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ABSTRACT

Isothermal vapour-liquid equilibrium data were measured for the binary acetonitrile—iso-
butanol and ternary acetonitrile—isobutanol-benzene systems at 60 ° C by using a vapour-re-
circulating equilibrium still. The experimental data were correlated by the extended UN-
IQUAC and UNIQUAC associated-solution models. The UNIQUAC associated-solution
model gives better predicted values for the ternary system.

LIST OF SYMBOLS

A, B, C acetonitrile, isobutanol and benzene

adry binary interaction parameter

By, second virial coefficient

hy enthalpy of hydrogen-bond formation

hgas Fac enthalpies of formation of chemical complexes B;A and B,C
I, J, K components

i alcohol i-mer

Ky association constant, (®y /@@y )[i/(i + 1)]

Kpa solvation constant, (®p 4/ PP, )i/ (irg + ra)]

Kye solvation constant, (®p /P ®Pc )i/ (irg + rc)l

P total pressure

P; saturated vapour pressure of pure component

q; molecular area parameter of pure component /

q; molecular interaction area parameter of pure component /
R universal gas constant

ry molecular volume parameter of pure component [

T absolute temperature

v true molar volume of alcohol mixture

Ve true molar volume of pure alcohol liquid

vy molar volume of pure liquid I
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X, liquid-phase mole fraction of component f
Ve vapour-phase mole fraction of component /
z coordination number equal to 10

Greek letters

Y, liquid-phase activity coefficient of component
o, area fraction of component 7
Op, O1 standard deviations in pressure and temperature
o,. O, standard deviations in liquid-phase and vapour-phase mole
' fractions
T exp(—ay/T)
o, segment fraction of component I
o, segment fraction of acetonitrile monomer in mixture
Dy segment fraction of isobutanol monomer in mixture
oY segment fraction of isobutanol monomer in pure alcohol
' solution
Q. segment fraction of benzene monomer in mixture
o vapour-phase fugacity coefficient of component [ at system
pressure P and system temperature T
Loy vapour-phase fugacity coefficient of component /7 at its
saturation pressure P; and system temperature T
INTRODUCTION

The thermodynamic properties of solutions of butanols in acetonitrile and
a hydrocarbon are currently the subject of studies in this laboratory.
Vapour-liquid equilibria (VLE) for the system 1-butanol-acetonitrile-ben-
zene at 60°C [1] and liquid-liquid equilibria for the system acetonitrile-1-
butanol-saturated hydrocarbon at 25° C [2] have been reported.

This paper reports VLE data for the binary system acetonitrile-iso-
butanol and the ternary system acetonitrile-isobutanol-benzene at 60°C
and their correlation by the extended UNIQUAC [3] and UNIQUAC
associated-solution model [4].

EXPERIMENTAL

Acetonitrile and isobutanol (Nakarai Pure Chemical Industries Ltd..
analytical reagent grade) were used without further purification. C.P. ben-
zene was purified by repeated recrystallization. Some physical properties of
the chemicals used for experimental work agree closely with values reported
in the literature as shown in Table 1. For measurements of these properties.
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TABLE 1

Physical properties of chemicals

Component Density at 25°C Refractive index Vapour pressure
(gem™3) at25°C at 60 ° C (torr)
Exptl. Lit. {5] Exptl. Lit. [5] Exptl. Lit. [5]

Acetonitrile 0.7766 0.7766 1.34161 1.34163 368.1 368.0 [6]

Isobutanol 0.7979 0.7989 1.39394 1.3939 93.0 93.01

Benzene 0.8737 0.87370 1.49790 1.49792 391.5 391.47

an Anton Paar densimeter (DMA40) and a Shimadzu Pulfrich refractometer
were used. Vapour pressures were measured at 60°C with a Boublik
vapour-recirculating equilibrium still, the details and operational procedure
of which were described in ref. 7. Binary compositions of the liquid-phase
and vapour-phase solutions were determined from their refractive index
measurements at 25° C. Ternary compositions of both sample mixtures were
analyzed with a gas chromatograph (Shimadzu GC-8A) connected to an
electronic integrator (Shimadzu Chromatopac E-1A). The experimental er-
rors involved in the measured variables were 0.16 torr for pressure, 0.05°C
for temperature and 0.002 mole fraction for liquid and vapour compositions.

