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Journal Name

Investigation of Fickian diffusion in the ternary mix-
tures of water-ethanol-triethylene glycol and its binary
pairs

J.C. Legrosa, Y. Gaponenkoa,b, A. Mialduna, T. Trillerc, A. Hammonc, C. Bauerc, W.
Köhlerc and V. Shevtsova∗a

We present a comprehensive experimental study of isothermal Fickian diffusion in the ternary and
binary liquid mixtures of water, ethanol, and triethylene glycol over the entire ternary composition
space. 21 ternary mixtures inside the composition triangle have been investigated by means
of the Taylor dispersion technique and 30 binary mixtures by Taylor dispersion and/or optical
beam deflection in a Soret cell. The scalar binary diffusion coefficient has been determined along
all three binary boundaries of the composition space and compared with estimations based on
the Stokes-Einstein relation using stick or slip boundary conditions. The four elements of the
ternary diffusion matrix and the diffusion eigenvalues were determined over a large portion of
the composition triangle. The pseudo-binary diffusion coefficients obtained in Taylor dispersion
experiments with either one of the two independent concentrations kept constant are comparable
to the two diffusion eigenvalues. One of the two off-diagonal elements of the diffusion matrix
is of the same order as the diagonal ones and, hence, not negligible, whereas the other one
is approximately one order of magnitude smaller. Where available, our results compare well
with literature data. The investigated compositions also comprise the five compositions that are
scheduled for microgravity experiments in the ESA DCMIX3 project.

1 Introduction
Multicomponent diffusion is ubiquitous in nature, and the knowl-
edge of diffusion coefficients in liquids is of great importance
for applications in chemical engineering, separation science, mi-
crofluidics and others. In processes where diffusion occurs simul-
taneously with other phenomena, such as chemical reactions or
phase transitions, it limits the overall rate of the process. The
necessity for a precise knowledge of diffusion coefficients is high.

Numerous experimental techniques have been developed for
the measurement of diffusion in binary mixtures and reliable ex-
perimental data are available for many binary systems1. The of-
ten used techniques comprise isothermal methods dedicated to
diffusion (Taylor dispersion2,3, interferometry4,5, sliding cells6,
etc) and non-isothermal approaches aimed at simultaneous de-
termination of diffusion and thermodiffusion (also called ther-
mal diffusion) coefficients7–12. Nowadays, experimentally deter-
mined multicomponent diffusion coefficients are only available
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for a limited number of ternary and higher mixtures13. Multi-
component diffusion is more complicated than it is often realized.
For example, a ternary system has four diffusion coefficients, in-
stead of one in a binary mixture. Furthermore, the values of dif-
fusion coefficients in ternary mixtures depend on the order of the
components as well as on the frame of reference for which the
diffusive fluxes are written. Only the eigenvalues of the diffusion
matrix are invariant with respect to the order of the components
and the frame of reference. The binary diffusion coefficient does
not depend on the frame of reference.

Diffusion coefficients quantify the proportionality constant be-
tween diffusion fluxes and composition gradients. The Fickian
diffusion fluxes can be expressed based on various velocity refer-
ence frames: molar-, mass-, and volume-average velocity14. The
mathematical model of Taylor dispersion technique was originally
developed for the volume-average reference frame15. Then the
molar diffusion fluxes in a ternary mixture can be written as

J1 = −(D11∇C1 +D12∇C2) , (1)

J2 = −(D21∇C1 +D22∇C2) , (2)

where Ci is the molar concentration of component i and Di j
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denotes the matrix of Fickian diffusion coefficients of size
(n− 1)2. The third component, which does not appear explicitly
in eqns (1)-(2) as well as in the diffusion equations below, can be
evaluated using the condition of zero volume flow

J1V1m + J2V2m + J3V3m = 0 .

Here, Vim is the partial molar volume of component i.

In molecular dynamics simulations the use of molecular mass is
appropriate for the numbering of the components. Hydrodynamic
effects become important when liquid mixtures are studied on a
macroscopic scale. Correspondingly, it is appropriate to choose
the numbering of the component according to the density: wa-
ter (component 1), ethanol (component 2) and triethylene glycol
(component 3).

Two independent components in a ternary mixture require
an experimental set-up with two independent diagnostics16 and
measurements become more laborious than in binaries. In addi-
tion to this, the data processing is also more complex and often re-
sults in large uncertainties17. Furthermore, in those cases where
more than one data point exists, often measurements by different
experimental groups quite often agree only for the eigenvalues of
the diffusion matrix but not for its individual elements18–20.

In addition to industrial applications, reliable experimental
data on ternary diffusion are needed for elucidating some funda-
mental questions still under discussion, like the relation between
the eigenvalues of the diffusion matrix and the quasi-binary dif-
fusion coefficient21 or the sign of the main diffusion coefficients
D11 and D22

13.

Our current interest in examining diffusion in multicomponent
systems is also motivated by its importance for the interpretation
of thermodiffusion experiments. Thermodiffusion accounts for a
concentration separation in a liquid mixture in response to an
imposed temperature gradient. The measurement of thermodif-
fusion in ternary mixtures causes serious difficulties both from the
experimental and the mathematical sides. While using two wave-
length techniques, the transient behavior of the ternary system
depends on four mass diffusion and two Soret coefficients to be
determined. It turns out that six parameters fitting is subjected to
large errors and the coefficients cannot be determined reliably22.
Prior knowledge of mass diffusion coefficients can dramatically
decrease the complexity of the determination of thermodiffusion
and Soret coefficients.

It is worth noting that in the framework of the European Space
Agency (ESA) program DCMIX (Diffusion and Thermodiffusion
Coefficients Measurements in Ternary Mixtures), the research
groups conduct experiments on board the International Space
Station23–25 (ISS) to validate ground experimental techniques
and various theories. Accordingly, this study was also motivated
by the preparation of the experiment DCMIX3 on the ISS with
the mixture water-ethanol-triethylene glycol. The experiment on
the ISS will be coordinated by the group of Köhler in Bayreuth
(Germany), and the MRC group has measured mass diffusion co-
efficients with the purpose to determine the relaxation time and
the duration of the experiment on the ISS.

