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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 25°C, measured
with an isothermal dilution calorimeter.

INTRODUCTION

Studies on the thermodynamic 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 disadvantage [1,2]. The newly proposed UNIQUAC associated-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 [3-5) 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-1-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. [6}; for ethanol-benzene and 1-pro-
panol-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 caicium oxide. C.P. benzene was
subjected to repeated recrystallization. Densities of purified chemicals, mea-
sured at 25°C 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-1-propanol-benzene system by
adding benzene to an ethanol-1-propanol mixture of known composition.
The experimental apparatus and procedure are the same as described
previously [9].

RESULTS

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

m

HE'—-"xlxz }: ak(x2_xl)k-1 (1)
k=1
HE=xx,-10°/ } “Ik(xz“'xl)k_1 (2)
k=1

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

H1I§3 = H1Fi + H1F§ + H2E3 + x;1x;%3453 (3)

Aps/RT= Y b(1~2x;)""" (4)
=1
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TABLE 1

Experimental values of the excess molar enthalpies of ethanol(1)-1-propancl(2)-benzene(3)
at 25°C®

x]=0.2509 x{=0.5002 x7=0.7501

X, X4 HE X X, HE X X, HE
0.2419  0.7222 817 04827 04824 81.5 0.7153  0.2380 93.5
0.2294  0.6848 1788 04546 04542 1841 0.6772 02257 1799
02144 06401 2972 04233 04230 3007 06345 02144 279.7
0.1957 05841 4437 03891  0.3888 4278  0.5973  0.1990  367.0
01764 05266 5851 03537 0.3534 5549 05502 0.1833 4758
0.1589 04745 7056 03208 03206 6623 04961 0.1653  592.0
0.1457 04351 7860 02987 0.2985 7277 0.4571 0.1523  668.6
01376 04109 8309 02793 0.2791  780.2 0.4434 0.1478 6934
0.1309 0.3908 864.1 0.2714 0.2712 799.1 0.4103 0.1367 749.9
0.1173 0.3501 920.2 0.2448 0.2446 858.5 0.3747 0.1249 803.4
0.1039 03103 9612 02200 02198 9021 03371 0.1123  848.9
0.0918 02742 9839 0.1962 0.1961 931.7 03014 01004 8818
0.0827 02470 9900 0.1802 0.1801 9438 02741 00913 8973
0.0785 02342 9894 01679 0.1678 9483  0.2521 0.0840  904.8
0.0702 02095 9814  0.1567 0.1574 9483 02211 00737 905.6
0.0629  0.1878 966.5 0.1400 0.1406 9432 0.1939 0.0646  895.2
0.0559 01670 9449 0.1238 0.1243 9285 0.1700 0.0566  876.2
0.0505 01509 9219 0.1088 0.1093 9056 01511 0.0504 854.1
0.0463  0.1382 900.0 0.0990 0.0995 8854 01373 0.0458  834.0
0.0439 01309  886.6 0.1310  0.0436  822.6

® Values of HE (in J mol™") were obtained by mixing pure benzene with [{ x{)ethanol + {1 ~
x7)1-propanol}.

where HJ; is given by eqn. (1), HE and HJ 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(HF): b, = —22703, b,=22011, b, = —1.5856, b, =5.3698, b, =
—13.6612, b;=9.0092 and o(HE)=4.6 J mol~! for ethanol-1-propanol-
benzene.

TABLE 2

Coefficients a, of eqns. (1) and (2)

System a; ay a, a, as ag Ref.
Ethanol-1-propanol 76.84 -10.62 8.81 6

Ethanol-benzene 32733 -21376 0.2546 —0.6895 —0.0321 -0.0388 7
1-Propanoi-benzene  2.6287 —1.5119 02274 -0.5056 -—0.1927 —00603 7
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Fig. 1. Curves of constant HE J mol™} at 25°C for ethanol(1)-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, 7y g = iry +Jjrg and g, p = iqa +jqp.

