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ABSTRACT 

The UNIQUAC associated-solution theory proposed by Nagata and Gotoh to calculate 
the excess molar enthalpy of ternary mixtures containing two alcohols and one saturated 
hydrocarbon is extended to predict ternary excess molar enthalpies for mixtures formed by 
two alcohols and one active nonassociating component. The proposed model includes only 
binary parameters. Calculated results derived from the model are in excellent agreement with 
experimental excess molar enthalpies for ethanol-1-propanol-benzene at 2S°C, measured 
with an isothermal dilution calorimeter. 

INTRODUCTION 

Studies on the thermodyn~c properties of alcohol solutions are of great 
interest in this laboratory. Most of the measurements of excess molar 
enthalpy for ternary alcohol-hydrocarbon mixtures made in this laboratory 
are for mixtures including one alcohol and two hydrocarbons and chemical 
models were used for data analysis. Previous models were not suited for 
good representation of the behaviour of mixtures including two alcohols. 
The UNIQUAC associated-solution theory has been modified to overcome 
this disadv~tage f&2]. The newly proposed UNIQUAC as~~iated-solution 
theory is well able to describe excess molar enthalpy data for binary 
alcohol-alcohol mixtures and to predict ternary excess molar enthalpies for 
mixtures formed by two alcohols and one saturated hydrocarbon from 
binary information alone without any ternary constants [2]. It is useful to 
extend the workability of the new UNIQUAC associated-solution theory to 
ternary mixtures including two alcohols and one active nonassociating 
component, where binary complex formation should be considered in all 
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three binary combinations. A literature survey [3-51 shows that excess molar 
enthalpy data for these ternary solutions apparently seem not to exist. 

In this paper, we present an extension of the UNIQUAC associated-solu- 
tion theory to cover ternary systems formed by two alcohols and one active 
nonassociating component and the predictive ability of the proposed model 
is tested by comparing calculated results with experimental excess molar 
enthalpies for the ethanol-l-propanol-benzene system at 25”C, measured 
by an isothermal dilution calorimeter. Excess molar enthalpy data for all 
three component binary systems are available in the literature: for 
ethanol-1-propanol by Pflug et al. 161; for ethanol-benzene and l-pro- 
panel-benzene by Mrazek and Van Ness [7]. 

EXPERIMENTAL 

C.P. alcohols were fractionally distilled in a glass column packed with 
McMahon packing after refluxing over calcium oxide. C.P. benzene was 
subjected to repeated rec~stallization. Densities of purified chemicals, mea- 
sured at 25OC with an Anton Paar (DMA-40) densimeter, agreed well the 
literature values [8]. An isothermal dilution calorimeter was used to measure 
the excess molar enthalpy of the ethanol-l-propanol-benzene system by 
adding benzene to an ethanol-l-propanol mixture of known composition, 
The experimental apparatus and procedure are the same as described 
previously [9]. 

RESULTS 

The observed excess molar enthalpy HE results are given in Table 1. The 
binary NE results already have been fitted to polynomial equations [6,7]: 
eqn. (1) for ethanol-l-propanol; eqn. (2) for ethanol-benzene and l-pro- 
panol-benzene. 

HE,, 
x1x2 

k=l 

fzk(X2 - xy 11) 

HE = X1X2 * 104/ 2 ak(X*-X,)“-’ (2) 
k=l 

The coefficients ak of eqns. (1) and (2) are listed in Table 2. The ternary HE 
results were correlated by eqns. (3) and (4). 

A,,,/RT= E b,(l - 2x,)‘-’ 
t=l 
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TABLE 1 

Experimental values of the excess molar enthalpies of e~hanol(l)-l-prop~ol(2)-~nzen~3) 
at 25*C a 

x; = 0.2509 x; = 0.5002 x; = 0.7501 

x1 x2 HE x1 x2 HE x, x2 HE 

0.2419 0.7222 81,7 
0.2294 0.6848 178.8 
0.2144 0.6401 297.2 
0.1957 0.5841 443.7 
0.1764 0.5266 585.1 
0.1589 0.4745 705.6 
0.1457 0.4351 786.0 
0.1376 0.4109 830.9 
0.1309 0.3908 864.1 
0.1173 0.3501 920.2 
0.1039 0.3103 961.2 
0.0918 0.2742 983.9 
0.0827 0.2470 990.0 
0.0785 0.2342 989.4 
0.0702 0.2095 981.4 
0.0629 0.1878 966.5 
0.0559 0.1670 944.9 
0.0505 0.1509 921.9 
0.0463 0.1382 900.0 
0.0439 0.1309 886.6 

