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ABSTRACT

The UNIQUAC associated-solution theory, proposed by Nagata for liquid mixtures
containing any number of alcohols, is modified to give improved prediction of phase
equilibria for ternary mixtures including two alcohols and one nonassociating component
from only binary parameters. The proposed model assumes that chemical complex multimers
are formed according to successive solvation reactions between pure i-mers of two alcohols.
The calculated results show the reasonable quality of the proposed model.

INTRODUCTION

A number of chemical theories have been proposed to explain the
thermodynamic properties of alcohol solutions by postulating that alcohols
self-associate. Most of these theories have been developed for liquid solu-
tions containing one alcohol and nonassociating components. Brandani and
Evangelista [1] critically reconsidered the UNIQUAC associated-solution
theory [2], clearly demonstrating the physical approximation of the model.
Nagata [3] presented an extensive study on the phase equilibrium data
reduction of binary and ternary alcohol solutions by means of the UN-
IQUAC associated-solution theory. The moderate deviations in predicted
vapor-phase mole fractions for ternary mixtures containing two alcohols
were obtained in comparison with those for ternary mixtures including one
alcohol. This suggests that some improvements on the model will be neces-
sary.

This paper presents an improved version of the UNIQUAC associated-
solution theory for the accurate reproduction of the vapor pressure iso-
therms of binary alcohol-alcohol mixtures and for the good prediction of
phase equilibria of ternary alcohols—nonassociating component mixtures
from binary parameters alone.

* Author to whom correspondence should be addressed.
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THEORY
Binary mixtures of two alcohols

We assume that the structural parameters, 7, and g, , are given in terms
of those for the monomer: r, =ir, and g, = ig,, and that two alcohols, A
and B, self-associate linearly and the association constants of consecutive
reactions are defined by

Ca o, i
K == A for A, +A,=A 1
AT CCara @@, (i+1) O T T R M)
c ® :
Ky=——rt o' _forB +B,=B,, (2)

CpCyrp - Qp®p (i +1)

We postulate successive solvation reactions forming complex alcohol

multimers A,Bj, A,BjA w» A,BAB,... and that the solvation constant of

various reactions is independent of the degree of association and solvation.

K Can m MY A 4B =AB (3)
- = or =
AP CA,CB]rArB (DA,(DB, Fa.B7a”B Y Y
Cana D, 5 Fap’
. BA, A,B A,
K 5= = forAB +A,=ABA (4)
AB CA,B]CA,(rArB (I’A,B,‘I)AA TaBAJATB Y , Ik
CA,lajAAB, (I)A,BJAAB, TaBA,”B,
K,pg= = for ABA,+B,=ABA,B,

CA,BIAkCB,rArB (I)A,BIAkd) B, 'a.BA,B7ATB
(5)

Additionally, B,A , B A B, BA B, A,,... are also formed. It is again as-
sumed that r, p er +Jjry and qA B, = ida +J/qp and so on. In the previous
approach [3], only egn. (3) was considered and this assumption may not
agree with real molecular behaviors of mixtures including two associating
components.

The activity coefficients of the components A and B are expressed by

In v, =In(®, /@2 x,)+r(1/V0—1/V)
—(Z/z)qA[ln(q)A/aA) +1- q)A/aA]
+qA[—ln(0A + 03”'3/\) + 03{ "'BA/(oA + 0BTBA) - TAB/(HB + 0A"'AB)}]
(6)
In vp=In(®y /0 x5) + ra(1/V3—1/V)
- (2/2)‘18[111((1’3/03) +1- (I)B/BB]

+ QB[ - ln( 6+ 0A”'AB) + 0A{ ”'AB/( s + aATAB) - TBA/(aA + 0g7p4 )(} ])
7
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where ®, and @y are the monomer segment fractions of both components,
the segment fractlon ®, the surface fraction § and the coefficient T are
defined as follows.

o, = rAxA/(rAxA + erB)

Pp=1-90, (8)
Op = qaxa/(qaXa + qpxp)

Op=1-10, (9)
Tpa = exp(—ap,/T)

Tap = €Xp(—a,p/T) (10)

The energy parameters, ag, and a,y, are obtained from experimental phase
equilibrium data.

