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 Determination of Molecular Diffusion Coefficient in n-Alkane Binary

. Mixtures: Empirical Correlations
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7 ABSTRACT: In this work we have measured the molecular
8 diffusion coefficient of the n-alkane binary series nC;-nC¢, nC;-
9 nC,g and nC;-nC,, at 298 K and 1 atm and a mass fraction of
10 0.5 by using the so-called sliding symmetric tubes technique.
11 The results show that the diffusion coefficient at this
12 concentration is proportional to the inverse viscosity of the
13 mixture. In addition, we have also measured the diffusion
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14 coefficient of the systems nC;,-nCg, nC;,-nC,, and nC;,-nCg as a function of concentration. From the data obtained, it is shown
15 that the diffusion coefficient of the n-alkane binary mixtures at any concentration can be calculated from the molecular weight of
16 the components and the dynamic viscosity of the corresponding mixture at 50% mass fraction.

I. INTRODUCTION

17 A concentration gradient within a mixture results in a mass
18 transport of its components from the zones of a higher
19 concentration to those of a lower concentration. This pheno-
20 menon, known as molecular diffusion, has generated great
21 interest since its discovery in the nineteenth century when, first
22 in gases and later on in liquids, it was studied with the aim of
23 understanding the atom’s behavior.

24 It was in 1855 when Fick' established the first quantitative
25 relation for the molecular diffusion phenomenon, known
26 nowadays as Fick's law. Since then, interest in this transport
27 property has increased, discovering a great number of fields in
28 which the molecular diffusion coefficient has a huge influence,
29 such as medicine or phisiology.”

30 As a consequence of this interest, there have appeared a
31 great number of apparatus designed for the determination of
32 the molecular diffusion coefficient. There are, for example,
33 techniques that employ the principle of Taylor dispersion” or
34 other techniques such as open ended capillary (OEC)* or
35 thermal diffusion forced Rayleigh scattering (TDERS)?
36 developed for the study of the molecular diffusion coefficient
37 in liquid mixtures. The different techniques used for the deter-
38 mination of the molecular diffusion coefficient can be found
39 elsewhere. >’

40  Some of these techniques, such as the OEC, have already
41 been satisfactorily used in several studies earlier.*'® With the
42 aim of correcting some of the limitations of this technique, the
43 sliding symmetric tubes (SST) technique has been developed.
44 This new technique takes out perturbations that appeared in
45 the OEC technique, especially in aspects such as evaporations
46 or manipulation of the apparatus, reducing, at the same time,
47 the liquid quantity needed to carry out a measurement. In this
48 work a complete description of the SST technique will be done,
49 including the improvements obtained compared with the OEC

-4 ACS Publications  © Xxxx American Chemical Society

technique, and the validation process used to validate this new so
technique. 51

On the other hand, nowadays, there exist several models s2
developed for the estimation of the molecular diffusion s3
coefficient.'"'* In order to check the validity of these models, s4
it is necessary to compare the theoretical values obtained with ss
the experimental ones. On some occasions, the procedure that s6
checks these models requires a huge number of experimental s7
values, which, at the same time, requires a great experimental ss
effort. In this work, a new correlation, which is capable of so
predicting the molecular diffusion coefficient in normal alkane 6o
binary mixtures, is presented. The use of this correlation may 61
help in the development of new theories or could be useful in 62
verifying the existing ones. 63

This article is organized as follows: In section II, the SST 64
technique is presented, and a complete description of the ss
experimental installation and its analytical resolution is done. In 66
this section, the process used to validate the technique is also 67
included. In section III, the results obtained in the measure- 68
ment of the molecular diffusion coefficient in several normal 69
alkane mixtures are presented, to continue with the discussion 70
and the development of new correlations for the prediction of 71
the molecular diffusion coefficient (D;,) in normal alkane 72
mixtures. In section IV, the conclusions obtained are based on 73
the study carried out in this work. 74

