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ABSTRACT 

The UNIQUAC associated-solution model reproduces successfully the vapor pressure 
isotherms of binary aliphatic amine-saturated hydrocarbon mixtures by use of smaller values 
of the association constant for aliphatic amines than those given by Brandani. In the 
correlation of vapor-liquid equilibrium and excess enthalpy data for amine-alcohol mixtures, 
two cases are studied for solvation equilibria between these two self-associating components 
(A, B). In vapor-liquid equilibrium data reduction, for aliphatic amine-alcohol mixtures, a 
single solvation model forming A,B, complexes gives better results than a multisolvation 
model forming copolymers such as (A,B,),, (A,B,),A,, A,(B,A,),B,,,, etc., and for 
aniline-alcohol mixtures the latter is better than the former. In excess enthalpy data 
reduction, both models give very similar results. 

INTRODUCTION 

Vapor-liquid equilibrium data for binary aliphatic amine-saturated hy- 
drocarbon mixtures had been correlated by means of the UNIQUAC 
associated-solution model using the pure-liquid association parameters de- 
termined by Brandani’s method [l], and the UNIQUAC associated-solution 
model failed unless a solvation effect is considered empirically [2]. The 
UNIQUAC associated-solution model correlates well the phase equilibrium 
and excess enthalpy data for binary and ternary mixtures of aniline with 
hydrocarbons by use of a smaller value of the association constant for 
aniline than that estimated by Brandani [3]. This paper shows that the 
UNIQUAC associated solution model accurately reproduces vapor-liquid 
equilibrium and excess molar enthalpy data for solutions containing one 
amine and one non-associating component or an aliphatic alcohol. 

THEORY 

Binary mixtures containing one associating and one active component 

Let A stand for the self-associating component and B the active non-asso- 
ciating component. The self-associating component in solution forms linear 
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polymers according to successive reactions expressed by 

‘A, + A, = A,+1 (1) 

and the equilibrium association constant for the above reaction is defined as 

(2) 

KA is independent of the degree of association. The temperature dependence 
of the association constant is fixed by the van’t Hoff relation 

a In KA h, 

a(l/T) = R 
(3) 

where h, is the enthalpy of hydrogen-bond formation and is assumed to be 
independent of the degree of association and of temperature. The active 
component forms chemical species A,B according to the solvation reaction 

A, + B = A;B (4 

and the solvation constant K,, is defined as 

(5) 

The structural parameters of the species A,B are assumed to be expressed in 
terms of those for the monomer. 

'A,B = ir, + rB 

qA,B +qA +qB (6) 

The activity coefficients for the self-associating component A and the 
active nonassociating component B [2,3] are expressed by 

(7) 

where 

(9) 
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with 

% = W*/(Wk + W-B) 

@ES = XB%/(WA + WB) (10) 

e, = xA4A/(xAqA + X&B) 

eB = xBqB/(xAqA + xBd (11) 

The true molar volume of the mixture V, the value of V in the pure 
self-associating component V,“, and the segment fraction of the monomer A 

at the pure-liquid state of the self-associating component ai, are expressed 
as 

1 Q A1 -= 
’ rA(l - KA’Al) 

04 

l/V,” = (1 - KA@~,)/rA (13) 

01, = [(2K, + 1) - (1 + 4KA)“2]/2K: (14) 

The segment fractions of the monomers, QA, and QB,, are numerically 
solved from the mass balance equations 

a 
QA = Al 

(l - KA’A,)2 

[ 1 + ‘AKAB%,] 

” = “1 

‘B KAB’A 

’ + (1 _ KAQA;) 1 (16) 

Binary mixtures containing two associating components 

Let A and B stand for the self-associating components. There are many 
stoichiometric possibilities for the solvation of the two self-associating 
components. In this paper, two solvation models are considered: (a) single 
solvation model [4,5]; (b) multisolvation model [6,7]. 

