Critical Properties of Dilute Multicomponent

Mixtures

Equations for the critical properties of dilute multicomponent mixtures
have been derived using the Soave-Redlich-Kwong equation of state.
The utility and limitations of the approach are described using data on

47 mixtures from the literature. New data on three dilute multicomponent
mixtures have also been measured in this work and are compared with
the predictions of our method. In general, it is possible to predict all
three critical properties of dilute multicomponent systems with a
satisfactory degree of accuracy. Predictions are as good as those
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obtained from conventional equation of state methods, which employ a
rigorous solution of the Gibbs criteria for the critical point, but offer the
advantage that no iterations are required in the calculations.

Introduction

Dilute mixtures are composed almost entirely of one species,
the solvent, with the remaining small fraction of the mixture, the
solute or impurity, consisting of one or more other species. The
thermodynamic properties of dilute mixtures are important in
many applications. For example, in supercritical extraction, a
knowledge of the critical point of the dilute system consisting of
the supercritical solvent and the extracted material is necessary
to determine the conditions at which maximum changes in
solubility occur. However, the prediction of the properties of
multicomponent mixtures that are common in supercritical
extraction and other processes is difficult. This is because the
number and complexity of equations that must be solved to
obtain the phases in equilibrium increase rapidly with the
number of components. The nature of dilute systems, however,
can often be used to reduce the mathematical complexity of the
equations that must be solved. Gualtieri et al. (1982) recently
derived a general framework for the calculation of the critical
properties of dilute mixtures. They used their procedure with the
van der Waals (vdW) equation of state to obtain analytical
expressions for the critical properties. The van der Waals
equation was chosen because of the long derivation necessary to
obtain the final expressions for the critical properties. More
recently, Morrison and Kincaid (1984) compared their experi-
mental measurements of the critical properties of a number of
dilute mixtures with the predictions of the dilute mixture-van
der Waals (dilute-vdW) theory of Gualtieri et al., and con-
cluded that the agreement between theory and experiment was
only qualitative. In the present work, we have used the general
framework of Gualtieri et al. (1982) with the Soave-Redlich-
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Kwong (SRK) equation of state to obtain expressions for the
critical properties (T,, V,) of dilute multicomponent mixtures.
The approach of Gualtieri et al. was also extended to the
calculation of P, in this work. Although the derivation of the
expressions is substantially more complex than in the case of the
vdW equation, the final expressions are very easy to apply and
involve no iterations. We have tested the range of applicability
of these expressions using data on 47 mixtures obtained from the
literature. In addition, new data on the critical properties of
three dilute muiticomponent mixtures were measured to better
illustrate the limitations of the method.

Definition of a Dilute Muiticomponent Mixture

Dilute multicomponent mixtures are composed of mostly one
species, the solvent (denoted by index 1 and mole fraction x, in
the work described below), and other components (denoted by
indices 2, 3, ..., ¢ and mole fractions x,, x;, ..., x,). These
other components may be termed impurities because of their low
concentrations. Thus, 27_, x; = ¢ is small. Since number densi-
tites are a more appropriate set of variables than mole fractions
in the Gualtieri et al. framework, we can also characterize a
dilute mixture by the number density of each of its components:
p, for the solvent and p,, . . ., p, for the impurities. By conven-

tion,
n X 1
pPi = V_ ‘f} ( )
n=_2_p 2)
jz2
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where 7 is small, IV, is the number of molecules of component i, ¥V
is the total volume of the system, and ¥ is the volume per
molecule.

The Soave-Redlich-Kwong Equation of State

To be consistent with the method of Gualtieri et al., the
Soave-Redlich-Kwong (SRK) equation of state must first be
expressed in terms of the molecular volume %. Thus:

1 Ba(T)

P =55 56+ h ®

where 8 = 1/kT, and k is the Boltzmann constant. The pure
component parameters a, and b, are given by:

a; = 0.42748 ;j" o (T) (4)

and
b; = 0.08664 Ko &)

P
where

Vo(T) =1 + M1 - JT,) (6)

with
M; = 0.480 + 1.57w; — 0.176w? 0
T, P, and w; are the critical temperature, critical pressure, and

acentric factor of component i, respectively, and T, = T/T,; is
the reduced temperature. The Helmholtz energy per umt
volume, 4 = NA/V, can be obtained by integration of the
expression for the pressure. This gives:

BAT o) =2 pilnp —p+2_pIn(A) +7 (8)

where A, is the thermal de Broglie wavelength. The righthand
side of Eq. 8 consists of an ideal mixing term and a nonideal
mixing term m, with

7= —pln{l - pb) — Bry ln(l + pb) )]

Conventional mixing rules with a binary interaction parameter
k; are used to extend the SRK equation to mixtures.

