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Serpentine diffusion trajectories and the Ouzo
effect in partially miscible ternary liquid mixturest

Rajamani Krishna

This work investigates the transient equilibration process when partially miscible ternary liquid mixtures of two
different compositions are brought into contact with each other. Diffusional coupling effects are shown to
become increasingly significant as the mixture compositions approach the meta-stable regions of the phase
equilibrium diagrams. The proper modelling of coupled diffusion phenomena requires the use of a Fick
diffusivity matrix [D], with inclusion of non-zero off-diagonal elements. The primary objective of this article is
to develop a simple, robust, procedure for the estimation of the matrix [D], using the Maxwell-Stefan (M-S)
formulation as a convenient starting point. In the developed simplified approach, the Fick diffusivity matrix
[D] is expressed as the product of a scalar diffusivity and the matrix of thermodynamic correction factors
[I']. By detailed examination of experimental data for the matrix [D] in a wide variety of ternary mixtures, it
is deduced that the major contribution of diffusional coupling arises from the contributions of non-ideal
solution thermodynamics, quantified by the matrix of thermodynamic correction factors [I']. An important

Received 31st July 2015, consequence of strong thermodynamic coupling is that equilibration trajectories are serpentine in shape

Accepted 21st September 2015 and may exhibit incursions into meta-stable zones opening up the possibility of spontaneous
DOI: 10.1039/c5cp04520g emulsification and the Ouzo effect. If diffusional coupling effects are ignored, the equilibration trajectory is
linear in composition space. For a wide variety of partially miscible ternary mixtures, it is demonstrated that

www.rsc.org/pccp the corresponding linear equilibration trajectories do not anticipate the possibility of emulsification.

of the liquid/liquid phase equilibrium for a ternary liquid mixture
consisting of glycerol, acetone, and water. The binodal and

1. Introduction

The aniseed-based alcoholic beverage Ouzo consists of a three
component mixture of ethanol (& 45 vol%), water (55 vol%) and
an essential oil called trans-anethol (x0.1%)." The addition of
five volumes of water to one volume of Ouzo causes the drink to
appear milky white." Vitale and Katz* have coined the generic term
“Ouzo effect” to describe such a process of creating meta-stable
liquid-liquid dispersions. Since no input of mechanical energy
is involved, this offers an energy-efficient method of producing
nanospheres and nanoparticles.’

Essential to the formation of meta-stable dispersions is the
requirement that the composition trajectories during equili-
bration enter the meta-stable region in the liquid-liquid phase
equilibrium diagram. As an illustration, Fig. 1 presents a schematic
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i Electronic supplementary information (ESI) available: (a) Detailed derivations
of flux expressions, and discussions on phase stability, (b) interpolation proce-
dures for the estimation of M-S diffusivities b;; from data for the infinite dilution
diffusivities, (c) detailed analysis of the published experimental and MD data for
diffusivities in binary and ternary mixtures, and (d) transient equilibration
trajectories in 34 different ternary mixtures in order to demonstrate forays into
the meta-stable regions. See DOI: 10.1039/c5¢cp04520g.
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spinodal curves converge at the plait point. The region between
the spinodal and binodal envelopes is meta-stable.

Consider the equilibration of two mixtures of compositions
L and R, as indicated in the ternary composition diagram. In
the paper by Ruschak and Miller,* the necessary conditions for
spontaneous emulsification are derived in terms of diffusion
equilibration composition trajectories that must necessarily enter
the meta-stable regions. Ruschak and Miller* adopted the Fickian
formulation in which the diffusion flux of each species i, J;, with
respect to the molar average mixture velocity, is considered to be
linearly dependent on its own composition gradient

dx;
Ji= _chiﬁ;

i=1.2 1
az’ ! 2,3 ()

Additionally, they assumed that the component diffusivities in the
ternary mixture are equal to one another, i.e. D; = D, = D; = D. Only
two of the eqn (1) are independent because the mole fraction
gradients sum to zero

dx
dz

dX2

axa dX3 _
dz -

=0 @)

and the diffusion fluxes also sum to zero

JitLt]3=0 3)
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Fig. 1 Trajectories followed during equilibration of homogenous mixtures of two different compositions for the system glycerol(1)/acetone(2)/water(3);
the equilibrium composition x; eq. = 0.5, X2 eq. = 0.17 and x3 ¢q = 0.33. The continuous solid black line is the trajectory calculated using eqn (24) and (25),
taking Dy seif = 0.01, Do seif = 3.2, D3serr = 0.5 x 107° m? s~%. Further simulation details are provided in the ESI.§

The transient equilibration of mixtures with different initial
mole fractions in adjacent compartments (Left: x;;; Right: x;z) is
described by the familiar solution for inter-diffusion between
two semi-infinite slabs>®

1 1 z
X; = =(x;L + X; +*€I‘f ———| (XL — XjR); l=1,2,3 4
st -+ ) + gerf |~ 2= (s = ) @

For the specific choice of the initial compositions (Left: x;;
Right: x3), eqn (4) yields the linear equilibration trajectory,
depicted by the dotted line in Fig. 1, that is at a tangent to the
binodal curve, consequently, no emulsification is feasible in
this case.

A large body of experimental data’ ™ for transient equili-
bration trajectories in ternary mixtures of metal alloys, glasses,
ceramics, and liquids indicate that the ternary diffusion pro-
cess in condensed phases is strongly coupled, i.e. the flux of any
constituent species may be engendered by the driving forces of
all constituents in the mixture. Within the Fickian framework,
coupling effects are accounted for by defining a matrix of Fick
diffusivities [D] including non-zero off-diagonal elements'>**

(-l 2!

dz
The elements of the Fickian matrix [D] are accessible from
15-17

Dy Dip

()

D>y Dxn

measurement techniques such as Taylor dispersion,
holographic laser-interferometry."®

or
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With this information on the Fick matrix [D], the transient
equilibration trajectory is determined by solving the coupled
two-dimensional matrix equation

(M) 1<X1L+XLR>
X2 2 XoL + X2 R

z

Dy Dp

~1/2
1 ; (xlk -x IL)
+zert | —
2 Vai X2R — X2L

The Sylvester theorem, detailed in Appendix A of Taylor and
Krishna,"* is required for the explicit calculation of the compo-
sition trajectories described by eqn (6).

The primary objective of the present article is to develop a
simple, robust procedure for the estimation of the elements of
the Fick matrix [D] in partially miscible ternary liquid mixtures.

D>y Dy

The secondary objective is to investigate the transient equili-
bration characteristics of a wide variety of liquid mixtures, 34 in
total, in order to demonstrate that curvilinear trajectories are
almost invariably encountered. For the glycerol/acetone/water
mixture, for example, it will be shown that the equilibration
process follows the serpentine path, shown by the continuous
solid line in Fig. 1, that forays into the meta-stable region
indicating that spontaneous emulsification is feasible.

The ESIf accompanying this publication provides (a)
detailed derivations of flux expressions, and discussions on
phase stability, (b) discussion on interpolation procedures for
the estimation of M-S diffusivities D;; from the data for the
infinite dilution diffusivities, (c) detailed analysis of the
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published experimental and MD data for diffusivities in binary
and ternary mixtures and (d) transient equilibration trajectories
in 34 partially miscible ternary mixtures.

2. Phase stability and its influence on
diffusional coupling

For the interpretation and estimation of the Fick matrix [D], it is
convenient to adopt the fundamental Maxwell-Stefan (M-S)
diffusion formulation that employs chemical potential gradients
as driving forces'*'*

__Mﬂﬂzﬁi%ﬁ—ﬂﬁ
RT dz = ClD,'/' ’
i

i=1,2,...n (7)

It is helpful to express the left member of eqn (7) in terms of the
mole fraction gradients by introducing a (n — 1) x (n — 1) matrix
of thermodynamic factors [I']:

i dg, L dy

N
RT dz /:21 " dz
' (8)
Jlny;

9,
Bx,

Ty=0d;+x; iLhj=12...

For partially miscible liquid mixtures, the elements of [I'] can be
calculated from UNIQUAC or NRTL models describing phase
equilibrium thermodynamics.'*"°

It is convenient to define a (n — 1) x (n — 1) matrix of inverse
diffusivities [B] whose elements are given by

, n
Xi Xk .

ki 9)

1 1 .
BM#ﬁ::*M<Eﬁ“"5;>; Lj=12...n-1

Combining eqn (7)-(9), eqn (7) can be recast into (n — 1)
dimensional matrix notation

d(x)

) = el = eyt

(10)

with the definition

[4] = [B]" (11)

Molecular dynamics (MD) simulations provide direct access to
the individual elements of [4].2%**

Comparing eqn (5) and (10), the following explicit expres-
sion for the Fickian matrix is obtained

(12)
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Specifically, for a ternary mixture, n = 3, the following expres-
sion can be derived

Dy Dpp

Dy Dy

|:D13(XID23 + (1 =x1)Dp)

XD 3(D23 — D) Do3(x2D 13+ (1 — x2)D12)
X1 Do +xD13 +x3D12
I'y
X
Iy

The important and persuasive advantage of the M-S formulation
is that the elements of the Fickian matrix [D] can be estimated from
the data for the M-S diffusivities of the constituent binary pairs, Dy,
along with information on phase equilibrium thermodynamics.

Eqn (13) highlights two different sources of ‘“coupling”
that contribute to significant off-diagonal contributions of the
Fickian matrix [D]: (a) differences in the M-S diffusivities of the
binary pairs, Dy, and (b) thermodynamic coupling, quantified
by the off-diagonal elements of [I'].

Consider phase stability in ternary liquid mixtures that may
undergo phase separation yielding two liquid phases that are in
equilibrium with each other. In the homogeneous single phase
region, the second law of thermodynamics dictates that the rate
of entropy production must be positive definite

x1Dyu(P13 — D)

'y

I'p
(13)

1 n d .
o=—-% Hiy

T P dz"’ (14)

1 - d(:ut — /'Ln)
= N R TRy s

T I:ZI dz t=
In order to obey this constraint, the determinants of both [I']
and [D] must be positive definite,"” i.e.

|F| > 05 |D| > 0; (F1221)/(T'111 22) < 1; (D12D21)/(D11D2) < 1
(15)

The ratio (I'1,I'»1)/(I'11I'2,) may be considered as a quantifica-
tion of the extent of thermodynamic coupling. By the same
token, the ratio (D;12D;1)/(D11D,2), composed of the elements of
the Fick diffusivity matrix [D], may be regarded as a quantifica-
tion of the extent of diffusional coupling. Fig. 2 presents a plot
of the ratio (D1,D,1)/(D11D»,) as function of the corresponding
value of the ratio (I'1151)/(I'111 22) for three different mixtures.
For all three mixtures, diffusional coupling effects are strongly
correlated with the corresponding thermodynamic coupling
factors. Diffusional coupling effects for the completely miscible
acetone/benzene/methanol mixtures are found to be signifi-
cantly lower than that for the two partially miscible glycerol/
acetone/water, and water/chloroform/acetic-acid mixtures.
Similar plots for other ternary mixtures (see Fig. S34, S37,
and S47 of ESIT) provide further verification of the small
magnitude of diffusional coupling in completely miscible ternary
mixtures. Furthermore, the ratio (I'1o01)/(I'11]22) reaches an
asymptotic value of unity along the spinodal curve, that defines
the limit of phase stability

phase stability
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Fig. 2 The ratio (D12D,1)/(D11D5,) of the elements of the Fick diffusivity matrix
[D], as experimentally determined for acetone(l)/benzene(2)/methanol(3)%’
glycerol(2)/acetone(2)/water(3),”>™Y” and water(1)/chloroform(2)/acetic-
acid(3)282° mixtures, plotted as a function of the corresponding value of
the ratio (I'pl21)/(F'11025).

|I'| = 0; |D| = 0; (I'12I21)/(I'111 22) = 15 (D12D21)/(D11D32) = 15

spinodal curve (16)

3. Factoring out thermodynamic
influences in ternary mixtures

For binary liquid mixtures, the factoring out of thermodynamic
influences leads to well-behaved composition dependencies of
the M-S pair diffusivity D;; this has been demonstrated for a
wide variety of binary liquid mixtures.'®'*** The “factoring
out” strategy can also be extended to ternary liquid mixtures.
Towards this end, eqn (12) is used to determine the square-root

of the determinant of the Fick diffusivity matrix:
|D|1/2: |A|1/2|I—v|1/2 (17)

With eqn (13) as a starting point, the following explicit expres-
sion can be derived

A 2= \/ D12D13D53
x1Dy +xD3+x3D1

(18)

The right hand side of eqn (18) can be estimated from the
infinite dilution M-S diffusivities at the extremes of the com-
position ranges, as suggested in earlier studies®®>">3>*

L\ Y 1\ Y 1\ Yk
D,./.:<D~; 1) (D;’ )f(Di‘jA 1)

‘,;-"Hl , the i pair diffusivity when both i
and j are present in infinitely dilute concentrations, Wesselingh

and Bollen*® have suggested the following formula

(19)

For the estimation of D

pu—l _

i (20)

ik

Xp—1 yx—1
(P3Pt
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Fig. 3 presents the comparison of the MD simulation values of
|A4]"* for methane/ethane/n-hexane, methane/ethane/propane,
methane/propane/n-hexane, ethane/propane/n-butane, and
propane/n-butane/n-pentane mixtures as a function of the
mole fraction of the first component, x;; the MD simulation
methodology and details are provided in the ESI.} The values of
| 4]|*? exhibit a simple dependence on x;, with a small degree of
scatter.

We now compare the values of |A|"* with the estimations
using a combination of eqn (19) and (20). The estimation
procedure will be illustrated for ternary methane(1)/ethane(2)/
n-hexane(3) mixtures. From the MD simulation data for the
three binary mixtures methane(1)/ethane(2), methane(1)/
n-hexane(3), and ethane(2)/n-hexane(3), we can determine the
M-S diffusivities (units: 10~® m* s~) at the limiting composi-
tions; the values are:

1/2

Dbyt =53 Dyl=258 Dy =3

(1)
Dy =105 PR =109 P =084

From the Wesselingh-Bollen interpolation eqn (20), we calcu-
late

Dy =/ (PP ) =094

b = /(P PR) = 1677 (22)

Dy =\ /(PR Pl ) = 3.99

From the nine infinite dilution values determined above, the
value of |/1|1/ 2 can be estimated for any composition xi, X,, X3,
and can be calculated from eqn (18).

The crosses in Fig. 3 are calculations using eqn (18), along
the interpolation formulae (19), and (20); there is good agree-
ment between the MD simulated |A4|"? and the estimated
values.

The quantity |4|"* may be interpreted as an “averaged” M-S
diffusivity in the ternary liquid mixture. Indeed, for the special
case in which all the pair diffusivities are identical to one
another, i.e. Py, = P13 = P,3 = D, results in |A|"? = P.

The infinite dilution M-S diffusivities are relatable to the
self-diffusivities,?°

x1—=1 _ pxp—1, x—1 _ px—l,
Dl2 - DZ‘self7 D12 - Dl‘self7

x1—=1 _ px—1,
Dy =D

x3—1 _ px—l,
3,self » D13 =D

1,self »

(23)

xy—1 xo—1
Py = pegls
23

x3—1 _ px—l,
3,self » D23 =D

2,self »

An alternative estimation procedure for |[4|Y? in terms of the

self-diffusivities in the ternary mixture is
A" = (Dy geir) ™ (Daseir) ™ (D i) ™ (24)

Fig. S19 (ESIt) provides validity of the accuracy of eqn (24) for

the estimation of | 4|2
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Fig. 3 MD simulated values®® (shown by red circles) of |4|*? for (a) methane(l)/ethane(2)/n-hexane(3), (b) methane(l)/ethane(2)/propane (3),
(c) methane(1)/propane(2)/n-hexane (3), (d) ethane(l)/propane(2)/n-butane(3), and (e) propane(l)/n-butane(2)/n-pentane (3). The crosses represent
calculations using eqgn (18)—(20). Further calculation details are provided in the ESI.

Experimental data for Fick diffusivities in completely miscible
ternary mixtures are now investigated. Fig. 4 presents the
experimental data for |D|Y*/|'|** for acetone/benzene/
carbon-tetrachloride,”®  methanol/1-propanol/iso-butanol,*®
methanol/1-butanol/1-propanol,'® acetone/water/1-propanol,®

27432 | Phys. Chem. Chem. Phys., 2015, 17, 27428-27436

acetone/1-butanol/1-propanol,”® and 1-propanol/1-chlorobutane/

n-heptane'® mixtures as a function of the mole fraction of the first
component, x;. For all six mixtures, the composition dependence of
|A]*2 is mild because of the factoring out of the thermodynamic
influences. The crosses represent calculations using eqn (18),

This journal is © the Owner Societies 2015
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Fig. 4 Experimental data for |D[¥2/|I|¥? for (a) acetone/benzene/carbon-tetrachloride,?® (b) methanol/1-propanol/iso-butanol,?® (c) methanol/
1-butanol/1-propanol,*® (d) acetone/water/1-propanol,*® (e) acetone/1-butanol/1-propanol,*® and (f) 1-propanol/1-chlorobutane/n-heptane'® mixtures
as a function of the mole fraction of the first component, x;. The crosses represent calculations using egn (18), along the interpolation formulae (19) and

xj—1
i

(20). The input parameters D

along the interpolation formulae (19) and (20). The required
input parameters D‘,-;”Hl and D;’HI were determined from the
experimental data for the constituent binary pairs. For all
mixtures, the estimations using eqn (18) are in reasonably good
agreement with experimental data.

This journal is © the Owner Societies 2015

, and D;ﬁl for each of the six mixtures are provided in the ESI.{

Focusing attention on partially miscible mixtures, Fig. 5 presents the
experimental data for |D|"%/|I"[""* for glycerol/acetone/water and water/
chloroform/acetic-acid mixtures. Factoring-out the thermodynamic
influences leads to scalar diffusivities, |A|"?, that are in reasonable
agreement with estimations using the interpolation eqn (24).

Phys. Chem. Chem. Phys., 2015, 17, 27428-27436 | 27433
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Fig.5 (a) Experimental data’®>™Y for |D|Y2/|r|Y2 for glycerol(1)/
acetone(2)/water(3)mixtures as a function of the mole fraction of acetone,
X». (b) Experimental data®®2° for |D|¥?/|I'|? for water(1)/chloroform(3)/
acetic-acid(3) mixtures as a function of (1 — xz). For both mixtures, the
crosses represent calculations using the egn (24). The input parameters,
along with further simulation details are provided in the ESIL{

Having established that thermodynamic influences are the
major contributors to diffusional coupling, the following esti-
mation of the Fickian matrix is suggested

[D] = [A]"?[T] (25)

The parity plots in Fig. S30, $33, $36, S43, S44, S45, S46, S49,
S50, S51, S52, S66, and S72 of the ESI} confirm that this
simplified procedure is of reasonably good accuracy for the
estimation of [D].

4. Equilibration trajectories in partially
miscible ternary mixtures

Fig. 6 presents the transient equilibration trajectories, calculated
using eqn (6), when glycerol/acetone/water mixtures of two different
compositions are brought into contact. At the equilibrated
composition, Xjeq. = 0.1, Xpeq. = 0.432 and x3.q = 0.468,
Grossmann and Winkelmann™™"” report the Fick diffusivity

0.4901 0.2267

matrix as [D] = [0,4585 0.3991

} x 107 m? s~!. The dashed

27434 | Phys. Chem. Chem. Phys., 2015, 17, 27428-27436

Paper

[D] from expt
[DI= 1A 1]
linear equilibration

eI

pus®
..-l'-binodal

o’
e curve
o

Mole fraction of water, x,
o
~
(9]

glycerol/acetone/water
mixture; T =298 K
S S N S Y O N I |

0.08 0.10 0.12 0.14

LR T T T 0 S e e

Mole fraction of glycerol, x,

Fig. 6 Equilibration trajectories in glycerol(l)/acetone(2)/water(3) mix-
tures at 298 K for the equilibrium composition x; = 0.1, x, = 0.432, x3 =
0.468. The input parameters, along with further simulation details are
provided in the ESI.{

line in Fig. 6 represents the trajectories calculated using the
experimentally determined value of the Fickian matrix [D].
The continuous solid lines use eqn (25) for the estimation of
Fick diffusivities; in this case the value of scalar diffusivity
|A4]'?, estimated from eqn (24), is 7.54 x 10 ° m* s~ '. The
matrix of thermodynamic factors at the equilibrated compo-
1.44  0.533
0.958 0.41
trajectories, signifying the occurrence of uphill
diffusion,'” are essentially captured by the simplified
eqn (25). The conclusion to be drawn is that such curvilinear
trajectories are primarily caused by thermodynamic influ-
ences. It is important to stress that the magnitude of the
scalar diffusivity, | 4|"/?, has no influence on the equilibration

sition is calculated to be [I'] = { } The serpen-

tine

trajectory in composition space, but does influence the time
required for equilibration. If diffusional coupling effects are
completely ignored, and the matrix [D] is assumed to be
diagonal as is postulated in the classical Ruschak-Miller
analysis,” the equilibration trajectory is linear in composition
space; this is indicated by the dotted line in Fig. 6.

Having established the reliability of the use of simplified
eqn (25) for the estimation of the Fickian matrix [D], the
equilibration trajectories in thirty-four different partially mis-
cible liquid mixtures were investigated. Fig. 7 provides a sample
of the obtained results for six of the investigated mixtures:
water/DMSO/THF, water/acetone/phenol, water/trichloroacetic-
acid/antipyrine, water/acetic acid/dichloromethane, water/
caprolactam/toluene, and [omim][Cl]/ethanol/tert-amyl ethyl
ether. In every case, the straight-line equilibration trajectory
(indicated by dotted lines) lies entirely within the homo-
geneous, single-phase region; i.e. no emulsification is possible.
By contrast, the equilibration trajectory calculated using eqn (25)
follows serpentine paths that foray into the meta-stable regions,
this suggests the possibility of spontaneous emulsification for
each mixture under the chosen conditions. Analogous results are

This journal is © the Owner Societies 2015
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Fig. 7 Trajectories followed during equilibration of homogenous mixtures of different compositions for (a) water/DMSO/THF, (b) water/acetone/
phenol, (c), water/trichloroacetic-acid/antipyrine, (d) water/acetic acid/dichloromethane, (e) water/caprolactam/toluene, and (f) [omim][Cll/ethanol/
TAEE mixtures. Further simulation details, and input data, are provided in the ESI.{

obtained for transient equilibration trajectories in all other
mixtures; see Fig. S76-S111 of the ESL}

5. Conclusions

The following major conclusions can be drawn from the
investigations reported in this work.

(1) In ternary liquid mixtures, diffusional coupling effects
are primarily caused by the influence of non-ideal solution

This journal is © the Owner Societies 2015

thermodynamics. Diffusional coupling effects are of signifi-
cantly lesser importance in completely miscible liquid mix-
tures, than in partially miscible mixtures.

(2) In partially miscible liquid mixtures, diffusional coupling
effects become increasingly significant as the spinodal compo-
sitions are approached.

(3) Eqn (25) provides a simple, robust, procedure for
estimation of the Fick diffusivity matrix. Use of eqn (25)
captures the essential features such as uphill diffusion,

Phys. Chem. Chem. Phys., 2015, 17, 27428-27436 | 27435
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and serpentine composition trajectories during transient
equilibration.

(4) Serpentine trajectories anticipate the possibility of emul-
sification even when the corresponding linear equilibration
trajectory forbids such an eventuality.

Notation

[B] Matrix defined by eqn (9), m > s

Ct Total molar concentration of the mixture, mol m™—
Dy M-S exchange coefficient, m* s*

D] Fick diffusivity matrix, m*> s™*

|D|**  Square-root of the determinant of [D], m? s™*

Disar  Self-diffusivity of species i, m* s™*

Ti Molar diffusion flux of species 7, mol m 2 s™*

n Number of components in the mixture, dimensionless

R Gas constant, 8.314 ] mol ' K™!

t Time, s

T Absolute temperature, K

X; Mole fraction of component i in the bulk fluid phase,
dimensionless

z Direction coordinate, m

Greek letters

0 Kronecker delta, dimensionless

Vi Activity coefficient of component 7, dimensionless

Iy Thermodynamic factors, dimensionless

[ Matrix of thermodynamic factors, dimensionless

|I|**  square-root of the determinant of [I'], dimensionless

[4] Matrix defined by eqn (9) and (11), m* s™*

[4|Y*  Square-root of the determinant of [A], m? s~*

Ui Molar chemical potential, ] mol™"

c Rate of entropy production, J m > s " K"
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1. Diffusion in n-component fluid mixtures: Fick, Maxwell-Stefan, and
Onsager formalisms

In his classic paper published in 1945 entitled Theories and Problems of Liquid Diffusion, Onsager’
wrote The theory of liquid diffusion is relatively undeveloped... It is a striking symptom of the common
ignorance in this field that not one of the phenomenological schemes which arc fit to describe the

general case of diffusion is widely known. In the Onsager formalism for n-component mixtures, the

diffusion fluxes J, are postulated as being linearly dependent on the driving forces that are taken to be

the chemical potential gradients, % The fluxes J,
'z

J. Eci(ui —u); i=12,.n (1)
are defined with respect to the chosen molar average reference velocity frame u
U= XU + XU, + X, U (2)

n—n

The molar fluxes N, in the laboratory fixed reference frame are related to the diffusion fluxes J, by

cu,=J, +x,N,; Nt:ZN,. 3)

i
i=1

Ni
Only n-1 of the fluxes J, are independent because the diffusion fluxes sum to zero
J =0 4)

Also, only (n-1) of the chemical potential gradients Ak are independent, because of the Gibbs-

Duhem relationship
()
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dlu—p,)
Z

It is convenient therefore to choose the (n-1) independent chemical potential gradients

driving forces for diffusion. In (n-1) dimensional matrix notation, the Onsager formulation is written as

) =afp) LA m) (6)

The units of the elements L; are the same as those for Fick diffusivities, i.e. m* s”'. The matrix of

Onsager coefficients [L] is symmetric because of the Onsager Reciprocal Relations (ORR)?

L. =1L. (7)

y Jt

In proceeding further, we define a (n-1) dimensional matrix [H], that is the Hessian of the molar

Gibbs free energy, G

2 2
; _1 66 106G =H,; i,j=12..n-1 (8)
" RT ox,0x; RT 0x,0x,

where G, the molar Gibbs free energy for the n-component mixture, is the sum of two contributions

G=G“+RTY x,In(x); G*=RTY xIn(y,) (9)

i=1 i=1

where y, is the activity coefficient of component i. Equation (9) can also be written in terms of the z,,

that is the chemical potential or partial molar Gibbs free energy:

G=3 x4 = RTY x,In(7,%,) (10)

i=1 i=1

When carrying out the partial differentiations of G, required in equation (8), it is important to note
that all n of the mole fractions cannot be varied independently. So, we re-write equation (10), in terms

of the n-1 independent mole fractions
n n—1

G:zxilui :in(ﬂi_ﬂn)+:un (11)
i=1 i=1

In view of equations (8), and (11), we obtain
ESI 4



- o —pe) - VA =m) s (12)
" RT  0x RT ox, ’

1

Combining equations (6), and (12) we get
(/)= [L][H]# (13)
Z

The second law of thermodynamics dictates that the rate of entropy production must be positive

definite
n d ) n—ld —
oo dyd, 1§dlu-m), (14)
TS dz TS dz

Substituting the Onsager equations (6) for the diffusion fluxes

cet d(u, - )dlp, —ﬂn)z 0

7= pargs v dz dz (1

Equation (15) implies that the Onsager matrix [L] be positive definite, i.e.

|L| >0; second law of thermodynamics (16)
If we define a (n-1) x (n-1) dimensional Fick diffusivity matrix [D]

()==¢, [D]% (17)

we obtain the inter-relationship

[p]=[L]H] (18)

Equation (18) underscores the direct influence of mixture thermodynamics on the Fick diffusivites D;;. It

is worthy of note that the Fick diffusivity matrix [D], which is a product of two symmetric matrices,

[L] and [H] is not symmetric.

ESI'5



For stable single phase fluid mixtures, we must have |H | >0. Also, in view of the second law of

thermodynamics we have |L| > 0. In view of equation (18), the condition of phase stability translates to
|D| > 0; |L| >0; |H| >(0; phase stability (19)

Equation (19) implies that all the eigenvalues of the Fick matrix [D] are positive definite. It is
interesting to note that thermodynamic stability considerations do not require the diagonal elements Dj;
to be positive definite. If recourse is made to the kinetic theory of gases, it can be shown that the

diagonal elements D, are individually positive definite for mixtures of ideal gases. The off-diagonal
elements D, (i # j) can be either positive or negative, even for ideal gas mixtures. Indeed, the sign of
D, (i # j) also depends on the component numbering.

The Onsager approach does not offer any clues about the estimation of the elements of [L] using
information on the diffusivities of the binary pairs in the n-component mixtures.