We use the Optical Beam Deflection (OBD) and Taylor disper-

Fig. 1 Sketch of the set-up used in Taylor dispersion technique

sion techniques for measurements of binary and ternary coeffi-
cients. Although the main target is the analysis of ternary mix-
tures, the knowledge of the three binary subsystems is very impor-
tant for the underlying asymptotic behavior on approach of the bi-
nary limits. Of course, some of the difficulties encountered when
extracting several parameters from a limited set of experimental
data in thermodiffusion experiments on ternary mixtures17 are
also present in case of isothermal diffusion18. Nevertheless, the
situation is somewhat easier due to the absence of temperature
gradients, and the obtained here isothermal diffusion coefficients
can later advantageously be employed for the interpretation of
thermodiffusion experiments on ternary mixtures.

2 Experimental section
2.1 Taylor Dispersion technique
2.1.1 Working principle and instrument

The Taylor dispersion technique was used for measurements of
binary and ternary diffusion coefficients. When a carrier solution
is pumped through a long capillary tube, the laminar profile for
Newtonian fluids has a parabolic velocity distribution. A small
volume of the same solution with a slightly different composition
is injected. The flow of the carrier fluid disperses this volume,
and also induces radial composition gradients which in turn cause
radial diffusion. Diffusive fluxes also occur at the front and back
sides of the injected volume. These fluxes become important if the
radial diffusive fluxes are roughly of the same order of magnitude
as the convective axial fluxes. This is the case when either the
axial velocity is very low, or when the radial distances are very
small. Under the action of convection and diffusion, the axial
distribution of the concentration in the injected volume takes the
form of a Gaussian peak. At the end of the capillary a differential
refractometer monitors the change in the concentration profile.
The Fickian diffusion coefficient is calculated from the resulting
profile of the refractive index variation. The sketch of the Taylor
dispersion set-up used in this and previous studies18,27 is shown
in Fig. 1.

To satisfy the theoretical assumptions15, Taylor dispersion ex-
periments are usually carried out in capillaries with a small diam-
eter. A Teflon (PTFE) tube of a length of L=(29.839±0.001) m
with a circular cross-section of radius R0=374 µm was used. The
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capillary was coiled around a grooved aluminum cylinder with a
diameter of 30 cm and was placed in a temperature-regulated air
bath. A HPLC analytical pump (Knauer S1000) with active pulsa-
tion damping was used to push the carrier solution through the
dispersion tube. The utilized Knauer Smartline RI Detector 2300
(λ=950 nm) is suited for recording small concentration varia-
tions by its differential sensitive refractometer. To prevent bub-
bles from disturbing the flow, the SYSTEC degassing module is
installed and connected in-line before the pump. The flow rate
during the measurements was 0.08 mL/min. Zero dead volume
fittings were used to connect the capillary with the six port in-
jection valve with injection volume ∆V=20 µL. The RI detector
and the dispersion tube were kept in the same air bath at a con-
stant temperature of 298±0.2 K. The detector was connected to
a computer for digital data acquisition using the Clarity Software
by DataApex. The basic tests and validation of the experimental
set-up with binary mixture were presented previously27.

2.1.2 Experimental procedure

Fickian diffusion coefficients were measured in 21 ternary and
30 binary mixtures which are shown in Fig. 2. The following
substances from Acros Organics were used without further pu-
rification: water pure, deionized reagent Grade 3 (CAS Num-
ber: 7732-18-5); triethylene glycol 99%(CAS Number: 112-27-
6) and from VWR, ethanol absolute for analytical reagent grade,
(CAS Number: 64-17-5). To prepare ternary mixtures poor in
water (e.g., point 15), very energetic and long shaking of the
vial was required. A similar observation has been reported by
Klein&Wiegand7 while performing experiments in binary mix-
tures of glycols in ethanol; they have found a drastic decrease
of solubility with increasing chain length of the glycols.

The carrier (200 g) and injected (20 g) solutions were prepared
gravimetrically with an accuracy of ±0.005 g. For the ternary
mixtures three different pulse samples, each of them 20 g, were
prepared by weighing. The composition difference between the
carrier and injected pulse solution was kept below 0.05 g/g (rel-
ative difference). The carrier liquid was allowed to flow through
the Taylor apparatus for at least one day to ensure a stationary
base line. The pulse solutions were then injected into the carrier
flow. Every four-five hours after an injection, a new sample was
injected into the carrier. The time between two successive injec-
tions was chosen such that a new injection was done only after
recording and visual analysis of the previous peak. Each pulse
solution was injected at least three times. Hence, a total of nine
or more measurements were carried out for each studied compo-
sition. When the carrier solution was exchanged, the apparatus
was flushed two or more times (depending on the composition)
with a new solution at a flow rate of 0.5 mL/min. After each cycle,
the used 30 mL of liquid were disposed. At the next step, 60 mL
of fresh solution were allowed to run overnight at the operating
flow rate. Then once again, the carrier liquid was replaced by
100 mL of the fresh solution and it was allowed to flow one to
two days for equilibration before the first injection.

Fig. 2 Concentration matrices in mass fractions. The circles show the
concentrations at which the Fickian diffusion coefficients have been
measured in the ternary mixture water+ethanol+triethylene glycol (21
points) and its subsystems (30 points). The red squares indicate the
points at which thermodiffusion experiments will be carried out on the
ISS.

