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Ternary Diffusion Coefficients of Glycerol + Acetone+ Water by Taylor
Dispersion Measurements at 298.15 K. 2. Acetone-Rich Region

Thomas Grossmann and Jochen Winkelmann*

Institut fur Physikalische Chemie, Universitblalle—Wittenberg, Mihlpforte 1, D-06108 Halle, Germany

The concentration dependence of the mutual diffusion coefficients in the ternary liquid mixture gtyaetone

+ water is determined at 298.15 K by the Taylor dispersion technigue. As a continuation of previous measurements,
we selected three concentration paths of a constant water mole fractigr—00.1, 0.2, and 0.3, respectively,
ranging from the limit of the binary subsystem toward the phase boundary in the ternary system. The eigenvalues
and the determinant of Fick’s diffusion coefficient matrix are given.

Introduction

Diffusion is an important elementary process of mass
transport in liquids and of mass transfer through fluid interfaces.
Therefore, it is of theoretical and engineering importance to
know the diffusion coefficients as a function of concentration
and especially their behavior when approaching the phase
boundary in multicomponent systems with a liquldjuid phase
separation.

As a fast and simple method, the Taylor dispersion technique
is recommended for measurements in binary mixtérésnd
it can be easily extended to investigate diffusion processes in
ternary system%:1! The aim of our work was to perform a
systematic experimental study of the diffusional transport
behavior in a ternary liquid mixture with a miscibility gap. As
a model system, we chose mixtures of glycetohcetone+
water. In the first part of our study (hereafter called part'l),
we reported Fick’s diffusion coefficient matrix at two concen-  Ffigure 1. Liquid—liquid phase diagram and concentration path of the
tration paths of constant water mole fractimn= 0.420 and diffusion measurements in the system glyceralcetonet water at 298.15
0.486, ranging from the binary subsystem toward the phaseK: M, binodal curve;a, paths of measurements;, paths of previous
boundary in the vicinity of the plait point. These measurements diffusion measurements (part 1, plait point.
were supported by dynamic light scattering (DLS) investigations
in the overlapping concentration region close to the critical toward the phase boundary. The slowing down of the diffusional
solution pointi213There we found that DLS measurements give transport processes is investigated along three paths. This will
a mass diffusion transport mode that coincides with one of the e€nable us to investigate mass transport phenomena in a region
eigenvalues of Fick’s matrix but not with any of the diffusion from the homogeneous phase to areas near or close to the phase
coefficients itself. This system was previously investigated by boundary.
Pertlet4 using holographic interferometry. Pertler found that,
approaching the phase boundary, the two main elements of the! @Ylor Dispersion Method

2 x 2 matrix of Fick’s diffusion coefficients should coincide In a ternary mixture the diffusion processes are described by
whereas the off-diagonal elements approach zero. a coupled set of Fick's equations:

In the present paper (part 2), we continue the systematic study
by measuring diffusion coefficients at three different concentra- J,= —D,, gradc, — D,, gradc,

tion paths in the acetone-rich region. The concentrations are

chosen at a constant water mole fractiorxgf= 0.1, 0.2, and

0.3, respectively, ranging from the limit of the binary subsystem
whereJ; is the molar flux of componeritin the volume-fixed

* Corresponding author. Fax-49 345 5527157, Phonet49 345 5525843, frame of reference. To perform a diffusion experiment, a small
E-mail: jochen.winkelmann@chemie.uni-halle.de. sample of compositionc{ + Acy, 2 + AC) is injected into a

J, = —D,, gradc, — D,, gradc, 1)
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Figure 2. Mutual diffusion coefficients in the ternary system glycetol
acetonet water at 298.15 K angs = 0.1: W, D11; @, D2o; O, D12, O, Doy
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Figure 3. Mutual diffusion coefficients in the ternary system glycetol
acetonet water at 298.15 K angs = 0.2: l, D11; ®, D2y; O, D12; O, Do1.
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Figure 4. Mutual diffusion coefficients in the ternary system glycetol
acetonet water at 298.15 K angs = 0.3: l, D11; ®, D2y; O, D12; O, D21

laminar flow of a carrier with constant compositiogy,(cy).
From the corresponding fluxes andJ, in a laminar flow, two
overlapping profiles were formed from which the diffusion
coefficients can be extracted. After introducing a normalized
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Figure 5. Calculated eigenvalues of the diffusion coefficient mateix (
Dy; <, Dy) and their ratio M, D1/Dy) atxs = 0.1.
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Figure 6. Calculated eigenvalues of the diffusion coefficient matex (
D;; <, Dy) and their ratio M, D1/Dy) at xz3 = 0.2.

