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Chapter 6: Fugacities in Liquid Mixtures: Excess
Functions
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Figure 13.1: Schematic representation of VLE. The temperature T and
pressure P are uniform throughout the vessel and can be measured
with appropriate instruments. Vapor and liquid samples may be
withdrawn for analysis, and this provides experimental values for
mole fractions in the vapor {y;} and mole fractions in the liquid {x;}.

Although VLE problems with other combinations of variables are possible, engineering interest
centers on dewpoint and bubblepoint calculations, of which there are four types:

BUBL P: Calculate {y;} and P, given {x;} and T
DEW P:  Calculate {x;} and P, given {y;} and T
BUBL T: Calculate {y;} and T, given {x;} and P
DEW T: Calculate {x;} and T', given {y; } and P

P=Yx,PH™ (13.17)
i

This equation finds direct application in bubblepoint calculations, where the vapor-phase
composition is unknown. For a binary system withx, =1 — xy,

P =P+ (P{™ — P5")x, (13.18)

and a plot of P vs. x; at constant temperature is a straight line connecting P3* at x; = 0 with
Pf"“ at x; = 1. The Pxy diagram of Fig. 12.11 for acetonitrile(l)/nitromethane(2) shows this
linear relation.

For this system at a temperature of 75°C, the pure-species vapor pressures are
P = 83.21 kPa and P;* = 41.98 kPa. BUBL P calculations are readily carried out by
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substitution of these values in Eq. (13.18), along with values of x;. The results allow calcula-
tion of the P-x; relation. The corresponding values of y; are found from Eq. (13.16):

x P

n=—5-

P

The following table shows the results of calculation. These are the values used to construct the
P-xi-y; diagram of Fig. 12.11:

X1 y1 P/kPa X1 V1 P/kPa
0.0  0.0000 41.98 0.6 0.7483 66.72
02 03313 50.23 0.8  0.8880 74.96
04 05692 58.47 1.0 1.0000 83.21

Table 13.1: VLE Data for Methyl Ethyl Ketone(l)/Toluene(2) at 50°C

P/kPa x| Y1 fl=wpP fi=ypP ! 12
1230 (P5™)  0.0000  0.0000 0.000 12.300 (P5™) 1.000
15.51 00895  0.2716 4212 11.298 1304  1.009
18.61 0.1981  0.4565 8.496 10.114 1.188  1.026
21.63 0.3193  0.5934 12.835 8.795 1.114  1.050
24.01 0.4232  0.6815 16.363 7.697 1.071 1.078
25.92 05119  0.7440 19.284 6.636 1.044  1.105
27.96 0.6096  0.8050  22.508 5.542 1.023  1.135
30.12 07135  0.8639  26.021 4.099 1.010  1.163
31.75 07934  0.9048  28.727 3.023 1.003  1.189
34.15 09102  0.9590  32.750 1.400 0.997  1.268
36.09 (P} 10000  1.0000  36.090 (P}*) 0.000 1.000
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Table 13.3: VLE Data for Methyl Ethyl Ketone(l)/Toluene(2) at 50°C

P/kPa X1 Y1 In Y1 In Y2 GEI{RT GE;‘{(XIIQRT)
12.30 (P5™)  0.0000 0.0000 0.000 0.000
15.51 0.0895 0.2716 0.266 0.009 0.032 0.389
18.61 0.1981 0.4565 0.172 0.025 0.054 0.342
21.63 0.3193 0.5934 0.108 0.049 0.068 0.312
24.01 04232 0.6815 0.069 0.075 0.072 0.297
25.92 0.5119 0.7440 0.043 0.100 0.071 0.283
27.96 0.6096 0.8050 0.023 0.127 0.063 0.267
30.12 0.7135 0.8639 0.010 0.151 0.051 0.248
31.75 0.7934 0.9048 0.003 0.173 0.038 0.234
34.15 0.9102 0.9590 -0.003 0.237 0.019 0.227
36.09 (P;*)  1.0000 1.0000 0.000 0.000

041 o i
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Figure 13.6: The methyl ethyl ketone(1)/toluene(2) system at 50°C. (a) Pxy data and their correlation.

