x i  t 4 xc t XS) (12) 

and 

X. r. = XI f l / ( x l  f l ) o  ( 1 3 )  

xS re = X. fB , (14) 

t h e  superscr ip t  Q denoting the  l i m i t  Xa - >  1. 

Another scheme f o r  c a l c u l a t i n g  gE has been described prev ious ly  ( r e f s .  4, 23 ) ,  and was 
used as a check f o r  t h e  correctness o f  t he  ca l cu la t i on .  The programming was done 
independently a t  Bochum and Darmstadt i n  order t o  be sure t h a t  no errors s l ipped in .  

The excess Gibbs energy was ca lcu lated a t  f i v e  temperatures around 298.15 K and f i v e  
pressures around 0.1 MPa. The f i v e  po in ts  were f i t t e d  by polynomials o f  second degree i n  
1/T or i n  p, resp.. From these, values o f  hE, cEp and VE were derived. 

RESULTS 

Figs. 1-6 present t he  comparison o f  ca l cu la ted  and experimental data o f  gE and hE, reduced 
by the  product o f  mole f r a c t i o n s ,  o f  t he  key systems ethanol t hexane, ethanol t hexa- 
decane, and 1-pentanol t hexane. Figs. 7-12 show the  comparison f o r  gE, hE, and cpE a t  
f i x e d  compositions f o r  CzHsOH t C ~ H 2 n + 2  as func t i on  o f  n and f o r  l -CnH2a+iOH t C 6 H l 4  as 
func t i on  o f  m. Because o f  lack o f  experimental data, some experimental po in ts  f o r  
C.Hzl+iOH-systems were a l so  included f o r  pentane and/or heptane. I n  order t o  show how the  
model works f o r  systems w i t h  higher n and m numbers, Fig. 13 shows hE and Fig. 14 VE a t  
f i x e d  compositions f o r  CnHzn+iOH t C10H22.  S i m i l a r l y ,  Fig. 15 presents hE ( a t  f i x e d  com- 
pos i t i ons )  f o r  C izH2sOH + CnHZn+2, and F ig.  16 d isp lays vE f o r  C i o H z i O H  t CnHzn+Z. For CpE,  
we show the  composition dependence f o r  t he  mixture CsHi3OH t C i o H z z  i n  Fig. 17. As we w i l l  
show VE o f  t h e  mixture CzHsOH + C6H14 i n  t h e  discussion, we omit here the  presentations f o r  
smal ler  numbers o f  m and n. 

DISCUSSION 
As the  present model i s  ab le t o  reproduce the  excess p roper t i es  o f  l-CmHZm+10H t C n H 2 n + ~  
f o r  many systems w i t h i n  the  bounds o f  2 S m 5 12 and 4 S n S 16 almost w i t h i n  experimental 
accuracy, it might serve as a method f o r  i n t e r p o l a t i o n  f o r  d i f f e r e n t  m and n. We have no t  
y e t  t r i e d  methanol systems, because o f  var ious i nd i ca t i ons  t h a t  methanol behaves 
d i f f e r e n t l y  t o  the  other  alkanols. Therefore, we have reserved methanol mixtures f o r  f u t u r e  
work. 

Now the  numerical values o f  t h e  parameters should be discussed. S t a r t i n g  w i t h  the chemical 
terms, it i s  obvious t h a t  our assoc iat ion constants are much smal ler  than most o f  t he  other  
authors. Furthermore, t h e  change i n  our constants between ethanol and propanol i s  smaller, 
and from propanol on a l l  constants are equal. The in f luence o f  t he  phys ica l  terms on the  
r a t i o  o f  t he  mole f r a c t i o n s  i s  very b ig ,  e.g. we have f o r  ethanol t hexane (298.15 K) 