For n-component non-ideal fluid mixtures, the M-S equations represent a balance between the force
exerted per mol of species i with the drag, or friction, experienced with each of the partner species in the

mixture. For a ternary mixture we write

d RT T
_ﬁzD_xz(“l _“2)+D_x3(”1 _“3)
12 13
— d;;z :?xl(uz —ul)+§x3(u2 —u3) (20)
12 23
d RT
_sz_BM(”z _”1)+B_23x3(”3 _“2)

The M-S pair diffusivities Dj; can be interpreted as the inverse drag coefficient between species i and

species j. Equation (20) can be generalized to n-component mixtures:

1 duy, :Z":xj(“i _”j)

RT dz

;o i=12,...n (21)

J=1 ij

J#i

ESI 6



By multiplying both sides of equation (21) by x; after introducing the expressions for fluxes

N,=cu;=J,+xN,; N, = ZN,. we obtain

i=1

X, dlu n X; J .
—-— i=12,...n 22
RT dz ]Z; U z ctBU @2)

/H

where the second equality arises from application of equations (3), and (4). The X Ay is the
'z

generalization of the mole fraction gradients, used as driving forces for ideal gas mixtures. Indeed, for

ideal gas mixtures, equation (22) simplify to yield

dx, _ ,N—xN, " XN, =N

dz ¢,b, ¢,b, ’

_dx, _XN,—x,N, N x,N, —x,N, (23)
dz ¢,D,, ¢,D,,

_dx; _ xN;—x;N, N xX,N; = x;N,
dz ¢,by, ¢y,

The ORR imply that the M-S pair diffusivities are symmetric

D, =D, i,j=12..n

24)

Insertion of the Maxwell-Stefan diffusion eq. (21) into (14) we obtain on re—arrangement3

:—CRZZ i "u —u‘ >0 (25)

i=l j=1 ;‘/'

For mixtures of ideal gases for which the Dj are independent of composition the positive definite

condition (25) can only be satisfied if

D, >20; (ideal gas mixtures)

(26)

Equation (26) was first derived by Hirschfelder, Curtiss and Bird.* For non-ideal liquid mixtures the

D;; are composition dependent in general and a result analogous to eq. (26) cannot be derived.?
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The M-S pair diffusivities D;; for gaseous mixtures at low pressures can be estimated to a good level

of accuracy using the Fuller-Schettler-Giddings (FSG)® method.

-7 ~1.75
5o 143x107T 2 27

o [

where p is the pressure (expressed in atmospheres), M, = % is the mean molecular weight of the

. . -1 . . . 3 -1
mixture (expressed in g mol™), v;, and v, are the diffusion volumes (expressed in cm” mol™) whose

values are obtained by summing the contributions of the volumes of the constituent atoms in the
molecular species (the values are tabulated in Table 11.1 of Reid, Prausnitz, and Poling.®

According to the FSG estimation procedure, the product of D;j and the total pressure, p, is a function
only of temperature and is also independent of composition. For gaseous mixtures at high pressures, the
experimental data of Takahashi and Hongo’ for M-S diffusivities of CO,(trace amounts)/C,H; mixtures,
and CO,/C,Hy(trace amounts) mixtures at 298.2 K, 323.2 K, and 348.2 K demonstrate quite clearly, and
dramatically, that the assumption p Dj;; = constant, implicit in the FSG estimation with Equation (27),
becomes increasingly poor as p increases; see Figures la, 1b, and lc. The departures from the FSG
Equation (27), is primarily to be attributed to the departures of fluid densities from the ideal gas
prescription. The experimental data of Takahashi and Hongo’ conforms quite well with the modified

prescription

-7 175
D - 1.43x107'T 7 (28)

oo [ )6

The predictions of equation (28) are shown by the continuous solid lines in Figures 1a, 1b, and Ic. It
is noteworthy that the experimental data for COx(trace amounts)/C,Hs mixtures, and CO,/C,Hy(trace
amounts) mixtures are not coincidental. To understand the departures from the FSG prescription,
Figures 1d, le, and 1f present calculations of the compressibility factor, Z, using the Peng-Robinson

Equation of State (PR EOS) at the three different temperatures. The compressibility factors for
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COy(trace amounts)/C,H4 mixtures, and CO,/C,Hy(trace amounts) mixtures are not the same, and this
explains the differences in the corresponding diffusivity values.

For non-ideal liquid mixtures, the chemical potential of component i, x, are related to the gradients of

the component activities, a;, = y,x;:
u; = 10 +RTn(a,)= 4 + RTIn(y,x;) (29)

where y, is the activity coefficient.
For gaseous mixtures at high pressure, the chemical potential of component i, u, are related to the

gradients of the component fugacities, f;, =¢,p, =dx,p:

#; =+ RTIn(f;)= 1 + RT In(gx, p) (30)

where ¢, is the activity coefficient and p is the total gas pressure.
It is helpful to express the left member of equation (22) in terms of the mole fraction gradients by

introducing an (n-1) x (n-1) matrix of thermodynamic factors [F] :

) n—1 dx .
tdlnal = r,/_j’ l—‘l'j:é‘ij‘l‘x[%; i’j=1’2"'n_l (31)
RT dz dz ! dz ' ax,

Jj=

X dpy

For non-ideal ternary liquid mixtures, the elements of [I'| can be calculated from Van Laar, Wilson,

UNIQUAC or NRTL models describing phase equilibrium thermodynamics.®°

The analogous expression for high pressure gaseous mixtures is

RT dz " odz Iz o .

J

. . ool dx, _
L%:x.dlnﬁ:zQ—h rij:5”+xiﬁln¢,; i,j=12..n—-1 (32)
Jj=1

The elements of [F] can be calculated by analytic differentiation of an Equation of State (EOS) such

as the Peng-Robinson (PR) EOS. For binary mixtures, explicit analytic expressions for

=x i _ 0. +x Ilng, for PR EOS are provided in the paper by Tuan et al."
: &, ! 1 ak

We also define a (n-1) x (rn-1) matrix of inverse diffusivities [B] whose elements are given by
ESI 9



_ N Xk . _ 1 L PR
Bz’i =—+ f, Bii(#j) = _xi(B_U_D_m}’ lL,j]= ,2..n—1 (33)

Combining equations (22), (31), and (33), we can re-cast equation (22) into (n-1) dimensional matrix

notation

=B M4 ([} 349

where we have additionally defined

[a]=[8]" (35)
For an ideal gas mixture, we have

[A]=[B]" =[D]; ideal gas mixture (36)

Comparing equations (13), (17), and (34), we get the inter-relationship between Fick, M-S and

Onsager coefficients

[L]#]=[p]=[8]"[F]=[A]r] (37)
For a binary mixture, n = 2, we get

Dy, =D, (38)

Specifically, for a ternary mixture, n = 3, we derive

X, (4% x[L—LJ
|:Dll DIZ}: 1 by D, Dy 1 b, by, |:F11 FH} (39)
D, Dy B,\B,, = B},B,, xz( 1 _ 1 j X " X) N X (I Ty
b, D, b, b, by,

Equation (39) simplifies to yield

{Bw (x11923+(1—x1 )BIZ) xlBZ3(Dl3 _Dlz) }
{Dn Dn}:{/\n A12:||:rll F12:|: x21913(1923_1912) D23(x2D13+(l—x2)B12) {

Fll r12:| (40)
D, D, Ay Ay Ty Ty XDy +x, D)5 + 3D,

1—‘2 1 1—‘22

ESI 10



Equation (40) also shows that the component numbering alters the sign of the cross-coefficients;
negative cross-coefficients are nothing to be alarmed about as they occur routinely even for ideal gas
mixtures.

The determinant of [B] for a ternary mixture is

|B| X Xy X3 1 | | D, DDy,

DDy Dpb,y D3y |A| xDy+x,05 + ;D)

We also have

|A|1/2 :\/ D, D13Dy5 42)
xDy3+x,Dp5 + ;D)

The quantity |A|”2 can be interpreted as an “average” magnitude of M-S diffusivity in the ternary
mixture; we will return to this later. The values of the Fick and Onsager diffusivities are dependent on
the choice of the reference velocity frame, that has been chosen in the foregoing set of expressions as
the molar average mixture velocity. For converting the diffusivities from one reference velocity frame to
another, explicit expressions are provided in Taylor and Krishna.® An important advantage of the M-S
formulation, is that the pair diffusivities D are independent of the choice of the reference velocity
frame. Further discussions of the characteristic differences between the Onsager, M-S and Fickian
formulations are available in Taylor and Krishna.®

The thermodynamic factor [I'] is related to the Hessian matrix

B (l_xz) 1
H11 le :L X, Fll Flz .
H, H, X3 M L, Iy ’

1
X5
T, 1—‘12:| :|:(1_xl)x1 — XX, }{Hn le}
L Iy — XX, (1 X )xz Hy H,,
Combining equation (37), and (43), we obtain the following relation between [L] and [A] matrices

{Ln le}{Hn le}:[/\n A12:||:r11 F12}:{A11 A12:||:(1_x1)x1 — XX, }[Hn le} (44)
Ly, Ly |H, Hy Ay Ay | Ty Ty Ay Ay || —xx, (l_xz)xz H, Hy
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Equation (44) in combination with equation (40) yields

{Lu le}z{/\n Ay, i||:(1_xl )xl — XX }
Ly, Ly Ay Ay || —xx, (1—x2 )xz
|:DIB(XID23+(1_XI )Dlz) XD, (1913 _1912)

X2B13(Dz3 _Bl2) B23(x2B13+(1—x2 )Dlz )} |:(1_x1 )xl — XX, }
XDy +x,D)5 + X3, XX, (1_x2 )xz

(45)

It is straightforward to verify that the Onsager relations (7) are satisified.

2. Darken and Vignes interpolation formulae for binary liquid mixtures
For binary liquid mixtures n = 2, the (n-1) dimensional matrix equations (31), and (37) simplify to

yield

D, =B, T=L,H="rrp r=[1:907 (46)
X, X, Olnx,

11, 12

In the pioneering papers by Darken the following expression is postulated for the composition

dependence of the Fick diffusivity D,

Olny
D, =\x,D, _.+xD, .1+ L 47
12 ( 21, self 1772, self )( 81n xl J ( )

where D i and Ds geif are tracer, or self- diffusivities of components 1 and 2, respectively, in the binary
mixture.

Darken'"" > was one of the first to recognize the need to use activity gradients as proper driving forces
when setting up the phenomenological relations to describe diffusion. The thermodynamic factor T" is
also referred to as the “Darken correction factor”. Combining equations (46) and (47) we obtain the
following expression for the composition dependence of the M-S diffusivity P, for a binary mixture
D, = x2Dl,self + xlDZ,self (48)

13-15

The D seir and D, qei¢ are more easily accessible, both experimentally and from Molecular Dynamics

(MD) simulations,'® than the P,.

A somewhat more accurate interpolation formula is the empirical Vignes relation'®
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b, = (lezﬁl )XI (lezzﬁl )xz (49)
where the limiting values of the M-S diffusivities are

Dxlﬁl :Dlleﬁl; Dx2~>l :Dlxzzﬂl (50)

2,self 1,self

Krishna and van Baten'® have conducted a comprehensive set of MD simulations to determine D; s,
D; i1, and Dy for a variety of binary and ternary mixtures containing linear alkanes, with carbon
numbers in the range of 1 — 16 at 333 K and 30 MPa. The computational details are provided in
Krishna and van Baten;' some salient details are provided hereunder.

The MD simulations are based on the united atom model that considers the CHy groups as single,
chargeless interaction centers with their own effective potentials. The beads in the chain are connected
by harmonic bonding potentials. A harmonic cosine bending potential models the bond bending
between three neighboring beads, a Ryckaert-Bellemans potential controls the torsion angle. The beads
in a chain separated by more than three bonds interact with each other through a Lennard-Jones
potential. The Lennard-Jones potentials are shifted and cut at 12 A. The force fields have been given in

detail in other publications36’ 37 The size of the simulation box was taken to be either 25 Ax25 Ax25 A

or 30 Ax30 Ax30 A. Periodic boundary conditions were employed.

Diffusion in a system of N molecules is simulated using Newton’s equations of motion until the
system properties, on average, no longer change in time. The Verlet algorithm is used for time
integration. The energy drift of the entire system is monitored to ensure that the time steps taken were
not too large. A time step of 2 fs was used in all simulations. N molecules are inserted into the
simulation box at random positions as long as no overlaps occur with other particles. During the
initializing period we perform an NVT MC simulation to rapidly achieve an equilibrium molecular
arrangement. After the initialization step, we assign velocities to the pseudo-atoms from the Maxwell-
Boltzmann distribution at the desired average temperature. The total momentum of the system is set to
zero. Next, we equilibrate the system further by performing a NVT MD simulation using the Nosé-

Hoover thermostat. When the equilibration is completed, the production run starts. For every cycle, the
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statistics for determining the mean square displacements (MSDs) in the NVT ensemble are updated. The
MSDs are determined for time intervals ranging from 2 fs to 1 ns. In order to do this, an order-N
algorithm, as detailed in Chapter 4 of Frenkel and Smit> is implemented.

The self-diffusivities were determined from the formula

1. 1 /[& >
D . =——Im— r, (t+Af)—r, (¢ 51
iself 6Nl Al o0 At <[;( 1,i ( ) l,z( )) j> ( )
where r,;(¢) denotes the position vector of molecule / of species i , N; is the number of molecules of
species i, and the notation < . > denotes ensemble averaging.

The values of the self-diffusivities at the limiting compositions, Df ;’;}1, determined from MD

simulations are provided in Table 1.

The elements of the n-dimensional matrix [Q] defined by

1 n
xu, =———>» Q. Vu.; i=12,.n 52

are determined from

N

£y = % Aim %éq (e an-, (t))] . [Z(rk, JE+AD =T (t))]> (53)

M=

k=1

where N; and N; are the number of molecules of species i and j, respectively, in the simulations box and

N represents the total number of molecules. The Q; =Q ; coefficients defined by Eq. (52) correspond to

a reference frame in which the mass average mixture velocity is zero, i.e. Za)l.u . =0. This implies that
i=1

the Q, =Q ; coefficients are constrained by

> MQ,; =0 (54)

ESI 14



where M; represents the molar mass of species i. The elements A, defined by equation (35), are

related to the coefficients Q, by

Q. Q. = Q. Q
Ay =( —xi)(—{—iJ—xi > (—"f—i} ij=12,.n-1 (55)

k=Lkzi\ Xj  Xn

We discuss and analyze the MD simulation data below.

Figure 2 presents the MD simulation data of Krishna and van Baten'® on Diseif, Djserr, and Dj; for the
methane(1)/ethane(2), methane(1)/n-hexane(3), and ethane(2)/n-hexane(3) binary mixtures. The
continuous solid lines are the calculations of Dj; using the Darken interpolation equation (48) using as
input the MD simulated values of D sif, D2 seif, and D3 seir.

For the three binary mixtures methane(1)/ethane(2), methane(1)/n-hexane(3), and ethane(2)/n-
hexane(3), we can determine the M-S diffusivities (units: 10° m* s™) at the limiting compositions as
follows:

methane(1)/ethane(2): D2~ = 5.3; D2 =2.58

methane(1)/n-hexane(3): D' = 3; DS =1.05

ethane(2)/n-hexane(3): P2~ = 1.09; D3~ =0.84

Also shown in Figure 2 are the calculations using the Vignes interpolation formula (49) using the
values at either ends of the composition range.

Figure 3 presents the MD simulation data of Krishna and van Baten'® on D seir, Djseir, and Dj; for the
binary methane(1)/ethane(2), methane(1)/propane(3), and ethane(2)/propane (3) mixtures. The
continuous solid lines are the calculations of Dj; using either the Darken interpolation equation (48), or
the Vignes interpolation formula (49).

Figure 4 presents MD simulation data of Krishna and van Baten'® on Di setr, Djseir, and Dj; for the
binary methane(1)/propane(2), methane(1)/n-hexane(3), and propane(2)/n-hexane (3) mixtures. The
continuous solid lines are the calculations of Dj; using either the Darken interpolation equation (48), or

the Vignes interpolation formula (49).

ESI 15



Figure 5 presents MD simulation data of Krishna and van Baten'® on Di seif, Djseir, and Dy for the
binary ethane(1)/propane(2), ethane(1)/n-butane(3), and propane(2)/n-butane (3) mixtures. The
continuous solid lines are the calculations of D;; using either the Darken interpolation equation (48), or
the Vignes interpolation formula (49).

Figure 6 presents MD simulation data of Krishna and van Baten'® on Di seif, Djseir, and Dy for the
binary propane(1)/n-butane(2), propane(1)/n-pentane(3), and n-butane(2)/n-pentane (3) mixtures. The
continuous solid lines are the calculations of D;; using either the Darken interpolation equation (48), or
the Vignes interpolation formula (49).

The results presented in Figures 2,3, 4, 5, and 6 demonstrate the accuracy of both the Darken and
Vignes interpolation formulae. A visual inspection shows that the Vignes interpolation formula (49) to
be slightly superior for the investigated mixtures.

Generally speaking, the factoring out of the effects of non-ideal mixture thermodynamics (by use of

% = D,, ) results in a milder variation of the M-S diffusivity as compared to the Fick diffusivity.

The Vignes interpolation formula (49) offers the possibility of interpolation using data at either ends
of the composition scale. To verify this, Figures 7a, 7b, and 7c present comparison of the Fick, and M-
S, and Onsager diffusivities for (a) acetone (1) — water (2), (b) ethanol (1) — water (2) and (c)
methanol(1)/n-hexane (2) mixtures along with the estimations using equation (49). We see that that the
interpolation formula is of good accuracy. Further examination of the validity of the Vignes
interpolation formula in available in published works.* '***

The Onsager diffusivity is related to the M-S diffusivity by equation (37) which simplifies for binary

mixtures to
D
L,=xx,D,= % (56)

The L, vanishes at either ends of the composition scale (cf. Figure 7) and this characteristic makes it

less desirable for use in practical applications.> * #%°
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Figure 8 presents the comparison the Fick diffusivities, D;,, with the Maxwell-Stefan, B,
diffusivities for (a) water (1) — methanol (2), (b) water (1) - ethanol(3), and (c) methanol (2) - ethanol
(3) mixtures at 298 K. The M-S diffusivities are better behaved as regards their composition dependence
in comparison with the Fick diffusivities.

For binary gaseous mixtures at high pressures, the influence of the compressibility factor needs to be
additionally accounted for. The influence of influence of the total pressure, p, on the Fick diffusivity of
binary gas mixtures can be estimated by combining the FSG equation (27) with the PR EOS for

estimating Z, and I

(57)

=7 1.75
p __ 143x107T Z[l+6ln¢lJ

' PyM; :(V;/3)+(V(1//3)]2 Olnx,

The influence of increased pressures on the estimations of the Fick diffusivities are illustrated for
CHy4(1)/CsHg(2) mixtures at 298.15 K and x; = 0.7 in Figure 9. Influence of pressure on (a)
compressibility factor, calculated using the Peng-Robinson Equation of State (PR EOS), (b)
thermodynamic factor, I, calculated using PR EOS, and (c) Fick diffusivity of CH4(1)/CsHg(2) mixtures
at 7= 298.15 K and x;= 0.7. Of particular interest is the variation of the Fick diffusivity with pressure.
For the range 1 — 100 bar, the value of D, decreases with increasing pressure. However, for p >100
bar, the diffusivity values are nearly independent of pressure.

The influence of fluid compositions on the diffusivities of CH4(1)/C3Hg(2) mixtures at 298.15 K are
shown in Figure 10. We note that the Fick diffusivities exhibit a pronounced increase in values for x; >
0.7. This increase in the diffusivity is confirmed by the experimental data of Sigmund, as reported in
Figure 2a of Leahy-Dios and Firoozabadi, discussed below.*

Figure 11a presents the experimental data of Sigmund, as reported in Figure 2a of Leahy-Dios and
Firoozabadi,26 for Fick diffusivities of CH4/C3sHg mixtures at 7= 311 K and p = 137.8 bar. For an ideal
gas mixture, the Fick diffusivities are expected to be independent of composition. The departures from
this expectation is attributable to two separate factors: (a) the variation of the compressibility factor, Z,

with composition (as shown in the PR EOS calculations in Figure 11b), and the thermodynamic
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correction factor, T’ =(1+%J (as shown in the PR EOS calculations in Figure 11c); here ¢ the
nx;

fugacity coefficient. The continuous solid line in Figure 1la represents calculations using

IR G o L ) o,
D, =(B{‘21%1)X (Bﬁzﬁl)x (1+%JZ with input of the empirical values P2 =1.21x107 m*s™", and
nx,

P52 =038x107" m*s™'; there is good agreement between the combined Vignes-PR EOS model and

the experimental data. The dashed line in Figure 1la are calculations of the M-S diffusivity

Dlz = (lezl_)l )tl (lezz_)l )Vz Z.
Figure 11d presents the experimental data of Sigmund, as reported in Figure 2¢ of Leahy-Dios and
Firoozabadi,26 for Fick diffusivities of CH4/C3sHg mixtures at 7= 311 K and p there is good agreement

between this estimation and the experimental data.= 206.8 bar. The continuous solid line in Figure 11d

, 0lng,

represents calculations using D,, =(JDf‘2“’1 )“ (ij_’1 )Yz (1 1
nx,

JZ with input the empirical values

P =0.81x107 m’s™', and P2 =0.26x107 m?s™'; there is good agreement between the combined
Vignes-PR EOS model and the experimental data. The dashed line in Figure 11d are calculations of the
M-S diffusivity By, = (P! )" (B~ Z.

Figures 12a)b presents the experimental data of Tuan et al.'’ for the dependence of the Fick
diffusivity of methyl oleate (MO) (component 2) in supercritical CO, (component 1), indicated by green

squares, on the mole fraction of MO for 7=313.15 K, and (a) p = 10.6 MPa, and (b) p = 11.5 MPa. The

strong decrease in the Fick diffusivity is primarily attributable to the influence of the thermodynamic

NIy

correction factor, I' =
Inx,

J, values of which, calculated using the PR EOS, are also indicated in

Figures 12a,b.
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3. Darken and Vignes interpolation formulae for ternary liquid mixtures
For diffusion in n-component non-ideal liquid mixtures, the matrix of Fick diffusivities [D] has
significant non-diagonal contributions caused by (a) differences in the binary pair M-S diffusivities, D,
and (b) strong coupling introduced by the matrix of thermodynamic factors [F]
The description of the composition dependence of the M-S diffusivities Dj; in liquid mixtures
containing three or more species is much less developed. Krishna and van Baten'® postulate that the M-

S diffusivity of the i-j pair in the ternary i-j-k mixture depends on D;ir and Djir in this mixture, but

weighted with mole fractions on a k-free basis, i.e.

p-—% p 4+ Y p (58)
e — P l _— P l.
X, + X, Jself X, + X, bself

Each of the three M-S pair diffusivities D;; depends on six infinite dilution parameters

23

These limiting values of Dj; at the edges of the ternary composition space are

x—l _ x>l =l oyl =1 xl x3—1 xz 31,
BIZ - DZ,se_]f’ B12 - Dl,sel/' s DlZ - DZ,self + Dl,self H
X, t X, Xt X,
=1 _ -1, =1 -1, x>l xl X1 )C3 x—1,
Bl3 - D3,self’ Dl3 - Dl,self > B13 - D3,self + Dl,sel/' s (60)
X, t X, X, t X5
x>l x,—1, x>l oyl x3—>1 X2 x—1 x} x—1,
D23 - D3,self’ D23 - DZ,ser’ D23 - D3,self + D2,self’
X, + X5 X, + X5
Noting that the following limiting values hold
x—=>1 _ pyx—l1, =1 _ -l
DIZI - D2,lself’ DIZ2 - Dl,se[f ’
x—=l _ x>, =1 _ pyx—ol,
DISI - D3,lself’ BIS - Dl,self ’ (61)

X1 pyx—ol, =l yx-ol,
D23 - D3,sel/' ’ D23 - DZ,self ’

we derive
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x—=1 _ pyx—l n=>1 _ yo-l, x>l _ X x3—1 X, X3 —1
BIZ D25@lf’ DIZ Dlself’ Dlz - D23 + D13 H
X + X, X + X,
x>l _ yx-ol, -1yl X,—>l _ x] X, —1 -x3 X,—l1,
Dl3 - D3,selj" BIS - Dl,self’ Dl3 - BZ3 + Dlz > (62)
X + X3 X + X3
X, —1 X1, =1 _ oyl X3l x—l1 x3 x—1
P =D PRt =Dr; PRt = DI+ D
23 3,self > 23 2,self > 23 13 12 >
X, + X3 X, + X3

Eq. (62) is the proper estimation procedure for B;f ' that is consistent with the Darken relation.

For a ternary mixture, Wesselingh and Bollen”’ have suggested the following extension of the Vignes

interpolation formula (49)

b, =(p;f (19.’?/‘*1 ) (D) (63)

g g g y

x;—1

For the estimation of D;*™", the i - j pair diffusivity when both i and j are present in infinitely dilute

concentrations. Krishna and van Baten'® suggest the extension of the Darken relations (62) to obtain

B’C3*}l =( )@%1)* /(3 +2, ( x3al)xz/(x1+xz)
B]}c32—>1 — ( xz—>1)Y /(203 ( x2—>1)xz/(xl +x3) (64)
B}q—)l — (Bxl—ﬂ)‘ /(x2+x3)(Dxl_,1)x3/(x2+x3)

23 12 13

For the special case of an equimolar mixture we obtain

Dy = \/ (Bf; b5~ (65)
The simplified interpolation formula (65) was proposed by Wesselingh and Bollen.”’

Liu, Bardow and Vlugt18 have suggested the following procedure for estimation of B;ﬁl

321 31 X1 x>l x—=1 yx—1
Dx3~>1 _ Dl,self D2,self . X, 1 Dl,se_]f DS,Ser . x>l D2,SelfD3,self (66)
[V Dol > i3 Do > 23 DAl
3,self 2,self 1,self

While D;;,;;, Dy, D are accessible from MD simulations, these self-diffusivity values cannot

be estimated on the basis of M-S diffusivities of the constituent binary pairs in ternary mixtures.
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4. MD data for diffusivities in ternary mixtures on n-alkanes

Krishna and van Baten'® have performed MD simulations to determine the diffusivities in a wide
variety of ternary mixtures consisting of n-alkanes. We re-analyse their data on the following five
systems.

methane(1)/ethane(2)/n-hexane(3)

methane(1)/ethane(2)/propane(3)

methane(1)/propane (2)/n-hexane(3)

ethane(1)/propane (2)/n-butane(3)

propane(1)/n-butane (2)/n-pentane(3)

MD simulations of diffusivities in ternary mixtures, such as those reported by Krishna and van
Baten,'® do not directly yield the values of the constituent pair diffusivities, D;;. Rather, the MD
simulations yield the four elements of the matrix [A], defined by equation (35). The inversion of [A]
needs to be first performed in order to determine the elements of [B]. For a ternary mixture, the M-S Dj;

can be determined explicitly using the following relations that are derived by Krishna and van Baten,'® :

1
Dy=——""7p— (67)
x,B
B, 2x 12
1
1 1
Blz = = (68)
X, +X X, +X
Bll_( lx 3)B12 B22 ( Zx 3)B21
1 2
P (69)
2= - n
B,, + XIfZI

The procedure of first inverting the MD simulated values of matrix [A], to obtain the D; from
equations (67), (68), and (69) is fraught with numerical inaccuracies. Therefore, let us first compare the
MD simulated values of the four elements of the matrix [A] with estimations using the Vignes

interpolation formula (63), combined with either equation (65) or equation (66). The parity plots for the
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four elements A;j, A2, Az1, and Ay, are shown in Figures 13, 14, 15, 16, and 17 for the five different

ternary mixtures investigated by Krishna and van Baten.'

The upper left corner presents the parity
plots using the Liu-Bardow-VlIugt'® interpolation formula (66), while the bottom right corner presents

the parity plots with the Wesselingh-Bollen interpolation formula (65). Generally speaking, the
estimations of the diagonal elements Aj;, and Ay, should be expected to be more accurate than the
estimations of the off-diagonal elements Aj», and A,;. This is indeed the case for all five ternary
mixtures. The two estimation procedures of Wesselingh-Bollen and Liu-Bardow-Vlugt'® yield

predictions of four elements A1, Aj2, Az1, and Ay, that are practically identical.
The square root of the determinant |A|l/2 may be viewed as a measure of the “magnitude” of the M-S

diffusivity that characterizes diffusion in a ternary mixture. Figure 18 presents comparisons of the

1/2

values of MD simulated values of |A| for the five different mixtures with calculations of

|A|1/2 = DD Dy with the Dj; using Vignes interpolation formula (63), combined with (65).
XD y3+x, D5 + 33D,

Such an estimate of the “magnitude” of the M-S diffusivity in ternary mixtures is useful for estimation
of the elements of Fick matrix [D] for ternary mixtures, as we will discuss later.

A different procedure for estimation of |A|l/2 is presented in Figure 19. Here we present comparisons
of the values of MD simulated values of |A|1/2 for the five different mixtures with calculations of

(DLW i (Dz,se[f )XZ (D3,se1/‘ )X3 where the component self-diffusivities are also values determined from MD

simulations. The accuracy of this estimation is comparable to those based on Vignes interpolation,
presented in Figure 18.

Let us now turn to the estimations of the M-S diffusivities Py, Pi3, and P,; using Vignes
interpolation formula (63), combined with equation (65) for the five different mixtures. Figure 20,
Figure 21, Figure 22, Figure 23, Figure 24, and Figure 25 present comparisons of the estimations of the

M-S diffusivities D2, P13, and P,z using the Vignes interpolation formula (63), combined with equation
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(65) along with the Dj; values determined from equations (67), (68), and (69) for the five different
ternary mixtures.

Figure 20 presents the MD simulation data of Krishna and van Baten'® on D1y, P13, and P»3 in the
ternary methane(1)/ethane(2)/n-hexane(3) mixtures: x; = 0.2, varying x,, x3; x, = 0.2, varying xy, x3; X3
= 0.2, varying xi, x,. The continuous solid lines are the calculations of Dj; using Vignes interpolation
formula (63), combined with equation (65). The estimations of P;,, and P;3 are of good accuracy but
the estimates of P,z are not of the same accuracy.

Figure 21 presents the MD simulation data of Krishna and van Baten'® on D1s, P13, and Py3 in the
ternary methane(1)/ethane(2)/n-hexane(3) mixtures: vary x;, with xp/x3= 1; vary x,, with x;/x3= 1; vary
x3, with x1/x;= 1. The continuous solid lines are the calculations of Dj; using Vignes interpolation
formula (63), combined with equation (65). As in the previous case, we note that the estimations of P,
and P;; are of good accuracy but the estimates of D53 are not of the same accuracy.

Similar conclusions about the accuracy of the Vignes interpolation formula (63) are reached for the

other four mixtures; see Figure 22, Figure 23, Figure 24, and Figure 25.

