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systems including two alcohols, acetonitrile and benzene
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Abstract

Vapour-liquid equilibrium data have been reported for the quaternary systems me-
thanol + isobutanol + acetonitrile + benzene, and methanol + fert-butanol + acetonitrile +
benzene at 60°C using a modified Boublik vapour-recirculating still. The experimen-
tal results agree well with those calculated by the uNiQuUAc associated-solution model
with binary parameters alone.

LIST OF SYMBOLS

ay binary interaction energy parameter for the I-J pair
A,B,C,D methanol, isobutanol or tert-butanol, acetonitrile and
benzene

AB,C,ABD complexes containing i molecules of alcohol A, j mol-
ecules of alcohol B and one molecule of component

CorD

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

By second virial coefficient for the the I-J pair

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

F objective function as defined by eqn. (24)

hap, hac, hap, enthalpies of complex formation between unlike mole-
Rsc, Asp cules

K, association constant of pure alcohol 1

Kap, Kac, Kap, equilibrium constants of complex formation between
Ky, Kpp unlike molecules

P total pressure
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saturated vapour pressure of pure component I
molecular geometric-area parameter, pure component I
universal gas constant

molecular geometric-size parameter, pure component I
sums as defined by eqns. (19) and (20)

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

absolute temperature

molar liquid volume of pure component I

true molar volume of alcohol mixture

true molar volume of pure alcohol I

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

lattice coordination number equal to 10

activity coefficient of component I

area fraction of component I

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

fugacity coefficient of component I at P and T

fugacity coefficient of pure component I at Pj and T
segment fraction of component I

monomer segment fraction of component I

monomer segment fractions of pure alcohol I

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

binary complexes

components I, J and K
i, j, k and /-mers of alcohols or indices

reference state of 50°C or calculated value

In continuing studies on quaternary vapour-liquid equilibrium (VLE)
measurements [1-5], this paper reports experimental data for the
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methanol + isobutanol or fert-butanol + acetonitrile + benzene systems at
60°C and the experimental results are compared with those predicted from
the uniouac associated-solution model with only binary parameters
[1,6,7]. The following binary VLE data were used to obtain the binary
energy parameters of the model: methanol + isobutanol or tert-butanol at
25°C [8]; methanol + acetonitrile at 55°C [9]; methanol + benzene at 55°C
[10]; isobutanol + acetonitrile at 60°C [11]; isobutanol + benzene at 45°C
[12]; tert-butanol + acetonitrile at 60°C [13]; tert-butanol + benzene at
45°C [12]; acetonitrile + benzene at 45°C [14].

EXPERIMENTAL

Isobutanol (2-methyl-1-propanol), tert-butanol (2-methyl-2-propanol)
and acetonitrile (Wako Pure Chemical Industries Ltd., guaranteed reag-
ent grade) were used without further purification. Methanol (first grade)
was shaken with calcium oxide and distilled fractionally in 1m glass
columns with McMahon packing. Benzene (first grade) was subjected to
repeated recrystallization. Densities of the compounds used for ex-
perimental work were measured with an Anton Paar densimeter DMA 40
at 25 or 30°C and agreed well with literature values [15]. A modified
Boublik vapour-recirculating still was used to obtain VLE data as
described previously [16]. Compositions of equilibrated liquid- and
vapour-phase samples were analysed using a Shimadzu gas chromatograph
GC-7A and a Shimadzu Chromatopac E-1B. The 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.

The experimental VLE data are given in Table 1, together with the
activity coefficients y; and the fugacity coefficients ¢, derived from eqns.
(1) and (2) below

¥i= Pou il {x,Pii exp[vt(P — P)/RT]) N
In¢ = (ZEJ:yJBIJ—El: EJ:nyJBU)P/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, and T
the absolute temperature; v the pure-liquid molar volume was estimated
from a modified Rackett equation [17] and the second virial coefficients B
were estimated using the correlation of Hayden and O’Connell [18].
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DATA ANALYSIS