0.4827 0.4824 
0.4546 0.4542 
0.4233 0.4230 
0.3891 0.3888 
0.3537 0.3534 
0.3208 0.3206 
0.2987 0.2985 
0.2793 0.2791 
0.2714 0.2712 
0.2448 0.2446 
0.2200 0.2198 
0.1962 0.1961 
0.1802 0.1801 
0.1679 0.1678 
0.1567 0.1574 
0.1400 0.1406 
0.1238 0.1243 
0.1088 0.1093 
0.0990 0.0995 

81.5 
184.1 
300.7 
427.8 
554.9 
662.3 
727.7 
780.2 
799.1 
858.5 
902.1 
931.7 
943.8 
948.3 
948.3 
943.2 
928.5 
905.6 
885.4 

0.7153 0.2380 93.5 
0.6772 0.2257 179*9 
0.6345 0.2144 279.7 
0.5973 0.1990 367.0 
0.5502 0.1833 475.8 
0.4961 0.1653 592.0 
0.4571 0.1523 668.6 
0.4434 0.1478 693.4 
0.4103 0.1367 749.9 
0.3747 0.1249 803.4 
0.3371 0.1123 848.9 
0.3014 0.1004 881.8 
0.2741 0.0913 897.3 
0.2521 0.0840 904.8 
0.2211 0.0737 905.6 
0.1939 0.0646 895.2 
0.1700 0.0566 876.2 
0.1511 0.0504 854.1 
0.1373 0.0458 834.0 
0.1310 0.0436 822.6 

a Values of HE (in J mol-“) were obtained by mixing pure benzene with [( x;)ethanoI f (l- 
x;)l-propand]. 

where HI: is given by eqn. (11, Hz and X.?s are calculated from eqn. (2), 
with the coefficients given in Table 2. An unweighted least-squares method 

gives the values of the coefficients of eqn. (4) and the standard deviation 

o(HE): b, = -2.2703, b2 = 2.2011, b, = - 1.5856, b4 = 5.3698, b5 = 
- 13.6612, b6 = 9.0092 and of HE) = 4.6 J mol-’ for ethanol-l-propanol- 

benzene. 

TABLE 2 

Coefficients uk of eqns. (1) and (2) 

System al a2 a3 a4 as a6 Ref. 

Ethanol-l-propanol 76.84 - 10.62 8.81 6 
Ethanol-benzene 3.2733 - 2.1376 0.2546 -0.6895 - 0.0321 - 0.0388 7 
1-Prop~ol-benzene 2.6287 - 1.5119 0.2274 -0.5056 -0.1927 -0.0603 7 
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Fig. 1. Curves of constant HE J mol-’ at 25’C for ethanol(l)-1-propanol(2)-benzene(3). 
The curves are calculated from eqn. (3). 

Lines of constant values of HE calculated from eqn. (3) are shown in Fig. 
1. 

THEORY 

The UNIQUAC associated-solution theory is based on the basic assump- 
tions that the equilibrium constants are independent of the degree of 
association and solvation and the structural parameters of complexes are 
expressed in terms of the corresponding units; for a simple complex A,B, 
formed by alcohols A and B, T*,*, = ir, +jr, and qA,B, = iq, +jqB. 

Binary alcohol-alcohol mixtures 

The association constants of two alcohols A and B are defined by 

+A,+, i -- 
KA = +A,+A, i+l 

+B,+, i --- 
KB - +B,+B, i+l 

(5) 

(6) 
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According to various successive solvation reactions the solution contains 
multisolvated copolymers such as (A,Bj)k, (B,A,),, A,(B,-A,), and 
B,(A,B,),, where the suffixes i, j, k, and 1 go from one to infinity. A free 
hydroxyl group is attached to the tail molecule of these complexes. We use 
only a single value of the solvation constant KAB for many consecutive 
reactions. For example, KAB for A,B, + A, = A,B,A, is defined by 

Q, 
K 

A,B,A, rA,B,rAt 

AB = tpp,BjfpAk ‘A,B+,‘ArB 
(7) 

The theory gives the excess molar enthalpy of the solution as the sum of a 
chemical and a physical contribution term. 