2.1.3 Sensitivity of the Taylor set-up detector

Diffusion coefficients can be determined from the experiment by
fitting experimental points to the solution for the concentration
distributions. We do not measure concentration Ci (mol/m3) di-
rectly, instead, we measure an electrical signal in mV which is re-
lated to a refractive index variation. The detector voltage output
signal V (t) is assumed to be linearly dependent on the concentra-
tion change of the flow30

V (t) =
N

∑
i=0

γi t i +[R1(C1(t)−C0
1)]+ [R2(C2(t)−C0

2)] (3)

here Ri = ∂V/∂Ci is the sensitivity of the detector to the i-th com-
ponent of the mixture. When measuring very small concentration
differences, even a small drift of the baseline causes inaccuracies
in the final results and has to be subtracted from the raw signals.
The baseline drift of the detector (first term in eqn (3) was mod-
eled using a polynomial fit of order N, usually N=2.

The sensitivity Ri can be defined in two ways: by current mea-
surements or from independent measurements of contrast fac-
tors. If the variation of the refractive indices with concentration,
∂n/∂Ci, (called contrast factors) are known for the wavelength of
the detector, then

Ri = ∂V/∂Ci = (∂V/∂n)(∂n/∂Ci)

where (∂V/∂n) is the constant of the detector. However, the con-
trast factors at wavelength λ >900 nm are available only for a
limited number of ternary mixtures31–33.

Alternatively, the sensitivity Ri can be determined during the
Taylor dispersion experiment. The surface area between the dis-
persion peak and the baseline can be calculated as
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S =
∫ t2

t1

(
V (t)−

N

∑
i=0

γi t i

)
dt = R1

∫ t2

t1

(
C1(t)−C0

1
)

dt +R2

∫ t2

t1

(
C2(t)−C0

2
)

dt

(4)

The area of the peak measured by the refractometer is equal
to the one just after injection. The excess concentration ∆Ci of
the each component within the pulse is uniform just after injec-
tion. Considering that the time interval during which the initial
’rectangular’ pulse ∆Ci flows through the capillary cross-section is
∆t = ∆V/q, the following relation holds:∫ t2

t1

(
Ci(t)−C0

i

)
dt = ∆Ci∆t = ∆Ci

∆V
q

. (5)

Here, ∆V is the injected volume and q is the flow rate of the carrier
liquid. Thus eqn (4) can be written as

S
q

∆V
= R1∆C1 +R2∆C2 . (6)

Performing two experiments with different injected compositions,
∆Ci results in a system of linear equations:

S1 q
∆V

= R1∆C1
1 +R2∆C1

2 (7)

S2 q
∆V

= R1∆C2
1 +R2∆C2

2 . (8)

Here, the superscripts denote the test number, the subscripts de-
note the component number and Si is the measured area under
the peak. The solution of this system of linear equations provides
the sensitivity ratio

SR =
R1

R2
=

∆C2
2 S1−∆C1

2 S2

∆C1
1 S2−∆C2

1 S1 (9)

using the peak areas measured in two tests. This approach does
not require a specific order of injections and, correspondingly, the
requirement28 that first two injections have to be done while one
of the compositions does not change (∆C2

1 = 0 or ∆C1
2 = 0) can be

omitted.

2.1.4 Basic equations

Here, we shortly describe the mathematical approach for ternary
mixtures. For binary mixtures it can be obtained in a similar way
or it can easily be found in the literature1. Equations for the
concentration profile are derived in a moving frame of reference
instead of the laboratory fixed one. Thus the concentration dis-
tribution of the injected pulse is measured relative to an axial
coordinate z moving with the mean velocity U0. Assuming that
diffusion coefficients are constant during the experiment and no
volume changes occur on mixing, the mathematical description
of a concentration profile for a ternary mixture is given by29

∂Ci

∂ t
+U0

(
1−2

r2

R2

)
∂Ci

∂ z
=

2

∑
j=1

Di j

(
∂ 2C j

∂ z2 +
∂ 2C j

∂ r2 +
1
r

∂C j

∂ r

)
.

(i, j = 1,2) (10)

Here Ci is the molarity of the component i, Di j are the Fickian
diffusion coefficients; r and z are the radial and axial coordinates,

respectively. Under a set of assumptions, the solution of eqn (10)
for the time dependences of radially averaged concentrations of
the dispersed components at the outlet of the tube was obtained
in the analytical form3,29

Ci(t)−C0
i =

2∆V
R3U0

√
3

π3t

(
Ai1

√
D̂1 exp(−D̂1η)+

Ai2

√
D̂2 exp(−D̂2η)

)
, (11)

where η is the abbreviation for 12(t− tR)2/R2t; C0
1 is the molarity

of the carrier liquid; ∆V is the volume of the injected solution
sample. The eigenvalues D̂i of the diffusion matrix Di j are defined
as

D̂1 =
D11 +D22 +

√
(D11−D22)2 +4D12D21

2
(12)

D̂2 =
D11 +D22−

√
(D11−D22)2 +4D12D21

2
(13)

and the coefficients Aik are defined as

A11 =
(D22− D̂1)∆C1−D12∆C2

D̂2− D̂1
(14)

A12 =
(D22− D̂2)∆C1−D12∆C2

D̂1− D̂2
(15)

A21 =
(D11− D̂1)∆C2−D21∆C1

D̂2− D̂1
(16)

A22 =
(D11−D(2))∆C2−D21∆C1

D̂1− D̂2
(17)

∆V enters into eqn (11) because the coefficients Aik originally in-
clude the excess number of moles present in the solute in the
injected volume ∆V : ∆n1 = ∆C1∆V .

2.1.5 Concentration units

The mixtures in our experiments were prepared using mass frac-
tions and the contrast factors were previously measured also us-
ing mass fractions. However the original equations (10) and their
solutions (11) obtained with numerous assumptions were written
in molar concentration (moles of solute per liter of solution).

The concentration in mass fraction ci is expressed via the molar
concentration Ci as

ci = Ci
Mi

ρ
or vise versa Ci = ci

ρ

Mi
. (18)

Here, Mi is the molar mass of the constituent i and ρ is the density
of the mixture.