The experimental results were analysed using the uNiQUAc associated-
solution model. We assume that in a quaternary mixture including two
alcohols (A and B), acetonitrile (C) and benzene (D), many chemical
complexes are formed according to the association and multi-solvation of
alcohol molecules and the solvation between the terminal hydroxy groups
of alcohol polymers and copolymers and acetonitrile or benzene. Their
general formulae are A;, B;, (A;B)):, (B;A))«, Ai(BjA):, Bi(AB):, AC,
AD, BC, BD, (AB))C, (AB)D, (BA).C, (B.A).D, Ai(B,A,)C,
A,(B;A,)D, B{(A;B:),.C and B;(A;B,),D. The equilibrium constants for
chemical-complex-forming reactions are assumed to be independent of the
degrees of homo-association and hetero-association and are defined as

KA=———T_—_ for Ai+A1=A,-+1

R T

@y, i
DDy i +1

en] 2 (-]

K _ q)A«B;AkBl rA.B,AkrBI
AB

Ky for B;+B,=B,,;

for AiBjAk + B[ = A,'BjAkBI

(DA,B,Ak(DB/ TaB,AB AT

By (11
ABCXP| T \T T T ©)
.. 1
Koo=—®>2C = ) — A
O e for A, +C,=AC
hac /1 1
AcSXP| TR \T T T+ ©6)
Kpo=—2oc 1 for B,+C,=B,C
BT B, D, irg + 7 or Birta=5h
hoe /11
= Kicexp| — 2% (77| ™

K.p and Ky, are defined similarly as in eqns. (6) and (7), respectively.
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The activity coefficients of methanol (A) and acetonitrile (C) are
expressed by

o
lny-A=ln( a )+rA—ﬁ~(§)qA{ln?-5+l—¢—A\
271\ g,

X, VLV 8,/
+gall—1In 2 BATJA>"44 (8)
1 1Y Ogtyy
K
P, e (Z) ( P ¢c>
1 =ln—+1—-——{— In—+1——
nYe= y ~\2)9e\ln g+l
0,14
+qC 1"1“(2 ectjc) "'2 ] (9)
3 DN 2%
K

where Z is the coordination number set as 10, and the segment fraction @,
the surface fraction 8, the binary adjustable parameter 7, related to the
energy parameter ay, the pure-alcohol monomer segment fraction ®f, and
the true molar volume V7 for pure alcohol I are given by

P, = xm/z Xi¥y (10)
I

9;=anx/2 Xqy (11)
]

ru = exp(_au/T) (12)

QY = [ZKI +1-(1+4K)**/2K? (13)

Vi= "I/(l - Klq)(l)l) (14)

The activity coefficients of the butanols (B) and benzene (D) are easily
derived by changing the subscript A to B in eqn. (3) and C to D in eqn.
(4). The monomer segment fractions in the mixture, ®,,, Ps,, P.,, and
®,,, are obtained from simultaneous solution of eqns. (15)-(18):

rAKABSASB
(1 — rarg KipSaSe)?
X {2+ rgKapSa(2 — rars KapSaSs) + raKapSs
+ @ [(raKac t r8Kpc) + 7afs K ap KacSa(2 — rars K4pSaSs)
+ rate KapKpcSs]
+ q)Dl[(rAKAD + rBKBD)
+ rats Kas KapSa(2 — 747 KanSaSs)
+ 7a’s K a8 KepSs]} (15)

D, =1+ 7 Kac®Pc, + raKap®p,)Sa +
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78K anSaSs
(1 — rars KianSaSs)’
X {2+ raKapSs(2 — rars KapSaSs) + ra KanSa
+ @, [(raKac + rsKpc) + TaTs KapKpcSs(2 — rars KapSaSs)

QB = (1 + rBKﬂc‘pC‘ + rBKBDQDI)SB +

+ rArBKABKACSA]

+ q)DI[(rAKAD + rBKBD) + rArBKABKBDSB(z - rArBKzABSASB)

+ rars Kas KapSal} (16)

rArBrCKzABSASB
GO =0 {1 + 1K pocSa + oK +
c o rcKacSa + rcKpcSe (1 — rArBKzABSASB)
K K