RESULTS AND DISCUSSION

The VLE data at 60° C for the binary system acetonitrile-isobutanol and
the ternary system acetonitrile—isobutanol-benzene are reported in Tables 2
and 3, respectively.

TABLE 2

Vapour-liquid equilibrium data for the system acetonitrile (1)—isobutanol (2) at 60°C
Xy 41 P (torr) B! Y2 1 &,
0.043 0.342 136.8 3.091 1.007 0.983 0.985
0.078 0.485 168.8 2.962 1.008 0.976 0.984
0.122 0.570 196.0 2.570 1.025 0.971 0.983
0.229 0.678 243.0 2.001 1.082 0.962 0.982
0.343 0.741 277.9 1.659 1.168 0.956 0.981
0.439 0.775 296.6 1.442 1.268 0.953 0.982
0.493 0.788 309.0 1.357 1.377 0.951 0.981
0.521 0.790 3113 1.296 1.455 0.950 0.981
0.624 0.828 327.9 1.191 1.600 0.947 0.982
0.687 0.845 335.2 1.127 1.771 0.946 0.983
0.737 0.858 342.8 1.089 1.976 0.945 0.983
0.793 0.885 3479 1.059 2.065 0.944 0.984
0.851 0.507 355.3 1.031 2.372 0.943 0.985

0.952 0.962 364.2 1.001 3.093 0.941 0.988




110

oW i 7ege = ta pue | _jow o 69L6=Za ‘_[ow U0 9ogs="1a ¢ _jowr

W 906 — = £ ‘| _1ow wd [g0T — = Flg ‘| _[ow qwd (007 — =g ¢, _[ow umd oI~ =g ‘| _[ow 0 gop7— =g ¢, _jow o g/pe— =1
¥860  IL60  ¥S60  SPET  609T  8SST 6T 6650  6L10  T8TO0  TLYO  TLEOD 9070 92
L86'0 OL60  6¥60  SOPT  TO9T  8SPI 6SIr 650 LITO0  $SE0  €0VO  0TE0  LLTO T
POO'T  9L60  €¥60 9981  9¥9T 1611 80LE  ¥6T0  OYI'0 9990  T0T0  PEEO 6950 e
0860  SL60  L960  9LI'T  €I0T  6L6T 911y 68L0  OIL'0  SOT'0  TOLO  LETO 1900 €7
€860  TL60 6560  SOPT  9S¥'T  TISLT 6'96€  6£90  8BET0  €TTO €90  L6EOD  OPID (44
v86'0  OL60  L¥60  €¥TT 661 SOV SLbP 0860  LLOO  EPED  9ESG SIT0 660 |64
660 €60  vS6'0  9S81  T6L'T  9TL1 T0SE  0TY0  S8T0  S6E0  SOTO  HLSO  1TTO 0z
1001 SL60  1S60  120C  9¢TT  8ES'T 91¢E  LITO  L61'0 9850 €600 09SO0  LVEO 61
9860  0L60  TP6'0  LLTT 60T 60ET 619 8IS0 €500  6IY0  T6v0  LOLO  TOVO 81
8860  €L60 0960  88LT  £9TL 6961 L'SPE  pES0 1610 SLTO 9970 0090  PETO L1
€660  PL6O 6560  O0T0T  660T  600T p'SIE  80V0  TTTO  OLE0  S9T0  pL90 1910 91
986'0  SL60  L960  L6LT  TST'T  8LIT 69Z€ €190  €IT0  PLI'O  LSTO OO0  €L0O 9
0860  LL60  TL60 06T  ZTE6T  89TT €€6€ €180  TETO0  SS00 L8900  S8TO 800 vl
0T 0860  L£60 T80T  1L9T €01 zooy  0ST'0 6500  16L0  9L00 600  0£80 €1
v66'0  1L60  9€60  T9ST  TLTT  SI'T Tebr  S8€0 6500 9SS0 L8TO €TI0 0650 A
€660  IL60  O0P60  0SST  OL8T 6611 v6Ty €660 8800  6IS0  T8TO0  EITO  SOSO 1
0660  0L60  6£60  6L£T  00KT  TITT g6y LSY0 LSOO 98Y°0  06£0  YII'0 960 ]
L3860  0L60  9¥6'0  69€T  8Y8T  99¢1 €87y  80S0  LOT'0O  S8€0  60v0  19T0  0£€0 6
$660  €L6'0  0S60 €081  €8TL €IS €796  E€SE0 6910  8LYO  ¥8I0  v0SO  TIEO 8
¥86°0  0L60  6v60  L8TT  I86T 9yl TLEY  8LS0 6600  €TE0  OSO  0ETO 9970 L
€860  1L60  6v6'0  LST'T  €¥9T  L6v1 €T 0790 9900  HIE0 1790  61T0  09T0 9
986'0  TL60  LS60  TSST  €TET 669 $LLE 6550  8ST'0  €8T0  0SE0 9440  PLTO g
6L60  SL60 €960  ILOT 86T €061 8¢ 6LL0  TLO0  OSI'0  96L0  OLLO  +60°0 v
L660  6L60  IL60  6£ST  YSOT  TILT 1T €LTO  S8E0  TYE0  TY00 1980  LLOO €
9860  SL60 8960  9TLT 69Tl  TWIT 9pEE  OF90  TOZTO  8STO  61€0  TI90 6900 (4
1860  LL60  TL6O  9STT  BELT  TLIT L'98€ 1080  SYI0  $SO0 €90  THEOD  LTOO 1