Binary alcohol—-alcohol mixtures

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

Pa., i
¢ .
KB B, l (6)

- ¢pdpp, i+ 1
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According to various successive solvation reactions the solution contains
multisolvated copolymers such as (A,B),, (BA)),, A,(BA,), and
B,(A,B,),, where the suffixes i, j, k, and / 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 K,, for many consecutive
reactions. For example, K, for A;B,+ A, = A ;B A, is defined by

¢A,B,A,‘ TaB7A,

Kan

= 7
®a,5Pa, Ta,BAATB )
The theory gives the excess molar enthalpy of the solution as the sum of a

chemical and a physical contribution term.

HE=HE +H§1ys (8)

chem

The final expression of HE,  [2] is given by

Uba, —
Hf o = hAxA( G UAO(PXI) + hnxn(

Upds,

Pa

+{h Uy ( T3 4 Ta )+ Unxatn,
M KagUs \ 7ads  rta Pa

- ﬁ§¢%,)

UU Xpdp,

Usds
+h Uy ( il M7 )+ Un*udu,
Pl KagUp \ radp 7ot ¢p

UUgx Pa,
X (2 - rArBKKB‘#A,(PBIUAUB) +

Ug®a
1+rr,K? UU
+hAB[( Xp + x,;\ )( AT K AnPA PBUa B)

Kap

U, Uyx
+2( AXAPA, it B¢B,)]}

A 8
rArBK.ﬁsz‘#A,‘#B,UAUB (9)
(1 TI\r BKin‘bA,‘#B,UAU B)2
where U,, U,, Uy and Uy are defined by
Uy = Kudn,/ (1= Kata,)” (10)
Up= 1/(1 - KA¢A|) (1)
ﬁB = KB¢B,/(1 - KB¢'B,)2 (12)

Up=1/(1- Kby ) (13)
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and the superscript ° denotes pure alcohol. The segment fractions of alcohol
monomer, ¢, and ¢, are simultaneously solved from mass balance equa-
tions given by

"AKAB§ASB
(1 - rarpK2pS,Ss)

b, = §A + 3 [2 + rBKABSA(2 - rArBK:BSASB)
+7AK s Ss] (14)
rgKapSaSe
(1 - rArBK,Z‘BSASB)

¢p=Sp+ 2[2+ "AKABSB(z""A"BKKBSASB)

+ 7K apSa (15)

where S,, S,, Sy and S are expressed in terms of the association constant
and the segment fraction of alcohol monomer.

Sa=da/(1-Katn)’ (16)
Sp=da,/(1—Kata,) (17)
Sp=dp,/(1— Kgps)’ (18)
Sp=9¢5/(1-Kypp,) (19)

The segment fractions of alcohol monomer in pure alcohol states, ¢,‘1‘ and
¢%, are given by

o2 =[1+2K,— (1+4K,)""] 2k2 (20)
63, = [1+2K5— (1 +4Kk3)"Y /2K3 (21)
H, . is also expressed by

E qaxalz 07Tga quBgA 07,p
_ 22
Hors = =R\ G ) 30,/T) (8 + bunag) 301/T) @)

where the surface fractions, 8, and 8y, and two adjustable parameters, 1,5
and 7g,, related to characteristic interaction parameters, are

Os = Xaqa/(Xaga + Xpqs) (23)
0p = xpqp/(Xaqa + Xpds) (24)
Tap = eXp(—a,p/T) (25)
Tpa = €Xp(—ap,/T) (26)

As shown in data reduction, the physical contribution term was neglected
for the ethanol-1-propanol system. This approximation is not justified if
two alcohols are different appreciably in regard to their molecular structure.
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Binary alcohol-active nonassociating component mixtures

The theory [10] assumes that alcohol A forms binary complexes A ;B with
an active nonassociating component B according to the solvation reaction
expressed by A, + B = A B. The solvation constant K,p is defined by

¢’A B Fa
Kyp=— . 27
AB A PB, Tap’a @)
HE._ is described as
R aptaKapds Xa(l = Kata )
E 0 AB'ADABP B, A A%PA,
Hchem hAKAxA(‘i’A, ¢A|) + 1+ rAKAB¢B, (28)
¢,, and ¢y are obtained from the following mass balance equations
Pa,
r=""""3 [1 + rAKAB¢B,] (29)
(1 - KA#’A‘)
raKanda
dp=op |1+ 77— (30)
’ ° [ (1 - KA¢‘A,) }
¢g‘ and Hy, . are given by eqns. (20) and (22), respectively.

