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ABSTRACT: We report the Fickian diffusion coeflicients in 20 ternary mixtures
formed by 1,2,3,4-tetrahydronaphthalene (THN), isobutylbenzene (IBB) and n-
dodecane (nC12) measured by the Taylor dispersion technique at 298.1 K and
atmospheric pressure. Four diffusion coefficients of the ternary mixtures were
measured along six concentration paths starting on one binary subsystem and
moving toward the other one. We found expressions for the diffusion matrix of a
ternary mixture approaching to the binary limits. The measured diffusion
coefficients were thoroughly verified by comparison with the theoretical asymptotic
behavior. The main diffusion coefficients vary smoothly over the entire
concentration space and D;, is always larger than D,;. One of the two cross-
diffusion coeflicients is of the same order of magnitude as the main ones and, hence,
not negligible, whereas the other one is close to zero. The investigated mixtures also
comprise compositions that were examined in microgravity experiments in the ESA
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I. INTRODUCTION

Diffusion mass transfer commonly shows up in a number of
industrial and ecological technologies and is important,
especially, for a proper description of processes in chemical
and petroleum engineering." The latter application motivated
active measurements of molecular diffusion in hydrocarbon
liquid mixtures, particularly, in binary mixtures of alkanes.”™*
The study of diffusion coeflicients in multicomponent liquids
which appear in nature and industrial applications is
complicated due to several reasons. There is a lack of
experimental values available even for the simplest case of a
multicomponent mixture - ternary mixtures. A number of
models and correlations® are built on empirical or semi-
empirical grounds and, due to the limited amount of
experimental data, their predictive capabilities are limited.
Another example of theoretical models is based on the
application of free volume/activation energy methods and
molecular dynamics simulations. Recently published studies’ ™"
allow to conclude that the above-mentioned models can be
applied only inside a limited range of parameters.

Mainly due to experimental and mathematical difficulties,
diffusion coefficients are so far available only for a limited
number of ternary systems. Most commonly found in the
literature are experimental data on mass diffusion in mixtures
based on saturated and aromatic hydrocarbons or water
solutions of simple and polyatomic alcohols with ketones.
For example, diffusion coefficients in mixtures where all three
components are hydrocarbons can be found only for two
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systems and limited to a few experimental points."' ™" Fickian
diffusion in mixtures of substances with associated molecules
was discussed in the literature in more detail and is available for
a few different ternary systems.'®™*'

The current interest in diffusion in multicomponent systems
is also motivated by the DCMIX program (diffusion and
thermodiffusion coefficients in mixtures) of the European Space
Agency (ESA). Thermodiffusion effect (also called Soret, or
thermal diffusion) is concentration separation in a liquid
mixture as a response to the imposition of a thermal gradient.
In the frame of this program the research groups conduct
experiments on-board the International Space Station measur-
ing thermodiffusion in binary** and ternary mixtures™>* to
validate ground techniques. A recent benchmark study”” has
shown that unlike binary mixtures, the diffusion coefficients in
ternary mixtures cannot be obtained from a thermodiftusion
experiment with reliable accuracy and should be measured
independently.

The description of the mass diffusion in ternary mixtures is
significantly more complicated compared to binary mixtures.
The diffusion coeflicient is defined as the proportionality
constant between a flux and a driving force. However, in ternary
and higher mixtures the diffusion flux depends upon velocity
reference frames: molar-, mass-, and volume-average Velocity.22
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Figure 1. Schematic of the experimental setup. Flow direction is shown by arrows.

The mathematical model of the Taylor dispersion technique in
ternary mixtures, utilized in the present study, was originally
developed for the volume-average frame of reference.””> Then
the diffusive molar flux J; of the component i is written as

N-1
J=-).DVG (i=1,.,N-1)
j=1

(1)

where VC; is the gradient of molar concentration of the
component j and Dj; are the Fickian diffusion coefficients. The
Fick description involves a matrix of diffusion coefficients (N —
1) X (N — 1) which is, generally, not symmetric, i.e., D; # D;.
The main diffusion coefficients D; connect the flux of the
components i with its own concentration gradient, while the
cross diffusivities D;; describe the influence of the concentration
gradient of the component j on the diffusive flux of the solute
component i. With respect to a volume-fixed frame of reference
the sum of fluxes is defined as Y J,, = 0, where v,,, is the partial
molar volumes of the i-component of a mixture.

A typical ternary mixture used by petroleum industry for
reservoir modeling on the exploration stage is composed of
1,2,3,4-tetrahydronaphthalene (THN), isobutylbenzene (IBB)
and n-dodecane (nCl2), representing different families of
molecules (polycyclic, aromatic, alkane). This mixture was also
the first to be examined in convection free environment in the
frame of the DCMIX, experiment.”>”>" Laboratory measure-
ments by different techniques have been tested by comparing
the results in a symmetric point of this mixture, i.e., the point
with equal mass fractions.''~'**° Recently, the ternary diffusion
coefficients were reported in four additional points."** The
measurements of the different groups are in a good agreement
only for eigenvalues of the diffusion matrix. In light of the
experimental results available, it is desirable to analyze the
evolution of the diffusion coefficients along the lines with
constant concentration of one of the components and not in a
single points. Here we present a comprehensive study of the
Fickian diffusion coefficients THN—IBB—nC12 covering the
entire concentration space using Taylor dispersion technique.
The investigated compositions also comprise the five
compositions that were examined in microgravity experiments
in the ESA DCMIX, project.

536

The paper is organized as follows: Section II describes
instrument, working equations, the details of the experimental
procedure and preliminary analysis of obtained data. Section IIT
includes analysis of the asymptotic behavior, variation of the
diffusion coeflicients along the concentration path and presents
the concentration dependence of diffusion coefficients
measured over a wide range of mixture compositions.
Conclusions are given in section IV.

