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ABSTRACT

An association model capable of correlating the vapor-liquid and liquid-liquid equi-
librium data of binary liquid mixtures containing sulphur dioxide and organic compounds is
presented. The model requires an association constant for sulphur dioxide (component A),
solvation constants between unlike molecules, a self-association constant for component B
and a nonpolar interaction term among chemical complexes. The model is tested on binary
mixtures of benzene, acetone, diethylaniline and ethylene glycol with sulphur dioxide and is
extended to calculate phase equilibria for the partially miscible sulphur dioxide-benzene-
normal paraffin systems successfully.

INTRODUCTION

Lorimer et al. [1] interpreted the excess Gibbs functions for binary liquid
mixtures of arenes, olefins and certain organic compounds with sulphur
dioxide by using association models which involve a chain association
constant for sulphur dioxide (component A) plus binary solvation constants
for AB and possibly A ,B chemical complexes and either a constant describ-
ing intermolecular interactions among complexes or a self-association con-
stant for component B. However, the method of Lorimer et al. [1] was
unable to reproduce mutual solubility data for binary sulphur dioxide-
saturated hydrocarbon mixtures correctly and, hence, was not suitable for
calculation of ternary liquid—liquid equilibria for sulphur dioxide—aromatic
hydrocarbon—saturated hydrocarbon mixtures.

In this work, we present an association model which can calculate phase
equilibria for binary and ternary liquid mixtures containing sulphur dioxide.

* Author to whom correspondence should be addressed.
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THEORY

The effect of complex formation on thermodynamic properties for mix-
tures of certain organic compounds with sulphur dioxide could be explained
by assuming associated mixtures for all the systems studied. Lorimer et al.
[1] assumed chain association of sulphur dioxide plus AB solvation in
analyzing the data for the arene-SO, mixtures and suggested that the
concept of self-association in liquids diethylaniline and ethylene glycol is
reasonable, because the Trouton constants for these compounds are rela-
tively high.

Binary mixtures

The association model used in this work includes self-association for each
component and two binary solvation steps

A+A=A, Ki= xA,-H/xA,-xA, (1)
B, +B, =B, Kg= xBi+1/xBixB] (2)
A,+B,=AB K, =Xap/Xa Xp (3)
2A,+B,=A,B K,= Xa,8/XA X8, (4)

The sum of the mole fractions of all the chemical species is unity [2].

E Xa, T Xapt+ Xa,pt E Xp,
i=1 i=1

= xAl/(l - KAxA]) +K;xp xp + szilel + xBl/(l - KBxBI) =1 (5)

The stoichiometric mole fractions of components A and B are given with
the monomer mole fractions.

2
3= [ Kuxax, + 2K503 x5, + %0, /(1= Kuxa,)'] /S (6)
2
xp= [ Kyxaxn, + Koxd xp, + x5,/(1 — Kpxs,)’| /S (7)
where the stoichiometric sum, S, is given by
S = 2K1xA‘xB1 + 3K2xile1 + xAl/(l - KAxAl)z + xBl/(l - KBXB1)2 (8)

The activity coefficients of both components can be expressed as de-
scribed elsewhere [2,3].

2
Iny, = ln(xAl/x,"{le) + x%[TBAG]Z}A/(xA + xBGBA)
2
+775Gap/ (x5 + X,GaB) ] (9)
2
In yg = ln(xBl/xl";]xB) + xi[TABGKB/(xB + xAGAB)

+7paGpa/(Xa + X5Gpa )2] (10)
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where
Tea = apa/ T Tap = dap/ T (11)
Gpa= CXP( - aBATBA) Gap = CXP( - aABTAB) (12)

and the nonrandomness parameter, ag,(= a,p), is usually taken as 0.3. x* A
and x§ are the mole fractions of monomers in the pure liquids A and B,
respectlvely The NRTL terms [3] allow for non-specific molecular interac-
tions among all the chemical species. x, and xyg, could be solved simulta-
neously by iteration using eqn. (5) and either eqn. (6) or (7) if the equi-
librium constants are known.

At the pure liquid A, x, = xX and xp=xg =0, then eqn. (5) reduces to

o0
Xox,=x1/(1-Kaxg ) =1 (13)
im
A similar relation holds for xj .
Ternary mixtures

The activity coefficient of any component 7 in a ternary mixture contain-

ing sulphur dioxide (A), benzene (B) and a saturated hydrocarbon (C) is
given by

X; 2 11 Gpx, 2 x,Gyy )y XgTr7Gry
1ny,=1( ‘ )+ L +y L T (14)
XEX1 Z Gkrxx 7 Z Gisxk 2 Gyxg

K
where for the components B and C, x§ = x¢ =1
T=an/T (15)
and
Gy = exp(—a,;7;) (16)

The nominal mole fractions of the components are related to the mono-
mer mole fractions.