Ternary mixtures including two alcohols and one active nonassociating compo-
nent

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 alcohol copo-
lymers and an active nonassociating component according to the following
solvation reactions

(AB), +C=(AB),C

(BA,) +C=(BA;)C

A (BA,),+C=A,(BA,)C

B,(AB,),+C=B,(AB,),C (31)

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

HciemszoxAH&“xBHfoB (32)

where H; is the total enthalpy of complex formation in the solution and Hf,
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and HJQ are the values of H, at pure alcohol states, as shown in the

Appendix.
Substitution of H,, HJ, and HJ into eqn. (32) yields
Usta, _ 5 Usbs, —
Hclillem=hAxA( ;Al - UAO‘i’OA, +thB( s - Ug#)%])
A
— K, cPc X, 0 _ roK ge®c X pd
+(hAUA+hACUA)M+(hBUB+hB(:UB) 8K pcPc, Xpds,
DA ép
N hA{ U, ( Xp X )+ UpX a9,
KapUs \ rads  75%a ba

; —U—AUBXB¢B,
(2 - rArBK§B¢A,¢BlUAUB) e
Unds

+oc (rBKBCxB + raKacXa )E} + IaKacUsX 04,
W\ raKapdp  rpKap®a | Ua Pa

rBKBC[_jAUBqubB, }}

X(2 - rArBK§B¢A|¢B,UAUB) + Unds

A { Uy ( Xp X4 )+ ﬁBqu;B‘
Bl KapUs \ 7a®n  ada L3

UAﬁBxA¢A,
X (2 _- rArBK§B¢A1¢B1UAUB) + —m——

& (rBKBCxB " rAKACxA)g_E_{_ "BKBCEBXB‘I’B,
C{\ raKapts  TaKapta | Us ¢p

rAKACﬁBUAxA¢A1
X (2 - ’A’BK}‘B‘#A]‘#B]UAUB) + Upta

h ( Xp . Xa )(1 + rArBKiB‘j)AﬂSB,UAUB)
AP \\7adp  TEPA Kas
Usxada, UpXpbp,
2 +
Pa B
( rgKpcxp 4 rAKACxA) (1 + rArBKquSAl‘PB]UAUB)

rA%s rgda Ky

rK.-Ux reKp-Upx
4o Talacta A®a, 4 3%scln B¢B1) }
Pa B



—
=]
~1

UnX a9, Xa
a I'a K spa

( Upx 593, Xp )]
X +
o8 raKapPs

X (1 = rArBKiB‘#A,(#B,UAUB))

+ hBC’BKBC¢C,

+ [hACrAKAC¢C,(

rArBK/iB‘PAﬂbB,UAUB
2
(1 - ’A’BK§B¢A1¢BlUAUB)

(33)

where U,, U,, U, and Uy are given by eqns. (10)—(13), respectively.
The segment fractions of the component monomer are obtained by
simultaneous solution of the following mass balance equations [1}

— 7K nS.S
Pa = (1 + rAKAC¢C|)SA AAP 2A & 2
(1 - rArBKABSASB)

+

X {2+ raKapSa(2 - ro75K28SaSp) + 7aKapSs
+¢c,[(’AKAC +rpKpe) + rArBKABKACSA(z - rArBKAZBSASB)
+rArBKABKBCSB]} (34)

— K S
(1 + rBKBC¢C|)SB + gLITDL 2
(1 - rArBK.iBSASB)