Then, the coefficients Aik in different units will be written as

Aik = f (Ci,Di j, D̂1, D̂2) = ρ f (
ci

Mi
,Di j, D̂1, D̂2) .
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For the sensitivities Ri the change of variables will give

Ri =
∂V
∂ci

∂ci

∂Ci
=

∂V
∂ci

Mi

ρ
=

∂V
∂n

Mi

ρ

∂n
∂ci

. (19)

Below, only the ratio of sensitivities SR will be used. In the case
where contrast factors are known and they were measured using
mass fraction, SR will be written as

SR =
R1

R2
=

∂V/∂C1

∂V/∂C2
=

M1

M2

∂n/∂c1

∂n/∂c2
. (20)

In the case when SR should be determined from the Taylor exper-
iment, eqn (9) in a new variable will take form

SR =
M1

M2

∆c2
2 S1−∆c1

2 S2

∆c1
1 S2−∆c2

1 S1 . (21)

2.2 Optical Beam Deflection

2.2.1 Experimental setup

The technique used in Bayreuth for measuring transport coeffi-
cients (Fickian and Soret diffusion) is Optical Beam Deflection
with a single wavelength for binary systems10,37,38. It relies on
changes of the refractive index, which accompany concentration
changes in a sample. The sample is contained between two cop-
per plates inside a glass frame, which constitute a diffusion cell
with l = 1 cm length and a height of h = 1.43 mm. Peltier elements
allow to apply a well defined temperature gradient along the z-
direction of the cell. By measuring the deflection δ z of a laser
beam (637 nm) passing through this cell by means of a line cam-
era (at distance ld = 1.32 m from the cell), the temporal evolution
of the refractive index gradient is recorded:

δ z = l〈∂n
∂ z
〉
(

l
2n

+
lw
nw

+
ld

nair

)
. (22)

Here, n is the refractive index of the sample and nair the refractive
index of air. lw and nw are parameters of the glass frame. 〈∂n/∂ z〉
denotes the average of the refractive index gradient over the gaus-
sian beam profile. Fig. 3 shows a typical ODB signal. There are
two contributions to 〈∂n/∂ z〉: a thermal change (∂n/∂T )p,c and a
concentration change (∂n/∂c)p,T :

∂n
∂ z

=
(

∂n
∂T

)
p,c

∂T
∂ z

+
(

∂n
∂c

)
p,T

∂c
∂ z

(23)

(∂n/∂T )p,c and (∂n/∂c)p,T are the contrast factors. (∂n/∂c)p,T
is obtained from a concentration series of the refractive index,
which is measured by means of a refractometer (Anton Paar Abbe-
mat WR-MW). (∂n/∂T )p,c is measured interferometrically34,35.
Both techniques are documented in the literature8,10,20.

To extract the transport coefficients from the OBD signal, the
heat equation and extended diffusion equation

∂tT = Dth∇
2T (24)

∂tc = D∇
2c+DT c(1− c)∇2T (25)

are solved numerically. The temperatures inside the copper
plates are measured with thermistors and used as time-dependent
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Fig. 3 Top: Schematics of the OBD setup and the diffusion cell. Bottom:
A typical OBD signal. The first rise is mainly due to the thermal contrast
factor (∂n/∂T )p,c. Because mass diffusion happens on longer time scales,
one can separate the contributions due to (∂n/∂c)p,T .

boundary conditions.
The OBD technique has been used for new measurements of

the diffusion coefficients of the binary systems water-TEG and
ethanol-TEG and for previous measurements of water-ethanol
mixtures by the Bayreuth group10, which are also referenced to-
gether with the new results.

We have also tried to compare our data with theoretical estima-
tions of the tracer diffusion coefficients in the dilute limits. The
most basic model is the Stokes-Einstein equation

D =
kBT

nπηR0
, (26)

where the solute is treated as a sphere of radius36

R0 =
(

0.64× 3Mt

4πNAρt

)1/3
(27)

that experiences a hydrodynamic friction in a solvent continuum
of viscosity η . Here, ρt is the density and Mt the molar mass
of the solute (tracer), NA is Advogadro’s number, and kBT is the
thermal energy. The factor n accounts for the proper boundary
conditions. In case of diffusing particles that are significantly
larger than the solvent molecules, stick boundary conditions with
n = 6 are appropriate. It has been found that eqn 26 works sur-
prisingly well even down to the molecular scale, provided that
slip boundary conditions, corresponding to n = 4, are used, if the
solute molecules are comparable to or smaller than the solvent
molecules36,43.

The Stokes-Einstein model is based on a simple physical pic-
ture, which makes it appealing. However, being a hydrodynamic
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model, it cannot account for molecular details and, in particular,
not for association. Significant work has been undertaken to ob-
tain better correlations for diffusion coefficients in dilute solution.
An overview over different models discussed in the literature has
been compiled by Mutoru et al.46, who have investigated diffu-
sion of carbon dioxide in water. An empirical correlation that can
be used both for associating and non-associating liquids has been
proposed by Wilke and Chang47:

D = 7.4×10−8 (xM)1/2T
ηV 0.6

t
(28)

Here, η and M are the viscosity and molar mass of the solvent,
respectively. Vt = Mt/ρt is the molar volume of the tracer. The as-
sociation parameter x has been given in Ref.47 for water (x = 2.6)
and ethanol (x = 1.5). For triethylene glycol we have assumed
x = 1. Larger values lead to poorer agreement with the experi-
mental data. Table 1 summarizes the parameters used for the cal-
culation of the tracer diffusion coefficients in the six dilute limits
according to eqns (27) and (28). Note that cgs-units are used
in eqn (28), which has been taken directly from Ref.47, whereas
SI-units are used otherwise throughout the paper.