HE = KL + qilys 

The final expression of H&, [2] is given by 

’ (2 - rArBK:B+A,+B,U,U,) + 
&“BxB+B, 

u + 
A B 1 

x (2 - rA~B~~B~A,#B,~“B) + 
v,OBxA+A, 

u + 
BA 

+hAB[($-+$) &,’ 
[I + ‘ArBK&@A h+‘k”B) 

X 
rArBK~~#A,#B,~u~ 

( 1 - ‘ArB~~B#A,#B~~‘B) 

where CA7 U,, u, and U, are defined by 

v, = KA+A,/(l - KA+A, 1” 

u, = l/c1 - KA+A,) 

Gil = KB+B,/(l - KB+B,,)2 

&3 = l/t1 - l”B#B,) 

(8) 

(9) 

(10) 
(11) 

(12) 
03) 
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and the superscript O denotes pure alcohol. The segment fractions of alcohol 
monomer, (PA, and (~a,, are simultaneously solved from mass balance equa- 
tions given by 

qJA = 3-A + rAKABs,sB 
(1 - r,rBGB~ASB)* 

[2 + r,K,,s,p - r,r,G,S,s,) 

+ rBKABSA] 05) 
where s,, S,, gB and S, are expressed in terms of the association constant 
and the segment fraction of alcohol monomer. 

sl, = #?4,/(1 - K&A, 1’ 06) 

% = (PA/(1 - K?&,) (17) 

s, = &S,/(l - KL&B, )” (18) 

% = @B,/O - Krr+rr,) (19) 

The segment fractions of alcohol monomer in pure alcohol states, &, and 
+\, are given by 

(pi, = [ 1 + 2K, - (1 + 4&)“*]/2K; 

c&, = [l + 2K, - (1 + 4KB)“*]/‘2R; 

Hr& is also expressed by 

(20) 

(21) 

(22) 

where the surface fractions, BA and 8,, and two adjustable parameters, 7AB 
and rsA, related to characteristic interaction parameters, are 

% = xA4A/(xAqA + xBqB) (23) 

‘B = xB%3/(xAqA + xBqB) (24) 

TAB = exp( - aAB/T) (25) 

‘BA = exp(-+BA/T) (26) 

As shown in data reduction, the physical contribution term was neglected 
for the eth~ol-1-propanol system. This approximation is not justified if 
two alcohols are different appreciably in regard to their molecular structure. 
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The theory [lo] assumes that alcohol A forms binary complexes A,B with 
an active nonass~iating component B according to the solvation reaction 
expressed by A, + 3 = A,B. The solvation constant fit,, is defined by 

+ 
K 

A,B %, 

AB = G rA,BrA 

H,!!e, is described as 

4bA, and &, are obtained from the following mass balance equations 

(PB=(PB, l+ 

i 
rB KABfp,I 

t1 - KA#A,) I 

+i, and f&iys are given by eqns. {ZO) and (22), respectively. 

(2-O 

(29) 

(301 

As follows A and B stand for two alcohols and C for an active nonassoci- 
ating component. The theory further postulates that in addition to the 
binary complexes, ternary complexes are formed between a~cobo~ copo- 
lymers and an active nonassociating component according to the following 
solvation reactions 

(A&>, + C = (AJ!/J,C 

(B,A,),+~= (B,A~~,c 

Aj~BjA~~~ + C = A~(B~A~~~C 

Bi~A~B~~~ + C = Bi~A~B~~,~ (3%) 

where the suffixes i, j, k, and I go from one to infinity, The excess molar 
enthalpy of the solution is the same as eqn. (8). 

The definition of HEem gives 

Hz_ = Hf - xAH& - xsH$ (32) 

where H, is the total enthalpy of complex formation in the solution and Hk 
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and H& are the values of Hf at pure alcohol states, as shown in the 
Appendix. 