¢p

X {2+ r,KapSs(2 - rarsK25SxSs) + raKapSa
+¢Cl[(rAKAC +rgKpe) + ’A’BKABKBCSB(2 - ’A’BK§BSASB)
+rArBKABKACSA]} (35)

rArBrCK}‘BSASB
1- rArBK/iBSASB)

oc = ¢c,{1 + 7 KacSa + 7cKpcSp + (

KAC KBC ]
X + + KpcSa + KpcS 36
[ rBKAB Ia KAB ACHA BC~B ( )
where S—A, Sas §B and Sy are defined by eqns. (16)—(19), respectively.
HE . [2] is written as

oT
Zoj JI
8(1/T)
HE = —RY g;x < L
Py I II 201"'11
J

(37)
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where 6, and 7, are given by

,= qm/Z 4%, (38)
J

7y =exp(~ay/T) (39)

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

CALCULATED RESULTS

The association constants of pure alcohols at 50°C were taken from
Brandani [11] 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 25°C [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 solvation constants and enthalpies of complex formation

System K, g at 50°C — h,p (kI mol™?)
Ethanol-1-propanol 49.0 23.2
Ethanol-benzene 3.0 8.3
1-propanol-benzene 25 8.3

TABLE 4

Results obtained in fitting the UNIQUAC associated-solution theory to excess molar
enthalpies at 25°C

System(A-B) No. of Abs. arith. Parameters Ref.
da¥a mean cielv. Ca Co D, D,
points (Jmol™") (X) (X)
Ethanol-1-propanol 15 21 0.0 00 00 0.0 6
Ethanol-benzene 10 3.2 952.39 2658 22553 0.1347 7

1-Propanol~benzene 10 5.7 807.50  355.03 20554 13727 7
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Fig. 2. Excess molar enthalpies at 25°C for binary mixtures. Experimental: (@) ethanol(1)-1-
propanol(2), data of Pflug et al. [6]}; (O) ethanol(1)-benzene(2), data of Mrazek and Van
Ness [7]; {a) 1-propanol(1)-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 experimental and calculated 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,
AB,

A,C

Greek letters

A123
9,

T
o

7
&,

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

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
1

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 [

coefficient as defined by exp(~a,,/T)
standard deviation

segment fraction of component 7

segment fraction of monomeric component
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Subscripts

A BC components A, B and C

A, B, C; monomers of components A, B and C

AB, AC, BC binary complexes

AB; complex composed of i-mer of alcohol A and j-mer of
alcohol B

ABC complex composed of i-mer of alcohol A, j-mer of
alcohol B and one molecule of component C

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

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

chem chemical

f complex formation

I, J components

i, j, k, I, m,n, 0 i, j, k, I, m, n and o-mers 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 nonassociating component, alcohols self-associate and solvate to form
pure i-mers, A, and B;, and multisolvated copolymers, (A ;B;),, A,(B;A,),.
(B,A)), and B/(A B,), where the suffixes i, j, k and !/ go from one to
infinity, and these alcohol polymers form ternary complexes, (A,B)),C,
A,(BA,)C, (BA)),C and B/(A B,),C, with an active nonassociating com-
ponent.

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

H, = hA{;(l’ T Dna L L (= Dnag * ; z %[(l‘ ~1) + (k= 1)]ns pa,
+ Z 393 ;[(i—;) +(k— 1)]nA,BjA;,+
+ ;i(f" Dnga + Z )3 Zk:(j»— Dnga g,
> Zj‘. LIlG-n+ (zj— Dlnpapa,+ -
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+;(i—1)nAlc+2i:Z(i——l)nAlBlc
+ZiZZk‘,[(i—1)+(/j<—1)]nA,n,Akc
+ZiZZ[(i-I)+(k—1)]nA,sAkB,c+---
+EZJ Dngac+ L L0~ Dngapc

+E),:>k:>,:[ =1+ (= Dlngapac+ }

+h8{zi:(i-—l)n,,'+ EE (= Dy,
+;Zgl(i—1)j+ (k=1Dlnga s,
+;£§;[(z‘—1) +(k=1)]npapa,+
+ Z i(j —Dnyp + Z )> Ekl(j ~1napa,
+;i§;[<1—1> - Dl nagam * -
+;(;—l)na,c+;Z(i-l)nm,c
+E,_;Z§[(i—1)+ (;c—mnn,A,Bkc
+Zi:é:§z[:[(i—l)+(k——l)]nB'AjBkAIC+
+Z_Z(j—1)nA,B,c+ ZZZ(j—l)nA,B,Akc