Single solvation model 
In this case, together with species A, and B,, species A,B, are formed by 

the solvation reaction 

A, + B, = A,B, (17) 

where the suffixes i and j range from unity to infinity. The solvation 
constant for the above reaction is defined as 

@ AB 

KAB=&--$ 

ij 

,i i ir, f jr, (18) 
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The activity coefficient of the self-associating component B is given by 

(19) 

where l/V, l/V,” and @E, are expressed by 

l/V,” = (1 - KB@;,)/rB (21) 

@‘OR, = [2K, + 1 - (1 + 4KB)“*]/2K; (22) 

aA, and OB, are solved from the mass balance equations for both associating 
components given by 

@ 
QA = 

A, ‘A KAB’ B 

(l - KA’A,)Z 
1 + (1 - KB&) 1 (23) 

QB= 
@B, 

I 

rBKAB’A 

(I - KB’B, 1’ 
l+ (1 - KAQAl) 1 (24) 

The excess molar enthalpy of the mixture [5] is 

HE = hAxAKA(iPA,)2 

‘At1 - KA’A,)2 

+ 
hBx13KB(‘B,)2 

‘B(l - KB%,)2 

hAxAKA(‘:,)? hBxBKB[‘k$ 
- 

(1 - KA@)’ - (1 - KB@$ 

(25) 

In excess enthalpy data reduction, the linear temperature dependence of the 
energy parameters is assumed as follows 

aBA = CA + DA( T - 273.15) 

uAB = C, + D,(T- 273.15) (26) 
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Multisolvation model 
The pure i-mers of both associating components can solvate step by step 

to form linear copolymers according to the solvation reactions of the form 

A, + B, = A,B, B, + A, = B,A, 

A;B, + A, = A,B,A, B;A, + B, = B,A,B, 

(A,B,jk + A,= (A,B,),A, (B;A,), +‘B,= (BiA,jkB, 

A,(B,Ac),+ B,,, = A;(BjA,),B,,, B,(A,B,),+Anl=B,(A,B&A,, (27) 

where the suffixes i, j, k, I and m range from unity to infinity. It is 
assumed that one solvation constant K,, holds for all these solvation 
reactions. 

The following mass balance equations [6,7] are simultaneously solved to 
obtain the monomeric segment fractions of the self-associating components. 

@* = s, + [2 + $K,,S& - ~/&K&&-Q + r,K,,S,] 

i 

M4BK‘JB 
’ (1 - rArBK~,SASB)* I 

Cp, = s, + [2 + r,K,,S,(2 - r,r,K:,S,S,) + r,K,,S,j 

i 

rB KABSAFB 
’ (1 - rArBK;&JB)* 1 

where the sums s*, ,&, S, and 

s, = Q&l - K,QA,)’ 

s, = %,/4 - K&b, )’ 

s/i = @A,/@ - KA,) 

s, = %3,/o - KAJ 

V is expressed as 

(28) 

(29) 

S, are defined by 

(30) 

(31) 

(32) 

(33) 

1 s* SB 2 -_=-+-+ 
V rA rB ‘A’B KAB 

(34) 
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The excess molar enthalpy of the mixture is described as 

’ c2 - rArBK:B’A,‘B,UAUB) + 

u,“BxB’B, 

,y @ 
A B 1 

’ ( 2 - rArB KiB’A,’ B,“AuB) + 

uAu,xA’A, 

u cp 

+hAB[j$+$$j (,,I 

1 
(l + rArBKiB’A@B,uAuB) 

+2 
i 

‘AxA’A, rArB KiB’A,@ B,UAUB 

@ A 
(I - rArBK~B’Al%,uAuB)2 

I 

qAXABB arBA 

-R p3,+e 

qBXBeA %AB 

B7~A) 1 
where 

u, = K,@,,/(l - KA@A,)2 

uB = KB@B,/(1 - KB’B,)2 

uA = ‘/(l - KA@A,) 

‘B = l/c1 - KB%I) 

DATA REDUCTION 

(35) 

(36) 

(37) 

(38) 

(39) 

