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Abstract

Vapour—liquid equilibrium results are presented for 1-propanol+ rert-butanol +
acetonitrile + benzene at 60°C, measured using a modified Boublik vapour-recirculating still.
The experimental values agree satisfactorily with those predicted by the UNIQUAC associa-
tion-solution model with binary parameters alone.
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1. List of symbols

a;; binary interaction energy parameter for the I-J pair

A,BCD 1-propanol, tert-butanol, acetonitrile and benzene

A;B,C,A;B,D complexes containing i molecules of alcohol A, j
molecules of alcohol B and one molecule of component
CorD

A,C,AD complexes containing i molecules of alcohol A and one
molecule of component C or D

B, second virial coefficient for the 7-J pair
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1.1. Greek letters

I
6,

aPa aTs O-x, O'y

1.2. Subscripts

A,B,C,D
A17 Bl’ C19 DI
Ai’ Bi

AB, AC, AD, BC, BD

complexes containing i molecules of alcohol B and one
molecule of component C and D

objective function as defined by Eq. (24)

enthalpies of complex formation between unlike
molecules

association constant of pure alcohol 7

equilibrium constants of complex formation between
unlike molecules

total pressure

saturated vapour pressure of pure component /
molecular geometric-area parameter of pure compo-
nent [/

universal gas constant

molecular geometric-size parameter of pure component
I

sums as defined by Eqgs. (19) and (20)

sums as defined by Egs. (21) and (22)

absolute temperature

molar liquid volume of pure component /

true molar volume of alcohol mixture

true molar volume of pure alcohol 7

liquid-phase mole fraction of component /
vapour-phase mole fraction of component /

lattice coordination number equal to 10

activity coefficient of component 7

area fraction of component /

standard deviations in pressure, temperature, liquid-
phase mole fraction and vapour-phase mole fraction
exp( —ay|T)

fugacity coefficient of component 7 at P and T
fugacity coefficient of pure component / at P;and T
segment fraction of component /

monomer segment fraction of component /

monomer segment fractions of pure alcohol 7

alcohols and active non-associating components
monomers of components A, B, C and D
i-mers of alcohols A and B

binary complexes
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LJ K components I, J and K
ij, k1 i, j, k and [-mers of alcohols or indices

1.3. Superscipt

* reference state of 50°C or calculated value

2. Introduction

Previous papers from this laboratory have reported measurements of isothermal
vapour-liquid equilibria (VLE) for five quaternary mixtures [1-6]. As an extension
of those studies, this paper presents isothermal VLE data for 1-propanol + tert-
butanol + acetonitrile + benzene at 60°C and the experimental values are compared
with those calculated from the UNIQUAC associated-solution model with only
binary parameters [7, 8]. The following VLE data for binary mixtures making up
the quaternary mixture are available from the literature and are used to obtain the
binary energy parameters of the model: 1-propanol + fert-butanol at 40°C [9];
1-propanol + acetonitrile at 55°C [10]; l-propanol + benzene at 45°C [11]; tert-
butanol + acetonitrile at 60°C [12]; fert-butanol + benzene at 45°C [13]; acetoni-
trile + benzene at 45°C [14].

3. Experimental

tert-Butanol (2-methyl-2-propanol), acetonitrile and I-propanol (Wako Pure
Chemical Industries Ltd., guaranteed reagent grade) were used without further
purification. Benzene (first grade) was purified by repeated recrystallization. The
densities of the compounds used for experimental work, measured with an Anton
Paar densimeter (DMA40) at 25°C or 30°C, agreed excellently with published
values [15]. Experimental VLE data were obtained using a modified Boublik
vapour-recirculating still [16]. The compositions of the liquid- and vapour-phase
samples in equilibrium were analysed using a Shimadzu gas chromatograph GC-7A
and a Shimadzu Chromatopac E-1B. The possible experimental errors of the
measured variables are: 0.16 Torr for pressure; 0.05°C for temperature; 0.002 for
liquid- and vapour-phase mole fractions.

Table 1 shows the experimental VLE data, the activity coefficients y, and the
fugacity coefficients ¢, derived from the thermodynamic equations

=Py, [{x,P;$; explvy (P — P})/RT]} (1
P
In¢; = (2 g,yJBIJ _2;, ;nyJBU) RT (2)

where P is the total pressure, P° the pure-component vapour pressure, x the
liquid-phase mole fraction, y the vapour-phase mole fraction, T the absolute
temperature, v the pure-liquid molar volume estimated from a modified Rackett
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equation [17], and the second virial coefficients B were estimated using the correla-
tion of Hayden and O’Connell [18].