R IANEDENCENENIISIN

[ B 4

+haa{ £ Dnap + 22 L Lnpn, + ILLE Diasan

i g k i
+4Z Z Z Z ZnA,BJA,(B,A,,,
i j ok I m
+EZ"B,A,+2ZEZ"B,AJBk+3ZZZZ"B,A,BkA,
i i ok i j ok 1
+4ZZZZZ"B,AJBkA,B,"+"'

i j k !l m
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+ E EnA,B,C + 22 Z Z"A,B,AAC + 32 Z Z ZnA,B,AkB,C
iy 1oJ ok rog ko

+4Z Z E Z EnA,B,AAB,A,,,C +...
t j kI m

+ZZnB,AJC+2ZZZnB,A,B,.C+BZZZZ"B,A,BAA,C
L iy k v 7 k!

+4ZZZ’(:ZI:ZI:Z”B,A,B‘A,B,,,C+ }
AC{Z"AC+ZZZ"ABA C+ZZZZZnABA \BA,C

I m

+ZZZZZZZ"ABA .BA,BACT ..

I m n o

+ZZ"BAC+ZZZZ"BABAAC

¢t j ok

+ZZZZZZ"BABA B,A,Cct .. }

I m n

+hBC{EnB,C + E E Z"B,A,BAC + E E E E EnB,A,B‘A,B,,,C
+ZEZEZEZ”BA&ABA Bct .-

I m n o

+ ZnA,B,C + Z Z g ;nA,B,A‘B,C
+ZZZZZZ"ABAB,A Bct .. } (A1)

ijk/mn

where Z denotes Z H; can be also written as
1=1

—ha(S,+ S S+ S,) + hy (S5+ S+ 5, +5,)

+hAB(S +S]O)+hAC(S11+S12)+hBC(S13+S14) (A2)
where S,, S,, S, S, and S, have been already derived in the previous paper
[2].
S1=Z(i_1)”A,=—m= ﬁAnAl (A3)

d (1 _KA¢A.)

"L IO Dnag t EEZIG -1+ (k= Dlngpy,
tEEEE(G=1+ (k= Dlnagas |



=[ ﬁA {nBL..L ", \\-'Lﬁn (2._

+L ; z EEG=1+ (k=1 (m= D]nasana, *
+ Z in(j— Dnga + ;;?(1— nga s,

+ Z ; ; LlG-n+- D] npa 4,

+ Z ; ; Z{g[(j— 1)+ (1= 1)inpapas,+

K, | Wi (2 = TaroK 2t aUnUn)
I_KABUA \ 7ads,  75ba, )
UUgng, | rarsKispaosUaUs A8
2
o (1= raraKZupa®sUaUs
] AC¢C\ Ay -1

=Y (i=Dnpc= _':—"Z( i—1)(Kada,)

Kpctc Ka®ana, _
_ Sac®c, RaPa /: =raKactcUnna, (AS)

’C(l - KA¢A,)h

=ZZ(i~1)nAlBlc+ZZE[(i_-l)_*-(k_l)]nA,BIAkC
LA vy kK

+L g ; D=1+ (k- D]napase

+L ; ; E, z [(i=1)+ (k=1)+ (m~D]nspazsa,ct
+ Z %‘,(j— Dngact Z 212 ‘%(j— Dnpap,c

+ Z g ; ;[(j —1)+ (I=1)]ngapac

+L Z Lz X g[(j 1)+ (=~ Dlngapas,ct

’ ’ 7”2
KBC¢C, AB Kicoc, KAis

2
rcV

2(i- Dny Yoy +

J

Z(’_l)”A Z"BZ”A +Z"A Z”BZ k—1) ”A‘



¢c K's
rCV3

}:(‘ - 1)"A Z"B Z”A an,

+ Z"A,Z"B,Z(k - 1)",\*2"3, +
i I K /

Kf ? K,
+ acPc,Kap E"B,Z(j _ 1)".3, Bc‘i’c AB Z
Vi

rcV )

