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ABSTRACT 

A solution model is developed to analyze the thermodynamic properties of 
methanol-acetonitrile and ethanol-acetonitrile mixtures in terms of self-association of pure 
components and solvation between unlike molecules. The model is extended to ternary 
mixtures including acetonitrile, alcohol and one nonassociating component. Calculated results 
show the capability of the model in correlating binary vapor-liquid equilibrium and excess 
enthalpy data and in predicting ternary vapor-liquid equilibria, liquid-liquid equilibria, and 
excess enthalpies from binary information. 

INTRODUCTION 

We have presented association models to explain the thermodynamic 
properties of solutions of acetonitrile [1,2], methanol [3], and ethanol [4] in 
nonassociating components over the whole mole fraction range. These mod- 
els include chemical and physical contribution terms: the chemical term is 
due to the association of pure component  and solvation between unlike 
molecules; the physical term for nonpolar interactions is given by the N R T L  
equation. 

In this paper, we present a unified model applicable to the 
methanol-acetonitr i le  and ethanol-acetonitri le systems and show the capa- 
bility of the model in predicting ternary vapor-l iquid and l iquid-liquid 
equilibria and excess enthalpies of solutions containing an alcohol, 
acetonitrile and one nonassociating component using information obtained 
from component binary data. 

THEORY 

Binary mixtures 

A stands for the alcohol and B for acetonitrile. We assume that the 
alcohol is present in the mixture in the forms of linear and cyclic hydrogen- 
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bonded polymers, acetonitrile forms cyclic dimers and chain polymers 
according to the corresponding antiparallel and head-to-tail associations of 
acetonitrile dipoles and furthermore the alcohol and acetonitrile form chem- 
ical complexes A,Bj. A physical interaction term for nonpolar interactions is 
allowed for. 

Chemical complex forming reactions and equilibrium constants defined in 
terms of mole fraction are given below. 

A + A = A  2 

A 2 + A = A 3 

A, + A = A,+ i 

A, (linear) = A, (cyclic) 

B + B = B 2 (cyclic) 

B, + B = B , +  1 

A, + B = A,B 

A / +  B, = A,B, 

K 2 = XA2/XAXA, (1) 

K 3 "= XA3/XA2X & (2) 

K = XA,+,IXAXA, (i >! 3) (3) 

Ko, = e l i  = x , , , ( c y c l i c ) / x A ,  (linear)(/> 4) (4) 

K's = Xs=(cyclic)/XB XB, (5) 

K B = XB,+,/XBXB, (i >_- 1) (6) 

KA, B = XA,a,/XAXB, (i >~ 1) (7) 

KA, B, = XA, B/XA, XB, (i >1 1, j >1 2) (8) 

where # is independent of i. These solvation constants were selected in the 
model after trials of alternative solvation constants. 

The temperature dependence of equilibrium constants should be given by 

0 In K2/O(1/T  ) = - h 2 / R  

0 In K / O ( 1 / T ) =  - h A / R  

0 In K'B/O(1/T)= -h 'B /R  

0 In KA,a/O(1/T ) = - - h A , B / R  

0 In K3/O(1/T ) = - ( 2 h  A -  h2) /R  

0 In O/O(1/T) = - h A / R  

0 In KB/O(1/T  ) = - h B / R  

0 In KA,a,/O(1/T ) = --hA,B,/R 

(9) 

The activity coefficients of alcohol and acetonitrile are given as the sum of 
the chemical and physical contributions, and the chemical term is expressed 
as described by Prigogine and Delay [5]. 

In 7A = (In ~A)chem "3t- (In ~A)phys (10) 

In yn = (In VB)ehem +(In ~B)phys (11) 

(In ~A)chem = In(xA,/X~,XA) (12) 

(In 7B)¢hem = In(xB,/X~XB) (13) 
The physical contribution term is expressed by the NRTL equation [6]. 

(In 7A)phys = X~[ %AG2A/(XA + xBGsA) 2 + rABGAB/(X B + XAGAB) 2] (14) 

(ln~IB)phys=X~[rABG~,B/(XB+XAGAB)2+rBAGBA/(XA + XBGBA) 2] (15) 
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where 

"rBA=(gBA--gAA)/RT ~'AB=(gAB--gBB)/RT (16) 

GBA = exp(-- aBA'rBA) GAB = exp( -- aABCAB ) (17) 

where the nonrandomness parameter, aaA ( = aAB ), is set as 0.3. 
The nominal mole fractions of components are related to the mole 

fractions of the component monomers. 