(k) Liquid-phase properties and their correlation.
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Data Reduction

Of the sets of points shown in Fig. 13.6(b), those for GE/(x1x,RT) most closely conform to
a simple mathematical relation. Thus a straight line provides a reasonable approximation to
this set of points, and mathematical expression is given to this linear relation by the equation:

GE
X]XERT

=Ayx; +Appxs

where Ay and A, are constants in any particular application. This is the Margules equation
as given by Eq. (13.39), with corresponding expressions for the activity coefficients given by
Egs. (13.40) and (13.41).

For the methyl ethyl ketone/toluene system considered here, the curves of Fig. 13.6(b)
for G¥/RT, In y1, and In y, represent Eqgs. (13.39), (13.40), and (13.41) with:

A12=0.372 and Ag = 0.198

These are values of the intercepts at x; = 0 and x; = 1 of the straight line drawn to represent
the GF/(x1x>RT) data points.

A set of VLE data has here been reduced to a simple mathematical equation for the
dimensionless excess Gibbs energy:

E

G
RT = (0.198x1 + 0.372x2)x1x2

Two-Suffix Margules Equation. The simplest nontrivial expression that obeys
these boundary conditions is

where A is an empirical constant with units of energy, characteristic of components 1
and 2, that depends on the temperature but not on composition.

Equation (6-46) immediately gives expressions for activity coefficients y, and
¥4 by substitution in the relation between activity coefficient and excess Gibbs energy

[Eq. (6-25)]:

_ anrgk

E _ T8

RTIny; =g —[ o ) (6-47)
v JTPay

where m; is the number of moles of i and nr is the total number of moles. Remem-
bering that x; =n /ny and x5 =ny /0y, we obtain

A 4
Inyy=—=x (6-48)
Iny, = (6-49)
RT

6.9 Testing Equilibrium Data for Thermodynamic Consistency
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Figure 6-5 Activity-coefficient ratio for a simple mixture. Experimental data for n-
hexane (1)/toluene {2) at 1.013 bar. The line is drawn to satisfy the area (consistency)
test given by Eq. (6-92).
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0.2 T

Figure 6-6 Activity-coefficient ratio for a n;lixture of intermediate complexity. Experi-
mental data for benzene (1)/isooctane (2) at total pressures ranging from 0.981 to

1.013 bar.
L5 T T T T
1.O= -
05 -
l
=S
£
w O
=1
-
0.5 -
=L ] 1 1 ]
Q (] Q.4 N 0.6 ol ] L0
i

Figure 6-7 Activity-coefficient ratio for a highly complex mixture. Experimental data
for ethanol (1)/methylcyclohexane (2) in the region 30-35°C.
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BENZENE {11/ 1SO0CTANE(2) AT 45°C
| VAN LAAR CONSTANTS A=0.419 |
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Figure 6-13 Application of van Laar’s equations to a mixture whose components
differ appreciably in molecular size.

sl ¥ olaa
e a8)S ;o sy (JeSlge sl ojlusl jo (oo Dglas a5 w52 g0 51 (2Ugs (Il
Lo w5 el 45 ol bogliee sl s Lo o <¥olan Gy = 0y = G Lo Loy
Vgors whlizen slo JsSgo gmns sl o3l 51 ks By b Ll g, g0 5150 05,0 (SluSs Jgo

m2le> Codlad ol o 0,50 0 adolas (pl 0050 000y LG mle slo bglss glgil 5l 5

IV K
E _ : -
87 = X1%[A+B(x; = x3)+ Clx; - x2) + D(%) - )3 +...] (6-52)"
In 31 = A'%>2 + B'%X,° + C'xo? (7-YV)
Iny, = (A’ +% B+ 2C'jx12 —[B’ +%C'jx13 +Cx* (7-Y¥)

Swd pdsS e sla il )L AL B, CY
Ol g ddolro

sl 0315 &1l s Jskmo S S35 65l 6l |y y25 Aoleo (ypmdss

¢




Sl 090 - (I Al 350 -5 5 Cad (oo (ot 0SSN0 o Loww oSS
S938 &g tale 5 b bolko yo awlEed —aid pioy