Critical Properties of Dilute Mixtures

As demonstrated by Gualtieri et al. (1982), when the critical
point conditions are applied to dilute multicomponent mixtures,
they lead the the following equations:

(@)
dn [|,-0

T
<P17|',~2j) - #
- 0pim); (10)

aT
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and

9p, om,
(5) = (3 <pl7r]j 6 > (pl(ﬂ'lj) )

=0

azﬂ'HdTC 327r“ az(pﬂr“) -1 (11)
~ P \eaT dn )|, " P \omidn)| o[ | ap?

where w; denotes &%)/ dp;dp;) and ( ) denotes an averaging
process defined by:

1S 1S
(i) = =2 phy= =2 xhy (12)
nj=2 €,
(g] Z pjgj ZZ xjgj (13)
€52

where h;; and g; are generic quantities. The derivation of Egs. 10
and 11 can be found in Gualtieri et al. (1982). Combining the
nonideal parts of the Helmholtz density function for the SRK
equation, Eq. 9, with Eqgs. 10 and 11 leads to the following
expressions for the critical temperature and volume of a dilute
multicomponent mixture:

bj 2 alj 2
1025666 || ) + 2.26989 {2
L+ M b, ap
a .
- 152654< Y ’> 001323< >- 1.01322 <l>” (14)
nb ap
b; ay; 3
0, = v {1 + €f1 — 0.14952 +3.93341 (|~
bl a
b, 0.27207 b
+0.11973 {72) + 07{|3
a]j a]j 2
+0.03044 (—2) — 2.65661 ( {—2
a ayy
2 b b2
- 396793< i ’> + 1. 33421< 4 ’>
a“b‘ nb

—1
+ 0. 08420< ;;Z’m (15)

where the averaging process { ) is defined by Eqgs. 12 and 13.
Details of the derivation are given in the Appendix B. Note that
these expressions remain unchanged when the SRK constants of
each of the pure fluids are calculated on a molar basis as follows:

Tt = Td {1 +

RZ(TCE)Z

a; = 042748 === a(T) (16)
RTci

b; = 0.08664 —— 17}

Equations 14 and 15 for T, and v, satisfy two constraints:

1. When there is no impurity (¢ = 0), the critical temperature
and number density of the mixture are the same as those of the
solvent (i.e., T, = T,;and v, = v,).
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2. When the solvent itself is added as an impurity [(b;/
b)) = (a,;/a,) = 1], the critical properties of the mixture
remain unchanged.

it should also be noted that Eqs. 14 and 15 do not contain any
terms that correct for interactions between the impurities (a,).
Only solvent-impurity interactions (a,;) are considered. This is a
result of the first-order Taylor series expansion about the critical
point of the solvent that was used in the derivation of the
equations (see Appendix A). Another consequence of the
first-order development is that, for an impurity of given constitu-
tion, Eqgs. 14 and 15 predict shifts in the critical temperature and
number density of solvent that are proportional to the total mole
fraction of the impurity. This is an important result, especially
for multicomponent systems. It means that, in the limit of
infinite dilution, the effect of a complex impurity on the critical
point of the solvent is directly proportional to the total amount of
the impurity.

Equations 14 and 15 allow the calculation of 7, and v, of a
dilute multicomponent mixture from a knowledge of the critical
properties of all components, and binary interaction parameters
for the interactions between the solvent and the impurities, if
available. The critical pressure of the mixture can then be
calculated using the SRK equation of state. However, because
the critical compressibility of real fluids is not predicted accu-
rately by a cubic equation of state such as the SRK equation, the
procedure must be modified to give good predictions of all three
critical constants of a dilute mixture. The procedure adopted in
the present work was as follows:

1. Given T,, and P, of the solvent, v/, is calculated using the
SRK compressibility of ¥,

2. This value of v/, is used in Eq. 14 to obtain v/ of the dilute
multicomponent mixture

3. P_of the dilute system is then calculated from the SRK
equation using the above value of v/ , and the value of T,
calculated from Eq. 15

4. The experimental value of v, is then used in Eq. 14 to
obtain v,

Extension to dilute polydisperse mixtures

In a dilute mixture containing impurities, the compositon is
commonly represented by the mole fraction x; of each species i.
If the number of impurity species is large, it may be more
convenient to adopt a continuous description of the mole
fractions. The composition of the impurity is then determined by
a continuous mole fraction distribution function D(k) or the
mole fraction density function F (k) where F is defined as

1 dD(k)
Fk) = ~—— (18)

so that

LbF(k) dk =1 (19)

The identity variable k may be a property such as the molecular
weight or the boiling point, and its range may be finite or infinite.

With this notation, the averaging process for the two generic
functions A(1,7) and g(i) already defined with the discrete
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index, becomes:

1 <
() E_ijhljszF(k)h(l,k) dk (20)
6j=2 a
1 <
(g} = < Y xg = ./;b F(k)g(k) dk (¥3))
j=2

Equations 10 and 11 can be combined with Egs. 20 and 21 to
predict shifts in the critical temperature and number density of
solvent that are proportional to give the critical point of a solvent

Table 1. Compositions of Dilute Mixtures Studied
Mix.
No. Components (mol %) Ref.*
1 nC,(91), nCy(5.6), nC4(0.12), N,(3.3) a
2 nC,(95.9), nC,(2.6), nC,(0.01), N,(1.5) a
3 nC,(95), nC,(2.6), nC,(0.78), N,(1.6) a
4 nC,(94.5), nC,(2.6), nC4(0.81), nC,(0.52), N,(1.6) a
5 nC(94.3), nC,(2.7), nC,(0.74), nC,(0.49),

nC4(0.01), 1C4(0.27), N,(1.4)

