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With laboratory and numerical work, we demonstrate that one of the main diffusion coefficients and the
smaller eigenvalue of the Fick diffusion matrix are invariant to the number of methylene groups of the
alcohol in ternary mixtures composed of an aromatic (benzene), a ketone (acetone) and one of three
different alcohols (methanol, ethanol or 2-propanol). A critical analysis of the relationship between the
kinetic and thermodynamic contributions to the diffusion coefficients allows us to explain this intriguing
behaviour of this class of mixture. These findings are reflected by the diffusive behaviour of the
according binary subsystems. Our approach provides a promising systematic framework for future
investigations into the important and challenging problem of transport diffusion in multicomponent liquids.

Multicomponent diffusion plays a crucial role in various natural
and industrial processes involving mass transfer.'” Liquids
appearing in nature and technical applications are essentially
multicomponent. However, only data on binary diffusion coef-
ficients are relatively abundant because the diffusion behavior
of ternary and higher mixtures is much more complex.*®
Describing the isothermal-isobaric diffusion of a ternary
mixture by Fick’s law requires four different diffusion coeffi-
cients that are composition dependent. The presence of cross
diffusion coefficients aggravates the interpretation and data
processing in experimental work, resulting in large uncer-
tainties.*” Thus, efforts are being made to develop new methods
for analysis of multicomponent diffusion explicitly addressing
various degrees of complexity.**® Predictive equations for
multicomponent diffusion of liquids mostly rely on extensions
of the Darken relation,"** which is only valid for ideal
mixtures. The underlying physical phenomena in non-ideal
mixtures are not well understood and the lack of experimental
data impedes the development and verification of new predic-
tive equations.

The objective of this study was not only to measure and
predict the Fick diffusion coefficient matrix for a series of
ternary liquid mixtures, rather, the emphasis lied on under-
standing common features and whether they can be related to
the behavior of the pure components and binary subsystems.
Three ternary mixtures that are composed of organic

“Thermodynamics and Energy Technology, University of Paderborn, Warburger Str.
100, D-33098 Paderborn, Germany. E-mail: jadran.vrabec@upb.de

"Microgravity Research Center, Université Libre de Bruxelles, CP-165/62, Av. F.D.
Roosevelt, 50, B-1050 Brussels, Belgium. E-mail: vshev@ulb.ac.be

+ Electronic supplementary information (ESI) available: Details on experimental
and computational methods (PDF). See DOI: 10.1039/c8ra01007b

This journal is © The Royal Society of Chemistry 2018

compounds were selected, i.e. an aromatic, a ketone and an
alcohol. Throughout, the first two components were benzene (1)
and acetone (2) and the third component was one of the alco-
hols, methanol, ethanol or 2-propanol. For each mixture, nine
state points along a composition path with a constant content
of benzene, x; = 0.33 mol mol*, were studied under ambient
conditions (298.15 K and 0.1 MPa). Seven of the state points
were ternary mixtures and two were binary subsystems. To
obtain reliable results for the Fick diffusion coefficient matrix,
two complementary approaches were used, i.e. experiments and
predictive molecular simulations. This combination allows for
a critical analysis and leads to a deeper understanding of the
underlying phenomena.****

The Taylor dispersion technique was utilized for the experi-
ments.'*"” In this method, a small quantity of mixture with
a slightly different composition is injected into a laminar
stream. It disperses due to convection and diffusion while
flowing through a capillary tube and the refractive index is
measured at its end to sample the concentration distribution.
We have used the same apparatus as in previous works.*” The
Fick diffusion matrix is obtained by fitting working equations to
the measured signal, i.e. the Taylor peak. The mathematical
model of the Taylor dispersion technique was originally devel-
oped on the basis of Fick’s law in the volume reference frame. In
a ternary mixture, two molar fluxes Ji relative to a volume
averaged velocity are related to gradients of molar concentra-
tion VC; with four diffusion coefficients Dy. Alternatively, fluxes
expressed in the molar reference frame J; are relative to a molar
averaged velocity and the mole fraction gradients Vx; act as
a driving force