The nominal segment fractions of the two components are related to the
monomeric segment fractions and the equilibrium constants (see Appendix
A).
®, =S, + Ta -

(1 - rArBKiBSASB)

X [2K\pSaSs + raK2aSaSaSs(2 — rars K 25S,Sp) + raK 255, S2]

(11)
Oy =S+ s >
(1 - rArBK;iBSASB)
X [2KABSA§B + ’AK§BSA§BSB(2 - ’A’BK,iBSASB) + rBKfiBSA%‘-S—B]
(12)
where the sums S,, §B, S, and Sy are defined as follows
2
Sa= Z ®, =@, /(1 - K,2s) (13)
Sp=2 @5 =@, /(1 - KDy ) (14)
=1
= Z (I)A /i= A,/(l - KA(DA,) (15)
Sa= Y. @y /i=®p /(1 - Kyby) (16)
i=1

As shown in Appendix B, the true molar volume of the mixture is given by
1 _5a ( 2, Sa N 5,1) rarsK25SASs N Sp (17)
V. ra Ta’sKap  7a (1 - rarsK2pSaSs) ~ "8

@2 and 1/¥, of pure alcohol A are expressed as

09 = |2k, +1—(1+4K,)"*| /2K (18)
1/V2=(1-K\03 )/7a (19)
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The corresponding expressions for pure alcohol B are derived by changing
the subscript A to B.

Binary mixtures including one alcohol and one nonassociating component

In this case the component B is a nonassociating component. We assume
that the alcohol i-mers form chemical complexes A,B with the component B
by solvation and the solvation constant is defined by

CA,B ‘I’A B Ta
— for A,+B,=A,B (20)

K,p=
AB q, (I)
CA,CB,’.A’.B B, rA B A

The activity coefficient of the component B is given by putting d)gl =1in

eqn. (7).
The monomer segment fractions are obtained by solving the following
mass balance equations.

a=[@0/(1= Ka8, | [1+ raKas®s)) (21)

q’n = q’m[l + "BKAB‘DA/( - A(I)Al)] (22)
The true molar volume of the mixture is expressed by

1/V= q)Al/rA(l - KAq)A]) + ((I)Bl/rn)[l + rBKABq)A,/(l - KA(I)AI)] (23)

Ternary mixtures including two alcohols and one nonassociating component

Symbols A, B and C stand for two alcohols and nonassociating compo-
nent. In addition to the preceding reactions to form alcohol i-mers and
complex alcohol multimers, we should consider that ternary solvation reac-
tions are of the form

AB+C,=ABC BA,+C,=BAC
ABA,+C =ABA,C B,A,B,+C,=BABC
(AB) +C,=(AB) C (BA,) +C,=(BA,),C

Ax(BjAk)m + Cl = At(BjAk)mC Bi(AJBk)m + Cl = BI(AJBk)mC

where the indices i, j, k and m go from unity to infinity. Further, we
assume that the solvation constant of (A, B;),,,C-forming reaction is Kpc and
that for (B,A)),C is K,c. Thus, any ternary equilibrium constants are
unnecessary in pertinent equations described below.

The activity coefficient of any component | in the ternary mixture is

In v, = In(®, /®x,) + ,(1/V2 ~1/V) ~ (Z/2) ¢, [In(®,/6,) + 1 - @,/6,]
+‘11[1 - 1“(%:01711) -2(01”'11/2[(:01(71(1)] (24)

J



where for component C, ®2 =1 and

o, =rlxl/ZerJ
J

0,= qlxl/ZquJ
J

1/Vl°z (1 - KI(I)(I)l)/rl

£ s\
Ty =€Xpl—ay/1)
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The monomer segment fractions ®; are obtained from a simultaneous

solution of the following mass balance equahons (see Appendix A).

