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The interdiffusion coefficient Daw of six hydrophobic benzene derivatives (a ) chlorobenzene, 1,2-
dichlorobenzene, 1,4-dichlorobenzene, bromobenzene, 1,2-dibromobenzene, 1,4-dibromobenzene) in aqueous
solution (w) at 25 °C is measured at different concentrations below 10-5 solute mole fractions using the
Taylor dispersion technique. On the basis of the experimental uncertainty around 4%, a distinct
concentration dependence is not recognizable. Analysis of the interdiffusion coefficients with the Stokes-
Einstein equation shows greater Daw

∞ values than expected from the limit of a complete solute-solvent
contact (“stick limit”), and in addition substance-specific deviations. Chemical engineering correlations
for Daw

∞ presently available from the literature yield unsatisfactory results for this class of predomi-
nantly hydrophobic compounds.

Introduction

The long-term distribution of chemicals in the environ-
ment is determined to a large degree by passive transport
processes. Among the three basic environmental compart-
ments soil, water, and air, the latter two form the major
abiotic dispersion pathways of chemicals, and in unsatur-
ated soil zones it is the pore water that governs vertical
leaching of contaminants to the groundwater by advection
and diffusion phenomena (cf. Neely and Blau (1985) and
Ballschmiter (1992)). The latter is also of particular
importance for the water-air transfer of organic com-
pounds. A direct way to study the mobility of chemicals
in aqueous systems is the determination of diffusion
coefficients. Persistent organic contaminants, however,
often have rather low water solubilities, which makes it
particularly difficult to perform conventional diffusion
measurements due to detection limits.
In addition to the movement through different abiotic

compartments, lipophilic organic contaminants may also
be taken up by organisms, which then leads to the
bioaccumulation of such chemicals with its potential haz-
ardous effects for the receptor species. It is now well known
that, with aquatic organisms, uptake and bioconcentration
of xenobiotics is most often driven by passive diffusion
processes from the water body into living tissues (Gobas
et al., 1986; Connell, 1988).
A recent investigation of the bioconcentration of halo-

genated benzenes in fish has shown that the uptake rates
of bromobenzenes are larger than those of the smaller
chlorobenzene counterparts (Sijm et al., 1993). These
findings are somewhat surprising in view of the fact that
the diffusion velocity usually decreases with molecular size.
Thus, smaller compounds are expected to be taken up
faster by aquatic organisms, if the uptake process is indeed
governed by passive diffusion processes. This leads to the
question of whether the halogenated benzenes show dif-
fusion coefficients that decrease with increasing molecular
size. Another possibility to derive a physicochemical
explanation for the relative order of the bioconcentration
uptake rates mentioned above would be a detailed analysis

of the compound transfer from water to a lipophilic
medium.
In the present paper, we analyze the first question by

experimentally determining the interdiffusion coefficients
of the benzene derivatives in water using the Taylor
dispersion method. Due to the low water solubilities of the
hydrophobic compounds, a further question is whether this
method is applicable for solute mole fractions around and
below 10-5. The latter is of particular interest for future
practical applications of the Taylor dispersion technique,
which is known to have an averge error range of up to 4%
(Baldauf and Knapp, 1983), but is much less time-consum-
ing than, e.g., the interferometric method with a typical
error around 0.1%. In order to address this latter point,
additional compounds (urea, KClO3, KNO2, benzene, tolu-
ene, acetone) are included in the testing scheme, for which
reliable reference data are available from the literature.
Finally, it will be analyzed whether the experimentally
determined diffusion coefficients agree with the Stokes-
Einstein relationship, and whether they can be modeled
with well-known chemical engineering correlations.