Il. SST TECHNIQUE

A. SST Technique Description. The SST technique 7s
consists of several sets of two identical vertical tubes. Each 76
set has two positions: “faced tubes” (Figure la), in which the 77
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Figure 1. (a) Scheme of the sets of the SST technique on “faced
tubes” configuration. (b) Scheme of the sets of the SST technique on
“separated tubes” configuration. (c) Scheme of the SST sets (2) inside
the water bath (3) in both their configurations: “faced tubes” position
(left) and “separated tubes” position (right) and the screws (1) used to
make the tubes slide. (d) Scheme of SST technique. w*P(¢) and ;m(t)
are the mass fractions of component i in the top and bottom recipient,
respectively.

mass transfer between both tubes is permitted, and “separated
tubes” (Figure 1b). In this position, the content of the tubes is
isolated. At the beginning of an experiment, the studied mixture
with a slight difference of mass fraction of its components is
introduced in each of the tubes. The mixture with a higher mass
fraction of the denser component is introduced in the bottom
tube, and the upper tube is filled with the mixture with a less
concentration of the denser component so that the convective
instability is avoided.

The SST technique introduces some improvements
compared with the OEC technique on which it is based. For
example, since the mixture is contained inside closed tubes,
evaporations are eliminated, which gives the advantage of using
this technique with volatile mixtures without reducing its
efficiency. Another fact that has been improved has been the
mixture quantity needed to carry out an essay. The OEC
technique requires a huge quantity of mixture (400 cm’
approximately). This quantity is highly reduced in the SST
technique, as it only needs around 100 cm?® of mixture in each
experiment. One more improvement has been done related to
the setup handling. In the OEC technique, whenever it is
needed to analyze the experiment evolution, it is necessary to
manipulate the setup. This fact affects the results of the
experiment, which are highly influenced by the experimenter’s
expertise. However, in the SST technique, thanks to its design,
all of these influences have been eliminated.

B. Analytical Solution. Assuming Fick’s second law in one

dimension (z: vertical direction), the following can be written:
w _ 9w
o o2 ©

where D;, is the molecular diffusion coefficient, which is
considered constant for small mass fraction (w) changes. The
formulation can be implemented as can be seen in Figure 1d
considering the following boundary conditions:

wbot OSZ<L
W(Z;O): t
WP L <z<al @)
ow(z, t
M:oatz=0, 2L andt >0
ot <

where w and w'P are the mass fractions of the bottom and

upper tube, respectively, and L is the tube length. Solving
eqs 1-3, we have

WwioP 4 Wbot 2(Wtop _ wbot)
P
2 1
o0 (—l)neq) COS(LEE)
2 L

w(z, t) =

n=0

where @ = —((2n + 1)/2)*(x/L)*D,t). Therefore, at the
middle point between both the tubes, we have

top bot
w(L, t) = witw ()

The change of mass fraction in each tube in function of time
can be obtained using the following equations:

Tor 1 2L
wP(t) = T -/L w(z, t) dz

B wioP 4 wbot 4(Wtop _ wbot)
2 n?
©
>
(2n + 1)
n=0 (6)

wat(t) 1 w(z, t) dz
LJo

B wioP 4 wbot 4(Wtop wbot)
2 n
©
&
(2n + 1)?
n=0 (7)

where W and w"™ are the mean mass fractions in the upper
and bottom tube, respectively. The solution of the inverse
problem posed by eqs 6 and 7 to obtain the molecular diffusion
coefficient (Dy,) is solved by the least-squares method using
Matlab software. Solving expressions 6 and 7 when n = 0, an
initial guess of the molecular diffusion coefficient Dy, is
obtained. This initial value is then used for obtaining the D,
coefficient iterating the eqs 10 times and using terms on the
summation up to n = 1000. The more experimental points
used, the more accurate the estimated value of the molecular
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127 diffusion coefficient. Typically up to 11 points are used in each
128 experiment. This tactic allows the use of experimental points
129 from the very beginning of the experiment, which does not
130 happen in other similar techniques that require some initial
131 experimental time before beginning the analysis of experimental
132 data.>®