6  C0,97.39), nCy(2.61)
7 C0,5(90.25), nC5(9.75)
8 CO,(98.95), nC,(1.05)
9 CO,(98.57), nC,(1.43)

10 CO4(97.39), nC,(2.61)

11 CO,(97.34), nC,(2.66)
12 COy(97.18), nC,(2.82)
13 CO(96.67), nCy(3.33)
14 CO496.59), nC,(3.41)
15 CO4(96.09), nCy(3.91)

16  CO,(95.04), nC,(4.96)
17 COX(90.15), nC5(9.85)
18 CO,(97.48), nC,(2.52)
19 CO,(91.44), nC,(8.56)
20 CO4(97.51), nCy(1.23), nCy(1.26)

21 CO,(97.44), nC,(1.93), nC,(0.63)
22 CO,97.51), nC,(0.63), nC,(1.86)
23 CO,(97.46), nC,(1.27), nC,(1.27)
24 CO,(97.39), nC,(1.32), nC,(1.29)
25 CO,(97.50), nC,(0.81), nC,(0.84), nC,(0.85)

26 CO,(90.73), nC,(4.82), nC,(4.43)
27 CO,(91.15), nC,(4.45), nC,(4.40)

28 CO,(91.16), nCy(4.43), nC,(4.41)

29 CO,(93.62), nC,(2.82), nC,(3.56), nC,(3.23)
30 nC,(89.8), nC,(10.2)

6O oo oTQCoC oo oo o TCUTCOoCOoOoO CoToC o R

31 nC,(89.65), nC,(10.35) c
32 nC,(87.45), nCs(12.5) c
33 nC4(86.01), nC,(13.99) c
34 nC,(92.6), nC,(7.4) d
35 nC,(91.8), nCy(8.2) d
36 nC;(90.9), nC,(9.1) d
37 nC,,(90.0), nC,,(10.0) e
38 nC,(90.0), nC,(10.0) e
39 nCy(90.0), nC,,(10.0) e
40 nC,5(90.0), nC,4(10.0) e
41 nC¢(90.0), nC,5(10.0) e
42 nC,4(90.0), nC,(10.0) e
43 nC,4(90.0), nC4(10.0) e
44 nC,(94.61), nCy(5.39) f
45 nC4(95.9), nCy(4.19) f
46 nC,,(90.0), nC(10.0) €
47 nC(90.0), nC,,(10.0) e

*a; Peng & Robinson (1977); b: Morrison & Kincaid (1984); c: Kay et al.
(1975); d: Kay (1970); e: Pak & Kay (1972); f: Kay et al. (1974)
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containing a polydispersed impurity. Equations 14 and 15 are
again obtained, but with the averaging process defined by Egs.
20 and 21. The possible use of the dilute mixture-SRK (dilute-
SRK) approach for dilute polydisperse mixtures could be of
interest, for example, in the calculation of the properties of
undefined mixtures.

Comparison with Literature Data

Experimental critical properties of 47 dilute mixtures were
obtained from the literature, with dilute mixtures being arbi-

trarily defined as mixtures in which the solvent mole fraction is
greater than 0.9. The only multicomponent systems for which
data are available in the literature are mixtures containing
hydrocarbons, with or without CO,. The compositions of these
mixtures are reported in Table 1. Some binary mixtures are
included in Table I because of a lack of experimental data on
ternary and higher mixtures in the literature. Mixtures 1-5 are
multicomponent mixtures with methane as the solvent. Mix-
tures 628 are binary and multicomponent mixtures with CO,
as the solvent and C,H,, C,H,;, C,H,, as the impurities.

Table 2. Comparison of Various Estimation Methods for T, P,, and v, of Dilute Mixtures