Experimental vapor-liquid equilibrium data taken from the literature 
were reduced using the thermodynamic equation 

+,Y,P = ~,x,f’,W exp[ Uf(J’ - f’,“)/RT] (40) 

where y is the vapor-phase mole fraction, P is the total pressure, P” is the 
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vapor pressure of pure component and R is the universal gas constant. The 
fugacity coefficients, (pI and @, were calculated by use of the equation 

(41) 

and the second virial coefficients B,J were estimated from the method of 
Hayden and O’Connell 181. uL is the pure-liquid molar volume calculated by 
means of the modified Rackett equation 191. The parameter estimation 
program used was similar to that described by Prausnitz et al. [lo], based on 
the maximum likelihood principle. The optimum parameters were obtained 
by minimizing the objective function 

(42) 

where a circumflex indicates an estimated true value corresponding to each 
measured variable. The standard deviations in the measured variables were 
set as ap = 1.0 Torr, a* = 0.05 K, a_, = 0.001 and cr, = 0.003. The vapor 
pressures of the pure components were calculated from the Antoine equa- 
tion whose constants are presented in Table 1 [ll-131, together with the 

TABLE 1 

Antoine parameters and molecular structural parameters for pure components 

Component Antoine constants il Structural Ref. 

A B C constants 

r a 

Methylamine 7.33690 1011.532 233.286 1.28 1.22 11 
Ethylamine 7.38605 1137.300 235.850 1.82 1.66 11 
Dimethyl~ine 7.08212 960.242 221.667 1.87 1.70 11 
n-Propylamine 6.92651 1044.051 210.836 2.36 2.09 11 
n-Butylamine 7.21300 1308.400 224.190 2.90 2.52 11 
Diethylamine 5.80159 583.279 144.145 2.95 2.56 11 
n-Hexylamine 7.17000 1486.100 213.800 3.98 3.39 11 
Dipropylamine 7.20663 1415.400 218.OOfi 4.03 3.43 11 
Diisopropy~a~ne 7.80430 1758.500 273,150 4.03 3.43 11 
Aniline 7.46441 1840.790 216.923 2.98 2.38 11 
Tetrachloromethane 6.89406 1219.583 227.160 2.71 2.37 12 
n-Butane 6.82485 943.453 239.711 2.53 2.22 13 
n-Hexane 6.87776 1171.530 224.366 3.61 3.09 12 
n-Heptane 6.90240 1268.115 216.900 4.15 3.52 12 
n-Nonane 6.93513 1428.811 201.619 5.23 4.38 12 
Methanol 7.89750 1474.080 229.130 1.15 1.12 12 
Ethanol 8.32109 1718.100 237.520 1.69 1.55 12 
1-PropanoI 7.84767 1499.210 204.640 2.23 1.98 12 
1-Butanol 7.47680 1362.390 178.770 2.77 2.42 12 

’ log,,,P”(Torr) = A - B/[C + t(°C)]. 
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TABLE 2 

Values of association constant and enthalpy of hydrogen-bond formation for pure self-associ- 
ating components 

Component KA (temp. “C) 

Methylamine 6.0 (20) 
Ethylamine 4.0 (20) 
Dimethylamine 2.0 (20) 
n-Propylamine 2.0 (20) 
n-Butylamine 2.0 (60) 
Diethylamine 1.2 (60) 
n-Hexylamine 1.5 (60) 
Dipropylamine 1.2 (60) 
Diisopropylamine 1.2 (60) 

Aniline 15.0 (50) 
Methanol 125.1 (50) 
Ethanol 103.2 (50) 
1 -Propanol 89.9 (50) 
1-Butanol 83.0 (50) 

-h, (kJ mall’) 

9.0 
9.0 
9.0 
8.0 
9.0 
9.0 
9.0 

15.4 
23.6 
23.6 
23.6 
23.3 

molecular structural parameters estimated by the method of Vera et al. [14]. 
These structural parameters were also used in the original UNIQUAC 
model. 