peak signalSy(t) according to Leaist we obtainwith thew,

2 [ w, 12D, (t — t)°
R? t

)

eX
t & W, + W,

as the normalized weights of the two exponential terms. These
weights are given by

W, =Dz — E'Dm o, +

(Dn -
R,

E]_Dzj')al +

(Dll -

where D; are the eigenvalues of the matrix of the ternary
diffusion coefficients

R
éDu)(l — o) — Dl] VD: (3

w, = _[(Dzz_

R
52012)(1 —ay) - Dz] VD, 4

1
é D11 + Dzz + (D11 - D22)

D,,= (%)




338 Journal of Chemical and Engineering Data, Vol. 52, No. 2, 2007

Table 1. Diffusion Coefficients and Standard Deviations of the Ternary System Glycerol (1} Acetone (2)+ Water (3) at 298.15 K at Constant
Water Content x3 = 0.1

1@ D11 1030 1@ Dlz 1@0 1(? D21 ly()' 10) D22 ].O3 (o2
X1 X2 m2-s1 m2-s1 m2-s1 m2-s—1 m2-s—1 m2-s—1 m2-s1 m2-s~1
0.0025 0.8974 2.2632 0.0148 —0.0635 0.0020 1.5449 0.0393 2.8898 0.0042
0.0025 0.8974 2.1333 0.0009 —0.1008 0.0001 1.4961 0.0018 2.9099 0.0005
0.0050 0.8950 2.3166 0.0395 0.0629 0.0182 1.9136 0.1190 3.0040 0.0460
0.0050 0.8950 2.3296 0.0401 0.0512 0.0197 1.9187 0.1091 3.0777 0.0385
0.0100 0.8900 2.1267 0.0350 0.0962 0.0208 1.6109 0.0973 2.8022 0.0393
0.0200 0.8799 1.7057 0.0244 0.1211 0.0150 0.9246 0.0850 2.2010 0.0564
0.0256 0.8742 1.5833 0.0382 0.1001 0.0224 0.8252 0.1090 1.8140 0.0628
0.0256 0.8742 1.8237 0.0605 0.1057 0.0299 1.0066 0.1467 1.6605 0.0637

Table 2. Diffusion Coefficients and Standard Deviations of the Ternary System Glycerol (1} Acetone (2)+ Water (3) at 298.15 K at Constant
Water Content xz = 0.2

10’ D11 103(7 10’ D12 1(}90' 16’ D21 103(7 l(ﬁ D22 1630
X1 X2 m2-s1 m2-s1 m2s1 m2s1 m2s1 m2s1 m2-s1 m2-s1
0.0025 0.7975 1.6387 0.0000 —0.0329 0.0000 0.8606 0.0000 1.9754 0.0000
0.0050 0.7949 1.8031 0.0100 —0.0020 0.0004 1.2091 0.0528 1.9017 0.0028
0.0100 0.7900 1.7552 0.0163 0.0173 0.0094 1.1434 0.1133 1.5990 0.0172
0.0198 0.7782 1.5078 0.0424 0.1364 0.0234 0.9751 0.1293 1.4961 0.0626
0.0200 0.7800 1.4679 0.0362 0.1231 0.0210 0.8874 0.1034 1.4369 0.0438
0.0300 0.7700 1.2406 0.0466 0.3121 0.0407 0.7231 0.0926 1.5260 0.0617
0.0400 0.7600 1.2803 0.0421 0.4149 0.0366 1.0047 0.0718 1.4004 0.0396
0.0400 0.7600 1.2504 0.0424 0.4251 0.0395 0.9820 0.0671 1.4624 0.0405
0.0500 0.7499 1.0299 0.0347 0.3742 0.0311 0.8415 0.0643 1.1380 0.0347

Table 3. Diffusion Coefficients and Standard Deviations of the Ternary System Glycerol (1} Acetone (2)+ Water (3) at 298.15 K at Constant
Water Content xz = 0.3