E

g

ﬁ:—xl In(Xl + AN12 X2)—X2 |n(X2 +/\21X1) (?-T’b)

In 1 =—1In(x + A2 X2) + Xo M2 ~al (7-77)
X1+ N2 X2 Noq X1 + Xo

N\ AN\

Inyz =—In(Xz + A21%) — X1|: 2 _ 2l } (7-7V)

X1 + A2 X2 Np1 X1 + Xo

o b i S gily el dB s 5l Jlews! Jelore a4y Cd S 958 (555 (YO) aloles o
Dgls
ALz (oo slo oz 4y Volae &b 5l aS 0)ls pss LS el 90 gdyg dlslas

1)2 112 — /111
= —= eX -
N12 oy p|: RT :l (‘? Y‘/\)
L1 Ao — Ao 5_va
= —eX] _—_ -
ra=y p[ RT } S

l_»o..\_mo.)bul_uudl_yjs.]you.h_au‘_and))_)‘ ﬂﬁi u"-]b")"é’L"gsIFw” Ui as

Vo




Sl 090 - (I Al 350 -5 5 Cad (oo (ot 0SSN0 o Loww oSS
S938 &g tale 5 b bolko yo awlEed —aid pioy

1.0 ' .

© EXPERIMENT
08

VAN LAAR

0.6~ P aaad S

/5
Y
0.4} i
02 i

Figure 6-17 Vapor-liquid equilibrium for the ethanol (1)/ isooctane (2) system at
50°C. Lines calculated from P-x data. The van Laar equations erroneously predict
partial immiscibility. -
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Figure 6-18 Parameters in NRTL equation for the nitroethane (1)/isooctane (2) sys-
tem calculated from vapor-liquid and liquid-liquid equilibrium data.
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Table 6-9 Some structural parameters for UNIQUAC equation.”

Component o g
Carbon tetrachloride 3.33 2.82
Chloroform . 270 2.34
Formic acid 154 1.48
Methanol | 1.43 1.43
Acetonitrile 1.87 1.72
Acetic acid 1.90 - 1.80
‘Nitroethane 2.68 241
Ethanol N 2.11 -1.97
Acetone 2.57 2.34
Ethyl acetate 3.48 3.12
Methyl ethyl ketone ~ 3.25 - 2.88
Diethylamine - 3.68 3.17
Benzene - 3.19 2.40
Methylcyclopentane 3.97 3.01

* Methyl isobutyl ketone ~ 4.60 4.03
n-Hexane : 4.50 3.86
Toluene 3.92 2.97
n-Heptane 5.17 _ 4.40
n-Octane . 5.85 4.94
Water | 0.92 1.40
Component q' Component q
Water 1.00 C,-alcohols 0.88"
CH,0H 0.96 C;-alcohols 1.15
C,H,OH 092 Cs-alcohols 1.78
C;-alcohols 0.89 C,-alcohols 2.71

* These parameters are dimensionless because they are (arbitrar-
ily) taken relative to the size and surface area of a —CH,— unitin
a high-molecular-weight paraffin.
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Table 6-10 Some binary parameters for UNIQUAC equation.*

Energy parameters (K)

System (1)/(2) T(K) a,, a,,
Acetonitrile/benzene 318 -40.70 299.79
n-Hexane/nitromethane 318 230.64 -5.86
Acetone/chloroform 323 -171.71 93.93
Ethanol/r-octane 348 -123.57 1354.92
Formic acid/acetic acid 374-387 -144.58 241.64
Propionic acid/methyl isobutyl ketone  390-411 -78.49 136.46
Acetone/water 331-368 530.99 -100.71
Acetonitrile/water 350-364 294.10 61.92
Acetic acid/water 373-389 530.94 -299.90
Formic acid/water 374-380 - 92401 -525.85
Methylcyclopentane/ethanol 333-349 1383.93 -118.27
Methylcyclopentane/benzene 344-352 56.47 -6.47
Ethanol/carbon tetrachloride 340-351 -138.90 947.20
Ethanol/benzene 350-369 -75.13 242.53
Methyl ethyl ketone/n-heptane 328 -25.64 1127.95
Methanol/benzene 528 -56.35 972.09
Chloroform/ethanol 323 934.23 -208.50
Chloroform/n-heptane 323 -19.26 88.40
Ethanol/n-heptane 323 - -105.23  1380.30
Acetone/methanol 323 379.31 . -108.42
Methanol/ethy] acetate 335-347 -107.54 579.61

