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ABSTRACT

The UNIQUAC associated-solution theory is used to calculate excess molar enthalpies for
binary and ternary mixtures including two aliphatic alcohols. The theory postulates that
linear mixed polymers are formed by consecutive solvation reactions. This approach makes it
possible to reproduce excess molar enthalpies for binary alcohol-alcohol mixtures well and to
predict ternary excess molar enthalpies for mixtures containing two alcohols and one
saturated hydrocarbon from binary parameters alone.

INTRODUCTION

In a previous paper [1], the UNIQUAC associated-solution theory has
been improved to reproduce the vapor-liquid equilibria of binary
alcohol-alcohol mixtures well and to predict vapor-liquid and liquid-liquid
equilibria for ternary mixtures of two alcohols with one unassociated com-
ponent from binary phase equilibrium data alone. The model postulates the
formation of linear multisolvated complexes from i-mers of two alcohols.
This paper shows the quantitative quality of the new model in the correla-
tion of binary excess molar enthalpies for alcohol-alcohol mixtures and the
prediction of the ternary excess molar enthalpies of mixtures containing two
alcohols and one saturated hydrocarbon from binary parameters alone.

THEORY
A, B and C stand for alcohols and a saturated hydrocarbon. We assume

that alcohols self-associate and solvate each other to form linear polymers
and that the equilibrium constants are independent of the degree of associa-
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tion and solvation. The association constant K, for the stepwise reaction
A, +A;=A,;, and K; for B, + B, =B, are defined by

K. = Pu. i (1)
AT DD, i+1
Py - i
Ke= ®p0y i+ 1 (2)
We postulate that the solvation equilibria have the following form
A,+B =AB B,+A,=BA,
AB+A,=ABA, B A +B,=BA B,

ABA,+B=ABA,B BAB+A=BABA,
The solvation equilibrium constant for these reactions is given by K. For
the A B, A B, forming reaction

(I)A,B,AAB, TaBA,"B,

Kap = (3)

(I)A,B,AA(D B, a,BA, B a7B

A further assumption is that the structural parameters of complex A;B,A; B,
are given by those of the corresponding units: r, » A8, = A+ jrg + krA + Irg,
daBaB =19 T jqp + kqa + lqn and these relations hold for other com-
plexes.

The UNIQUAC associated-solution theory gives the excess molar en-
thalpy of ternary mixtures containing two alcohols and one saturated
hydrocarbon as the sum of a chemical and a physical part.

Hchem + thys (4)
HChem is defined as
Hchem Hf—xAH&— xBHI'OB (5)

where H; is the total enthalpy of complex formation, Hj, is the value of H;
at pure state of alcohol A and HJ} is that at pure state of alcohol B.
Expressions for H;, Hy, and Hj) are derived in the Appendix and substitut-
ing these expressions into eqn. (5) yields

Hiom = hAxA(";f,;‘ - qu’ﬁ,) + thB(““[I;‘;‘l - U,‘;cbg,)

N hA{ U, ( Xp . _*Xa )+l—]AxA(DA,
KapUa \ @pra  ®urp ,
—U—AUBXBQ& ffa Xg XA
Us®y } B{ K aUs { Dpra M ‘DA"B)
ﬁBxB(I)B‘
Dy

(2 - rArBK/iB@A,q)BIUAUB)

U Upx 2@
(2~ rarsK 2s@a @pUnUs ) + --"—"—A»‘—“—}

U@
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({ Xp Xa )(1 +rArBK§B®A;®BIUAUB)

Dpry ¥ D,rp Kap
UaXa®a, UpxpPy
+2 N -+ 3, : )}]
FaT BK:B(I)A](I)B,UAUB (©)
(1 R BKIqu’A]q’B,UAUBf

where U,, U,, U, and Uy are expressed by
(_jA = KA‘I’A/(1 - KA(DA])Z (7)
Us=1/(1 - K,®,)) (8)
Up = K3 /(1 - KsPs,)’ 9)
Up=1/(1 - Kx@s,) (10)