Substitution of H,, Hk and Hk into eqn. (32) yields 

+ chA& + ‘A&%) 

rAKAc+C,xA+A, rBKBC+C,XB+B, 

q,A + h& + h,U,) +B 

+jh,j&($+-$)+ ‘A;‘A’ 

(2 - rArBK,&A,h3,U,U,) + 

~“BxBh3, 

u g, 
A B 

+4+2, 
[i 

‘BKBCxB rK x + A AC A 

i 

v, 
u+ 

rAKAC3AxA+A, 

rA IYAB@B r~K~~+~ A (PA 

x (2 - ‘ArBK&&A,h$!iuB) + 

~BKBC~~B~~~~, 

u cp 
A B Ii 

---f- 

[i 

‘BRBCXB ~B~~C~*xB~B, 

+ +c, 
rA KABh3 

f 

@B 

x (2 - rArBKkl+A,h,~uB) + 

rAKAc@?~X~+A, 

u Q, 
BA Ii 

+hAis - 

ii 

xB +A ( 1 + rArB KiB+A,+ I&&) 

‘A+B r&A K AB 

+2 
i 

QxA+A, 43X&B, 

#A + +B i 

++k, 
rBKBCxB 

+ 
~AKAC~A ( 1 f rAr,K:B+A,h3,uAuB) 

rAsbB rB+A K AB 

+2 
rAKAChxA(tsz, 

+ 
h&c%x&Bl 

+A @B 
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.x ( 1 - rArBKiB+A,+B,%UB) 
rArBK&+A,+B,UAUB 

( 1 - rArBKpiB+A,+B,uAuB)2 

(33) 

where GA, U,, uB and U, are given by eqns. (lo)-(13), respectively. 
The segment fractions of the component monomer are obtained by 

simultaneous solution of the following mass balance equations [l] 

+A = (l + rAKAC+C,)SA + 
rAKABsAsB 

(l - rArBK,.iBSASB)2 

x (2 + rBKABSA ( 2 - rArBKiBSASB) + ‘AKABsB 

++C, [ trAKAC + rBKBC) + rArBKABKACSA(2 - rArBKiBSASB) 

+ rArBKABKBCSB]) (34) 

+B = (l + rBKBCk,)SB + 
rB KABSASB 

(l - rArBK,&?SASB)2 

x (2 + rAKABSB(2 - rArBK,itBSASB) + rBKABSA 

++C,[(rAKAC+rBKBC)+ rArBKABKBCSB(2 - ‘ArBK:BSAsB) 

$- rArBKABKACSA]) (35) 

1 + r&ACsA + rCKBCSB + 
rArBrC K,hSASB 

(l - rArBK:BsAsB) 

K AC K 
X -+ 

raked 
Bc + KACSA + KB,SB 
rA KAB Ii (36) 

where gA, S,, gB and S, are defined by eqns. (16)-(19), respectively. 

Hp”hys PI is written as 

ce, arJ1 

HpEhys = -R&,x, J 
a (l/T) 

C~J~J, 

(37) 
I 

J 
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where 8, and 7Jr are given by 

e, = qIx,/ It, qJxJ 

J 
(38) 

rJf = ed --aJO) (39) 

and the temperature dependence of a, is approximated by a linear function 
of temperature expressed as 

aJ,=C,+D,(T-273.15) (40) 

CALCULATED RESULTS 

The association constants of pure alcohols at 50°C were taken from 
Brandani ill] and the enthalpy of a hydrogen bond was set as -23.2 kJ 
mol-’ , which is the enthalpy of dilution of ethanol in n-hexane at 25OC [12]. 
Table 3 lists the solvation constants and enthalpies of complex formation for 
the three binary systems [2,13]. The temperature dependence of the equi- 
librium constants is expressed by the van’t Hoff relation. The values of the 
enthalpy of a hydrogen bond and all the enthalpies of solvation were 
assumed to be independent of temperature. The pure component structural 
parameters were calculated in accordance with the method of Vera et al. 
[14]. Table 4 shows the binary calculated results and the calculated results 

TABLE 3 

Values of soivation constants and enthalpies of complex formation 

System K,+, at 50°C - h,, (kJ mol-‘) 

Ethanol-1-propanol 49.0 23.2 
Ethanol-benzene 3.0 8.3 
I-propanol-benzene 2.5 8.3 

TABLE 4 

Results obtained in fitting the UNIQUAC associated-solution theory to excess molar 
enthalpies at 2YC 

System(A-B) No. of Abs. arith. Parameters 
data mean dev. 
points (J mol-‘) 2) 

Da 

Ref. 

