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Determination of the molecular diffusion coefficients in ternary mixtures
by the sliding symmetric tubes technique
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A new analytical methodology has been developed to determine the diagonal and cross-diagonal
molecular diffusion coefficients in ternary mixtures by the Sliding Symmetric Tubes technique.
The analytical solution is tested in binary mixtures obtaining good agreement with the results of
the literature. Results are presented for the ternary mixture formed by tetralin, isobutylbenzene,
and dodecane with an equal mass fraction for all the components (1–1–1) which is held at 25 ◦C.
Diagonal and cross-diagonal coefficients are determined for the three possible orders of compo-
nents, in order to compare the results with those available in the literature. A comparison with
published results shows a good agreement for the eigenvalues of the diffusion matrix, and a rea-
sonable agreement for the diagonal molecular diffusion coefficients. © 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4864189]
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I. INTRODUCTION19

The phenomenon of molecular diffusion in multicompo-20

nent mixtures has attracted a great interest within the scien-21

tific community, and it has been analyzed in multiple pro-22

cesses of different sectors, such as human biology,1 materials23

engineering,2 or food industry.324

In 1855, Fick established the first quantitative relation25

for molecular diffusion, known as Fick’s law,4 and since then26

different experimental procedures have been developed in or-27

der to determine the molecular diffusion coefficient. In the28

case of binary mixtures, this phenomenon has been studied29

in depth and currently there are many well-established and30

proven experimental techniques which allow the determina-31

tion of this coefficient. Among them are Thermal Diffusion32

Forced Rayleigh Scattering (TDFRS) (Ref. 5), Open Ended33

Capillary (OEC) (Ref. 6), Optical Beam Deflection,7 Optical34

Digital Interferometry,7 techniques that use the Taylor dis-35

persion principle,8 and the Sliding Symmetric Tubes (SST)36

technique.937

In the case of ternary mixtures, the existence of diago-38

nal and cross-diagonal molecular diffusion coefficients makes39

their determination considerably more difficult. In the last few40

years, several works have been published in which the deter-41

mination of these molecular diffusion coefficients has been42

attempted; however, the availability of results in the literature43

is limited, so currently, the reliability of these methods has44

still to be tested. For example, Königer et al.10 tried to solve45

the problem applying a second wavelength for the determina-46

tion by the Two Colour Optical Beam Deflection technique;47

Mialdun et al.11 devised a new instrument based on inter-48

ferometry to determine the molecular diffusion coefficients.49

Leahy-Dios et al.12 used the OEC technique combining the50

a)Author to whom correspondence should be addressed. Electronic mail:
mbouali@mondragon.edu

density and refractive index measurements for the determina- 51

tion of the molecular diffusion coefficients and Santos et al.13
52

and Capuano et al.1 used the Taylor dispersion principle and 53

the Gouy interferometer, respectively. In addition, simulations 54

based on molecular dynamics14 and prediction models3 have 55

been undertaken in order to determine the molecular diffusion 56

coefficients in ternary mixtures. In Larrañaga et al.,15 an an- 57

alytical solution applied to SST technique was developed to 58

determine the diffusion coefficients in ternary mixtures. Re- 59

cently, Mialdun et al.16 have published a new paper determin- 60

ing the molecular diffusion coefficients in ternary mixtures 61

by two independent experimental techniques: Taylor disper- 62

sion technique and digital interferometry applied to a Counter 63

Flow Cell. 64

As commented in Mialdun and Shevtsova,17 the correct 65

determination of the molecular diffusion coefficients is very 66

important for the determination of the thermodiffusion coef- 67

ficients because, except in the case of the thermogravitational 68

column, in the other techniques it is necessary to consider 69

these two diffusion coefficients combined with Soret coeffi- 70

cient, so that the thermodiffusion coefficient for each compo- 71

nent may be determined. 72

Therefore, the principal objective of the present work 73

is the determination of the diagonal and cross-diagonal 74

molecular diffusion coefficients in ternary mixtures by the 75

SST technique. To this end, the mixture formed by 1,2,3,4- 76

tetrahydronaphthaline (THN), isobutylbenzene (IBB), and n- 77

dodecane (nC12), with equal mass fraction and at 25 ◦C has 78

been used. This mixture was selected by the group which 79

takes part in the project DCMIX (Ref. 18) and which is 80

formed by 14 teams at international level in order to perform 81

analytical, numerical, and experimental studies both in ter- 82

restrial conditions and in microgravity, by the installation Se- 83

lectable Optical Diagnostic Instrument (SODI) in the Interna- 84

tional Space Station and by applying a purely optical analysis 85

system based on two wavelengths. 86
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This article is organized as follows. In Sec. II, the87