The monomer segment fractions of alcohols, ®, and @, are obtained by
simultaneous solution of the following mass balance eqns. (1)

- K.nS,
o, =5, + Ta AB‘S;ASB .
(1 - rArBKABSASB)
X [2 + rgKapSa(2 = rars KisSaSs) + 7aKapSs] (11)
- K S
®,=5,+ 4] AB*jASB .
(1 - "A’BKABSASB)
x[2 + 7, KxpSp(2 — rarsK2pSaSs) + '8 KapSa (12)
where the symbols S,, S., Sp and Sy are defined by
= 2
Sa= (I)A,/(l - KAq)Al) (13)
Sa=, /(1 - Kx®,)) (14)
- 2
Sp= ‘I’B,/(l - KB‘I)BI) (15)
Sp= (I)B,/(l - KB(I)Bl) (16)

Since the saturated hydrocarbon does not form any complexes with the
alcohol, ®. = @ . The monomer segment fraction of pure alcohol A, CDAO], is
given by

09 =[1+2K,— (1+4K,)"”

| /2K (17)

@3, is obtained analogously.
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The physical contribution term is derived by applying the Gibbs—Helm-
holtz relation to the residual term of the UNIQUAC equation [2]

ar

HE, = -RY 750/ (18)

hys = QX

i 1 Z 6,7

J
where the surface fraction 8; and the coefficient 7; are given by
= CIIXI/Z‘]JXJ (19)
J

Ty =exp(—ay,/T) (20)
and a,; could be expressed by a linear function of temperature.
a”= CI+DI(T_273‘15) (21)

CALCULATED RESULTS
Binary mixtures

The association constants at 50°C for pure normal aliphatic alcohols were
obtained from Brandani [3]: 110.4 for ethanol; 87.0 for 1-propanol; 47.7 for
1-pentanol; 39.5 for 1-octanol; 36.8 for 1-decanol. The enthalpy of hydrogen
bond formation in pure alcohols is taken as —23.2 kJ mol™!, which is
equivalent to the enthalpy of dilution of ethanol in »n-hexane at 25°C [4].
This value is assumed to be temperature-independent and provides the
temperature dependence of the association constant by means of the van’t
Hoff equation. The pure-component structural parameters were calculated
by using the method of Vera et al. [S]. Table 1 lists the solvation constants
and enthalpies of complex formation. Table 2 shows the calculated results

TABLE 1
Solvation constants and enthalpies of complex formation
Mixture (A-B) K,s ~hap

at 50°C (kJ mol™1)
Ethanol-1-propanol 49 232
Ethanol-1-pentanol 27 232
Ethanol-1-octanol 16 23.2
Ethanol-1-decanol 13 232
1-Propanol-1-pentanol 22 232
1-Propanol-1-octanol 14 232

1-Propanol-1-decanol 10 232
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Fig. 1. Comparison of experimental and calculated excess molar enthalpies for mixtures

containing ethanol at 25°C. Calculated ( ). Experimental: @, ethanol-1-propanol [7}; B,
ethanol-1-pentanol [8]; a, ethanol-1-octanotl [7]; O, ethanol-1-decanol [7].

obtained for binary alcohol-alcohol and alcohol-saturated hydrocarbon
mixtures. In ethanol-1-propanol, ethanol-1-pentanol and 1-propanol-1-
pentanol mixtures, the physical contribution was neglected and only the
chemical contribution was allowed for. If alcohols differ significantly from
each other as to the number of carbon atoms present in their molecules, the
chemical contribution is not sufficient for nonideality and the physical
contribution term must be included for good description of the excess
enthalpy for alcohol-alcohol mixtures. The calculated results are compared
with the experimental data of alcohol-alcohol mixtures in Figs. 1 and 2.