- -  x4 fifn 
x1 x3 - K4 f 4  

equal t o  92.67 f o r  X. = 0.01 and equal t o  5.78 f o r  X. = 1. S i m i l a r l y ,  we have there 
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Fig. 1. The excess Gibbs energy, reduced by 
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Fig. 5. Same as F ig.  1, bu t  f o r  1-pentanol 
(1) t hexane. Experimental data: r e f .  29. 
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Fig. 3.  Same as Fig. 1, bu t  f o r  ethanol(1) 
t hexadecane. Experimental data: r e f .  28. 

l lmol 

Elhonal + Hexodecane 

20000 

18000 

16000 
HE 

4 . 
l I I I 4 I 4 I I I  

X1 

- French et a1 (1979) . - calculated 

Fig. 4. Same as Fig. 3 ,  bu t  f o r  t he  excess 
enthalpy. Experimental data: r e f .  28. 

Fig. 6. Same as Fig. 5, bu t  f o r  t he  excess 
enthalpy. Experimental data: re f s .  30, 31. 
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Fig. 10. Same as Fig. 7 ,  bu t  f o r  1- 
CnH~rn+1OH+C6H14. Curves connect t he  expe- 
r imenta l  data ( r e f s .  24,29 ,41) .  
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Fig. 11. Same as Fig. 10, b u t  f o r  t he  
excess enthalpy. Experimental p o i n t s  ( re f s .  
27,30,35,37,42-47)  are added f o r  pentane 
(7 )  and heptane (A) mixtures. 
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Fig. 12. Same as Fig. 10, b u t  f o r  t he  
excess heat capacity. Experimental po in ts  
are added f o r  heptane (A) mixtures ( re f s .  
32,40 ,48) .  
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equal t o  13.37 f o r  Xa = 0.01  and equal t o  2.83 f o r  Xa = 1. It i s  the  neglect ion o r  
inconsis tent  i nc lus ion  o f  t he  phys ica l  terms, which makes the  associat ion constants o f  most 
o ther  authors b igger ,  because the  r a t i o  o f  mole f r a c t i o n s  determines the steepness o f  t he  
gE/xi,xZ-curve a t  h igh  d i l u t i o n .  The l i m i t i n g  value o f  (gE(x1xz)x - > o  RTlnram i s  given by 
( c f .  eq. 13) 

RT I n  ram = RT I n  f im - RT l n ( x i '  f i ' )  (15)  

For ethanol t hexane, the  f i r s t  term on t h e  r.h.s. which i s  ( c f .  eq. 7)  

RT I n  fi" = q i  arc2 gar t RT I n  f i , c o n f m  (16)  

amounts t o  2170 J mol-1, and the  second term t o  8112 J mol- l .  The second term conta ins f i O ,  

which i s  very small on account o f  t he  con f igu ra t i ona l  c o n t r i b u t i o n  and the  negative value 
o f  QCb ( f o r  ethanol t hexane a t  298.15 K ,  f 1 0  = 0.177) .  A model which neglects f l m  and f r o  
would need a much smal ler  x i 0  f o r  compensation, which again means much la rge r  assoc iat ion 
constants. The l i m i t i n g  value f o r  Xa ->  1 o f  gE/xixz = RT I n  Tom i s  given by 

RT I n  r.0, = RT ln(x./X.)m t RT I n  f a m  (17)  

The f i r s t  term on t h e  r.h.s. i s  given by 

where 

I X i  
@OH - 

i s  the  f r a c t i o n  o f  f r e e  OH groups, 
d imer izat ion i s  weaker than the  higher 