5. MD simulations of diffusivities in water/methanol/ethanol mixtures

Parez et al®® have published MD simulated values |A|”2 for water(1)/methanol(2)/ethanol(3)

|1/2

mixtures. Figure 26 presents a plot of the |A|"" data as a function of the mole fraction of methanol

(component 2). We see that the data shows a very simple correlation with the methanol compositon.

This MD simulated values are in reasonably good agreement with calculations using

A" = (Dl,self J (Dz,se!f J: (DS,self J, taking D sei= 10.3, Daserr= 18, D3 serr= 9.1 with units 107" m? s,

6. Fick diffusivity matrix [D] for acetone/benzene/CCl; mixtures
Cullinan and Toor,”” have presented experimental data for the elements of the Fick diffusivity matrix
[D] for acetone(1)/benzene(2)/CCl4(3) mixtures. Let us now examine whether we can estimate the

elements of the Fick diffusivity matrix [D] for acetone(1)/benzene(2)/CCly(3) mixtures using data on the
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infinite dilution M-S diffusivity values. For this purpose, we need to examine diffusivities in each of the
binary pairs. Figure 27 presents the experimental data on the  Fick diffusivities for (a)

acetone(1)/benzene(2), (b) acetone(1)/CCly(3), and (c) benzene (2)/ CCly4(3) mixtures as a function of
composition. Also shown in Figure 27 are the M-S diffusivities, calculated from D, =%. The

required NRTL parameters for calculation of thermodynamic factors are provided in Table 2. The
benzene/CCly mixtures are ideal, and consequently I'~1; B, = D,,. For acetone/benzene mixtures,

the Vignes interpolation formula (49) is of reasonable accuracy, whereas for acetone/CCly, the M-S
diffusivity does not accurately follow the composition dependence prescribed by equation (49). On the
basis of the diffusivity data of the three binary pairs, we determine the following six M-S diffusivity

values at either ends of the composition ranges (units: 10° m*s™)

b =415 D27 =2.75; foracetone(l)/benzene(2) binary mixture
D' =357, D' =1.7; foracetone(1)/CCl,(3) binary mixture (70)
D' =1.91; D' =1.42 for benzene(2)/CCl, (3) binary mixture

Equation (70) in combination with the Vignes interpolation formula (63), with equation (65) allows

the estimation of [A]=[B]". We are unable to use the Liu-Bardow-Vlugt'® interpolation formula (66)
because the data on Dy, Dy, D% cannot be determined from the experimental M-S diffusivity

data on binary pairs. Post-multiplication of [A] with the matrix of thermodynamic factors [F] allows
estimation of the Fick diffusivity matrix [D]

[p]=[8]"[r]=[A]r] (71)

Figure 28 presents a comparison of the experimental data on Fick diffusivity matrix [D] with the
estimations. The required NRTL parameters for calculation of thermodynamic factors [F] are provided

in Table 2. We observe that the diagonal elements D;; and D,, are predicted fairly well, as is to be
expected. However, the estimations of the off-diagonal elements D, and D,, are somewhat poorer.

Nevertheless, the estimations of the cross-coefficients are of the right order of magnitude and sign.
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| |1/2

2

Figure 29 presents a plot of |A| —| |1 - as a function of the mole fraction of acetone in
r

acetone(1)/benzene(2)/carbon-tetrachloride(3) mixtures at 298 K. The square root of determinants |D

b

| |1/2
can be

and |F| are representative of the “magnitudes” of [D], and [F] respectively. The ratio ~——

viewed as the “magnitude” of the Maxwell-Stefan diffusivity in the fernary mixture. The ratio

| |1/2

|A|1/2 = | |1 - appears to show a simple dependence on the mole fraction of acetone, quite similar to that
r

observed for the variation of the M-S diffusivity in acetone/benzene, and acetone/CCly mixtures; see

Figure 27. The crosses in Figure 29 represent calculations using the formula

|A|1/2 = DD Dy where the D)y, D3, and P,3 are calculated using Vignes interpolation
XDy +x, D5 + x50,

formula (63), combined with Wesselingh-Bollen interpolation (65).

We shall now estimate the Fick diffusivity matrix [D] from [D]=|A|”*[[] with

|A|1/2 = DD Dy , Where the D, D3, and P,; are calculated using Vignes interpolation
XDy +x, D5 + x50,

formula (63), combined with Wesselingh-Bollen interpolation (65).

The parity plots are presented in Figure 30. The estimations of the Fick diffusivity matrix [D] using this
simplified procedure is about the same level of accuracy as the more rigorous Vignes interpolation
formula (63). We observe that the diagonal elements D;; and D;, are predicted fairly well, as is to be
expected. However, the estimations of the off-diagonal elements D), and D,; are somewhat poorer.
Nevertheless, the estimations of the cross-coefficients are of the right order of magnitude and sign. We

conclude therefore that a good estimate of the Fick diffusivity matrix is [D]=|A|”2[F] where the

“average” M-S diffusivity can be estimated using the Vignes interpolation formula.
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7. Fick diffusivity matrix [D] for acetone/benzene/methanol mixtures

We now analyze the experimental data of Alimadadian and Colver;® for
acetone(1)/benzene(2)/methanol(3) mixtures. Figure 31 presents a comparison of the Fick and Maxwell-
Stefan diffusivities for (a) acetone(l)/benzene(2), (b) acetone(l)/methanol (3), and (c) benzene
(2)/methanol (3) mixtures. The thermodynamic factors are calculated using NRTL parameters reported
by Kooijman and Taylor’' and reproduced in Table 3. Please note that the acetone-benzene parameters
are not the same as those reported above in Table 2. This explains that the M-S diffusivities for acetone-
benzene mixtures shown in Figure 31a are significantly higher than the corresponding values in Figure
27a.

On the basis of the diffusivity data of the three binary pairs, we determine the following six M-S
diffusivity values at either ends of the composition ranges
P =4.15; P37 =2.75; for acetone(1)/benzene(2) binary mixture
P =53, P57 =2.7; foracetone(l)/methanol(3) binary mixture (72)
P! =43; Py~' =3 for benzene(2)/methanol(3) binary mixture

Alimadadian and Colver;® report the elements of the Fick matrix [D] for

acetone(1)/benzene(2)/methanol(3) mixtures at 9 different compositions. Figure 32 presents data on

| |1/2

HT as a function of the mole fraction of acetone for acetone(1)/benzene(2)/methanol(3) mixtures,
r

where the matrix of thermodynamic factors is determined from the NRTL parameters in Table 3. We
again note that factoring out the thermodynamic influences yields much milder, well-behaved,

composition dependences. The crosses in Figure 32 represent calculations using the formula

|A|”2 = L2APLAFLZY where the D)y, D3, and P,3 are calculated using Vignes interpolation
XDy +x,Dp5 + x50,

formula (63), combined with Wesselingh-Bollen interpolation (65).
Figure 33 presents a comparison of the experimental data of Alimadadian and Colver;’® for the

elements of the estimate the Fick diffusivity matrix with estimates using [D]=|A|”2[l"] with
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|A|1/2 = DD Dy . The M-S binary pair diffusivities P, D3, and D,3 are calculated using
XDy +x, D5 + x50,

Vignes interpolation formula (63), combined with Wesselingh-Bollen interpolation (65) and equation
(72). We observe that the diagonal elements D;; and D,; are predicted fairly well, as is to be expected.
However, the estimations of the off-diagonal elements D, and D, are somewhat poorer. Nevertheless,

the estimations of the cross-coefficients are of the right order of magnitude and sign.
The reasonably good estimates provided by [D]= |A|l/2[l"] implies that the coupling effects of the Fick

diffusivity matrix have their origins in the coupling of the matrix of thermodynamic factors. In order to

verify this conclusion, Figure 34 plots the ratio DDy against the corresponding value of the ratio
11722

ﬁ. We note a near-linear dependence, confirming that diffusional coupling largely originate from

1—‘1 1F22

thermodynamic coupling.

8. Fick diffusivity matrix [D] for methanol/1-propanol/iso-butanol
mixtures

We now analyse the experimental data of Shuck and Toor’> for methanol(1)/1-propanol(2)/iso-

| |1/2

butanol(3) mixtures.. Figure 35 presents data on as a function of the mole fraction of methanol

1/2

for methanol(1)/1-propanol(2)/iso-butanol(3) mixtures, where the matrix of thermodynamic factors is
determined from the NRTL parameters in Table 4. We note that factoring out the thermodynamic

influences yields much milder, well-behaved, composition dependences. The crosses in Figure 32

represent calculations using the formula |A|”2 = \/ 5 B”IZ;BB 5 where the Dy», D3, and D3 are
XD 33+ X, D3 + X310,

calculated using Vignes interpolation formula (63), combined with Wesselingh-Bollen interpolation
(65).
Figure 36 presents a comparison of the experimental data of Shuck and Toor>” for the elements of the

estimate  the Fick diffusivity —matrix  with  estimates using [D]=|A|’[[]  with
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|A|1/2 = DD Dy . The M-S binary pair diffusivities P, D3, and D,3 are calculated using
XDy +x, D5 + x50,

Vignes interpolation formula (63), combined with combined with Wesselingh-Bollen interpolation (65).
We observe that the diagonal elements D;; and D,, are predicted fairly well, as is to be expected.
However, the estimations of the off-diagonal elements D, and D, are somewhat poorer. Nevertheless,

the estimations of the cross-coefficients are of the right order of magnitude and sign.
The reasonably good estimates provided by [D]= |A|l/2[l"] implies that the coupling effects of the Fick

diffusivity matrix have their origins in the coupling of the matrix of thermodynamic factors. In order to

verify this conclusion, Figure 37 plots the ratio DDy against the corresponding value of the ratio
11722

ﬁ. We note a near-linear dependence, confirming that diffusional coupling largely originate from

1—‘1 1F22

thermodynamic coupling.

9. Fick diffusivity matrix [D] for 2-propanol/glycerol/water mixtures

The elements of the Fick diffusivity matrix [D] for ternary mixtures of 2-propanol/glycerol/water
mixtures, measured in a diaphragm cell at 323 K, have been reported by Riede and Schliinder.”® Their
data, presented in the original paper in graphical form has also been conveniently tabulated by Mutoru
and Firoozabadi;** see Table 3 of the Supplementary Material accompanying their publication. The
NRTL parameters for the binary pairs of 2-propanol/glycerol/water mixtures are provided in Table 2 of

Zhang et al.”®

| |l/2

In Figure 38, the ratio ~—— is plotted as a function of the mole fraction of glycerol. We see that the
r

1/2
2

ratio shows a mild dependence on the composition, emphasizing that the “factoring out” of

1/2
a

thermodynamic influences simplifies the description of ternary diffusion.
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10. Rehfeldt data on Fick diffusivity matrix [D] for four different
ternary mixtures

A fairly comprehensive evaluation and discussion of the procedures for estimation of [D] is contained
in the paper by Rehfeldt and Stichlmair,”® and in the dissertation of Rehfeldt.’” They report
experimental data on the Fick diffusivity matrix [D] for (a) methanol(1)/1-butanol(2)/1-propanol, (b)
acetone(1)/water(2)/1-propanol(3), (c) acetone(1)/1-butanol(2)/1-propanol(3), and (d) 1-propanol(1)/1-
chlorobutane(2)/n-heptane(3) mixtures at 298 K.

Before proceeding with the comparing the experimental data on [D] with estimations, we shall first
present experimental data on the constituent binary pairs for the four ternary mixtures in order to extract
the infinite dilution M-S diffusivity values.

Figures 39, 40, 41, and 42 present data on Fick diffusivities of the constituent binary pairs for the four
respective mixtures. Also shown are the M-S diffusivities, along with the estimations using the Vignes
interpolation formula (49). The calculation of thermodynamic factors are based on the Wilson
parameters reported in Table 9.2 of the dissertation of Rehfeldt.’” The values of the infinite dilution M-S
diffusivities are also indicated in Figures 39, 40, 41, and 42. Figures 43, 44, 45, and 46 present parity

plots for the four elements of [D] comparing experimental data with the estimations using
[D]=[B]'[r]=[A]r] along with the Vignes interpolation formula (63), combined with Wesselingh-
Bollen interpolation (65). For all four mixtures, the Vignes interpolation provides a reasonable

prediction of the elements of the Fick diffusivity matrix.

Figure 47 presents a plot of the ratio L? of the elements of the Fick diffusivity matrix [D] in 1-
11722

propanol(1)/1-chlorobutane(2)/n-heptane(3) mixtures plotted against the corresponding value of the

ratio % We see that the diffusional coupling effects are linked to thermodynamic coupling.
11722
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| |1/2

In Figure 48, the ratio is plotted as a function of the mole fraction of component 1 in four

1/2

| |1/2

different mixtures. We see that the ratio shows a mild dependence on the composition,

1/2

emphasizing that the “factoring out” of thermodynamic influences simplifies the description of ternary

diffusion. The crosses in Figure 48 represent calculations wusing the formula

|A|1/2 = L2APLAEL2Y where the Dy, Di3, and D,3; are calculated using Vignes interpolation
XDy +x, D5 + X3,

formula (63), combined with Wesselingh-Bollen interpolation (65).

A simple procedure for estimation of the Fick matrix [D] is [D]=|Al"*[[] with

|A|1/2 = D1y i3y . Figures 49, 50, 51, and 52 present parity plots for the four elements of
D3+, D)5 + x3D),

1/2

[D] comparing experimental data with the estimations using [D]:|A| [F ] The M-S binary pair
diffusivities D1y, D13, and P,3 are calculated using Vignes interpolation formula (63), combined with
Wesselingh-Bollen interpolation (65). We observe that the diagonal elements D;; and D;; are predicted
fairly well, as is to be expected. However, the estimations of the off-diagonal elements D;, and D,; are
somewhat poorer. Nevertheless, the estimations of the cross-coefficients are of the right order of

magnitude and sign.

Comparing the estimations in Figures 43, 44, 45, and 46 with the corresponding ones in Figures 49,

50, 51, and 52 leads us to conclude that the estimations using the simple formula [D]=|A|"*[r] are no
less accurate than using [D]=[B]"[r]=[A]r].

11. Phase stability in binary mixtures of liquids and alloys: influence on
diffusion

Non-ideal mixture thermodynamics has a strong influence on diffusion of binary mixtures of liquids

and alloyws in the vicinity of phase transition regions. To understand the diffusion characteristics of
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binary mixtures near phase transition point, we need to examine the mixture thermodynamics in more

detail, starting with the calculations of the Gibbs free energy

G G- G*
RT " RT + (3, Inx, + x, Inx, ) ﬁ=(x1 Iny, +x,1ny,) (73)

As illustration, let us consider a binary alloy of Fe(1)/Cr(2). The phase equilibrium thermodynamic
data are provided by Soriano-Vargas et al.*® The regular solution model is used to described the Gibbs

excess free energy

G* —(x v + v In )—Axx ~18600.0 +0.1T
RT Iy, x Iy, X2 RT

X1 Xy (74)

Figures 53a, and 53b present calculations of the Gibbs free energy for binary mixtures at (a) 7= 1200
K, and (b) 7= 800 K. At T = 1200 K, the free energy curve is “bow shaped”, indicating that the
mixtures are miscible in all proportions. However, we note that the free energy at 800 K, exhibits two
minima, and one maximum; see Figure 53b. For temperatures lower than 1125 K, we note two minima,

corresponding to

oG

—=0 75
o (75)

o . .. 0G . .
From the data on the vanishing of the first derivative —, we can determine the compositions of the
X

two liquid phases that are in equilibrium with each other. The two points thus obtained at various values
of 7, yields the binodal curve (indicated in green) in Figure 53c.

The vanishing of the second derivative of the Gibbs free energy

2
oG (76)

ox;

delineates the limits of phase instability; this defines the spinodal curve. The second derivative of the

Gibbs free energy is simply related to the thermodynamic factor,
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2
L o Cz; =H _ L (77)
RT 0Ox, XX,

where I', defined by (31), reduces for n =2 to

Fz(H@lnn] (78)

Olnx,

2

The calculations of 0 (2; =0 yields the points that lie on the spinodal curve (indicated in red) in
X

Figure 53c. The Upper Critical Solution Temperature (UCST) represents the confluence of the binodal
and spinodal curves; the UCST for this system is determined to be 1125 K. For any (x;, 7) conditions
outside the region delineated by the binodal curve, diffusion acts in a manner to smear out concentration
gradients and fluctuations. For any (x;, 7) conditions within the spinodal region, we have phase
separation, i.e. de-mixing. The region between the binodal and spinodal envelopes is meta-stable.

At the spinodal composition, the Fick diffusivity must vanish

2
! af:Hszo; D,=0 (79)
RT ox, XX,

The activity coefficients, ¥, of Fe(1) and Cr(2) in solution, as a function of the atom fraction of Fe(1),

can be calculated from

18600.0 + 0.1

Iny, =Ax?; lIny,=Ax?; A=
el 2 V> 1 RT

(80)

For the derivation of equation (80), see Appendix D of Taylor and Krishna.® The calculations of the
activity coefficients at 800 K are presented in Figure 53d.

Figure 53e presents calculations of the thermodynamic activity a, = y,x, as a function of the atom
fraction of Fe(1) for a chosen temperature of 800 K. In the unstable region, we note that the activity of
either component decreases while the corresponding atom fraction of that component increases. This

underscores the phenomenon of spinodal decomposition within the unstable region.
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For visualization of the spinodal decomposition in the Fe(1)/Cr(2) system, obtained by solution of the
Cahn-Hilliard®® *° equation, see the following videos on YouTube

https://www.youtube.com/watch?v=wHYfOAOt3vE

For verification of the fact that the Fick diffusivities tends to vanish at the spinodal composition, we
consider seven sets of experiments for partially miscible binary fluid mixtures.

Consider first the experiments reported by Vitagliano et al.*', the Fick diffusivities, D), for
triethylamine (1)/water (2) mixtures, measured at two different temperatures 292.15 K, and 293.15 K,
both slightly above the value of UCST = 291.5 K; see Figure 54a. The diffusivities were measured at
varying compositions approaching the spinodal curve from either side of the spinodal curves; see Figure
54b. Their data clearly demonstrate that the diffusivities vanish at spinodal composition, in agreement
with the expectations of Equation (79).

Consider the experimental data for 1-butanol (1)/water (2) mixtures measured at 298.15 K and
presented in Table 2 of Pertler et al.*?; see Figure 55. The diffusivities were measured at varying
compositions on either side of the spinodal compositions. Their data clearly demonstrate that the
diffusivities tend to vanish as the spinodal compositions are approached from either end of the spinodal
curve, in agreement with the expectations of Equation (79).

Figure 56 presents the experimental data of Thiel et al.*® for Fick diffusivities, Dy, for methyl
isopropyl ketone(1)/water(2) mixtures, measured at 293.15 K (water rich region) and 298.15 (MIPK
rich region) for various compositions on either side of the spinodal compositions. Their data clearly
demonstrate that the diffusivities tend to vanish as the spinodal compositions are approached from either
end of the spinodal curve, in agreement with the expectations of Equation (79).

Figure 57 presents the experimental data of Grossmann and Winkelmann,* and Pertler et al.** for
Fick diffusivities, Dj,, for glycerol(1)/acetone(2) mixtures, measured at 298.15 K for various
compositions in the acetone-rich region to the left of the spinodal composition. The data show that the

Fick diffusivities reduce in magnitude as the spinodal composition is approached.
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Figure 58 shows the experimental data of McKeigue and Gulari® for Fick diffusivities, D1y, for
methanol(1)/CS,(2) mixtures, measured at 293.15 K for various compositions in the CS,-rich region to
the left of the spinodal composition. The data show that the Fick diffusivities tend to vanish as the
spinodal composition is approached.

Consider diffusivities in regions close to vapor/liquid phase transitions. Figures 59a, and 59b present
experimental data of Dysthe and Hafskjold*® for Fick diffusivities of CH4(1)/n-C1oH2(2) mixtures at 7
= 303.5 K and p = 40, 50 and 60 MPa. The sharp well in the Fick diffusivity data at x; = 0.903 is
caused by the proximity to the spinodal compositions, plotted in Figure 59c.

Experimental data of Dysthe and Hafskjold46 for Fick diffusivities of CHy(1)/n-C10H2,(2) mixtures at
T =303.5 K with varying total pressures at the critical composition x;= 0.903 are shown in Figure 59d.
The Fick diffusivity progressively decreases in magnitude as the pressure is reduced, and D1, =0 at p =
31.5 MPa; this pressure dependence of the Fick diffusivity is opposite to the expectations for ideal gas
mixtures.

The composition dependence of the Fick diffusivities is dictated by a combination of the composition

dependence of the compressibility factor, Z (PR EOS calculations shown in Figure 59¢) and the

dlng,
nx,

thermodynamic factor, F:(H J (PR EOS calculations shown in Figure 59f). The continuous

solid lines in Figures 59a, 59b and 59d represent calculations using D,, = (Dl";‘”l )x1 (ng”l )x2 (1 +%¢1JZ )
nx,

The values B~ =12x107° mzs‘l[ﬂ} and D3 =0.7x10"° mzs‘l[ﬂ} were chosen to match the
p p

diffusivities at either ends of the composition range at the specified pressure p (expressed in MPa). Our
combined Vignes - PR EOS model captures the essential characteristics of the composition dependence
of the experimental Fick diffusivities over the entire range of compositions and pressures.

Figure 60a presents experimental data of Ago and Nishiumi'’ for diffusivity of benzene in
supercritical CO;, as a function of the total pressure. The measurements were made in a Taylor

dispersion tube with varying amounts of benzene injection into the tube. We note that with increased
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injection of benzene, the variation of the diffusivity with the total system pressure p is significantly
affected. For injection of 5.7 mL and 13.1 mL of benzene, we note a sharp increase in the diffusivity at
p =8 MPa. In order to rationalize the experimental results, we use a similar approach as adopted in the
foregoing example for CHy4(1)/n-C;oH22(2) mixtures. Figures 60b, and 60c present calculations of the
compressibility factor, and the thermodynamic factor, I', using the Peng-Robinson Equation of State
(PR EOS). These calculations have been performed at four different benzene compositions, x; = 0.005,

0.007, 0.01, and 0.013. The deep well in I" the at p = 8 MPa for x; = 0.01, and 0.013. The calculations

dlng,

Olnx,

of the Fick diffusivity using D, = Bo(l + JZ ; P, =7.5x10"m?™" are shown in Figure 60d for x;

= 0.005, 0.007, 0.01, and 0.013. These model calculations are able to rationalize the characteristics of
the experimental diffusivities in Figure 60a; the key factor appears to be deep well in the

thermodynamic factor, I".

12. Phase stability in ternary mixtures: influence on diffusion

Let us first consider phase stability in ternary liquid mixtures that can undergo phase separation
yielding two liquid phase phases that are in equilibrium with each other. Figure 61 is a schematic
showing liquid/liquid phase equilibrium for a hypothetical ternary liquid mixture. The binodal and
spinodal curves converge at the plait point. The region between the spinodal and binodal envelopes is
meta-stable (indicated in yellow). Let us consider ternary liquid mixtures of two different compositions
A and B that are brought into contact (cf. Figure 61). The average mixture composition (M) falls within
in the two-phase region. Each of the mixtures A and B will equilibrate to the compositions at the two
ends of the tie-line corresponding to the mixture composition M; these compositions are different from
those of A and B. The technology of liquid-liquid extraction is essentially based on the separation that
is effected as a consequence of the fact that phase equilibration yields compositions that are distinctly
different from the starting ones A and B. The design and development of liquid-liquid extraction

processes is crucially dependent on our ability to describe (a) liquid-liquid phase equilibrium
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thermodynamics, and (b) composition trajectories and fluxes in both the adjoining phases as these
approach equilibrium or stationary states.

The phase stability is dictated by the determinant of the Hessian matrix of the Gibbs free energy,

H|.
At the plait point, the binodal and spinodal curves converge. Outside the region delineated by the

spinodal curve, we have

|H | >0; |F| >0; phase stability (81)

Also, in view of the second law of thermodynamics (cf. equation (16)), we have |L| >0. In view of

equation (37), the condition of phase stability translates to Equation (19) which implies that both the
eigenvalues of the Fick matrix [D] are positive definite.

Within the region delineated by the spinodal curve, we require
|H | <0; |F| <0; |D| <0; phaseinstability (82)

Equation (82) implies that one of eigenvalues of the Fick diffusivity matrix [D] must be negative.
The region between the binodal and spinodal curves is meta-stable. At the plait point, and along the

spinodal curve we must have

|H|=O; |F|=O; |D|=O; spinodal curve (83)

So, the determinant |F| also vanishes along the spinodal curve, and at the plait point, i.e. |F| =0.

13. Diffusivities in glycerol/acetone/water mixtures

We now examine the influence of phase stability on diffusion in glycerol(1)/acetone(2)/water(3)
mixtures for which the liquid-liquid phase equilibrium data has been provided by Krishna et al.” The
experimental data on the binodal curve, and the tie lines are shown in Figure 62. The composition of the
plait point is Xgiycero= 0.1477, Xacetone= 0.4163 and Xyaer= 0.4360. Krishna et al’ also provide the NRTL

parameters describing phase equilibrium.
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Grossmann and Winkelmann™ ** * have reported data on the Fick diffusivity matrix [D] for
glycerol(1)/acetone(2)/water(3) mixtures at 75 different compositions, in the acetone-rich and water-
rich regions as indicated in Figure 62. As illustration, at x;= 0.18, x, = 0.22, x3 = 0.6,

0294 0.127
[p]=

x10”° m?s”, signaling strong diffusional coupling. We may consider D"’ to
0.148 0.213} SHATInE Stong A Hpine Y 2

be representative of the magnitude of the matrix of Fick diffusivities. Figure 63 presents a plot of |D|l/2

as a function of the mole fraction of glycerol, x;. We note that |D|”2 tends to vanish as the plait point

composition is approached, in conformity with the restraint imposed by equation (83).
The matrix of thermodynamic factors at the composition x;= 0.18, x, = 0.22, x3 = 0.6 is calculated to

183 0.73
Ir]= 0.478 0.444

}. Thermodynamic coupling effects contribute to large off-diagonal elements of

the matrix of Fick diffusivities [D]. In order to demonstrate that the coupling effects in the Fick

diffusivity matrix have their origins in the coupling effects of the matrix of thermodynamic factors,

Figure 64 presents a plot of the ratio % of the elements of the Fick diffusivity matrix [D] for
11722

glycerol(1)/acetone(2)/water(3) mixtures as a function of the ratio % We see a unique dependence
1122

between the two sets of data. Along the spinodal curve, both of these ratios tend to unity values, in view
of equation (83). The important message emerging from Figure 64 is that diffusional coupling effects
become of increasing importance as the compositions approach values corresponding to the spinodal
curve.

In order to demonstrate the well-behavedness of the M-S diffusivities, Figure 65a presents a plot of

| |1/2

the ratio for glycerol(1)/acetone(2)/water(3) mixtures, plotted as a function of the mole fractions

1/2

of acetone, x;, and water x3. The square root of determinants |D

, and |F| are representative of the
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1/2
“magnitudes” of [D], and [F] respectively. The ratio | |

—- can be viewed as the “magnitude” of the

| |1/2

Maxwell-Stefan diffusivity in the ternary mixture. The variation of appears to be strongly

1/2

| |1/2

dependent on the composition of acetone in the mixture. To confirm this, Figure 65b plots as a

1/2

o
function of the mole fraction of acetone, x,. We note that the entire data set appears to fall within a
narrow band; these results are analogous to those presented earlier for acetone(1)/benzene(2)/CCly(3),
acetone(1)/benzene(2)/methanol(3),  methanol(1)/1-butanol(2)/1-propanol,  acetone(l)/water(2)/1-
propanol(3), acetone(1)/1-butanol(2)/1-propanol(3), and 1-propanol(1)/1-chlorobutane(2)/n-heptane(3)

mixtures.

1/2

In Figure 65b, the crosses represent a model fit of the data using |A| =(Dm_,f )“ (Dz,mf )xz (Dm_,f )”3,
taking D1 sei= 0.01, Dy geir= 3.2, D3 5= 0.5 with units 10° m* s~

Figure 66 presents a comparison of experimental data for the Fick diffusivity matrix [D] for

1/2

glycerol(1)/acetone(2)/water(3) mixtures  with the estimations using [D]:|A| [F] based on

|A|l/2 :(Dl,se[/‘)Xl (Dz,se!f )‘2 (Dlself)“. The estimations of the cross-coefficients are of the right order of

magnitude and sign.

14. Diffusivities in water/chloroform/acetic acid mixtures

Figure 67 shows the experimental data for liquid/liquid equilibrium in water(1)/chloroform(2)/acetic-
acid(3) mixtures. The binodal curve is indicated in green. The spinodal curve is indicated by the red
line. The experimental data of Vitagliano et al® for Fick diffusivity matrix [D] of

water(1)/chloroform(2)/acetic-acid(3) mixtures at six different compositions (cf. Figure 67) also

confirm the expectations of Equations (19), and (83). We note that values of the determinant |D|

progressively decreases in magnitude as the compositions become increasingly poorer in acetic acid. At
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the plait point (composition: x; = 0.375, x, = 0.261 and x3 = 0.364 ) the matrix of Fick diffusivities

determined by Vitagliano et al.’’ by extrapolation of their data is [D] =

092 0.40
0.37 0.161

}<10_9 m’s?. It

can be confirmed that the determinant vanishes, i.e. |D| =0.

More recent measurements reported by Buzatu et al.’' for Fick diffusivity matrix [D] of

water(1)/chloroform(2)/acetic-acid(3) mixtures at five different compositions are shown in Figure 68.

Figure 69 presents a plot of |D|”2 as a function of (1- x3) for water(1)/chloroform(2)/acetic-acid(3)

mixtures for the two data sets. The magnitude of |D|1/2 reduces progressively as the plait point

composition is approached; this is in conformity with the restraint imposed by equation (83).