Ternary alcohol-saturated hydrocarbon mixtures

Table 3 presents the ternary predicted results for 18 mixtures containing
two alcohols and one saturated hydrocarbon by using the binary parameters
listed in Tables 1 and 2, together with those previously obtained by Nagata
and Gotoh [6], who assumed only the formation of A,B,. Table 3 shows
clearly that the present model gives generally the smaller deviations between
the calculated and experimental excess molar enthalpies than those of the
previous model [6], except for that of 1-propanol—1-octanol-#n-octane.
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Fig. 2. Comparison of experimental and calculated excess molar enthalpies for mixtures
containing 1-propanol at 25°C. Calculated ( ). Experimental: B, 1-propanol-1-pentanol
[9]; a, 1-propanol-1-octanol [7]; O, 1-propanol-1-decanol [7].

Pando et al. [15] proposed an association model for the excess enthalpy of
binary alcohol-alcohol mixtures and did not apply.the model to ternary
mixtures containing two alcohols and one saturated hydrocarbon.

In conclusion, the present model has good quality in the correlation of
excess molar enthalpies for binary alcohol-alcohol mixtures as well as the
prediction of ternary excess molar enthalpies for mixtures containing two
alcohols and one saturated hydrocarbon.

LIST OF SYMBOLS

A B C alcohols and saturated hydrocarbon

A A, monomer and i-mer of alcohol A

AB complex composed of alcohol A i-mer and alcohol B j-mer
ay; binary interaction parameter

B,, B, monomer and i-mer of alcohol B

C,, D, coefficients of eqn. (21)

H, total enthalpy of complex formation

HE excess molar enthalpy

ha, hyg enthalpies of hydrogen bond formation of alcohols A and B



215

hag enthalpy of complex formation between unlike alcohols

K4, Kg association constants for pure alcohols A and B

Kup solvation constant between alcohol complexes

n number of moles of a particular species

q; molecular geometric area parameter of pure component /

R gas constant

r molecular geometric volume parameter of pure component

Sas Sp sums as defined by eqns. (14) and (16)

Sa, Sp sums as defined by eqns. (13) and (15)

T absolute temperature

U,, U quantities as defined by egns. (8) and (10)
U,, Ug quantities as defined by eqns. (7) and (9)
X, liquid-phase mole fraction of component 7/

Greek letters

o, surface fraction of component /

Ty coefficient as defined by exp(—a,;/T)

o, segment fraction of component [

Q, monomer segment fraction of component 7
Subscripts

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

AB binary complex

A B complex containing i molecules of alcohol A and j molecules
of alcohol B

chem chemical

1, J components

i, j, k, I, mi, j, k, I and m-mers of the alcohol

phys physical

Superscript

0 pure alcohol reference state

APPENDIX

We consider one mole of the ternary alcohol solution. The total enthalpy
of formation of the complexes from alcohol A and alcohol B is expressed by
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i
[=2)

—hA{Z(i‘"‘ 1)”A,+22(i_ 1)nA,B,+ZZ§[(i—1) + (k“'l)]”A,BJAA
+Y Y Y Y-+ (k- 1)]nABA BT -

t Z Z(] - 1)”B,A, +2 Z §(J'" 1)”B,A,Bk

+ZE§;[U"1)+(1—1)]"B,A,BAA,+ }

2 (ﬁ/. - N - B N 1
+hp{ L (= Dng + L1 1) pa, T2 L (i -1)
1 [ [ <

+(k"1)]nB,AlBk+ZZ§ZII[ l—'l)+(k—1)]nB,AJBAA,+

+Z’E(j_ 1)”A,B,+Z sz: J— 1)"A BA

v

+;§§;uhn+uaanm+m}

+hAB{¥ ?nuj +23 g rana,+3 z g DIV
+4; ? ; ; %nA,B_,AkB,A,,, +

+ Zl: %:"B,AJ + 22;, %‘, Zk:"B,A,Bk + 32’_: %: Zk: ZI:"B,AJBkA,

+4L LT L Srnanan + o)
1y kI om

=h,(S;+8,) + hg(S; + Ss) + hapSs (A1)