Experiment and Procedure

The Taylor dispersion apparatus used for the diffusivity
measurements consists of the following components: a
HPLC double piston pump (Merck-Hitachi Model L-6000A)
which allows a nearly pulsation-free flow of carrier liquid,
a mechanical pulse damping (ProMinent Model 92.00.40.3),
a six-way injection valve (Knauer Model A 0258) with a
20 µL sample loop (which corresponds to a length of the
injected sample pulse, h ) 10.2 cm), a dispersion capillary
of stainless steel (length L ) 11.30 m; i.d. ) 0.50 mm, coiled
in a 0.5 m diameter helix), a flow-through differential
refractometer (Knauer Model A 0298), a digital voltmeter
(Prema Model DMM 6001), and a computer coupled online
via an IEEE interface to the voltmeter. A constant
temperature of (25.0 ( 0.05) °C around the dispersion
capillary and the refractometer cuvettes was maintained
with a water thermostat (Julabo Model FP 40). The
effective radius of the apparatus (exceeding the technical
radius because of the volume of the detector tubing,
cuvettes, and fittings) was determined to be R ) 0.252 mm
in calibration experiments by using an interpolation equa-
tion for interdiffusion coefficients in aqueous KCl solutions

* To whom correspondence should be addressed. Phone: ++49-341-
235-2309. Fax: ++49-341-235-2401. e-mail: gs@theo.uoe.ufz.de.

33J. Chem. Eng. Data 1996, 41, 33-36

0021-9568/96/1741-0033$12.00/0 © 1996 American Chemical Society



(Woolf and Tilley, 1951) recommended by Kestin and
Wakeham (1988). The volumetric flow rate of the carrier
liquid was typically 4 mL‚h-1 (which corresponds to a linear
velocity of u ) 33.6 cm‚min-1). The parameters of the
apparatus and flow regime meet the requirements (see, for
example, Baldauf and Knapp (1983)) to fulfill the boundary
conditions under which Taylor (1953) solved the dispersion
equation. A Reynolds number of 2.8 indicates laminar-flow
conditions in our experiments. The radial concentration
gradient created by convection is eliminated by radial
diffusion at the same rate because the squared length-to-
radius ratio of the capillary (L2/R2 ) 2.04 × 109) is 20 times
greater than the Peclet number (Pe e 0.97 × 108). The
effect of axial diffusion can be neglected because Pe .
6.93(L/R) ) 0.31 × 106, and finally, the error in assuming
a δ injection instead of the real square-pulse injection is
less than 1% due to a ratio of h/L ) 0.009. Adsorption
effects of the organics at the inner wall (cf. Loh et al. (1993))
can be excluded in our measurements because of our nearly
symmetric dispersion peaks and reproducible retention
times over a long time period (with several cleaning
operations for the flow system).
The numerical analysis of recorded dispersion peaks was

done by using the same procedure described earlier (Thiel
et al., 1993) apart from the use of another Marquardt
routine (Press et al., 1990) in our TurboPascal program
package.
The substances under investigation were used in good

commercial quality (purchased from Merck, Darmstadt)
without further purification. Water was deionized before
use (the water conductivity did not exceed 1 µS‚cm-1.)
Water had to pass a 3 µm pore filter before it entered the
dispersion capillary.
Aqueous solutions of benzene and the halogenated de-

rivatives were prepared using the following procedure: An
amount of substance sufficient to yield a saturated solution
was added to 600 mL of water, and the mixture was stirred
for 2 h at 50 °C (or at a temperature slightly above the
melting point of the substance), cooled to room tempera-
ture, and stirred once again for 24 h. After separation the
aqueous phase was filtrated two times. The stock solution
was then used to prepare lower concentrated solutions by
dilution with water in volumetric flasks. Potential forma-
tion of microdispersion can be excluded, as we did not
observe any disturbance in the operation of the differential
refractometer due to light scattering throughout all experi-
ments. The solutions of acetone, urea, and potassium salts
in water were prepared gravimetrically.
The dispersion measurements were carried out with pure

water as the carrier liquid. Starting with the nearly
saturated aqueous solution, at least two different, more
diluted solutions of each substance under investigation
were used as samples. The solute mole fractions in these
sample solutions are typically between 10-4 and 10-6

depending on the individual water solubility (see Table 1).
For each solution (concentration level) the measurements
(mostly three sample injections which were averaged) were
repeated two to five times (at different days). Statistical
tests confirm the correctness of overall averaging of related
experimental data.
The determined interdiffusion coefficients refer to solute

concentrations C in the region between the injected sample
and the carrier solution that are calculated by means of
the following equation (Baldauf 1981):

The relevant parameter values (pulse length h, linear

velocity u, capillary radius R, capillary length L) are
specified above.