®A=(1+rAKAC®C,)SA+ 5 3
(1 —TAT BKABSASB)

o ra 2 2 ¢ ¢2

X {2“ABSASB + FTRAYA S uAS"(z - )‘ r" K Bq q'ﬁ) + rA—K:ABSASB

+®c ({raKac+ rsKnc) KapSaSs + rarsK s KacSaSaSs

X (2 — rorpK 25 SaSs) + rarsKanKpcSaSs }]

_ rs

(1 - rArBKiBSASB)Z

X [2K \pSaSp + raK2pSaSsSa(2 — rarsKipSaSs) + raK3aS3Ss
q)C]{(rAKAC + rpKpc) KapSaSs + rarpK 2K pcSaSpSs

X (2 - rArBKziBSASB) + 1y rp K25 KacS2Sy }]

’A’B’CK,iBSASB
(1 - rArBKiBSASB)

Kac Kgc
X( rgK g + raK,p

+ KACSA + KBCSB)]

The true molar volume is expressed as follows (see Appendix B).

Sa, S ( 2 +&+§£) : ra,rpK2pS\Sp

TaTeKas  7a 1- rArBK,iBSASB)

1

raKap

L))
+*&P+QKE&+QKM&+{( +S)

re

rArBrCKiBSASB }

1
+ + 831K
( B) BC} (1 —rArBKKBSASB)

s K.p

(29)

(30)

(31)

(32)
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DATA REDUCTION

The association constants of pure alcohols at 50°C are as follows: 173.9
for methanol; 110.4 for ethanol; 49.1 for 2-propanol. Brandani [4] estimated
these equilibrium constants for the association of pure compounds from the
properties of pure substances. The enthalpy of hydrogen bond formation
was assumed to be —23.2 kJ mol~! [5] for all alcohols studied here and to
be independent of temperature and of the degree of association. This value
fixes the temperature dependence of the association constant according to
the van’t Hoff equation. The pure-component structural parameters, » and
g, were calculated from the method of Vera et al. [6].

The thermodynamic equation used to reduce experimental vapor-liquid
equilibrium data is

¢ 1P =v1x,8,P; exp|vE(P — P;)/RT] (33)

where y, P and P® are the vapor-phase mole fraction, total pressure and
pure component vapor pressure, respectively. P* is calculated from the
Antoine equation whose constants are available in the literature [7,8]. The
molar pure liquid volume o' is estimated using the modified Rackett
equation [9].

The fugacity coefficients, ¢, at P and ¢} at P°, are obtained from the
relation :

. P
In ¢, = (ZZ’)’IBIJ - 2 Z}’IYJBIJ)'E‘TT (34)
J 17

where the second virial coefficients By, are calculated by use of the gener-
alized method of Hayden and O’Connell [10].

The computer program used is similar to that described by Prausnitz et al.
[11], based on the maximum likelihood principle. An optimum set of the
energy parameters was derived by minimizing the objective function defined

35
o2 o2 o? cry2 (35)

N A N2 A2 _a 2 _a 2
PP, T,-T) (xa,=%4)  (ya =
F=Z|:( 1 l) +( 1] l) + A! Al + A: Ar)
where a circumflex denotes the calculated true value corresponding to each
experimental point and the standard deviations in the measured values were
set as: o, = 1.0 Torr for pressure; o, = 0.05 K for temperature; o, = 0.001

for liquid-phase mole fraction; ¢, = 0.003 for vapor-phase mole fraction.

A set of the energy parameters for a partially miscible mixture is obtained
by solving eqn. (36) by means of the Newton—Raphson method.

('}'1)‘1)l = ('lel)" (36)
where the subscripts, I and 11, represent two liquid phases in equilibrium.
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TABLE 1

Solvation equilibrium constants and enthalpies of complex formation

Mixture (A-B) K, (50°C) — hap (kI mol™1)
Methanol-benzene 4 8.3
Methanol-chlorobenzene 2 (55°C)

Methanol-ethanol 130 23.2
Methanol-2-propanol 70 232
Ethanol-benzene 3 8.3
2-Propanol-chlorobenzene 1(55°C)

CALCULATED RESULTS
Binary mixtures

Table 1 gives the solvation equilibrium constants and enthalpies of
complex formation [3]. The solvation constants for alcohol-alcohol mixtures
obtained in this work are not so large as the old values reported previously
[3]. Table 2 shows the results of binary phase equilibrium data reduction.
Figure 1 compares the calculated results with the experimental vapor-liquid
equilibria of two alcohol-alcohol mixtures with good accuracy. In these
calculations K, is an adjustable parameter and the energy parameters were
taken as non-zero values.