In order to demonstrate that the coupling effects in the Fick diffusivity matrix have their origins in the

coupling effects of the matrix of thermodynamic factors, Figure 70 presents a plot of the ratio Dlz—gz‘
1122

of the elements of the Fick diffusivity matrix [D] for water(1)/chloroform(2)/acetic-acid(3) mixtures as

a function of the ratio % We see a unique dependence between the two sets of data. Along the
11+ 22

spinodal curve, both of these ratios tend to unity values, in view of equation (83). The important
message emerging from Figure 64 is that diffusional coupling effects become of increasing importance
as the compositions approach values corresponding to the spinodal curve.

In order to demonstrate the well-behavedness of the M-S diffusivities, Figure 71 presents a plot of

| |1/2

ratio for water(1)/chloroform(2)/acetic-acid(3) mixtures as a function of (1- x3). The square root

1/2

of determinants |D , and |F| are representative of the “magnitudes” of [D], and [F] respectively. The

|D|1/2
ratio

-5~ can be viewed as the “magnitude” of the Maxwell-Stefan diffusivity in the fernary mixture.

| |1/2

The variation of appears to be strongly dependent on (1- x3) in the mixture. The crosses represent

1/2
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a model fit of the data using |/\|l/2 = (Dl,s@,f )“ (Dz,mf )Yz (Dm,,- )‘3 , taking D se1r= 0.4, Dase1r= 0.8, D3 se1= 1.1
with units 10° m? s™".

Figure 72 presents comparisons of experimental data for the Fick diffusivity matrix [D] for

water(1)/chloroform(2)/acetic-acid(3) mixtures with the estimations using [D]=|A|l/2[l“ | based on

A" =(Dy sy ) (Do )2 (Dyy ) taking Dy seir= 0.4, Dageir= 0.8, Ds = 1.1 with units 10 m? s”". The

|1/2

estimations of the cross-coefficients are of the right order of magnitude and sign.

15. Diffusivities in water/2-propanol/cyclohexane mixtures

Clark and Rowley™” report experimental data for the determinant of the Fick diffusivity matrix [D] for
water(1)/2-propanol(2)/cyclohexane(3) mixtures as (7 — T,) where T is the temperature at which the
diffusivities are measured, and critical temperature 7. = 303.67 K; see Figure 73. The elements of the
Fick matrix of diffusivities were measured at a constant composition corresponding to that at the plait
point at 303.67 K: x; = 0.367, x,= 0.389, x3= 0.244. Examination of the values of the Fick diffusivity

matrix (also indicated in Figure 73), we see that the coupling effects get increasingly stronger as 7t is

approached; concomitantly the magnitude of |D|1/2 gets progressively smaller in magnitude.

16. Equilibration trajectories in ternary liquid mixtures

In homogeneous single-phase regions, sizable magnitudes of cross-coefficients of the Fick diffusivity
matrix often lead to serpentine equilibration trajectories and uphill diffusion.® To demonstrate this let
us consider inter-diffusion of glycerol(1)/acetone(2)/water(3) mixtures that ensues when two different
compositions (in the left and right compartments in Figure 74 are brought in contact. The initial
composition of the left compartment is: x; . = 0.08, x, 1= 0.55 and x5, = 0.37. The initial composition of
the right compartment is: x; g = 0.12, xo,r = 0.314, and x3r = 0.566. The composition at equilibrium is
Xieq = 0.1, X269 = 0.432 and x3.q4 = 0.468. We note that there is no driving force for the transfer of
glycerol, component 1. The transient equilibration process is described by the coupled two-dimensional

matrix equation
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-1/2
[le:l(le +XI’RJ+l€I”f _z {Du D12:| [le_lej (84)
X, 2\ Xy, + X5 2 \/Z D, D, Xor —Xop
At the equilibrated composition, xjeq = 0.1, X209 = 0.432 and x3.4 = 0.468, Grossmann and

0.4901 0.2267
0.4585 0.3991

44, 48, 49

Winkelmann report the Fick diffusivity matrix as [D]:{ }10‘9 m?*s?. The

equilibration trajectory, calculated using equation (84) and shown by the dashed line, follows a

serpentine path, as depicted in Figure 74. The continuous solid line in Figure 74 show the equilibration

trajectories calculated using the simple estimation procedure [D]= |A|l/2 [['] where the “magnitude” of the

1/2

M-S diffusivity is estimated from |A| :(DLW )“ (Dz,se_,f)x2 (Dmlf )“, taking Dj 1= 0.01, Dy~ 3.2,

Ds geii= 0.5 with units 10° m* s, The matrix of thermodynamic factors at the composition x;¢q = 0.1,

1.44 0.533

X2eq = 0.432 and x3¢q = 0.468 is calculated to be [[']=
; ; 0.958 0.41

}. The simplified procedure

essentially captures the serpentine nature of the equilibration path.

Figure 75 presents the calculations of the equilibration trajectories obtained for a different set of intial
compositions in the left and right compartments. The initial composition of the left compartment is: x; .
=0.05, x2.= 0.28 and x3 1, = 0.67. The initial composition of the right compartment is: x; g = 0.31, xor =
0.16 and x3r = 0.53. The composition at equilibrium is xj¢q = 0.18, X2 = 0.22 and x3 .4 = 0.6. At the

44, 48, 49

equilibrated composition, Grossmann and Winkelmann: . report the Fick diffusivity matrix as

02938 0.1271
[p]=

0.1483 0‘2127}10‘9 m®s”. The equilibration trajectory follows a serpentine path, shown by

the dashed line, as depicted in Figure 75. The continuous solid line in Figure 75 show the equilibration

trajectories calculated using the simple estimation procedure [D]= |A|”2 [[] where the “magnitude” of the

1/2

M-S diffusivity is estimated from |A| :(Dl,self )“ (Dz’b,df)“z (DS,self )X-’, taking D= 0.01, Dyser= 3.2,

D5 se1= 0.5 with units 10° m?s'. The simplified procedure essentially captures the serpentine nature of

the equilibration path.
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17. Foray of equilibration trajectory into meta-stable regions

Curvilinear equilibration trajectories may foray into meta-stable regions of the phase diagram. The
foray into meta-stable regions is demonstrated by the equilibration trajectories in 34 different ternary
liquid mixtures, that are partially miscible:

water(1)/chloroform(2)/acetic-acid(3)

glycerol(1)/acetone(2)/water(3)

water(1)/DMSO(2)/THF(3)

water(1)/acetone(2)/phenol(3)

water(1)/acetone(2)/TCE(3)

water(1)/2-propanol(2)/phenol(3)

water(1)/trichloroacetic acid (2)/antipyrine(3)

acetone(1)/ethyl-acetate(2)/water(3)

propyl acetate (1)/formic acid(2)/water(3)

furfural(1)/formic acid(2)/water (3)

I-butanol (1)/methanol(2)/water(3)

water(1)/acetic acid(2)/dichloromethane(3)

water(1)/acetic acid(2)/1-hexanol(3)

toluene(1)/acetaldehyde(2)/water(3)

I-hexanol(1)/nitromethane(2)/water(3)

4-methyl-2-pentanone(1)/acetonitrile(2)/water(3)

acetonitrile(1)/1-propanol(2)/hexane(3)

water(1)/caprolactam(2)/toluene(3)

water(1)/caprolactam(2)/benzene (3)

toluene(1)/propionic-acid (2)/water(3)

ethylacetate(1)/propionic-acid (2)/water(3)

water(1)/acetic acid(2)/isophorone(3)
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water(1)/acetic acid(2)/ethylacetate(3)

water(1)/acetic acid(2)/MTBE (3)

ethanol (1)/toluene(2)/n-decane(3)

water(1)/ethanol(2)/benzene(3)

NMP(1)/propylbenzene(2)/dodecane(3)

NMP(1)/propylbenzene(2)/tetradecane(3)

heptane(1)/toluene(2)/sulpholane(3)

[omim][Cl](1)/ethanol(2)/TAEE(3)

[bmim][TfO](1)/ethanol(2)/TAEE(3)

water(1)/acetone(2)/toluene(3)

water(1)/ethanol(2)/cyclohexane(3)

toluene(1)/ethanol(2)/water(3)

In each of the mixtures investigated, we determine the composition trajectories followed when
homogeneous mixtures of two different compositions (in the left and right compartments) are brought
into contact. We choose the equilibrated composition to lie on the bimodal curve, or on a tangent to the
bimodal curve. In every case, except one, the straight-line equilibration trajectory (indicated by dotted
lines in the Figures to be discussed below) lies entirely in the homogeneous, single-phase region; i.e. no
emulsification is possible. By contrast, the equilibration trajectory calculated using equation (84)
follows a serpentine path that exhibits a foray into the meta-stable region. This suggests the possibility
of spontaneous emulsification for each mixture.

water(1)/chloroform(2)/acetic-acid(3)

The first system we consider is water(1l)/chloroform(2)/acetic-acid(3) mixtures. We performed
simulations in which the initial composition of the left compartment is: x; . = 0.55, x,1. = 0.1 and x3 . =
0.35; the initial composition of the right compartment is: x; g = 0.13, xor = 0.38 and x3r = 0.49. The
composition at equilibrium is xj¢q = 0.34, x2q = 0.24 and x3.4 = 0.42. The average composition

corresponds to the fifth data set of Vitagliano et al;> for that reason we take the values of the Fick
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0.309 0.368

diffusivity matrix as [D]=
0.344 0.939

}<109 m’s’; |D|:0.164><10*18 m*s?. We note that

composition trajectory in the left chamber has forayed into the meta-stable region; see Figure 76. A
linear equilibration trajectory, shown by the dotted line in Figure 76, remains in the homogeneous
single-phase region.

glycerol(1)/acetone(2)/water(3)

Let us examine the trajectory followed during equilibration of homogenous mixtures of two different
compositions for the system glycerol(1)/acetone(2)/water(3). The composition of the equilibrated
mixture i Xi¢q = 0.5, X2.¢ = 0.17 and x3 ¢ = 0.33, which point lies on a tangent to the binodal curve. At
the average composition, the matrix of thermodynamic factors is calculated from phase equilibrium

23 137

thermodynamics: [[]=
0.149 0.464

] The “magnitude” of the M-S diffusivity is estimated from

A" =(DLW )“ (quse,j. )XZ (DW” )‘-‘ taking D 1= 0.01, Dysei= 3.2, D3 sei= 0.5 with units 10° m* s™'; the

1/2

value |A["? =0.095x10™ m*s”. We assume that the matrix of Fick diffusivities is [D]=|A|"*[]; the

0.223 0.133

calculated value is ie. [D]=
0.0144 0.045

:|><10_9 m?s™. Using this diffusivity estimate, we

calculated the equilibration trajectory. We note that the serpentine trajectory has penetrated the binodal
envelope; see Figure 77. This indicates the spontaneous emulsification is feasible. A linear equilibration
trajectory (shown by dotted line) does not foray into the meta-stable zone.

water(1)/DMSO(2)/THF(3)

Let us examine the trajectory followed during equilibration of homogenous mixtures of two different
compositions for the system water(1)/DMSO(2)/THF(3). We have carried out two sets of simulations
for equilibration of homogeneous mixtures at 293.15 K, using the NRTL parameters from two different

sources: Olaya et al.>* and Zuber et al.”

54
L.,

For the first set of simulations using the NRTL parameters of Olaya et al.,” the composition of the

equilibrated mixture is xj ¢q = 0.625, X2 = 0.21 and x3 ,q = 0.165, which point lies in the homogeneous
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region above the binodal curve. At the average composition, the matrix of thermodynamic factors is

1.614 —-3.535

calculated from phase equilibrium thermodynamics: [I']=
-1.2974 3.766

}. We assume that the

matrix of Fick diffusivities is the product of a scalar diffusivity |A|1/2 =1x10° m?*s" multiplied by [I'];

) {1.614 -3.535
1.€. [D]—

= x10° m?s?. Using this diffusivity estimate, we calculated the
—-1.2974 3.766

equilibration trajectory. We note that the serpentine trajectory has penetrated the binodal envelope; see
Figure 78. This indicates the spontaneous emulsification is feasible. A linear equilibration trajectory
(shown by dotted line) does not foray into the meta-stable zone.

For the second set of simulations using the NRTL parameters of Zuber et al.,”

the composition of the
equilibrated water(1)/DMSO(2)/THF(3). mixture is xj¢q = 0.7, X2,6¢ = 0.16 and x3¢q = 0.14, which point

lies on a tangent to the binodal curve. At the average composition, the matrix of thermodynamic factors

0.948 —2.458

is calculated from phase equilibrium thermodynamics: [[']=
-0.6091 2.756

}. We assume that the

matrix of Fick diffusivities is the product of a scalar diffusivity |A|”2 —1x10° m®s" multiplied by [I'];

. 0948 —2.458
Le [D]z[

x10” m*s?. Using this diffusivity estimate, we calculated the
-0.6091 2.756

equilibration trajectory. We note that the serpentine trajectory has penetrated the binodal envelope; see
Figure 79. This indicates the spontaneous emulsification is feasible. A linear equilibration trajectory
(shown by dotted line) does not foray into the meta-stable zone.

water(1)/acetone(2)/phenol(3), and water(1)/acetone(2)/TCE(3)

Let us examine the trajectory followed during equilibration of homogenous mixtures of two different
compositions for the system water(1)/acetone(2)/phenol(3). The composition of the equilibrated mixture
1S X1 ¢q = 0.42, X2 = 0.42 and x3 .q = 0.15, which point lies in the single-phase region on a tangent to the

binodal curve. At the average composition, the matrix of thermodynamic factors is calculated from

1.648x107 —0.3437

hase equilibrium thermodynamics: |T'|=
P 4 4 [ ] 2.013 3.1942

] We assume that the matrix of Fick
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diffusivities is the product of a scalar diffusivity |A|l/2:1x10‘9 m?s? multiplied by [T]; ie.

-3
[D]= 1.64810 038371 109 m2s. Using this diffusivity estimate, we calculated the
2.013 3.1942

equilibration trajectory. We note that the serpentine trajectory has penetrated the binodal envelope; see
Figure 80. This indicates the spontaneous emulsification is feasible. A linear equilibration trajectory
(shown by dotted line) does not foray into the meta-stable zone.

Let us examine the trajectory followed during equilibration of homogenous mixtures of two different
compositions for the system water(1)/acetone(2)/TCE(3) where TCE = 1,1,2-trichlorethane. The
composition of the equilibrated mixture is x;¢q = 0.05, X2 = 0.08 and x3 .q = 0.87., which point lies in

the single-phase region on a tangent to the binodal curve. At the average composition, the matrix of

. . e s . 0.3792 -0.1983
thermodynamic factors is calculated from phase equilibrium thermodynamics: [I'] :{ 0246 1106 }

We assume that the matrix of Fick diffusivities is the product of a scalar diffusivity

0.3792 -0.1983

|A
~0.246 1.106

|1/2

—1x10° m*s' multiplied by [[]; i.. [D]:{ :|><10_9 m®s?. Using this

diffusivity estimate, we calculated the equilibration trajectory. We note that the serpentine trajectory has
penetrated the binodal envelope; see Figure 81. This indicates the spontaneous emulsification is
feasible. A linear equilibration trajectory (shown by dotted line) does not foray into the meta-stable
zone.

water(1)/2-propanol(2)/phenol(3)

Let us examine the trajectory followed during equilibration of homogenous mixtures of two different
compositions for the system water(1)/2-propanol(2)/phenol(3). The composition of the equilibrated
mixture 1S Xjeq = 0.61, X2 = 0.22 and x3.q = 0.17, which point lies in the single-phase region on a
tangent to the binodal curve. At the average composition, the matrix of thermodynamic factors is

0.049 -0.4195

calculated from phase equilibrium thermodynamics: [[']=
1.342 2.964

} . We assume that the matrix

of Fick diffusivities is the product of a scalar diffusivity [A|” =1x10° m?s” multiplied by [[']; i.e.
ESI 46



0.049 -0.4195
1.342 2.964

[D]{

}10‘9 m®s”. Using this diffusivity estimate, we calculated the equilibration

trajectory. We note that the serpentine trajectory has penetrated the binodal envelope; see Figure §2.
This indicates the spontaneous emulsification is feasible. A linear equilibration trajectory (shown by
dotted line) does not foray into the meta-stable zone.

water(1)/trichloroacetic acid (2)/antipyrine(3)

Let us examine the trajectory followed during equilibration of homogenous mixtures of two different
compositions for the system water(1)/trichloroacetic acid (2)/antipyrine(3). The composition of the
equilibrated mixture 1S xj ¢q = 0.35, x2.¢q = 0.32 and x3 ¢q = 0.33, which point lies above the binodal curve

in the single-phase region on a tangent to the binodal curve. At the average composition, the matrix of

. . e . 0.7169 —0.1595
thermodynamic factors is calculated from phase equilibrium thermodynamics: [I'] =[ 3094 7312 } .

We assume that the matrix of Fick diffusivities is the product of a scalar diffusivity

A]?=1x10° m’s? multiplied by [I]; ie. [D]{O‘7169 ~0.1595

1004 7312 }<109 m?s™. Using this
diffusivity estimate, we calculated the equilibration trajectory. We note that the serpentine trajectory has
penetrated the binodal envelope; see Figure 83. This indicates the spontaneous emulsification is
feasible. A linear equilibration trajectory (shown by dotted line) does not foray into the meta-stable
zone.

acetone(1)/ethyl-acetate(2)/water(3)

Let us examine the trajectory followed during equilibration of homogenous mixtures of two different
compositions for the system acetone(1)/ethyl-acetate(2)/water(3). The composition of the equilibrated
mixture 1S Xj¢q = 0.28, x2¢q = 0.415 and x3.q = 0.305, which point lies on the binodal curve. At the

average composition, the matrix of thermodynamic factors is calculated from phase equilibrium

1.18  —0.097

thermodynamics: [F]Z[ 0.649 0.2257

}. We assume that the matrix of Fick diffusivities is the product

|1/2

of a scalar diffusivity A" =1x10" m*s multiplied by [T]; ie.
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1.18  —0.097
-0.649 0.2257

[D]{

}10‘9 m?s”. Using this diffusivity estimate, we calculated the equilibration

trajectory. We note that the serpentine trajectory has penetrated the binodal envelope; see Figure 84.
This indicates the spontaneous emulsification is feasible. A linear equilibration trajectory (shown by
dotted line) does not foray into the meta-stable zone.

propyl acetate (1)/formic acid(2)/water(3)

Let us examine the trajectory followed during equilibration of homogenous mixtures of two different
compositions for the system n-propyl acetate (1)/formic acid(2)/water(3). The composition of the
equilibrated mixture is x1¢q = 0.5, X2 = 0.17 and x3 .q = 0.33, which point lies on the binodal curve. At

the average composition, the matrix of thermodynamic factors is calculated from phase equilibrium

. 0.1786 —1.561 . . . C
thermodynamics: [F]z{ 0243 3485 } . We assume that the matrix of Fick diffusivities is the product
. .. o . 0.1786 —1.561
of a scalar diffusivity |A|* =1x10” m?s”" multiplied by [I']; i.e. [D]z{ 0243 3485 }x 107 m*s™.

Using this diffusivity estimate, we calculated the equilibration trajectory. We note that the serpentine
trajectory has penetrated the binodal envelope; see Figure 85. This indicates the spontaneous
emulsification is feasible. A linear equilibration trajectory (shown by dotted line) does not foray into the
meta-stable zone.

furfural(1)/formic acid(2)/water (3)

Let us examine the trajectory followed during equilibration of homogenous mixtures of two different
compositions for the system furfural(1)/formic acid(2)/water (3). The composition of the equilibrated
mixture 1S Xjeq = 0.58, X264 = 0.054 and x3.q = 0.366, which point lies on the binodal curve. At the
average composition, the matrix of thermodynamic factors is calculated from phase equilibrium

0.2602 0.392

thermodynamics: [[']=
0271 1.72

} . We assume that the matrix of Fick diffusivities is the product of

. .. . . 0.2602 0.392
a scalar diffusivity |A|"*=1x10" m?s" multiplied by [[]; i.. [D]z{ }dO‘9 m’s’

0271 1.72
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Using this diffusivity estimate, we calculated the equilibration trajectory. We note that the serpentine
trajectory has penetrated the binodal envelope; see Figure 86. This indicates the spontaneous
emulsification is feasible. A linear equilibration trajectory (shown by dotted line) does not foray into the
meta-stable zone.

1-butanol (1)/methanol(2)/water(3)

Let us examine the trajectory followed during equilibration of homogenous mixtures of two different
compositions for the system 1-butanol (1)/methanol(2)/water(3). The composition of the equilibrated
mixture 1S Xjeq = 0.3, X2 = 0.046 and x3.q = 0.654, which point lies on the binodal curve. At the
average composition, the matrix of thermodynamic factors is calculated from phase equilibrium

0.273 0.484

thermodynamics: [[']=
0.198 1.74

} . We assume that the matrix of Fick diffusivities is the product of

0.273 0.484
a scalar diffusivity A" =1x10® m®s" multiplied by [[]; i.e. [D]:{ }10-9 m? s’

0.198 1.74

Using this diffusivity estimate, we calculated the equilibration trajectory. We note that the serpentine
trajectory has penetrated the binodal envelope; see Figure 87. This indicates the spontaneous
emulsification is feasible. A linear equilibration trajectory (shown by dotted line) does not foray into the
meta-stable zone.

water(1)/acetic acid(2)/dichloromethane(3)

Let us examine the trajectory followed during equilibration of homogenous mixtures of two different
compositions for the system water(l)/acetic acid(2)/dichloromethane(3). The composition of the
equilibrated mixture is xj ¢q = 0.13, x2¢q = 0.25 and x3 ¢ = 0.62, which point lies on the binodal curve. At
the average composition, the matrix of thermodynamic factors is calculated from phase equilibrium

0.536  —-0.895

thermodynamics: [F]{ 0.904 2.56

] We assume that the matrix of Fick diffusivities is the product

|1/2

of a scalar diffusivity A" =1x10" m*s multiplied by [r]; ie.

0.536 —0.895
[D]{

0904 256 }<10‘9 m®s™. Using this diffusivity estimate, we calculated the equilibration

ESI 49



trajectory. We note that the serpentine trajectory has penetrated the binodal envelope; see Figure 88.
This indicates the spontaneous emulsification is feasible. A linear equilibration trajectory (shown by
dotted line) does not foray into the meta-stable zone.

water(1)/acetic acid(2)/1-hexanol(3)

Let us examine the trajectory followed during equilibration of homogenous mixtures of two different
compositions for the system water(1)/acetic acid(2)/1-hexanol(3). The composition of the equilibrated
mixture 1S Xjeq = 0.425, X209 = 0.19 and x3q = 0.385, which point lies on the binodal curve. At the
average composition, the matrix of thermodynamic factors is calculated from phase equilibrium

0.4158 —0.6816

thermodynamics: [[']=
-0.1967 1.1194

] We assume that the matrix of Fick diffusivities is the

product of a scalar diffusivity |A|”°=1x10" m’s’  multiplied by [[]; e

04158 —0.6816
[p]=

x10” m?s™. Using this diffusivity estimate, we calculated the equilibration
—-0.1967 1.1194

trajectory. We note that the serpentine trajectory has penetrated the binodal envelope; see Figure §9.
This indicates the spontaneous emulsification is feasible. A linear equilibration trajectory (shown by

dotted line) does not foray into the meta-stable zone.

toluene(1)/acetaldehyde(2)/water(3)

Let us examine the trajectory followed during equilibration of homogenous mixtures of two different
compositions for the system toluene(1)/acetaldehyde(2)/water(3). The composition of the equilibrated
mixture is Xy eq = 0.4075, X2 = 0.545 and x3 q = 0.0475, which point lies on the binodal curve. At the
average composition, the matrix of thermodynamic factors is calculated from phase equilibrium

-0.236 —-1.095

thermodynamics: [[']=
0.674 1.72

} . We assume that the matrix of Fick diffusivities is the product

|1/2

of a  scalar diffusivity  [A]”"=1x10" m’s’ multiplied by ],  ie
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-0.236 -1.095
0.674 1.72

[D]:[

}10‘9 m®s?. Using this diffusivity estimate, we calculated the equilibration

trajectory. We note that the serpentine trajectory has penetrated the binodal envelope; see Figure 90.
This indicates the spontaneous emulsification is feasible. A linear equilibration trajectory (shown by
dotted line) does not foray into the meta-stable zone.

1-hexanol(1)/nitromethane(2)/water(3)

Let us examine the trajectory followed during equilibration of homogenous mixtures of two different
compositions for the system 1-hexanol(1)/nitromethane(2)/water(3). The composition of the
equilibrated mixture 1S X1 ¢q = 0.22, X2 = 0.56 and x3 ¢4 = 0.22, which point lies on the binodal curve. At
the average composition, the matrix of thermodynamic factors is calculated from phase equilibrium

0.854  0.1733

thermodynamics: [[']=
-0.2546 0.1526

} . We assume that the matrix of Fick diffusivities is the product

=1x10” m*s’ multiplied by [T]; ie.

of a scalar diffusivity A"

0.854 0.1733
[D]{

= x10” m?s?. Using this diffusivity estimate, we calculated the equilibration
—0.2546 0.1526

trajectory. We note that the serpentine trajectory has penetrated the binodal envelope; see Table 91. This
indicates the spontaneous emulsification is feasible. A linear equilibration trajectory (shown by dotted
line) does not foray into the meta-stable zone.

4-methyl-2-pentanone(1)/acetonitrile(2)/water(3)

Let us examine the trajectory followed during equilibration of homogenous mixtures of two different
compositions for the system 4-methyl-2-pentanone(1)/acetonitrile(2)/water(3). The composition of the
equilibrated mixture is x1¢q = 0.09, x2.¢q = 0.54, and x3 ¢ = 0.37, which point lies on the binodal curve.

At the average composition, the matrix of thermodynamic factors is calculated from phase

0.5 -0.229

equilibrium thermodynamics: [F]{ 0.647 0.5817

} . We assume that the matrix of Fick diffusivities is

|l/2

the product of a scalar diffusivity [A|  =1x10" m’s’ multiplied by [r]; ie.
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[ ]{ 0.5 -0.229

x10” m?s?. Using this diffusivity estimate, we calculated the equilibration
—0.647 0.5817

trajectory. We note that the serpentine trajectory has penetrated the binodal envelope; see Figure 92.
This indicates the spontaneous emulsification is feasible. A linear equilibration trajectory (shown by
dotted line) does not foray into the meta-stable zone.

acetonitrile(1)/1-propanol(2)/hexane(3)

Let us examine the trajectory followed during equilibration of homogenous mixtures of two different
compositions for the system acetonitrile(1)/1-propanol(2)/hexane(3). Two different composition
trajectories have been determined that correspond to left hand side of diagram: x; ¢q = 0.575, x24 = 0.24
and x3¢q = 0.185, and the right hand side of diagram: x| ¢q = 0.175, x2q = 0.17 and x3 ¢q = 0.655. In both
cases the equilibrated compositions lie on the binodal curve, one either side of the plait point.

Consider first the trajectory at the left hand side of the phase diagram. At the average composition, the
matrix of thermodynamic factors is calculated from phase equilibrium thermodynamics:

[r]:{o.m -1.79

0.017 253] We assume that the matrix of Fick diffusivities is the product of a scalar

0.133 -1.79

. o e V2 -9 2 -1 nli © =
diffusivity [A| " =1x10" m?s" multiplied by [[']; i.e. [D] {0.017 5 53

}x 10° m?s™. Using this

diffusivity estimate, we calculated the equilibration trajectory. We note that the serpentine trajectory has
penetrated the binodal envelope; see Figure 93. This indicates the spontaneous emulsification is
feasible. A linear equilibration trajectory (shown by dotted line) does not foray into the meta-stable
zone.

Consider next the trajectory at the right hand side of the phase diagram. At the average composition,
the matrix of thermodynamic factors is calculated from phase equilibrium thermodynamics:

0452 —-0.819
[r]{

0565 16 } We assume that the matrix of Fick diffusivities is the product of a scalar

0452 -0.819

. s vz _ -9 2 -1 inli Tl: ie. =
diffusivity [A|” =1x10° m?s" multiplied by [[']; i.e. [D] 0565 16

:|><10_9 m’s?. Using
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this diffusivity estimate, we calculated the equilibration trajectory. We note that the serpentine
trajectory has penetrated the binodal envelope; see Figure 93. This indicates the spontaneous
emulsification is feasible. A linear equilibration trajectory (shown by dotted line) does not foray into the
meta-stable zone.

water(1)/caprolactam(2)/toluene(3)

Let us examine the trajectory followed during equilibration of homogenous mixtures of two different
compositions for the system water(1)/caprolactam(2)/toluene(3). The composition of the equilibrated
mixture is chosen to be xj¢q = 0.645, X204 = 0.27 and x3q = 0.085, which point lies on the binodal
curve. At the average composition, the matrix of thermodynamic factors is calculated from phase

-0.187 —-1.524

equilibrium thermodynamics: [r]:{ 0.44 212

} . We assume that the matrix of Fick diffusivities is

|1/2

the product of a scalar diffusivity |A| " =1x10" m’s’ multiplied by [T]; e

—0.187 -1.524
[D1=[

0dd 212 }<1O‘9 m’s”. Using this estimate, we calculated the equilibration trajectory.

We note that the serpentine trajectory has penetrated the binodal envelope; see Figure 94. This indicates
the spontaneous emulsification is feasible. A linear equilibration trajectory (shown by dotted line) does
not foray into the meta-stable zone.

water(1)/caprolactam(2)/benzene (3)

Let us examine the trajectory followed during equilibration of homogenous mixtures of two different
compositions for the system water(1)/caprolactam(2)/benzene (3) for the equilibrium composition. The
composition of the equilibrated mixture is chosen to be x;= 0.125, x, = 0.17, x3 = 0.705 which point lies
on the binodal curve. At the average composition, the matrix of thermodynamic factors is calculated

0.598 -0.911

from phase equilibrium thermodynamics: [[']=
-0.882 211

}. We assume that the matix of Fick

diffusivities is the product of scalar diffusivity |A|l/2:1><10‘9 m?s! multiplied by [I]; ie.