methodology, both experimental and analytical, for the deter-88

mination of the molecular diffusion coefficients by the SST89

technique is described. In Sec. III, experimental results ob-90

tained for both binary and ternary mixtures and the discus-91

sion about them are presented. Finally, conclusions are given92

in Sec. IV.93

II. METHODOLOGY94

A. Experimental procedure95

The SST technique has been successfully applied in the96

case of binary mixtures19–21 and it consists of several sets97

of tubes (Figure 1) which have two positions. In the faced98

tubes position, the contents of both tubes are in contact and99

the transport of matter between the tubes arises by molecu-100

lar diffusion. By contrast, in the separated tubes position the101

diffusive process is stopped. All the tubes are filled with the102

same mixture, but with a slight difference of concentration103

between the upper and bottom tubes. In an experiment, all the104

sets of tubes are filled in the separated tubes position and they105

are introduced into a water bath (see Figure 2) with a temper-106

ature control of 0.1 ◦C, which will maintain them at the same107

temperature throughout the whole experiment. At the begin-108

ning of the experiment all the sets are changed to the faced109

tubes position so that diffusion may be initiated. From that110

moment, at various predetermined intervals of time, each tube111

is changed to the separated tubes position, to preserve their112

contents for later analysis. At the end of the experiment, the113

variation of the concentration with time is constructed from114

the concentrations in each of the tubes (see Figure 3).115

In order to determine the concentration of each point in a116

ternary mixture, its density and refractive index are measured117

by an Anton Paar DMA 5000 vibrating quartz U-tube den-118

simeter with an accuracy of 5 × 10−6 g/cm3 and by an Anton119

Paar RXA 156 refractometer with an accuracy of 2 × 10−5
120

FIG. 1. A set of siding symmetric tubes.

FIG. 2. Installation of the sliding symmetric tubes technique.

RIU, respectively. Mialdun and Shevtsova17 and Sawicka and 121

Soroka22 show that these two properties allow the most accu- 122

rate determination of the concentration of each component. In 123

order to determine the concentration from the density and the 124

refractive index it is necessary to do a prior calibration where 125

measurements are made of the density and the refractive in- 126

dex of 25 mixtures with concentrations that are close to that 127

of the study. Once the calibration coefficients are determined, 128

the concentration of each component, wi , in each point is cal- 129

culated by the following equations: 130

w1 = c′(ρ − a) − c(nD − a′)
bc′ − b′c

, (1)

131

w2 = b(nD − a′) − b′(ρ − a)

bc′ − b′c
, (2)

132

w3 = 1 − w1 − w2, (3)

where ρ and nD are the density and the refractive index, 133

respectively, and a, a′, b, b′, c, and c′ are the calibration 134

FIG. 3. Variation of the concentration with time in the upper and the bottom
tubes determined by the SST technique, for the mixture THN-IBB with 50%
mass fraction and at 25 ◦C.
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parameters calculated for the mixture (see Larrañaga et al.15
135

for details).136

B. Analytical solution137

First, an analytical solution for binary mixtures was de-138

veloped, which allowed the determination of the molecular139

diffusion coefficient from the experimental measurements of140

the variation of the concentration with time.19 The working141

equations are the following:142

wbot |m(t) − wbot
i + w

up

i

2

= 4

π2
· (

wbot
i − w

up

i

) ·
∑∞

n=0

e
−(n+ 1

2 )2· π2

L2 ·D·t

(2n + 1)2
, (4)