where 7 is the number of moles of a particular complex and we differentiate
llnearly solvated alcohol complexes (A;B,), and (B;A)),, where the indices
, j and k go from one to infinity, because in the former a free hydroxyl
group is attached to B, which is the tail molecule of (A;B,), and in the latter
it belongs to A, the tail one of (B,A),.
S;, S, S5, S, and S; are derived as described below.

S, =N (i=1np=ns Y (i 1)(K\®, )"

H

2 ——
= K@, 14, /(1= K@, ) = Usna, (A2)
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S, ’“’Z Z(i” 1)”A,B,+ZZ ;[("‘ 1) + (k - 1)]”’;&,13,;\A

o

+r Zk: z[:[(’ — 1)+ (k=1)]napas

LI}

FESEE -1+ (k=1 + (m=Dlnagana, + -

k 1

+ Z Z(f" 1)"B,A)+ Z Z ;(J"‘ 1)“13,}\113,k

LI

+ZZ§;[<1— 1)+ (1= 1)) rga s,

+EZZ]{:EIZ[(]-_1)+(l_l)]nB,AJBLA,B,,,_}-

K; K )
‘_;E E(‘ - 1)"A,Z"B, + ’“I‘/%E[Z(‘ - 1)";\,2"3,2";\‘
1 7] i J k

KI3
* L T E k= Dy |+ £~ e Sy Toa I
: J k : J k !

+ E"A,E"B,Z(k - 1)"/\,,2"3,]
1 7 k !
Kb [,
+— Z("U"A,Z"B,Z"MZ"B,Z"A,"
vV i 7 k / m
+ Z"A,Z"B,Z(k - 1)"AAZ"B,Z"A,,,
! J k { m

' e

+ Z’TA,Z"B)Z”mx”B,Z (m=1)n,,
7 J k ] m

’ ) K/Z )
+ _I;B Z"B,Z(J - 1)"A,+‘_I;2B ZHB'Z(_] - 1)nA12nB‘
t J i 7 k
K3 .
+—V3 EnB,E(.]—'1)”AJZnB,\ZnA,+ZnB‘Z"AJZnB,‘Z(I— 1)1y,
1 J k i H 7 k !

+

Kis
V4

[):na,zu- g T Zna S,
i 7 k i m

+ Z”B,Z"A,Z”BAZ(I“ 1)na 3 ng | +--.
i J k ! m

where Kig = rarpgKap and V is the true molar volume of the solution. We
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insert U,, U,, Uy and Uy as defined by eqns. (7-10), o,
&, =rgny /V into the above equation.

K 2K/2 2K/3
Sz AB@ nBJAUB AB@ @B‘nA UAUBUA '—AB¢2
N I‘AI‘B
3K’4 K _
DO n ULVRUR + ... + =220 n, UUs
rArB 1 1 rB 13 1
K5 — 2K
+ 220, @, nyUUj + 522 @30, na ULURU,
rBrA 1 1 1 rBrA 1
2K
T O50% s UURU +
"B"A

— R 2 —1
= rBKAB(I)AlnB,UAUBZ ’(rArBKAB(I)A,(I)B,UAUB)
+ Oana, X (i + 1) rarg K2p® @5 UnUs)

+raKap®Pp, nAUAUBZ (rArBKABq) 4 UAUB)

U, _ :
+ -l—]:—‘ Ugng, Zl(rArBKqu’Alq’BIUAUB)

UA ( nBl nAl

+
KagUn \ 1a®s, 754,

rArBKiB(I)A,q)B,UAUB

2
(1 - rArBKiB(DA,(DBlUAUB)
Similarly we can derive the sums of S;, S, and S;.