Methanol (A) -Ethanol(B) at 25 -C Methanol (A)~2-Propanol (B) at 535 C

T T T T T T T T

(a)

125

—
=]
=3

Pressure, Tory
Presssure, Torr

~
v

L i 1

"
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Mole fraction of methanol Mole fracion of methanol

Fig. 1. Vapor-liquid equilibria for binary alcohol-alcohol mixtures. Experimental (@),
calculated ( ). (a) Methanol-ethanol at 25°C [12]; (b) methanol-2-propanol at 55°C
[13].
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TABLE 3

Ternary predicted results of vapor-liquid equilibria obtained from binary parameters

Mixture Temp. No.of Absolute arithmetic mean Reference
°O) data deviations

points 8y (x10%) 8P (Torr) &P/P (%)
12 e 1 I I I

Methanol- 60 119

ethanol- 25 24 6.7 83 32 22 23 16 21
benzene 95 16.5

Methanol- 6.1 127

2-propanol- 55 15 52 94 44 51 14 16 16
chlorobenzene 44 39

2 1, This work.

b II, Nagata [3].

Ternary mixtures

Ternary predictions of vapor-liquid and liquid-liquid equilibria for mix-
tures containing two alcohols and one nonassociating component have been
made with only the binary parameters listed in Table 2. Table 3 presents the
results of vapor-liquid equilibrium prediction for two mixtures, clearly
indicating that the proposed model decreases the deviations in vapor-phase
mole fractions with good success. Table 4 gives a detailed comparison of the
calculated results with the experimental data of methanol-ethanol-benzene

ETHANOL
: 0.2 o8 O
METHANOL MOLE FRACTION CYCLOHEXANE
o8 - ETHe\NOL - 02
B
N .
~ 02 0.4 <)

METHANOL MOLE FRACTION METHYLCYCLOHEXANE

Fig. 2. Ternary liquid-iiquid equiiibria for mixtures containing two alcohols and one
saturated hydrocarbon. Experimental: tie line (®); solubility (O). Calculated ( ) this
work; (------ ) previous work [3]. A, Methanol-ethanol-cyclohexane at 25°C [22]; B,
methanol-ethanol-methylcyclohexane at 25°C [20]; C, methanol-2-propanol- n-hexane at
5°C [19); D, methanol-2-propanol-n-hexane at 25°C [19]; E, methanol-2-propanol-
cyclohexane at 25°C [23].




194

0.8

2-PROPANOL
N

C ™ IA) 0.2
¥
0.2 04 06 ]
METHANOL MOLE FRACTION o8 n-HEXANE
2-PROPANOL
b 0.8 = = 7ay 02
0.4 06 o8
METHANOL MOLE FRACTION n-HEXANE
2-PROPANOL
E 0.8 7% < 7~ 02
dl \V4 AV4 :m
0.2 (Y] 0.6 0.8
METHANOL MOLE FRACTION CYCLOHEXANE

Fig. 2 (continued).

at 25°C. Figure 2 shows observed and calculated liquid-liquid equilibria for
five mixtures. Pando et al. [24] presented an association model for the excess
Gibbs energy of binary alcohol—alcohol solutions and did not extend the

model to ternary alcohol mixtures.

In conclusion, the binary and ternary calculated results confirm the
reliable quality of the proposed model and our approach for alcohol-alcohol

mixtures is more reasonable than the previous one [3].

LIST OF SYMBOLS

A/B,C
C

ary
F

han

KA’ KB

KAB’ KAC’ KBC
P

Py

q

R

ry
§A’ §B
SA’ SB
T

alcohols and nonassociating component
molar concentration

binary interaction parameter

objective function of eqn. (35)

enthalpy of complex formation

association constants

equilibrium constants of complex formation
total pressure

saturated vapor pressure of pure component I

molecular geometric area parameter of pure component I

gas constant

molecular geometric volume parameter of pure component

I

sums as defined by eqns. (13) and (14)
sums as defined by eqns. (15) and (16)
absolute temperature