* Data sources are given by Anderson (1978).
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Figure 6-21 Negative deviations from ideality. Vapor-liquid equilibria for the ace-

tone (1)/chloroform

(2) system at 50°C.

6.12 Excess Function and Partial Miscibility

Amixd

Temperature
g |

2
a (6 Amixg) -
ax* hr
il T,
i o f I
! 1 !
NG L LR
: i : I
A
! ! ! ! 1
- ' H T 1 t -

One Phaseg i ' : Crmcé\s[, Point
--------- ! | Binodal Curve
| :

! i
1
Metastable /! Spinodal Curve
Region ! !
i | |
1 ‘ |
] ! 1 :
; 1Two Phases |
0 X{ Xy X1. 9

Figure 6-24 Molar Gibbs energy of mixing and 7-x diagram of a mixture at constant
pressure: T, partially miscible; T, totally miscible.
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gF = gmixe = RT(x; Inxy + x5 Inx,) - X18pure 1 ~ X28pure2 (6-130)

Substituting into Eq. (6-128), we obtain for instability

2,E
X4 T.P X X

A decrease in the Gibbs energy of a binary liquid mixture due to the formation of
another liquid phase can occur only if a plot of the Gibbs energy change of mixing
against mole fraction is, in part, concave downward. Therefore, the condition for insta-
bility of a binary liquid mixture is

2, .
[_5 3n;xt) <0 (6-128)"
ox rp

or

24 .
(_._.__a Ang <0 (6-129)
TP

gf = Axx, (6-132)

where A is a constant dependent only on temperature. Then

2, E .
(a L J =24 (6-133)
Ox; r.p

a-nd substitution in Eq. (6-131) gives

-2A< --RT(i + —I—J (6-134)

X1 X2

Muitiplying both sides by -1 inverts the inequality sign, and the condition for instabil-
ity becomes

24> RT(—1—+ l) - RT (6-135)
X X3 X1X2
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The smallest value of A that satisfies inequality (6-135) is
A=2RT (6-136)

and, therefore, instability occurs whenever

4 52
RT (6-137)
(a) ONE PHASE (©) ONE PHASE

UPPER T? _
g TWO PHASES TWO PHASES
2
<
[
a
= | (b)
w
‘_

Tower 1€~

ONE PHASE
0 10 |
X X

Figure 6-27 Phase stability in four binary liquid mixtures.

6.14 Excess Functions for Multicomponent MiXtures

6.15 Wilson, NRTL, and UNIQUAC Equations for
Multicomponent Mixtures
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Wilson Equation. For a solution of m components, Wilson’s equation is

E m m
E - S xinf YxjAy (6-162)
RT &

j=1
where ’
_ 'Uj ?"IJ —lﬁ i
Ay =;;-exp - (6-163)
) y W W
=Y i )
Aji =;;-exp[— RT ] (6-164)

The activity coefficient for any component k is given by

Iny, =-In ijAkj +1-_Z’,,,—"— (6-165)
J=1 i=1 ZxJAzJ
=l

NRTL Equation. For a solution of m components, the NRTL equation is

m
B m thﬁGﬁxj
g Jj=
o= 6-166
= le ” (6-166)
2.Guxy
=1
where
_&ji—&ii
YiTT R \ (6-167)
Gji =exp(-a ;T j;) (o j; = o) © (6-168)
The activity coefficient for any component i is given by
m m
fo‘cf"xf m G 257Gy
— = ]y =1 )
Iny; =— +§l — T == (6-169)
ZG,,—xl = ZGljxf ZG]jx,
=1 I=1 I=1
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