X [—"‘i— +— 4 KacSa + KBCSB]} (17)

sKas 1.Kap

rArBrDK,zo.BSASB
1- rArBK?\BSASB)

(DD = (DD]{I + I'DKADSA + rDKBDSB +

X [ﬁ’; + rf;; + KapSa + KBDSB]} (18)
where the sums S, Sg, Sa and Sg, are written
Sa=®a/(1- K\ ®4) (19
Ss = Dp, /(1 — Kg®y,)* (20)
Sa=®4/(1-Ka®P,) (21)
Ss = Pp,/(1 — Ky®s,) (22)

The true molar volume of the mixture V is described as

1 S, S ( 2 .SA \ SB) rala KapSaSs

==—+—+ +—+—
V ra n ratgKag ra (1_rArBK2ABSASB)

i)
+ == {1 + rcKacSa + rcKpcSs
fc

rara?cKanSaSe }

1 (1 \
+ ( +S )K F\——+ 5% K ]
[ rBKAB A acT \ B} BC (1 - rArBKiBSASB)

raKap

P
+ = {1 + 15K anSa + 75 KspSs
45}

1 (1 \ Pararp KipSaSs
+ ( +5 )K + + 8, K ] } 23
[ rsKap A)TAP \rAKAB B} Be (1 - VAVBKZABSASB) ( )

The molecular structural parametes 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: 173.9 for methanol; 50.6 for isobutanol;
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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 constants at
50°C and enthalpies of complex formation taken from previous papers [6,
22-24] are: K p=80 and h,p=-232kJmol™! for methanol+
isobutanol; K,c =30 and h,c = —17 kJ mol™! for methanol + acetonitrile;
Kiap =4 and h,p = —8.3kImol™! for methanol + benzene; Kz =30 and
hgc=—17kImol™! for isobutanol + acetonitrile; Kpp=2 and hgp=
—8.3kJmol™! for isobutanol + benzene; K,p =55 and h,p= —23.2
kI mol™! for methanol + tert-butanol; Kzc=15 and hgc= —17 kI mol™!
for tert-butanol + acetonitrile; Kgp =2.5 and hgp = —8.3 kJ mol™? for tert-
butanol + benzene. All the & values were assumed to be temperature
independent and to fix the temperature dependence of the equilibrium
constants through the van’t Hoff relation. Table 2 gives 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 analysis.

The binary energy parameters of the model were determined as
described by Prausnitz et al. [25] using a computer program which
minimizes the objective function

2 [(P P*)2+ (T, - T*)2 (%1, —xi".-)2+ (u —y;)z]

=1 0% o o2 o

(24)

where an asterisk represents the most probable calculated value and the
standard deviations of the measured variables were set as o, =1Torr,
or=0.05K, 0,=0.001 and o0,=0.003. Table 3 shows the binary

TABLE 2

Vapour pressures P¢, liquid molar volumes v, second virial coefficients B, and molecular
structural parameters r and g for the pure components and cross section virial coefficients
B, at 60°C

Methanol Isobutanol tert-Butanol  Acetonitrile Benzene

P; (Torr) 629.8 93.0 289.8 368.0 391.5

vr (cm®> mol ™) 41.3 97.7 100.2 55.6 93.3

B, (cm®>mol™") —1305 —2455 —1397 —-3475 —1110

r 1.15 2.77 2.77 1.50 2.56

q 1.12 2.42 2.42 1.40 2.05
Mixture B, (cm*mol™")  Mixture B, (cm® mol ™)
Methanol + isobutanol —1453 Acetonitrile + benzene —1057
Methanol + acetonitrile -1691 Methanol + tert-butanol —1463
Methanol + benzene —420 tert-Butanol + acetonitrile —2017
Isobutanol + acetonitrile —2007 tert-Butanol + benzene —893

Isobutanol + benzene —907
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calculated results. Table 4 shows the deviations between the experimental
and predicted values of quaternary VLE together with those for other
systems [1-5], indicating that agreement is good.
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