/

) 3
+ Kicoc K'an

Z%E(i - 1)";\,2"3‘.2",«,
i j P !

reV?
+ ZnB'ZnAjgnB‘EI(I‘“ Dngy, |+
i
- ________Kfzczc;; AB ﬁAnA‘UBnB] + 35%?5 naUsnpUna,
E-K—B‘:g%—ﬁﬁ naUgnpUsn,Upng,
M;—(ﬁ UnnaUsnpUsnaUgngUana, +
rcV
+ {E—ACT—?V‘K.&E UB"B,UAHA; + ﬁ'%———’;‘f'ég UBnB]UAnA‘UBnB‘
2K’A::;/:3K, UgngUpna UsnpUntia,
2’%’5{.‘; UanoDanaUsnpUsnaUstts, +

= réKBCKABq&CﬂSA,nB‘EAUB + 2rAKAC¢C‘EAnAI(rArBK§B¢A,¢81UAUB)

+2rgKpc KAB¢C,¢A‘"B‘6AUB( rArBK§B¢A|¢B,UAUB)

p— 2
+3r, KAC¢C‘UAnA\(rArBK§B¢A‘¢B!UAUB) + ...

x 2(]“‘ l)"A,;"B‘.
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+riKac Kapbe $p,1 A‘ﬁAUB
+ rBKBC¢C,(5A/UA)UB"B,(rArBK.iB‘PA,‘pB,UAUB)
+ 2rA2KACKAB¢C,¢B,nA,I7AUB(rArBK,E.B‘pA,d’B,UAUB)

— 2
+ 2’BKAB¢C,(UA/UA)UB” B|(rArBKiB¢A,¢B‘UAUB)
+ ...

— -1
= raKuc Kapbc ba 1 B,UAUBZ i ("A’ B Kia‘PAl‘PB,UAU B)
+rAKAC¢C,EZAnAlZ (i + 1)(’A’BKEAB¢A,¢BIUAUB)‘

P . ~1
+ ’:KACKAB‘PC,‘PB,"A,UAUBZ l(rArBKfz\B‘PA,q)BIUAUB)

ra K q‘) (7U n 1
PR E‘AA e Zi(rArBK‘:B‘I’A,‘#B‘UAUB)
x‘#cl[

i

rgKpchty, TaKacha, ) U,

A4 K. Un
AKacUalia
raKapts, 78Kap®a, | Ua !

x (2 — rarpKZata $pUnU B)
+ rBKBC‘U.AUB"mil rarsK 2s9a 95 UaUs
2
Oa (1 — FAT BKqu’Al(t’B,UAUB)

(A6)

where Ky =rarpKap Kac=racKac» Kpc=rarcKpc and V is the true
molar volume of the solution.

Kypp np, —
_,..__.En_‘.___.; = Ugny, (A7)
(1 - KB¢B‘)

Se = ZE(‘ - 1)"B,A,+ Z 2 ;[(i“ 1)+ (k- 1)]"3,.&.,&
FLL DR =)+ (k= Dlnpana+ -

i

Ss=X(i=1ng =

+ Z Z(J'— l)nA,BJ +X X g(j— l)nA,B,Ak

i Jj

153030 33 (TR RN G NENIWES
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U, ng n, —
= — + —— |+ Upn
[KABUB ( Ta®s, TePa, ) BB

UBUAnA,
X(Z - ’A’BK§B¢A,¢B,UAUB) + _—_}

U
TAT BK§B¢A,¢BIUAUB
2
(1 - rArBK:B¢A,¢81UAUB)
. Kﬁc‘l’c,KB‘P BB,
S7=Z(’_1)"B,C= P

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

=L LG -Drgact EERIG =1+ (k=Dlnpanc
+ZJZ§;[(1'—1) + (jk— D]ngapact -
+ E i(j— 1)n,pc+ ): X )k:(j —Dnapa,c
@égzll(i— 1)+ (l—Jl)lnA,B,AkB,c+