195

*UO pajE[nofed — anjea [ejudwadxs — uoneny(d ,

6¢ Lot 78 L uonemap arenbs uvesw-j00y
Tl oL (44 8T rost £9¢°0 6b1°0 987°0 SLS0 bETO 161°0 ve
£9¢ §9—- 17 86 ¢8El weo SeT0 61T°0 Sve'o 99v°0 6810 €T
10T 66— £9 9¢ 8191 881°0 9600 20 40) 08€°0 9170  vO¥0 (44
80°C 08 oL 14 9'c8 $8T°0 619°0 960°0 £90°0 PL80 €900 1T
pes 91 061~ 4 1°001 §STo o £TE0 0900 $69°0 SYTo 0T
$9'0 vy— 0i- 1 9IPIl 9750 $8E°0 6800 87T0 6690 €L0°0 61
[4 %A L~ £t 6'¢ | &:141 0190 68C°0 foro 8o SLY'O LLOO 81
or'o 09— oe— 6'8 LT LyS0 882°0 §91°0 ¥0t'0 §65°0 (4481 L1
96T T6— ::24 vy LpeTL 99'0 LETO L6T'0 0£T°0 L3Y°0 £€87°0 91
£S°E 991 6'El— 8T~ SeTl 61€°0 6620 78870 7600 €LS°0 SEE0 S1
or'e 98 6v— ge— £su LETO Lvto 9150 $90°0 S0 090 14!
£9°S LT Sy— (1) S 01el [ 44V €10 Y90 190°0 167°0 890 £l
or'L €Tl oy - €8~ 123 01¢'0 €910 LIS0 wroe $9€°0 £ES°0 (4}
08'L 89— 87 oy 9661 L8Y0 8y1°0 $9¢°0 800 E€EED  65E70 1
vLO 96— (43 9 A4 150 6ST°0 670 09€°0 LEE'O £0€°0 01
sy 81— §'st Lri- 9°LST 0€5°0 is1'0 610 122 4] 69C0  L9T0 6
ovr'L Dl oy 8T S8 LSyl 06S°0 120 681°0 L1SO Is€°0  TETO 8
wi (4 % 9v S1— 9'6rl 965°0 LET'O L9T'0 €9L°0 IeETo 9010 L
STL Lr- 91 9Yi— 8'691 L1S°0 $80°0 86¢°0 1ES0 evr'o 970 9
610~ £el— Ls $6 891 w0 650°0 66v'0 0TE0 910 ¥S0 s
9¢T (A 4 S 71 9Tl 91LT 66£°0 Te00 695°0 6270 6800  T890 L4
88'¢ R 91l L1 e6Ll eV ovo'o L8¥°0 134t €00 ¥9V0 £
L9T— Se 'L 801— 0’691 915°0 $¥0°0 6£4°0 999°0 900 6970 T
LLT 0e— (4 80 6'1r1 790 (444 9LT0 7890 6IT’0 63800 1
@o1)dv  (01x)2Ay  (01x)y  (0I1x)My  (uol)d A o VA Ox 9x vx
» SUONEIAS( Teruswnadxy ‘ON

D057 18 (D)puszuaq—(g)jouey)s—(y)oueyisw 10] ejep wnuqmbs pmby—1odeA rejusmadxs pue psie[nofes jo uoisreduror)
Y d14VLE



Greek letters

71
0,

Op, Ors O, O,

Ty
2,
‘1)1,
o
93

Subscripts

A, B, C
A, B, C
A, B,
ABC

A,C
B,C

AB, AC, BC
I J, K

Lj kL m
Superscripts
0

a~

APPENDIX A

true molar volume of the mixture

true molar volume of pure alcohol I
molar liquid volume of pure component I
liquid-phase mole fraction of component I
vapor-phase mole fraction of component I
lattice coordination number equal to 10