143

wup |m(t) − wbot
i + w

up

i

2

= 4

π2
· (

w
up

i − wbot
i

) ·
∑∞

n=0

e
−(n+ 1

2 )2· π2

L2 ·D·t

(2n + 1)2
, (5)

where wup |m(t) and wbot |m(t) are the mean concentration in144

the upper and lower tubes respectively, as functions of time;145

w
up

i and wbot
i are the respective initial concentrations, D is the146

molecular diffusion coefficient, which is constant in the case147

of small concentration variations, and L is the length of the148

tube.149

As may be noted, the formulae given in Eqs. (4) and150

(5) are linearly dependent and therefore it follows, not sur-151

prisingly, that the molecular diffusion coefficient must be the152

same in both tubes for binary mixtures.153

In Larrañaga et al.,15 an initial analytical solution for154

ternary mixtures was obtained by following the same Fourier155

series procedure as for the case of binary mixtures. The evo-156

lution of the mean concentration of component j was found to157

take the following form:158

φbot
j

∣∣
m(t) − φbot

ji + φ
up

ji

2

= 4

π2
· (

φbot
ji − φ

up

ji

) ·
∑∞

n=0

e
−(n+ 1

2 )2· π2

L2 ·λj ·t

(2n + 1)2
, (6)

159

φ
up

j

∣∣
m(t) − φbot

ji + φ
up

ji

2

= 4

π2
· (

φ
up

ji − φbot
ji

) ·
∑∞

n=0

e
−(n+ 1

2 )2· π2

L2 ·λj ·t

(2n + 1)2
, (7)

for j = 1, 2 and where φ
up/bot

j |m(t) is the new variable for160

the mean concentration in the upper and the lower tubes, re-161

spectively, φ
up/bot

j i is the new variable for the initial concen-162

tration in the upper and the lower tubes, respectively, and the163

λj-values are the eigenvalues of the diffusion matrix.164

As may be observed, these equations have now become165

considerably more complicated and in this case there are two166

linearly independent equations (for each components 1 and 2)167

with four unknowns (the two diagonal diffusion coefficients168

and another two cross-diagonal diffusion coefficients). That169

is why a nonlinear fitting had to be applied in order to de- 170

termine the diffusion coefficients. Before applying the fitting, 171

the changes of variable were undone, so that the equations be- 172

came more complicated but we could fit directly the four dif- 173

fusion coefficients. However, the complexity of the equations 174

made it impossible to achieve reliable results with different 175

fitting methods, as is detailed in Larrañaga et al.15
176

That difficulty has motivated the development of a new 177

analytical solution which allows the determination of the 178

diffusion coefficients for both binary and ternary mixtures. 179

The new analytical solution is based on the well-known 180

self-similar solution of Fourier’s equation for an impulsively 181

heated solid which is found in Carslaw and Jaeger,23 and it is 182

described hereafter; the method is illustrated first for binary 183

mixtures and then it is extended to ternary mixtures. 184

C. New analytical solution for binary mixtures 185

It is intended to solve Fick’s second law, 186

∂w

∂t
= D · ∂2w

∂y2
, (8)

for relatively short times, by which we mean that the devel- 187

oping interface between the upper and lower tubes has not 188

yet reached the far ends of those tubes. In this regime, the 189

evolving front satisfies a self-similar solution for which the 190

following changes of variable are required: 191

η = y

2
√

Dt
, (9)

192

τ = √
t, (10)

where y is the vertical variable. While within the self-similar 193

regime the time-derivative may be neglected and therefore the 194

equation for the concentration transforms to 195

w′′ + 2ηw′ = 0, (11)

where w′ and w′′ are the first and the second derivatives of the 196

concentration with respect to η. 197

The boundary conditions in this case, taking into account 198

the variable transformation, are the following: 199

w → wbot
i as η → −∞,

w → w
up

i as η → +∞,
(12)

where w
up

i and wbot
i are the initial concentration in the up- 200

per and lower tubes, respectively. Upon solving Eq. (11), the 201

following expression for the concentration is obtained: 202

w = w
up

i + wbot
i − w

up

i

2
erfc (η) , (13)

where erfc(η) is the well-known complementary error func- 203

tion of η.23
204

The mean concentration in each tube is obtained by in- 205

tegrating the solution given in Eq. (13) over the length of the 206

tube, and then dividing it by the length of the tube, L, 207

1

L

L

∫
0
w dy = w

up

i +
(
wbot

i − w
up

i

)
L

√
Dt

π
. (14)
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FIG. 4. Variation of the concentration with the square root of time for the
mixture THN-IBB at 50% of mass fraction at 25 ◦C.