Il. EXPERIMENTAL SECTION

A. Working Principle and Instrument. Among exper-
imental methods developed for measurements of mass diffusion
coefficients in liquids, the Taylor dispersion technique (TDT)
has become standard for measuring coefficients in binary
solutions” and lately has started to be extended to for three-
component systems. ' #*%*"*>** The TDT technique is based
on the diffusive spreading of a small volume of a solution
injected into a laminar stream of the same mixture but with a
slightly different concentration. As the injected concentration
pulse is carried through a tube, it is deformed by the coupled
action of convection in the axial direction and molecular
diffusion in the radial direction. At the end of the tube the
shape of the pulse, sometimes called in the literature as the
Taylor peak, is monitored by means of a suitable detector such
as a flow-through spectrophotometer or a refractive index
detector.

The principle scheme of the experimental setup used in this
investigation is shown in Fi%ure 1, while a detailed description
was published previously.'”'>** The perturbing solution is
injected at the entrance of a long dispersion tube with a circular
cross-section made of polytetrafluoroethylene (PTFE). The
inner diameter and length of the tube are 2R, = 748 + 1 ym
and L = 29.839 + 0.001 m, respectively. The inner radius R,
was determined by gravimetry, ie, from the mass of water
required to fill the tube. The laminar flow of the carrier mixture
is controlled by means of a pump Knauer Smartline S1000. In
all the measurements, the flow rate was maintained constant
0.08 mL/min. The direction of the flow is shown by arrows in
Figure 1. To prevent formation of bubbles, which spoil the
quality of recorded signals, a SYSTEC degassing module was
installed and connected in-line between the pump and a bottle
with the carrier liquid. The concentration pulse was injected in
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a stream of the carrier liquid with the help of 6-port/2-channel
switching valve manufactured by Knauer GmbH. The injection
valve was equipped with a 20 uL sampling tube and an
electrical valve drive K-6 also manufactured by Knauer GmbH.
The concentration as a function of time is monitored at the end
of the dispersion tube by a differential refractive index detector
(RID) Knauer Smartline RI 2400. The RID was equipped with
a light source which works in the infrared spectrum
(wavelength A = 950 + 30 nm). Typical values of the baseline
noise were within the range +5 X 107® V. The RID, the
dispersion tube, and the pump were placed inside an air bath
with a constant temperature of 298.1 + 0.1 K. Activation of the
electrical valve drive K-6 and automatic data acquisition were
organized using the ClarityChrome chromatography software
by DataApex.

B. Chemicals. All the measurements were performed with
1,2,3,4-tetrahydronaphthalene (THN), isobutylbenzene (IBB),
and n-dodecane (nC12) without further purification. Short
information about the chemical compounds used in the
experiments is given in Table 1. Samples of mixtures with

Table 1. Sample Information

mole
short fraction  analysis  density, g/cm® CAS
name source purity method (T = 298.15 K) number
THN  Acros 0.98 GC* 0.973 119-64-2
Organics
IBB Acros 0.995 GC 0.850 538-93-2
Organics
nCl2  Acros 0.99 GC 0.753 112-40-3
Organics

“Gas—liquid chromatography.

different composition were prepared by weighing each
component using electronic balances manufactured by Sartorius
with resolution 0.1 mg/160g or 0.01g/4000g. Estimated error
in mass fraction values is not more than +0.0001.

C. Basic Equations of the TDT Technique. In the
mathematical model it is assumed that a homogeneous liquid
mixture flows through a long, isothermal, straight tube of length
L with a uniform, circular cross-section of radius R;, having
impermeable walls. Alizadeh et al.*”* have shown that the coiling
of the dispersion tube can be neglected under the following
condition

De*Sc < 20 (2)

where De and Sc are the Dean and Schmidt numbers,
respectively:

S H D 2R gup
c=—, e = —
pD ’7\/ Rcoil/RO (3)

Here p and p are the dynamic viscosity and density of a
mixture; R_; is the coil radius.

Further assumptions imply that diffusion coefficients are
constant, which is valid if the concentration gradient is small,
and no volume change occurs on mixing. The mixture is
flowing in a slow, laminar manner with the mean velocity u. An
injected narrow concentration pulse is dispersed due to the
combined influence of the axial convection and molecular
diffusion in the radial direction. The diffusion equation for each
component can be written in the form:*>**
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ac, i 0°C;  0°C; 1 0G
—t = Dl —2= _J -_J
o o 0N o or’ r or
2
oC;
S P i [ (S )
J
Ry) |0z 4)

here ¢ is the time; r and z are the radial and axial coordinates,
respectively.

It is considered that the axial transport by diffusion 02Cj/ 0z*
< 02Cj/ or + r_l()Cj/ Or is small and can be neglected. In order
to get an analytical solution of eq 4, an additional assumption is
introduced: the time necessary to observe the effects of
convective transport is long compared with the time in which
the radial variations of concentrations are reduced by molecular
diffusion to a fraction of their initial value. This condition was
derived by Taylor®* for a binary mixture (D is a binary diffusion
coefficient):

L Ry

w” (722D) ()

Under these assumptions the radially averaged concentration of
the injected sample can be written in the analytical form™**°

2ACAV [3D 12D(t — t,)?
— = e —
Rou 't Ryt (6)

where tg = L/u is the retention time; AV is the volume of the
injected solution sample; C is the mean concentration over the
cross-section of a dispersion tube; C; is the concentration of a
carrier solution; AC is a concentration difference between the
injected sample and the carrier solution. For a practical
implementation eq 6 was transformed by Leaist et al.”>** in
order to replace the concentration C with the output signal of
the RI detector

] ™)

where V. are the adjustable parameters of a baseline, usually it
takes a polynomial form with K =1 or 2, and AV, is the peak
height relative to the baseline.