133 C. Equipment and Procedure. We have used the SST
134 equipment designed and constructed in Mondragon Goi Eskola
135 Politeknikoa and described elsewhere."*™"> The two tubes with
136 which each set of the device is provided have the same dimen-
137 sions (length of 60 + 0.01 mm and diameter of 9 + 0.01 mm).
138 The experimental procedure starts with the preparation
139 of two mixtures of SO cm® with a mass fraction difference
140 (£4—6 wt %) so that the mean concentration of both mixtures
141 corresponds with the one of the mixture to be studied. The
142 tubes of several sets (typically 10) in their “separated tubes”
143 position are filled with the mixtures, next introducing the sets in
144 the water bath (Figure 1d) so that the mixture obtains the
145 working temperature (T = 298 K). The temperature of the
146 water in this bath is controlled by a thermostatic bath, which
147 has a temperature control of 0.1 K. In order to make sure that
148 the studied mixture is in the working temperature, the sets in
149 their “separated tubes” configuration are introduced in the bath
150 no less than 48 h before the beginning of the experiment.

151 Once the mixture has reached the working temperature,
152 all the sets in the bath are changed to their “faced tubes”
153 configuration, starting the diffusion process in this manner.
154 With the aim of making this transition, the bath has some
155 external screws (Figure 1c) that make sliding of the tubes
156 possible in a controlled way.

157 In determined time intervals, the position of the sets is
158 changed one by one using the screws back to the “separated
159 tubes position.” The time intervals in which the set’s positions
160 are changed are between 6, 12, or 24 h, depending on the speed
161 at which sensitive concentration changes occur in the tubes.
162 After stopping the mass transfer process between the tubes, the
163 sets are extracted from the bath, and the concentration in each
164 of them is analyzed. This allows obtaining the concentration
165 change in the tubes in function of time.

166 The SST technique was validated™'* using five binary
167 mixtures: the three binary mixtures composed of pairwise
168 combinations of tetrahydronaphtalene, normal dodecane, and
169 isobutylbenzene at 298 K and 50 wt % of each component used
170 in a benchmark test'® to compare various experimental tech-
171 niques and the binary mixtures: water—ethanol at 298 K and
172 60.88 wt % water and toluene-n hexane at 298 K and 51.67 wt %
173 toluene, which have been widely studied in the literature.'”>°
174 The experimental test was repeated at least twice. The re-
175 producibility of the experimental results of the SST technique is
176 within 3% of deviation. In general, the differences with pub-
177 lished data are, on an average, below 3%.

178 The determination of the mass fraction of a mixture is
179 essential to determine molecular diffusion coefficients. In binary
180 mixtures, the mass fraction is related to one physical property
181 of the mixture (the density in this experimental study). An
182 Anton Paar DMA 5000 vibrating quartz U-tube densimeter
183 having an accuracy of +5 X 107 g/cm?® is used to determine
184 the density of the mixture. Since we are working with small
185 mass fraction differences, it can be supposed that

p = aw; (8)

=

—

186 where p is the density of the mixture, w; is the mass fraction of
187 component i in the binary mixture, and a is a constant

Table 1. Values of Viscosity (#) and Molecular Diffusion
Coefficient (D;,) for the nC¢-nC;, nC,-nC;, and nC;,-nC;
Series at S0 wt % and 298 K

system pmPas D, 10°m*s™  (D)10° m?s™ 5 (%)

set 1: nC;i-nCg¢
nC,,-nCqy 0.4704 2.53 2.51 0.8
nC,;-nCq 0.5312 227 222 2.1
nC;,-nCq 0.5581 2.09 2.11 -1.2
nC,;-nCq4 0.6103 1.96 1.93 1.4
nC,,-nCq 0.6556 1.76 1.80 -2.3
nC,s-nCqy 0.6938 1.62 1.68 =37
nC,¢nCqy 0.7446 1.54 1.58 2.6
nC,,-nCy 0.7737 1.46 1.52 —4.1
nC,g-nCqy 0.8265 1.39 1.43 -2.9