It is important to note that Eq. (14) remains valid until208

the diffusion front (i.e., the region of mixing between the two209

reservoirs) begins to reach the ends of the tubes. Equation (14)210

shows that the mean concentration varies linearly with t1/2 and211

therefore Figure 4 has been created to show this linear vari-212

ation of the upper and lower mean concentrations with the213

square root of time for the mixture THN-IBB with mass frac-214

tion of 50% and at 25 ◦C. As can be seen, the variations are215

almost linear and therefore the molecular diffusion coefficient216

as given by the upper tube data may be determined directly by217

the following expression:218

Sup =
(
wbot

i − w
up

i

)
L

√
D

π
, (15)

where Sup is the slope of the linear regression formed by the219

concentration points in the upper tube. If the slope formed220

by the concentration points in the lower tube is taken, then221

the diffusion coefficient which is obtained is the same. The222

presence of linearity in Figure 4 also shows that the diffusion223

front has not reached the ends of the tubes, and therefore the224

self-similar solution given in (13) is valid.225

D. New analytical solution for ternary mixtures226

In the case of ternary mixtures, the procedure is similar227

to the case of binary mixtures, but it is necessary to use a sec-228

ond change of variable in order to account for the presence of229

two different eigensolutions of the diffusion matrix, as will be230

seen. For ternary mixtures, Fick’s second law may be written231

as follows:232

∂w1

∂t
= D11 · ∂2w1

∂y2
+ D12 · ∂2w2

∂y2
, (16)

233

∂w2

∂t
= D21 · ∂2w1

∂y2
+ D22 · ∂2w2

∂y2
, (17)

where D11 and D22 are the diagonal diffusion coefficients and234

D12 and D21 are the cross-diagonal diffusion coefficients. The235

variable changes applied in this case are the following: 236

η = y

2
√

t
, (18)

237

τ = √
t, (19)

238

z = αη, (20)

where α is an eigenvalue which is to be found. Once more we 239

assume that the diffusion front has not reached the extreme 240

ends of the tubes, and therefore the following self-similar 241

equations are obtained for the concentrations of the compo- 242

nents 1 and 2: 243

D11α
2w′′

1 + 2zw′
1 + D12α

2w′′
2 = 0, (21)

244

D21α
2w′′

1 + D22α
2w′′

2 + 2zw′
2 = 0, (22)

where primes now denote derivatives with respect to the 245

variable z. 246

The boundary conditions in this case are similar to the 247

ones in the case of binary mixtures: 248

w1 → wbot
i1 and w2 → wbot

i2 as η → −∞,

w1 → w
up

i1 and w2 → w
up

i2 as η → +∞,
(23)

where w
up

i1 , wbot
i1 , w

up

i2 , and wbot
i2 are the initial conditions 249

of the components 1 and 2 in the upper and lower tubes, 250

respectively. 251

Upon solving Eqs. (21) and (22), the following ex- 252

pressions are obtained for the concentrations of the two 253

components: 254

w1 = Aerfc (z1) + Berfc (z2) + w
up

i1 , (24)

255

w2 = A

(
1 − D11α

2
1

D12α
2
1

)
erfc (z1)

+B

(
1 − D11α

2
2

D12α
2
2

)
erfc (z2) + w

up

i2 , (25)

where the constants A and B are given by the following func- 256

tions of the diffusion coefficients and the initial concentra- 257

tions of the components 1 and 2 in the upper and the lower 258

tubes: 259

A = D12α
2
1α

2
2

(
wbot

i2 − w
up

i2

) − α2
1(wbot

i1 − w
up

i1 )
(
1 − D11α

2
2

)
2
(
α2

2 − α2
1

) ,

(26)
260

B = D12α
2
1α

2
2

(
wbot

i2 − w
up

i2

) − α2
2(wbot

i1 − w
up

i1 )
(
1 − D11α

2
1

)
2
(
α2

1 − α2
2

) ,

(27)
the values α1 and α2, which are proportional to the eigenval- 261

ues of the diffusivity matrix, are given by 262

α1=
√

−(D11+D22) −
√

(D11+D22)2 + 4(D12D21−D11D22)