Table 1 Parameters of liquids used for calculation of tracer diffusion
coefficients according to eqns (26) and (28). Temperature T = 298 K.

water ethanol triethyleneglycol

M 10−3 kg/mol 18 46 150
ρ 10−3 kg/m3 1.00 0.79 1.12
η mPa s 0.89 1.07 35.8

The tracer diffusion coefficients calculated from eqns (26) and
(28) are summarized in table 2, and the data are also included
in the plots for the binary diffusion coefficients. Generally, the
agreement with the measured diffusion coefficients appears quite
reasonable, with the measured data being somewhere in between
the slip and the stick boundary condition. The Wilke and Chang
model does not yield a better agreement than the simple Stokes-
Einstein formula. For water as the minority component it is even
significantly overestimates D by more than a factor of two.

Table 2 Diffusion coefficients for c → 1 and c → 0 calculated by the
Stokes-Einstein equation (26) with slip and stick boundary conditions
and according to Wilke and Chang (eqn. (28)) (in 10−10 m2s−1).

concentration slip stick Wilke
water-ethanol, c(water)→ 0 18.4 12.3 30.2
water-ethanol, c(water)→ 1 15.0 10.0 14.8

water-triethylene glycol, c(water)→ 0 0.55 0.37 1.33
water-triethylene glycol, c(water)→ 1 11.4 7.6 9.0

ethanol-triethylene glycol, c(ethanol)→ 0 0.37 0.25 0.66
ethanol-triethylene glycol, c(ethanol)→ 1 9.4 6.3 9.1

3 Results and discussion
3.1 Binary mixtures
3.1.1 Water-ethanol

The diffusion coefficient of water-ethanol has already been mea-
sured with different experimental setups by various groups and

0 0,2 0,4 0,6 0,8 1
c (water)

0

5

10

15

20

D
 /
 1

0
-1

0
m

2
s

-1

Koniger

Hammond
Harris
Kolodner
Wiegand

this work TD
Stokes-Einstein, slip

Stokes-Einstein, stick
Wilke-Chang

Fig. 4 Diffusion coefficient of water-ethanol at T=298 K as a function
of water mass fraction c. The theoretical value according to Wilke and
Chang for c(water)→ 0 is off scale and has been omitted. Literature data
by Königer (OBD) 10, Hammond (diaphragm cell) 39, Harris (Taylor
dispersion) 40, Kolodner (OBD) 41, and Wiegand (thermal diffusion
forced Rayleigh scattering) 42. Note that the value for D at
c(ethanol) = 0.8968 (corresponding to c(water) = 0.1032) has
errouneously been listed as D = 2.51×10−10 m2s−1 in table 3 of Ref. 10.
The correct value D = 6.51×10−10 m2s−1 has, however, been plotted in
Fig. 4 of Ref. 10.

allows to verify the presented techniques. Figure 4 shows liter-
ature data39–42 together with OBD measurements10 as well as
new measurements using Taylor dispersion. As can be seen at
the limits c(water)→ 0 and c(water)→ 1, the values estimated by
the Stokes-Einstein equation (26) reproduce the measured data
to within 25%, even though there is no clear preference for slip
or stick boundary conditions. All measured values from different
techniques give a coherent picture with good agreement. Notable
deviations are only observed for a few data points measured by
Kolodner and for the lowest concentration of Königer.

3.1.2 Water-triethylene glycol

The second investigated binary system is water-triethylengylcol.
Table 3 and figure 4 summarize the results from Taylor dispersion
and OBD measurements.

Table 3 Diffusion coefficients of water-triethylene glycol measured by
OBD with different temperature gradients and the corresponding
contrast factors. T=298 K.

mass fr. ∆T ∂n
∂c

∂n
∂T /10−4K−1 D/10−10m2s−1

water
0.30 -0.5K -0.1229 -2.92 2.25± .10
0.30 +0.5K -0.1229 -2.92 2.47± .10
0.50 -0.5K -0.1305 -2.44 3.92± .25
0.50 -1K -0.1305 -2.44 3.66± .25
0.50 +1K -0.1305 -2.44 4.19± .25
0.70 +0.5K -0.1297 -1.81 5.59± .11
0.70 +1K -0.1297 -1.81 5.37± .11

To demonstrate that the determined diffusion coefficients are
not sensitive to the magnitude and sign of the temperature dif-
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Table 4 Diffusion coefficients of water-triethylene glycol measured by
Taylor Dispersion technique. T = 298 K.

mass fr. D/10−10m2s−1

water
0.10 1.58± .03
0.20 1.89± .05
0.30 2.42± .01
0.40 3.14± .05
0.50 3.81± .07
0.60 4.75± .02
0.70 5.46± .03
0.80 6.28± .07
0.90 7.14± .05

ference ∆T (provided the system shows no gravitational instabil-
ities), we present results from measurements with different ∆T ,
both positive and negative. The largest deviation is observed at
c = 0.5 for ∆T =−1K and ∆T = 1K and amounts to approx. 12%.

3.1.3 Ethanol-triethylene glycol

Table 5 and figure 6 show the results for the system ethanol-
triethylene glycol measured with OBD. Again, the values calcu-
lated by the Stokes-Einstein equation provide a rough estimate
for the diffusion coefficients in the dilute limits and correspond
well with the measured data.

Table 5 Diffusion coefficients of ethanol-triethylene glycol measured by
OBD and the corresponding contrast factors. T=298 K.

mass fr. ∂n
∂c

∂n
∂T /10−4 K−1 D/10−10 m2s−1

ethanol
0.10 -0.1088 -3.364 1.10± .02
0.20 -0.1049 -3.444 1.17± .02
0.30 -0.1019 -3.536 1.82± .04
0.40 -0.0985 -3.621 2.23± .04
0.50 -0.0950 -3.704 2.83± .06
0.70 -0.0882 -3.865 4.57± .09

0 0.2 0.4 0.6 0.8 1
c(water)

0

5

10

15

D
 /
 1

0
-1

0
m

2
 s

-1

Taylor Dispersion

Beam Deflection
Paduano
Stokes-Einstein, slip

Stokes-Einstein, stick
Wilke-Chang

quadratic regression

Fig. 5 Diffusion coefficient D of water-triethylene glycol as a function of
water mass fraction. T=298 K. Literature data from Paduano 48

0 0.2 0.4 0.6 0.8 1
c(ethanol)

0
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 /
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Stokes-Einstein, slip

Stokes-Einstein, stick
Wilke-Chang
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Fig. 6 OBD: Diffusion coefficient D of ethanol-triethylene glycol as a
function of ethanol mass fraction at T=298 K.