4. Data analysis

The UNIQUAC associated-solution model was used to analyse the experimental
VLE data. We assume that in a quaternary mixture including two alcohols (A and
B), acetonitrile (C) and benzene (D), alcohol molecules self-associate to form open
chains A, and B, and then those open chains cross-associate multiply to yield open
cross chains, (A;B))., (B;A;)e, A;(B;Ay), and B,(A;B,),. Furthermore, all these
open chains produce additional chemical complexes with acetonitrile or benzene:
AC. AD, BC, BD, (AB).C. (A;B),D, (BA)C, (BA)D, A(BA),C,
A;(B;A,),D, B,(A;B,),C, and B,(A,B,),D, where the subscripts i, /, k and / range
from 1 to co. The equilibrium constants for chemical-complex-forming reactions are
assumed to be independent of the degrees of self-association and cross-association
and are defined as

D,

i
Ko=—na b fr AL A = A,
AT 0, il it A= Ai

ha (1 1
=K% exp[—;A <7,—~T—*>] (3)

Dy,
KB i+ 1

T Dy, O i+ 1

hg (1 1
~sgen] -2 (775 @

o r r
AB,A,B ABA, B
Ky = L0k 1k for A;B;A, +B, =A,B;A;B,
q)A,-BjAk (I)B, TaBAB AT

for B, + B, =B,

_ (I)BIAinAI "saB A,

for BiAjBk + A[ = BiAjBk A]

(DBiAjBk (DA, TA;B A BT A

[ & 1 1
~Ksae] =" (7-7) | ®
D, 1
Kac = —2 for A, +C, = A,C
ACT 0, Dc, ira + e or At &
[ & 1 1
~Kncemn] ¢ (77 | ©
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KBC

=1 for B, + C;, =B,C
(I)B‘_ O, irg +rc !

hee (11
= K3c exp[ —R (; - T—)} (7
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K,p and Kpp, are similarly defined by Eqgs. (6) and (7), respectively. The sizes of the
chemical complexes are given as the sum of the pure-component size parameters r,

€.8. I'a, =irs, rg, = irg and raB, = ira+Jjrs.
The activity coeffcients of 1-propanol (A) and acetonitrile (C) are expressed by

(N Ta Ta Z D, D,
ny,=In[—A 4o _Ta_ (2} (1% ) Oa
n ¥a “(¢°Ale) TRy (2)‘“(“ A

+qA[1 —1n(z 0,1,A>—Zﬂi] (8)

7 ZO0gTg;
K
1 =h—24+1—-=—|= In— ——
nyc nxc+ % (2>qc(ngc+1 Do
+qc[1—1n<2 o,r,c>—2 by cs ] )
J J ‘EGKTKJ

where Z is the coordination number set as 10, and the segment fraction ®, the
surface fraction 6, the binary adjustable parameter t,, related to the energy
parameter q,,, the pure alcohol monomer segment fraction d>‘,’l and the true molar
volume V? for pure alcohol I, are expressed by

®, = x;r,/ Z Xsry (10)
7

(Dl=xlql/;quJ (11)

Ty =exp( —ay/T) (12)

D}, =[2K, + 1 — (1 +4K,)*°] 2K} (13)

Vi=r/(1-K,®f) (14)

The activity coefficients of fert-butanol (B) and benzene (D) are easily derived by
changing the subscript A to B in Eq. (8) and the subscript C to D in Eq. (9). The
monomer segment fractions in the mixture, @, , ®p,, Pc,, and @y, are obtained
from simultaneous solution of Eqs. (15)—(18)

rAKABSASB
(1- rArBKzABSASB)Z

Q) =(1 + 7, KpcQc, + rAKAD(DDl)S_A +

X {2+ rgKapSa(2 —raraKipSaSp) + raKapSs
+ @c, [(ra Kac + r8Kpc) + rars KapKacSa(2 — rars KAnSaSs)
+ rarpKapKncSp] + @, [(raKap + raKpp) + rars Kas KapSa

X (2—rArBKiBSASB) +rArBKABKBDSB]} (15)
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rBKABSASB
(1 _rArBrBK?\BSASB)z

% {2+ raKapSs(2 — rarpKanSaSs) +rsKapSa

QB = (1 + I’BKBC(I)CI + TBKBD(DDl)SB +

+ ®@c, [(raKac + r8Kpc) + rarsKapKacSs(2 — rars KapSaSs)
+ rars KapKacSal + @p [(raKap + r8Kpp) + rars KapKpp S
X (2—rargKapSaSp) + rarsKapKapSal} (16)

(DC = (I)C1 {1 + rcKACsA + rcKBCsB

rArBrCK%\BSASB |: Kac Kpc

K, .S Ky S, 17
(l_rArBKzABSASB) rsKag rAKAB+ acat Rac B:|} an

®p = p, {1 + rpKapSa + b KspSs

rArBrDK,ZABSASB |:KAD + Ksp
(l_rArBKzABSASB) raKap  raKas

where the sums, S, Sg, Sa, and Sj, are expressed by

+KADSA+KBDSB:|} (18)