2(D12D21−D11D22)
,

(28)
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263

α2 =
√

−(D11+D22)+
√

(D11+D22)2+4(D12D21−D11D22)

2(D12D21−D11D22)
,

(29)
and264

z1 = α1η, (30)

265

z2 = α2η. (31)

As in the case of binary mixtures, the expressions given266

in Eqs. (24) and (25) are integrated and then divided by the267

length of each tube to give the mean concentration for each268

component in each of the tubes:269

1

L

L
∫
0
w1dy = w

up

i1 + 2

L

√
t

π

(
A

α1
+ B

α2

)
, (32)

270

1

L

L
∫
0
w2dy

=w
up

i2 + 2

L

√
t

π

(
A

α1

(
1 − D11α

2
1

D12α
2
1

)
+ B

α2

(
1 − D11α

2
2

D12α
2
2

))
.

(33)

Equations (32) and (33) show that, in the case of ternary271

mixtures, the concentration of each component also varies lin-272

early with the square root of time. Equations (32) and (33)273

may be therefore manipulated as before to give the slope of274

the line corresponding to each component:275

S1 = 2

L
√

π

(
A

α1
+ B

α2

)
, (34)

276

S2 = 2

L
√

π

(
A

α1

(
1 − D11α

2
1

D12α
2
1

)
+ B

α2

(
1 − D11α

2
2

D12α
2
2

))
,

(35)
where S1 and S2 are the slopes formed by the linear regression277

of the concentration of components 1 and 2, respectively, with278

respect to the square root of time.279

In order to determine the molecular diffusion coefficients280

in ternary mixtures, it is necessary to have experimental data281

from two independent experiments of the same mixture where282

the initial concentrations are different. In this way, a system of283

four equations (i.e., Eqs. (34) and (35) for two different exper-284

iments) and four unknowns (the four diffusion coefficients) is285

obtained. It is impossible to solve for the four coefficients an-286

alytically because the four equations are highly nonlinear, but287

they may be found very rapidly using a straightforward four-288

dimensional Newton-Raphson method.289

III. RESULTS AND DISCUSSION290

In this section, first the molecular diffusion coefficients in291

binary mixtures determined by the classical and new analyti-292

cal solutions are shown and compared, and then, the diagonal293

and cross-diagonal molecular diffusion coefficients in ternary294

mixtures are determined from the new analytical solution.295

FIG. 5. Comparison of the results obtained by Eqs. (4) and (5), and
Eq. (15) for the binary mixtures formed by THN, IBB, and nC12 with 50%
of mass fraction and the mixture formed by water-isopropanol for many dif-
ferent mass concentrations of water; all cases are at 25 ◦C.

A. Binary mixtures 296

In previous works,19–21 the validity of the SST technique 297

and the classical analytical solution (given by Eqs. (4) and 298

(5)) for the determination of the molecular diffusion coeffi- 299

cients in binary mixtures have been shown to be accurate. 300

Figure 5 compares the results obtained by the present new 301

formulation (given by Eq. (15)) with the ones obtained by the 302

classical solution (given by Eqs. (4) and (5)). The data used 303

are for the binary mixtures formed by THN, IBB, and nC12 304

with 50% of mass fraction and at 25 ◦C, and for the mixture 305

water-isopropanol for many different mass concentrations of 306

water and at 25 ◦C. 307

The very good agreement between the results obtained 308

by the two methods demonstrates the validity of the new ana- 309

lytical solution developed in this work, for the case of binary 310

mixtures. 311

B. Ternary mixtures 312

In Larrañaga et al.,15 the determination of the diagonal 313

and cross-diagonal molecular diffusion coefficients using the 314

classical analytical solution (Eqs. (6) and (7)) was attempted. 315

However, as has been pointed out, the establishment of a fit- 316

ting method which allows reproducible results to be obtained 317

and which does not depend on the fitting conditions was found 318

to be impossible. By contrast, the new analytical solution de- 319

veloped in this work only requires a simple straight-line fit 320

to obtain slopes and then the diffusion coefficients in ternary 321

mixtures may be calculated directly by the Newton-Raphson 322

method. 323

In this work, the results obtained for the ternary mixture 324

THN-IBB-nC12 with equal mass fractions and at 25 ◦C are 325

shown, and they are compared to the results published in the 326

literature. 327

The experimental determination of the diagonal and 328

cross-diagonal molecular diffusion coefficients in ternary 329

mixtures requires experimental data from two independent 330



000000-6 Larrañaga, Rees, and Bou-Ali J. Chem. Phys. 140, 000000 (2014)

TABLE I. Initial concentrations and slopes, S (s−1/2), for each component
in the upper and the bottom tubes, in the two experiments carried out in this
work, at 25 ◦C.