Concentration differences AC must be sufficiently small to
ensure that the changes in the detector signal V(t) are
proportional to the changes in the concentration across the
dispersion profiles:

C(t) =Cy+

12D(t — ty)*

k=K
t
V() = Y Vit + AV R ex
kg ¢ ;P Rt

k=K
V() — Y Vit* = RIC(t) — C]
k=0

(®)

where R = dV/0C is the coeflicient of proportionality, the so-
called "detector sensitivity”.

In the case of ternary mixtures, the equation for the detector
signal includes two sensitivities R, = (9V/dC,)¢, and
Rz = (GV/()CZ)Q:

k=K
k
V(t) = ) Vit" + R[C\(1) — Cy + Ry[Cy(t) — Cy]
k=0
©)
Here C,y and C, are the concentrations in the carrier solution.

Following Leaist,””** the analogue of eq 7 for a ternary
mixture can be written as
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k=K
£ A
V() = 2 Gt + AV [ (W exp(=Dyn)

k=0
+ (1 = W) exp(—=D,n)] (10)

where 77 = 12(t — t3)?/Ry*t and D are the eigenvalues of the
matrix of diffusion coefficients:

A 1
D, = E(Du + Dy, + \/(Du - Dzz)2 + 4D,,D;, ) (1)

~ 1
Dz E(Dll + Dzz - \/(Dll - Dzz)2 + 4D12D21) (12)

Then the normalized weight W, is defined as

e (a + ba)\/D,
' (a+ ba)\/E +(1—-—a- ba)\/gz (13)

where the parameters a, b and a are

D11 - 151 - szlz
a = —F==
D, = D, (14)
R,D R,D
! Dy, = Dy — ;lu + ;:z
152 - Dl (15)
Ac
€=
A oMy, 1)
at ( MR, (16)

Ac, and Ac, in eq 16 are the excess mass fractions in the
injected solution; M; and M, are the molecular weights of
mixture components. Equation 16 for «a is already transformed
from the molar concentrations C; to our preferred concen-
trations in mass fraction ¢, = C; M;/p, as discussed previously.”'

Depending on the mixture, the eigenvalues D; of a diffusion
matrix could be distinct or equal. Hereafter we consider the
case of distinct eigenvalues (D, # D,). If the diffusion matrix is
well conditioned, the eigenvalues as well as the coeflicients a
and b can be found by using the nonlinear least-squares
technique to fit eq 10 to experimental profiles. Note that W, in
eq 13 actually depends on the combination a + ba, hence, to
obtain independent values for a and b one has to fit two or
more dispersion profiles simultaneously.””” The criteria of the
optimization during the fitting procedure can be a minimum of
a residual function estimated as a sum of the squared
differences between experimental and calculated values of a
signal from the RI detector.

Equations 14-16 above depend on the ratio of detector
sensitivities

(). W ()
R1 oC, c, M1 dc, .

Sg = = =—
R, (3_") M, (ﬂ)

oC, c dc, o (17)
that, initially, can be determined from independent measure-
ments of contrast factors at the wavelength of the
refractometer. However, since available contrast factors® are
for a slightly different wavelength, we also adopted here an
alternative approach which evaluates Sy, taking advantage of the

fact that, for a ternary mixture, one has to perform at least two
injections, each of them with different values of Ac; and Ac,.

Then, the ratio of detector sensitivities to concentration
changes in the mixture can be measured in the course of
Taylor experiment by”'

R, M, AcYSW — AVs®
SR = — = —
R, M, AcDs®  AcD50 (18)

where S” is the surface area measured between dispersion
profiles and baseline; the superscript (I) denotes the test
number.

In case of distinct eigenvalues of the matrix Dy, diffusion
coefficients can be calculated from D, D, a, and b using the
following equations:

s, all=a- )b - D)

Du=b b (19)
D. = a(l - “)(Dl ~ 132)

12 —

Sgb (20)

D - Sx(a + b)(1 — a — b)(D, — D))

e b (1)

. 1—a-b)(D,-D

D, =D, + a( a )( 2 1)

b (22)

A completely unconstrained four parameter fit may lead to
nonphysical values of the main diagonal coeflicients D;; or the
eigenvalues D, The importance of establishing the proper
restrictions was discussed previously by Mutoru and
Firoozabadi”* in the analysis of a large amount of diffusion
data measured experimentally. The present study takes into
account the restrictions for a multicomponent diffusion matrix
which were outlined by Taylor and Krishna:**

D, >0, Dy, >0
Dy 1Dy, = DDy > 0
(Dyy = Dyy)* + 4DyDy; 2 0 (23)
D. Exploratory Measurements. Fickian diffusion coef-
ficients have been measured in 20 ternary mixtures which are
shown by the filled circles on the concentration map in

Figure 2. In multicomponent mixtures values of diffusion
coefficients depend on the numbering of the components.
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Figure 2. Circles show the concentrations in mass fractions at which
the Fickian diffusion coefficients have been measured in the ternary
mixture THN—IBB—nC12 (20 points).
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Working with mixtures on a macroscopic scale, hydrodynamic
effects become important. Thus, it is appropriate to choose the
numbering of the component according to the density: THN
(component 1), IBB (component 2), and nC12 (component
3). Consequently, two independent components are THN and
IBB.