The simplex method [15] was used to obtain the coefficients of eqn. (26) 
C, and D,, by minimizing the sum-of-squares of deviation in excess molar 
enthalpy for all data points. 

CALCULATED RESULTS AND DISCUSSION 

The values of the association constant and the enthalpy of hydrogen-bond 
formation for each of the self-associating components used in this work are 

TABLE 3 

Solvation constants and enthalpies of complex formation 

Mixture (A-B) 

Methylamine-tetrachloromethane 
Dimethylamine-tetrachloromethane 
Diethylamine-tetrachloromethane 
n-Butylamine-methanol 
n-Butylamine-ethanol 
n-Butylamine-1-propanol 
n-Butylamine-1-butanol 
Aniline-methanol 
Aniline-ethanol 

K,, (temp. “C) 

1.5 (20) 
1.5 (20) 
1.2 (20) 

15 (50) 
13 (40) 
12 (40) 
10 (40) 
20 (50) 
12 (50) = 
20 (50) h 

- hAR (kJ mall’) 

I 
7 
7 

21 
27 

21 
21 
27 

’ Single solvation model. 
’ Multisolvation model. 
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Fig. 1. Vapor-liquid equilibria for aliphatic amine-saturated hydrocarbon mixtures. Experi- 

mental: (a) methylamine (l)-n-hexane (2) at 20°C (0) [19], ethylamine (I)-n-hexane (2) at 
20°C (A) [18]; (b) methylamine (l)-n-butane (2) at -55’C (0) [18]: ethylamine (1)-n-butane 

(2) at -55°C (A) [18]. Calculated (-). 

shown in Table 2. Those values for aniline and alcohols were taken from 
previous papers [3,16], the values of h, for aliphatic amines are identical to 

those obtained previously [17] and the values of K, for aliphatic amines 
were derived from binary vapor-liquid equilibrium data reduction. Table 3 

\ 
. 

1% 

i 
0 0.2 0.4 0.h 0.8 I r) 0.2 0.4 0.6 cl.8 1 

Mole fraction of component 1 Mole fraction of component 1 

(b) 

Fig. 2. Vapor-liquid equilibria for aliphatic amine-saturated hydrocarbon mixtures. Experi- 
mental (a): (a) diethylamine (1)-n-heptane (2) at 35°C [22]; (b) n-butylamine (I)-n-heptane 
(2) at 75°C [22]. Calculated (-). 
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400 - 

Fig. 3. Vapor-liquid equilibria for aliphatic amine-tetrachloromethane mixtures. Experimen- 
tal (0): (a) methylamine (1)-tetrachloromethane (2) at 20°C [24]; (b) diethylamine (l)-tetra- 
chloromethane (2) at 40°C [26]. Calculated (- ). 

presents the values of the solvation constant and enthalpy of complex 
formation. Table 4 indicates that the results for binary mixtures containing 
one aliphatic amine and one saturated hydrocarbon obtained from the 
UNIQUAC associated-solution model are comparable to those obtained 
from the original UNIQUAC model in terms of root-mean-square devia- 
tions for pressure, for temperature, for liquid-phase mole fraction and for 
vapor-phase mole fraction. Figures 1 and 2 compare calculated values with 
experimental results for some representative mixtures. Brandani and 
Evangelista [2] stated that, for the amine systems containing one inert 
component, to obtain a good fit it is necessary to consider a solvent effect. 
However, the present results show clearly that for these systems the UN- 
IQUAC associated-solution model with the small values of the association 
constant for aliphatic amines works well without introducing K,,. Table 5 
presents the results for binary mixtures containing one amine and tetrachlo- 
romethane or one alcohol and calculated and experimental results are shown 
for four mixtures in Figs. 3 and 4. For n-butylamine-ethanol and n- 
butylamine-l-propanol the single solvation model works better than the 
multisolvation model does and for n-butylamine-l-butanol the two models 
give similar results. On the other hand, for aniline-methanol and 
aniline-ethanol the multisolvation model provides much better results than 
the single solvation model does. Table 6 gives the results of excess enthalpy 
for three binary mixtures containing one amine and one alcohol and 
calculated and experimental values are illustrated in Fig. 5. These results 
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Fig. 4. Vapor-liquid equilibria for amine-alcohol mixtures. Experimental (0): (a) aniline 
(l)-methanol (2) at 20°C [27]; (b) n-butylamine (1)-l-butanol (2) at 40°C [28]. Calculated 