1-xco (1-xcO) go,, 

(19)  

and t h e  superscr ip t  0 denotes Xa-1. When the  
associat ion, t h i s  f r a c t i o n  i s  smaller than the  mole 

f r a c t i o n  o f  monomer, @OHO < x io .  The second term on ' the r.h.s. (17)  va r ies  between 
r e l a t i v e l y  narrow bounds. I t s  f i r s t  con t r i bu t i on ,  RT I n  f8 ,conr  i s  negative f o r  the 
samller so lvent  molecules (-1473 J mol-1 f o r  hexane i n  ethanol) and the  second 
con t r i bu t i on ,  RT I n  f ~ , r e a ,  i s  mainly in f luenced by Qmb and on ly  a l i t t l e  b i t  by gmf ( i t s  
value f o r  hexane i n  ethanol i s  1066 Jmol-1). Th is  means t h a t  OOHO has t o  be such t h a t  t he  
whole spectrum o f  RT I n  ram-values can be covered, which ranges f o r  ethanol ( a t  298.1510 
from 10600 (hexadecane) over 5800 (hexane) t o  4100 (carbon t e t r a c h l o r i d e )  and 3700 J mol-1 
(benzene). Our ca l cu la t i ons  on ethanol g ive XCO = 0.05585 and @ono = 0.08333,  so t h a t  RT I n  
( l - X c o ) / @ O H o  i s  6019 Jmol- l ,  and t h a t  f o r  t h e  hexane mixture (gE/xixz)x - > I  = 5612 J mo l - l .  
It i s  seen t h a t  the r a t i o  o f  t he  two l i m i t i n g  values i n  the  ethanol t hexane mixture, 
10282/5612, can on ly  achieved w i t h  the  phys ica l  terms, which con t r i bu te  very p o s i t i v e l y  on 
the  s ide  Xa - >  0, and on ly  l i t t l e  and negat ive ly  on the s ide  Xa - >  1. 

The important c o n t r i b u t i o n  o f  t he  phys ica l  terms leads t o  q u i t e  d i f f e r e n t  values f o r  t he  
mole f r a c t i o n s  o f  species i n  our model compared w i t h  t h a t  o f  o ther  authors. Especia l ly  f o r  
t he  pure alcohol our values f o r  x i 0  and @ono are s u b s t a n t i a l l y  h igher  than from other  mo- 
de ls .  It would be n i ce  i f  t h i s  could be checked by independent i nves t i ga t i ons .  I t  i s  f o r  
t h i s  reason t h a t  we invest igated the  chemical s h i f t  o f  n.m.r. f o r  the mixture ethanol t 
cyclohexane, which i s  thermodynamically almost equiva lent  t o  ethanol t hexane. The 
r e s u l t s  o f  t h i s  study, together  w i t h  a discussion o f  some l i t e r a t u r e  data on i n f r a r e d  
spectroscopy, are given i n  the  appendix. The conclusion i s  t h a t  t he  n.m.r. data are 
consis tent  w i t h  our model, bu t  cannot disprove values which are up t o  50% smaller. A second 
study which shows t h e  p r i n c i p a l  correctness o f  our model i s  on the  temperature dependence 
o f  v E .  Th is  temperature dependence i s  usua l l y  b i g  i n  a lcohol  t alkane systems because o f  
t he  breaking up o f  associates a t  higher temperature ( re f s .  54,561.  Fig. 18 shows experi- 
mental po in ts  f o r  vE/xixz a t  298.15 K and 313.15 K f o r  ethanol t hexane ( r e f .  54)  i n  
comparison t o  our ca l cu la t i on ,  w i t h  no adjustment made f o r  313.15 K .  F i n a l l y ,  it should be 
stressed t h a t  t he  cpE-values presented e a r l i e r  are ra the r  i n s e n s i t i v e  on the  pyhs ica l  terms 
( the curves and c i r c l e s  are q u i t e  near together  i n  Figs. 7-12) and have been ca lcu lated 
wi thout  any add i t i ona l  assumption. They are, therefore,  an add i t i ona l  evidence f o r  t he  
p r i n c i p a l  correctness o f  our chemical terms. 