Ethanol-l-propano1 15 2.1 0.0 0.0 0.0 0.0 6 
EthanoI-~nzene 10 3.2 952.39 -26.58 2.2553 0.1347 7 
I-Propanol-benzene 10 5.7 807.50 355.03 2.0554 1.3727 7 
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Fig. 2. Excess molar enthalpies at 25°C for binary mixtures. Experimental: (a) eth~ol(l)-l- 
propanol(2), data of Pflug et al. [6]; (0) ethanol(l)-benzene(2), data of Mrazek and Van 
Ness [7]; {A) 1-propanol(l)-benzene(2), data of Mrazek and Van Ness [7]. ( -) Calcu- 
lated from the UNIQUAC associated-solution theory. 

are compared with the experimental data in Fig. 2. The absolute arithmetic 
mean deviation between the 59 expe~mental and c~culated excess molar 
enthalpy data points is 7.01 J mol-’ and the absolute percentage mean 
deviation is 1.66%. 

We conclude that the UNIQUAC associated-solution theory gives a good 
prediction of the excess molar enthalpy of concentration solution formed by 
ethanol, 1-propanol and benzene, because the overall mean deviation for the 
18 ternary systems including two alcohols and one saturated hydrocarbon is 
10.79 J mol-’ [2]. 
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LIST OF SYMBOLS 

A, B, C 
A,* A* 
AIB, 

alcohols and active nonassociating component 
monomer and i-mer of alcohol A 
complex composed of i-mer of alcohol A and j-mer of 
alcohol B 

A,C 

QIJ 

2, B, 

B,C 

KA, KB 
K AB, KAC, KBC 
n 

41 

R 

rr 

Greek letters 

complex composed of i-mer of alcohol A and one 
molecule of component C 
binary interaction parameter 
coefficient of eqns. (1) and (2) 
monomer and i-mer of alcohol B 
complex composed of i-mer of alcohol B and one mole- 
cule of component C 
coefficient of eqn. (4) 
coefficients of eqn, (40) 
total enthalpy of complex formation 
molar excess enthalpy 
enthalpies of hydrogen bond formation 
enthalpies of complex formation between unlike mole - 
cules 
association constants for pure alcohols A and B 
solvation constants between unlike molecules 
number of moles of a particular species 
molecular geometric area parameter of pure component 
I 
gas constant 
molecular geometric volume parameter of pure compo- 
nent I 
sums as defined by eqns. (16) and (18) 
sums as defined by eqns. (17) and (19) 
absolute temperature 
quantities as defined by eqns. (10) and (12) 
quantities as defined by eqns. (11) and (13) 
liquid-phase mole fraction 

function as defined by eqn. (4) 
surface fraction of component I 
coefficient as defined by exp( -aIJ/T) 
standard deviation 
segment fraction of component 1 
segment fraction of monomeric component I 
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Subscripts 

A, 3, C components A, 3 and C 

A,, B,, C, monomers of components A, B and C 
AB, AC, BC binary complexes 
AiBj complex composed of i-mer of alcohol A and j-mer of 

alcohol B 
A;B,C complex composed of i-mer of alcohol A, j-mer of 

alcohol B and one molecule of component C 

AS complex composed of i-mer of alcohol A and one 
molecule of component C 

BS complex composed of i-mer of alcohol B and one mole- 
cule of component C 

them chemical 
f complex formation 

1, J ~mponents 
i, j, k, I, m, n, o i, j, k, I, m, n and o-men of alcohols or suffixes 

PhYS physical 

Superscript 

0 pure alcohol reference state 

APPENDIX 

In one mole of the ternary solution containing two alcohols and one 
active nonass~iat~g component, alcohols self-associate and solvate to form 
pure i-mers, Ai and Bi, and multisolvated copolymers, (A,Bj),, A~(B~A~~~, 
(B,A,.), and B,(AjBk)[, where the suffixes i, j, k and I go from one to 
infinity, and these alcohol polymers form ternary complexes, (A,Bj)&, 
A,(B,A,),C, (B,A,),C and B,(A,B,),C, with an active nonassociating com- 
ponent. 