X5 = [leA]xBl+xBl/(l—KAxAl)2]/S (17)
Xp= [leAlel+xBl]/S (18)
c=xc/S » (19)

where the stoichiometric sum, S, is expressed by
S=2K x5 xp + Xy, /(1- Kaxa, ) + xp, + X¢, (20)
The monomer mole fractions satisfy the relation

Kyx,xg + x4 /(11— Kaxy ) +xp +xc =1 (21)



272

Equation (17) with either eqns. (18) or (19) and (21) provide three
simultaneous equations in x,, xp and xc, which may be solved by
iteration,

CALCULATED RESULTS

Binary mixtures of benzene, acetone, diethylaniline and ethylene glycol with
sulphur dioxide

The van’t Hoff equation fixes the temperature dependence of the equi-
librium constant.

dInK _ h

o0(1/T) R
The values of K, and h, for chain association of SO, were taken from
Lorimer et al. [1]): K, =2.2 at —23.2°C and h, = —6.6 kJ mol ™. The value
of K for diethylaniline is 0.027 at 0°C [1]. Table 1 shows the values of
equilibrium constants and enthalpies of complex formation. For SO,-ben-
zene mixtures the value of K, is equal to that of Andrews and Keefer [4] and
the enthalpy of complex formation was estimated by taking the difference
between the SO, enthalpy of solution at infinite dilution for saturated
hydrocarbons and that for benzene [5]. The values of solvation constants for
the other mixtures are not the same as those given by Lorimer et al. [1].
Table 2 gives binary calculated results. The monomer mole fractions were
calculated using pertinent mass balance equations and subroutine NOLBR
built in a FACOM M-170F computer. The binary energy parameters were
obtained by minimizing the sum-of-squares of deviation in the excess Gibbs
energy with the simplex method [10]. The experimental excess Gibbs energies
were derived from Redlich—Kister polynomials [1,7]. Since vapor-liquid
equilibrium data for benzene-n-heptane mixtures at —17.8 and —28.9°C
have not been reported in the literature, the binary parameters for
benzene-n-heptane were estimated from the NRTL equation whose three

(22)

TABLE 1

Solvation constants and enthalpies of complex formation

System Temp. K ~h
(°O) (kJ mol 1)
Sulphur dioxide—-acetone —23.2 8.5 13.2
Sulphur dioxide—-benzene 25 0.47 9.2
Sulphur dioxide—diethylaniline, 1:1 complex 0 12
2:1 complex 0 28

Sulphur dioxide—ethylene glycol 0 4.8
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TABLE 2
Calculated results obtained in binary phase equilibrium data reduction
System (A-B) Temp. No. of Parameters Abs. arith.  Ref.
(&S] da?a dpn dnp ap mean dev.
points iy (K) in excess
Gibbs energy
(Jmol™1)
Acetone—sulphur dioxide -232 9 —-474.30 15280 03 171 1
-358 9 —494.14 197.04 03 202 1
~456 9 —419.34 2045 03 175 1
Benzene—sulphur dioxide ~-17.8 19 47.03 —62.76 0.3 164 6
Diethylaniline—sulphur dioxide 0.0 15 —342.68 30031 0.3 16.6 7
Ethylene glycol-sulphur dioxide 0.0 11 ~177.54 75999 03 121 7
Benzene- n-heptane -17.8 112,94 —4223 (.18 8
; -28.9 106.55 —34.34 0.18 -8
Benzene- n-pentane * —-17.8 18 23644 7439 03 6
n-Heptane-sulphur dioxide -17.8 MS?® 840.19 0.73 0.3 9
—28.9 MS 801.50 38.71 0.3 9
n-Pentane-sulphur dioxide —-17.8 MS 554.33 13.82 0.3 6

? The abs. arith. mean dev. in vapor mole fraction is 0.0024 and that in pressure is 0.63 Torr.
® MS = mutual solubilities.

-500-

-1000r _

Excess Gibbs Energy, J mol"1

-1500 = —

-2000 r— .

y 1 e |
0 0.2 0.4 0.6 0.8 1
Mole fraction of S0,
Fig. 1. Excess Gibbs energies for SO, —acetone mixtures. Experimental points (a, —23.2°C;
0, —35.8°C; O, —45.6°C), data of Lorimer et al. [1]. Calculated ( ).
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temperature-dependent parameters were given by Renon et al. [8] in the
simultaneous correlation of vapor-liquid equilibrium and excess enthalpy
data. The parameters for benzene-n-pentane were taken from Gmehling et
al. [11].