Comparison of diffusion coefficients with the Stokes-
Einstein relationship requires knowledge of molecular van
der Waals radii ra of solute a in aqueous solution, which
can be derived from molecular volumes MV according to

under the simplifying assumption of spherical shape.
Estimation of MV through experimental molar volumes
divided by the Loschmidt number would imply the unlikely
assumption that the solute molar density is identical for
the pure organic phase and the diluted aqueous solution.
Thus, a quantum chemical approach was selected to
calculate molecular van der Waals radii in aqueous solution
with the COSMO modification (Klamt and Schüürmann,
1993) of the semiempirical AM1 Hamiltonian (Dewar et
al., 1985) using MOPAC93 (1993), after initial structure
generation with the SYBYL modeling package (1992).
Corresponding MV values using standard atomic van der
Waals radii were calculated with MOLSV (Smith, 1985).

Results and Discussion

Experimentally determined interdiffusion coefficients
Daw for urea, KClO3, KNO2, benzene, toluene, and acetone
are listed in Table 2 together with reference values Daw

ref

from the literature and corresponding relative differences
∆D. Except for acetone and benzene, ∆D is below the
above-mentioned typical error range of (4%.
According to theory, interdiffusion coefficients should

converge to intradiffusion coefficients at the limit of very
low solute concentrations (Tyrell and Harris, 1984), as is
the case with our present results for urea. However, our
interdiffusion coefficient of acetone at 10-5 mole fraction
deviates by -9.3% from the intradiffusion coefficient using
the 14C technique in water (Mills and Hertz, 1980). On
the other hand, our experimental value is close to a Daw

∞

value of 1.16 × 10-9 m2‚s-1 reported by Cussler (1984), but
unfortunately there are no details given about the concen-
tration series from which this value was derived. The
apparent discrepancy cannot be resolved at this moment.

With benzene, a deviation of -6.2% is observed from one
reference value at 4 × 10-5 mole fraction: However, this
reference value was generated by interpolation using an
Arrhenius plot of data at other temperatures, and our
measured value is indeed covered by the 95% confidence
interval of this Arrhenius plot. The overall relatively good
agreement with reference data suggests that application

Caverage ) Ccarrier + (Csample - Ccarrier)
h
2 (πuR2L

48D )-1/2

(1)

Table 1. Water solubilities Sw, Mole Fracitons Xa at
Saturated Concentration, and Calculated van der Waals
Radii ra of Hydrophobic Solutes a (cf. Experiment and
Procedure Section)

substance Sw/(mmol‚L-1) Xa ra/(10-10 m)

benzene 22.9a 4 × 10-4 2.55
toluene 6.28a 1 × 10-4 2.71
chlorobenzene 4.43a 8 × 10-5 2.69
1,2-dichlorobenzene 0.612b 1 × 10-5 2.82
1,4-dichlorobenzene 0.204c 4 × 10-6 2.82
bromobenzene 2.62a 5 × 10-5 2.75
1,2-dibromobenzene 0.316b 6 × 10-6 2.92
1,4-dibromobenzene 0.085c 2 × 10-6 2.93

aWasik et al. (1983). bMiller et al. (1984). c Horvath and Getzen
(1985).