The total enthalpy of complex formation in the solution is expressed by 

4 = k c (i - I)Q, + c c (i - l)~,a~ + c x c [(i - 1) + (k - 111 ~.,,a,*~ 
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+ C (i - lbA,c + C C (i - l)n,,B,c 

+CC~[(~-I);(~-~)I"*.S,*.C 
i j k 

+ C C C C k - 1) + (k - 111 ~*,B,A,B,c + -.- 
i j k I 

+ C C(j - l)nB,A,c + C C CCj - ~)~B,A,~J 
i j i j k 

‘CCCC[(j-l)‘(~-l)lnB,A,B~A,C’... 
I j k 1 

+ ha c fi - ljnB, -t c c 6 - ljnB,A, 
t. 

~~~C[(i-;):(k-l)ln*A,B~ 
J k 

+~~~~[(i-l)+(k-l)ln~,A,~~A,+... 
i J k 1 

+ c c (j - l)nA,~, + c c c (j - lJnA,B,Ak 
i k 

‘~;:C~[(j-l);(l-l)l~A,B,A~B,‘... 
i j k I 

+ C ti - lJn,,C + C C ci - l)nF5,~,C 

+~~CI(i-l)l(;-l)j”s.*,~~C 
i k 

+~~~~[(i-l~+(k-l)l~B,A,B~A,C+... 
i j k I 

+ C C (j - ljn,,B,C + C C C (j - ~)~A,B,A~C 
i j i J. k 

‘CCCC[(j-l)+(I-l)lnA,B,AhB,Cf... 
j k 1 

+ hAB ix n~,~, + 2C C Cn,,B,Ar + 3C C C Cn,,B+,B, 
i J i J k i j k I 

+4C C C C Cn~,B,~xB,~m + *** 
i j k I m 

+ C CnB,~, + 2C C Cn~,~pk + 3C CC CnB,~,Bk~, 
i j i J’ k i J. k 1 

+4X C CC Cn~,~,Bk~,Brn + .** 
i j k I M 
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1 i k I ))I 

+CCn 

’ J 
B,A,c + 2C C CnB,~,B,c + 3C C C CnB,~pI~,C 

i J k I J k 1 

+4C C C C C C”B,A,B,A,B”,C + -a* 
’ i k I lm 

+ C CnB,~,c + C C C CnB,~,BA~,c 

’ J I j k I 

+ C C C C C C nB,~,~I~,k,~,,C + --- 
i Jklmn 

CnB,C+CCCnB,A,BiC+CCCCCn~~~~~c 
‘Jk Im 

+ C C Z’IIJEkE Xn~.*.B.,i,Bn,*.,~,,C + *a- 

I , I, I m 

~Jklmno 

+ C Cn,,~,c + C C C C”A,B,A,B,C 
’ J i j k I 

(Al) + C C C C C C n~,~,~lB,An,BnC + * * * 
i ~klmn 

co 

where c denotes c . H, can be also written as 

H, = hAiS, + s, + &: s,) + h,(S, + s, + s, + s,) 

+hAB(S9 + %)> + hAC(S,, + &2) + hBC& + sl4) h-Q) 

where S,, S,, S,, S, and S, have been already derived in the previous paper 

PI. 

s, = C(j - l)n,, = 

i t1 - KA+A, >” 

= CA??,, (A3) 

s2 = c c (j - lhA,B, + C C C [(j - 1) + (k - l>I nA,B,A, 

I J k I 
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+ c c c c c Ki - 1) + (k - 1) + cm - 1)l n*,*,*AB,*“, + . * * 
’ J k Im 

+CC(j-l,nB,A,+CCC(j-l)“B,A,B, 
’ J ’ J k 

+ c c c c Kj - 1) + u - l>l fJB,A,B,A, 
I J k 1 

+CCCCC[(j-l)+(I-l)lnB,A,B,A,B",+... 
’ J k I M 

+ U,nA,(2 - rArBK~B~A,~B,uAUB) 

+ 
a”Bn B, 1 rArBK&@A,+B,uAuB 

4 (1-rr K*+ $ UU)* 
W) 

A B AB A, B, A B 