Another factor, which can influence the numbering of the
components, is the sensitivity ratio Sz. The analytical equation
used in the fitting procedure relies on the sensitivity ratio (see
eqs 18 and 17). The diffusion coefficients cannot be measured
with accuracy higher than the contrast factors (dn/ 06,-)9. The

sensitivity ratio also depends on the order of the components.
One should identify the large sensitivity ratio but escape the
region when one of the contrast factors tends to zero
(especially, the denominator). In order to determine the
most favorable conditions for TDT measurements, the
concentration dependence of the refractive index in ternary
mixtures of THN—IBB—nC12 has been analyzed using the
previous measurements by Sechenyh et al.’ It appeared that
the choice of THN and IBB as independent components also
gives larger values of the sensitivity ratio Sp. It can be seen from
the contour lines in Figure 3, that the sensitivity ratio S varies

1.866
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1.791
1.776
1.761
1.746
1.731
1.716
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1.686
1.671
1.656
1.641
1.626

mass fraction of THN (1)

Figure 3. Concentration dependence of the sensitivity ratio

Sg = (0n/dc,).,/(0n/dc,)...

within +6.9% over the full concentration space. The most
favorable conditions for TDT measurements could be achieved
in the concentration range when mass fractions of THN and
nC12 are less than 0.2 and more than 0.9, respectively. As it was
mentioned above, the sensitivity ratio Sz was also calculated
using the surface areas between the measured dispersion
profiles and the baseline (see eq 18) as in previously published
Works.l 1,12,37

One of the important practical points of the TDT technique
is the choice of the appropriate flow rate for the carrier solution.
The assumption made in the derivation of eqs 7 and 10
imposes constraints on the liquid velocity. The laminar flow of
a carrier liquid should satisfy the condition mentioned in eq 5.
Taking into account the literature values (by an order of
magnitude) for diffusion coefficients, viscosity, density''~'* and
geometrical characteristics of the dispersion tube (see section
IIA), eqs S can be satisfied only if the liquid velocity is
u < 0.16m/s (flow rate less than 4.4 mL/min).

In order to select an optimal flow rate, tests have been
performed with a carrier liquid with composition (0.52, 0.03,
0.45) and injected samples with composition (0.52, 0.06, 0.42).
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The ternary mixture was considered to be pseudobinary.
Subsequently, the dispersion peak is characterized by a single
diffusion coefficient, referred to as the pseudobinary diffusion
coefficient Dy,. The coeflicients Dy, were obtained by fitting
the experimental points to the analytical solution derived for a
case of the binary mixture, eq 7. Figure 4 shows the dependence

8.0
- 75}
@
“e 70} 5
e o
o 65}
o e
Tz 60j00--07
Q
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0.03 0.06 0.09 0.12 0.15 0.18 0.21 0.24
Flow rate, ml/min
Figure 4. Dependence of the pseudobinary diffusion coefficient Dy,

on the flow rate for the carrier mixture with composition (0.52, 0.03,
0.45) (point 20 in Figure 2).

of the pseudobinary diffusion coefficient Dy, as a function of
the flow rate of the carrier liquid. It can be seen that a
reasonable balance between the duration of experiments and
the accuracy of measurements can be achieved if the flow rate is
less than 0.1 mL/min (¢ < 3.6 X 10™°m/s). Another
observation from Figure 4 is that the coefficient Dy, changes
by 15% when the flow rate varies in the range between 0.03 and
0.25 mL/min. One of the explanations of such a significant
dependence of the diffusion coefficient Dy, on the flow rate is
the influence of the tube coiling discussed by Alizadeh et al.*’
In the present study, the flow rate was selected to be equal to
0.08 mL/min, which perfectly satisfies eq 2 and, at the same
time, gives a reasonable duration of about 200—250 min for one
single measurement.

To characterize the diffusion matrix at a particular
concentration point c;, we have used a set of distinct samples
¢p + Ac;. In practice it means that for the same composition of
the carrier solution c;, we have injected at least three samples
with different Ac. The concentration differences Ac; were
chosen to be in the range +0.04 g/g. Figure S shows the set of
four injected samples that was used to determine the diffusion
matrix for the mixture with composition (0.333, 0.333, 0.334).

It is worth noting that each sample was injected several times.
The recorded peaks were subjected to thorough screening and
the peaks which violated the repeatability of the pseudobinary
diffusion coefficient or the predicted surface area were rejected.
Then, the diffusion matrix was obtained from the simultaneous
fit of all the selected peaks to the analytical model of the
experiment.

The description of the algorithm for the extraction of the
diffusion coeflicients from the dispersion profiles was presented
earlier."" The fitting of eq 10 to experimental signals was done
by means of the iterative Nelder—Mead (simplex) algorithm™’
optimized for searching the minimum of a residual function in
the space of four adjustable parameters: a, b, D, and D,, see eqgs
11, 12, 14 and 15. A sum of squared differences between
experimental and calculated signals was chosen as a criterion of
the iterative minimization procedure. Each solution was
checked to satisfy the restrictions on the diffusion coeflicients
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Figure 6. Comparison of the final eigenvalues of the diffusion matrix with the pseudobinary diffusion coefficients used as initial guesses for Dy; and

D22 (see text). The left picture: eigenvalue D, with the DY
D2 obtained from the injection with Ac, =
largest to the smallest value.