× [XAI+ 2K2x~, + K2K3x3,(3- 2 z ) / ( 1 -  z) 2] 

+ K2K3KEOx~,/(1 - z ) ) / S  (18) 

x . _ -  + 

× [XA, + K2x2,+ K 2 K 3 x 3 / ( 1 - z ) ]  

)2 + x. , / (1  - KBxa, + 2K'Bx~,}/S (19) 

where z = KXA, and the stoichiometric sum S is 

S =  [1 + KA,.X., + Kh , .Kax~ , / (1 -  Kax.1) ] 

× [XA, + 2Kz x2, + KEK, X~,(3 - 2z ) / (1  - z) 2] 

+ K2K3K2Ox~J(1 - z) 

+ + K . x . , ) / ( 1 -  K.x.,)  

× [xA, + K~x~, + K2K, xl , / (1 - z)] 

' ~ (20) + XB1/(1 -- KBXB) 2 + 2KBxBI 

The sum of the mole fractions of all species present in the mixture must 
be unity. 

[1 + KA,.Xs, + KA,BjK.x~,/(1 -- K.xs , ) ]  

x [xA1 + K2x~, + K2K3~L/(1- z)] 
- (  K2K30/K3)[ln(1 - z) + z + z2/2 + z3/3 + z4/4] 

+ x . 1 / ( 1  I , : . x . , )  , 2 - + K B x B 1  = 1 (21) 

At pure liquid state eqn. (21) reduces to eqn. (22) for alcohol and to eqn. 
(23) for acetonitrile. 

X'A, + K2 x*2, + K=K3x*3,/( 1 - z*) 

- (  KzK30/K3)[In(1 - z*) + z* + z*2/2 + z*3/3 + z*"/4] = 1 (22) 
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x~, / (1  - KBX~, ) + K'Bx .2, = 1 (23) 

Equations (18)-(23) are used to obtain the values of all the monomer  
x* and x* for a given set of the equil ibrium mole fractions, XA,, XB,, A, B,, 

constants. 
The excess enthalpy is expressed as the sum of chemical and physical 

contr ibut ion terms. 
h E Z e (24) -~" h chem -~- h phys 

The chemical contr ibution term of the excess enthalpy is defined by 
E 

hchem ---- h f  - XAh'~A -- xBh* m (25) 

where hf is the total enthalpy of the mixture and h~A is the value of hf at 
pure alcohol state and h~' a that  of h f at pure acetonitrile state. 

h,  = {[1 + KA,BXa, + K A , B K B X ~ , / ( I -  KBXB,)] 

× [ h2 Kzx  2, + h A K2 K3 x3 , (2 - z ) /{1 - z )2] + h A K2 K3 K 20x ,/(1 - z ) 

+ ( 1  + KA,B,[XA -~- K2X2A,-'1- K 2 K 3 x 3 j ( 1 - z ) l  ) 

/ }  l r l l  2 × hBKBx~,I(1 - KBXB,) 2 + nst~BxB, 

+[Xg+ K x1+ K K, xL/(1-z)] 

XIhA,BKA,BXBI+hA,BjKA,BKBX2/(1--KBXBI)]} /S  (26 )  

h~A = [ h2K2x*21 + hAKzK3X*3A,(2- Z * ) / ( 1  --  z* )  2 

+hAKzKaK2Ox*SA,/(1 - z*)]/S~, (27) 

/.,t l,,-v .,...2 hTB = ["B"B-" B, + hBKBx*~,/(1 -- KBX~,)2]/S~ (28) 

where S~ is the value of S at pure alcohol state and S~ that  of S at pure  
acetonitrile state. 