Ji/p = D1 Vx| — D1,Vx;, (1)
Jo/p = —Dy Vx| — DpVx;,
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with molar density p. The fluxes of all three components are
constrained by %J; = 0. The main diffusion coefficients D;; and
D,, relate the flux of one component to its own mole fraction
gradient and the cross diffusion coefficients D,, and D,; describe
the coupling of the flux of one component with the gradient of
the other. The third component does not appear in eqn (1)
explicitly, but in general it affects all four diffusion coefficients.
The transformation of experimental data from the volume to the
molar reference frame (D} to D) could be done here on the basis
of the pure component volumes (see the ESIT).

Equilibrium molecular dynamics (MD) simulations were
employed in this work, allowing for examination at the micro-
scopic scale. The underlying molecular models were rigid, non-
polarizable force fields of united atom type, consisting of
a varying number of Lennard-Jones, point charge, dipole and
quadrupole sites (see the ESIf). Note that the force field
parameters were adjusted to pure fluid properties only so that
all simulation results for the mixtures are strictly predictive.
Diffusion coefficients were sampled with the Green-Kubo
formalism, based on integrated correlation functions of net
velocities of the contained species.>** Thereby, phenomeno-
logical coefficients 4;; were obtained, associating the diffusive
fluxes with the chemical potential gradients Vu;

X1
=—-4,,—Vu, — 4 —V
Jl//J “RT IZRT Mo,
(2)
Jo/p = —dy RTV,U«l — 4y RTVM’

with gas constant R and temperature T. Fluxes J; correspond to
the molar reference frame as in eqn (1).

The diffusion coefficients from experiment and simulation
are related to different driving forces so that the chemical
potential gradients have to be transformed to the mole fraction
gradients for their comparison.*® This transformation is con-
tained in the thermodynamic factor matrix I’

Dy Dy Ay 4 Iy TI'np
= X s
D>y Dp 4y A4y Iy I'yp
l 3)
nvy;
t/ = 61/ +Xi—— ax, -
j

T.pXk#j=1..N-1

with the activity coefficient of species i being v;, which expresses
the non-ideality of a mixture with respect to the composition.
This relationship shows that the Fick diffusion coefficients are
actually the product of two contributions, a kinetic 4; and
a thermodynamic I'y. The separate observation of these two
contributions promotes understanding of the underlying
physical phenomena. In the present study, the thermodynamic
factor was calculated using the Wilson excess Gibbs energy (g*)
model, using parameters fitted to experimental vapor-liquid
equilibrium data of the binary subsystems (see the ESIt). This
combination of MD simulation results with a g® model was
successfully used in previous work to predict Fick diffusion
coefficients, including several binary subsystems of the ternary
mixtures studied here."

The four elements of the Fick diffusion coefficient matrix
were determined for the three ternary mixtures, benzene +
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acetone + methanol/ethanol/2-propanol, for nine different
compositions, each at ambient temperature and pressure.
Results for the first main element of the diffusion matrix D, 4,
which relates the flux of benzene to its own mole fraction
gradient, are shown in Fig. 1(a). The experimental data agree
quantitatively with the molecular simulation data. D,, increases
with the acetone content in the ternary mixture. Since mixtures
with a constant mole fraction of benzene (x; = 0.33 mol mol ")
were studied throughout, the left edge of Fig. 1(a) corresponds
to the binary limit of benzene + alcohol, while the right edge
corresponds to that of benzene + acetone. Analysis of the ternary
diffusive fluxes implies the following asymptotic behavior of the
diffusion coefficients towards the binary limits:” (i) at the
infinite dilution limit, x, — 0, the ternary coefficient D;; tends
to the binary Fick diffusion coefficient of benzene + alcohol; (ii)
at the other limit, x3 — 0, D;; — D1y = Dy, — Dy; — Dpin
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Fig.1 Top: The main Fick diffusion coefficient (molar reference frame)
of benzene Dy in the three ternary mixtures benzene (1) + acetone (2)
+ alcohol (3) at a constant benzene mole fraction x; = 0.33 mol mol™*
from experiment (triangles) and MD simulation combined with the
Wilson gt model (circles). Both data sets were sampled at the same
compositions, but are slightly shifted in the plot for visibility reasons.
The symbols at the edges of this plot are the binary diffusion coeffi-
cients of benzene + alcohol (x, — 0) and of benzene + acetone (xz —
0). Bottom: The binary Fick diffusion coefficient of the subsystems
benzene + alcohol and benzene + acetone. Most of the binary
experimental data were taken from the literature 2°-?7
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(benzene + acetone) should hold. The present experimental and
simulation results for D;; are consistent with these asymptotic
limits.