ra ) ((3/4π)(MV))1/3 (2)
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of the Taylor dispersion technique leads to reliable inter-
diffusion coefficients in concentration ranges typical for
environmental exposure.
The experimentally determined interdiffusion coeffi-

cients Daw for the halogenated benzenes (a) in water (w)
at all effective concentrations are listed in Table 3. The
solute concentration ranges analyzed are substance-specific
and go for each compound from the solubility limit to the
detection limit of the refractometer. The smallest measur-
able solute concentration was observed for 1,2-dibromoben-
zene (effective mole fraction of 1 × 10-7). As can be seen
from Table 3, variations in the mole fraction of 1 order of
magnitude correspond to changes in the diffusion coef-
ficient of up to 0.1× 10-9 m2‚s-1, which is in the same range
as the experimental standard deviations at the lowest
solute concentrations. On the basis of the uncertainty of
ca. 4% and the reproducibility as indicated in Table 3, the
minor variations among the Daw values for different solute
concentrations are statistically not significant.

Our experimental results can be compared with theoreti-
cal values calculated by the Stokes-Einstein equation

that relates the interdiffusion coefficient Dab
∞ of compound

a in solvent b at infinite dilution to the van der Waals
radius ra of the solute (assumed to be spherical) and the
dynamic viscosity ηb of the solvent (kB is the Boltzmann
constant, T the absolute temperature, and nSE the Stokes-
Einstein number). Within this hydrodynamic model, the
assumption of a complete contact between the solute
surface and the solvent, the so-called stick limit, corre-
sponds to nSE ) 6, and the absence of any direct solvent-
solute contact, the slip limit, is represented by nSE ) 4 (cf.
Bird et al. (1960)).
In Figure 1, estimates of Daw

∞ based on our measure-
ments for all eight benzene compounds are plotted against
calculated molecular van der Waals radii (see Table 1)
together with lines representing the above-mentioned two
limiting cases of eq 3. For the hydrophobic compounds,
Daw

∞ is set equal to the Daw values with the lowest
experimental error at the solubility limit (solute concentra-
tion). It is seen that with this set of hydrophobic com-
pounds, the solute-solvent interaction is rather close to
the stick limit of an (almost) complete contact.
Current chemical engineering correlations derived from

modifications of the Stokes-Einstein equation to estimate
Daw

∞ (cf. Reid et al. (1987), Rutten (1992), and Siddiqi and
Lucas (1987)) yield unsatisfactory results for this class of
predominantly hydrophobic compounds. The best results
accounting for 79% of the total variance (r2 ) 0.79) are
obtained with the Wilke-Chang equation, which makes
use of the compounds’ molar volumes at the boiling point
estimated by the Le Bas method. It follows that application
of current group contribution schemes cannot be recom-
mended for more hydrophobic compounds.

Summary and Conclusions

The results indicate that the Taylor dispersion technique
offers a promising tool to measure aqueous diffusion
coefficients in concentration ranges around and below 10-5

Table 2. Measured Interdiffusion Coefficients Daw and
Their Standard Deviations at the Effective Mole
Fraction Xa in Water at 25 °C and the Respective
Number n of Individual Experiments in Comparison to
Reference data Daw

ref

substance Xa n
Daw × 109/
(m2‚s-1)

Daw
ref × 109/
(m2‚s-1) ∆Dg/%

urea 3 × 10-6 10 1.36 ( 0.01 1.38a -1.4
3 × 10-5 10 1.33 ( 0.01 1.38a,b -3.6

KClO3 9 × 10-4 12 1.74 ( 0.02 1.68c +3.6
KNO2 9 × 10-4 12 1.83 ( 0.02 1.82c +0.5
benzene 1 × 10-5 15 1.13 ( 0.06 1.10d +2.7