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 fraction of component I

vapor phase fugacity coefficient of component I
vapor-phase fugacity coefficient of pure component I at T
and P;

alcohols and nonassociating component

monomers of components A, B and C

i-mers of alcohols ,
complex containing i molecules of alcohol A and j mole-
cules of alcohol B and one molecule of component C
complex containing i molecules of alcohol A and one
molecule of component C

complex containing i molecules of alcohol B and one
molecule of component C

binary complexes

components I, J and K

i, j, k, I and m-mers of alcohols or indices

pure alcohol reference state
calculated property

DERIVATION OF THE EXPRESSIONS FOR THE MASS BALANCE EQUATIONS

Binary alcohol(A)-alcohol(B)-mixtures

Note that we distinguish A,B; from B, A ;, because the right hand mole-

cule of A B,

[t A

B, has a free hydroxyl group, on the other hand, the right hand
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molecule of B;A, is A, which keeps a free hydroxyl group, and this relation
holds for other complex multimers. A total mass balance yields

o, Z‘b +ZZ®A ZZE ABA,,,. oA

l

+2222A%M: S+ LT

1 /AA ey
Ta,
+ZZZ BAB,,,.B +2222 BABA L A‘*’--- (A1)
i 1 J k {

where £, denotes £2,. According to the definition of the solvation constant,
. 5> Papa, and @, p 4,5, £tC-, ar€ expressed as follows

TaB,
‘I’A,B, = K pPa ‘I'B, TATE, (A2)
TABA,
‘bA,B]Ak = q) QBQA’({'__;‘;’;—’( (A3)
Ta,BAB,
q)A,B,A,,B, = K’AsB(DA,q) B,q’A fb (A4)

B
"Ta"8,7A,TB,

where K5 =r\rpK p-
Inserting eqns. (A2-Ad) into eqn. (Al) and recalling 7, o, =7a, t7a,
yields

@y (ry +74)
'I)Azzd’A,“’KQBZ‘I’A,ZT+KAZBZZZ®A,¢Q¢Ak%ﬁiL‘
i 11 J B, v gk ASBIA,

(ry +74,)

KASBZ Z Z E‘DA,‘D B,‘I)Ak‘b B A‘;“r" -

roj ok ABA,SB

(rA‘ +r,, t+ rAm)
+

TaTnlat8 A,

32222‘24’ 0,2, P52,,

f'

+K,,ABZ ra Z(I) +K ZZZ‘DB A, Bkr Ta ’B

Bzzzzmmaﬂérfi

l“Al

p (7a, + 7a,)
KaY. Y, )y )M XQB,QAJ(I)B:DA,(DBM e
1t g k I om B'A

5 "8 A, 8B,
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, 2K ®p . @
=Y, +- 22V, Y 2+ Ay g Yy Y M
I} B ! J J TATB i ! J J k k
2K Py D, . Py
— X0 Y Y Y
N A'j g% kT
2
3K ®y _ D, Kiy B
+—==2) 0 — “| +...—== ) e, ) —
a2 E T A
2
K B, 2K23 B — Pa, (I)B]
+=22yo, L LYo, Y 2Ly
rs ; J TATs i 4o b
2K} Zﬂ 22?&\“ ®Pa, +
rArg ! ™ J J J J Lk’ k
’ 2 _ 73
=S, + 225,85+ —225,8,5; + 225, 555,55
TATB
14 _ ) K/ _ KIZ _
A2 Sa(SaSp)" + ... + =225, 5, + 2B 5, 52
ATB 4] Iy
2Kr3 2Kr4 _
2 S S SaSy + 2 S\ SA(SaSp) + ... (AS)
"A"B NG

where S,, Sy, S, and S, are defined by eqns. (13-16). The following
infinite series can be used to summarize terms on the right hand side of eqn.
(AS).

2r,S, K2 ' 2K, 4K?2
AR S “&&) 285 S+ —225,Sp(SaSp) + ... (A6)
Ki\pSa TaTB 4:] IATH
— K ' 2S.K2 3S, K;‘B
S, Y (i+1) " = S, Sy + —2-2B(g 5. ) +. (A7)
] NS r rArB
§ASBrA K;\2B ' KAZB 2K:\4B
Z S, SB = SASB SASB(S SB) +. (A8)
SaTs 7 \Ta’s 8 N

Performing the summation of eqns. (A6—A8) and inserting derived expres-
sions into eqn. (AS) gives

o, =S5, + 3
(1 - rArBK:BSASB)

[2KAB§ASB + rBK/iBg-ASASB(z - rArBK/iBSAS'B) + rAK§B§AS123] (A9)
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Similarly, we can derive
—_ rB
(1 - rArBKﬁz\BSASB)
X [2K ApSaSp + 7aK25SaSpS5(2 — rarsK 25SaSs) + rsK25S2Ss]  (A10)

Equations (A9) and (A10) are not identical to those based on an assumption
of volume change of mixing [25].