set 1: nC;y-nC,,
nCs-nC, 0.3993 3.03 2.96 2.3
nCq¢nCo 0.4704 2.54 2.51 12
nC,nCy 0.5633 2.09 2.09 -0.0
nC,,;nC,, 1.2929 0.913 0.915 —0.2
nCl4nC, 1.3972 0.819 0.845 =31
nC,4nCjy 1.5150 0.756 0.779 -3.0
nC;,-nCq 1.6337 0.702 0.722 -2.8
nC,-nCy, 1.7780 0.656 0.664 -1.2

set 1: nCy-nC,
nCysnCy, 0.4551 2.57 2.59 —0.9
nCy-nC, 0.5581 2.09 2.11 -1.2
nC,nC,, 0.6823 1.70 1.73 -17
nCg-nC, 0.8071 1.49 1.46 1.9
nCy-nC,, 0.9452 124 125 -0.8
nC;snC, 2.0335 0.589 0.580 1.5
nC,;nC,, 2.2323 0.547 0.529 32
nC;g-nC, 2.3945 0.503 0.493 2.0

a(D_lz)cc is the diffusion coefficient calculated from eq 9, and 6 is the
relative deviation between D;, and D,..

Table 2. Diffusion Coefficient (D,,) in the nC,,-nC, nC,,-
nC,, and nC,,-nCg Systems for Different Mass Fractions of
nC,, (w;) at 298 K

mixture w, D 1077 m? s (D)o 1072 m? st 8 (%)
nCpnCs 018 248 2.55 -30
0.46 2.24 2.17 3.1
0.50 2.13 2.11 0.7
0.66 1.93 1.88 2.2
0.82 1.72 1.67 2.9
0.95 1.51 1.49 1.0
nCy,nC, 016 2.09 204 26
0.42 1.84 1.80 2.2
0.50 1.70 1.73 -1.7
0.63 1.64 1.61 1.6
0.80 1.48 1.46 12
0.94 1.37 1.33 2.9
nCpnCs 010 1.70 1.69 0.6
0.40 1.56 1.52 2.5
0.50 1.49 1.46 2.0
0.80 1.25 1.28 -24

?(D1y)c is the diffusion coefficient calculated from eq 19, and & is the
relative deviation between calculated and measured diffusion
coefficient.

parameter. To determine the constant parameter, a, five 1ss
mixtures of known concentration are prepared by weighing 189
and then, the density of each mixture is measured. Thus, we 190
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Figure 2. Diffusion coefficient as a function of the inverse of the
dynamic viscosity for the systems nC¢nC; (), nC;o-nC; (O), and
nC;,-nC; (A), at 50 wt % and 298 K.

determined the mass fraction with a deviation around wt % +
0.01.

The dynamic viscosity () of the studied mixtures has been
measured with an Anton Paar AMVn falling ball Micro-
viscosimeter with reproducibility better than 0.1%. All the
measurements were done at 298 K.

lll. RESULTS AND DISCUSSION

A. Studied Mixtures. All of the products used in this study
were purchased from Merck with a purity better than 99%. The
studied mixtures have been prepared by weight using a Gram
VXI-310 digital scale with a precision of 0.001 g. and intro-
ducing first the less volatile component and then the corres-
ponding amount of the second component; the mixture is
finally shaken to ensure homogeneity. After the preparation, the
density of the mixture was measured to confirm that the
composition deduced from the calibration curve coincides with
the prepared one. This was always the case.