. T..K P kPa v, mL/mol
Mix.
No. Exp. A B C Exp. B C Exp. A B C
1 199.3 2.6 0.0 -0.9 5341 19 719 -387 — — —_— —
2 193.9 1.7 0.6 0.3 4932 -1 298 - 166 - — — —
3 196.5 2.6 0.7 -0.2 5180 29 682 -327 - — — —_—
4 199.5 4.0 0.8 -1.0 5456 246 1391 —496 — — — —
5 201.1 9.4 2.5 -2.0 5578 1411 3068 —-568 — — — —
6 302.7 1.3 1.2 1.2 7250 24 307 26 95.1 0.2 -34 20.8
7 298.9 4.7 4.1 4.2 6935 37 1093 65 98.2 1.1 —12.1 22.5
8 304.2 -0.2 0.7 —-1.0 7324 —42 517 ~48 — — — —
9 304.1 -0.1 1.0 ~1.2 7243 3 764 -5 — - — —
10 304.1 -0.3 1.8 -2.2 7229 —98 1294 ~105 —_ _ — —
il 304.1 -0.3 1.8 2.2 7230 -103 1315 ~110 95.5 1.7 —13.9 223
12 304.1 -0.4 19 ~2.3 7200 -89 1415 -95 — — —— —
13 304.1 -0.5 23 -2.7 7180 —118 1660 —-122 — — — —
14 304.2 -0.6 2.2 -2.9 7178 - 124 1697 -127 — — — —
15 304.2 -0.7 2.5 -3.2 7158 —152 1937 —151 — — — —
16 3043 -~0.9 3.1 —4.0 7108 —203 2451 —-190 — — —_ —
17 305.3 —-2.8 5.3 -7.0 6950 ~515 4797 -382 100.4 6.8 —40.1 27.7
18 306.1 -1.2 1.9 -4.3 7336 -316 2986 —298 95.8 33 -27.7 24.1
19 315.2 ~5.8 4.7 —-12.2 7663 —1523 9987 —1156 101.1 12.8 ~60.1 32.6
20 303.6 0.3 1.3 -0.7 7256 ~46 758 ~49 95.2 0.9 —84 21.5
21 303.2 0.8 1.2 0.2 7263 —22 523 ~22 95.5 0.2 ~6.3 20.8
22 303.9 0.0 14 ~1.4 7251 ~74 985 ~19 95.4 1.2 -10.8 21.7
23 304.5 0.0 1.5 -1.8 7279 —-132 1661 -127 95.8 1.4 -17.7 221
24 305.2 -0.8 1.8 —-3.4 7278 —208 2183 —204 96.0 2.2 —-220 229
25 304.4 -0.1 1.5 -19 7262 -116 1527 —-116 95.7 1.4 ~16.3 221
26 302.0 1.1 4.5 -1.3 6937 —185 2708 -127 98.9 3.5 —26.4 24.7
27 306.1 ~-0.9 4.2 —-5.2 7212 —-653 5639 —-509 100.2 59 —45.1 27.2
28 309.1 —4.4 4.7 -10.2 7231 -913 7368 -700 100.6 9.4 -51.6 299
29 306.1 -1.8 5.0 —-6.3 7128 —674 5828 —498 99.8 7.8 —45.0 28.2
30 437.6 0.3 -1.9 -33 3878 —86 739 ~128 263.9 —-1.0 —49 62.0
31 501.8 03 -1.0 -1.6 3187 -85 -239 —-67 360.2 —-4.8 129 89.9
32 432.0 0.1 -0.5 -1.1 3782 —19 368 -27 262.0 -0.5 —-25.2 57.7
33 464.6 0.1 -0.3 ~-0.8 3472 —-34 ~207 -30 303.3 ~8.5 6.8 72.2
34 375.0 -32 -0.3 -5.1 4285 -102 300 ~-117 200.2 7.1 -9.6 46.2
35 390.0 23 -35 -6.4 4690 —155 1889 —-421 199.3 2.5 —-62.4 58.9
36 400.6 7.4 -6.4 -13.0 5109 -79 3689 —848 — — — —
37 621.8 1.1 0.2 0.2 2126 —47 89 —49 — — — —
38 655.3 -0.3 -0.8 -0.8 1904 -52 —-112 —51 — — — —
39 605.5 2.3 -1.5 -1.7 2323 ~55 334 —81 — — — —
40 669.5 1.4 -03 -0.5 1822 ~11 -93 -5 — — — —
41 542.2 11.6 ~12.9 —12.8 3442 —15 2409 —493 — — — —
42 666.2 3.5 ~1.2 -1.7 1991 —133 -223 -90 — — — —_
43 609.5 24 ~0.1 -1.8 2306 -119 -227 -95 — — — —
44 440.0 0.8 ~4.0 —-8.8 4049 —145 1196 —328 257.6 -0.5 ~68.3 71.0
45 390.0 23 ~6.8 -11.9 4930 —139 2470 ~696 191.4 -04 -70.6 66.1
46 689.2 ~2.5 ~7.6 -8.2 1757 -225 —~290 —168 — — — —_
47 548.2 135 -21.5 —18.6 3568 —191 4696 -707 — — — —_
A: Error when using dilute-SRK method (calc-exp)
B: Error when using dilute-vdW method (calc-exp)
C: Error when using discrete-SRK method (calc-exp)
900 June 1990 Vol. 36, No. 6 AIChE Journal