Proceeding now w i t h  t h e  discussion o f  t h e  numerical values o f  t he  physical terms, the  
f i r s t  p o i n t  i s  t he  value o f  p and pa. This  i s  completely i n  l i n e  w i t h  the  discussion o f  
Gaube e t  e l .  ( r e f .  18) f o r  a lkanols  and o f  Donohue and Prausnitz ( r e f .  17) f o r  
hydrocarbons. On the  other  hand, the  excess p roper t i es  react  q u i t e  s e n s i t i v e l y  on a small 
va r ia t i on .  This  can be understood because increas ing p leads t o  more negative values o f  I n  

o f  eq. 
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f i  and t o  smaller values o f  t he  r a t i o  @oH/xr, an e f f e c t ,  which corresponds somewhat t o  a 
change i n  the  K i  d i s t r i b u t i o n  i n  the  sense o f  decreasing K i  a t  a smaller r a t e  w i t h  i. 

Coming now t o  the  values o f  t he  i n t e r a c t t o n  parameters gmf, gnb, gfb and t h e i r  
de r i va t i ves ,  so i s  the  general pa t te rn  f o r  ethanol + hexane conform t o  chemical i n t u i t i o n .  
The parameter gnf corresponds t o  a s t rong p o s i t i v e  i n t e r a c t i o n  o f  a very po la r  molecule 
w i t h  hydrocarbons, gnb t o  t h e  much weaker i n t e r a c t i o n  o f  an oxygen br idge ( l i k e  i n  dioxane) 
w i t h  hydrocarbon, and the  negative value o f  gfb r e f l e c t s  a tendency o f  complexation between 
f r e e  OH and an oxygen bridge. The de r i va t i ves  correspond i n  s ign  and i n  magnitude roughly 
t o  what one would expect, i .e .  t h a t  dTgSt i s  between 0.001 gst and 0.01 gst ,  and t h a t  an 
increase o f  pressure f o r  1 MPa i s  roughly equiva lent  t o  a decrease i n  temperature f o r  1 K. 
The change o f  gnf w i t h  n i s  p a r a l l e l  t o  the  experience w i t h  other  mixtures o f  n-alkanes, 
and i s  thought t o  be caused by the f a c t  t h a t  t he  longer hydrocarbon chains order them- 
selves i n  the  l i q u i d  s ta te ,  an order which i s  broken by the  mix ing par tner  (Patterson-ef- 
f e c t )  ( r e f .  51). Th is  e f f e c t  i s  absent o r  even reversed when the  mix ing par tner  furn ishes 
contact  po in ts  f o r  t he  methylene groups (aromatic r ings,  c h l o r i n e  and even oxygen 
atoms, r e f .  581, bu t  t he  a l -  
coho l i c  chains are probably 
so much shielded by the  pa- 
r a f f i n i c  residues R t h a t  t he  

R 
I 

H sequences cannot serve as con- 
H*.O/H H'.f t a c t  po ints .  The explanat ion 

f o r  t h e  increase o f  gnr w i t h  n 
as an order breaking e f f e c t  i s  

i n  l i n e  w i t h  the  rap id  decrease o f  dTgnf, which i nd i ca tes  an en t rop i c  e f f e c t .  More d i f f i -  
c u l t  i s  t he  i n t e r p r e t a t i o n  f o r  t he  v a r i a t i o n  o f  Qmb w i t h  m fo r  smaller values o f  n, which 
leads t o  very negative values fo r  l a rge  m and small n ( c f .  Table 3). We bel ieve t h a t  t h i s  
i s  a packing e f f e c t .  The b i g  residues R o f  t he  a l coho l i c  chains are forced by the  hydrogen 
bond sequences i n t o  a packing which i s  not  optimal. Small alkanes as mix ing par tners can 
f i l l  some holes and a c t  as " l u b r i c a n t "  between d i f f e r e n t  chains. This  i n t e r p r e t a t i o n  i s  
again supported by the  v a r i a t i o n  o f  dTgmb which stresses t h e  en t rop i c  character. I f  the 
alkane molecules become la rge r  ( n  t 101, the  l u b r i c a n t  e f f e c t  vanishes. The constancy o f  
gnb w i t h  m f o r  l a r g e r  n might not  be so per fac t  as given by Table 3 when a b e t t e r  determi- 
na t i on  o f  t he  parameters w i l l  be poss ib le  by new experimental i nves t i ga t i ons  o f  mix tures 
f o r  l a rge  numbers o f  m and n. The v a r i a t i o n  o f  gnb and i t s  de r i va t i ves  w i t h  n (m small) i s  
again the  Patterson e f f e c t .  