S~ = x~,, + 2Kzx  .2, 

+ KzK3x*3 (3 - 2z*) / (1  - z*) 2 + K2K3KEOx*SA,/(1 - z*) 

S~ = ---- B" ~ Ic, .,2B, + x~, / (1  - KBx~,) 2 

(29) 

(30) 
The physical contr ibution term is derived by applying the G ibbs -He lm-  

holtz relation to the N R T L  equation for the excess Gibbs energy. 

h E = RXAX B, phys 
• 'r~AG BA "r.~BGAB + 

X A + XBGBA XB + XAGAB 

o IXA  BA  A XB AB B B]) 
AB[ (X A + XBGBA) 2 ~ (x B + XAGAB)2 

(31) 



89 

where 

r~A = B%A/B(1/T)  r~B = ~rAB/B(1/T ) (32) 

In excess enthalpy data reduction, the energy parameters are assumed 
temperature-dependent linearly. 

g B A - - g ~ = C A  + DA(T-- 273.15), gAs- -gsu=CB + D s ( T -  273.15) (33) 

Ternary mixtures 

In a ternary mixture containing the alcohol (A), acetonitrile (B) and 
nonassociating component (C), we assume that additional chemical com- 
plexes A,C and BC are formed and no ternary complex is present. The other 
reactions are given by eqns. (1)-(8). 

A, + C = A/C KA, c = XA,c,/XAXc, (i >1 1) (34) 

B + C + BC Ksc = Xa, c , /XaXc,  (35) 

The chemical and physical parts of the activity coefficient of component I 
are expressed as follows: 

(In 3',)~h~m = l n ( x t Jx~x i )  

where for component C, x~, = 1. 

Ev, c,,,x, Ex, G,, [ Ex,,~'R,GR, 
(In Yl)phys : J q- E J [ TIJ -- R 

E GKIXK J E GKjXK E GKjXK 
K K K 

(36) 

(37) 

The equations for the mole fractions of the components of the ternary 
mixture are derived in the same way as shown for binary mixtures. 

XA= {[1 + KA, UXs, + Ka,cXc, + K A , . K . x 2 / ( 1 -  Ksxn,)] 

XB= 

X c 

× [XA, + 2Kz x2, + KzK3XaA,(3 - 2z) / (1  - z) 2] 

+ KzK3KzexSA,/(1 - z ) } / S  (38) 

{[,<.x. ,  + K.x.,)/O- K.x.,) 

× [x,,, + I.:2x L + K2I , : , x l , / ( 1  - z)] + x , , , / (1  - I,:.x,,,) 2 

. 2 KBcXBXc,}/S  (39) + 2KBxB, + 

(40) 
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where the stoichiometric sum S is 

S =  [1 + KA,BXB, + KA,CXct + KA,BKsx~ , / (1 -  KsXB,)] 

X [XA, + 2K2 x2, + KzK3X3A,(3 - 2z) / (1  - z) 2] + KzK3KEOxSA,/(1 - z) 

+ [KA,BXs, + KA,CXC, + KA,.K.x~,(2 - KsxB,)/(1 - KSXB,) 21 

× [XA, + K2x 2, + KEKaX3A,/(1 - z)] + x . , / (1  - KBX.,)2 + 2K'Bx 2, 

+ 2KBcXBXc, + Xc, (41) 

The sum of the mole fractions of chemical species in the mixture should be 
unity. 

[1 "~ /A,BXB|  "+ - K A , c X c |  "[- KA,B, KBX21/(1 - / B X B , ) ]  

× [XA| + KEX2A, + KEK3X3A,/(1 - z)] 

- (  KzK30/K3)[ln(1 - z )+  z + z2/2 + z3/3 + z4/4] 

+ XB|/(1 -- KBXS|) + K'BX~, + KaCXB, XC, + XC, = 1 (42) 

Ternary excess enthalpy can be also expressed as the sum of two parts 
similar to those for binary mixtures. The total enthalpy of the ternary 
mixture h r is 

h i - -{[1 + KA,BXs, + KA,cXc, + KA,BKsx2 | / (1 -  Ksx. , )  l 

× [h2K2x2, + hAK2K3X3A,(2 - z )/(1 - z)2] + hAKzK3K2OxSA|/(1 - z) 

+ [1 + KA,.,(XA, + Kzx~, + KEKaX3&/(1 - z))]h.KBx2|/(1 - K . x . , )  2 

+hhKax  + [XA 

× [ hA,sKA,.Xs, + hA,cKA,cXc, + hA,B, KA,. ,Ksx~,/(1--  KBXa,)] 

+ h BcKscxBXc,} /S  (43) 

Then, the chemical part of the ternary excess enthalpy is obtained by 
inserting eqns. (27), (28) and (43) into eqn. (25). The physical part of the 
ternary excess enthalpy is given by 