obtained from the injection with Ac, = 0. The The right picture: eigenvalue D;_ with the
0. The horizontal axis is a sequential number over the all investigated mixtures, after sorting D; from the

mentioned above, i.e., eq 23. According to Mialdun et al,'' in
the case of the ternary mixture THN—IBB—nC12, this iterative
procedure with the simplex algorithm is almost insensitive to an
initial guess (within a certain range of fitting parameters) and
able to provide unambiguous results after 300—400 iterations.
For all the investigated mixtures, the initial guesses of the
iterative algorithm were chosen in a similar way: D;; = [Dy, Dy
D,;, Dy,] = [Dgg, 0,0, D(Z)] where the pseudobmary diffusion
coefficients D{.) and D](mz are obtained from ternary dispersion
profiles corresponding to injections of solutions with Ac, = 0
and Ac; = 0, respectively (i, injections 3 and 4 for the
example of Figure S). Direct comparison of the initial D{,}j and
D) with the final results of the fitting leads us to the
conclusion that the proposed initial guesses can be used in a
wide range of mixture compositions. Furthermore, these
pseudobinary diffusion coefficients display some common
features with the finally obtained eigenvalues, as shown in
Figure 6a, which demonstrates that the values of D) are similar
to those finally obtalned for D,. The final eigenvalue D, is
always larger than DY, but the difference is not very significant,
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as seen in Figure 6b. A similar correspondence between
pseudobinary diffusion coeflicients and finally obtained
eigenvalues was also observed in the ternary mixture water—
ethanol—triethylene glycol.”’

Before concluding this section, we should mention that the
theory of TDT assumes no volume changes and that the
density of the injected samples is the same as that of the carrier
liquid. This allows us to assume that mass density does not
depend on composition, and in that case, the diffusion matrix is
the same in the volume and in the mass reference frame. In
addition, since the molecular weights of the three components
of our mixture are quite similar, the diffusion matrix will be
approximately the same also in the molar frame of reference.

lll. RESULTS AND DISCUSSION

A. Behavior of Ternary Diffusion Coefficients Ap-
proaching Binary Limits. The TDT allows to obtain four
diffusion coeflicients from the experiments, however, there are
several potential pitfalls. One of them is that a minimized
residual function may take the form of a deep and long valley in
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Figure 7. Concentration paths and asymptotic behavior of the diffusion matrix Dj; close to the boundaries of the concentration triangle. Each path
corresponds to one constant concentration among the three components. Three concentration paths correspond to ¢; = 0.1, and the other three

paths correspond to ¢; = 0.45.

a parameter space that leads to a large uncertainty. Particularly
for this ternary mixture THN—IBB—C12, previous studies in
the symmetric point with compositions in mass fractions
(0.333, 0.333, 0.334) have demonstrated that such a problem is
present.' "' Therefore, an independent quality control of the
obtained solutions is a real necessity for ternary mixtures. The
behavior of ternary diffusion coeflicients when approaching the
binary limits provides an efficient way for the validation of the
experimental results.

The measurements of binary diffusion coefficients are
generically more accurate and reliable than the measurements
of ternary diffusion matrices, mainly due to the absence of the
cross-diffusion phenomenon. In addition, databases of binary
diffusion coefficients are usually more exhaustive and complete
compared to the few experimental data available for ternary
diffusion matrices. Several authors*”*’ have discussed the
asymptotic behavior of the diffusion matrices and their
eigenvalues and eigenvectors close to the boundaries of the
concentration triangle. Here we present a simple and
convenient way to obtain these limits based on the
consideration of the mass diffusion fluxes, in which case these
conditions are more readily expressed. Since diffusion
coefficients obtained from the TDT are equal for both the
volume and the mass reference frames, these asymptotic limits
should apply to our experimental results. The two independent
mass fluxes in a ternary mixture can be written as

D,,V¢, + D, Ve,

—j/p = (24)

s /p =D, Ve, + Dy, Ve, (25)
When approaching the binary mixture THN-nC12 at the
bottom of the triangle in Figure 7, the IBB content (c,) tends to
zero as well as its mass flux, i.e,, V¢, = 0 and j, = 0. Then from
eq 25 it follows that D,; — 0, and from eq 24, it follows that

D,; = DEEN=C2 yhere DIIIN-NCI2 js the diffusion coefficient
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measured in a binary mixture of THN and nCl2 at the
corresponding concentration. Note that the behavior of D,, and
Dy, in this limit cannot be predicted from this analysis.

On the left-hand side of the triangle, the concentration of
THN (c;) and its mass flux j, vanish, i.e,, V¢; — 0 and j; — 0.
Consequently, from eq 24 it follows that D;, — 0 and from eq
25 follows that D,, — DBBC12 ywhere DEB1C12 s the
diffusion coeflicient measured in a binary mixture of IBB and
nCl12 at the corresponding concentration. Again, the behavior
of the two other coefficients, D;; and D,;, in this limit cannot
be predicted from this analysis.

On the right-hand side of the triangle the concentration of
nC12 (c;) and its mass flux j; vanish. The mass flux for the third
component j; = —j; — j, can be written as

jy/p = (D + Dy)Ve, + (Dy, + D)V, (26)
Selecting the concentration of the second and third
components as independent variables, from the condition ¢,
+ ¢ + ¢ = 1, it follows that V¢, = —(Vc, + V¢;) and the
expressions for the mass fluxes j, and j; take form

—j,/p = (Dy = Dy;)Ve, — Dy Ve, (27)

j3//) = —(Dy; + Dy; = Dy = Dy,)Vey = (Dyy + Dyy) Ve
(28)

Applying the same logic as above, from the conditions V¢; — 0
and j; = 0 and eq 28, it follows that D}, + D,; — D}, — D,, =0,
while from eq 27, it follows that (D,, — D,;) = D&Y "8, This
set of asymptotics is summarized graphically in Figure 7 over
the concentration triangle of the THN-IBB-C12 mixture. They
can also be summarized in the following expression:
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D, — D23
when ¢, = 0: > bin 7

D, =0,

when ¢, = 0:

(Dy, = Dy) — Dlgian)f

when ¢; — 0:
Dy + D, =Dy, =Dy, =0,

(29)

where, again, D) represents the diffusion coefficient that is
measured in a binary mixture of components i and j. In
conclusion, when approaching the boundaries of the concen-
tration triangle in a ternary mixture, one of the main diagonal
coefficients of the diffusion matrix tends to the binary diffusion
coefficient on two sides of the triangle. At the same time, at
least one of the cross-diagonal coeflicients of the diffusion
matrix tends to zero on these same sides.