3.2 Ternary mixtures
We carried out only a limited number of experiments in ternary
mixtures rich in ethanol and poor in water, (the upper part of
triangle in Fig. 2) mainly due to unfavorable optical conditions.
The contrast factors at the upper part of the triangle are small31

and it may lead to a large uncertainty. The contrast factors even
in a binary mixture of water-ethanol are small in this region10.
Another reason is that one of the aims was to determine diffusion
coefficients in the points of the future experiment on the ISS and
they are absent in this region.

3.2.1 Fitting procedure

An unconstrained Nelder-Mead (simplex) method available in
Matlab, similar to that employed by Mialdun et al.18, was used
for the fitting of experimental results with working equations. In-
stead of direct fitting of the coefficients D11, D12, D21 and D22

we have used the procedure suggested by Ray&Leaist28. A peak
signal is normalized in a way that eqns (3), (11) take the form

V (t) =
N

∑
i=0

γi t i +∆Vmax

√
tR
t

[
W1exp(−D̂1η)+(1−W1)exp(−D̂2η)

]
(29)

where W1 is the normalized weight

W1 =
(a+bα)

√
D̂1

(a+bα)
√

D̂1 +(1−a−bα)
√

D̂2
(30)

and the parameters a, b and α are

a =
D11− D̂1−SR D12

(D̂2− D̂1)
, (31)

b =
D22−D11−D21/SR +SR D12

(D̂2− D̂1)
, (32)

α =
∆c1

∆c1 +∆c2(M1/M2)/SR
. (33)

Here ∆c1 and ∆c2 are the excess mass fractions in the injected
solutions. The sensitivity ratio SR is defined by eqns (20)-(21).
In the fitting we used SR obtained by measuring the refractive
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Fig. 7 Ternary dispersion profile (solid curves) and fitting curves
(symbols) in ternary mixture water-ethanol-TEG corresponding to the
point labeled 8: (injection 1) ∆c1 =−0.030, ∆c2 = 0.030; (injection 2)
∆c1 = 0.030, ∆c2 = 0.00. The base line for each experiment has been
subtracted for clarity. T=298 K.

indices for λ = 925 nm by Sechenyh et al31 and regularly carried
out cross-checking using eqn (21). The used values of SR are
listed in Table 6. The described fitting procedure does not work
in the case when D̂1 and D̂2 are equal.

The Fickian diffusion coefficients are calculated from the fit pa-
rameters D̂1, D̂2, a and b as follows28:

D11 = D̂1 +
a(1−a−b)

b
(D̂1− D̂2) , (34)

D12 =
1

SR

a(1−a)
b

(D̂1− D̂2) , (35)

D21 = SR
(a+b)(1−a−b)

b
(D̂2− D̂1) , (36)

D22 = D̂2 +
a(1−a−b)

b
(D̂2− D̂1) . (37)

Note, that there is a misprint with signs in eqn (32) in the original
paper28.

3.2.2 Some stratagems for data analysis

The determination of four diffusion coefficients Di j by fitting is a
notoriously difficult problem17,18,25. The most common obstacles
are the following: multiple minima of the residual function, the
dependence of final results on the initial guess, convergence to
non-physical solution, or fitting leads to equal eigenvalues what
is erroneous.

The latter deception can be avoided by analyzing the peak
shape. Three types of peaks were observed in the considered
mixtures. The Gaussian type peak shown in Fig. 7 (injection 2,
∆c2 = 0) can be positive or negative depending on the sign of ∆c1.
Injection with another composition into the same carrier liquid
may lead to a dispersion peak surrounded by two dips (Fig. 7,
injection 1) and this peak was dubbed as "unusual" in previous
works with diluted ternary mixtures1,3. However, for the water-
ethanol-TEG mixture this shape of the peak is "usual" and it was
noticed in 60% of the ternary points.

The observed dips were as small as in Fig. 7 or larger than in

Fig. 8 Ternary dispersion profiles with dips (solid curve) and fitting
curve in ternary mixture water-ethanol-TEG corresponding to the point
labeled 21; injection with ∆c1 =−0.031, ∆c2 = 0.030. The base line for
each experiment has been subtracted for clarity. T=298 K.

Fig. 8 or even equal to the height of the central peak. The third
shape was observed only in the points labeled 1 and 19 and it is
characterized by the broadening and even small splitting of the
Gaussian type peak at the top. The points at which dips were
not found can be seen later in Fig. 10 marked by green triangles.
The important point is that the emergence of peaks with a shape
different from Gaussian type indicates that the eigenvalues of the
system are different. This prevents selection of erroneous solu-

Fig. 9 Comparison of the eigenvalues with effective (quasi-binary)
diffusion coefficients: (top) eigenvalue D̂1 and D1

pbin obtained for the
signal with the injection ∆c2 = 0; (bottom) eigenvalue D̂2 and D2

pbin
obtained for the signal with the injection ∆c1 = 0. Horizontal axes
indicates to sequential number after sorting eigenvalues from the largest
to the smallest value. The arrows with numbers in the figure indicate
labeling of the points according to Fig. 2.