~s xs O( TslGjI ) OGKt O(I /T)  Y"r '*G'zxsExro(1 /T)  
J K 

hEhys = R E X l  -- 2 (44)  

, (E 
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and 

g J z -  gn = CI + D I ( T -  273.15) (45) 

DATA REDUCTION 

Vapor-l iquid equilibrium calculations were performed using the relation 

(~,yI P = xt)'l~iP~ exp[ oL( P - P~) /RT]  (46) 

where y, P, and v L are the vapor-phase mole fraction, the total pressure and 
the pure liquid molar volume, respectively. The liquid molar volumes which 
are available at three temperatures [7-9] were correlated by a quadratic 
equation expressed in terms of temperature. Then the derived equation was 
used to calculate the molar volume of each pure component  at any tempera- 
ture. The fugacity coefficients, 9, were estimated from the volume-explicit 
virial equation truncated after the second term. The second virial coeffi- 
cients, which depend on temperature, were calculated using the method of 
Hayden and O'Connell [10]. The pure-component vapor pressures, ps, were 
calculated from the Antoine.equation whose constants are available in the 
literature [9,11]. 

The compositions of two liquid phases in equilibrium are related by the 
following equation for component  I 

( )'i x ,  ) , =  ( 71xl )n (47) 

where I and II represent equilibrium phases. 

RESULTS 

Binary systems 

The thermodynamic association parameters for acetonitrile, methanol and 
ethanol were taken from previous papers [1,3,4]: for acetonitrile, K~ = 8.35 
and K B = 2.1 at 45°C, and h i = - 8 . 9  kJ mo1-1 and h B = - 6 . 7  kJ mol-a;  
for methanol, K 2 = 70, K 3 = 120, K = 100 and 0 = 90 and 25°C; for ethanol, 
K 2 = 40, g 3 = 110, K =  45 and 0 = 85 at 25°C; h 2 = -21 .2  kJ mo1-1 and 
h A = -23 .5  kJ mol-1 for the alcohol. These h values were assumed tempera- 
ture-independent. Table 1 gives the values of the solvation constants and 
enthalpies of complex formation. Table 2 shows the results of vapor-l iquid 
equilibrium data reduction. Typical examples are illustrated in Figs. 1 and 2. 
Results for excess enthalpy are listed in Table 3 and a graphical representa- 
tion is shown in Fig. 3. The results indicate that the model is able to 
reproduce well the thermodynamic properties of alcohol-acetonitrile mix- 
tures. 
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Ternary systems 

T e r n a r y  p r e d i c t i o n s  o f  v a p o r - l i q u i d  equ i l ib r i a  a n d  excess  en tha lp i e s  for  

m i x t u r e s  c o n t a i n i n g  o n e  a lcohol ,  ace ton i t r i l e  a n d  o n e  n o n a s s o c i a t i n g  c o m p o -  

n e n t  are  s u m m a r i z e d  in  T a b l e s  4 a n d  5, respect ive ly .  T h e  m a g n i t u d e s  o f  

d e v i a t i o n s  b e t w e e n  ca l cu l a t ed  a n d  e x p e r i m e n t a l  resul ts  are  n e a r l y  e q u i v a l e n t  

to  t hose  o b t a i n e d  for  mix tu re s  i n c l u d i n g  one  a s soc i a t i ng  c o m p o n e n t  [1 -4 ] .  

TABLE 1 

Solvation equilibrium constants and enthalpies of complex formation 

--hAB --hAB System (A-B) ( °C )Temp" KA, a KA,a~ (kJ tool - I  ) (kJ mot - I  ) 

Methanol-acetonitrile 40 80 
Ethanol-acetonitrile 40 60 
Methanol-benzene 55 3 
Methanol-chlorobenzene 55 3.5 
Ethanol-benzene 25 3.6 
Acetonitrile-benzene 45 0.2 ~ 
Acetonitrile-chlorbenzene 55 0.2 a 

75 22.0 16.8 
50 22.0 16.8 

8.2 

8.2 
5.2 

1 : 1 complex formation is assumed. 