s, c C (i - l)n,,, = K’czlnA1 C Ci - l)( KA+A,)‘-I 
I I 

KLzGC,~A+A,~A, - 
= 

rC(l - KA+A1)2 

= rAKAC+C,UAnA, 

s4= C C(i- lln,,B,C + c c c [ti - l) + ck - l)l IZA,B,A,C 

’ J ’ J k 

+ c c c c it i - ‘) + ck - ‘)I nA,B,A,B,C 
I J k t 

+ c c c c c b - l) + ck - l) + cm - l)l nA,B,AkB,A,C + . . . 
’ J k Im 

+CC(j-lJnB,~,C+ CCC(~-~)~B,A,B~C 
’ i ’ J k 

+ c c c c [(i - ‘> + (I - l)l h,A,B,A,C 
8 J k i 

+ ccccc[(j- l) + (‘- l)lnB,A,BkA,Bn,C+ .** 
’ J k I m 

(A9 

C(i-l)nA,CnB,CnAl+ CnA,CnB,C(k-l)nAl 
, J k I J k I 
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-t 

+ Un Un Un Un A A, B B, A A, B B, 

+ 
rcV4 

I/n Un Un Un Un +... A A, B B, A A, B B, A A, 

+ 
&sc+C,K’:B 

rcV2 

+ 
rcV3 

Un Z7n Un Un B B, A A, J3 B, A A, 

+ 
rcV4 

Un ‘i;in Un Un Un +... R 8, A A, B B, A A, B B, 



where KiB= rArBKAB, K& 5~: rArcKA,, Kl;, = r,rcKBc and V is the true 
molar volume of the solution. 
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+ &B, 

x (2 - rArBKiB+A,+B,%uB) + u 
B 1 

X 
rArBKiB#A,+B,&UB 

(’ - rArBK&+A,+B,huB)2 

s, = c(i - l)nB,, = 
- 

= rBKBC+C,UBnB, 
I %(l - KB+B,)2 

In the same way as described for S,, we can obtain 

S8 = C C (i - lJn~,,,c + C C C [(i - 1) + (k - 1)1 ~B,A,B,C 

;~~C~I(~-~)~;~‘~)I~B,A,B~A,~+... 
J k 1 

+;:m-1) n~,~,c + C C C (j - lJn,,B,,*c 

+~;:~~I(i-l)+;Ill;ln~,B,A~B,~+... 
i j k I 

rBKBCnB 
= 

+c, 
‘+ 

‘A KAB@B 
1 

x (2 - rArBK&#+A,+B,&uB) 

rAKACUB&nA. i r~rBK/tB+~.+B.~U~ 
+~ __ ’ I 

I 1 

^ 

“B 
’ (I - rArBKPtB+A,h3,&uB)’ 

‘jklm 

nBn~, + 2C C Cn~,~,B, + 3C C C CnB,~,Bk~, 
’ i I J’ k i J k 1 

+4C CC C CnB,~,e,~,Bm + *** 
i J k Im 

+!3&+2%) (l+rrK2q5 + UU) A B ;;;I Bl A B 

648) 

649) 

+2(&nA, + uBnB,> I rArBKriB+A,+B,&UB 

(1-rr K2& I$ UU)2 
(All) 

AB A A,B,AB 
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%I = c Ch,B,C + 2c c CF4,B,A,C + 3c cc CnA,B,A,B,C 

&&:,B,,&4mc+ -** 

I J k I 

/klm 

+A nB,A,c+ 2C C Cn~,~,~,c+ 3C C C CnB,A,B,~,c 

+ 4’C’E C C C nL,~IBA..I,BmC + - - - 

i j k I 

i J klm 

= Kbcr';K'B CnA,CnB,+ 2KAF+$"B CnA,CnB,TnAA 

C i J C I i 

+ 3KCf;3K”B Cn*,Cn~,FnA,Cn~, 
C i j I 

+ 4K':';4K"B CnAiCnB,~nAJnB,~nA~a+ . . . 

C i j I m 

+ K’cT;K’B CnB,CnA,+ 

C I J 

2K'~+?2K"B ~nB,~nA,~nB, 

C i J 

+ 3K’z+;3K”B CnB,CnA,;nBkC”A, 
C I J I 

+ 4K’$4K”B ~nB,~nA,~nBk~nA,~nBm + . . . 
C i J I m 