Ternary alcohol(A )—alcohol(B)—nonassociating component(C)-mixtures

®, is expressed in the same way as described above.

®% =L, +E L0~ +EL L0

I

+LETTe, +I Lo,

lBj kBI ! ,r BA,
Taa
+ZZZ BA,B, +ZZZZ BABA S
i 7T BA B, i T, A B.A,
IN Tan
+Z¢AC_+ZZ(DABC ABC +ZZZ ABA,C ac
rAI
+ZZ BACT +ZZZ BABCT .t (A11)
where
Ta, KAC‘I’C,
E(DA,C7_= ’ S =1\ K cPc SA (A12)
t AC C
and
rAAk
e P LN
A,BC ABA,C

DRBR LI

B,A «B,C

+zz¢m pRe LI

BA,C ,]Bkc
rAA
+ZZZZ BA,BAC ABIC
k I
'Dc, AB AC(DC, a» (7a A)
B rcrs ZEZ@ q)B At rareTa, ’A’B’A
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3
KEBCQC‘K;\B (ra, +7a,) +

)> Z Z z LN
- & "TaTBTATS,
I ’
KACq)C‘KAB
+
TcTs

K12
+

EZ—*

Zzij 0a, 0 B'fr A rB
K:\cq)c AB ( rA')
+ EZZZ‘I’ Dp PP
Ay rA ’B’A,
‘I’c, Bj ZKQC AB P4
TR INIT ? TR
2K§chs
rare ; Z Z
RELSE “’ s
EEad MR R S R 2
H
K’ X; 0y
ac ”‘“Z POt Kecky Zavo, 320
i J k
2KACKAI\BBZ Z 23_23‘_
IATh kol
2Kr KI4 @ Q @
BC ABZ Z‘D Z___E—Aiz-—f-’"—+
rari { m
alB 1 ! m
o [ ki K., - 2K\ K2 - 2Kpc K o
- _EC_AESASB-}-MSA(SASB) +__B£'2_AB'SASB(SASB)
e rs alB Tals
’ +4
+MSA(SASB) i
rArB
KK’ K, ’ K/3
4 ACARS o4 ——C—I—<A§S '\ SE + z—Ig“g“’A‘ES ASp(SaSs)
rg rB "A"B
2 KI4
+MSASB(SA B)+ }
TATB

- - [(KAC+KBC) S rAE (Kf'\zas S )I
C

Kis
K.’A.an SB)‘ 4+ KocSaSera K;;CSASB"A E (Kﬁa SASB)‘]

+ Kz’\CSAE(l +1)
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(I)C] Ko
= - [(K:\c + Ko ) =22 5,8y
K;\B B
A
K/Z KI K K/ K
+ —AR_ACE S, SB( AR5, Sy | + —22-EE5, 52 (A13)
Tals TAT re

where K\ = rarc K and K{,C = rprcKpe-
Since the summation of the other terms on the right hand side of eqn.
(A11) is described in eqn. (A9), ®, is given by

0, = (1+ r,Kac®c ) S, + L -
{1 - rArBK/iBSASB)

X [2KAB’§ASB +rpK 35 SaSaSp(2 - rArBKiBSASB)
+rAKiB§AS123 + q)C,{(rAKAC + rBKBC)KABS_ASB
+rArBK:BKAC§ASASB(2 - rArBK/iBSASB) + rArBKiBKBchSlza }] (A14)
Similarly, we can derive @5 and @ as follows

Oy = (1+rgKpc®c )55 + ‘s -
(1 — rarsK2SxSs)

X [ZKABSAS‘—B + rAKiBSA§BSB(2 — rarsK2pSaSs)
+rBK§BSA2§B + q)C‘{(rAKAC + rBKBC)KABSA§B
+rArBKiBKBCSA‘§BSB(2 - rArBK/iBSASB) + ’ArBKKBKACS§§B}] (A15)