tp 2] Ip A 73 A (o) 4 t W e Ex tx Ix urod

e Do 09 1% (£) suszuaq—(7) [ouRINGOST—(]) 2[INIU0IIDE WANSAS o) o] elep wnuqinbe pmby-~mode

£ 414VL



111

The liquid-phase activity coefficient y and the vapour-phase fugacity
coefficient ¢ were derived from the following equations

P¢1YI/{X1PI¢ICXP[U (P— PI)/RT]} (1)

P
1 =|2 B, - B, | = 2
n ¢; ( ;yz 17 ;;yzyf IJ) RT (2)

where P is the total pressure, y is the vapour-phase mole fraction, x is the
liquid-phase mole fraction, v" is the pure-liquid molar volume estimated by
the modified Rackett equation [8], P*® is the pure-component vapour pres-
sure at equilibrium temperature T, R is the universal gas constant and B,
is the second virial coefficient calculated from the Hayden—O’Connell
correlation [9].

The experimental data were correlated by the extended UNIQUAC [4]
and UNIQUAC associated-solution models [10]. Both models give the
following forms for the activity coefficient of component I in a ternary
system.

Extended UNIQUAC model

®, o, [z ®, o,
In y,= 11’1(x1)+1'";;"(5) [ln(ol)-l-l—‘é—;:l

—q; ln(gaﬂh) + ‘h? ( ZJ ) ; (ngﬂl)'::” (3)

where the segment fraction ®, the surface fraction § and the adjustable
parameter 7 are expressed by

O, =xr;/ ZXJ"J (4)
J

b, = quI/Z X545 (%)
J

Ty =exp(—ay/T) (6)

where a,; is the binary interaction parameter for the J—I pair and Z is the
coordination number equal to 10. The parameters r, g and ¢’ are pure-com-
ponent molecular structure constants which depend on the molecular size
and the external surface area.

UNIQUAC associated-solution model

The model assumes that isobutanol self-associates linearly (B, + B, = B, ;)
and solvates with acetonitrile and benzene (B,+ A, =B,A; B;+ C,=B,C).
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The activity coefficients of acetonitrile (A), isobutanol (B) and benzene (C)
are expressed by

L) i)
lnyA=1n(x—:’ +1-—%—(%)4A[ln( 0A +1—0—:]
0JTAJ
+g4a|l—1In 2017JA "Z—“""’“‘ (7)
J J ZHKTKJ
K
In yg=1In ———(~) [ln(—)+1—~—-
YB ( ng V}(}] V 2 qB B HB
0,7,
+qp 1_111(201713)_ > (8)
J J ZgKTKJ
K

and In y. is given by changing the subindex A to C in eqn. (7).
The overall segment fractions are related to the monomer segment frac-
tions in terms of the equilibrium constants

raKp ®p
&, =0, 1+ —-—"— 9
Nl N 1= Kus) 9
12
O, = m [1+ ra( Kpa®a, + Kpcc, )| (10)
— K@y
reKpc®p
&= |1+ ——onr"T"o 11
C C,{ (1 'KBq’B]) ( )

®, , @y and P, are simultaneously solved by iteration using egns. (9-11).
The true molar volume of the ternary mixture is given by

1 ___% 1+ KBArA(I)B, + (I’B, (I’c,
( ’B(

+ —_—
1- KDy ) 1-Kg®y) rc

KBC"C(I’B1

14—
(1-Kg®p)

Vo ra

(12)

In pure alcohol q»g‘ and V; are obtained from egns. (13) and (14),
respectively.