Expt. 1 Expt. 2

w (THN) up 0.3033 0.3033
w (THN) bot 0.3633 0.3633
w (IBB) up 0.3433 0.3333
w (IBB) bot 0.3233 0.3333
w (C12) up 0.3533 0.3633
w (C12) bot 0.3133 0.3033
S (THN) up (s−1/2) 1.58 × 10−5 1.49 × 10−5

S (THN) bot (s−1/2) −1.58 × 10−5 −1.49 × 10−5

S (C12) up (s−1/2) −0.96 × 10−6 −1.43 × 10−5

S (C12) bot (s−1/2) 0.96 × 10−6 1.43 × 10−5

experiments where the initial concentrations are different.331

Table I shows the initial concentrations of each component332

in the two experiments used in this case.333

As for the case of binary mixtures, the variation of the334

concentration with the square root of time is linear. Figure 6335

shows some experimental results for the mixture THN-IBB-336

nC12 with equal mass fraction and 25 ◦C, corresponding to337

the experiment 1 of Table I.338

Prior to showing further results, it is necessary to discuss339

the implications of the choice of the order of components in340

a ternary mixture. The four molecular diffusion coefficients341

which are found depend on which two components of the342

three are assigned to the variables w1 and w2 in the flux Eqs.343

(36) and (37). This is why special care needs to be taken when344

results from different scientific groups are compared:345

J1 = −ρ (D11∇w1 + D12∇w2) , (36)

346

J2 = −ρ (D21∇w1 + D22∇w2) . (37)

However, it is quite straightforward to manipulate the347

pair of coupled Fick’s equations for these two components348

FIG. 6. Variation of the concentration with the square root of time for the
components THN, IBB, and nC12 at 25 ◦C, obtained from the upper tube of
the SST technique.

TABLE II. Molecular diffusion coefficients determined in this work for the
mixture THN-IBB-nC12 with equal mass fraction and at 25 ◦C for the three
possible orders of components.

Order of components D11 × 10−10 D12 × 10−10 D21 × 10−10 D22 × 10−10

w1-w2-w3 (m2/s) (m2/s) (m2/s) (m2/s)

THN-IBB-nC12 6.16 − 4.61 0.37 11.40
THN-nC12-IBB 11.30 5.08 0.14 6.65
nC12-IBB-THN 6.54 − 0.51 − 0.37 11.06

into the corresponding forms for either of the other two pos- 349

sible choices of the components as shown in Königer et al.10
350

Because of the analysis method used in the present labo- 351

ratory, the best accuracy was obtained when the components 352

with highest and the lowest densities are chosen, and it is 353

these that were generally chosen to be w1 and w2. However, 354

in order to compare the present results with those available 355

in the literature, the molecular diffusion coefficients for all 356

three possible orders of components have been determined ex- 357

perimentally. Table II shows the diagonal and cross-diagonal 358

molecular diffusion coefficients for the three possible orders 359

of components in the mixture. 360

In the three cases, the molecular diffusion coefficients 361

satisfy the restrictions detailed in Mutoru et al.24
362

The literature about molecular diffusion in ternary mix- 363

tures of hydrocarbons is very limited. For our same mix- 364

ture and composition, there are only three works published. 365

Königer et al.10 determined the molecular diffusion coef- 366

ficients using the two colour optical beam deflection tech- 367

nique (OBD), considering the component order nC12-IBB- 368

THN. Mialdun et al.11 measured the molecular diffusion 369

coefficients by a counter flow cell fitted with an optical inter- 370

ferometry device (CFC), and the component order THN-IBB- 371

nC12 was preferred. Afterwards, this same team published 372

a new work16 where two independent techniques were used: 373

the counter flow cell fitted with an optical interferometry de- 374

vice (CFC) and Taylor dispersion technique (TDT). This last 375

work16 emerges as more confident for the team of Mialdun 376

et al.; however, as the published results for molecular diffu- 377

sion coefficients in ternary mixtures are limited, we have com- 378

pared the results of the three works available in the literature. 379

Table III shows the eigenvalues of the diffusion matrix
determined here by the SST technique (rows 2, 3, and 4) and
the ones determined by OBD (Ref. 10) (row 5), CFC (Ref. 11)

TABLE III. Comparison between the eigenvalues of the diffusion matrix
obtained in this work and the results of the literature.