An inspection of Fig. 1(a) provides an unexpected finding:
the main element Dy, is almost identical for all three mixtures
along the examined composition path, i.e. it is independent of
the contained type of alcohol. To explain this intriguing
behavior of D,,, the properties of the pure components are
considered first (see Table 1).

All five components are liquid under ambient conditions so
that their self-diffusion coefficients are of the same order of
magnitude. Molar masses M and molar densities p, indicating
the differences in mass and size of the molecules, give an
introductory idea of their diffusion behavior. Benzene mole-
cules are heavier and larger than acetone molecules, resulting
in a self-diffusion coefficient D° that is only about half that of
acetone. The three alcohols are characterized by increasing
mass and size in the order: methanol, ethanol, 2-propanol.
Although the methanol molecules are the smallest, due to
hydrogen bonding interactions, their self-diffusion coefficient
is similar to that of benzene. Molecules associated by hydrogen
bonds propagate as an assembly, which significantly slows
down their mobility. This is not only the case for methanol, but
also for ethanol and 2-propanol. Because these molecules are
larger, the bonded clusters are also larger and thus even slower.
This hydrogen bonding behavior of the alcohol molecules
causes micro-heterogeneity and cluster formation in mixtures
with other fluids,?®*® which influences their kinetic and ther-
modynamic behavior.

Next, the binary subsystems of the ternary systems with
different types of alcohol were examined. The Fick diffusion
coefficient of the three binary benzene + alcohol mixtures and
that of benzene + acetone is shown in Fig. 1(b). The benzene
mole fraction, x; = 0.33 mol mol ', which was constant along
the ternary composition path, is marked in the plot by a dashed
vertical line. The binary Fick diffusion coefficient of all three
benzene + alcohol mixtures has almost the same value in the
concentration range around equimolar composition. However,
at both infinite dilution limits (x; — 0 and x; — 1), the
benzene + methanol system has a higher Fick diffusion coeffi-
cient than the benzene + ethanol or benzene + 2-propanol
systems. The open question is why the Fick diffusion coefficients
are similar in a wide composition range. Although these binary
data are available in the literature, to the best of our knowledge,
they have never been discussed from this point of view.

Table 1 Pure component properties. The density and self-diffusion
coefficient were obtained from MD simulation at 298.15 Kand 0.1 MPa.
The number in parentheses indicates the statistical uncertainty in the
last digit

M(gmol™) p(moll™) p™(gl™") D°107° (m*s™%)
Benzene  78.11 11147 (2)  870.6 (1)  2.226 (4)
Acetone 58.08 13.536 (3) 7862 (2) 4.538 (8)
Methanol  32.04 24541 (6) 7863 (2)  2.449 (6)
Ethanol  46.07 17.132 (4) 789.3 (2)  0.974 (3)
2-Propanol  60.10 12.803 (1) 769.5 (1)  0.604 (7)
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In a binary mixture there is only a single Fick diffusion
coefficient and eqn (3) reduces to