Mixtures 30-47 are binary n-alkane mixtures, with C,H,,
C,H,;, CH,,, CsH,, CoH,,, Cy3Hy, C, Hy, as the solvents. In
the case of four of these mixtures (30, 31, 32, 33), the mole
fraction of the solvent was slightly less than 0.9, but the data
were nevertheless included in order to test as broad a range of
components as possible. Experimental T, and P, were available
for all 47 mixtures, but v, was reported for only 24 mixtures. The
experimental values are given in Table 2, together with the
absolute deviations between experimental values and the values
calculated using three different methods. The methods tested
include the dilute mixture-SRK method developed in this work,
the dilute mixture-vdW approach of Gualtieri et al., and a
discrete-SRK method based on the SRK equation coupled with
the rigorous solution of the Gibbs criteria. The rigorous method
was based on the algorithm of Michelsen and Heideman (1981).
It should be added here that in the discrete-SRK method the
Gibbs criteria are solved directly for T, and v, of the mixture. On
the other hand, in the dilute-SRK method only the shifts in the
(experimental) critical properties of the solvent are calculated
using the equation of state. Thus, the dilute-SRK method is not
a limiting case of the discrete-SRK method, since the discrete-
SRK method converges to the T, and P (but not v.) of the
solvent as the impurity concentration goes to zero, whereas the
dilute-SRK approach converges to T, P,, and v, of the solvent.
Binary interaction parameters k; for use with both the SRK
methods were obtained from the work of Galicia-Luna and
Perez (1987), who used the discrete-SRK approach to fit the
critical loci of 32 binary systems. The parameters of Galicia-
Luna and Perez are given in Table 3. Note that these parameters
are not optimized for the dilute concentration range of the
mixtures studied, but were obtained by a fit of T, P, data over
the whole concentration range of the binary mixtures studied.
The k;; were set equal to zero when no values were available or
when the dilute-vdW method was used. The overall average
absolute deviations between theory and experiment were 0.66,
0.78, and 1.07 K, for critical temperatures calculated using the
dilute-SRK, dilute-vdW, and the discrete-SRK methods, respec-
tively. For the critical pressure, the corresponding absolute
average deviations were 3.76, 31.3, and 4.85 kPa, respectively;
whereas for the critical volume, they were 2.92,22.73, and 25.38
mL/mol, respectively.

The T, and P, predictions of the dilute-SRK and discrete-
SRK methods are comparable and probably within the accuracy
of the experimental data. The dilute-vd W method of Gualtieri et
al. gives surprisingly good predictions of T, but it is not as

310.0
308.0 L
/"/ u experimental
dilute-SRK
306.0 7 dilute—vdW

302.0 \-\

~
300.0 "~

~
~..
\.\
298.0 ; . T T =
1000  98.0 96.0 94.0 92.0 0.0
MOLE 7% CO2

Figure 1. Experimental and predicted critical tempera-

tures of CO,-C,H, mixtures.
Experimental data are those of Morrison and Kincaid

accurate in the case of P.. The latter is not surprising, in view of
the binary interaction parameters used with the two SRK
methods. Finally, the v, predictions are only acceptable in the
case of the dilute-SRK method. As explained above, both the
dilute-vdW and the dilute-SRK approaches calculate the shift
in the critical volume of the solvent caused by the presence of the
impurity. In the limit of zero impurity, they reduce to the
experimental critical volume of the solvent. Thus the equation of
state is only used to calculate the (small) shift in the critical
properties. The dilute-vdW method gives poor predictions,
partly due to the limitation of the vdW equation of state and
partly to setting all k; to zero in the calculations. The dilute-
SRK method, on the other hand, gives excellent predictions of
v,, even though the k; used in the calculations were not obtained
specifically for the dilute concentration range. Finally, the
discrete-SRK method also gives poor predictions of v, in spite of
the use of k. This is because conventional two-constant equa-
tion of state methods cannot accurately predict all three PVT
properties, as is well known.Note that only T, and P_ of the
solvent are used (to obtain the equation of state constants) in the

Table 3. Binary Interaction Parameters of Galicia Luna and Perez (1987)

¢ c c, cy Cs c, Gy G, Cio N, o,
C, 0.011 0.045 0.046 0.010 0.013 0.019 0.074 -0.055 0.0 * *
C, -0.018 0.036 0.100 0.034 0.078 * ~0.044 0.0 0.018 0.0
C, 0.068 0.021 0.019 0.038 0.051 * 0.0 -0.026 0.129
C, 0.004 0.008 0.045 0.046 * 0.0 -0.027 0.150
C, * 0.016 0.029 0.007 0.025 * 0.090
C, -0.001 -0.001 0.0 0.026 0.012 *
C, —0.001 0.0 0.026 hd *
Cy 0.0 * * *
G, 0.0 * *
C * *
N, *
*Corresponding k;; was not determined
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Table 4. Composition of the Synthesized Mixtures

Mixture Hexane  Heptane  Octane  Nonane Decane
No. 1 97.82 0.55 0.55 0.54 0.55
No. 2 95.00 1.25 1.26 1.24 1.25
No.3 90.47 2.39 2.40 237 2.39

discrete-SRK calculations, v, of the solvent being fixed by the
SRK critical compressibility of /5. The largest errors in predic-
tions of the two dilute-mixture methods generally occur when
the components of the mixtures are very different (e.g., mixtures
4, 5). This is because of the curvature of the critical locus that is
characteristic of such mixtures. Even for such mixtures, the
dilute methods appear to work well over a smaller concentration
range, say, less than 5% impurities.

The curvature of the critical locus is particularly important in
the CO,~C;H, binary system, which was studied with great care
by Morrison et al. (1984) (mixtures 8—17). Morrison et al.
showed that the critical locus of this system exhibits a tempera-
ture minimum at approximately 97.3 mol % CO, (Figure 1).
The new method predicts the correct trend in the critical locus
when the amount of impurity is very small but, as expected,
predicts the wrong trend when the slope of the experimental
curve changes as the amount of impurity increases. This
indicates that the new technique cannot predict correctly the
properties of mixtures whose critical loci exhibit extrema in the
dilute mixture range. Moreover, the error resulting from the
poor CO,-C,H, prediction is propagated to all multicomponent
mixtures containing these two substances (mixtures 20, 21, 22,
24,25, 26, 28, 29). It should, however, be added that this type of
behavior in the binary critical locus is not common.