Data Order of components D̂1 × 10−10 D̂2 × 10−10

source w1-w2-w3 (m2/s) (m2/s)

Present study: SST THN-IBB-nC12 6.51 11.10
THN-nC12-IBB 6.49 11.50
nC12-IBB-THN 6.50 11.11

OBD10 nC12-IBB-THN 6.81 10.99
CFC11 THN-IBB-nC12 7.26 11.23
TDT16 THN-IBB-nC12 6.82 9.9
CFC16 THN-IBB-nC12 7.09 11.17
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TABLE IV. Comparison of the diffusion coefficients for the ternary mixture THN-IBB-nC12 with equal mass
fraction and at 25 ◦C, where THN and IBB form components w1 and w2, respectively.

Data Order of components D11 × 10−10 D12 × 10−10 D21 × 10−10 D22 × 10−10

source w1-w2-w3 (m2/s) (m2/s) (m2/s) (m2/s)

Present study: SST

THN-IBB-nC12

6.16 − 4.61 0.37 11.40
Present study: SSTa 6.22 − 5.08 0.28 11.73
OBD10,a 5.62 − 5.91 1.08 12.18
CFC11 6.92 1.06 − 1.37 11.57
TDT16 10.31 0.33 − 4.36 6.41
CFC16 11.61 0.32 − 6.18 6.65

aData have been transformed for the same order of components (Eqs. (A8)–(A11) in Königer et al.10).

TABLE V. Comparison of the diffusion coefficients in the ternary mixture THN-IBB-nC12 with equal mass
fraction and at 25 ◦C, where nC12 and IBB form components w1 and w2, respectively.

Data Order of components D11 × 10−10 D12 × 10−10 D21 × 10−10 D22 × 10−10

source w1-w2-w3 (m2/s) (m2/s) (m2/s) (m2/s)

Present study: SST

nC12-IBB-THN

6.54 − 0.51 − 0.37 11.06
Present study: SST,a 6.51 − 0.14 − 0.28 11.14
OBD10 6.70 0.43 − 1.08 11.10
CFC11,a 5.55 − 7.08 1.37 12.94
TDT16,a 5.95 − 0.79 4.36 10.77
CFC16,a 5.43 − 1.54 6.18 12.83

aData have been transformed for the same order of components (Eqs. (A8)–(A11) in Königer et al.10).

TABLE VI. Comparison of the diffusion coefficients in the ternary mixture THN-IBB-nC12 with equal mass
fraction and at 25 ◦C, where THN and nC12 form components w1 and w2, respectively.

Data Order of components D11 × 10−10 D12 × 10−10 D21 × 10−10 D22 × 10−10

source w1-w2-w3 (m2/s) (m2/s) (m2/s) (m2/s)

Present study: SST

THN-nC12-IBB

11.30 5.08 0.14 6.65
OBD10,a 11.53 5.91 − 0.43 6.27
CFC11,a 5.86 − 1.06 7.08 12.63
TDT16,a 9.98 − 0.33 0.79 6.74
CFC16,a 11.28 − 0.32 1.55 6.97

aData have been transformed for the same order of components (Eqs. (A8)–(A11) in Königer et al.10).

TABLE VII. Comparison of the Soret coefficients in the ternary mixture THN-IBB-nC12 with equal mass
fraction and at 25 ◦C.