One might summarize t h e  discussion by the  statement t h a t  t he  numerical values o f  a l l  
parameters, chemical and phys ica l ,  appear t o  be reasonable and consis tent .  S t i l l  i t might 
be poss ib le  t o  achieve an equal ly  good representat ion o f  t he  excess p roper t i es  o f  t he  1- 
a lkanol  + alkane mixtures w i t h  s l i g h t l y  d i f f e r e n t  assumptions, e.g., by changing the  
associat ion model s l i g h t l y  and compensating w i t h  the  phys ica l  terms. But i t  i s  be l ieved 
t h a t  t he  present model i s  near the  t r u e  phys ica l  s i t u a t i o n .  It w i l l  be t r i e d  i n  the  f u t u r e  
t o  corroborate t h i s  op in ion by applying the  model t o  1-alkanol systems w i t h  other  mix ing 
par tners than a1 kanes. 
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APPENDIX: NMR INVESTIGATIONS 
The chemical s h i f t  o f  t h e  OH proton has been measured i n  the  mixture ethanol + cyclo- 
hexane, where about two t h i r d s  o f  cyclohexane were deuterated. The actual spectroscopic 
measurements were done by H. Duddeck, f a c u l t y  o f  chemistry o f  the Ruhr-University Bochum, 
by means o f  a Bruker AM-400 spectrometer (400.1 MHz), with deuterium lock f o r  f i e l d  
s t a b i l i s a t i o n .  For the  measurement o f  F I D  32 K data po in ts  were used, 16 K a f t e r  Four ier  
transformation. Spectral width was 4000 Hz = 10 ppm, d i g i t a l  reso lu t ion  f 0.25 Hz. 
Temperature was room temperature (ca 25OC). Number o f  scans was usua l ly  16, bu t  f o r  low 
concentrat ions o f  ethanol up t o  80. A l l  chemical s h i f t s  r e f e r  t o  TMS. 
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The r e s u l t i n g  chemical s h i f t s  are shown i n  Table A 1  and Figure Al. The connection between 
chemical s h i f t  6 and f r a c t i o n  o f  f r e e  OH groups @OH depends on the  values o f  t he  chemical 
s h i f t  assigned t o  bonded and f r e e  OH proton: 