Experimental Determination of Critical Properties
of Dilute Mixtures

Since critical point data for dilute multicomponent mixtures
are very scarce in the literature, three such mixtures were
synthesized and their critical properties measured using a sealed
ampoule method. Details of the experimental technique and
apparatus have been described by Anselme and Teja (1988).
Hexane was chosen as the solvent in the present work because it
is thermally stable at its critical temperature and because it is a
liquid at room temperature. The latter facilitates the loading of
the sample in the experiments. Heptane, octane, nonane, and
decane where chosen to constitute the impurity, because they
too are liquids at room temperature and are all stable near the
critical temperature of hexane. An approximately equimolar
mixture of heptane, octane, nonane, and decane was prepared.

480.0 e
I
f—"
|
460.0 -
—. 4400
ﬁ » expt.(this work)
% dilute~SRK
S 4200 __ discrete-SRK
=
g
4oo.oﬁ
[ ]
380.0
/J//,J/
L
360.0 T T T T u
100.0 98.0 96.0 894.0 92.0 90.0

MOLE 7% HEXANE

Figure 2. Experimental and predicted critical of -C,H,,
+ nC,H,; + nCH,; + nCH ,, + nC,H,, mix-
tures.

The composition of this mixture was determined by gravimetry
as follows:

25.02% heptane

25.13% octane

24.83% nonane

25.02% decane
This mixture was then diluted with various quantities of hexane.
Three dilute mixtures containing different amounts of an
impurity of identical constitution were prepared in this manner.
The purity of the alkanes used were: 99.5% for hexane, heptane,
octane, and nonane, and 99.9% for decane. Heptane was
supplied by Aldrich, octane by Fluka and the other alkanes were
supplied by Wiley. The chemicals were used as received. The
compositions of the three dilute mixtures studied are reported in
Table 4. The critical temperatures, densities, and corresponding
critical molar volumes of the mixtures and of pure hexane
obtained in this study are reported in Table 5. The critical
properties of hexane agree with values found in the literature.
No literature values have been reported for the three mixtures
studied in this work.

In Table S, our experimental results are compared with the
predictions of the dilute mixture-SRK approach and the discrete-
SRK approach. The dilute-SRK method accurately predicts all
critical properties (7, P, v_) of the mixtures studied. Figures 2

Table 5. Measured and Predicted Critical Temperature and Volume for the Synthesized Mixtures

TC U(‘
vrcxp ’
Fluid T..»K A B mL /mol A B
Pure Hexane 507.3 £ 0.3 507.3 507.3 370 + 7 370 467
Mixture No. 1 509.9 + 0.3 510.0 509.4 3737 372 472
Mixture No. 2 512.8 £ 0.3 513.4 511.8 377 27 375 477
Mixture No. 3 517.4 + 0.3 518.9 5157 384+ 7 379 487

A: Calculated with the dilute-SRK method
B: Calculated using the discrete-SRK method
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Figure 3. Experimental and predicted critical tempera-
tures of n-Ce,H,  + nC,H,, + nC,H,, + nC,
H,; + nC,H,, mixtures.

and 3 show that the predicted critical locus is linear with the
amount of impurity for these multicomponent mixtures. The
dilute mixture approach is therefore only limited by the curva-
ture of the critical locus of the mixture. In the case of dilute
mixtures of alkanes, the curvature of the critical locus is not very
pronounced and this results in good predictions even when the
concentration of the impurity approaches 10 mole %.

Conclusions

The dilute mixture approach of Gualtieri et al. (1982) was
combined with the Soave-Redlich-Kwong equation of state to
obtain expressions for the critical volume and temperature of
multicomponent mixtures. When combined with a pressure-
explicit equation of state, these equations allow the computation
of T, P, and v, of a dilute mixture from a knowledge of its
composition and the critical properties of the components. No
iterations are required in the calculations. The dilute-SRK
method was tested using 47 dilute mixtures from the literature
and three synthetic mixtures whose critical properties were
measured in this work. Predictions using the method were
generally excellent for all three critical properties. Only mix-
tures in which the critical locus exhibited an appreciable change
in curvature in the dilute region (such as CO,~C,H,) were not
well predicted. Even for such mixtures, however, the method
gave good predictions when the mole fraction of the impurities
was less than about 5 mol %. Finally, it is believed that the
method will also work well for mixtures containing nonhydrocar-
bon components, since only the shifts in the critical properties of
the solvent are calculated in this approach.