0.598 -0.911
-0.882 2.11

[D1=[

}x 107 m*s™. Using this estimate, we calculated the equilibration trajectory. We
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note that the serpentine trajectory has penetrated the binodal envelope; see Figure 95. This indicates the
spontaneous emulsification is feasible. A linear equilibration trajectory (shown by dotted line) does not
foray into the meta-stable zone.

toluene(1)/propionic-acid (2)/water(3)

Let us examine the trajectory followed during equilibration of homogenous mixtures of two different
compositions for the system toluene(1)/propionic-acid (2)/water(3). The composition of the equilibrated
mixture is chosen to be xj¢q = 0.47, X2 = 0.24 and x3 4 = 0.29, which point lies on the binodal curve.
At the average composition, the matrix of thermodynamic factors is calculated from phase equilibrium

0318 -0.3

thermodynamics: [[']=
0.178 1.196

}. We assume that the matrix of Fick diffusivities is the product of

0318 -0.3

scalar diffusivity [Al"”> =1x10° m?s™? multiplied by [[]; i.e. [D]=
usivity [A]" =1 m’ 5" multiplied by [[]; i.c. [D] 0.178 1.196

}x 10 m*s”. Using

this estimate, we calculated the equilibration trajectory. We note that the serpentine trajectory has
penetrated the binodal envelope; see Figure 96. This indicates the spontaneous emulsification is
feasible. A linear equilibration trajectory (shown by dotted line) does not foray into the meta-stable
zone.

ethylacetate(1)/propionic-acid (2)/water(3)

Let us examine the trajectory followed during equilibration of homogenous mixtures of two different
compositions for the system ethylacetate(1)/propionic-acid(2)/water(3). The composition of the
equilibrated mixture is chosen to be xj¢q = 0.675, X2 = 0.13 and x3 4 = 0.195, which point lies on the
binodal curve. At the average composition, the matrix of thermodynamic factors is calculated from

-0.0358 -1.7447

phase equilibrium thermodynamics: [F]z
0.5700  3.6379

] We assume that the matrix of Fick

diffusivities is the product of scalar diffusivity |A]"”=1x10" m?s' multiplied by [[]; ie.

-0.0358 -1.7447
[o]{

x10” m’s’. Using this estimate, we calculated the equilibration
0.5700  3.6379

trajectory. We note that the serpentine trajectory has penetrated the binodal envelope; see Figure 97.
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This indicates the spontaneous emulsification is feasible. A linear equilibration trajectory (shown by
dotted line) does not foray into the meta-stable zone.

water(1)/acetic acid(2)/isophorone(3)

Let us examine the trajectory followed during equilibration of homogenous mixtures of two different
compositions for the system water(1)/acetic acid(2)/isophorone(3). Isophorone is an S-unsaturated
cyclic ketone. The composition of the equilibrated mixture is chosen to be xj¢q = 0.365, X294 = 0.155
and x3¢q = 0.48, which point lies on a tangent to the binodal curve. At the average composition, the
matrix of thermodynamic factors 1is calculated from phase equilibrium thermodynamics:

0.5558 -0.6106
[r]=

. We assume that the matrix of Fick diffusivities is the product of scalar
-0.0923  1.591

0.5558 -0.6106

if .. A1/2:11_9 2 -1 1tinli T'l:1e. |D|=
diffusivity |A| x107 m?s" multiplied by []; i.e. [D] {-0.0923 1.591

:|><10_9 m®s™. Using

this estimate, we calculated the equilibration trajectory. We note that the serpentine trajectory has
penetrated the binodal envelope; see Figure 98. This indicates the spontaneous emulsification is
feasible. A linear equilibration trajectory (shown by dotted line) does not foray into the meta-stable
zone.

water(1)/acetic acid(2)/ethylacetate(3)

Let us examine the trajectory followed during equilibration of homogenous mixtures of two different
compositions for the system water(1)/acetic acid(2)/ethylacetate(3). The composition of the equilibrated
mixture is chosen to be xj¢q = 0.36, x2¢q = 0.11 and x3 4 = 0.53, which point lies on the binodal curve.
At the average composition, the matrix of thermodynamic factors is calculated from phase equilibrium

0.3748 -1.23

thermodynamics: [r]{ 0.2363 2.041

} . We assume that the matrix of Fick diffusivities is the product

. .. .. . 03748 -1.23

of scalar diffusivity [A]* =1x10° m?s” multiplied by [I']; i.e. [D]= x10” m’s’.
-0.2363 2.041

Using this estimate, we calculated the equilibration trajectory. We note that the serpentine trajectory has

penetrated the binodal envelope; see Figure 99. This indicates the spontaneous emulsification is
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feasible. A linear equilibration trajectory (shown by dotted line) does not foray into the meta-stable
zone.

water(1)/acetic acid(2)/MTBE (3)

Let us examine the trajectory followed during equilibration of homogenous mixtures of two different
compositions for the system water(1)/acetic acid(2)/MTBE (3). The composition of the equilibrated
mixture is chosen to be xj¢q = 0.32, x2¢q = 0.22 and x3 4 = 0.46, which point lies on the binodal curve.
At the average composition, the matrix of thermodynamic factors is calculated from phase equilibrium

0.1986 -0.8834

thermodynamics: [[']=
0.0689  2.565

} . We assume that the matrix of Fick diffusivities is the product

0.1986 -0.8834

of scalar diffusivity |A|"> =1x10° m?s" multiplied by [[']; i.e. [D]=
vity A" =1x m’s" multiplied by [ i.e. [D] 0.0689  2.565

}10‘9 m?s?t.

Using this estimate, we calculated the equilibration trajectory. We note that the serpentine trajectory has
penetrated the binodal envelope; see Figure 100. This indicates the spontaneous emulsification is
feasible. A linear equilibration trajectory (shown by dotted line) does not foray into the meta-stable
zone.

ethanol (1)/toluene(2)/n-decane(3)

Let us examine the trajectory followed during equilibration of homogenous mixtures of two different
compositions for the system ethanol (1)/toluene(2)/n-decane(3). The composition of the equilibrated
mixture is chosen to be xj¢q = 0.31, x2¢q = 0.375 and x3 . = 0.315, which point lies on the binodal curve.
At the average composition, the matrix of thermodynamic factors is calculated from phase equilibrium

0.083 -0.0209

thermodynamics: [[']=
0.5102  1.065

} . We assume that the matrix of Fick diffusivities is the product

0.083 -0.0209
of scalar diffusivity |A|"* =1x10” m?s" multiplied by [[']; i.e. [D]:[

x107° m?s™.
0.5102 1.065

Using this estimate, we calculated the equilibration trajectory. We note that the serpentine trajectory has

penetrated the binodal envelope; see Figure 101. This indicates the spontaneous emulsification is
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feasible. A linear equilibration trajectory (shown by dotted line) does not foray into the meta-stable
zone.

water(1)/ethanol(2)/benzene(3)

Let us examine the trajectory followed during equilibration of homogenous mixtures of two different
compositions for the system water(1)/ethanol(2)/benzene(3). The composition of the equilibrated
mixture is chosen to be xj¢q = 0.085, X2 = 0.225 and x3 4 = 0.69, which point lies on a tangent to the
binodal curve. At the average composition, the matrix of thermodynamic factors is calculated from

0.6809 -0.4738

hase equilibrium thermodynamics: |'|=
P AHTbT ynamics: ] {-1.01 0.8943

}. We assume that the matrix of Fick

1/2

diffusivities is the product of scalar diffusivity |A| " =1x10" m’s' multiplied by [T]; ie.

0.6809 -0.4738
[D]{

Lol 0.8943 }<10‘9 m’s”. Using this estimate, we calculated the equilibration trajectory.

We note that the serpentine trajectory has penetrated the binodal envelope; see Figure 102. This
indicates the spontaneous emulsification is feasible. A linear equilibration trajectory (shown by dotted
line) does not foray into the meta-stable zone.

NMP(1)/propylbenzene(2)/dodecane(3), and NMP(1)/propylbenzene(2)/tetradecane(3)

Solvents such as NMP (=N-methyl-2-pyrrolidone), and sulpholane are used in the petroleum industry
for aromatics from non-aromatic hydrocarbons.

Let us examine the trajectory followed during equilibration of homogenous mixtures of two different
compositions for the system NMP(1)/propylbenzene(2)/dodecane(3). The composition of the
equilibrated mixture is chosen to be xj¢q = 0.25, x2¢q = 0.155 and x3.q = 0.6, which point lies on a
tangent to the binodal curve. At the average composition, the matrix of thermodynamic factors is

0.3081 -0.3568

calculated from phase equilibrium thermodynamics: [I']=
-0.0821 1.1072

}. We assume that the

matrix of Fick diffusivities is the product of scalar diffusivity [A|"* =1x10® m?s" multiplied by [I'];

. |:0.3081 -0.3568
ie. [D]=

x10® m?s’. Using this estimate, we calculated the equilibration
-0.0821 1.1072
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trajectory. We note that the serpentine trajectory has penetrated the binodal envelope; see Figure 103.
This indicates the spontaneous emulsification is feasible. A linear equilibration trajectory (shown by
dotted line) does not foray into the meta-stable zone.

Let us examine the trajectory followed during equilibration of homogenous mixtures for the system
NMP(1)/propylbenzene(2)/tetradecane(3). Consider first the equilibration of a mixture that lies on the
left of the diagram with the average composition: xj¢q = 0.81, X2 = 0.13 and x3q = 0.06, which point
lies on a tangent to the binodal curve. At the average composition, the matrix of thermodynamic factors

-0.0524 -1.038

is calculated from phase equilibrium thermodynamics: [I']=
0.5064 1.803

] We assume that the

matrix of Fick diffusivities is the product of scalar diffusivity |A|l/2 —1x10” m?s" multiplied by [T'];

. -0.0524 -1.038
ic. [ ]:[

x10~ m?s™. Using this estimate, we calculated the equilibration trajectory.
0.5064 1.803

We note that the serpentine trajectory has penetrated the binodal envelope; see Figure 104. This
indicates the spontaneous emulsification is feasible. A linear equilibration trajectory (shown by dotted
line) does not foray into the meta-stable zone.

Consider next the equilibration of the ternary NMP(1)/propylbenzene(2)/tetradecane(3) mixture that
lies on the right of the diagram with the average composition: xj¢q = 0.23, X2 = 0.15 and x3 o = 0.62,

which point lies on a tangent to the binodal curve. At the average composition, the matrix of

. . ey . 0.3773 -0.3802
thermodynamic factors is calculated from phase equilibrium thermodynamics: [I'] :{ 00713 1416 }

We assume that the matrix of Fick diffusivities is the product of scalar diffusivity |A|”2 =1x10" m?’s’

0.3773 -0.3802

multiplied by [F]; ie. [D]:{_O 0713 1.416

}10‘9 m®s™. Using this estimate, we calculated the

equilibration trajectory. We note that the serpentine trajectory has penetrated the binodal envelope; see
Figure 104. This indicates the spontaneous emulsification is feasible. A linear equilibration trajectory
(shown by dotted line) does not foray into the meta-stable zone.

Heptane(1)/toluene(2)/sulpholane(3)
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Let us examine the trajectory followed during equilibration of homogenous mixtures of two different
compositions for the system heptane(1)/toluene(2)/sulpholane(3). The composition of the equilibrated
mixture is chosen to be xj¢q = 0.33, x2¢q = 0.595, and x3 ¢ = 0.075, which point lies on a tangent to the
binodal curve. At the average composition, the matrix of thermodynamic factors is calculated from

0.0689 -0.6949

. We assume that the matrix of Fick
0.2493 1.2025

phase equilibrium thermodynamics: [F]z{

diffusivities is the product of scalar diffusivity |A|l/2:1x10‘9 m?s! multiplied by [I]; ie.

0.0689 -0.6949
0.2493 1.2025

[Dl{

}10—9 m®s™. Using this estimate, we calculated the equilibration trajectory.

We note that the serpentine trajectory has penetrated the binodal envelope; see Figure 105. This
indicates the spontaneous emulsification is feasible. A linear equilibration trajectory (shown by dotted
line) does not foray into the meta-stable zone.

[omim][Cl](1)/ethanol(2)/TAEE(3), and [bmim][TfO](1)/ethanol(2)/TAEE(3)

There is increasing amount of fundamental and technological interest in the use of ionic liquids in
separations in liquid-liquid extraction. We shall examine the diffusion trajectories in ternary mixtures
of [omim][CI](1)/ethanol(2)/TAEE(3). Here we denote the ionic liquid 1-octyl-3-methylimidazolium
chloride in the abbreviated form [omim][Cl]. TAEE is the abbreviated name for tert-amyl ethyl ether.
Two different phase equilibrium models are used for this purpose: UNIQUAC and NRTL, with two
different parameter sources.

Let us first examine the trajectory followed during equilibration of homogenous mixtures of two
different compositions for the system [omim][Cl](1)/ethanol(2)/TAEE(3) using the UNIQUAC
parameters of Santiago et al.*

The composition of the equilibrated mixture is chosen to be xj¢q = 0.3, X2 = 0.33 and x3q = 0.37,
which point lies on a tangent to the binodal curve. At the average composition, the matrix of

. . e s . 2498 -3.1605
thermodynamic factors is calculated from phase equilibrium thermodynamics: [F]z[ } .

-2.3352  4.603
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We assume that the matrix of Fick diffusivities is the product of scalar diffusivity |A|1/2 =1x10" m?’s’

2498 -3.1605

multiplied by [F]; Le. [D]z[_z 3352 4.603

:|><10_9 m®s”. Using this estimate, we calculated the

equilibration trajectory. We note that the serpentine trajectory has penetrated the binodal envelope; see
Figure 106. This indicates the spontaneous emulsification is feasible. A linear equilibration trajectory
(shown by dotted line) does not foray into the meta-stable zone.

Next we examine the trajectory followed during equilibration of homogenous mixtures of two
different compositions for the system [omim][CI](1)/ethanol(2)/TAEE(3) using the NRTL parameters of
Aznar.”” The composition of the equilibrated mixture is chosen to be xj¢q = 0.4, X2 = 0.375 and x3 ¢q =

0.225, which point lies on a tangent to the binodal curve. At the average composition, the matrix of

1.652 -1.949
thermodynamic factors is calculated from phase equilibrium thermodynamics: [F]z{ }

-1.306 2.607

We assume that the matrix of Fick diffusivities is the product of scalar diffusivity |A|1/2 =1x10" m?’s’

1.652 -1.949

multiplied by [F]; Le. [D]z[ 1306 2.607

}x10‘9 m®s?. Using this estimate, we calculated the

equilibration trajectory. We note that the serpentine trajectory has penetrated the binodal envelope; see
Figure 107. This indicates the spontaneous emulsification is feasible. A linear equilibration trajectory
(shown by dotted line) does not foray into the meta-stable zone.

We also investigation the diffusion trajectories using a different ionic liquid [bmim][TfO] = 1-butyl-
3-methylimidazolium trifluoromethanesulfonate. The phase equilibrium data for
[bmim][TfO](1)/ethanol(2)/TAEE(3) mixtures utilizes the UNIQUAC parameters of Santiago et al.”®

The composition of the equilibrated mixture is chosen to be xj¢q = 0.24, X2 = 0.37 and x3 ,q = 0.39,
that lies on a tangent to the binodal curve. At the average composition, the matrix of thermodynamic

0.7471  -1.729

factors is calculated from phase equilibrium thermodynamics: [I']=
-0.89037 3.457

}. We assume that

the matrix of Fick diffusivities is the product of scalar diffusivity |A|”2 =1x10" m?s™ multiplied by
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0.7471  -1.729
-0.89037 3.457

[r]; ie. [D]{

}10‘9 m?®s™. Using this estimate, we calculated the equilibration

trajectory. We note that the serpentine trajectory has penetrated the binodal envelope; see Figure 108.
This indicates the spontaneous emulsification is feasible. A linear equilibration trajectory (shown by
dotted line) does not foray into the meta-stable zone.

water(1)/acetone(2)/toluene(3)

Let us examine the trajectory followed during equilibration of homogenous mixtures of two different
compositions for the system water(1)/acetone(2)/toluene(3). The composition of the equilibrated
mixture is chosen to be xj¢q= 0.425, x3q = 0.487, X34 = 0.088, which point lies on a tangent to the
binodal curve. At the average composition, the matrix of thermodynamic factors is calculated from

-0.3805 —0.6848

hase equilibrium thermodynamics: |['|=
P q 4 [ ] {0.9492 1.567

}. We assume that the matrix of Fick

diffusivities is the product of scalar diffusivity |A|l/2:1><10‘9 m?s? multiplied by [[]; i.e.

~0.3805 —0.6848
[p]=

x10” m?s?. It is particularly noteworthy that the I'j;, and Dj; are both
0.9492 1.567

negative; thermodynamic stability only requires that the determinants of [F] and [D] be positive

definite. Using this diffusivity estimate, we calculated the diffusion trajectory. We note that the
serpentine trajectory has penetrated the binodal envelope and entered the metable region; see Figure
109. This indicates the spontaneous emulsification is feasible. A linear equilibration trajectory (shown
by dotted line) does not foray into the meta-stable zone.

water(1)/ethanol(2)/cyclohexane(3)

Let us examine the trajectory followed during equilibration of homogenous mixtures of two different
compositions for the system water(1)/ethanol(2)/cyclohexane(3). The composition of the equilibrated
mixture is chosen to be xj¢q= 0.2, X204 = 0.59, X3 = 0.21, which point lies on a tangent to the binodal
curve. At the average composition, the matrix of thermodynamic factors is calculated from phase

0.335 -0.3193

. We assume that the matrix of Fick diffusivities
—-0.3493 0.5158

equilibrium thermodynamics: [I'] =[
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is the product of scalar diffusivity |A|l/2:1x10‘9 m?s?  multiplied by [T]; ie.

0.335 -0.3193
-0.3493  0.5158

[Dl{

:|><10_9 m®s”. It is particularly noteworthy that the I';;, and D;; are both

negative; thermodynamic stability only requires that the determinants of [F] and [D] be positive

definite. Using this diffusivity estimate, we calculated the diffusion trajectory. We note that the
serpentine trajectory has penetrated the binodal envelope and entered the metable region; see Figure
110. This indicates the spontaneous emulsification is feasible. A linear equilibration trajectory (shown
by dotted line) does not foray into the meta-stable zone.

toluene(1)/ethanol(2)/water(3)

Consider inter-diffusion of toluene(1)/ethanol(2)/water(3) mixtures; the composition (in mole
tractions) of the mixture at equilibrium xj ¢q = 0.01, x4 = 0.188 and x3 ¢ = 0.802, which point already
lies in the meta-stable zone between the binodal and spinodal envelopes. At the average composition,
the matrix of thermodynamic factors is calculated from phase equilibrium thermodynamics:

0.715 -0.1028
[r]{

. We assume that the matrix of Fick diffusivities is the product of scalar
-1.656  0.343

0.715 -0.1028

Fusivity 1A = 1x10°° | Itioli r'l:ie. [D]=
diffusivity [A]"* <1107 m?s" multiplied by [r]; ie. [D] [—1.656 0.343

}10‘9 m®s™”. Using

this diffusivity estimate, we calculated the diffusion trajectory. We note that the serpentine trajectory
has penetrated the spinodal envelope and entered unstable region; see Figure 111; this implies phase
splitting. A linear equilibration trajectory (dotted line) remains within the meta-stable zone and does not

anticipate spinodal decomposition.
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18.
ai
[B]

Ci

Notation

component activity, dimensionless

matrix defined by Equations (33), m? s
molar concentration of species i, mol m™
total molar concentration of mixture, mol m>
M-S exchange coefficient, m* s™

M-S diffusivity for binary pair 1-2, m” s™'
Fick diffusivity for binary mixture, m* s™
Fick diffusivity matrix, m* s™

Determinant of the Fick diffusivity matrix, m* s

Square-root of determinant of [D], m*s™

Fick diffusivity of species i in porous material, m” s

self-diffusivity of species i, m* s™

Gibbs free energy, J mol™

Excess Gibbs free energy, J mol™

Hessian of the Gibbs free energy defined by equation (8), dimensionless
molar diffusion flux of species i with respect to «, mol m?s™
Onsager diffusivity matrix in fluid phases, m” s

molar mass of species i, kg mol™

number of species in the mixture, dimensionless

molar flux of species i in laboratory fixed reference frame, mol m™ s
molar flux of total mixture in laboratory fixed reference frame, mol m> s’
partial pressure of species 7 in mixture, Pa

total system pressure, Pa

gas constant, 8.314 J mol” K™!

time, s

absolute temperature, K

1
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Xi

=

Greek letters

51]'

Yi

Subscripts

mole fraction of component 7 in bulk fluid phase, dimensionless
molar average mixture velocity, ms™

partial molar volume of species 7, m® mol™

direction coordinate, m

compressibility factor, calculated in this article using the PR ESO, dimensionless

Kronecker delta, dimensionless

activity coefficient of component i, dimensionless
fugacity coefficient of component i, dimensionless
thermodynamic factors, dimensionless

matrix of thermodynamic factors, dimensionless

Square-root of determinant of [I'], dimensionless

matrix defined by Equations (33), (35), m’ s’
Square-root of determinant of [A], m*s™

molar chemical potential at standard state, J mol™

molar chemical potential, J mol™

rate of entropy production, J m> s K!

referring to site A
referring to site B
referring to component i
referring to component n
referring to total mixture

thermal diffusion
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Table 1. Self-diffusivities lef;'e;l in units of 10® m* s for linear alkanes at 333 K and 30 MPa. The

rows indicate species i and the columns, species j. The tabulated data is from Krishna and van Baten.'®

Cl c2 C3 nC4 nC5 nC6 nC7 nC8 nC9 | nCIO
Cl 7.00 | 2.58 1.50 1.05 1.05 1.05 1.05
c2 530 1.95 1.23 0.92 0.84 0.83 0.83
C3 452 1.63 1.03 0.79 0.72 0.75

nC4 3.83 1.44 0.92 0.69 0.65

nC5 0.83 0.62 0.59

nC6 3.00 1.09 0.77 0.56

nC7 0.44

nC8 236 | 097 0.40

nC9 0.34

nC10 186 | 0.82 0.34

As illustration, for the system, C1/C2/nC6, we have

x,—1 . -1 . x>l
Dty =7, Dity =258 D, =150

1 x,—1 . 1

D;fsj,f =5.3; D;;;f =1.95; D;;;f =0.84
1 . x,—1 . 1

Dy =3, D2 =109 Dy =0.56
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Table 2. NRTL parameters for acetone(l)/benzene(2)/carbon-tetrachloride(3) at 298 K. These

parameters are from Example 3.3.1 of Taylor and Krishna.® See also Kooijman and Taylor.*'

vy =4y [T 7= AT & =a
dimensionless dimensionless dimensionless
acetone(1)/benzene(2) | -0.46504 0.76432 0.2
acetone(1)/carbon- -0.4279 1.5931 0.2
tetrachloride(3)
benzene(2)/carbon- -0.51821 0.7338 0.2
tetrachloride(3)

Table 3. NRTL parameters for acetone(1)/benzene(2)/methanol(3) mixtures at 298 K. The parameters

are as reported by Kooijman and Taylor.”'

same as those reported above in Table 2.

Please note that the acetone-benzene parameters are not the

7y = Ay [T T = AT &y =ay

dimensionless dimensionless dimensionless
acetone(1)/benzene(2) -0.40727 1.378 0.29998
acetone(1)/methanol(3) | 1.371 -0.528 0.2942
benzene(2)/methanol(3) | 2.3 1.316 0.5023
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Table 4. NRTL parameters for methanol(1)/1-propanol(2)/iso-butanol (3) mixtures at 298 K. The

parameters are as reported by Kooijman and Taylor.>!

vy = Ay T 7= AT &y =a
dimensionless dimensionless dimensionless
methanol(1)/ 1.295 -0.75 0.3086
1-propanol(2)
methanol(1)/ 1.41 -0.926 0.3018
iso-butanol (3)
1-propanol(2)/ 0.859 -0.654 0.2791

iso-butanol (3)
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Table 5. NRTL parameters for glyercol(1)/acetone(2)/water(3) at 298 K. These parameters are from

Krishna et al.’

7y =4y T T = AT &y =a

dimensionless dimensionless dimensionless
glycerol(1)/acetone(2) | 0.868 2.467 0.2
glycerol(1)/water(3) -1.29 -1.52 0.2
acetone(2)/water(3) -0.665 2.095 0.2
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Table 6. UNIQUAC parameters for water(1)/chloroform(2)/acetic-acid(3) at 298 K. These parameters

are from Pertler.”® These parameters needed re-adjustment in order to match the experimental solubility

data of Othmer and Ku.”” The following are the adjusted values used in the calculations.

7; q,

dimensionless dimensionless
water(1) 0.92 1.4
chloroform(2) 2.87 2.41
acetic-acid(3) 2.2024 2.072

7, =exp(—4; /T) 7, =exp(—A,; /T)

dimensionless dimensionless
water(1)/chloroform(2) 0.4285 0.229
water(1)/acetic-acid(3) 1.274 1.312
chloroform(2)/acetic-acid(3) 1.388 0.885
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Table 7. NRTL parameters for water(1)/DMSO(2)/THF(3) at 293.15 K. These parameters are taken

from Table 1 of Olaya et a

1'54

7, =4; /T v, =4, /T a, =a,

dimensionless dimensionless dimensionless
water(1)/DMSO(2) 1.1545 -5.296 0.2
water(1)/THF(3) 1.7842 -0.787 0.2
DMSO(2)/THF(3) 4.3595 -1.4228 0.2

Table 8. NRTL parameters for water(1)/DMSO(2)/THF(3) at 293.15 K. These parameters are taken

from Table 1 of Zuber et al.>

Ty =4 / r T =4 / T a; =a;

dimensionless dimensionless dimensionless
water(1)/DMSO(2) -0.5902 -3.5184 0.2
water(1)/THF(3) 1.8997 0.2437 0.2
DMSO(2)/THF(3) 1.615 -1.373 0.2
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Table 9. NRTL parameters for water(1)/acetone(2)/phenol(3) at 323.15 K. These parameters are taken

from Table 2 of Zuber et al.>

7, =4; /T v, =4, /T a, =a,

dimensionless dimensionless dimensionless
water(1)/acetone(2) 0.1024 1.826 0.2
water(1)/phenol(3) 5.332 -1.585 0.2
acetone(2)/phenol(3) -1.504 -2.78 0.2

Table 10. NRTL parameters for water(1)/acetone(2)/TCE(3) at 298.15 K. These parameters are taken

from Table 8-31 of Reid, Prausnitz and Poling.’

7y = Ay [T T = AT &y =ay

dimensionless dimensionless dimensionless
water(1)/acetone(2) 1.388 0.75701 0.3
water(1)/TCE(3) 5.98775 3.60977 0.2485
acetone(2)/TCE(3) -0.20102 -0.19920 0.3
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Table 11. NRTL parameters for water(1)/2-propanol(2)/phenol(3) at 298.15 K. These parameters are

taken from Table 3 of Rogosic et al.® Please note that the Table 3 of this paper has reversed the

subscripts 2, and 3. This error has been corrected in the values reported in the Table below.

7y =4 /T 7= AT a4y =a

dimensionless dimensionless dimensionless
water(1)/2-propanol(2) | 0.6362 0.9474 0.3
water(1)/phenol(3) 4.8511 —-0.9032 0.3

—1.8055 =2.1517 0.2

2-propanol(2)/phenol(3)
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Table 12. NRTL parameters for water(1)/trichloroacetic acid (2)/antipyrine(3) at 303.15 K. These

parameters are taken from Table 2 of Olaya et a

1‘54

Ty = Aij /T Tji= Aji /T a; =a;
dimensionless dimensionless dimensionless
water(1)/trichloro- 3.022 -2.2055 0.2
acetic acid(2)
water(1)/antipyrine(3) -1.809 2.4313 0.2
trichloro-acetic acid (2)/ | -5.233 -6.583 0.2
antipyrine (3)

Table 13. UNIQUAC parameters for acetone(1)/ethyl-acetate(2)/water(3) at 293 K. These parameters

are from Pertler.>®

7; q,

dimensionless dimensionless
acetone(1) 2.5735 2.336
ethyl-acetate(2) 3.4786 3.116
water(3) 0.92 1.4

7, =exp(—4; /T) 7, =exp(—A; /T)

dimensionless dimensionless
acetone(1)/ethyl-acetate(2) 1.3068 0.827
acetone(1)/water(3) 0.488 1.328
ethyl-acetate(2)/water(3) 0.2538 0.7705
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Table 14. NRTL parameters for propyl acetate(1)/formic acid(2)/water (3) at 298 K. These parameters

are taken from Table 2 of Reyes-Labarta et a

7, =4; /T v, =4, /T a, =a,
dimensionless dimensionless dimensionless

Propyl acetate(1)/ -5.098 -1.567 0.2

formic acid(2)

Propyl acetate(1)/ 0.793 7.87 0.2

water(3)

Formic acid (2)/ -2.03 -3.97 0.2

water(3)

Table 15. NRTL parameters for furfural(1)/formic

taken from Table 2 of Reyes-Labarta et al.*!

acid(2)/water (3) at 298 K. These parameters are

Ty = Az‘j/T i = A./'i/T a; =a;
dimensionless dimensionless dimensionless

Furfural(1)/ 3.0975 -1.662 0.2

formic acid(2)

Furfural(1)/ 0.1044 4.126 0.2

water(3)

Formic acid (2)/ 1.387 -3.525 0.2

water(3)
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Table 16. NRTL parameters for 1-butanol (1)/methanol(2)/water(3) at 298 K. These parameters are

taken from Table 2 of Reyes-Labarta et al.*!