TABLE 2 

Binary parameters and absolute arithmetic mean deviations as obtained from vapor-liquid 
equilibrium data reduction 

System (A-B) Temp. No. of Parameters Deviations Ref. 
(°C) data gBA - -  gAA gAB -- gBa Vapor mole Pressure 

points (j mol- l )  (j tool-l)  fraction (mmHg) 
(x l03 )  

Methanol- acetonitrile 

Methanol-benzene 
Methanol-chlorobenzene 
Ethanol- acetonitrile 
Ethanol-benzene 
Ethanol-cyclohexane 
Ethanol- n-hexane 
Acetonitrile-benzene 

Acetonitrile- chlorobenzene 
Methanol- n-hexane 
Acetonitrile-cyclohexane 
Acetonitrile- n-hexane 

30 8 - 1845.70 1701.17 9.9 1.8 12 
55 13 2325.68 -2225.10 2.0 1.6 13 
55 9 1455.08 -648.68 8.0 3.4 14 
55 13 769.29 269.29 3.3 2.3 15 
40 14 - 894.04 2280.76 6.3 1.2 16 
45 12 1090.63 -239.06 9.9 2.8 17 
35 7 -240.91 1361.76 7.9 2.0 18 
40 16 -7.69 1243.53 4.7 1.7 16 
45 11 - 1561.17 3067.38 2.9 1.2 19 
55 12 - 1612.79 3381.72 5.8 1.6 20 
55 11 - 1741.46 4329.76 5.6 1.8 15 
25 MS a -768.18 2529.92 21 
40 MS 2848.34 3481.52 22 
25 MS 1965.30 4922.10 21 
40 MS 2236.09 4238.09 16 

a MS = mutual solubility data. 
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Fig. 1. Vapor-liquid equilibria for (a) methanol(1)-acetonitrile(2) at 55°C and (b) 
ethanol(1)-acetonitrile(2) at 40°C. Calculated ( ). Experimental (e) methanol- 
acetonitrile, data of Nagata et al. [13]; ethanol-acetonitrile, data of Sugi and Katayama [16]. 
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Fig. 2. Vapor-liquid equilibria for (a) methanol(1)-chlorobenzene(2) at 55°C and (b) 
acetonitrile(1)-chlorobenzene(2) at 55°C. Calculated ( ). Experimental (e), data of 
Nagata [15], 
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Fig. 3. Molar excess enthalpies for two binary systems at 25°C. Calculated ( ). 
Experimental: 1, methanol(1)-acetonitrile(2), data of Nagata [23] (O), data of Mato and 
Coca [26] (O); 2, ethanol(1)-acetonitrile(2), data of Nagata [23] ([:]), data of Mato and Coca 
[26] (ll), data of Dohnal et al. [27] (a). 

TABLE 3 

Binary parameters and absolute arithmetic mean deviations as obtained from excess enthalpy 
data reduction at 25°C 

System (A-B) No. of Parameters Devi- Ref. 

data CA CB DA DB ation 
points ( Jmoi -1)  ( J m o l - l )  ( Jmol-1  (Jmol-1  ( J m o l - l )  

K - l )  K -1) 

Methanol-acetonitrile 14 12657.5 7201.13 52.1690 27.1456 6.5 23 
Methanol-benzene 10 -9014.81 7014.57 -31.8433 29.6340 4.4 24 
Ethanol-acetonitrile 14 -549.86 7853.52 -7.0321 31.0975 8.9 23 
Ethanol-benzene 10 120.96 6986.55 4.6172 37.8916 1.7 24 
Acetonitrile-benzene 15 3320.51 -181.94 21.6210 -7.8097 1.3 25 
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Predicted results for ternary vapor-liquid equilibria 
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System Temp. No. of 
(°C) data 

points 

Abs. anth. mean dev. 

Vapor mole 
fraction 
(>(103 ) 

Pressure 
(mmHg) 

Ref. 

Methanol-  5.5 
acetonitrile- 55 17 3.4 5.7 20 
benzene 4.2 

Methanol- 6.7 
acetonitrile- 55 17 5.5 6.8 15 
chlorobenzene 1.3 

Ethanol- 5.7 
acetonitrile- 45 21 9.7 6.8 28 
benzene 7.8 

TABLE5 

Predictedresults ~ r t e rna ryexces sen tha lp i e sa t25°C  

System No. of Abs. anth. Ref. 
data mean dev. 
points (J m o l ] )  

Methanol-acetonitri le- benzene 55 27.0 23 
Ethanol-acetonitrile-benzene 57 22.0 23 

METHANOL 

~ETONITRILE n-HEXANE 
Fig. 4. Ternary liquid-liquid equilibria for acetonitrile-methanol-n-hexane at 25°C. Calcu- 
lated ( ). Experimental tie line (e  . . . . .  e), data of Kikic et al. [21]. Composiuons are 
expressed as mole fractions. 
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Figures 4 and 5 show ternary liquid-liquid equilibria for three systems, 
indicating that it is difficult to get a good prediction near the plait-point 
using the model. 