Notation

A = Helmbholtz energy
a, b = constants in SRK equation
D = mole fraction distribution function
D, D* = determinants
F = mole fraction density function

AIChE Journal June 1990

g, h = generic quantities
k = Boltzmann constant
k; = binary interaction parameter
M = constant in SRK equation
P = pressure
R = gas constant
T = temperature

V = volume
% = volume per molecule
x = mole fraction
Greek letters
a == vapor pressure function in SRK equation
8 =1/kT

& = Kroenecker delta

¢ = mole fraction of impurities

n = number density of impurities
A = de Broglie wavelength

w = acentric factor

7 = nonideal mixing term

p = number density

Subscripts

¢ = critical
i, j = component i, j
r = reduced value

Other

( ) = average value
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Appendix A: Effect of a Multicomponent Impurity on
the Properties of a Dilute Mixture

The dilute mixture approach of Gualtieri et al. (1982) is
outlined in this section. More details can be found in the original
reference. For a ¢ component mixture, the critical point condi-
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tions can be written:

y
D = det =0fori,j=1,...,¢ Al
3930, J (A1)
g 5 024 5 9D
D' =det |(1 - kj) apiapj+ kj ap;

=0fori,j=1,...,¢c (A2)

where A is the Helmholtz energy density function given by:
BA(T, {o,}) = Z pilnp;, —p + Zpi InA} + 7 (A3)
If we define

3

i = apiapj

(A4)
then the first condition for criticality D = 0 can be expressed as

5
% + mij (AS)

1

D = det

When this determinant is expanded using an identity given by
Muir (1960), it becomes:

-

i i

1+ pymyy + Zl Py
j>

Ty Ty
+ p ZP; |t O(p Z PPk ] (A6)
J>1 i1 Ji k>j>1

so that the critical condition D = 0 becomes:

p* = p[I1 (/p) =1 + pimy
+ 7){(7|’jj + pylwymy; — 7"%,])} +om) +---=0 (A7)
The effect of adding a multicomponent impurity to pure 1 can

be found by expanding D* around the critical point of pure
component 1 (denoted below by c1):

D*(P[, n, T) =0 = D*(pcllv 0, Tcl)

dD*
+ 7 n+--- (A8)
n cl

where second- and higher order terms have been neglected and
the expansion is carried out along the critical locus. The term
D*(p,,,, 0, T,,) is equal to zero because of Eq. Al applied to pure
component 1. The first-order term is then given by:

ab*| dpym) | dp
dn €l apl cl dn cl
" 3(/’1"’11) 3(!’1""11) d_Tc
an ol T |, dn |,

+ [y (1 + pymy) — puw)b (A9)
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Also

3(917"11)

=0 (A10
ap, cl { )

since this is simply Eq. A2 for pure component 1. Also note that
theterm (1 + p,=,,) in Eq. A9 equals zero because of Eq. Al for
pure 1.

When the first-order term is set equal to zero, the effect of the
impurity on the critical termperature can be obtained. It is given
by:

0(p17rn)
ar.| TS
dnj, dprmin)
oT

cl

Gualtieri et al. manipulated the second critical point condition,
D' = 0, in a similar fashion (Muir identity and first-order Taylor
series expansion) to obtain an expression for the effect of a
multicomponent impurity on the critical number density given

by:
07{'}1'
13 (pmy 52) = (o)
u [ <p17r1j ap]> pl7rlj

9? dT., 3* 3’ -
Ty il } v { [91721'11]} (A12)
cl apl

TP 80T dn |~ 7 dpan
Note that the last expression includes the term dT./dnl,,
which is the corresponding temperature shift and that Eqs. A1l
and A12 are valid for any equation of state. The equation of
state contribution appears in the = terms, which increase rapidly
in number and complexity as the equation of state becomes more
complex.

@
dn

Appendix B: The Dilute Mixture-SRK Approach

In this section, the dilute mixture approach of Gualtieri et al.
(1982) is combined with the SRK equation of state. To apply
Egs. A1l and A12 to SRK fluids, we must first derive an
equation for 7. The three terms in the equation for 47,/ dnl
Eq. All, can then be obtained, leading to an equation for T, of
dilute mixtures. Finally, each of the five terms in Eq. A12 for
dp,/dnl,, are obtained, leading to an equation for v, of the
mixture.

Equation 9 gives the expression for = of an SRK fluid. This
expression can be extended to mixtures as follows:

= — Zp,- In (1 — p;b;)
=

Z_ Z pip;a;;

— _-———l J . .
8 prb,- In (1 + p;b;) (BI)
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Equation B1 can be differentiated twice to give:

b,' + bj ) pb,bj
= b +(l—b)2
In(1 +b)
+ 2ﬁT—[— bza,‘j + bbj Z PrQix
%
+ bb Y pratyy — b,.b,a]
k
- 2b ; PO abb(3b + 2)
N e »(1 + b)
2bj ; Prlik
T b(1 +b) (B2)
For the pure solvent,
k(T.,)?
ay, = 0.42748 (P ) a(T) (B3)
cl
kTCl
b, = 0.08664 B (B4)
cl

where

Vay(T) = 1 + M, (1 — \/—Tl‘,) (B5)