7y = Ay [T 7= AT &y =a
dimensionless dimensionless dimensionless
1-butanol(1)/ -6.296 -1.004 0.3
methanol(2)
1-butanol(1)/ -0.4596 5.638 0.3
water(3)
methanol (2)/ -0.628 -9.11 0.2
water(3)

Table 17. NRTL parameters for water(1)/acetic acid(2)/dichloromethane (3) at 298 K. These parameters

are taken from Table 2 of Reyes-Labarta et al.®’

Ty = Az‘j/T i = A./'i/T a; =a;
dimensionless dimensionless dimensionless
water(1)/acetic acid(2) | -5.95 -1.49 0.2
water(1)/ 3.98 2.08 0.2
dichloromethane(3)
Acetic acid (2)/ -0.73 -5.2 0.3
dichloromethane(3)
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Table 18. NRTL parameters for water(1)/acetic acid(2)/1-hexanol(3) at 298 K. These parameters are

taken from Table 3 of Fahim et a

1'62

7, =lal +b,(T=273.15))/1

7.

(a% +,(T-273.15))/T

a.=a

i~ Jji = i ji
dimensionless dimensionless dimensionless
water(1)/acetic 1.2199 -0.3239 0.2
acid(2)
water(1)/ 6.9513 -0.3454 0.2
1-hexanol(3)
Acetic acid (2)/ -0.3616 0.9906 0.2

1-hexanol(3)
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Table 19. NRTL parameters for toluene(1)/acetaldehyde(2)/water(3) at 298 K. These parameters are

taken from Table 2 of Reyes-Labarta et a

7y = Ay [T T = AT &y =a
dimensionless dimensionless dimensionless
toluene(1)/ 0.155 0.085 0.2
acetaldehyde(2)
toluene(1)/ 6.5 11.22 0.2
water(3)
acetaldehyde (2)/ 1.93 -0.21 0.2
water(3)

Table 20. NRTL parameters for 1-hexanol(1)/nitromethane(2)/water(3) at 298 K. These parameters are

taken from Table 2 of Reyes-Labarta et a

vy =4 )T =4, [T &y =aj
dimensionless dimensionless dimensionless
I-hexanol (1)/ 2.165 -0.1017 0.2
nitromethane (2)
1-hexanol (1)/ -0.299 9.026 0.2
water(3)
nitromethane (2)/ 1.3524 2.319 0.2

water(3)

ESI 77




Table 21. NRTL parameters for 4-methyl-2-pentanone(1)/acetonitrile(2)/water(3) at 298 K. These

parameters are taken from Table 2 of Reyes-Labarta et a

1.61

Ty = Az‘j/T L= A./'i/T a; =a;
dimensionless dimensionless dimensionless
toluene(1)/ -0.0665 0.9023 0.2
acetaldehyde(2)
toluene(1)/ 1.357 5.391 0.2
water(3)
acetaldehyde (2)/ -0.133 2.62 0.2
water(3)

Table 22. NRTL parameters for acetonitrile(1)/1-propanol(2)/hexane(3) at 298 K. These parameters are

taken from Table 2 of Reyes-Labarta et al.®’

7y = Ay [T 7 =A; /T a; =a;
dimensionless dimensionless dimensionless
acetonitrile(1)/ -0.857 -2.01 0.2
1-propanol(2)
acetonitrile(1)/ 2.25 1.43 0.2
hexane(3)
1-propanol(2)/ 1.44 -2.41 0.2

hexane (3)
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Table 23. UNIQUAC parameters for water(1)/caprolactam(2)/toluene(3) at 298.15 K. These parameters

are from Table 1, Chapter 7 of the PhD dissertation of Bollen.*®

7 g

dimensionless dimensionless
water(1) 0.92 1.4
caprolactam(2) 4.6106 3.724
toluene(3) 3.9928 2.968

7y =4; [T v =4, )T

dimensionless dimensionless
water(1)/caprolactam(2) 0.1027043 3.647516849
water(1)/ toluene(3) 0.2563201 0.0964476
caprolactam(2)/toluene(3) 0.3324973 1.4351863
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Table 24. UNIQUAC parameters for water(1)/caprolactam(2)/benzene(3) at 298.15 K. These parameters

are from Table 1, Chapter 7 of the PhD dissertation of Bollen.*®

7 g

dimensionless dimensionless
water(1) 0.92 1.4
caprolactam(2) 4.6106 3.724
benzene(3) 3.1878 2.4

7y =4; [T v =4, )T

dimensionless dimensionless
water(1)/caprolactam(2) 1.5339381 1.7321924
water(1)/ benzene(3) 0.3259823 0.1101953
caprolactam(2)/benzene(3) 1.4594085 0.8758174
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Table 25. UNIQUAC parameters for toluene(1)/water(2)/propionic-acid(2)/water(3) at 298.15 K. These
parameters are from Table 6 of Kim and Park.®* However, there is some uncertainty about the units of
the energy parameters listed in Table 6 because the units are not specified. Furthermore, equation (16)
of Kim and Park® appears to contain a typo. Due to the combination of the uncertainties, our binodal
curve do not correspond with the experimental data. Therefore, the calculations presented here must be
viewed as being consistent for a partially miscible (hypothetical) mixture for which the following set of

UNIQUAC parameters are valid.

h g
dimensionless dimensionless
toluene(1) 3.9928 2.968
Propionic-acid(2) 2.9 2.58
water(3) 0.92 1.4

7, =exp(—4; /T) 7, =exp(—=4, /T)

dimensionless dimensionless
toluene(1) / propionic-acid (2) 1.08985977 0.86688385
toluene(1)/ water(3) 0.81980947 0.3296506
Propionic-acid (2)/ water(3) 1.21111669 0.61226107
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Table 26. UNIQUAC parameters for ethylacetate(1)/propionic-acid(2)/water(3) at 298.15 K. These
parameters are from Table 6 of Kim and Park.®* However, there is some uncertainty about the units of
the energy parameters listed in Table 6 because the units are not specified. Furthermore, equation (16)
of Kim and Park® appears to contain a typo. Due to the combination of the uncertainties, our binodal
curve do not correspond with the experimental data. Therefore, the calculations presented here must be
viewed as being consistent for a partially miscible (hypothetical) mixture for which the following set of

UNIQUAC parameters are valid.

7; q,
dimensionless dimensionless
ethylacetate(1) 3.4786 3.116
Propionic-acid(2) 2.9 2.58
water(3) 0.92 1.4

7, =exp(—4; /T) 7, =exp(—A; /T)

dimensionless dimensionless
ethylacetate (1)/ propionic-acid (2) 0.94875404 2.69011546
ethylacetate (1)/ water(3) 0.19953302 0.33562196
Propionic-acid (2)/ water(3) 3.28217216 1.9470615
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Table 27. NRTL parameters for water(1)/acetic acid(2)/isophorone(3) at 298.15 K. The parameters are

from Colombo et al.*°

Ty =4 / r Ty =4 / T a; =a;
dimensionless dimensionless dimensionless
water(1)/acetic acid (2) | 0.7074 0.2455 0.2
water(1)/isophorone(3) | 6.466 -0.2852 0.2
Acetic acid(2)/ -1.489 1.381 0.2
Isophorone(3)

Table 28. NRTL parameters for water(1)/acetic acid(2)/ethylacetate(3) at 298.15 K. The parameters are

from Colombo et al.*’

7y =4 [T = AT a; =a;
dimensionless dimensionless dimensionless
water(1)/acetic acid (2) | -0.2651 -0.5147 0.2
water(1)/ethyl 4.3205 0.5055 0.2
acetate(3)
Acetic acid(2)/ -2.545 3.224 0.2
Ethyl acetate(3)
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Table 29. NRTL parameters for water(1)/acetic acid(2)/MTBE (3) at 298.15 K. The parameters are from

Zhang and Wang.*®

7y =4; [T 7= AT &y =a
dimensionless dimensionless dimensionless
water(1)/acetic acid (2) | 0.354 -1.2151 0.47
water(1)/MTBE(3) 3.9737 1.2998 0.2
Acetic acid(2)/ -0.2774 -2.8068 0.37
MTBE(3)

Table 30. NRTL parameters for ethanol (1)/toluene(2)/n-decane(3) at 298.15 K. The parameters are

from Mohsen-Nia.?’

7y =4 [T v =A; )T a; =a;

dimensionless dimensionless dimensionless
ethanol(1)/toluene(2) 1.9193 0.6687 0.293
ethanol(1)/n-decane(3) | 0.465 2.3092 0.2
toluene(2)/n-decane(3) | -0.7673 0.7246 0.2

ESI 84




Table 31. UNIQUAC parameters for water (1)/ethanol(2)/benzene(3) at 298.15 K. These parameters

are taken from Example 05.20 of Gmehling et al.®®

r; g
dimensionless dimensionless
water(1) 0.92 1.4
ethanol(2) 2.1055 1.972
benzene(3) 3.1878 2.4
7y = Ay [T v =4; /T
dimensionless dimensionless
water(1)/ethanol(2) 0.1713 2.9060
Water(1)/benzene(3) 0.354 0.0117
ethanol(2)/benzene(3) 1.359 0.3625
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Table 32. NRTL parameters for NMP(1)/propylbenzene(2)/dodecane(3) at 298 K. The parameters are

from Al-Jimaz et al.*

T..

T..

a. = ..

i Ji i ji
dimensionless dimensionless dimensionless
NMP(1)/ 0.0539 0.1769 0.2
propylbenzene(2)
NMP(1)/dodecane(3) 2.938 0.5403 0.2
propylbenzene(2)/ 0.9102 -1.004 0.2
dodecane(3)

Table 33. NRTL parameters for NMP(1)/propylbenzene(2)/tetradecane(3) at 298 K. The parameters are

from Al-Jimaz et al.*

Ty =4 /T T = A /T a; =a;
dimensionless dimensionless dimensionless
NMP(1)/ -2.8661 1.5931 0.2
propylbenzene(2)
NMP(1)/tetradecane(3) | 3.4745 0.4103 0.2
propylbenzene(2)/ 0.2851 -2.678 0.2
tetradecane(3)
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Table 34. NRTL parameters for heptane(1)/toluene(2)/sulpholane(3) at 373.15 K. The parameters are

from Steltenpohl and Graczova.”

Tij:Azi/T

T =4 / r

a.=ua

i~ %i

dimensionless dimensionless dimensionless
heptane(1)/ -0.33049669 0.73432311 0.3
toluene(2)
heptane(1)/ 3.15538119 2.13985359 0.1866
sulpholane(3)
toluene(2)/ 1.4355933 0.57965228 0.5288
sulpholane(3)

ESI 87




Table 35. UNIQUAC parameters for [omim][Cl](1)/ethanol(2)/TAEE(3) at 298 K. The parameters are

from Tables 2, 3, and 4 of Santiago et a

1'56

7; q,

dimensionless dimensionless
[omim][C1] 9.6165 7.698
ethanol(2) 2.5755 2.588
TAEE(3) 5.417 4.712

7y = exp(=4; /T)

Ty = exp(— Aji /T)

dimensionless

dimensionless

[omim][Cl](1)/ethanol(2)

1.874373291

4.720604883

[omim][CI](1)/TAEE(3)

1.410892816

0.169936683

ethanol(2)/TAEE(3)

3.744325482

0.048064224

Table 36. NRTL parameters for [omim][Cl1](1)/ethanol(2)/TAEE(3) at 298 K. The parameters are from

57
Aznar.

7y = A, [T 7 =A; [T a; =a;

dimensionless dimensionless dimensionless
[omim][Cl](1)/ethanol(2) | -1.674 -3.035 0.2
[omim][CI](1)/TAEE(3) | 1.365 9.3245 0.204
ethanol(2)/TAEE(3) 0.3034 1.399 0.307
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Table 37. UNIQUAC parameters for [bmim][TfO](1)/ethanol(2)/TAEE(3) at 298 K. The parameters are

from Tables 2, 3, and 4 of Santiago et al.>¢

7 g
dimensionless dimensionless
[bmim][TfO] 8.9463 7.135
ethanol(2) 2.5755 2.588
TAEE(3) 5.417 4.712
t,; =exp(=4; /T) v, =exp(=4; /T)
dimensionless dimensionless
[bmim][TfO](1)/ethanol(2) | 0.8331298 2.91830955
[bmim][TfO](1)/TAEE(3) | 1.4677043 0.004246414
ethanol(2)/TAEE(3) 3.74432548 0.048064224

Table 38. NRTL parameters for water(1)/acetone(2)/toluene(3) at 298 K. These parameters are from the

DECHEMA Dortmund data bank, as reported in Table 1 of Springer et al.”’

7y =4y [T T =Ay /T a, =a;

dimensionless dimensionless dimensionless
Water(1)/acetone(2) 2.1942 1.267 0.5859
water(1)/toluene(3) 7.2509 9.5281 0.2
acetone(2)/toluene(3) -0.4187 1.2285 0.295
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Table 39. NRTL parameters for water(1)/ethanol(2)/cyclohexane (3) at 298 K. These parameters are

from the DECHEMA Dortmund data bank, as reported in Table 1 of Springer et al.”’

7, T, a, =a,

dimensionless dimensionless dimensionless
Water(1)/ethanol(2) 1.8707 0.0976 0.3475
water(1)/cyclohexane(3) 14.84 5.6653 0.21159
ethanol(2)/cyclohexane(3) | 1.4786 2.408 0.46261

Table 40. NRTL parameters for toluene(1)/ethanol(2)/water(3) at 298 K. The toluene/water parameters

are from Wang et al.”” The remaining parameters are from the DECHEMA Dortmund data bank; the

ethanol/toluene 7, has been modified to match experimental binodal data.

T..

o. = ..

T, f =

dimensionless dimensionless dimensionless
toluene(1)/ethanol(2) 1.938 0.6 0.529
toluene(1)/water(3) 15.219 7.529 0.2
ethanol(2)/water(3) -0.0978 2.096 0.293
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20. Caption for Figures

Figure 1. (a, b, c) Experimental data of Takahashi and Hongo' for M-S diffusivities of CO,(trace
amounts)/C,H4 mixtures, and CO,/C,Hy(trace amounts) mixtures at (a) 298.2 K, (b) 323.2 K, and (c)
348.2 K for a range of pressures. (d, e, f) Calculations of the compressibility factor using the Peng-
Robinson Equation of State (PR EOS) of COj(trace amounts)/C,H4 mixtures, and CO,/C,Hy(trace

amounts) mixtures at (d) 298.2 K, (e) 323.2 K, and (f) 348.2 K for a range of pressures.

Figure 2. MD simulation data of Krishna and van Baten'® on Di i, Djserr, and Dj; for the binary
methane(1)/ethane(2), methane(1)/n-hexane(3), and ethane(2)/n-hexane(3) mixtures. The continuous

solid lines are the calculations of Dj; using either the Darken interpolation equation (48), or the Vignes

x,—)l
. are

i,self >

interpolation formula (49). The values of the self-diffusivities at the limiting compositions, D

provided in Table 1.

Py =53, PE=25 DY=3 P =1.05 P37 =1.09; Py =0.84.

Figure 3. MD simulation data of Krishna and van Baten'® on Digeif, Djsetr, and Dj; for the binary
methane(1)/ethane(2), methane(1)/propane(3), and ethane(2)/propane (3) mixtures. The continuous

solid lines are the calculations of Dj; using either the Darken interpolation equation (48), or the Vignes
interpolation formula (49). The values of the self-diffusivities at the limiting compositions, D;’ ;e;l , are

provided in Table 1.

Pt =53, PE' =25 P =452, PR =15 Py =1.63; Dby =1.23.
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Figure 4. MD simulation data of Krishna and van Baten'® on Dieir, Djseir, and Djyj for the binary
methane(1)/propane(2), methane(1)/n-hexane(3), and propane(2)/n-hexane (3) mixtures. The continuous

solid lines are the calculations of Dj; using either the Darken interpolation equation (48), or the Vignes

interpolation formula (49). The values of the self-diffusivities at the limiting compositions, Df;;}l , are

provided in Table 1.

Pt =452, P57 =15 DY =3 P =1.05 D' =077, Py =0.75.

Figure 5. MD simulation data of Krishna and van Baten'® on Dieir, Djseir, and Djyj for the binary
ethane(1)/propane(2), ethane(1)/n-butane(3), and propane(2)/n-butane (3) mixtures. The continuous

solid lines are the calculations of Dj; using either the Darken interpolation equation (48), or the Vignes

interpolation formula (49). The values of the self-diffusivities at the limiting compositions, Df;;}l , are

provided in Table 1.

Pt =1.63; B3 =123 DY =144; P57 =092; PE'=092; Py =0.79.

Figure 6. MD simulation data of Krishna and van Baten'® on Digeif, Disetr, and Dj; for the binary
propane(1)/n-butane(2), propane(1)/n-pentane(3), and n-butane(2)/n-pentane (3) mixtures. The
continuous solid lines are the calculations of D;; using either the Darken interpolation equation (48), or

the Vignes interpolation formula (49). The values of the self-diffusivities at the limiting compositions,

D", are provided in Table 1.

Pi™'=0.92; P5'=079; BI7'=083 DL =0.72; P2 =0.62; Py =0.65.
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Figure 7. Comparison of the Fick diffusivities, Dj,, with the Maxwell-Stefan, D,,, and Onsager, L,
diffusivities for (a) acetone (1) — water (2), (b) ethanol(1)-water(2), and (c) methanol(1)-n-hexane (2)
44

mixtures. The experimental data on D;, are from Tyn and Calus,75 Grossmann and Winkelmann,

Koniger et al,”® and Clark and Rowley’’ The D), are obtained by correcting for the thermodynamic
D : : . . .
factor D, :%. Also shown are the calculations using the Vignes interpolation formula (49). The

Onsager coefficients L, are calculated using equation (46).

Figure 8. Comparison of the Fick diffusivities, Dj,, with the Maxwell-Stefan, D,,, diffusivities for (a)
water (1) — methanol (2), (b) water (1) - ethanol(3), and (c¢) methanol (2) - ethanol (3) mixtures at 298
K. The experimental data for the binaries are from Parez et al.*® with addition of the water/methanol

1.78

data of Derlacki et al.”” The thermodynamic factors are calculated using the Wilson parameters reported

in Table 4 of Parez et al.*® Also shown are the calculations using the Vignes interpolation formula (49)

with the values of the infinite dilution M-S diffusivities:

Pyt =15 PR =22, Pi =13, B =12, P =123, Py =2.03.

Figure 9. Influence of pressure on (a) compressibility factor, calculated using the Peng-Robinson
Equation of State (PR EOS), (b) thermodynamic factor, I', calculated using PR EOS, and (c) Fick

diffusivity of CHy4(1)/CsHg(2) mixtures at 7= 298.15 K and x;= 0.7.

Figure 10. Influence of composition on (a) compressibility factor, calculated using the Peng-Robinson
Equation of State (PR EOS), (b) thermodynamic factor, I, calculated using PR EOS, and (c) Fick

diffusivity of CH4(1)/CsHg(2) mixtures at 7= 298.15 K.
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Figure 11. (a) Experimental data of Sigmund, as reported in Figure 2a of Leahy-Dios and Firoozabadi,*
for Fick diffusivities of CH4(1)/C3Hg(2) mixtures at 7=311 K and p = 137.8 bar. (b) Calculations of the
compressibility factor using the Peng-Robinson Equation of State (PR EOS). (c) Calculations of the
thermodynamic factor, I', using PR EOS. (d) Experimental data of Sigmund, as reported in Figure 2c of
Leahy-Dios and Firoozabadi,*® for Fick diffusivities of CH,(1)/C3Hg(2) mixtures at T =311 K and p =

206.8 bar.

Figure 12. Experimental data of Tuan et al.'” for the dependence of the Fick diffusivity of methyl oleate
(MO) (component 2) in supercritical CO, (component 1), indicated by green squares, on the mole
fraction of MO for 7= 313.15 K, and (a) p = 10.6 MPa, and (b) p = 11.5 MPa. Also shown by the

continuous solid lines are the calculations of the thermodynamic factor using the PR EOS.

Figure 13. MD simulation data of Krishna and van Baten'® on the elements of [A] for ternary
methane(1)/ethane(2)/n-hexane(3) mixtures compared with the estimations using Vignes interpolation

formula (63), combined with either equation (65) or equation (66).

Figure 14. MD simulation data of Krishna and van Baten'® on the elements [A] for ternary
methane(1)/ethane(2)/propane (3) mixtures compared with the estimations using Vignes interpolation

formula (63), combined with either equation (65) or equation (66).

Figure 15. MD simulation data of Krishna and van Baten'®

on the elements of [A] for ternary
methane(1)/propane(2)/n-hexane (3) mixtures compared with the estimations using Vignes interpolation

formula (63), combined with either equation (65) or equation (66).
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Figure 16. MD simulation data of Krishna and van Baten'® on the elements of [A] for ternary
ethane(1)/propane(2)/n-butane(3) mixtures compared with the estimations using Vignes interpolation

formula (63), combined with either equation equation (65) or equation (66).

Figure 17. MD simulation data of Krishna and van Baten'

on the elements of [A] for ternary
propane(1)/n-butane(2)/n-pentane (3) mixtures compared with the estimations wusing Vignes

interpolation formula (63), combined either equation (65) or equation (66).

Figure 18. Comparison of the values of MD simulated values (red circles) of |A|”2 with calculations

V2 _ \/ L PLAFLEP where the D1y, P13, and D,3 are calculated

(crosses) using the formula |A|™ =
XDy +%,Dp5 + x5,

using Vignes interpolation formula (63), combined with Wesselingh-Bollen interpolation (65).

|1/2

Figure 19. Comparison of the values of MD simulated values of |A|"" with calculations of

(Dl’se,f )X1 (DZ,self )XZ (Da,sezf )"‘ where the component self-diffusivities are also values determined from MD

simulations.

Figure 20. MD simulation data of Krishna and van Baten'® on D12, D13, and Py3 in the ternary

methane(1)/ethane(2)/n-hexane(3) mixtures: x; = 0.2, varying x,, x3; x, = 0.2, varying xi, x3; x3 = 0.2,
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varying xi, x,. The continuous solid lines are the calculations of D;; using Vignes interpolation formula

(63), combined with Wesselingh-Bollen interpolation (65).

Figure 21. MD simulation data of Krishna and van Baten'® on D12, Di3, and Py3 in the ternary
methane(1)/ethane(2)/n-hexane(3) mixtures: vary xj, with xo/x3= 1; vary x,, with x;/x3= 1; vary x3, with
x1/x,= 1. The continuous solid lines are the calculations of Dj; using Vignes interpolation formula (63),

combined with Wesselingh-Bollen interpolation (65).

Figure 22. MD simulation data of Krishna and van Baten'® on D12, Pi3, and Dy3 in the ternary
methane(1)/ethane(2)/propane(3) mixtures: vary x;, with x»/x3= 1; vary x,, with x/x3= 1; vary x3, with
x1/x;= 1. The continuous solid lines are the calculations of D;; using Vignes interpolation formula (63),

combined with Wesselingh-Bollen interpolation (65).

Figure 23. MD simulation data of Krishna and van Baten'® on D1y, D13, and Py3 in the ternary
methane(1)/propane(2)/n-hexane(3) mixtures: vary x;, with xp/x3= 1; vary x;, with x;/x;3= 1; vary x3,
with x1/x,= 1. The continuous solid lines are the calculations of D;; using Vignes interpolation formula

(63), combined with Wesselingh-Bollen interpolation (65).
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Figure 24. MD simulation data of Krishna and van Baten'® on D1y, D13, and Py in the ternary
ethane(1)/propane(2)/n-butane(3) mixtures: vary x;, with xp/x3= 1; vary x,, with x;/x3= 1; vary x3, with
x1/x;= 1. The continuous solid lines are the calculations of D;; using Vignes interpolation formula (63),

combined with Wesselingh-Bollen interpolation (65).

Figure 25. MD simulation data of Krishna and van Baten'® on D1y, D13, and Py in the ternary
propane(1)/n-butane(2)/n-pentane(3) mixtures: vary x;, with x,/x3= 1; vary x,, with x;/x3= 1; vary x3,
with x1/x;= 1. The continuous solid lines are the calculations of D;; using Vignes interpolation formula

(63), combined with Wesselingh-Bollen interpolation (65).

Figure 26. Comparison of the values of MD simulated values (from Parez et al.**, denoted as red circles)

of |A|1/2 for water(1)/methanol(2)/ethanol(3) mixtures, as a function of the mole fraction of methanol

1/2

(component 2), with calculations (crosses) data using |A| :(Dlmf )" (Dz’sdf )*2 (Dlse,f )’3, taking D sei1=

10.3, D 1= 18, D3 g= 9.1 with units 10" m? s,

Figure 27. Comparison of the Fick and Maxwell-Stefan diffusivities for (a) acetone(1)/benzene(2), (b)
acetone(1)/carbon tetrachloride (3), and (c) benzene (2)/carbon tetrachloride (3) mixtures. The Fick
diffusivity data are culled from Cullinan and Toor29, Anderson et al.79, and Caldwell and Babb.*® Also
shown are the calculations using the Vignes interpolation formula (49). The required NRTL parameters

for calculation of thermodynamic factors are provided in Table 2.
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Figure 28. Comparison of the experimental data of Cullinan and Toor™ for the elements of the Fick
diffusivity matrix [D] for acetone(1)/benzene(2)/carbon-tetrachloride(3) mixtures with the estimations
using Vignes interpolation formula (63), combined with Wesselingh-Bollen interpolation (65). The

required NRTL parameters for calculation of thermodynamic factors are provided in Table 2. Also

plotted are two additional data points for [D] that are reported in Table 2 of Ren et al.*'

| |1/2

2

Figure 29. The ratio |A| = |1 - plotted as a function of the mole fraction of acetone in

acetone(1)/benzene(2)/carbon-tetrachloride(3) mixtures at 298 K. The crosses represent calculations

using the formula |A|l/2 = D, D130y where the Dy,, D13, and D, are calculated using Vignes
xDy3+x,D5 + ;D)

interpolation formula (63), combined with Wesselingh-Bollen interpolation (65). Also plotted are two

additional data points for [D] that are reported in Table 2 of Ren et al.*’

Figure 30. Comparison of the experimental data of Cullinan and Toor” for the elements of the Fick

diffusivity matrix [D] for acetone(1)/benzene(2)/carbon-tetrachloride(3) mixtures with the estimations

using [D]=|A|l/2[r], where |/\|l/2 = L2APLAEL2Y and the Py, P3, and Dy; are calculated using
XDy +x, D5 + X3,

Vignes interpolation formula (63), combined with Wesselingh-Bollen interpolation (65). The required
NRTL parameters for calculation of thermodynamic factors are provided in Table 2. Also plotted are

two additional data points for [D] that are reported in Table 2 of Ren et al.®!
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Figure 31. Comparison of the Fick and Maxwell-Stefan diffusivities for (a) acetone(1)/benzene(2), (b)
acetone(1)/methanol (3), and (c) benzene (2)/methanol (3) mixtures. The Fick diffusivity data are culled

1.2, and Alimadadian and Colver.>° Also shown are

from Cullinan and Toorzg, Anderson et al.””, Zhu et a
the calculations using the Vignes interpolation formula (49). The required NRTL parameters for

calculation of thermodynamic factors are provided in Table 3.

| |1/2

Figure 32. The ratio plotted as a function of the mole fraction of acetone in

1/2

acetone(1)/benzene(2)/methanol(3) mixtures. The Fick diffusivity data are from Alimadadian and

Colver;*® the NRTL parameters are provided in Table 3. The crosses represent calculations using the

D, DDy
»3tXDyy + X3,

172

formula |A| = \/ 5 where the Dy, D3, and P,; are calculated using Vignes
X1

interpolation formula (63), combined with Wesselingh-Bollen interpolation (65).

Figure 33. Comparison of the experimental data of Alimadadian and Colver;* for the elements of the

Fick diffusivity matrix [D] for acetone(1)/benzene(2)/methanol(3) mixtures with the estimations using

1/2

[D]=|A]""[r], where |A|”2 - \/ D2 D130y and the D5, D13, and D»; are calculated using Vignes

XDy X, D3 + 3D,
interpolation formula (63), combined with Wesselingh-Bollen interpolation (65). The NRTL parameters

are provided in Table 3.
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D12D21

Figure 34. The ratio of the elements of the Fick diffusivity matrix [D] for

11D22

acetone(1)/benzene(2)/methanol (3) mixtures (experimental data of Alimadadian and Colver®®) plotted

against the corresponding value of the ratio %
11+ 22

| |1/2

Figure 35. The ratio plotted as a function of the mole fraction of methanol in methanol(1)/1-

1/2

propanol(2)/iso-butanol(3) mixtures. The Fick diffusivity data are from Shuck and Toor’%; the NRTL

parameters are provided in Table 4. The crosses represent calculations using the formula

|A|1/2 = LPLAELEY where the Dy, Di3, and D,3; are calculated using Vignes interpolation
XDy +x, D5 + X3,

formula (63), combined with Wesselingh-Bollen interpolation (65), along with the M-S diffusivities as

provided by Kooijman and Taylor.*'

Pa7' =1.966; D3 =0.804; P =1.83; P =0.587; P2 =0.584; P2 =0.398.

Figure 36. Comparison of the experimental data of Shuck and Toor’? for the elements of the Fick

diffusivity matrix [D] for methanol(1)/1-propanol(2)/iso-butanol(3) mixtures with the estimations using

BIZDI3D23

and the Py, D13, and Py3 are calculated using Vignes
»ntXDyy + X3,

D :Al/zr h 1/2:
[D]=|A] “[r], where |A| \/xlB

interpolation formula (63), combined with Wesselingh-Bollen interpolation (65). The NRTL

parameters are provided in Table 4.
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Figure 37. The ratio D”—ll;” of the elements of the Fick diffusivity matrix [D] for in methanol(1)/1-
11722

propanol(2)/iso-butanol(3) mixtures (experimental data of Shuck and Toor?) plotted against the
. . I,
corresponding value of the ratio 1221,

1—‘l 1 1—‘22

| |1/2

Figure 38. The ratio

— Dplotted as a function of the mole fraction of glycerol in 2-

propanol(1)/glycerol(2)/iso-water(3) mixtures. The experimental data are from Riede and Schliinder.”