1CP D11 lG)O' 1CP Dlz 1(90 1(P D21 1090' 1(9 D22 1090
X1 X2 m2-s1 m2-s—1 m2-s1 m2-s1 m2-s1 m2-s1 m2-s—1 m2-s~1
0.0025 0.6975 1.1118 0.0005 —0.0807 0.0019 0.0024 0.0004 1.1397 0.0033
0.0025 0.6975 1.0905 0.0154 —0.0911 0.0063 0.0036 0.0511 1.1268 0.0489
0.0050 0.6946 1.0903 0.0000 —0.0427 0.0000 0.0022 0.0000 1.1095 0.0000
0.0050 0.6946 1.0588 0.0000 —0.0634 0.0000 0.0102 0.0000 1.1096 0.0000
0.0050 0.6946 1.0661 0.0000 —0.0380 0.0000 0.0302 0.0000 1.1339 0.0000
0.0100 0.6900 1.2240 0.0631 —0.0149 0.0432 0.4934 0.1578 1.0523 0.1088
0.0200 0.6800 1.2385 0.0333 0.2254 0.0281 0.7221 0.0791 1.2499 0.0414
0.0200 0.6800 1.2088 0.0258 0.2086 0.0183 0.6967 0.0797 1.2454 0.0351
0.0300 0.6700 1.1158 0.0290 0.3181 0.0250 0.7112 0.0534 1.1623 0.0298
0.0400 0.6600 1.0538 0.0387 0.3252 0.0286 0.7472 0.0805 0.9938 0.0391
0.0500 0.6500 0.9776 0.0648 0.3695 0.0440 0.7131 0.1011 0.8813 0.0648
0.0601 0.6399 0.8723 0.0414 0.3695 0.0324 0.7288 0.0807 0.8021 0.0449
0.0601 0.6399 0.8625 0.0272 0.3707 0.0226 0.7763 0.0574 0.8382 0.0322
and the parametex; is given by signal was recorded at time intervalslos with 1000 to 2000
data points taken into account to characterize one peak.
o = R,Ac ©6) The densities of the solution were measured with a vibrating-
1" RAc, + RAc, tube density meter (Anton Paar DAS 48) with a standard

deviation of 105 g-cm~3 and temperature control af 0.01
TheR are the concentration derivatives of the refractive index K- TO prepare solutions for the measurement of diffusion

at the carrier compositioH. coefficients, an analytical balance was used that allows mass
determination accurate tt» 0.00001 g.
Experimental Section The experimental procedure follows the same path as

For our measurements the following substances were used:.descrlbecj in ref 11. Altogether eight peaks of four different

i . injected samples were fitted simultaneously by a Marquardt
acetone (ECD tested) with a purity of 99.9 % and a water . 3y ? .
content< 0.2 % and glycerol (ACS reagent) with a purity of Levenberg nonlinear least-squares regression method to obtain

99.5 and a water content 0.5 %, both from ACROS- the D1y, D1z Dz1, andDz values.
ORGANICS (Fischer Scientific GmbH Schwerte Germany). The
chemicals were applied without further purification. The water
was deionized and distilled. Experimental data in the range between the subsystem acetone
The experimental setup is identically the same as described+ water at one end and the phase boundary at the other end of
in ref 11. In all Taylor dispersion experiments the carrier flow the concentration path could not be found in literature to proof
velocity was 4 mkh™1, and the capillary had a length of 11.50 and to compare our results. Only Perfepublished some
m with an effective radius of 260.65m. As a detecting unit, diffusion coefficients on the acetone-rich side of the ternary
a differential refractometer with a baseline noise df®8 RUI system. Figure 1 presents the ligtiéquid phase diagram,
was applied. Both the detector and capillary were kept at a where the binodal curve at 298.15 K together with the plait
constant temperature of (298.4#50.1) K. The refractometer  point is shown. Krishna et & determined the plait point at

Results and Discussion
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Table 4. Determinant|D| and EigenvaluesD; and D, for the
15 Concentration Path atx3 = 0.1
14 10°Dy 10°D;
X1 X2 10°|D| m2-s~1 m2-s71
0.0025 0.8974 6.6384 2.5792 2.5738
- 104 0.0025 0.8974 6.3583 2.5245 2.5187
%’ a8 0.0050 0.8950 6.8385 3.1487 2.1719
o = 0.0050 0.8950 7.0714 3.1917 2.2155
2 P 0.0100 0.8900 5.8045 2.9831 1.9458
o 0.0200 0.8799 3.6421 2.3696 1.5370
0.5 0.0256 0.8742 2.7894 2.0082 1.3890
0.0256 0.8742 2.9218 2.0783 1.4059
Table 5. Determinant |D| and EigenvaluesD; and D, for the
Concentration Path atx3 = 0.2
0.0 . . . . . . 0
0.00 001 0.02 003 0.04 0.05 0.06 10°Dy 10°D;
X, X1 X2 10°|D| m2s-1 m2s~1
Figure 7. Calculated eigenvalues of the diffusion coefficient mateix ( 0.0025 0.7975 3.2655 1.8087 1.8054
Dy; ©, Do) and their ratio M, D1/D>) atxs = 0.3 0.0050 0.7949 3.4315 1.8534 1.8515
0.0100 0.7900 2.7868 1.8382 15161
0.0198 0.7782 2.1229 1.8667 1.1373