- = = N NN
- L o < Lo &

=~
[N

Malecular Diffuision Coefficient x 107 (m°s™)

o
]

02 04 DE [\¥:) o
Mass Concentration (nC,)

Figure 3. Diffusion coefficient as a function of the mass fraction of the
denser component (nCy,) for the mixtures, nC;,-nCg, nC;,-nC,, and
nC;,-nCq at 298 K. W, nC,-nCy this work; [0, nC,,-nCq ref 22; X,
nC,,-nCy ref 24; @, nC,,-nC, this work; O, nC;,-nC, ref 23; A,
nC,;,-nCg this work; A, nC,,-nCg ref 21. The continuous lines
represent a linear fit to the data.

In this study, 25 mixtures at 50 wt % have been prepared

corresponding to the n-alkane series

nCg — nC;i = 10, 11, 12, 13, 14, 15, 16, 17, 18

nCyo — nC;i =5, 6,7, 14, 15, 16, 17, 18

Table 3. Values of the Limiting Diffusion Coefficient (D}
and DY) Taken from Refs 3 and 23“

system DY DY DY/DJ M,/M, 5(%)
nC,4nCy 221 0.85 2.60 2.62 0.7
nC,,-nCg 2.74 1.42 1.93 1.97 2.5
nC,-nC, 2.19 1.30 1.69 1.70 0.6
nCp,-nCq 171 115 1.49 1.49 0.0
nCnC,, 0.67 0.49 1.36 133 —22
nC,nCq 2.80° 2.43% 115 1.14 -17

“M, and M, are the molecular masses of the components, and & is the
relative deviation between the ratios DY/DJ and M, /M,. bInterpolated
from ref 3.

nC, —nC;i=5,6,789,16, 17, 18

The measured values at 298 K for dynamic viscosity () and
mass diffusion coefficients for these mixtures are summarized in
Table 1.

In addition, this study has been completed measuring the
molecular diffusion coefficient of the systems nC,,-nCg, nC,,-
nC,, and nC;,-nCy at 298 K at different concentrations. For
this end, the following mixtures were prepared:

nCjy — nCgw; = 0.18, 0.46, 0.50, 0.66, 0.82, 0.95.
nCjy — nCyw; = 0.16, 0.42, 0.50, 0.63, 0.80, 0.94.

nCy, — nCgwy = 0.10, 0.40, 0.50, 0.80.

where w; is the mass fraction of dodecane.
In Table 2, the measured values of the diffusion coefficients
of these systems at the concentrations considered are shown.
These systems were chosen, as hydrocarbon mixtures are
quite regular in their properties. It was hoped that at least some
general and useful empirical relationship would be found.

3'0 T T T T L}

25 o

20 E

D, (m*s")

05 i

00 1 1 1 1 L
0.0 o5 10 1.3 20 23 30

Dw(m’ g}

Figure 4. Experimental diffusion coefficient versus calculated from eq
19 diffusion coefficient. X, nC,y-nC, ref 23; O, nC;,-nCy ref 22; O,
nC,,-nCq ref 24; V, nC,-nC, ref 23; A, nC,-nCq ref 21; +, nC,,-nC,
ref 23; X, nC;,-nCgq ref 23; *, nC,,-nC, ref 22.
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B. Correlation between Diffusion and Viscosity. In
what follows, we shall analyze the relation between the diffusion
coefficient and the dynamic viscosity for mixtures at a mass
fraction equal to SO wt % (equimass mixtures).

In Figure 2, the values of D}, as a function of the inverse of
dynamic viscosity for the equimass mixtures in Table 1 are
represented. As can be seen, the data fit well to a straight line,
which passes through the origin and, thus, the following linear
relation can be written:

— 1
Dpp = k=
)

where D,, and 7 are the diffusion coefficient and the dynamic
viscosity at w; = 0.5, respectively. The proportionality constant
kis k= 1.18 X 107"* kg m/s>.

In Table 1, the values of D, calculated using eq 9 for each
mixture are also shown and in the last column, the relative
deviations with the measured values are given. As can be seen,
these deviations are smaller than 3% in all the cases. Thus, we
can conclude that the product D, for equimass mixtures is a
universal constant for n-alkane mixtures.