Un
+ rBKBCUBn B,

(A8)

= rBKBC¢Cll73n B, (A9)

_ reKpchnp,  TaKacha,
= ¢c,

raKapds rgKapPa
X (2 - ’A’BKAB4’A,¢B,UAUB)
+ IaKacUglUan 4, ] ’A’BKAZ\B‘PA,‘PB,UAUB
2
Us (1 - rArBKKB‘PA,‘PB,UAUB)
S=3 Z”A,B, +2) % ZnA,BIAk +3) 3 ) ZnA,BIAkB,

i i j ok i j ok 1
+4Z E Z Z ZnA,BjAkB,A,,,
+ Z EnBA + 22 E anA /By + 32 Z E anA JBA,

+4Z ZZ Z Z”BA ,B,AB,

=[

(A10)

(1+ rargK2pa $5.UnUs)
KAB

ng Ra,

1
Ta®s, 7%,

FaTs K:B¢A,¢BIUAUB
2
1- rArBK:B‘PA,‘PBIUAUB)

(A11)

+2(Uyna, + Ugny)
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S0 = Z ZnA,BjC + 22 Z ZnA,B,AAC + 32 Z Z ZnA,BjAAB,C
i J ¢ g k|

=9c
' raK A,

+4EZEZE"A ,BABA,, ct..

[ I 4

+ZZ"B,AJC+ZZZZ"B,A}B,‘C+32222"B,A1BAA,C
i g [ < i j kI

+4Z Z Z Z ZnB,AJB‘A,BmC +

’ I4 Y 24 4
KBC‘PC,KAB AAC¢ClK AB

Z”A Z”B

3K’BC¢C,KI?\B

Z"A Z”B Z"AA

C

Z”A Z”B Z”A‘Z”B,

rcV
4K:\C¢C,K e

Z”A.Z”B ZnAkZ"a Z”A

reV
Kf\c¢c, Kip 2K pcoc K,}\B
D E"BE”A ]2 ZnB,ZnAIZan
rCV i J k
3K’ o K3
AC c3 AB Z”B,Z”A ZanZnA,
rcV 5 Tk !

4K1 ¢ K14
MZ"BZ"A Z”B Z"A Z"B

reV

"BKBC"Bl
——__(rArBKKB(pA,(pB,UAUB) + 2rAKACUAnA,

X (’A’BK§B¢A,¢B,UAUB)
3"3Knc"3,

2
rara K2 UU,) +4r. K, ;Un
rAKAB¢B, (A K ApPA P Ua B) A acUalla,

) 2
X(rArBKAquAIqu‘UAUB) +...
rAKACnA,
"BKAB¢A,
X (’A’BK§B¢A,¢B,UAUB)

3rAKACnA]
"BKAB¢A,

(rArBK§B¢A1¢B,UAUB) + 2rgKpcUpny,

2
(rArBK§B¢A1¢BIUAUB) + 4rgKpcUgny,

, 2
X (rArBKAB‘PAl‘PBIUAUB) +
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=¢C|[

’BKBC"B. I Kacna, )

’AKAB¢B, rBKAB‘bA‘

Y (2i — 1)(rarsK2pda 0p.UnUs)

+ ("AKACUA"A, + "BKBCUB"B,)E_ (Zi)(rArBK:B(PAﬁbB,UAUB)'

2
rBKBCnB, ",«\KM:”,«\l (1 + ’A’BKAB¢A,¢B,UAUB)