8 | 1–13Journal Name, [year], [vol.],

Page 8 of 13Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



Fig. 10 Paths indicating the sequence of the determination of diffusion
coefficients. The fitting was performed in the direction of arrows as well
as in opposite direction. Green triangles indicate the points at which the
Gaussian dispersion peaks without dips were observed.

tions.
Next, the ternary mixture is considered to be pseudo-binary;

subsequently, the dispersion peak is characterized by a single dif-
fusion coefficient, referred to as the pseudo-binary diffusion coef-
ficient Dpbin. The quasi-binary diffusion coefficients can be iden-
tified for each species pair in the mixture. Two effective coef-
ficients, D1

pbin and D2
pbin, were determined in each point which

corresponds to injections with ∆c2 = 0 and ∆c1 = 0 respectively.
The injections when both concentrations change, i.e., ∆c1 6= 0 and
∆c2 6= 0, result, as a rule, in a peak with dips and they were not
considered. Figure 9 allows the detailed quantitative comparison
between the eigenvalues D̂i of the diffusion matrix and Di

pbin. For
a better appreciation the D̂i were sorted from the largest to the
smallest value and the horizontal axis indicates sequential num-
bers after sorting. The basis of our understanding is that the slow-
est kinetic, i.e., smallest eigenvalue defines the overall temporal
evolution of the diffusion process. Interestingly, smallest eigen-
values D̂2 satisfactory correlate with D1

pbin but the largest eigen-
values D̂1 also satisfactory correlate with D2

pbin. This finding has
significant implications for guiding the efforts to select the correct
solution and also provides a hint for the choice of the starting set
of parameters.

The convergence of the fitting routine depends on the initial
guess and its sensitivity increases when approaching the binary
limits. To minimize the influence of the initial guess, the fitting is
consecutively performed following several paths starting closely
to the binary mixture water-TEG. The direction of the eight paths
followed during the fitting is indicated by arrows in Fig. 10. The
values of the diffusion coefficients along the paths directed to the
left and right sides were thoroughly verified in the points of inter-
section. When approaching the binary mixture on the bottom,
the cross diffusion coefficient D21 tends towards zero whereas
D11 reaches the limit of the binary diffusion coefficient in the

water-TEG mixture. Indeed, the mass flux of ethanol and its con-
centration tend to zero, i.e. j2 → 0 and ∆c2 → 0. Then from
eqn (2) it follows that D21 → 0 and from eqn (1) it follows that
D11 → DWAT−T EG. Note that the behavior of D22 and D12 cannot
be predicted from this analysis.

At the other end of the concentration path, e.g., on the left hand
side in Fig. 10, the mass flux of water and its concentration tend
to zero, i.e. j1 → 0 and ∆c1 → 0. Then from eqn (1) it follows that
D12 → 0 and from eqn (2) follows that D22 → DET H−T EG. Again,
the behavior of the two other coefficients D11 and D21 cannot be
predicted from this analysis. However we used this asymptotic
only for path 5.

The asymptotic behavior on the right hand side in Fig. 10, i.e.,
when c3 = cT EG → 0, with our choice of the reference component
does not allow a similar interpretation via the simple analysis of
the mass fluxes in eqns (1)-(2). A more detailed analysis pub-
lished elsewhere has shown that44

D22−D21
c3=cT EG→0−−−−−−−→ DWAT−ET H .

Fig. 11 Fickian diffusion coefficients Di j along right and left directed
concentration paths in the ternary system water-ethanol-TEG (a) path 3
when mass fraction of water is kept constant c1=0.33; (b) path 5 when
mass fraction of TEG is kept constant c3=0.4. The filled symbols indicate
asymptotic values approaching the binary subsystems. The dotted trend
lines are given as the guidance for eyes.
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Table 6 Compositions of ternary mixtures in mass fractions, diffusion coefficients Di j/10−10 and eigenvalues of the diffusion matrix D̂i/10−10. First
column indicates the point number in Fig. 2 and SR is the used sensitivity ratio. T = 298 K

N water ethanol TEG SR D11 D12 D21 D22 D̂1 D̂2
mass fr. mass fr. mass fr. m2s−1 m2s−1 m2s−1 m2s−1 m2s−1 m2s−1

1 0.75 0.15 0.10 0.860 5.84 -1.90 -0.83 4.69 6.65 3.88
2 0.75 0.22 0.03 0.834 6.05 -0.97 -0.11 5.90 6.31 5.64
3 0.25 0.60 0.15 0.418 6.41 4.07 -0.99 1.91 5.18 3.14
4 0.25 0.70 0.05 0.417 6.37 0.62 -0.35 3.62 6.29 3.70
5 0.33 0.62 0.05 0.459 5.56 2.74 -0.46 2.95 4.93 3.58
6 0.33 0.57 0.10 0.451 6.10 2.40 -0.66 3.07 5.42 3.75
7 0.33 0.47 0.20 0.473 5.33 1.45 -0.37 3.16 5.04 3.44
8 0.33 0.33 0.33 0.482 4.76 1.55 -0.04 3.03 4.72 3.07
9 0.33 0.27 0.40 0.488 3.80 0.91 -0.18 2.36 3.67 2.49
10 0.33 0.07 0.60 0.521 3.19 0.64 -0.23 1.90 3.06 2.03
11 0.50 0.03 0.47 0.705 4.14 -0.81 -0.22 3.10 4.29 2.95
12 0.50 0.10 0.40 0.673 4.04 -0.64 -0.13 3.43 4.16 3.32
13 0.37 0.03 0.60 0.514 3.24 0.14 -0.20 2.13 3.21 2.16
14 0.20 0.20 0.60 0.423 2.94 0.94 0.06 1.72 2.98 1.68
15 0.03 0.37 0.60 0.608 3.18 0.04 -0.48 2.79 3.12 2.85
16 0.50 0.40 0.10 0.562 3.99 -0.70 0.04 3.65 3.82 3.82
17 0.50 0.40 0.10 0.590 4.20 0.34 -0.31 3.15 4.09 3.26
18 0.50 0.20 0.30 0.629 4.11 -0.26 -0.29 3.35 4.19 3.26
19 0.75 0.05 0.20 0.925 5.99 -3.98 -0.02 5.01 6.08 4.93
20 0.25 0.35 0.40 0.435 5.02 4.41 -0.63 1.29 4.00 2.31
21 0.10 0.30 0.60 0.358 3.44 0.21 0.06 2.05 3.45 2.04