It is also interesting to study the binary limits of the two
eigenvalues of the diffusion matrix, that can be easily inferred by
combining egs 11 and 12 with eq 29. It can be shown that at
each side of the concentration triangle, one of the eigenvalues is
determined by the corresponding binary diffusion coefficient.
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For the particular mixture we consider here D;; > D,, over the
whole concentration range except for ¢; = 0 (see a more
complete discussion below), while Dy, + D,, < 0 everywhere, in
particular over the ¢; = 0 axis. From these conditions, some
algebra leads one to conclude:

when¢, = 0: D, — D,gizf),

when ¢, —» 0: D, — Dlgilj),

when ¢; — 0: D, - Dlgilj“). (30)
In a more general case, due to the nonlinear structure of eqs 11
and 12 which one of the eigenvalues can be constrained at each
side of the concentration triangle depends on the magnitude of
D;.
]B. Diffusion Coefficients along Concentration Paths.
We proceed now with the analysis of the diffusion coefficients
in the ternary mixture THN-IBB-C12 obtained by the Taylor
dispersion technique. The measured points were organized in
six concentration paths presented in Figure 7; each of them
started on a binary subsystem and continued along the line with
a constant concentration of one of the components toward
another binary subsystem. Along each path one of the
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Figure 10. Fickian diffusion coefficients D;; over measured concentration space in the ternary system THN—IBB—nC12. The concentration is
expressed in mass fraction units. Color scales indicate the variation amplitude of the quantities. Small dots indicate experimental points.

Table 2. Compositions of Ternary Mixtures THN(1) + IBB(2) + nC12(3) in Mass Fractions, Diffusion Coefficients D;/ 10710
m’/s, Eigenvalues of the Diffusion Matrix D,/1071°

point

1

RN RN B N7, NS I S

U
=l

e e e e
o 00 NI N L bW

20

€
0.100
0.250
0.449
0.751
0.800
0.100
0.300
0.500
0.650
0.333
0.030
0.100
0.250
0.450
0.520
0.200
0.250
0.100
0.100
0.520

5
0.100
0.100
0.102
0.101
0.100
0.250
0.250
0.250
0.250
0.333
0.450
0.450
0.450
0.450
0.450
0.600
0.650
0.750
0.800
0.030

(%)
0.800
0.650
0.449
0.148
0.100
0.650
0.450
0.250
0.100
0.334
0.520
0.450
0.300
0.100
0.030
0.200
0.100
0.150
0.100
0.450

Dy,
112
10.5

8.12

6.99

6.71
11.5
10.7

8.32

8.15
10.1
12.7
12.7
11.6
10.0

8.81
12.7
10.9
11.7
10.8

7.03

m?/s, and Determinant of the Diffusion Matrix Det/107' m*/s*> ¢

Dy, D,, D, D, D, det
—0.41 —3.63 9.43 119 8.8 104
—-0.35 —4.01 8.18 11.0 7.7 8.44
—0.30 —2.61 6.64 8.5 62 531
—0.56 —2.02 6.00 7.7 53 4.08
—0.59 -1.55 5.98 74 53 3.92

0.13 —4.44 7.85 113 8.0 9.07

031 —-5.19 6.61 103 7.1 7.25

0.22 —3.46 523 8.1 5.5 443

0.44 —291 5.04 7.7 5.5 424

0.40 —4.07 6.33 9.6 6.8 6.55

0.32 —4.88 8.70 123 9.1 112

0.65 —-5.58 7.62 118 8.5 10.0

1.35 —5.59 5.30 10 6.9 6.89

0.95 —447 5.09 8.9 62 5.52

1.00 -2.35 529 7.9 62 4.89
1.46 —6.48 5.63 10.8 7.5 8.07

0.98 —391 620 9.8 73 7.12

0.39 —348 8.07 113 8.5 9.59
—0.13 —1.85 9.13 109 9.0 9.83
—0.03 —0.63 626 7.1 62 4.40

“The first column indicates the point number in Figure 2 and Figure 7. All reported data are for the temperature T = 298.1 K.

concentrations is kept constant; three paths correspond to combinations of D; which has well-defined binary limits, as
¢; = 0.1 and other three paths corresponds to ¢; = 0.45. The summarized in eq 29. The filled symbol of the same type as the
points on two paths (S and 6) very closely approach to binary open ones indicates the asymptotic value of the coefficient near
limits in order to trace accurately the asymptotic behavior. For the binary limit. Data for the diffusion coeflicients of the three
each concentration path we present in Figure 8 four binary subsystems have been taken from Gebhardt et al.**
544 DOI: 10.1021/acsjpcb.5b11143
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Figure 11. Concentration dependence of the eigenvalues of the diffusion matrix Dj.

The first observation is that, for all the concentration paths
analyzed, our measurements perfectly meet the expectations at
the binary limits. Indeed, as seen in Figure 8 on panels g, ¢, d,
and e, the values (D;; + D,; — Dy, — D,,) smoothly tend to
zero and (D,, — D,;) tend to Dryy_ps when the ternary
system approaches, by different concentration paths, the right-
hand side of the triangle. It worth noting that the quantity (Dy;
+ Dy; — Dy, — Dy,) is very close to zero along all the four
presented paths. The main diagonal coeflicients are consistent
with the corresponding binary limits given by eq 29. From the
different panels of Figure 8 one further observes that the
numerical value of the cross-diffusion D, is always very small,
while the other cross-diffusion D,, is always negative, non-
negligible in general, but it rapidly approaches zero when the
concentration of IBB (c,) does, see panels (a) and (b). The
positive outcome in the discussion of the binary limits gives
confidence that both the experimental approach and fitting
procedure provide valid results.