Data Order of components ST HN
T × 10−3 SIBB

T × 10−3 SnC12
T × 10−3

source w1-w2-w3 K−1 K−1 K−1

Present study: TGC + SST THN-IBB-nC12 1.83 0.05 − 1.88
THN-nC12-IBB 1.82 0.07 − 1.89
nC12-IBB-THN 1.83 0.05 − 1.88

OBD10 nC12-IBB-THN 2.11 − 0.96 − 1.15
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(row 6), TDT (Ref. 16), and CFC (Ref. 16) (rows 7 and 8). The380

second column indicates the order in which the components381

have been taken in each case. The eigenvalues of the diffusion382

matrix do not depend on the order of the components chosen,383

so they may be compared directly.384

As can be observed, the agreement between the de-385

termined eigenvalues is reasonable, obtaining variations be-386

tween 1% and 12%.387

In order to make a comparison between the molecular388

diffusion coefficients obtained in this work and the ones pub-389

lished in the literature, in the three possible cases of order390

of components, the transformation of the diffusion matrix de-391

tailed in Eqs. (A8)–(A11) of Königer et al.10 has been applied392

to the results of this work and to the results of the literature,393

for the cases needed. Table IV shows the results found when394

the order of components is THN-IBB-nC12. Table V shows395

the results obtained when the order of components consid-396

ered is nC12-IBB-THN. Finally, Table VI shows the results397

obtained in the case of considering the order of components398

THN-nC12-IBB.399

As may be seen in Tables IV–VI, the agreement be-400

tween the diagonal diffusion coefficients determined in this401

work and the ones published in the literature is reasonable402

in most of the cases, especially with the results shown in403

Königer et al.10 In the case of the cross-diagonal diffusion404

coefficients, the differences are bigger, appearing in some405

cases even a disagreement in the sign. The disagreements be-406

tween the results of the different teams show the difficulty407

of the determination of the molecular diffusion coefficient408

in ternary mixtures. It is necessary to continue working in409

order to optimize the experimental techniques and the cor-410

responding analysis methods. For that purpose, we plan to411

continue analyzing this mixture but in the whole range of412

concentrations.413

In addition to the comparison of the molecular diffusion414

coefficients, it is also possible to compare the Soret coef-415

ficients of the mixture studied in this work. The Soret co-416

efficient can be determined from the measurements of the417

thermodiffusion and the molecular diffusion coefficients, by418

the expression shown in Mialdun and Shevtsova17 In Blanco419

et al.,25 this scientific team published the thermodiffusion420

coefficients for the mixture studied in this work determined421

by the thermogravitational technique (TGC). The molecular422

diffusion coefficients determined in this work by the SST423

technique allow determining Soret coefficients for the mix-424

ture THN-IBB-nC12 with equal mass fraction, at 25 ◦C. Ta-425

ble VII shows the results obtained in this work for the three426

different cases of order of components (rows 2–4) and the427

results determined experimentally by the OBD technique10
428

(row 5).429

As may be observed, independently of the order of430

components chosen, the Soret coefficient corresponding to431

each coefficient is the same (rows 2–5 of Table VII). The432

agreement between the results obtained in this work and433

the ones shown in Königer et al.10 is optimistic in order to434

continue developing the techniques to determine the trans-435

port properties in multicomponent mixtures, taking into ac-436

count the limited experimental results available for ternary437

mixtures.438

IV. CONCLUSIONS 439

An analytical method based upon the notion of self- 440

similarity has been developed to enable the determination of 441

molecular diffusion coefficients in ternary mixtures by the 442

SST technique. This method, when combined with a four- 443

dimensional Newton-Raphson scheme, yields the diffusion 444

coefficients very rapidly. The accuracy of these coefficients 445

depends first on the diffusion front not having yet reached the 446

extreme ends of the tubes in our SST experiment, and sec- 447

ond on the accuracy of the experimental technique itself. We 448

would claim that both of these conditions are satisfied because 449

the data shown in Figures 4 and 6 yield lines which are almost 450

exactly linear. 451

In this work, all the diagonal and cross-diagonal molecu- 452

lar diffusion coefficients corresponding to the mixture THN- 453

IBB-nC12 with equal mass fraction and at 25 ◦C have been 454

determined. After comparing these values with the ones 455

shown in the literature, the agreement between the eigenval- 456

ues of the diffusion matrix is particularly good and the agree- 457

ment between the molecular diffusion coefficients is accept- 458

able, especially in the case of the diagonal diffusion coeffi- 459

cients. As can be observed, the cross-diagonal molecular dif- 460

fusion coefficients are much more sensitive. 461
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