Figure 39. Experimental data of Rehfeldt’® > for the Fick diffusivities of the constituent binary pairs of
methanol(1)/1-butanol(2)/1-propanol(3) mixtures at 298 K. Also shown are the M-S diffusivities,
along with the estimations using the Vignes interpolation formula (49). The calculation of
thermodynamic factors are based on the Wilson parameters reported in Table 9.2 of the dissertation of

Rehfeldt.’’

Figure 40. Experimental data of Rehfeldt*® *’ for the Fick diffusivities of the constituent binary pairs of
acetone(1)/water(2)/1-propanol(3) mixtures at 298 K. Also shown are the M-S diffusivities, along with
the estimations using the Vignes interpolation formula (49). The calculation of thermodynamic factors

are based on the Wilson parameters reported in Table 9.2 of the dissertation of Rehfeldt.”’

Figure 41. Experimental data of Rehfeldt*® 7 for the Fick diffusivities of the constituent binary pairs of
acetone(1)/1-butanol(2)/1-propanol(3) mixtures at 298 K. Also shown are the M-S diffusivities, along
with the estimations using the Vignes interpolation formula (49). The calculation of thermodynamic

factors are based on the Wilson parameters reported in Table 9.2 of the dissertation of Rehfeldt.”’
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Figure 42. Experimental data of Rehfeldt*® *’ for the Fick diffusivities of the constituent binary pairs of
I-propanol(1)/1-chlorobutane(2)/n-heptane(3) mixtures at 298 K. Also shown are the M-S
diffusivities, along with the estimations using the Vignes interpolation formula (49). The calculation of
thermodynamic factors are based on the Wilson parameters reported in Table 9.2 of the dissertation of

Rehfeldt.’’

Figure 43. Comparison of experimental data of Rehfeldt’® *” for the Fick diffusivity matrix [D] for
methanol(1)/1-butanol(2)/1-propanol mixtures at 298 K with the estimations using Vignes interpolation
formula (63), combined with Wesselingh-Bollen interpolation (65), along with along with the M-S

diffusivities that are determined from data on the constituent binary pairs
Dy =13 D3 =048 Py =137, D5 =068 D3 =04 Py =051

The calculations of the the thermodynamic factor matrix [I'] are based on the Wilson parameters

reported in Table 9.2 of the dissertation of Rehfeldt.”’

Figure 44. Comparison of experimental data of Rehfeldt’® *” for the Fick diffusivity matrix [D] for
acetone(1)/water(2)/1-propanol(3) mixtures at 298 K with the estimations using Vignes interpolation
formula (63), combined with Wesselingh-Bollen interpolation (65), along with along with the M-S

diffusivities that are determined from data on the constituent binary pairs
Py =508 P =128 DI =317, B3 =1.13; D' =1.1; D3 =0.68

The calculations of the the thermodynamic factor matrix [F] are based on the Wilson parameters

reported in Table 9.2 of the dissertation of Rehfeldt.”’
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Figure 45. Comparison of experimental data of Rehfeldt’™ *” for the Fick diffusivity matrix [D] for
acetone(1)/1-butanol(2)/1-propanol(3) mixtures at 298 K with the estimations using Vignes
interpolation formula (63), combined with Wesselingh-Bollen interpolation (65), along with along with

the M-S diffusivities that are determined from data on the constituent binary pairs

D5 =279, PE =094 D5y =3.17; Py =113 Py =04; P37 =051
The calculations of the the thermodynamic factor matrix [I'] are based on the Wilson parameters

reported in Table 9.2 of the dissertation of Rehfeldt.”’

Figure 46. Comparison of experimental data of Rehfeldt’® *’ for the Fick diffusivity matrix [D] for 1-
propanol(1)/1-chlorobutane(2)/n-heptane(3) mixtures at 298 K with the estimations using Vignes
interpolation formula (63), combined with Wesselingh-Bollen interpolation (65), along with along with

the M-S diffusivities that are determined from data on the constituent binary pairs
Py =12, B3 =34; PY'=15 P'=6, D' =28 Py =35

The calculations of the the thermodynamic factor matrix [I'] are based on the Wilson parameters

reported in Table 9.2 of the dissertation of Rehfeldt.”’

Figure 47. The ratio DL?” of the elements of the Fick diffusivity matrix [D] in 1-propanol(1)/1-
117722

36, 37
)

chlorobutane(2)/n-heptane(3) mixtures (experimental data of Rehfeldt plotted against the

corresponding value of the ratio Dol .
1—‘111—‘22
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Figure 48. The ratio |R|1/2 = plotted as a function of the mole fraction of component 1 in four

172
r

different mixtures: (a) methanol(1)/1-butanol(2)/1-propanol, (b) acetone(1)/water(2)/1-propanol(3), (c)

acetone(1)/1-butanol(2)/1-propanol(3), and (d) 1-propanol(1)/1-chlorobutane(2)/n-heptane(3) mixtures

at 298 K. The crosses represent calculations using the formula |A|”2 = \/ D1yD3 Dy where the
XDy +x,D)5 + x5,

D12, D13, and P,z are calculated using Vignes interpolation formula (63), combined with Wesselingh-

Bollen interpolation (65).

Figure 49. Comparison of experimental data of Rehfeldt’™ *” for the Fick diffusivity matrix [D] for

methanol(1)/1-butanol(2)/1-propanol mixtures at 298 K with the estimations using [D]= |A|1/2 [[], where

|A|”2 = DipDis Dy and the Pi,, D13, and P,3 are calculated using Vignes interpolation formula
XDy +x, D5 + x50,

(63), combined with Wesselingh-Bollen interpolation (65).

Figure 50. Comparison of experimental data of Rehfeldt’® * for the Fick diffusivity matrix [D] for

acetone(1)/water(2)/1-propanol(3) mixtures at 298 K with the estimations using [D]=|A|”2[l"], where
1/2 D, Dy3Dysy . . . .
A" = and the D, D13, and D»3 are calculated using Vignes interpolation formula
D +x,Dp5 + x5y,

(63), combined with Wesselingh-Bollen interpolation (65).
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Figure 51. Comparison of experimental data of Rehfeldt’® ¥ for the Fick diffusivity matrix [D] for

acetone(1)/1-butanol(2)/1-propanol(3) mixtures at 298 K with the estimations using [D]:|A|l/2[1“],

where |A|”2 = Dy Dy Ds and the Py, D3, and D, are calculated using Vignes interpolation
XDy +x, D5 + x50,

formula (63), combined with Wesselingh-Bollen interpolation (65).

Figure 52. Comparison of experimental data of Rehfeldt*® *” for the Fick diffusivity matrix [D] for 1-

propanol(1)/1-chlorobutane(2)/n-heptane(3) mixtures at 298 K with the estimations using [D]= |A|”2[F],

where | A|l/ 2_ \/ > L2PLERTER and the Py, D13, and Ds3 are calculated using Vignes interpolation
X

»tX Dy + x3D),

formula (63), combined with Wesselingh-Bollen interpolation (65).

Figure 53. Phase equilibrium thermodynamics for Fe(1)/Cr(2) alloy mixtures. (a, b) Gibbs free energy at
temperatures of (a) 1200 K, and (b) 800 K, as a function of the atom fraction of Fe(1). (c) Binodal and
spinodal curves, as a function of the atom fraction of Fe(1). (d) Activity coefficients, %, of Fe(1) and
Cr(2) in solution, as a function of the atom fraction of Fe(1). (e) Activities, ai, of Fe(1) and Cr(2) , as a

function of the atom fraction of Fe(1).

Figure 54. (a) Liquid/liquid phase equilibrium for triethylamine (1) — water (2) mixture exhibiting
LCST at 291.5 K. The experimental data for the binodal and spinodal curves are taken from Counsell et

al.,» Kohler and Rice,** and Vitagliano et al.*' (b) Experimental data of Vitagliano et al.*' for Fick
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diffusivities, D1, for triethyamine(1)/water(2) mixtures, measured at two different temperatures 292.15

K, and 293.15 K, for various compositions on either side of the spinodal curves in (a).

Figure 55. Experimental data of Pertler et al.* for Fick diffusivities, D)», for 1-butanol(1)/water(2)
mixtures, measured at 298.15 K for various compositions on either side of the spinodal compositions.

The UNIQUAC parameters are provided Table 3 of Pertler et al.*?

Figure 56. Experimental data of Thiel et al.*® for Fick diffusivities, Di,, for methyl isopropyl
ketone(1)/water(2) mixtures, measured at 293.15 K (water rich region) and 298.15 (MIPK rich region)
for various compositions on either side of the spinodal compositions. The UNIQUAC parameters are

provided Table 3 of Pertler et al.*?

Figure 57. Experimental data of Grossmann and Winkelmann,* and Pertler et al.** for Fick diffusivities,
D, for glycerol(1)/acetone(2) mixtures, measured at 298.15 K for various compositions in the acetone-

rich region to the left of the spinodal composition. The NRTL parameters are provided in Table 5.

Figure 58. Experimental data of McKeigue and Gulari®® for Fick diffusivities, D, for
methanol(1)/CS,(2) mixtures, measured at 293.15 K for various compositions in the CS,-rich region to

the left of the spinodal composition. The UNIQUAC parameters are provided Table 3 of Pertler et al.**
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Figure 59. (a) Experimental data of Dysthe and Hafskjold46 for Fick diffusivities of CH4(1)/n-CoH22(2)
mixtures at 7 = 303.5 K and p = 40 MPa. (b) Experimental data of Dysthe and Hafskjold*® for Fick
diffusivities of CHy4(1)/n-CoH22(2) mixtures at 7 = 303.5 K and p = 40, 50 and 60 MPa. (c) Spinodal
compostions for CH4(1)/n-CjoH22(2) mixtures at 7' = 303.5 K. (d) Experimental data of Dysthe and
Hafskjold46 for Fick diffusivities of CHy(1)/n-CioH2,(2) mixtures at 7 = 303.5 K and x;= 0.903, with
varying total pressures. (e) Calculations of the compressibility factor using the Peng-Robinson Equation
of State (PR EOS) at five different pressures. (f) Calculations of the thermodynamic factor, I', using PR

EOS at five different pressures.

Figure 60. (a) Experimental data of Ago and Nishiumi*’ for diffusivity of benzene in supercritical CO,
as a function of the total pressure. The measurements are made in a Taylor dispersion tube with varying
amounts of benzene injection into the tube. (c) Calculations of the compressibility factor using the
Peng-Robinson Equation of State (PR EOS). (f) Calculations of the thermodynamic factor, I', using PR
EOS. Calculations of the Fick diffusivities as a function of pressure and composition of benzene in the

mixture using the PR EOS.

Figure 61. Schematic showing liquid/liquid phase equilibrium for a hypothetical ternary liquid mixture.
The binodal and spinodal curves converge at the plait point. Consider two mixtures of compositions A
and B are brought into contact. The average mixture composition (M) falls within in the two-phase
region. Each of the mixtures A and B will equilibrate to the compositions at the two ends of the tie-line
corresponding to the mixture composition M. The mixture with a composition M will split into two

phases at either end of the tie-line.
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Figure 62. The phase equilibrium diagram for glycerol(1)/acetone(2)/water(3) mixtures at 298 K.” The
composition of the plait point is: Xgiyceroi= 0.1477, Xacetone= 0.4163 and xyaer= 0.4360. Also indicated are
the 75 compositions for which Grossmann and Winkelmann** ** * have measured the Fick diffusivity

matrix [D] for glycerol(1)/acetone(2)/water(3) mixtures. As indicated, at x;= 0.18, x, = 0.22, x3 = 0.6,

0294 0.127
[p]=

x10” m’s”, and |D| =0.044x10""" m®*s™. The spinodal curve is calculated
0.148 0.213

using the constraint [H|=0; [[=0; spinodalcurve; for this purpose the phase equilibrium is determined

from the NRTL parameters in Table 5.

Figure 63. Plot of |D|1/2 for glycerol(1)/acetone(2)/water(3) mixtures as a function of the mole fraction

of glycerol, x;.

Figure 64. The ratio L? of the elements of the Fick diffusivity matrix [D] for
11722
glycerol(1)/acetone(2)/water(3) mixtures plotted against the corresponding value of the ratio 1“12_11:21
11+ 22

| |1/2

Figure 65. The ratio for glycerol(1)/acetone(2)/water(3) mixtures plotted (a) as a function of the

1/2

the mole fractions of acetone, x;, and water x3 and (b) only as a function of the mole fraction of acetone,
- 1/2 .
xy. In (b), the crosses represent a model fit of the data using |A| ~ = (Dl,se,f )’1 (Dz’sdf )‘2 (D3,self )’3, taking

D= 0.01, Dy 1= 3.2, D3 = 0.5 with units 10° m?* s™".
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Figure 66. Comparison of experimental data for the Fick diffusivity matrix [D] for

glycerol(1)/acetone(2)/water(3) mixtures with the estimations using [D]:|A|l/2[l“] with

|A|1/2 = (Dl,self )X] (Dz,self )Xz (D3,self )X3 > taking Dl,self: 0.01, D2,self: 3.2, D3,se1f: 0.5 with units 10_9 1’1’12 S_l'

Figure 67. Experimental data of Vitagliano et al>® for Fick diffusivity matrix [D] of
water(1)/chloroform(2)/acetic-acid(3) mixtures at six different compositions. The measured values of
the Fick matrix [D], in units of 10° m® s, are indicated. The composition of the plait point is x; =
0.375, x,= 0.262, x3= 0.363. The binodal curve is from the experimental data of Othmer and Ku.” The
spinodal curve is obtained from the criterion of phase stability; the UNIQUAC parameters are provided

in Table 6.

Figure 68. Experimental data of Buzatu et al’' for Fick diffusivity matrix [D] of
water(1)/chloroform(2)/acetic-acid(3) mixtures at six different compositions. The measured values of
the Fick matrix [D], in units of 10° m?® s, are indicated. The composition of the plait point is x; =
0.375, x,= 0.262, x3= 0.363. The binodal curve is from the experimental data of Othmer and Ku.” The
spinodal curve is obtained from the criterion of phase stability; the UNIQUAC parameters are provided

in Table 6.

Figure 69. Plot of |D|l/2 as a function of (1- x3) for water(1)/chloroform(2)/acetic-acid(3) mixtures.
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Figure 70. The ratio of the elements of the Fick diffusivity matrix [D] for

11D22
water(1)/chloroform(2)/acetic-acid(3) mixtures plotted against the corresponding value of the ratio

1—‘121—‘21 .
1—‘] 1F22

| |1/2

Figure 71. The ratio for water(1)/chloroform(2)/acetic-acid(3) mixtures plotted as a function of

1/2

(1- x3). The crosses represent a model fit of the data using |A|1/2 :(Dl’se[f )“ (Dm!f )XZ (Dlse[f )”3 , taking

D gei= 0.4, Dage1= 0.8, D3 4= 1.1 with units 10° m* s~

Figure 72. Comparison of experimental data for the Fick diffusivity matrix [D] for

water(1)/chloroform(2)/acetic-acid(3) mixtures with the estimations using [D]=|A|”2[l"] with estimates

1/2

based on |A|"" = (DLW )X‘ (DZ,self )‘2 (D3,self )X-’ , taking D1 sei= 0.4, Dy 1= 0.8, D3 = 1.1 with units 10 m?

-1
S .

1/2

Figure 73. Experimental data of Clark and Rowley”> for |D| for water(1)/2-

propanol(2)/cyclohexane(3) mixtures as function of (7 — T;) where T is the temperature at which the
diffusivities are measured, with 7. = 303.67 K. The elements of the Fick matrix of diffusivities were

measured at a constant composition of the plait point at 303.67 K: x; = 0.367, x,= 0.389, x3= 0.244. The

2 -1

measured values of the Fick matrix [D], in units of 107'° m? s™', are also indicated.

Figure 74. Equilibration trajectories in glycerol(1)/acetone(2)/water(3) mixtures at 298 K for the

equilibrium composition x;= 0.1, x, = 0.432, x3 = 0.468. The plot is in 2D composition space. The
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dashed line represents simulations of transient trajectories using the Fick diffusivity matrix following

44, 48, 49 D]

the experimental data of Grossmann and Winkelmann:

{0.4901 0.2267

x10”° m?s™. The
0.4585 0.3991

continuous  solid line is the trajectories  calculated using [D]= |A|l/2 [C]  with
|A|1/2 :(Dl,self))q (Dz,self)x2 (D3,self)X39 taking D sar= 0.01, D seif= 3.2, Dj seif= 0.5 with units 10_9 m’ S_l:

|A|”2 =0.754x10" m?s™. The phase equilibrium is determined from the NRTL parameters in Table 5.

Figure 75. Equilibration trajectories in glycerol(1)/acetone(2)/water(3) mixtures at 298 K for the
equilibrium composition x;= 0.18, x, = 0.22, x3 = 0.6. The plot is in 2D composition space. The dashed
line represent simulations of transient trajectories using the Fick diffusivity matrix following the

. . 0.2938 0.1271
experimental data of Grossmann and Winkelmann:** ** % [D]—{

= x10”° m?s”. The
0.1483 0.2127

continuous solid line represents the trajectory calculated using [D]:|A|l/2[1“] with

A" =(Dy sy ) (Do J2 (Dy oy ) taking Dige= 0.01, Dagerr= 3.2, Daga= 0.5 with units 10 m* s,

1/2

yielding |A|"* =0.372x10” m®s™. The phase equilibrium is determined from the NRTL parameters in

Table 5.

Figure 76. Transient inter-diffusion in a diffusion couple consisting of water(1)/chloroform(2)/acetic-

acid(3) mixtures. The values of the Fick diffusivity matrix is

0.309 0.368
[01{

x10” m’s"; |D|=0.164x10"" m®s?, corresponding to the fifth data set of
0.344 0.939

Vitagliano et al.”® The binodal curve is from the experimental data of Othmer and Ku.”
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Figure 77. Trajectory followed during equilibration of homogenous mixtures of two different
compositions for the system glycerol(1)/acetone(2)/water(3); the equilibrium composition xj ¢ = 0.5,
X2eq = 0.17 and x3¢q = 0.33. The NRTL parameters for calculation of the phase equilibrium

thermodynamics are provided in Table 5.

Figure 78. Trajectory followed during equilibration of homogenous mixtures of two different
compositions for the system water(1)/DMSO(2)/THF(3); the equilibrium composition xj¢q = 0.625, X2.¢q
= 0.21 and x3¢q = 0.165. The NRTL parameters for calculation of the phase equilibrium

thermodynamics are provided in Table 7.

Figure 79. Trajectory followed during equilibration of homogenous mixtures of two different
compositions for the system water(1)/DMSO(2)/THF(3); the equilibrium composition xjeq = 0.7, X2,6q =
0.16 and x3q = 0.14. The NRTL parameters for calculation of the phase equilibrium thermodynamics

are provided in Table 8.

Figure 80. Trajectory followed during equilibration of homogenous mixtures of two different
compositions for the system water(1)/acetone(2)/phenol(3); the equilibrium composition xj¢q = 0.42,
X2eq = 0.42 and x3¢q = 0.15. The NRTL parameters for calculation of the phase equilibrium

thermodynamics are provided in Table 9.

Figure 81. Trajectory followed during equilibration of homogenous mixtures of two different

compositions for the system water(1)/acetone(2)/TCE(3); the equilibrium composition xj¢q = 0.05, x2¢q
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= 0.08 and x3q = 0.87. The NRTL parameters for calculation of the phase equilibrium thermodynamics

are provided in Table 10.

Figure 82. Trajectory followed during equilibration of homogenous mixtures of two different
compositions for the system water(1)/2-propanol(2)/phenol(3); the equilibrium composition xj¢q = 0.61,
X2eq = 022 and x3¢q = 0.17. The NRTL parameters for calculation of the phase equilibrium

thermodynamics are provided in Table 11.

Figure 83. Trajectory followed during equilibration of homogenous mixtures of two different
compositions for the system water(1)/trichloroacetic acid (2)/antipyrine(3); the equilibrium composition
Xi,eq = 0.35, X2 = 0.32 and x3,q = 0.33. The NRTL parameters for calculation of the phase equilibrium

thermodynamics are provided in Table 12.

Figure 84. Trajectory followed during equilibration of homogenous mixtures of two different
compositions for the system acetone(1)/ethyl-acetate(2)/water(3); the equilibrium composition xj¢q =
0.28, X2 = 0.415 and x3 ¢ = 0.305. The UNIQUAC parameters for calculation of the phase equilibrium

thermodynamics are provided in Table 13.

Figure 85. Trajectory followed during equilibration of homogenous mixtures of two different

compositions for the system propyl acetate (1)/formic acid(2)/water(3); the equilibrium composition
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Xieq = 0.5, X20q = 0.17 and x3¢q = 0.33. The NRTL parameters for calculation of the phase equilibrium

thermodynamics are provided in Table 14.

Figure 86. Trajectory followed during equilibration of homogenous mixtures of two different
compositions for the system furfural(1)/formic acid(2)/water (3); the equilibrium composition xj¢q =
0.58, x2¢q = 0.054 and x3¢q = 0.366. The NRTL parameters for calculation of the phase equilibrium

thermodynamics are provided in Table 15.

Figure 87. Trajectory followed during equilibration of homogenous mixtures of two different
compositions for the system 1-butanol (1)/methanol(2)/water(3); the equilibrium composition xje¢q =
0.3, x2¢q = 0.046 and x3.q = 0.654. The NRTL parameters for calculation of the phase equilibrium

thermodynamics are provided in Table 16.

Figure 88. Trajectory followed during equilibration of homogenous mixtures of two different
compositions for the system water(1)/acetic acid(2)/dichloromethane(3); the equilibrium composition
Xieq = 0.13, X2 = 0.25 and x3 o = 0.62. The NRTL parameters for calculation of the phase equilibrium

thermodynamics are provided in Table 17.

Figure 89. Trajectory followed during equilibration of homogenous mixtures of two different
compositions for the system water(1)/acetic acid(2)/1-hexanol(3); the equilibrium composition xj¢q =
0.425, x20q = 0.19 and x3¢q = 0.385. The NRTL parameters for calculation of the phase equilibrium

thermodynamics are provided in Table 18.
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Figure 90. Trajectory followed during equilibration of homogenous mixtures of two different
compositions for the system toluene(1)/acetaldehyde(2)/water(3); the equilibrium composition is xjeq =
0.4075, x2.q = 0.545 and x3.q = 0.0475. The NRTL parameters for calculation of the phase equilibrium

thermodynamics are provided in Table 19.

Figure 91. Trajectory followed during equilibration of homogenous mixtures of two different
compositions for the system 1-hexanol(1)/nitromethane(2)/water(3); the equilibrium composition is
Xieq = 0.22, X2 = 0.56 and x3 oq = 0.22. The NRTL parameters for calculation of the phase equilibrium

thermodynamics are provided in Table 20.

Figure 92. Trajectory followed during equilibration of homogenous mixtures of two different
compositions for the system 4-methyl-2-pentanone(1)/acetonitrile(2)/water(3); the equilibrium
composition is Xjeq = 0.09, X204 = 0.54, and x3.q = 0.37. The NRTL parameters for calculation of the

phase equilibrium thermodynamics are provided in Table 21.

Figure 93. Trajectory followed during equilibration of homogenous mixtures of two different
compositions for the system acetonitrile(1)/1-propanol(2)/hexane(3); the equilibrium compositions (left
hand side of diagram) x; ¢q = 0.575, x,¢q = 0.24 and x3 ¢q = 0.185, and (right hand side of diagram) x; ¢q =
0.175, x26q = 0.17 and x3¢q = 0.655. The NRTL parameters for calculation of the phase equilibrium

thermodynamics are provided in Table 22.
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Figure 94. Trajectory followed during equilibration of homogenous mixtures of two different
compositions for the system water(1)/caprolactam(2)/toluene(3); the equilibrium composition xj¢q =
0.645, x2.q=0.27 and x3 ¢q = 0.085. The UNIQUAC parameters for calculation of the phase equilibrium

thermodynamics are provided in Table 23.

Figure 95. Trajectory followed during equilibration of homogenous mixtures of two different
compositions for the system water(1)/caprolactam(2)/benzene (3); the equilibrium composition x;=
0.125, x, = 0.17, x3 = 0.705. The UNIQUAC parameters for calculation of the phase equilibrium

thermodynamics are provided in Table 24.

Figure 96. Trajectory followed during equilibration of homogenous mixtures of two different
compositions for the system for toluene(1)/propionic-acid (2)/water(3); the equilibrium composition
Xieq = 0.47, X209 = 0.24 and x3.q4 = 0.29. The UNIQUAC parameters for calculation of the phase

equilibrium thermodynamics are provided in Table 25.

Figure 97. Trajectory followed during equilibration of homogenous mixtures of two different
compositions for the system for ethylacetate(1)/propionic-acid(2)/water(3); the equilibrium composition
Xieq = 0.675, x2¢q = 0.13 and x3¢q = 0.195. The UNIQUAC parameters for calculation of the phase

equilibrium thermodynamics are provided in Table 26.

Figure 98. Trajectory followed during equilibration of homogenous mixtures of two different

compositions for the system for water(1)/acetic acid(2)/isophorone(3); the equilibrium composition xj ¢
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= 0.365, x2q = 0.155 and x3q = 0.48. The NRTL parameters for calculation of the phase equilibrium

thermodynamics are provided in Table 27.

Figure 99. Trajectory followed during equilibration of homogenous mixtures of two different
compositions for the system for water(1)/acetic acid(2)/ethylacetate(3); the equilibrium composition
Xi,eq = 0.36, X269 = 0.11 and x3 o = 0.53. The NRTL parameters for calculation of the phase equilibrium

thermodynamics are provided in Table 28.

Figure 100. Trajectory followed during equilibration of homogenous mixtures of two different
compositions for the system for water(1)/acetic acid(2)/MTBE (3); the equilibrium composition x;¢q =
0.32, x2q = 0.22 and x3¢q = 0.46. The NRTL parameters for calculation of the phase equilibrium

thermodynamics are provided in Table 29.

Figure 101. Trajectory followed during equilibration of homogenous mixtures of two different
compositions for the system for ethanol (1)/toluene(2)/n-decane(3); the equilibrium composition xj¢q =
0.31, x20q = 0.375 and x3.q = 0.315. The NRTL parameters for calculation of the phase equilibrium

thermodynamics are provided in Table 30.

Figure 102. Trajectories followed during equilibration of mixtures of two different compositions for the
system water(1)/ethanol(2)/benzene(3) with the equilibrium composition x; ¢q = 0.085, x2¢q = 0.225 and
X3.q = 0.69 that lies on a tangent to the binodal curve. The UNIQUAC parameters are provided in Table

31.
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Figure 103. Trajectories followed during equilibration of mixtures of two different compositions for the
system NMP(1)/propylbenzene(2)/dodecane(3) with the equilibrium composition xj¢q = 0.25, X2¢q =
0.155 and x3 ¢4 = 0.6 that lies on a tangent to the binodal curve. The NRTL parameters are provided in

Table 32.

Figure 104. Trajectories followed during equilibration of mixtures of two different compositions for the
system NMP(1)/propylbenzene(2)/tetradecane(3) with the equilibrium compositions: (a, left of diagram)
Xi,eq = 0.81, X2 =0.13 and x3 g = 0.06, and (b, right of diagram) x; ¢q = 0.23, X2 = 0.15 and x3 ¢q = 0.62

that both lie on tangents to the binodal curve. The NRTL parameters are provided in Table 33.

Figure 105. Trajectories followed during equilibration of mixtures of two different compositions for the
system heptane(1)/toluene(2)/sulpholane(3) with the equilibrium compositions: xjeq = 0.33, X209 =
0.595, and x3q = 0.075 that lies on a tangent to the binodal curve. The NRTL parameters are provided

in Table 34.

Figure 106. Trajectories followed during equilibration of mixtures of two different compositions for the
system [omim][Cl](1)/ethanol(2)/TAEE(3) with the equilibrium composition xj ¢q = 0.3, x4 = 0.33 and
X3,¢q = 0.37 that lies on a tangent to the binodal curve. The UNIQUAC parameters are provided in Table

35.
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Figure 107. Trajectories followed during equilibration of mixtures of two different compositions for the
system [omim][CI](1)/ethanol(2)/TAEE(3) with the equilibrium composition xj¢q = 0.4, X2 = 0.375

and x3 ¢q = 0.225 that lies on a tangent to the binodal curve. The NRTL parameters are provided in Table

36.

Figure 108. Trajectories followed during equilibration of mixtures of two different compositions for the
system [bmim][TfO](1)/ethanol(2)/TAEE(3) with the equilibrium composition x;¢q = 0.24, x3q = 0.37
and x3q = 0.39 that lies on a tangent to the binodal curve. The UNIQUAC parameters are provided in

Table 37.

Figure 109. Trajectory followed during equilibration of homogenous mixtures of two different
compositions for the system water(1)/acetone(2)/toluene(3) with the equilibrium composition xj¢q=
0.425, x20q = 0.487, X3, = 0.088. The NRTL parameters for calculation of the phase equilibrium

thermodynamics are provided in Table 38.

Figure 110. Trajectory followed during equilibration of homogenous mixtures of two different
compositions for the system water(1)/ethanol(2)/cyclohexane(3) with the equilibrium composition x ¢cq=
0.2, x20q = 0.59, x3¢q¢ = 0.21. The NRTL parameters for calculation of the phase equilibrium

thermodynamics are provided in Table 39.