To complete the discussion of binary limits, we show in
Figure 9 the eigenvalues of Fickian diffusion coeflicients D,
along some of the concentration paths in the ternary system
THN—-IBB—nC12 shown in Figure 8. The asymototic limits
given by eq 30 have been added to the figure as filled symbols,
taken from the data published by Gebhardt et al.** One
observes in Figure 9 that in all cases the measured eigenvalues
smoothly approaches the expected binary limits as given
by eq 30, adding further confirmation to the D values
measured in the present work.

C. Summary and Comparison of the Experimental
Results. The four Fickian diffusion coefficients measured in
the present work for the ternary system THN—IBB—nC12 are
presented graphically as contour maps in Figure 10,
demonstrating the concentration dependence of the main and
cross-diagonal coefficients of the diffusion matrix. Notice that
the color scale at each triangle is different because the variation
amplitude of each quantity is different. The asymptotic
behavior near binary limits given by eq 29, has been
incorporated into the plots of Figure 10, taking the data for
the binary subsystems from from Gebhardt et al.™* As it is seen
in Figure 10, both main diagonal coefficients D;; and D,,
exhibit distinct nonlinear behavior, with extreme points in
different parts of the component concentration triangle. In
particular, coeficient D,; reaches its maximum value in THN
poor region of the triangle, ie, in the range of mixture
compositions where ¢; < 0.2 and 0.5 < ¢, < 0.7. Coefhicient D,,
exhibits a minimum in nC12 poor region of the triangle, when
0.5 <¢; £0.7 and 0.3 < ¢, < 0.4. It should be mentioned that,
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for all 20 investigated mixtures, Dy; is larger than D,, (see
Table 2) although the difference decreases as ¢, — 0 and,
actually, for the point closer to the ¢, = 0 axis (no. 20 in Table
2), both coefficients are identical within experimental errors. As
can be further observed in Figure 10, the magnitude (absolute
value) of Dy, is smaller than D, over the whole composition
range. These off-diagonal coefficients of the diffusion matrix,
D,, and D,,, exhibit as a function of the concentrations visible
regions of extremum. The coefficient D}, has a maximum when
0.15 < ¢; £0.35 and 0.45 < ¢, < 0.65. Minimum values of D,;
are observed when 0.1 < ¢; £ 0.3 and 0.5 < ¢, < 0.65. In the
concentration triangle of Figure 10c one can observe a region
where the coefficient Dy, changes sign from positive to negative
values. However, D), has a negative sign throughout the area of
the concentration triangle of Figure 10d. Over the entire
concentration space the system does not reveal a sharp change
of the coefficients.

Contour maps for the eigenvalues D, and D, are presented in
Figure 11, showing a smooth and gradual change in the
magnitude of both. Minimum values of D, and D, are observed
in the region where the mass fraction of THN is larger than 0.7,
while maximum eigenvalues are shown when ternary mixture
contains small quantities of THN (less than 0.1).

The numerical values of the data shown in Figures 10 and 11
are listed in Table 2, containing quantitative results for the
diffusion coeflicients measured by Taylor dispersion in the
ternary mixture THN—IBB—nC12. The table presents the four
diffusion coefficients, the eigenvalues and the determinant of
the diffusion matrix for all the investigated mixture
compositions shown in Figure 2.

As it was mentioned in the Introduction, the ternary mixture
of THN—IBB—nC12 has been studied as a benchmark
solution. Table 3 presents data available in the literature for
the diffusion coefficients measured by different experimental
techniques: sliding symmetric tubes,'””” optical beam de-
flection technique,14 counter flow cell technique15 and open-
ended capillary technique.’® Note that, for all the listed data in
Table 3, the eigenvalues were recalculated according to eqs 11
and 12. Direct comparison of Tables 2 and 3 is possible only for
the experimental points labeled in Figure 2 by numbers 1, 5, 10,
19. Particularly interesting comparisons can be made for the
two points no. 5 (0.8, 0.1) and no. 10 (0.33, 0.33) where the
results of more than two sources can be balanced. The first
observation is that all techniques in these two points provide
somewhat similar eigenvalues, although with some apparent
discrepancies.
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Table 3. Comparison of Ternary Diffusion Coefficients
Measured in Mixtures of THN(1)—IBB(2)—nC12(3) by
Different Experimental Techniques”

51 5] Dy, Dy, D, D, D, D,
Sliding Symmetric Tubes (SST)'**°
0.10 0.10 10.00 -0.8 -1.5 10.00 11.1 89
045 010 715" 032 —0.14 663" 704 674
0.40 0.20 8.00 13 —-1.3 4.00 7.5 4.5
0.10 0.80 10.00 —-0.21 -1.7 7.00 10.1 6.9
0.33 0.33 8.00 -2.30 —2.00 6.00 9.4 4.6
0.80 0.10 52 —-1.1 0.4 8.3 8.2 54
Optical Beam Deflection Technique (OBD)"*
0.33 0.33 5.62 -5.91 1.08 12.18 10.99 6.81
Counter Flow Cell Technique (CFC)"®
0.33 0.33 11.6 0.32 —6.18 6.65 11.2 7.09
Open-Ended Capillary Technique (OEC)*

0.80 0.10 S.5 —-0.99 0.002 6.6 6.6 S.5

“The first two columns indicate concentrations c; in mass fractions and
then diffusion coefficients Dij/ 107 m?/s and eigenvalues D,/ 10710
mz/ S. hPrivate communication.