D=DI, (4)

where D is the Maxwell-Stefan (MS) diffusion coefficient. b
represents the kinetic contribution to the diffusion behavior,
which was sampled here using MD simulations from net
velocity correlation functions, while I' corresponds to the ther-
modynamic non-ideality, which was calculated using the Wil-
son g model. Both contributions are separately shown in
Fig. 2(a) and (c) for the three binary benzene + alcohol mixtures.
The largest kinetic contribution, i.e. the MS diffusion coeffi-
cient, appears for benzene + methanol, followed by benzene +
ethanol, which is also slightly larger than that of benzene + 2-
propanol (see Fig. 2(a)). The same order was observed for the
self-diffusion coefficient of the pure alcohols, which also
decreases from methanol over ethanol to 2-propanol. The non-
ideal composition dependence of the MS diffusion coefficient is
a consequence of the hydrogen bonding behavior of the alco-
hols. The formation of clusters causes a correlated propagation
of molecules. This leads to significant contributions of velocity
correlations between unlike molecules,'>***® which are consid-
ered MS diffusion coefficient sampling (see the ESIt). The
thermodynamic factor exhibits the converse order: benzene
mixed with methanol is the most non-ideal with the smallest
thermodynamic factor, followed by ethanol and 2-propanol.
Multiplying these two contributions leads to a similar Fick
diffusion coefficient over a wide composition range of the three
binary mixtures.

Building on this understanding, we further demonstrate that
a similar interplay between kinetic and thermodynamic
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Fig. 2 (a) The Maxwell-Stefan diffusion coefficient © of the three

binary mixtures benzene + alcohol, (b) the phenomenological coef-
ficient 45 of the ternary mixtures from MD simulation, (c) the ther-
modynamic factor I' of the three binary mixtures and (d) the
thermodynamic factor I';; of the ternary mixtures from the Wilson g*
model.
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contributions is responsible for the independence of D,; of the
alcohol type for ternary mixtures of benzene and acetone with
methanol, ethanol or 2-propanol. It follows from eqn (3) that
Dy = 44111 + 41,1 1. Molecular simulation data show that the
first term dominates the sum, while the second term is negli-
gibly small. The kinetic 4,; and thermodynamic I'y; contribu-
tions of the first term are depicted in Fig. 2(b) and (d). Indeed,
as in the binary case, methanol exhibits the highest kinetic and
the lowest thermodynamic contribution, providing that the
product 44,114 is the same for all considered types of alcohol. It
can thus be concluded that the interplay between kinetics and
thermodynamics leads to similar binary and ternary diffusion
coefficients for mixtures of benzene and acetone with methanol,
ethanol or 2-propanol. To examine the clustering behavior of
the alcohols in the ternary mixtures, hydrogen bonding statis-
tics were sampled using molecular simulations on the basis of
geometric criteria® (see Fig. 3). Most of the alcohol molecules
are bonded to dimers and trimers within the ternary mixtures.
The fractions of monomers, dimers, trimers and tetramers are
almost identical for all three alcohols.

An important remaining question is whether the quantita-
tive similarity of the binary and ternary diffusion coefficients
can also relate to the second main Fick diffusion coefficient of
the studied ternary mixtures. The diffusion coefficient D,,,
characterizing the diffusive flux of acetone under its own mole
fraction gradient, is shown in Fig. 4(a). The presence of benzene
affects D,,, resulting in a less steep increase of that coefficient
with higher acetone content. On average, D,, is 1.5 to 2 times
larger than D;4, which is in agreement with the twice as large
self-diffusion coefficient of acetone compared to that of
benzene. D,, is fairly similar for ethanol and 2-propanol and
noticeably higher for methanol. The binary diffusion coefficient
of acetone + alcohol, shown in Fig. 3(b), resembles the behavior
of D,, in the ternary mixtures. As in the preceding discussion of
Dj; and the corresponding binary subsystems, we decomposed
the diffusion coefficient D,, = 4,,I'1, + 45,15, into its kinetic
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Fig. 3 Hydrogen bonding statistics obtained from MD simulation in
the three ternary mixtures benzene + acetone + alcohol, i.e. methanol
(red), ethanol (blue) and 2-propanol (green), at a constant benzene
mole fraction x; = 0.33 mol mol ™.
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Fig. 4 Top: The main Fick diffusion coefficient (molar reference
frame) of acetone D,, in the three ternary mixtures benzene (1) +
acetone (2) +alcohol (3) at a constant benzene mole fraction x; =
0.33 mol mol™ from experiment (triangles) and MD simulation
combined with the Wilson gt model (circles). Both data sets were
sampled at the same compositions, but are slightly shifted in the plot
for visibility reasons. Bottom: The binary Fick diffusion coefficient of
the subsystems acetone + alcohol and acetone + benzene. Most of
the binary experimental data were taken from the literature 202425