6 = @OH(6f - 6 b )  t 6b (A1 1 

From @OH ca l cu la ted  by our model ( c f .  eq. 19) t he  values o f  6b = 5.75  and 6, = -0 .19 were 
found. With these values the  crosses i n  Fig. A1 were ca l cu la ted  which are i n  exce l l en t  
agreement t o  the  experimental po ints .  The question i s  i f  other  models f o r  @OH could g i ve  
reasonable agreement a l so  w i t h  other  values fo r  6b and 6 r .  Especia l ly ,  we were in te res ted  
t o  check r e s u l t s  from i n f r a r e d  spectroscopy. Here we r e f e r  t o  work o f  t h ree  d i f f e r e n t  
groups. Sassa and Katayama ( r e f .  59)  have measured i n  ethanol + cyclohexane up t o  ethanol 
mole f r a c t i o n s  o f  0 . 2 ,  and Luck ( r e f .  60) has measured pure ethanol. Van Ness e t  a l .  ( r e f .  
61) have measured ethanol + heptane up t o  ethanol mole f r a c t i o n s  o f  0.5. The l a s t  resu l t s ,  
though ra the r  sca t te r i ng ,  corroborate our values o f  @OH. Sassa and Katayama agree w i t h  our 
value o f  @OH f o r  Xa = 0.01, bu t  come t o  smaller values o f  $OH f o r  h igher  ethanol 
concentrat ions. I f  t h e i r  @on-values are used i n  connection w i t h  our n.m.r. resu l t s ,  they 
can be reasonably f i t t e d  w i t h  6b = 5.48  and 6r = -0 .04.  There are some systematic t rends 
which could i n d i c a t e  t h a t  t h e  @on-values o f  Sassa and Katayama are t o o  low f o r  t he  mole 
f r a c t i o n s  Xa = 0.15  and X. = 0.20 ,  but  t h i s  might s t i l l  be w i t h i n  the  l i m i t s  o f  accuracy o f  
our chemical s h i f t .  However, when the  f i t  on Sassa and Katayama’s values i s  ext rapolated t o  
Xa = 1,  a value o f  about @OH = 0.04  resu l t s ,  about h a l f  t he  value o f  our model, bu t  s t i l l  
s u b s t a n t i a l l y  higher than Luck’s value o f  about OOH = 0.03 .  Apparently, t he re  are s t i l l  
inherent  d i f f i c u l t i e s  i n  t h e  i n f r a r e d  method which make q u a n t i t a t i v e  comparisons doubt fu l .  
So f a r ,  we can conclude t h a t  t he  n.m.r. r e s u l t s  are consis tent  w i t h  our model bu t  cannot 
disprove the  lower values o f  OOH o f  Sassa and Katayama f o r  h igher  ethanol concentrat ions. 
But t he  value o f  @OH o f  Luck f o r  pure thanol i s  d e f i n i t e l y  t o o  low. 

An add i t i ona l  remark might be o f  i n t e r e s t  concerning the  values o f  6 b  and 6 r .  The d i f f e -  
rence i s  5.94  ( o r  5.52  with OOH o f  Sassa and Katayama), which i s  much higher than the  
value o f  about 4 . 0  f i t t e d  t o  phenol t cyclohexane ( r e f .  11) .  Furthermore, t he  value o f  6, 
i s  extremely low. It i s  no t  unexpected t h a t  t he  f r e e  OH i s  b e t t e r  shielded i n  ethanol than 
i n  phenol, bu t  t h e  ex ten t  i s  remarkable. On the  other  hand, t h e  decrease i n  sh ie ld ing  when 
the  proton i s  engaged i n  the  hydrogen bond (6b - 69) i s  l a rge r  f o r  ethanol then f o r  phenol, 
which p a r a l l e l s  the s t ronger  assoc iat ion i n  ethanol. S t i l l ,  6 b  f o r  ethanol (5 .75)  i s  
smaller than i n  phenol ( 7 . 5 ) .  

0.05 0.1 Table Al. The chemical s h i f t  o f  t he  hydroxyl 
I 

0.2 0.6 0.6 0.e 1 - 1, 0 

proton o f  ethanol i n  ethanol t cyclo- 
hexane mixtures a t  about 298 K. 

0.00965 
0.02380 
0.03908 
0,05280 
0.12273 
0.15871 
0.21400 
0.24185 
0.26723 
0.38207 
0.63958 
0.77143 
0.86469 

1.937 
3.243 
4.040 
4.185 
4.628 
4.835 
4.938 
5.034 
5.010 
5.096 
5.201 
5.233 
5.247 

F i g .  A l .  The chemical s h i f t  o f  ethanol + 
cyclohexane (ca. 298.15 K) .  0 experimen- 
t a l ,  x model ca l cu la t i on .  The low mole 
f r a c t i o n s  of ethanol are p l o t t e d  a l so  i n  an 
enlarged scale (sca le on top  o f  f i g u r e ) .  