D. Dependence of the Diffusion Coefficient with
Composition. According to Darken equation for thermody-
namic ideal mixtures, the diffusion coefficient should be a linear
function of the molar fraction. However, as was suggested in an
earlier work by van Geet and Adamson,*" the diffusion coefticient
in n-alkane mixtures is linear with the mass fraction but not with
the mole fraction. To closely analyze the diffusion composition
dependence we have measured the diffusion coefficient as a
function of composition for the three systems: nC,-nCy, nC,-
nC,, and nC,-nCg. The results obtained appear in Table 2. In
Figure 3, these data as a function of the mass fraction of the
heavier component, w), are plotted. As can be seen, the ordinary
diffusion coefficient is for each system a linear function of the
mass fraction and decreases with the concentration of the heavier
component. In this figure, the diffusion data in the literature for
the systems considered™' ~>* are also shown. These data coincide
with our measurements within the experimental error.

Thus, the dependence of D, with composition can be
written as follows:

_ 0 0

Dyy = wyDy + wiDj (10)
where w; and w, are the mass fraction of heavier and lighter
components, respectively, and D} and D) are the limiting

diffusion coefficients defined by
DY =1i D
1 = lim,, 0Dy (11)
0 _ .
Dy =limy,, 0Dy (12)

In Table 3, the values of D and DY for some selected mixtures
reported in the literature®* covering a large range of mass ratio for
liquid n-alkanes are given. As can be seen in this table, the ratio
DY/DJ is always close to the ratio of the molecular masses M, /M,

of the two alkanes involved. Thus, we have
DY _ M
D} M (13)

Introducing eq 13 in eq 10, one obtains 267

D12 = DO wy + &wl
! M

1 (14)
For w; = w, = 0.5, the corresponding diftusion coefficient Dy, will be 268
o, = Dy (M1 + Mz)
2 M (15)
and then, eq 14 in terms of D, can be written as 269
— [ Mywy + Mywy
Dyp =2 Dlz(i
M + My (16)
In particular, the infinite dilution values D, and D’ will be 270
1
pY=2Dp
M; + My (17)
2
DY =2Dp
M+ M, (18)
Finally, using eq 9, the diffusion coefficient can be written as 271
2k Mywy + Mywq
DIZ =\
M+ M (19)
where k = 1.18 x 10712 kg m/s% 272

Equation 16 allows determining D, from D,, measurements, 273
which, in turn, can be calculated using eq 9 from viscosity 274
measurements. 275

To confirm the validity of this correlation, we have 276
determined the values of D, from eq 19 for the mixtures 277
given in Table 2. As shown in the last column of this table, the 278
relative deviations between these values and the experimental 279
ones are inferior to the experimental error. 280

As an additional test of eq 19, we have taken the 281
experimental D, values as a function of concentration reported 282
in the literature*' ~>* for different n-alkane systems. In Figure 4, 283
the values of D), calculated using eq 19 are plotted against the 284
corresponding experimental ones. As seen here, all data lie on a 285
straight line through the origin with slope unity. 286

From what has been just mentioned, we can conclude that 287
the diffusion coefficient of n-alkane mixtures at any concentra- 288
tion can be calculated from the data of dynamic viscosity for 289
equimass mixtures. 290

IV. CONCLUSIONS

In this work, the diffusion coefficient of several n-alkane 201
mixtures at 50 wt % has been measured by using the SST 202
technique. From the results obtained, it is shown that the 293
product of the diffusion coefficient and the dynamic viscosity 294
for these mixtures is a universal constant independent of the 295
alkane involved. 296

In addition, the diffusion coefficient of the systems nC,,-nCg 297
nC;,-nC,, and nC;,-nCy in the whole concentration range has 298
also been measured. We have obtained for each system a linear 299
correlation between the diffusion coefficient and the mass 300
fraction. This correlation allows determining the diffusion 301
coefficient at any concentration from the molecular weight of 302
the components of a mixture and the dynamic viscosity of the 303
mixture at S0 wt %. 304
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