LIST OF SYMBOLS 

A,B,C 
CI, Dt 
GH 
giJ 
h2 
hA 
hA,a 

, hA,Bj 

hA,C 

alcohol, acetonitrile, and nonassociating component 
constants of eqn. (33) 
coefficient as defined by exp(- alj'rH) 
binary interaction parameter 
enthalpy of formation of alcohol dimer 
enthalpy of hydrogen-bond formation in alcohol i-mer 
enthalpy of formation of chemical complex A,B between alcohol 
i-mer and acetonitrile 
enthalpy of formation of chemical complex A,Bj between alcohol 
i-mer and acetonitrile j-mer 
enthalpy of formation of chemical complex A,C between alcohol 
i-mer 
enthalpy of formation for head-to-head dimerization of acetonitrile 

ETHANOL 

ACETONITRILE n-HEXANE 

ETHANOL 
I x  P~ / 

B 

ACETONITRILE CYCLOHEXANE 

Fig. 5. Ternary liquid-liquid equilibria for two systems at 40°C. Calculated ( ). 
Experimental tie line (e . . . . .  O): A, acetonitrile-ethanol-n-hexane, data of Sugi and 
Katayama [16]; B, acetonitrile-ethanol-cyclohexane, data of Nagata and Katoh [22]. 



97 

hB 

h Bc 

hf 
h E 

K2 
K3 
K 

Key 

KA,B 

KA,Bj 

KA,C 

KB 
KBC 

P 
/,s 
R 
S 
T 

xi  

Yl 
z 

enthalpy of formation for head-to-tail chain association of 
acetonitrile 
enthalpy of formation of chemical complex BC between acetonitrile 
and nonassociating component 
total enthalpy 
molar excess enthalpy 
equilibrium constant of dimer formation of alcohol 
equilibrium constant of open chain trimer formation of alcohol 
equilibrium constant of open chain i-mer formation of alcohol, 
i > 3  
equilibrium constant for cyclization of open chain i-met as defined 
by O/i, i > 4 
solvation constant of formation of chemical complex A,B between 
alcohol i-mer and acetonitrile monomer 
solvation constant of formation of chemical complex A,Bj between 
alcohol i-mer and acetonitrile j-met 
solvation constant of formation of chemical complex A, C between 
alcohol i-mer and nonassociating component 
equilibrium constant of head-to-head dimerization of acetonitrile 
equilibrium constant of head-to-tail chain association of acetonitrile 
solvation constant of formation of chemical complex BC between 
acetonitrile and nonassociating component 
total pressure 
saturated vapor pressure of pure component I 
gas constant 
stoichiometric sum 
absolute temperature 
molar liquid volume of pure component I 
liquid-phase mole fraction of component I 
vapor-phase mole fraction of component I 
coefficient as defined by KXA, 

Greek letters 

oltj nonrandomness parameter of NRTL equation 
YI activity coefficient of component I 
0 constant related to gcy 
~Jt coefficient as defined by (g J r -  gll)/RT 
q,~ vapor-phase fugacity coefficient of component I 
q~ vapor-phase fugacity coefficient of pure component I at system 

temperature T and pressure P2 

Subscripts 

A, B, C alcohol, acetonitrile, and nonassociating component 
A1, A, alcohol monomer and i-mer 
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A,B 

A, B: 
A,C 

BC 

chem 
phys 
l , J  

complex formation between alcohol i-mer and acetonitrile mono- 
mer 
complex formation between alcohol i-mer and acetonitrile j-mer 
complex formation between alcohol i-mer and nonassociating 
component 
complex formation between acetonitrile and nonassociating com- 
ponent 
chemical 
physical 
components 

Superscripts 

E 
L 
s 

excess 
liquid 
saturation 
pure liquid 
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