S;= Z(’ - 1)"3, = KB(DB]nBl/(l - KB(I’B,)2 = 68"31
S4=Z Z(l - 1)nB,A,+Z Z ; [(’ -1)+ (k" 1)]"13,,«,13,k
+ Z Z Z Z[(i— 1)+ (k— 1)]nB,A/BAA,

+ Upa, (2 — rarpgK s @5 UnUs ) +

=rasn, /V and

‘A’B BUAUBU

UAU BB,
Ua

(A3)

(A4)

+22222[(z—1)+(k—1>+(m—1>1nmkum+

+ Z Z(J - 1)”AB +Z Z Z(J l)nAlBjA,‘
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Us "5 A 77 UgUnni o
—+ ——— | + Upny (2 — rarg K2g@s ®p U Uy | + ———

KABUB ( ,-A(I)B] qu)Al B Bl( ATBIAB*A,* B,YA B) UB
rargK /qu)A,q) 8UAUs (A5)

(1 - rArBKliBQAl@BIUAUB)Z
Ss=EE”A,B,+2E>:E”A,B,Ak+3ZEZZ”A,BJMB,
[ i [ A 4 ¢ j ok
+43. 3 3% ZnA,BJAkB,A,,, +ot ) Z”B,A, +23 % Z”B,A,Bk
i 7 k I m [ TR A 4
+ 32 Z Z ZnB,AJBkA/ + 42 Z Z Z ZnB,AJBkA,B,,, +
iy kI i j ok I om

2K12

AB Z"A Z"B Z”Ak

4K

ZnAZnBZnAanB, ABT"A E"BZ”A E"B,Z”A

- Ea T T+

3K }\313

2K12

ZnBZ"A ABZ"BZ”A Zan

KAB

4K

JZ"BkZ"A, ABE"BE"A EanZnA Z"B
) i

2K12 3K13
AB d)AICD p1aUtUs + =522 @ @y ny ULUZ

’A’B

1

’
AB

q)AlnBlUAUB + r
At

4K"‘ K, 2K
222D n USUR + ... + rABd)BlnAIUBUA+ AB

rArB B rgra
3K -, arrg . AKAE
X @@y ngUglU, + 5203 ®, n, URUZ + 220202 np UUZ +
"B"A rgra

BrAq) 2(21 1)("A"BKAB‘I’ q)BUAUB)

+ Upnp X 2i(rarpK 3s®a @5 UUs ) + KAaqu’A Y (2i-1)

1 1

X (rarsK 2s®@a@pUalUs) + Upnp ¥ 2i(rarpK 2p®s @ UaUs)’
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np, Na, ) (1 + rArBKiB(DAl(DB,UAUB)
"A‘I)B1 r Bq)A, Kag

rarsK. ﬁB(DA,(I) s8UaUs

+2(Uana, + Ugny) (A6)

2
(1 —rargK /qu)A,q) BUAUs )

It is necessary to express n, in terms of @, , x, and ®,. The following
molecular balances can be written.

n=m+m+m+m=ZM

”E’"A +LE’"AB+LEZ(’+IC NABA,

i j ok
+ZZZE(’+1‘)”AB,A*B, -+ZZJ"B,A,
] L
+X ) Z]nB,AJBk +2 220+ 1)"B,A,BkA, +... (A7)
i ok P ok

®A=F1+F2+F3+-.. =ZF;

r:AS rA:Ak
=)@, + )y ZCI’A,B,“— +X ) Z(DA,B,Ak_
: i 'AB 7, % TaBA

TA,AL
+Z;,ZZZ AB,A,(B,’, BA,
AJ rAt
+ Z Zq)BfAJ;’_‘ + Z Z Z(I)B,AJB,.F““-
i g BA, i g BA B
Ta A,
+ZZZZ BABkA,r (A8)
BA,BA,
where
=D ina, (A9)
r
=L@ =Lnasa/V=2inns/V="3Yiny (A10)
Nz = Z Z inA‘BJ (All)

ra F,
ZZ ap =2 Vingy (A12)
" Ta, V y
1

}

=2 Z ; (i+k)napa, (A13)
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TaA RaBAJABA, (i+k)r
F3=ZZZ®A,BjAk;__L=ZZZ ;/’jk , 2
i j ok ABA, i j ok ABA,