+ 
3rBKBCnB, 

rAKAB+B, 
(r~r~K,.i~+A,+B,V4uB)2+ 4rAKAC4nA, 

X(rArBKiB+A,+B,huB)2+ . . . 

rAKACnA 
+ '(r~rBKiBG~,GB,UAUB)+ 2rBKBcUBnB, 

rBKAB+A, 

+ 
3rAKACnA, 

rBKAB+A, 
(rArBK~B+A,~B,~uB)2+4rBKBCUBnBI 

X(r r K2 + + UU )2+ . . . A B AB A, B, A B 1 
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rBKBCnB 
= 

+c, ‘+ 
MAthB, 

;>I:, 1 c (2i - I)( rAr&iB+A,+B,WB)’ 
B AB , i 

+trAKA&AnAI +rBKB~u~nB,)C(2i)(r r K2 4 + uu )’ A B AB A, B, A B 
i 1 

% 

rBKBCnB 
‘+ 

‘AKACnA 1 = 
(l+rrK2+ + UU) A B AB A, B, A B 

rA+ B, ‘B+A, K AB 

+~~AKACUA~A, + r~KBCu~n~,) 

I 

rare K~~~~,e~,“~u~ 

(1-rrK*+ 4 UU)2 
w9 

AB ABA, B, A B 

‘1, = &A,, = 
rAKAC+C,nA, 

(I - KA+A,) 
= rA KAC+C,UAn A, 

i 
(W 

+ C C”B,A,C + C C C CIZB,~,Bk~,C 
’ i i j k I 

i j k Imn 

= +C, rAKACUAnA, ( rArB KiB+A,+B,“AuB) 

+rAKACUAnA,(r r K* C$ $I UU )‘+ . . . A B AB A, B, A B 

+ 
‘AK,@, 
r K +A ’ ( rArB KiB+A,+B,“AuB) 

B AB , 

+ :>;I, ( ‘ArBK,&+A,+B,~A~B)2 + . . . 
B AB , 1 = 

rArB KiB+A,+B,“AuB) ’ 

rArB KiB+A,+ B,UAUB 

(1 -r r K2 + C#B U U ) A B AB A, B, A B 

s13 = CnB,$ = ;y”si = rBKBC+C,UBnB, 
I B B, 
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= rBKBCdk, UBnB, + 
i 

nBl 

i 

rArBK~&A,+B,UAUB 

rAKAB+B~ (1 - rArBK;B+A,+B,uAu,3) 

The following relations hold for n,$ and ng, [2]. 

(fw 

nA, = xA+A,/+A 

nB, = xB+B,/h3 

Substitution of eqns. (A3-AU) into eqn. (A2) yields 

H,= 
hAxA&.+A 

‘+ 
hBxB6B+B, 

+A $9 
+ th,Ua + h~CU,) 

rAKAC+C,XA+A, 
+A 

+ ch9c* + h9CU9) 
rBKBC+C,XB+B, 

+B 

u,u,xB+B, 
X(2-rr K’$I $I UU)+ u9 A B AB A, 9, A B 

A B 

+@k, 
rBKBCXB 

rA KAB+ B 
+ 

rAKACu,xA+A, 

+A 

x (2 - rArBKiB+A,+B,huB) + 
rBKBC&UBXB+B, 

u ,#, 
A B 

x (2 - rArBK:B+4,+B,uAuB) + 
GB%xA+A, 

u + 
BA 

+k, 
‘BKBCXB rBKBCfiBxB+B, 

r~K~~+~ 
+ 

$9 
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+ 

XB XA 
-+- 

(’ + rAr~K~~A,#~~~u~) 

rA+B ‘B+A K AB 

+2 
QxA@A, Q%#%Z, 

(PA + +B 

++c, 
rB&xB 

+ 
rA KACXA (I + rArBK:B+A,h$!4uB) 

rA+B ‘B+A K AB 

+2 
rAKAC%xA+A, 

-t 
QJh&hfh, 

+A @B 

&I~A+A, XA 

(PA + rAKAB4A 
+ h BCrB&3&, 

X 
i 

uBx&B, XB 

+B + rA KAB+B ii 

x (I - rArBKi3~A,h,u,uB) 

rArBX:B+A,+B,uAuB 

(I - rArBK&3~A,+B,u,uB)2 

Hf reduces to H& 
respectively. 

in pure alcohol A and to H& in pure alcohol B, 
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