Mutual solubility data were used to obtain the energy parameters of
paraffin-SO, mixtures by solving the relation for each component I with
the Newton-Raphson technique.

(leI)I = (lel)“ (23)

where the superscripts I and II represent equilibrium phases.

Figures 1 and 2 show that the proposed association model gives a good
representation of the excess Gibbs energies for mixtures of acetone, diethyl-
aniline and ethylene glycol with SO,.

Ternary mixtures of hydrocarbons with sulphur dioxide

Vapor-liquid equilibrium calculations were performed using the following
equation for any component I.

_ S S L _ s
& P =y, x,0, P eXP[UI (P~ P; )/RT] (24)
1 L T 1
sool- 4
0

E
-

= -soof .
g
QO
o
23]
a
5

© -1000p -1
°
13}
]

-1500}- -

-2000f y

] Y L ]
0 0.2 0.4 0.6 0.8 1

Mole fraction of SO2

Fig. 2. Excess Gibbs energies for SO, —-diethylaniline and SO, -ethylene glycol mixtures at
0°C. Experimental points (for diethylaniline, O; for ethylene glycol, O), data of Foote and
Fleischer [7]. Calculated ( ).
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where P is the total pressure, P; is the vapor pressure of pure component /
and y is the vapor-phase mole fraction. The fugacity coefficients, ¢ and ¢;,
were calculated from the volume-explicit virial equation truncated after the
second term. The second virial coefficients were estimated by the generalized
method of Hayden and O’Connell [12]. The pure liquid molar volumes, v},
were calculated using the modified Rackett equation [13]. The pure compo-
nent vapor pressures were obtained from the Antoine equation [11,14]. Table
3 compares calculated values obtained from only the binary parameters with

BENZENE
06 - - 0.4
A 08 02
.
[ I
Mf Y] v,
! 0.6 08
n-PENTANE o2 oa:OLE FRACTION SULPHUR DIOXIDE
BENZENE -

B
n-HEPTANE 2 CMOLE FRECTION ®SULPHUR DIOXIDE
BENZENE
c 0.8
n-HEPTANE ooz CWOLE FRACTION ®&ULPHUR DIOXIDE

Fig. 3. Ternary liquid-liquid equilibria for mixtures of hydrocarbons with SO,. Experimental:
A, n-pentane-benzene-SO, at —17.8°C, (6— — —@) tie-line data of Bowden et al. [6}; B,
n-heptane-benzene-S0O, at —17.8°C, (O) solubility data of Satterfield et al. [9]; C, n-
heptane-benzene-SQO, at —28.9°C, (O) solubility data of Satterfield et al. [9]. Calculated
( )-
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the experimental vapor-liquid equilibrium data of Bowden et al. [6] for the
n-pentane—SO,-benzene system at —17.8°C. Agreement is considered good.

The ternary activity coefficient equations were used with an algorithm
developed by Null [15] to predict the binodal curve and tie lines for the
normal paraffin—benzene-SO, systems. The predictions of the binodal curves
shown in Fig. 3 were based only on binary information.

In conclusion, although more ternary experimental phase equilibrium data
are needed to test the ability of the association model, the calculated results
suggest that the model may be useful in the correlation and prediction of
phase equilibria for SO, liquid mixtures.

NOTATION

a,; binary interaction parameter defined by (g,, — g,,)/R

Gy coefficient defined by exp(—a;;7;;)

81 binary interaction parameter

ha molar enthalpy of chain association of SO,

hy enthalpy of formation of chemical complex AB

K, equilibrium constant for linear association of SO,

Ky equilibrium constant for linear association of component B
K, K, equilibrium constants of formation of chemical complexes AB

and A,B
P total pressure
P; saturation pressure of pure component [
R universal gas constant
S stoichiometric sum
T absolute temperature
vr molar liquid volume of pure component I
X, liquid-phase mole fraction of component 7
vy vapor-phase mole fraction of component /

Greek letters

oy nonrandomness parameter of NRTL equation, a,; = a4,

Y activity coefficient of component

Ty coefficient as defined by (g,;,— g,,)/RT=a,/T

@, vapor-phase fugacity coefficient of component 7

¢ vapor-phase fugacity coefficient of pure component 7 at sys-

tem temperature T and pressure P/
Subscripts

AB.C SO, and organic compounds
A B, i-mers of SO, and component B
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A.B.,C monomers of SO, and organic compounds B and C
AB,A,B chemical complexes between SO, and compound B
Superscripts

L. liquid

s saturation

%*

pure liquid
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