4 × 10-5 15 1.06 ( 0.03 1.13e -6.2
toluene 1 × 10-5 15 0.93 ( 0.04 0.93e (0.0
acetone 1 × 10-5 8 1.17 ( 0.01 1.29f -9.3

a Calculated interdiffusion data from interferometric measure-
ments (Gosting and Akeley, 1952) and intradiffusion coefficient
(Albright andMills, 1965). b Experimental interdiffusion coefficient
from the Taylor dispersion measurement at the same concentra-
tion (Harris, 1991). c Experimental data from interferometric
measurements at the same concentrations (Daniel and Albright,
1995). d Experimental interdiffusion coefficient from the Taylor
dispersion measurement (Tominaga et al., 1984) at molar fraction
Xa≈ 5× 10-7 and 2× 10-6. e Interpolated interdiffusion data from
temperature dependent data at comparable concentration mea-
sured using the capillary method (Bonoli and Witherspoon, 1968).
f Intradiffusion coefficient from 14C tracer measurements (Mills
and Hertz, 1980) at infinite dilution. g The difference between the
experimental and reference data ∆D was calculated by ∆D ) (Daw

- Daw
ref)/Daw

ref × 100%.

Table 3. Interdiffusion coefficients Daw of Halogenated
Benzenes Measured at Different Effective Mole Fractions
Xa in Aqueous Solution (Where Xa Was Calculated
According to Eq 1) at 25 °Ca

substance Xa Daw × 109/(m2 s-1) n

chlorobenzene 2 × 10-6 1.04 ( 0.04 11
4 × 10-6 1.00 ( 0.02 11
8 × 10-6 0.98 ( 0.03 15

1,2-dichlorobenzene 2 × 10-7 0.94 ( 0.08 15
5 × 10-7 0.89 ( 0.06 15
9 × 10-7 0.87 ( 0.02 15

1,4-dichlorobenzene 2 × 10-7 0.99 ( 0.09 22
4 × 10-7 0.93 ( 0.09 20

bromobenzene 1 × 10-6 1.03 ( 0.09 15
2 × 10-6 0.99 ( 0.03 15
5 × 10-6 0.96 ( 0.02 15

1,2-dibromobenzene 1 × 10-7 0.87 ( 0.13 15
3 × 10-7 0.78 ( 0.04 15
5 × 10-7 0.76 ( 0.03 15

1,4-dibromobenzene 2 × 10-7 0.83 ( 0.11 29

a The values are given together with experimental standard
deviations and the respective number n of individual experiments.

Figure 1. Experimental interdiffusion coefficient Daw plotted
against the calculated molecular van der Waals radius ra for nine
benzene compounds (1, benzene; 2, toluene; 3, chlorobenzene; 4,
1,2-dichlorobenzene; 5, 1,4-dichlorobenzene; 6, bromobenzene; 7,
1,2-dibromobenzene; 8, 1,4-dibromobenzene). The solid lines
represent the two limiting cases of the Stokes-Einstein equation;
cf. eq 3.

Dab
∞ ) kBT/nSEπηbra (3)
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solute mole fraction. It is suggested that replacement of
the differential refractometer by a more sensitive detection
unit (cf. for example Tominaga et al. (1984)) will allow
direct measurements of the diffusion coefficient still closer
to Daw

∞ and for a wider range of compounds.
For the present set of compounds including benzene and

more hydrophobic benzene derivatives, the relative order
of diffusion coefficients is inversely related to molecular
size, and in that respect agrees with expectation. Com-
parison with the Stokes-Einstein relationship indicates
that the solute-water interaction corresponds qualitatively
to the stick limit. Current chemical engineering correla-
tions yield substantial deviations from the experimental
values and should not be applied to hydrophobic compounds
without further analysis.
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Klamt, A.; Schüürmann, G. COSMO: A New Approach to Dielectric
Screening in Solvents with Explicit Expressions for the Screening
Energy and its Gradient. J. Chem. Soc., Perkin Trans. 2 1993, 799-
805.

Loh, W.; Tonegutti, C. A.; Volpe, P. L. O. Diffusion Coefficients of
Aqueous Phenols determined by the Taylor Dispersion Technique.
J. Chem. Soc., Faraday Trans. 1993, 89, 113-118.