Figure 111. Trajectories followed during equilibration of mixtures of two different compositions for the

system toluene(1)/ethanol(2)/water(3) with the equilibrium composition xj¢q = 0.01, x2.q = 0.188 and
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X3eq = 0.802 that lies within the meta-stable region. The NRTL parameters for

toluene(1)/ethanol(2)/water(3) are provided in Table 40.
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Methane/Propane mixtures: Influence of Presstire
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Diffusion in methyl oleate in supercritical CO?"
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CZ/CB/nC4 system: estimation of [A]
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C1/C2/nC6 system: interpolation ternarie
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C1/C2/nC6 system: interpolation ternaries
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 3C A A
Q r © L ] L
= [8¢ Q2L @ 2t
= 2r 2 I = i
@ - = F = r
£ i E i e i v
© = r = I vV v V
@ 4L o 1 oot v A
= i i i C1(1)-C2(2)-nC6 (3); 333 K ' i
[ - - . = = ’ > L
. C1(1)-C2(2)-nC6 (3); 333K i i C1(1)-C2 (2) - nC6 (3); 333 K
000““0‘2”“0‘4””0‘6‘“‘0‘8”“1‘0 07\\\\\\\\\\\\\\\\\\\\\\\\\ 07\\\\\\\\\\\\\\\\\\\\\\\\\
. . : . : : 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
mole fraction of methane, x, mole fraction of methane, x, mole fraction of ethane, x,

These parity plots are obtained using
the Vignes interpolation formula

b, = ;) (o)) (07

combined with the Wesselingh Bollen interpolation
i =B ~'p5~)
iy~ =B 'p5)
3 =B ~'py™)

P =53, P37 =25 PI'=3 PI'=1.05 D3E'=1.09; Dy =0.84.



C1/C2/C3

6 —
r interpolation formula
_ T @ Dvary X, X/x,=1 P
c\; ° C & Dyyvary X x/x,=1
© L D, vary x3; X,/x,=1
.8 4 . ‘ 12 ry 3 M ‘
Q 3 E
= C
:  [o®
(g 2 :‘
_uE L
5 C
0 L
= 1 C C1(1)-C2(2)-C3 (3);
- 333 K
07\\\\\\\\\\\\\\\\\\\\\\\\\

0.0 0.2 0.4 0.6 0.8 1.0

mole fraction of methane, x,

These parity plots are obtained using
the Vignes interpolation formula

b, = (Dj’fi_’l )x’ (fo—’l )’C/ (B.].Ck_)l )’fk

g y

system: interpolation ternaries

M-S diffusivity, B,,/ 10° m®s™

5 C1(1)-C2(2)-C3(3);
- 333K
B @
4 )
r E
L oob
3 :
C Q
r >
2r . . s
i interpolation formula ‘3
- @ D,vary x;; x,/x,=1 £
1 @ Dvary x,; x,/x,=1 :,3)
i ® D, varyx; x,/x,=1 =
0 L I T S Oy Ty |

0.0 0.2 0.4 0.6 0.8 1.0

mole fraction of methane, x,

combined with the Wesselingh Bollen interpolation

'c3~>1 }‘ X321 yx; -1 )
DIZ Dl3 D23
X %1 [‘ X, =1 yx, >l )
D13 BIZ D23
1 x>l yx =1
Dy~ w/iB Dy ’
23 12

P =53, PpE =25 P =452 P =15

Fig. S22

Sr interpolation formula
r D, vary x; X,/x,=1
al D, vary x,; X,/x,=1
i D, vary x;; X,/x,=1
3¢
oL
Vvyvy gv
tr C1(1)-C2(2)-C3 (3);
L 333K
07\\\\\\\\\\\\\\\\\\\\\\\\\
0.0 0.2 0.4 0.6 0.8

mole fraction of ethane, x,

P37 =1.63;

Py =1.23.

1.0



. Fig. S23

C1/C3/nC6 system: interpolation ternaries

5 r interpolation formula
i @ Dvary x;; X,/x,=1
:cn AL @ Dpvany xx/x=1
coE r & Dvary xg; x,/x,=1
o L
~ 3T
Q‘_ L
> L
= 2r
%) L
£ o8
©
? 4L
= :‘
i C1(1)-C3(2)-nC6 (3); 333K
0\\\\\\\\\\\\\\\\\\\\\\\\\

0.0 0.2 0.4 0.6 0.8 1.0

mole fraction of methane, x,

These parity plots are obtained using
the Vignes interpolation formula

b, = (o) o) (B3)°

combined with the Wesselingh Bollen interpolation

x3—>1 }‘ X321 yx; -1 )
DIZ - Dl3 D23

X, =1 [‘ X, =1 yx, >l )
D13 - BIZ D23

x3 =1 /‘ x; =1 yx; -1 ’
BZ} - BIZ Bl3

M-S diffusivity, B,/ 10° m’ s

interpolation formula
D, g vary x;; X,/x;=1

D, 5 vary x,; X,/x,=1

@
O]
®

D, ;0 vary X,; X,/x,=1 ®

C1(1)-C3(2)-nC6 (3); 333 K

O\\\\\\\\\\\\\\\\\\\\\\\\\

0.0 0.2 0.4 0.6 0.8 1.0

mole fraction of methane, x,

pa' =452, P57 =15 Py =3

4 —
L interpolation formula
_ i v Dyvary xg; X,/x;=1
2 : v D,y vary x,; X,/x,=1
O?E 3T v Dyvary xg; X, /x,=1
‘9 L
Q5L
> L
> -
(] L
£ i
5 40
@ - VvV 7V
= LY v
- C1(1)-C3(2)-nCs6 (3); 333K
0\\\\\\\\\\\\\\\\\\\\\\\\\

0.0 0.2 0.4 0.6 0.8

mole fraction of propane, x,

D3~ =1.05 Dy'=077;, Dby =0.75.

1.0



. Fig. S24

C2/C3/nC4 system: interpolation ternaries

2.0

‘TU)

e 15

B

@ 10t

b [

£ i . .

g L interpolation formula

b= - ¢ D, vary x,; x,/x,=1

5 05 12 10 72'73

(2] L @ Dy,rvary x,; x,/x,=1

= i & D,,cvary xg; x,/x,=1
0.07\\\\\\\\\\\\\\\\\\\\\\\\\

0.0 0.2 0.4 0.6 0.8 1.0

mole fraction of ethane, x,

These parity plots are obtained using
the Vignes interpolation formula

b, =(p; ) (o) (B )"

1.0

1.8 ¢ 1.8 -
16 £ C2(1)-C3(2)-nC4 (3); 333K 16k C2(1)-C3(2)-nC4 (3); 333K
I(IJ E ‘T(/) F
o 12° S 120 ¢
T 10F = 8
R E F0E GY =AM —
2 08F — E vV.VV Vv V¥V
= EOO . . % 08"y " ¢V
S 06" interpolation formula ‘% F . .
e 6 . . _ > 06F interpolation formula
E F @ D,vary x;; X,/x,=1 = F ) . _
° c = E v Dyvary X,; X,/x,=1
»w 04r¢ @ D, vary X, X, /x,=1 v 04F
= = < . v D,yivary X, X, /x,=1
02F @ Dvary xg; x,/x,=1 02 F D - ) _
s 2L v D,gvary x;; x,/x,=1
oottt b b b1 0.0:\\\\\\\\\\\\\\\\\\\\\\\\\
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8
mole fraction of ethane, x, mole fraction of propane, x,

combined with the Wesselingh Bollen interpolation

x3—>1 }‘ X321 yx; -1 )
DIZ - Dl3 D23

X, =1 [‘ X, =1 yx, >l )
D13 - BIZ D23

x3 =1 x; =1 yx; -1
D - Blz B13

23

P =1.63; B5'=123; DY'=144; D5 =092; Py =0.92; Py =0.79.



C3/nC4/nC5 system: interpolation ternari

1.2
- C3(1)-nC4 (2)-nC5 (3); 333K
i} C ® e, 0
'n 1.0 C
NE L ‘ ‘ <><>
- :g *
N C ¢ <><>
Q@ o6l
2 R 2
% L interpolation formula
=] 04 + . . —
£ L @& Divary x5 x,/x;=1
35 L
) B @ Dy,vary x,; x,/x,=1
= 02 - & D vary X x,/x,=1
0.0:\\\\\\\\\\\\\\\\\\\\\\\\\
0.0 0.2 0.4 0.6 0.8

mole fraction of propane, x,

These parity plots are obtained using
the Vignes interpolation formula

ooV oy (0

1.0

M-S diffusivity, B,,/ 10° m®s™

combined with the Wesselingh Bollen interpolation

'c3~>1 }‘ X321 yx; -1 )
DIZ Dl3 D23
X %1 [‘ X, =1 yx, >l )
D13 BIZ D23
1 x>l yx =1
Dy~ \/iB Dy ’
23 12

1.2
L C3(1)-nC4 (2)-nC5 (3); 333K
re
1.0 -
r @ ®
- ° ; ®
0.8 - O]
L L ¢ © ¢
Padl K @
06 L o0 ®
0.4 E interpolation formula
T r @ D,;vary x;; x,/x,=1
0.2 5 @ D,jvary x,; x,/x,=1
C ® D,vary xg; x,/x,=1
0.07\\\\\\\\\\\\\\\\\\\\\\\\\
0.0 0.2 0.4 0.6 0.8 1.0
mole fraction of propane, x,
Pi”'=0.92; BE7'=0.79; DI =0.83;

Fig. S25

€S

1.0
[ v C3(1)-nC4 (2)-nC5 (3); 333K
o o8l
£ i Vv v
Q@ Ly T
2 06k voV_, ’ A A
« I 4
> L
> 04r
é L interpolation formula
S i v Dypvary x;; x,/x,=1
) L . . -
< 027y v Dyt vary xy; X,/x,=1
L v D,gvary x;; x,/x,=1
0.07\\\\\\\\\\\\\\\\\\\\\\\\\
0.0 0.2 0.4 0.6 0.8 1.0
mole fraction of n-butane, x,
P57 =0.72; P37 =0.62; P37 =0.65.



|1/2/ 10-10 m2 S-1

20

-
(&)

-
o

|A|2: MD vs interpolation

water (1) - methanol (2) - ethanol (3): The interpolation formula is

298 K; MD data Parez

- 1/2 Y x .
[ Q |A| = (Dl,sel/') (DZ,SCU')X (DS,self )A
g e @
- where the fitted self-diffusivity values
I are
i ® from MD simulations g1,se|f = :1123
[ X (D1,self)X1(Dz,self)XZ(Ds,se|f)x3 2,self =
L | 1 1 | 1 1 | | D3,se|f = 9.1
0.2 0.4 0.6 Units: 1019 m2 g

Mole fraction of methanol, x,

Fig.

S26



(b)

Diffusivity / 107 m?s™

Diffusivity / 10° m? s™

Binaries: Acetone/Benzene/CCl, ™

Acetone (1) - benzene (2); 298 K

Di™'=4.15 D' =2.75; foracetone(1)/benzene(2) binary mixture
D' =357, D' =1.7; foracetone(1)/CCl,(3) binary mixture
D' =1.91; Dby~ =1.42 for benzene(2)/CCl, (3) binary mixture

e \/ignes interpolation
—m— M-SH,

—@— FickD,,

0.0 0.2 0.4 0.6 0.8 1.0

Mole fraction of acetone, x,

—
0
'

- Acetone (1) -carbon tetrachloride (3);
298 K

- o
L NE :
i e L
" ~ 1.0 - Benzene (2) -carbon tetrachloride (3);
[ > .
Z [ 298K
4 ) L
L =
L = r e \/ignes interpolation
L e \/ignes interpolation O 05 Ml_gs D inerpoiat
r —m— M-SD, i = o kD12
s —@— Fic
i — @ FickD,, L 1K Pz
i I I Ty T Ty O | 0.0 i I I I T T T T Yy O |

0.0 0.2 0.4 0.6 0.8 1.0

0.0 0.2 0.4 0.6 0.8 1.0

Mole fraction of acetone, x, Mole fraction of benzene, x,



D,, estimated from M-S theory / 10°m?s™

D,, estimated from M-S theory / 10° m*s™

Fick matrix: Acetone/Benzene/CCl,

4 —
| e Parity
r @® Estimation vs Expt
3 [
r (
i .:
L ® @
2 - e
3 (]
1+
i acetone/benzene/CCl,
- mixture; T =298 K
07\\\\\\\\\\\\\\\\\\\\
0 1 2 3 4
D,, experimental value / 10° m* s
(R p— Parity
| @ Estimation vs Expt
05
N e
0.0 | °
L (
L ()]
0.5 ®
- @
1.0 F
- acetone/benzene/CCl,
- mixture; T =298 K
_1.57\\\\\\\\\\\\\\\\\\\\\\\\\
-1.5 -1.0 -0.5 0.0 0.5 1.0

D,, experimental value / 10° m*s™

D,, estimated from M-S theory / 10° m*s™

10 -
[ e Parity
+ @ Estimation vs Expt
0.5
0.0 F
- o °
L @ (]
05 o® ® 4
: o
1.0 F
: acetone/benzene/CCl,
i mixture; T = 298 K
_1-57\\\\\\\\\\\\\\\\\\\\\\\\\
-1.5 -1.0 -0.5 0.0 0.5 1.0
D,, experimental value / 10° m’ s
o SR Parity
e @ Estimation vs Expt
"c_> 4 L (]
~ [ . .
> L ®
S I e e
£ 3r
2] L e
= L ()
S 2p @
5 L
(0] |
= [
E 17 acetone/benzene/CCl,
[0}
o r mixture; T =298 K
QN 07\\\\\\\\\\\\\\\\\\\\\\\\\
0 1 2 3 4 5

D,, experimental value / 10° m® s D™ = 4.15;
D~ =3.57,
pE =191,

Fig. S28

The Fick matrix is estimated using

[p]=[B]"[r]=[A]r]

The elements of [B] are estimated using
the Vignes interpolation formula

Dii - (D;iﬁl )Yi (B;j ! )rj (D;kﬂl )Xk

combined with the Wesselingh Bollen interpolation

x3—>1 _ I‘ X3 =1 yx; -1 ’
DIZ - D13 D23

X, —>1 }‘ Xy =1 yx, =1 ’
B13 - BIZ D23

x3—>1 _ l‘ x; =1 yx;—1 ’
D23 - DIZ D13

D27 =2.75; for acetone(1)/benzene(2) binary mixture
Df;ﬁl =1.7; for acetone(1)/CCl,(3) binary mixture
D' =1.42  for benzene(2)/CCl, (3) binary mixture



|D|1/2/ |F|1/2/ 10—9 m2 s—1

@® from experimental data
X Interpolation

X
x x®
® e

X@ X
®o

acetone/benzene/carbon tetrachloride

mixture; T =298 K

0.0

0.2 0.4 0.6 0.8

Mole fraction of acetone, x,

1.0

|A|1/2=

|D|1/2 /|F|1/2 Fig.

/2 |D
I

obtained from experimental data are

compared with |A|"2 calculations using

|]/2

The values of A =

|A|1/2 :\/ DIZDISDB
XDy +x,Dp5 + X3,

along with the Vignes interpolation
formula

D = (D;f,-—n)x, (fo—)l)‘i (D,x.k_’l )xk

y y y y

combined with the Wesselingh Bollen interpolation

x3—>1 _ “ X321 yx3 >l ’
BIZ - Dl3 B23

X, =1 l‘ Xy =1 yx, —1 ’
Dl3 - Dlz B23

x3—>1 _ “ X =1 yx;—1 )
B23 - DIZ D13

S29

D' =4.15; D27 =2.75; foracetone(1)/benzene(2) binary mixture

D' =357, D5 =1.7; foracetone(1)/CCl,(3) binary mixture

D' =191; D' =1.42 for benzene(2)/CCl, (3) binary mixture



D,, estimated from M-S theory / 10°m?s™

D,, estimated from M-S theory / 10° m*s™

Fick matrix: Acetone/Benzene/CCl, ™ **

4. < 10r _
e Parity & [ Parity
- e A" o £ - @ A
- ° © 05+ The Fick matrix is estimated using
3r ® -~ r
- 2 B
i 3 r 1/2
i ° £ 00f ° [D]=|A]"[r]
- ® 00 » i ® ®
2 - .... @ = L () ® ~.
i P © § 05 ° |A|1/2 2\/ DDy Dy
i e “-qc: B XDy +x, D15 + 33D,
1+ T -
i acetone/benzene/CCl, E -10[ acetone/benzene/CCl, . _ _ .
[ [%2]
i mixture: T = 298 K 8 . mixture: T = 298 K along with the Vignes interpolation
i o i formula
0\ L1 T L1 L Q_1.5\\\\\\\\\\\\\\\\\\\\\\\\\
0 1 2 3 4 -1.5 -1.0 -0.5 0.0 0.5 1.0
. 9 2 -1 . 9 2 -1 :
D,, experimental value / 107 m”s D,, experimental value /107 m” s Dz;/ :(D;‘H] )"f (D;’ﬁl j(B;k‘)I )Xk
1.0 [ e Parity T, A [ e Parity
i 112 ~ r 112 ®
T @ AT £ - @ AT . , . . .
i > : ° ® combined with the Wesselingh Bollen interpolation
0.5 ® °® o L
3 = L e () x3—>1 _ x3 =1y 1
i 3 3 ° by = \/(19133 b )
+ o (] 5 |
00 L . _‘_GC_‘) L ' ~ Bl);2~)1 — "BIXZZHID;SZHI ’
i ® ® 2 Ll
B L o x3—>1 x =1 x>l
L P ¢ i - ® by = \/(1912l by )
-0.5 B S F
i - [
L [0
- ® 1
1.0 acetone/benzene/CCl, % i acetone/benzene/CCl,
i mixture; T =298 K @ 3 mixture; T =298 K
_1.57\\\\\\\\\\\\\\\\\\\\\\\\\ QN()?\\\\\\\\\\\\\\\\\\\\
-1.5 -1.0 -0.5 0.0 0.5 1.0 0 1 2 3 4
D,, experimental value / 10° m* s D,, experimental value / 10° m* s™

D7 =415, D27 =2.75; foracetone(1)/benzene(2) binary mixture
b7 =357, D57 =1.7; foracetone(1)/CCl,(3) binary mixture
D' =191; D3~ =1.42 for benzene(2)/CCl,(3) binary mixture



(b)

Diffusivity / 10° m® s™

Binaries: Acetone/Benzene/Methanol ™ =

6 —
[ Acetone (1) - benzene (2); 298 K
St =
- r |
|w C D
o~ 4 [
o pa' =415, B3 =2.75; foracetone(1)/b 2) bi i
2 B A =4.15; D37 =2.75; foracetone(l)/benzene(2) binary mixture
< 3 Pt =53, P57 =2.7; foracetone(1)/methanol(3) binary mixture
z o P37 =43; P3”' =3 for benzene(2)/methanol(3) binary mixture
SE L
. C e \/ignes intepolation
1 ; B M-SD,
- ® FickD,,
0 Lo b
0.0 0.2 04 0.6 0.8 1.0
Mole fraction of acetone, x,
(C) Benzene (2) - methanol (3); 298 K
6 - Acetone (1) - methanol (3); 298 K 8 === \/ignes interpolation
- . m MSBH,
B e Fick D,, m -
L < 6 -
L (2] L = o
L NE = ] ]
- o |
r ~ = = =
C A BN Emg
2 Fom '
= 2 [l
2F 2 °
L e \/ignes interpolation 5 )
L 2 o_o
i F E M-SD, - .. °
C . H ®
N ® FickD,, i ®00800008°°
07\\\\\\\\\\\\\\\\\\\\\\\\\ 07\\\\\\\\\\\\\\\\\\\\\\\\\
0.0 0.2 04 0.6 0.8 1.0 0.0 0.2 04 0.6 0.8 1.0

Mole fraction of acetone, x, Mole fraction of benzene, x,



|D|1/2/ |l—-|1/2/ 10—9 m2 s—1

|A|1/2 — |D|1/2 /|1‘*|1/2 Fig.

acetone(1)/benzene(2)/methanol(3)
mixture; T =298 K

B °

r @

N @

B ® ® X

L ® X

L x X ()

- ).x X =
3p X

; @® from experimental data

- X Interpolation

L 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | |
0.0 0.2 0.4 0.6 0.8

Mole fraction of acetone, x,

Pi” =415 P57 =275

12 |D
I

obtained from experimental data are

compared with |A|"2 calculations using

|1/2

The values of A =

|A|1/2 :\/ DIZDISDB
XDy +x,Dp5 + X3,

combined with the Vignes interpolation
formula

D = (D;f,-—n)x, (fo—)l)‘i (D,x.k_’l )xk

y y y y

combined with the Wesselingh Bollen interpolation

x3—=>1 l‘ x3—1 x3~>li
BIZ - DIS B23

X, —>1 /‘ Xy —1 x2—>1i
DIS - Blz DZS

x3—>1 /( x;—1 xlali
BZ3 - Dlz Dl3

for acetone(1)/benzene(2) binary mixture

P =53; P57 =2.7; foracetone(l)/methanol(3) binary mixture

Py =43; Py =3 for benzene(2)/methanol(3) binary mixture

S32



D,, estimated from M-S theory / 10° m*s™

D,, estimated from M-S theory / 10° m*s™

1.0

0.5

0.0

LN S
a o o

N
o

o

w
L, e e e e B e e |

Fick matrix for Acetone-Benzene-Methan®l >

acetone/benzene/methanol
mixture; T =298 K

e Parity
® |A"[r] ®

o

1 2 3 4 5

D,, experimental value / 10°m?s™

acetone/benzene/methanol
mixture; T =298 K

e Parity
® |A"r]
o
@
0®
&
°

6

-2.0

-5 10 -05 00 05 1.0

D,, experimental value / 10°m? s

D,, estimated from M-S theory / 10° m*s™

-
o

o
o

o
o

o
o

N
o

]
N
()]

-2.0

- acetone/benzene/methanol ®
- mixture; T =298 K
B The Fick matrix is estimated using
- °
- 1/2
- 4 [D]=[A][r]
" ()
[ e Pgrity ®
S e A"I/® ee |A|1/2 :\/ Dy, Di3Dysy
o XDy +%,Dp5 + x3D),
- along with the Vignes interpolation
C formula
(1N T T T

20 15 -10 05 00 05 1.0

D,, estimated from M-S theory / 10° m*s™
N

b, = (o) (o) (B3)°

D,, experimental value / 10° m?s”

acetone/benzene/methanol

mixture; T =298 K *
combined with the Wesselingh Bollen interpolation
— Parity x3—1 X3 =1 yx3—1
e A" by~ =\/(1913ﬁ1923ﬁ )

) X, —>1 }‘ X, >l yx, —1 ’
o BIS - BIZ D23
x3—>1 _ x =1 yx =1
o D23 =y (Dlz D13 )

1 2 3 4

o

D,, experimental value / 10° m?s”
Pa”' =415, B3 =2.75; for acetone(1)/benzene(2) binary mixture

P =53; P57 =2.7; foracetone(1)/methanol(3) binary mixture

Py7'=43; Py =3 for benzene(2)/methanol(3) binary mixture



Coupling effects: Acetone/Benzene/Methdtiot™

acetone(1)/benzene(2)/methanol(3)
mixture; T =298 K
0.04

B °
0.02 [
~ 000F (]
Q' r e
S -002F ®
& 0.04 |
a r
=~ -0.06 [
-008F @
-0.10

T N O A
-10 -08 -06 -04 -02 00 0.2

(r12 1—‘21) / (r11 1—‘22)



D"/ [ 1 10 m? s

2.0
1.5
1.0

0.5

|A|1/2 — |D|1/2 /|1‘*|1/2 Fig.

@® from experimental data
X Interpolation &

methanol(1)/1-propanol(2)/iso-butanol(3)
mixture; T =298 K

0.0
0.0

0.2 0.4 0.6 0.8

Mole fraction of methanol, x,

Pi”' =1.966; D3 =0.804;
P~ =1.83 DI =0587;
P37 =0.584; Py~ =0.398.

12 |D
I

obtained from experimental data are

compared with |A|"2 calculations using

|1/2
The values of A

1/2

|A|1/2 :\/ DIZDISDB
XDy +x,Dp5 + X3,

combined with the Vignes interpolation
formula

D = (D;f,-—n)x, (fo—)l)‘i (D,x.k_’l )xk

y y y y

S35

combined with the Wesselingh Bollen interpolation

x3—>1 _ /‘ X321 yx3 >l ’
BIZ - Dl3 B23

X, =1 l‘ Xy =1 yx, —1 ’
DIS - 1912 1923

x3—>1 _ /( X =1 yx;—1 )
DZS - DIZ DIS



D,, estimated from M-S theory / 10° m*s™

D,, estimated from M-S theory / 10° m*s™

Fick matrix for Methanol-1-Propanol-Iso-but4riol

- - N
o w o

o
3

o
o

e Parity
® A" [r]

methanol(1)/1-propanol(2)/
iso-butanol(3)
mixture; T =298 K

o
o

o © o
o - N

o
—

o
(V)

0.5 1.0 1.5 2.0

D,, experimental value / 10°m?s™

e Parity
® |A"r]
e
)
(]
[

methanol(1)/1-propanol(2)/
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Coupling effects: Methanol-1-PropanoI-Ichig'-S37
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Fig. S46
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Fig. S47

Rehfeldt: 1-propanol/1-chlorobutane/n-heptane
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Fig. S52
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1-butanol/water mixture diffusion
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glycerol/acetone mixture diffusion
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Methanol/CS, mixture diffusion
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Vapor/liquid phase transitions ™ %

(b) (c)

—
Q
'

Fick diffusivity, D,, / 10° m*s™

Fick diffusivity, D,, / 10° m®s™

14 === \/ignes combined with PR EOS 14 — 40 -
L @ Dysthe expt data - L Vignes - PR EOS 40 MPa i
12 12 B exptdata 40 MPa = | e spinodal
- "0 - @ exptdata’50 MPa a5 |
10 £ ] e - A exptdata 60 MPa i
- Qysthe expt data; 2, 10F —— vignes - PR EOS 50 MPa g |
r 4110 220 - L ; . +
8F 303.5K: 40 MPa < sl Vignes - PR EOS 60 MPa 3 i
c Q E s 30
6 = 2 C 2 i
- s o g
- =] r o L
C 2 C
4 " 5 4r 25 +
) . S [ Dysthe expt data; | CH,/NC, H,,;
C B (I 2F CH,/nC, H,,; = | 3035K
C C 303.5K -
0\\\\\\\\\\\\\\\\\\\\\\\\\ 07““““““““““““‘ 20\\\\\\\\\\\\\\\\\\\\\\\\
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 10 0.0 0.2 0.4 0.6 0.8 1.0
mole fraction of methane, x, mole fraction of methane, X, mole fraction of methane, x,
(d) (e) (f
12 — 35 1.0
| == \/ignes combined with PR EOS =~
10 L B Exptdata 3.0 8 -§
- N . 8 05
r 5 25 &= -
8 r 3] C 2
r Dysthe expt data; Kol s 3
: CH,/NC,H,,; 2z 207 =
6  3035K;x,=0903 = o 00
- @ 15[ 2
- 8 F §
L o F c
4 I r >
L 1 [
- g '0¢ 3 05
. i £ - CH,/nC,oH,,; 303.5K;
- 0.5 CH,/NCyoHy; 303.5K; = | analytic differentiation
C E - calculations from PR EOS - of PREOS
O*HH‘ N I A A A RN A 0.0\\\\\\\\\\\\\\\\\\\\\\\\\ _1.0\\\\\\\\\\\\\\\\\\\\\\\\\
20 30 40 50 60 70 80 0.0 0.2 04 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

Total pressure, p/ M Pa mole fraction of methane, x, mole fraction of methane, x,



—
Q
-

Fick diffusivity, D,, / 10° m*s™

—
3
N

35

30

25

20

15

10

Thermodynamic correction factor, T’

Diffusion in benzene/CO, mixtures

—w— 13.1 mL Bz injection
—4A— 5.7 mL Bz injection
= —@— 1.1 mL Bz injection
I 0.7 mL Bz injection

L Ago - Nishiumi expt data;
- Benzene/CO,;
F 313.15K
L T Ll L
0 5 10 15 20

1.0

0.8

0.6

0.4

0.2

0.0

Total pressure, p/ M Pa

- PR EOS x,=0.005
i = PR EOS x,=0.007
B e PR EOS x,=0.01
i e PR EOS x,=0.013
PR EOS calculations;
- Benzene/CO,;
L 313.15K

I N
0 5 10 15 20

Total pressure, p/ M Pa

(b)

Compressibility factor, Z

—
2

Fick diffusivity, D,, / 10° m*s™

1.0

0.8

0.6

0.4

0.2

o
o

35

30

25

20

15

10

Fig. S60

r PR EOS x,=0.005
L e PR EOS x,=0.01
[ PR EOS calculations;
r Benzene/CO,;
F 313.15K
1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 |
0 5 10 15 20
Total pressure, p/ M Pa
;Benzene/COZ;
£313.15K
r—— PREOS x,=0.013
r—— PR EOS x,=0.01
—— PR EOS x,=0.007
- PR EOS x,=0.005
I N A Y S SO N N
0 5 10 15 20

Total pressure, p/ M Pa



Ternary Liquid/Liquid System
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D,, estimated from M-S theory / 10° m*s™

D,, estimated from M-S theory / 10° m*s™
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The Fick matrix is estimated using

[D]=[a]"*[r]

|A|1/2 _ (Dl,self )Xl (Dz,self )XZ (D3,self )X3

where the fitted self-diffusivity values
are

D, e = 0.01
D2,se|f =3.2
D3,se|f =0.5

Units: 10® m2 s-!
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D,, estimated from M-S theory / 10° m*s™

D,, estimated from M-S theory / 10° m*s™
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The Fick matrix is estimated using

[D]=[a]"*[r]

|A|1/2 _ (Dl,self )Xl (Dz,self )XZ (D3,self )Xs

where the fitted self-diffusivity values
are

D1,se|f =04
D2,se|f =0.8
D3,se|f =1.1

Units: 10® m2 s-!



Water/2-propanol/cyclohexane mixture diffu&ion
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Glycerol/Acetone/Water Equilibration
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Water/Chloroform/Acetic Acid Fig. S76
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Glycerol/Acetone/Water equilibration
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Fig. S80
Water/acetone/phenol equilibration
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Fig. S100

Water/acetic acid/MTBE equilibration
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ethanol

Fig. S101
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Water/Acetone/Toluene equilibration ™
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