Sa =, /(1 = Kp@4,)? (19)
8o = ®g, /(1 — Ku®s,)? (20)
Sa=p, /(1 — Kx®s,) 1)
S =y, /(1 — Kn®s,) (22)

The true molar volume of the quaternary mixture V is described as
1 Sia S 2 Sa S rarg KipSaS,
=_A+__B+<__ RA B) ATBAABOASB

T/ ra Ts ra’sKap  7a g (l_rArBKiBSASB)

®
+ r—c {1 + rcKacSa + rcKpcSs
C

1 1 FaratcKipSAS
+ +S>K +< -+—S>K:| AlB’C ABAB}
[(rBKAB AJTac raKan B)Re (1 _rArBK,iBSASB)

)
+ r—D‘ {1 +r5KanSa + 'oKepSe
D

1 1 rare’nKipSaSs
S, 1K Si K] 23
+|:<’BKAB+ A) AD+<"AKAB+ B) BD:|(1 —rarsKipSaSs) (23)
The molecular structural parameters of the pure components, r and g, were
calculated using the method of Vera et al. [19]. The association constants for alcohols

at 50°C are 87.0 for 1-propanol and 23.1 for tert-butanol [20]. The molar enthalpy
of the hydrogen bond for alcohols was taken as —23.2 kJ mol~"' [21]. The solvation
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constants at 50°C and the enthalpies of complex formation were mainly taken
from previous papers [6, 22, 23]: K,z =25 and hyg= —23.2kJmol™! for 1-
propanol + tert-butanol (this work); Kac =30 and h,c= —17kImol~! for I-
propanol + acetonitrile [22]; K p = 2.5 and A,p = —8.3 kI mol~! for 1-propanol +
benzene [6]; Kyc = 15 and hge = —17 kJ mol~! for tert-butanol + acetonitrile [23];
Kgp =2.5and hyp = —8.3 kJ mol~! for tert-butanol + benzene [23]. All the & values
were assumed to be temperature-independent and to fix the temperature dependence
of the equilibrium constants via the van’t Hoff relation. Table 2 shows the vapour
pressures, liquid molar volumes, second virial coefficients and structural parameters
for the pure components and the cross second virial coefficients used in data reduction.
The binary energy parameter of the model were sought using a computer

program which minimizes the following objective function [24]
Fe ﬁ’: [(Pf—Pf)z +(Ti —T¥)? +(x1,- —ZX?‘i)2 +(y1,-—2y?‘,-)2]

o E 6 G
where an asterisk represents the most probable calculated value and the standard
deviations of the measured variables were set as op =1 Torr, ¢, =0.05K,
o, =0.001, and o, = 0.003. Table 3 shows the binary calculated results. Table 4

(24)

Y

Table 2
Vapour pressures P3, liquid molar volumes V%, second virial coefficients B; and molecular structural
parameters, r and g, for the pure components and cross second virial coefficients B;; at 60°C

Pure component 1-Propanol tert-Butanol Acetonitrile Benzene

P;[Torr 152.7 289.8 368.0 391.5

vL fom? mol ™! 74.7 100.2 55.6 93.3

~ B, fem® mol ™! 1493 1397 3475 1110

r 2.23 2.77 1.50 2.56

q 1.98 2.42 1.40 2.05

Mixture — By fem® mol ! Mixture — B;/cm® mol ™!

1-Propanol + tert-butanol 1781 tert-Butanol + acetonitrile 2017

1-Propanol + acetonitrile 1909 tert-Butanol + benzene 893

1-Propanol + benzene 786 Acetonitrile + benzene 1057

Table 3

Binary calculated results

System (A + B) Temp./°C  Number Root-mean-square deviations Parameters
of data

points SP|Torr ST/K 6x x10° 8y x 10° a,5/K  aps/K

Acetonitrile + benzene 45 12 0.78 002 05 3.6 —10.54 258.38
tert-Butanol + acetonitrile 60 11 2.06 000 09 5.9 523.91 82.74
tert-Butanol + benzene 45 11 1.17 0600 07 4.7 133.89  31.33
1-Propanol + acetonitrile 55 9 1.51 000 038 4.1 580.27 4941
1-Propanol + benzene 45 11 0.14 0.00 0.1 14 114.53 —8.23

1-Propanol + tert-butanol 40 15 0.14 0.00 12 —3138  92.88
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gives the deviations between the experimental and predicted values of the quater-
nary VLE, together with those for seven other systems [1-6], indicating that
agreement is good.
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