=% Ta®g, rgPa, K
rargK2oéa ¢ ULU,
+2rKacUana, + raKnclny, ) | — == (A12)
1- ’A’BKAB¢A,¢B,UAUB)
IaKac®cNa,
Ynac= m =IaKpcPcUnna, (A13)
S, = Z Z ZnA,B,AkC + Z Z Z Z ZnA,B,AkB,A,,,C
+ZZZZZZZ NABABA,BACT -
I m n
+ Z Z”B,A,c + Z Z Z Z”B,A,B,,A,c
+ZZZZZZ”BABk ABa,cT
{ m n
= éc, rAKACUAnA,(rArBKKB‘I’A,‘bB,UAUB)
2
+rAKACUAnA,(rArBK§B¢AI¢B,UAUB) +
IaKacna,
ToKnshn (7arsK 2pa$5UaUs)
TaKacha, 2
m(rArBKiB(#A,(#B,UAUB) + ... ]
TaKacha, i
= ¢, (rAKACUAnA, + m ) Z,: (rArBKziB‘bA,‘bB,UAUB)
n raraK? U,
_-_rAKAC¢C|(UAnA‘ + . KA|¢ ) Al AB;pAl(pBl 'aUs (A14)
BAABPA, (l - rArBKABd)A‘d)BlUAUB)
rBKBC¢‘C,nBl
=Ynge=7—  ——= rgKpcocUphyp, (A15)

o (1 _KB¢B|)
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Sia= Z Z ZnB,AJB‘C + Z Z Z Z ZnB,A,BkA,B,,,C
+ZZEZEZZ BA,BeA/B,A,B,C T -

I m n o

+ Z ZnA,BjC + 2 ZZ Z R ABA,BC
+ZZZZZZ"ABAkB,A gct -

I m n

2
ng rarsKippa ¢ UnUs

= rgKpcoc,| Upnp, + Knshs (1 ~ "A"BK:BQPAI‘#B‘UAUB) (A16)
The following relations hold for n, and ny (2]

Ma, = XaPa,/Pa (A17)

ng =Xgbp /Py (A18)

Substitution of eqns. (A3-A18) into eqn. (A2) yields

hAxAﬁAq)A hgx Bﬁs‘i’ B, IaK acPc, X a®a,

H = ™~ -+ op + (hAﬁA + hACUA) oa
— '1;I<13(:‘15(:l’513‘1513l
+(hBUB+thUB)_"TB—_“
U U, x
+|h, UA(XB+XA)+AA¢A‘
KogUs \ 1a9p 7594 ba
EAUBxB‘PB
X (2 = ryrgK2 UU,) + ———
( A’ K ApPa OB UA B) | Updp

reKpcxs | TaKacxa) U rAKACD—AxA¢A‘
Pc Ay - o

'K apPs raKapPa ba
KpcUUpx 898,
X (2 - "A"BKKB‘PA,#’BIUAUB) + Unbs

i T (2 ) B
KapUp \ 7495 7pPa ¢8
UBUAXA¢A,
Ugda
l_]B "BKncﬁand’B,
A ¥
rAKAC-[jBUAxA(bAI
Ug®a ]}

X (2 - rArBK:B¢Al¢' BIUAUB) +

& ( reKpexp | 'aKacXa
CO\ raKap®s  raKapta

x(2 - rArBK,qubA‘quIUAUB) +
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ra®s  7pPa K,p

( Usxa$a, Upxpép, )
2 +

{ Xg X4 (1+’A’BK3\B¢A,¢B,UAUB)
thag ( )

Pa %8
& (’BKchB + raKacxa ) (1 + rArBK:quAI'#B‘UAUB)
“ Ta%s rsPa K,
2 ’AKACUAxA¢A, + ’BKBCUBxB¢B,)
Pa ¢p
UAXA¢A, x
+{hACrAKAC¢C‘( ~ ’AK:B¢A + hpcrgKpcdc,
[t
X +
g ra K p%s
rarsK 142\B¢A,¢ 8UaUs

X (1 - ’A’BK:B¢A,¢BIUAUB)) (A19)

2
(1 - rArBKzB‘pA,qulUAUB)

H, reduces to HJ, in pure alcohol A and to H3 in pure alcohol B,
respectively.

h oK 62 —
Hipy = ————5 =hU4}, (A20)
(1 - KA¢A1)
hp K g% —
Hpg = ——————5 =hgUpép, (A21)
(1 - KBQ‘"BI)
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