Equations B3 and B4 can be combined to give:

b,
= 4.93398 —— B6
8 = 4.933 Sa“a(T) (B6)
sothatat T,
b,
8 = 4.93398 — (B7)
ayy

This can be used in the expression of ; to obtain

b; Gy
™y »!C] b, |1.35121 + 2.63364 — — 7.83221 — (B8)
! b, ap

Critical temperature of a dilute SRK mixture

The three terms needed to express T, of a dilute mixture are
(o)1, dp,m, /O], and dp w ), /dT | . Applying the averag-
ing process of Eq. B2 tom;

b;\?
(o)l = by {0.47455 + 1.80283 <(b—’)>
1

a;\? b;
+ 1594441(|—} } + 1.84990{~
i b,

aU

— 5.50142 <—> —10.72287 <ai[3’—>} (B9)

ai ayb
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Then, since

n=ptpt-t+p (B10)

a first-order Taylor series expansion in » can be carried out for
w0, as follows:

_ 2b;p; bip, 2
Pt = 1 — bip 1 - bip

-4 3bipy + 2
+
+ By L+ by (1 +bp)?
by
+ b, {0.47455 + 1.75699 b
1

+ 1.61578 <ﬂ>} + O0(s*) (B11)
a

This expression can be differentiated with respect to 7 to
obtain:

dpymy,
an cl
by [0
= b;10.47455 + 1.75699 ™ + 1.61578 . (B12)
1 1
Finally, to derive dp,m,,/dT | ,, we start from
dag 1 1 (B13)
aT — " kT 7°
Substituting Eq. B6, we obtain:
dp 1 /b
T . = — E(an 4.93398) (B14)
Also, by differentiating Eq. B7, we have
da, M1
ar |, T T, (B13)
Therefore, differentiation of Eq. B3 leads to
da” da M
—d? o = all,cl daT o = - alllcl Tcl (B16)
Hence, from Eq. B11
| _ 2bip, bip; \?
PMTler = 1 — bipy 1 - byp,
—4 3bipy + 2
+ B17
.301(111|:1 + bipy a+ blp1)2 ( )
which can be differentiated to give:
dpl'ﬂ'“ M + 1
ar |, = 1.82576 T (B18)

The shift of the critical temperature can now be obtained as
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follows:

——Z———— 0.25666 < b )2>
0 " a0+ M) (b,

a;\? 1;b;
+ 2.26989(|—| } — 1.52654
ay nb

b;
+ 0.01323 <b > -1 01322< “>} (B19)

This critical temperature shift can be expressed in terms of a
more familiar set of variables since

daT.
dn

(B20)

Therefore, for a dilute mixture containing an impurity of mole
fraction ¢, the critical temperature is given by:

¢ _lo2sess - ([2)) + 226980 ((24)
1+ M| T \\p + s a
,ij b;
— 1.52654 + 0.01323 - 1.01322{— (B21)
ayb bl an

Critical number density of a dilute SRK mixture

Tc= T(‘l [1 +

The derivations of the five terms needed to compute the
number density shift for a dilute mixture, Eq. A12 are analogous
to those for the critical temperature shift. For the sake of
brevity, only the final expressions are shown below.

Omi\ o b;
p,ﬂ'lj'a—p;‘ = b710.64123 + 3.62388 —b—l

b_ 2
- 1. 53352< >+ 4.62730<(—’) >
11 bl
\2 b
- 12.65512<(ﬂ) > —9. 50570< 4 ’>]
ay nb

b;\?
<p,w$j) = b2 [0.64124 + 4.74807 <(b—’) >
1
b

-sasonf(2]] 30 )
() s
s 2] o {2

b a llbj
— 42.36078 — 43.46723
bl an apb
3w, OT.

b\?
_ = pld_ el
P 3Ta0, an | bz{ 2.06411<(b1)>
Ub!
— 18.25493 + 12.27676
apy Hb
b
- 010640 (7 +814853
11

(B22)

(B23)

(B24)
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azﬂ'“
P dp,9n el
2 b; ay,
= b711.28243 + 3.42729 5/ 2.56489 P (B25)
1 11
and finally
8%(pym,)
AT _ 31.748655] (B26)
dp;

These expressions are used in Eq. A12 and lead to

dpc bj 3 a 3
= — 0.14952( (=] } + 3.93341 {(—
dn b ai
0.1197 b, 0.27207 b\
+ 3 b + b‘

a;;\? ay\? b;
+ 0. 03044 — 2.65661{|— ) — 3.96793{|— T
an apn a,) b

b;\2 b,
+ 1.33421 (|2 24Y 1 0.08420 22 (B27)
bl a “b

This can be expressed in more familiar terms. For a dilute
mixture containing an impurity of mole fraction e, the critical
number density is given by

dp,
Pe = P + CI (B28)
where
dp. dp.dn dp.dl(1 - x)p) dp,
G dnde—dn  de —dnPa (B2
Therefore,

—=—11 + €|l —0.14952{ |~
U Vel bl
3
+ 3.93341 <(a )>+ 0. 11973< >+ 027207<( )>
1
+ 003044< > — 2.65661 <(al )2> — 3.96793 <( ) —i>
an an u/ by
+ 1.33421 <(b1) a“> 008420< B, (B30)

where v, and v, are the molar critical volumes of the dilute
mixture and of the solvent, respectively.
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