0.0200 0.7800 2.0000 1.7832 1.1216
0.0300 0.7700 1.6674 1.8793 0.8872
0.0400 0.7600 1.3761 1.9888 0.6919
0.0400 0.7600 1.4112 2.0111 0.7017
0.0500 0.7499 0.8572 1.6477 0.5202

Table 6. Determinant |D| and EigenvaluesD; and D, for the
Concentration Path atxz = 0.3

]
n
§ ] 10°Dy 10° D,

34 0.0025 0.6975 1.2673 1.1262 1.1253

1 0.0025 0.6975 1.2292 1.1091 1.1082

2] 0.0050 0.6946 1.2098 1.1002 1.0996

i 0.0050 0.6946 1.1755 1.0847 1.0837
0.0050 0.6946 1.2100 1.1006 1.0994

19 0.0100 0.6900 1.2954 1.1391 1.1372

1 0.0200 0.6800 1.3853 1.6477 0.8408
0 . 0.0200 0.6800 1.3602 1.6087 0.8455
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.0300 0.6700 1.0707 1.6152 0.6629
X, 0.0400 0.6600 0.8043 1.5177 0.5300
) . e - . 0.0500 0.6500 0.5981 1.4450 0.4139
Figure 8. Determinant of the diffusion coefficient matrij¥, atxs = 0.1; 0.0601 0.6399 0.4304 1.3573 0.3171
0, atxs = 0.2,0, atxs = 0.3. 0.0601 0.6399 0.4351 1.3869 0.3137
298.15 K to be found at; = 0.1477,x, = 0.4163, anckz = 4), we found that they approach zero at the limit of the binary

0.4360. In part 1, we measured two concentration paths atsubsystem. At the phase boundary, the differences remain large
constant water content & = 0.420 and 0.468, which were on and come down to zero only in the vicinity of the critical
both sides of the plait point concentration and rather close to solution point, as shown in part 1.
it. These concentration paths are shown in Figure 1 together According to the results of Pertlétwe should expect that
with the present data. In our present Taylor dispersion measure-at the phase boundary we will find only a single diffusion
ments (part 2), we selected three sets with constant water contentoefficient because of the beginning of a cluster formation. But
of x3 = 0.1, 0.2, and 0.3, beginning at the binary subsystem from our data there is no clear sign for a collapse of both main
and ending at the phase boundary. diffusion coefficients into one single point. Probably the
The results of the Taylor dispersion measurements for the expected behavior is only observed very close to the phase
three concentration sets are shown in Figures 2 to 4. The fourboundary or in the metastable area between the binodal and
diffusion coefficientsD; of Fick's matrix were obtained by  spinodal curve.
direct fitting of eq 2 together with eqs 3 and 4 to our To obtain information on possible errors during the fitting
experimental data pool. The corresponding eigenvaljesnd procedure and on the influence of different experimental
D, are derived from thesBj; values according to eq 5. Figure  quantities on the final result, 20 data sets were created from
2 presentD; at a water content of; = 0.10. We found that each injection and modified by superimpasitt % artificial
both main value®i; andD,; differ at low glycerol concentra-  Gaussian-distributed noise. Both the concentrations and the
tions and seem to coincide close to the phase boundary. Wherrefraction index differences were corruptediwit % and 5 %
approaching the limit of the binary subsystenxat= 0.0 the noise, too. Then the resulting data sets were subject to the same
cross coefficients tend toward zero. On the other side of the fitting procedure as the original ones. The diffusion coefficients,
concentration path, which ends in the phase boundary, the mainobtained this way, were the source to calculate the respective
diffusion coefficients decrease but they still differ considerably. standard deviatiow of the experimental data. The numerical
This trend continues for the other two sets wih= 0.20 (Figure values of these diffusion coefficients together with their standard
3) andxz = 0.30 (Figure 4). The main diffusion coefficients deviations are given in Tables 1 to 3, respectively.
become smaller and their curves approach each other and seem The corresponding numerical data of the eigenvalues for both
very close ak; = 0.3 for all three sets. Only at = 0.30 (Figure concentration paths and the respective determinants are given
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in Tables 4 to 6. The diffusion coefficients scatter much more (4) Pratt, K. C.; Wakeham, W. A. Mutual diffusion coefficient for binary