(- ). 

imply that the two solvation models can accurately reproduce experimental 
excess enthalpy data for amine-alcohol mixtures. Since any reliable ternary 
phase equilibrium and excess molar enthalpy data for mixtures containing 

0 0.2 0.4 0.6 0.8 ? 0 0.2 0.4 0.6 0.X I 

Mole fraction of component 2 Molt fraction of componcnr _) 

Fig. 5. Excess molar enthalpies for amine-alcohol mixtures. Experimental: (a) n-butylamine 

(b) 

(1)-methanol (2) at 25’C (0) [30], n-butylamine (I)-ethanol (2) at 40°C (0) [31]; (b) aniline 
(I)-methanol (2) at 25°C (0) [32]. Calculated (-, single solvation model), (- - - - - -, 
multisolvation model). 
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one amine, one alcohol and one nonassociating component do not seem to 
exist in the literature, further computation of the ternary excess properties 
for these mixtures was not carried out. 

In conclusion, the UNIQUAC associated-solution model describes well 
vapor-liquid equilibrium and excess molar enthalpy data for binary mix- 
tures containing one amine and one nonassociating component or one 
alcohol. 
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LIST OF SYMBOLS 

A, B 

a, 

CD D, 
F 

HE 

hA, hB 

h 

K: K, 
K AB 

P 

PI” 
4/ 
R 

s,, s, 

‘A, ‘B 

T 

u,, 0, 

uA, b 

V 

Vi-0 
L 

“I 

XI 

Yf 
Z 

self-associating component and nonassociating or self-asso- 
ciating component 
binary interaction parameter 
coefficients of eqn. (26) 
objective function as defined by eqn. (42) 
excess molar enthalpy 
enthalpies of hydrogen-bond formation of self-associating 
components 
enthalpy of complex formation between unlike molecules 
association constants for self-associating components 
solvation constant between unlike molecules 
total pressure 
saturated vapor pressure of pure component I 
molecular geometric area parameter of pure component i 
universal gas constant 
molecular geometric volume parameter of pure component 
I 
sums as defined by eqns. (30) and (31) 
sums as defined by eqns. (32) and (33) 
absolute temperature 
quantities as defined by eqns. (36) and (37) 
quantities as defined by eqns. (38) and (39) 
true molar volume of the mixture 
true molar volume of pure self-associating component I 
molar liquid volume of pure component I 
liquid-phase mole fraction of component 1 
vapor-phase mole fraction of component I 
lattice coordination number taken as 10 
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Greek letters 

Subscripts 

A. B 

A,- 4 
A,* B, 
AB 

A,B 

1, J 
i, j, k, 1, m 

Superscripts 

0 

activity coefficient of component I 
surface fraction of component I 
standard deviations in pressure, temperature, liquid-phase 
mole fraction and vapor-phase mole fraction, respectively 
coefficient as defined by exp( - a,/T) 
segment fraction of component I 
monomer segment fractions of components A and B 
vapor-phase fugacity coefficient of component I 
vapor-phase fugacity coefficient of pure component I at 
system temperature T and vapor pressure Pt 

self-associating component and nonassociating or self-asso- 
ciating component 
monomers of components A and B 
i-mers of self-associating components A and B 
binary complex 
complex containing i molecules of self-associating compo- 
nent A and one molecule of component B 
complex containing i molecules of self-associating compo- 
nent A and j molecules of self-associating component B 
components 
degree of association 

pure-liquid reference state 
calculated property 
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