and thermodynamic contributions. Molecular simulation data
show that the cross term 4,,I'y, is again negligibly small. The
kinetic contributions for the ternary 4,, as well as for the binary
D (acetone + alcohol) mixtures are identical in the case of
ethanol and 2-propanol, but much larger in the case of meth-
anol. However, here the thermodynamic contributions for
mixtures with methanol (I'y, and I') cannot compensate for the
large kinetic values. Separate analysis of kinetics and thermo-
dynamics is a novel way for understanding diffusion.

We may thus draw the conclusion that for the liquid ternary
mixtures benzene + acetone + alcohol, the qualitative behavior
of the main coefficients D;; and D,, can directly be related to the
binary subsystems, including the influence of contained alco-
hols on the composition dependent diffusion coefficients.

An important feature of ternary diffusion are the cross effects
that cannot be related to binary behavior. As is often the case,
the two cross coefficients of the studied ternary mixtures are
significantly smaller than the main ones. The cross coefficient

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Eigenvalues of the Fick diffusion coefficient matrix of the three
ternary mixtures benzene (1) + acetone (2) + alcohol (3) at a constant
benzene mole fraction x; = 0.33 mol mol™ from experiment (trian-
gles) and MD simulation combined with the Wilson gt model (circles).

of benzene D;,, relating the flux of benzene to the mole fraction
gradient of acetone, has mostly small negative values for all
three ternary mixtures, except for small alcohol concentrations
in the mixture with methanol, where it is positive. The second
cross coefficient of acetone D,; must be zero at the limit x, — 0,
which is confirmed by the trend of the data. At the other limit x;
— 0, the coefficients are positive and increasing towards the
limit of diluted alcohol, with the highest values in the mixture
with methanol and the lowest for 2-propanol.

In contrast to the individual elements of the Fick diffusion
coefficient matrix, the eigenvalues of the matrix do not depend
on the reference frame or on the order of components.
Furthermore, a constraint imposed by the second law of ther-
modynamics is that the eigenvalues of the Fick diffusion coef-
ficient matrix must be real and positive for a thermodynamically
stable mixture. The eigenvalues of the diffusion matrix obtained
by experiment and simulation fulfil these specifications. They
show the same variation with composition and dependence on
the type of alcohol, which was already observed for the main
elements of the diffusion matrix (see Fig. 5). The larger eigen-
value D; increases with acetone content and shows higher
values in the ternary mixture with methanol, while it is slightly

This journal is © The Royal Society of Chemistry 2018
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lower for ethanol and 2-propanol. This correlates with the
behavior of D,,. The smaller eigenvalue D,, like the main coef-
ficient D,4, is independent of the type of alcohol for the three
studied ternary mixtures.

Fick diffusion coefficients of three different ternary
mixtures, ie. benzene + acetone + methanol/ethanol/2-
propanol, were analyzed. Two complementary approaches
were utilized to obtain reliable data, experiments and molecular
simulation. We identified an important feature of this class of
mixture (an aromatic, a ketone and an alcohol): namely that one
of the main diffusion coefficients D;,, where D;; < D,,, and the
smaller eigenvalue D, are independent of the alcohol type along
the studied composition path. This insight was reflected in
another finding that the Fick diffusion coefficient of the binary
benzene + alcohol subsystems also does not depend on the
alcohol type. The underlying mechanism of this unusual
behavior was explained by separately considering the kinetic
and thermodynamic contributions to the diffusion coefficients.
The results presented here provide a promising framework for
future systematic investigations into the important and chal-
lenging problem of diffusion in multicomponent liquid
mixtures. In order to provide a more substantial understanding
of phenomena occurring in multicomponent mixtures, the
present study can be continued and extended by replacing one
main component of the ternary mixture, e.g. benzene, with
another aromatic substance, e.g. toluene.
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