then both the eigenvalud; andD, and the determinant. The Té’%fgg%‘fr Z‘{‘g the isomers of proparitioc. R. Soc(Londor)
Zmoo]Eh graphs in lFlgurIes Sto7 wgpfly that one could use thesfe (5) Alizadeh, A.; Nieto de Castro, C. A.; Wakeham, W. A. The theory of

ata for a critical evaluation and for a consistency test o the Taylor dispersion technique for liquid diffusivity measurements.
experimental results. Especially the measurements &t0.2, Int. J. Thermophysl198Q 1, 243-284.

which gave rather scattered diffusion coefficients (see Figure (6) Alizadeh, A. A;; Wakeham, W. A. Mutual diffusion coefficients for
3) resulted in smooth graphs of the eigenvalues and determinant ~ binary mixtures of normal alkaneiit. J. Thermophysl982 3, 307—
in Figure 6. As shown in Figure 8, for all three concentration ’

paths the determinants decline continuously when approaching (7) Harris, K. R.; Goscinska, T.; Lam, N. L. Mutual diffusion coefficients

for the systems water-ethanol and water-propan-1-ol 4€23. Chem.

the phase boundary. Soc., Faraday Transl993 89, 1969-1974.
. (8) Price, W. E. Theory of the Taylor dispersion technique for three-
Conclusions component-system diffusion measuremedtsChem. Sac¢ Faraday

In a systematic study of the mass transport behavior in ternar Trans. 11988 84, 2431-2439.
Y y P y (9) Leaist, D. G. Determination of ternary diffusion coefficients by the

liquid mixtures with a liquid-liquid phase separation Taylor Taylor dispersion method. Phys. Chem199Q 94, 5180-5183.
dispersion measurements of FICk§ dlfoS|0n.Coe.ffIC|e.nts WETr€ (10) Leaist, D. G. Ternary diffusion coefficients of 18-crown-6 ether
performed along three concentration paths in direction to the potassium chloridewater by direct least-squares analysis of taylor
phase boundary at constant water concentration in the system  dispersion measurements. Chem. Soc., Faraday Tran$991, 87,

glycerol + acetone+ water. Thus, we provide diffusion (11) ?r?)_sggﬁ:;nn T.; Winkelmann, J. Ternary diffusion coefficients of
coefficient data in regions of engineering interest. , glycerol + acetone+ water by Taylor dispersion measurements at

Because of the strong nonlinear refractive index concentration 298.15 K.J. Chem. Eng. Dat2005 50 (4), 1396-1403.
dependency of the binary system wateacetone, the accuracy  (12) Ivanov, D. A.; Winkelmann, J. Static and dynamic light scattering
of the estimated diffusion coefficients is not always satisfactory. near the critical solution point of a ternary liquid mixtuRhys. Chem.
The eigenvalues and the determinant of the matrix of diffusion _ Chem. Phys2004 6, 3490-3499.

coefficients seem to be much less influenced by the optical (13 lvanov, D. A.; Grossmann, Th.; Winkelmann, J. Comparison of ternary
diffusion coefficients obtained from dynamic light scattering and

properties of the system. They show rather smooth and  Tayior dispersionFluid Phase Equilib.2005 228-229, 283-291.
continuous trends in their dependency on concentration. There-(14) pertier, M. Die Mehrkomponenten-Diffusion in nicht volistig

fore, they can be used for a critical evaluation of experimental mischbaren Flssigkeiten. Ph.D. Thesis, TU Mahen, 1996.
measurements and to test for their internal consistency. (15) Krishna, R.; Low, C. Y.; Newsham, D. M. T.; Olivera-Fuentes, C.
G.; Paybarah, A. Liquigtliquid equilibrium in the system glycerol-
Literature Cited water-acetone at 2%C. Fluid Phase Equilib.1989 45, 115-120.
(1) Taylor, G. Dispersion of soluble matter in solvent flowing slowly
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(2) Aris, R. On a dispersion of a solute in a fluid flowing through a tube.  aythors gratefully acknowledge the financial support of the Deutsche
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(3) Pratt, K. C.; Wakeham, W. A. Mutual diffusion coefficient of ethanol-  sprozesse in Fisig-flissig-Systemen, Az. Wi 1081/10-4.
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