0% = [2Kp+1 - (1+4Ky)"?| /2K (13)

Jo = (1=Kt 19

B

The method of Vera et al. [10] was used to estimate r and ¢, which are



113

TABLE 4

Pure component structural parameters for two models

Component Extended UNIQUAC UNIQUAC associated-solution
r q q r q

Acetonitrile  1.87 1.72 q%? 1.50 1.40

Isobutanol 345 3.05 0.88 2.77 242

Benzene 3.19 2.40 q%? 2.56 2.05

different from those used in the extended UNIQUAC model. Table 4
presents the values of r and ¢ for both models.

The VLE data of other two binary systems constituting the present
ternary system have been measured at 45°C: acetonitrile-benzene [11] and
isobutanol-benzene [12].

In the correlation of the binary VLE data a computer program as
described by Prausnitz et al. [13] was used to obtain the optimum binary
parameters of both models by minimizing the following objective function

NI(p-B) (1,-T) —2.) 5V
F= Z ( { . 1) + ( i - l) + (xll 2xlz) + (yll 2y11/ (15)
i=1

op or o; o,

where a circumflex denotes the calculated variable and the estimated stan-

Pressure, Torr
Pressure, Torr

’ L L ¢ i . i
0 0.2 0.4 0.6 0.8 1 0 0.2 0,4 0.6 0.8

Mole fraction of component 1 Mole fraction of component 1

Fig. 1. Vapour-liquid equilibria for (a) acetonitrile (1)-isobutancl (2) at 60°C and (b)
isobutanol (1)-benzene (2) at 45°C: ( ) calculated from the UNIQUAC associated-
solution model; (®) experimental, (a) this work, (b) ref. 12.
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TABLE 6
Ternary calculated results for the system acetonitrile (1)-isobutanol (2)-benzene (3) at 60°C

Model * Vapour mole fractions ( X10%) Pressure

& Sy, 8y, 8P 8P/P
(torr) (%)
Mean deviation I 5.8 5.5 8.7 8.55 225
II 4.6 33 34 248 0.65
Root-mean-square 1 71 6.6 9.8 9.77 2.63
deviation | 5.6 4.0 43 3.52 0.90

2 1 = extended UNIQUAC, II = UNIQUAC associated-solution.

dard deviations for the measured variables were o, =1 torr for pressure,
or=0.05 K for temperature, o, = 0.001 for liquid-phase mole fraction and
o, =0.003 for vapour-phase mole fraction. The equilibrium constants at
50°C and the enthalpies of association and solvation are as follows:
Ky =150.6[14] and hy= —23.2 kJ mol ™' [15] for isobutanol; Ky, = 30 and
hgs = —17 kJ mol ™! for isobutanol-acetonitrile; Kpc = 2.5 and hgc = — 8.3
k¥ mol™' for isobutanol-benzene. hy, hy, and hg- were assumed to be
independent of temperature and fix the temperature-dependence of the
equilibrium constants according to the van’t Hoff relation.

The results of the parameter estimation for the three mﬁary systems are
shown in Table 5. Figure 1 compares the calculated values with the mea-
sured results for the acetonitrile-isobutanol and isobutanol-benzene sys-
tems. Table 6 presents ternary predicted results, indicating that the UN-

BENZENE

0.2 , 4 . .
ACETONITRILE MOLE FRACTICO)NG o8 1ISOBUTANOL

Fig. 2. Equilibrium tie lines: calculated values are obtained from the UNIQUAC associated-
solution model.



116

IQUAC associated-solution model gives better results than the extended
UNIQUAC model. Figure 2 shows the experimental tie lines and the
calculated results derived from the UNIQUAC associated-solution model
and suggests that a ternary azeotrope may not exist in the system.
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