=BT L X (i+knapa, (A14)
k

i

and so on.
Then the ratio of N, to F; gives
N _ Ny Ny N+ N+ Nyt xp _V_fa (AL5)
FF F F, FK+E+F+... &, r @,
In the same way as described above, we can obtain
Xp _ "By
o, B, (A16)

Inserting eqns. (A2-A6), (A15) and (A16) into eqn. (A1) yields

— ®A‘ — QB\

l—JA ( Xp Xa ) l_]A)CA(I)A1 5
+{h + + 2—rrgKig®, @, UU
{ A[KABUA QB’A QA’B q>A ( ATBSABTA,* B,-A B)

l—]AUBqu)Bl] [ l_]B ( Xp Xa )
R — B

U,y KapUp \ @pra  @urp
vaB(DB‘ UAﬁBxA(DA‘
+ T(Z - rArBK;:B(DA](I)B]UAUB) + —@T

( Xp . _Xa )(1+rArBK§B(I)A1(DB1UAUB)
Qpry  Durg Kap

Uyx @ Ugxg® rargK 2@, @ UU
+2( Aq)A Ay B(DB Bl)]} aTFB K ARPA PpUaUp . (A17)
A B (1 - rArBKziB@Al@B,UAUB)
At pure alcohol states H, reduces to HY, and HQ}, respectively.
h oK, 02 _
HY=—220 = p, 0008 (A18)
(1- K03 )
hy K 0% —
HY=—"""" = h 0903 (A19)
(1 - KB(I)%])

The above equations are not equal to those based on an assumption of
volume change of mixing [16].



222
REFERENCES

I. Nagata and K. Ohtsubo, Thermochim. Acta, 102 (1986) 267.

D.S. Abrams and J.M. Prausnitz, AIChE J., 21 (1975) 116.

V. Brandani, Fluid Phase Equilibria, 12 (1983) 87.

R.H. Stokes and C. Burfitt, J. Chem. Thermodyn., 5 (1973) 623,

J.H. Vera, S.G. Sayegh and G.A. Ratcliff, Fluid Phase Equilibria, 1 (1977) 113.

I. Nagata and K. Gotoh, Thermochim. Acta, 99 (1985) 145.

H.D. Pflug, A.E. Pope and G.C. Benson, J. Chem. Eng. Data, 13 (1968) 408.

M.IL Paz-Andrade, L. Romani and F. Gonzales, An. Quim., 70 (1974) 314.

H.H. Sun, J.J. Christensen, R.H. Izatt and R.W. Hanks, J. Chem. Thermodyn., 12 (1980)

9s.

10 I. Nagata and K. Kazuma, J. Chem. Eng. Data, 22 (1977) 79.

11 R.S. Ramalho and M. Ruel, Can. J. Chem. Eng., 46 (1968) 456.

12 G. Geiseler, K. Quitzsch, J.H. Hesselbach and K. Schmidt, Z. Phys. Chem., Neue Folge,
60 (1968) 41.

13 M.K. Kumaran and G.C. Benson, J. Chem. Thermodyn., 16 (1984) 175.

14 R.S. Ramalho and M. Ruel, Can. J. Chem. Eng., 46 (1968) 467.

15 C. Pando, J.A.R. Renuncio, R.-W. Hanks and J.J. Christensen, Ind. Eng. Chem., Process
Des. Dev., 23 (1984) 73.

16 T. Hofman and 1. Nagata, Chem. Eng. Sci., to be published.

O 00~ NV B W e