Miller, M. M.; Ghodbane, S.; Wasik, S. P.; Tewari, Y. B.; Martire, P.
E. Aqueous Solubilities, Octanol/Water Partition Coefficient, and
Entropies of Melting of Chlorinated Benzenes and Biphenyls. J.
Chem. Eng. Data 1984, 29, 184-189.

Mills, R.; Hertz, H. G. Application of the Velocity Cross-Correlation
Method to Binary Nonelectrolyte Mixtures. J. Phys. Chem. 1980,
84, 220-224.

MOPAC 93: Fujitsu Limited, 9-3, Nakase 1-Chome, Mihama-ku,
Chiba-city, Chiba 261, Japan, and Stewart Computational Chem-
istry, 15210 Paddington Circle, Colorado Springs, CO 80921, 1993.

Neely, W. B., Blau, G. E., Eds. Environmental Exposure from Chemi-
cals; CRC Press: Boca Raton, FL, 1985; Vol. 1 and 2.

Press, W. H.; Flannery, B. P.; Teukolsky, S. A.; Vetterling, W. T.
Numerical Recipes in Pascal; Cambridge University Press: New
York, 1990.

Reid, R. C.; Prausnitz, J. M.; Poling, B. E. The Properties of Gases and
Liquids, 4th ed.; McGraw-Hill: New York, 1987.

Rutten, Ph. W. M. Diffusion in Liquids. Ph.D. Thesis, Delft University,
Delft, The Netherlands, 1992.

Siddiqi, M. A.; Lucas, K. Correlations for Prediction of Diffusion in
Liquids. Can. J. Chem. Eng. 1986, 64, 839-843.

Sijm, D. T. H. M.; Schipper, M.; Opperhuizen, A. Toxicokinetics of
Halogenated Benzenes in Fish: Letal Budy Burdens as Toxicological
End Point. Environ. Toxicol. Chem. 1993, 12, 1117-1127.

Smith, G. M. MOLSV, QCPE program 509, 1985.
SYBYL Molecular Modelling Software 6.0, Tripos Asociates Inc., St.

Louis, MO, 1992.
Taylor, G. Dispersion of Soluble Matter in Solvent Flowing Slowly

through a Tube. Proc. R. Soc. London 1953, A219, 186-203.
Thiel, P.; Paschke, A.; Winkelmann, J. Diffusion Coefficients, Viscosi-

ties and Densities in the Binary Subsystems of Methyl isopropyl
ketone-n-Butyl acetate-Water. Ber. Bunsen-Ges. Phys. Chem. 1993,
97, 1119-1125.

Tominaga, T.; Yamamoto, S.; Takanaka, J. Limiting Interdiffusion
Coefficients of benzene, Toluene, Ethylbenzene and Hexafluoroben-
zene in Water from 298 to 368 K. J. Chem. Soc., Faraday Trans. 1
1984, 80, 941-947.

Tyrrell, H. J. V.; Harris, K. R. Diffusion in Liquids; Butterworths:
London, 1984.

Wasik, S. P.; Miller, M. M.; Tewari, Y. B.; May, W. E.; Sonnefeld, W.
J.; de Voe, H.; Zoller, W. H. Determination of the Vapor Pressure,
Aqueous Solubility, and Octanol/Water Partition Coefficient of
Hydrophobic Substances by Coupled Generator Column/Liquid
Chromatographic Methods. Residue Rev. 1983, 85, 29-42.

Woolf, L. A.; Tilley, J. F. Revised Values of Integral Diffusion
Coefficients of Potassium Chloride Solutions for the Calibration of
Diaphragma Cells. J. Phys. Chem. 1967, 71, 1962-1963.

Received for review June 12, 1995. Revised September 11, 1995.
Accepted September 24, 1995.X

JE950142M

X Abstract published in Advance ACS Abstracts, November 1, 1995.

36 Journal of Chemical and Engineering Data, Vol. 41, No. 1, 1996