7arp?c KipSaSs
(1 - rArBK:BSASB)

O = [1 + e KucSa + 7cKpeSp +

KAC K BC )
X + + K-S, + KgcS (A16)
( rBKAB rAKAB AC~A BC~'B

APPENDIX B

DERIVATION OF THE EXPRESSION FOR THE TRUE MOLAR VOLUME
Binary alcohol(A)-alcohol(B)-mixtures

The true molar volume is expressed by

+= z z 2+EL Tas +ETE ""““+zz§z;

ch }Ak I ¥l

A BAkB,

Fa BAB,
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+zzz;z e

ik Ta,BA,BA,,

BA,

AI

q) BAB
FLE SRR T

T A, B,

+EZ§EZ BABkAB

I m BABkAB

47 Z ; Z[: BA,BkA,

TA BA,

I :1;2?5",—-"-'+f§:“>; L
Koy Sup e Kap Dy
CREPITETRTI

SRR R R
DR R

K/4 ’ 2
+ 2B S, (SaSp)" + ... + 2288, + 25,8, S,
Al B’A BT A
K 2
+ 2 2(SBSA) +— SB(SASB) +.
Fpra "BA
S, S K2 '
_515__‘_&_‘_ _2’_+_ﬁ+._B Z ABSASB
A T Kig ra g [T \1ars

2
rarg K pSASp

'a 7B (1 - "A’BKABSASB)

InfaKap a7

(B1)



Ternary alcohol(A)—-alcohol(B)—nonassociating component(C)-mixtures
1/V is given by

1 (DA, o,
AR

, BA,

+22 2
,Bj [ I 4 ABAA

A,BA BA

+2222‘”“’22 z

a,BAB, .y k m 'ABABA

+LZL Pons +ILEE e

T B, .y TBA BA,

BA BiA,

+ZZ

A/

BA ,B,A/B,

+ZZZZZ

! m "BABASB,

liiJ
C BC A BC
SHL ALY

B,C , TanpcC

4 7

+222‘”“ +EELL

I

ABA +B,C

TaBA B,C

BA BAAC

+IIY Panmc FEEEL L

’BA,B,C TBA,BAC

A C

!

+ZZr

where

Y K, -® i)
S Z i KAC(DC,SA

i Ta.c Fe . Ta,

(DB,C
=K ch)c,S B

., T'mc

zzA“jzzz Preac zzzzA“&

B,C TaBA,C . 7a,BA,B,C

+ZZZZZ

/ m 'ABA.BA,C

zzz Pannc +EETE e

TA B,C

o, ,BABA,,C

BA ,B,A,C

+
ZE" AC TBA,BAC

J

BA ,B,A,B,C
+

+ZZZZZ

/ m "BABARB,C
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(B2)

(B3)

(B4)
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_ KBCK:\B B K’CKAB D, (I)BJ \n
’C TaTg Z,: E Z,: ; J Lk'
Kkt 0,
Felhy Ry r ey
A K"‘ Ak @y . D,
c ABZ Z - Z __l__ '2 + .
i ! m
K:\CKAB A Kfach\ZB ?ﬁ (I)A/ D,
rgra z,: Z J rBrA Z,: i zj: J zk: k
<I)
Z Z Z —
BA i J l
K:\“B o, (I)A ‘I)Bm
E E j E 2—1—27*‘
BA 3 { m

q)Cl(KfaC K:\C_{_ ACSA+K;!CSB) (Klz )I

—AB ¢ S
’ ’ A~ B
Kig Kip Ta ry Ta’s

C
+ + K, Sy + K S
"aKnp | reKap | ACOA T RacOs

(Ko (85)

) ra’sK2pSaSs

(1 - rArBK,iBSASB)
Inserting eqns. (B1), (B3)—-(B5) into eqn. (B2) yields

1 S N Sy ( 2 Sy N Sp ) . rars K258, Sp

2
rArBKAB Ta rg —rArBKABSASB)

rArBrCKXBSASB
(1 - rArBK:BSASB)

+KBCSB) (B6)

AKAB
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