3.2.3 Diffusion coefficients

We proceed now with the analysis of the diffusion coefficients
in the ternary mixture water-ethanol-TEG obtained by the Taylor
dispersion measurements. Over the entire concentration space
the system did not reveal a sharp change of the coefficients. We
begin our study by considering variations of four diffusion coef-
ficients along paths 3 and 5 shown in Fig. 11. The filled symbol
of the same type as the open ones indicate the asymptotic value
of the coefficient approaching a binary subsystem. Along path 3
in Fig. 11(a) (concentration of water is kept constant) the cross
coefficient D21 is close to zero over the entire path while all other
coefficients slowly grow departing from the bottom side. On this
path our measurements perfectly meet the expectations on both
binary limits. Along path 5 in Fig. 11(b) (concentration of TEG
is kept constant) variations of coefficients are also rather smooth.
Again, the cross diffusion coefficient D21 is close to zero over the
entire path while another cross diffusion coefficient D12 tends to
zero only at the binary limits. The measured coefficients along
path 5 are consistent with the asymptotic values; the less good
agreement occurs for the coefficient D22 approaching to the bi-
nary system ethanol-TEG.

The maps of Fickian diffusion coefficients and eigenvalues of
the diffusion matrix are shown in Fig. 12. It is important to note
that the color scale at each triangle is different because the vari-
ation amplitude of each quantity is different. The map for D11

occupies a larger area in the concentration space than any other
quantity, because the binary subsystem water-triethylenglycol
was comprehensively measured (see Fig. 5) and from the analysis
of mass fluxes it follows that D11 →DWAT−T EG. Additionally, there

is a sufficient number of ternary points in the vicinity of the binary
boundary. Consequently, on the bottom of the triangle we match
coefficients for ternary and binary mixtures. The main coefficients
D11 and D22 are almost constant in a large region around the sym-
metric point, the point where c1 = c2 = c3. Both coefficients grow
when approaching the right corner, where the mixture is rich in
water and poor in ethanol and TEG. On the opposite side, i.e., at
the left corner, where the mixture is poor in water and ethanol
and rich in TEG, both coefficients decrease. Moreover, D11 attains
its minimal value at this corner. Their behavior diverges in the
upper part of the triangle. A noteworthy result of the study is
that in all measured points the main coefficients are positive and
have the same order of magnitude ∼O(10−10 m2/s). In the fitting
procedure we did not impose any restrictions on the sign of the
diffusion coefficients.

The behavior of cross diffusion coefficients D12 and D21 is very
different. As a rule D21 is negative and smaller than D12 by an ab-
solute value. Furthermore, D21, is at least one order of the mag-
nitude smaller than the main coefficients almost within the entire
composition triangle. It grows when approaching the binary sub-
system water-ethanol. On the contrary, D12 is mostly positive over
the concentration space. However, it becomes strongly negative
in the right corner, where the mixture is rich in water and poor in
ethanol. Note that the shape of dispersion peaks in these corner
points, i.e. points 1 and 19, display broadening. These results
confirm the hypothesis of Price29 that such peak shape is due to
a large and negative value of D12.

The maps of eigenvalues D̂1 and D̂2 are different with respect
to the locations of maxima and minima. Their concentration de-
pendence looks as smooth as that of the individual coefficients.
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Fig. 12 Fickian diffusion coefficients Di j and eigenvalues D̂i over measured concentration space in the ternary system water (WAT)-ethanol (ETH)-
triethylenglycol (TEG). The concentration is expressed in mass fraction units. Color scales indicate the variation amplitude the quantities. Small dots
indicate experimental points.
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We did not notice any visible correlation between eigenvalues
and main coefficients of the diffusion matrix. It should be only
pointed out that the ratio of eigenvalues D̂1/D̂2 lies between 1
and 2: it is very close to unity at the point 16 and tends to two in
the region poor in water, i.e., c1 < 0.2

Quantitative results for the diffusion coefficients measured by
Taylor dispersion in the ternary mixtures are listed in Table 6.
Note, that in the numbering of the points there is no special order
except a chronological one. In addition to the diffusion coeffi-
cients we also provide the sensitivity ratio SR obtained via refrac-
tive indices31. The data in Table 6 indicate mean values while the
standard deviation is about 3-6%.

4 Conclusions

We have performed a comprehensive study of the Fickian dif-
fusion coefficients in the ternary liquid mixture water-ethanol-
triethylene glycol and its binary subsystems at T=298 K. The mu-
tual diffusion coefficients in 30 binary mixtures were measured
using the Optical Beam Deflection and the Taylor dispersion tech-
nique and results were favorably compared with literature data
when they are available. For the two dilute limits c→ 1 and c→ 0
the binary diffusion coefficients were estimated from the Stokes-
Einstein equation using both slip and stick boundary conditions.
In all cases these estimations are in reasonable agreement with
the extrapolations of the measured diffusion coefficients.

The diffusion coefficient in the ternary mixture was consistently
measured by means of the Taylor dispersion technique for 21
compositions along eight paths corresponding to constant con-
centrations of either water or triethylene glycol. The measure-
ments revealed that over the entire concentration space the main
diffusion coefficients smoothly vary in the range (1.3 – 5.9)·10−10

m2s−1 and that one of them is always larger than the other one,
D11 > D22. It was demonstrated that for the associated ternary
mixture the off-diagonal elements of the diffusion matrix cannot
be omitted. In particular, D12 varies in the same range as the
main elements while D21 displays a trend to be one order of the
magnitude smaller than the other coefficients.

Additionally, we have found that the pseudo-binary diffusion
coefficients correlate well with the eigenvalues in injections when
either c1 or c2 are kept constant. On the contrary, the experimen-
tal results did not confirm previous theoretical predictions45 that
the pseudo-binary diffusion coefficients approximate to the main
elements of the diffusion matrix.
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