The main issue which rises up from the comparison of
Tables 2 and 3 is related to the main diffusion coefficients:
which of them is larger, D,; or D,,? One can analyze this issue
in more detail referring to previous measurements of diffusion
coefficients in the binary subsystems.”* From these measure-
ments and the correlations therein one can estimate the
diffusion coefficients of THN and IBB at the infinite dilution
limits and, thus, obtain a rough idea on the ratio of their
mobilities within the ternary media. Diffusion coefficients of
THN at infinite dilution in IBB and nC12 are Dfyn_is =
11.3 X 107 m*/s and DSy nciz = 104 X 107'° m?/s,
respectively. Isobutylbenzene at infinite dilution limit in tetralin
and n-dodecane has diffusion coefficients Digg_rpny = 6.1 X
107"° m?*/s and Df§_nc1o = 10.3 X 107 m?/s, respectively.
Then, one may expect that in mixed media tetralin will have
somewhat larger mobility with respect to isobutylbenzene, and
so, superiority of D;; over D,, is expected. This is in line with
our experimental observations, where D, is always larger than
D,,. However, notice that approaching to the bottom side when
¢, = 0 the difference (D,;, — D,,) diminishes; see in Table 2
the points labeled nos. 4, S, and 20. This last observation can
lead to consistency with both the measurements by SST'**’
and OEC”® which report D,, > D, for small concentration of
IBB.

Note that the investigated mixtures also comprise four
compositions that were examined in microgravity experiments
in the ESA DCMIX, project, they are labeled in Figure 2 by
nos. 1, 5, 14, and 19. The fifth DCMIX, point (0.40, 0.20, 0.40)
is out of the selected paths, but the diffusion coefficients can be
easily evaluated from the values on path nos. 4 and 6. The
measured diffusion coefficients will provide a valuable support
for obtaining Soret coeflicients from DCMIX, raw data.

An important remaining question from the studies carried
out in this work is correct evaluation of experimental
uncertainties. All experimental data have associated uncertain-
ties, no matter how hard one tries to minimize them. In
multicomponent diffusion measurements the problem of
uncertainty is really tough due to several reasons. First, the
diffusion coefficients are obtained by fitting (solution of a
minimization problem) and not by straightforward calculations.
Second, an objective function subjected to the minimization
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possesses a pronounced valley-type landscape.'' These features
lead to high sensitivity of the results to small experimental
imperfections and to extended scattering of measured
coeflicients.

The experimental uncertainty was evaluated in the following
way. Determination of full diffusion matrix relies on several (by
default n = 3) samples and each of them was injected several
times (by default k = 3 as well). Three data sets were used
simultaneously in the fitting procedure. Since the injection of
each of the three samples was repeated three times, the number
of possible permutations forming a cluster of three data sets is
k" = 27. Each data set was subjected to fitting as an individual
experiment. With such an approach, by conducting n X k = 9
experimental runs, we obtained 27 sets of sought coeflicients
for the same diffusion experiment. Then the average values and
standard deviations were calculated. One may also express the
relative uncertainty (in percents), when the standard deviation
is divided by the average value. The calculated relative
uncertainty yielded coherent results which can be applied to
all measurements:

op,, = 2%, op = 8%, op = 4%
op, = 3%, op, = 1.5%

We do not provide a relative uncertainty of the coefficint D,
whose numerical value is very close to zero. The smallest error
is attributed to the minor eigenvalue. It is expected, because
namely the minor eigenvalue dominates in the majority of
experimental signals, as can be seen, eg, in Figure 6. The
presented combinatorial approach was used only for the error
estimation in several points. For the regular results processing,
the simultaneous fit of the full data set consisting of n X k=9
runs was used as it is less labor intensive.

IV. CONCLUSIONS

We have performed a comprehensive study of the Fickian
diffusion coeflicients in the ternary liquid mixture of 1,2,34-
tetrahydronaphthalene (THN, 1), isobutylbenzene (IBB, 2)
and n-dodecane (nCl12, 3) at a constant temperature of
T = 298.1 K and at atmospheric pressure. The mutual diffusion
coefficients were measured in 20 compositions of mixtures by
using the Taylor dispersion technique. It was found that the off-
diagonal elements of the diffusion matrix cannot be neglected
for this ternary mixture of hydrocarbons. In particular, the
numerical value of the cross-diffusion D,; has almost the same
order of magnitude as the main diffusion coefficient D,,, but a
negative one. The other cross diffusion coeflicient, D,, is
always very small. A similar disparity between off-diagonal
elements was observed in the associated ternary mixture of
water—ethanol—triethylene glycol.”’ The main diffusion co-
efficients are positive and vary smoothly over the entire
concentration space in the range of (5.0—12.7) X 107'° m?/s.
The main diffusion coefficient D,, is always larger than the
other one, D;; > D,,.

Which of the main diffusion coefficients is larger has been an
open question in the current literature,"*™">*® which seems to
be closed by this work. The advantage of the present study is
that coeflicients were measured not in a single point but along
concentration paths starting on one binary subsystem and
moving toward to other one. First, we derived expressions for
the asymptotic behavior of a ternary mixture approaching
binary limits. Then, on each of six concentration paths, we
presented rigorous evidence that the constrains at the binary
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limits are perfectly fulfilled. Such a positive outcome gives
confidence that both the experimental approach and the fitting
procedure provide valid results. We hope that the present
experimental results will motivate new diffusion research, in
particular, molecular dynamic simulations.
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