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Abstract 

The diffusivities in water of large organic ions such as biomolecules are not readily available. There is a need for adequate measurement 
and estimation methods. In this work, a rapid method is presented for the determination of diffusivities of ionic species in aqueous systems, 
based on steady state conductivity measurements. As transient composition gradients are essentially absent in our proposed method, an 
important source of errors in the form of poorly controlled gradients in thermodynamic non-ideality is eliminated. 

Ionic transport is described with the generalized Maxwell-Stefan model, taking friction between solvent and ionic solutes, and between the 
moving ionic species into account. Ion-water diffusivities could be correlated satisfactorily for a wide range of organic ions, zwitterions and 
neutral species with the Wilke-Chang relation, and to a lesser extent with a modified Stokes-Einstein relation. Furthermore, the model 
describes ionic fluxes over a large range of concentrations when corrected for concentration and temperature dependent viscosity effects, by 
using a modified Stokes-Einstein relation. 0 1997 Elsevier Science S.A. 

Keywork Diffusivity; Organic electrolytes 

1. Introduction 

Knowledge of diffusivities of (bio-) organic electrolytic 
(and non-electrolytic) molecules in the liquid phase is impor- 
tant for the prediction of mass transfer in chemical and bio- 
chemical unit operations. For analytic separation methods 
such as capillary electrophoresis, knowledge of diffusivities 
might assist in the rapid optimization of the analytic separa- 
tion and in the identification of species. Problems associated 
with the determination of diffusivities of (bio-) organic elec- 
trolytes are the following. 
1. Most experimental methods to determine diffusivities 

require skilled experimeters, which reduces their utility as 
a routine technique. 

2. There is an effect of electrostatic interaction with the 
counter-ion or with other charged solutes on the transport 
of the bio-organic ions [ 1,2]. 

3. The effect of the composition and temperature of the aque- 
ous mixture on the transport of the bio-organic ions is 
often unknown. 

4. A good correlation of diffusivities in dilute, aqueous con- 
centrations with molecular properties is required [ 31. 

* Corresponding author. Tel: f31 15 2782361; fax: +31 15 2782355; 
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1.1. Determination of difisivities 

Wong and Hayduk [4] and Rutten [ 31 have recently 
reviewed techniques for measuring (‘free’) liquid diffusion 
coefficients. Newman [5] indicated the possibility of esti- 
mating infinite dilution diffusivities of ions from equivalent 
conductances. Table 1 gives an overview of some established 
experimental techniques. 

The Taylor method is generally preferred because of its 
speed (30-60 min per determination), good accuracy which 
is usually within 2% [ 31, and its applicability for both ionic 
and non-ionic species. However, setting up this method 
requires skilled experimenters, though it appears possible to 
automate it. This generally improves the accuracy. Both inter- 
ferometry and the diaphragm cell method are relatively time 
consuming. 

A problem for these three transient methods, which is not 
obvious at first sight, is that transient gradients in composition 
arise. The corresponding transient gradients in thermo- 
dynamic non-ideality can significantly influence the meas- 
urements. Although a skilled experimenter may obtain repro- 
ducible results, the accuracy of the experimental result 
depends on the control of the sharpness of the composition 
gradient. Fickian diffusivities of ethanol in the system etha- 
nol-water as a function of composition [ 61 may serve as an 
example, although the system is non-ionic. The diffusivities 
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Table 1 
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Overview of experimental techniques for the determination of diffusion coefficients 

Technique Mode Approximateexperimental time Neutral species Calibration required Experimental skills 

Diaphragm cell 
Interferometry 

Taylor dispersion 
Electric conductance 

Steady/transient 
Transient 
Transient 

Steady 

day 
hour 

minute-hour 
second 

Yes 
Yes 

Yes 
No 

Yes 
No 

No 
No 

Medium 
High 
High 

Low 

vary by a factor of 3 owing to the thermodynamic non-ideality 
at changing composition, as is shown in Fig. 1 [ 71. Similar 
strong concentration dependences are mentioned by Newman 
[ 51 and Reid et al. [ 81, especially for electrolyte systems at 
low concentrations. 

The last method in Table 1, the electric conductance 
method, is based on the measurement of ionic transport, in 
the form of the equivalent conductances, under the influence 
of an electrical field over a homogeneous solution between 
two electrodes. Hence, possible effects of gradients in liquid 
composition are eliminated in this method. Another advan- 
tage is the very short time required per determination, typi- 
cally seconds, and the relatively low skill requirements. In 
addition, this method seems suited for automation. A dis- 
advantage, however, is the limitation to ionic species only. 

1.2. The effects of mixture composition 

It has been shown that the transport of ions in solutions is 
strongly composition dependent [5,8]. This effect becomes 
apparent at very low concentrations (below 1 mol rne3) 
owing to the strong, long range electrostatic interactions 
between the ions. The long range effect was illustrated beau- 
tifully by Cadman et al. [ 93 for the diffusion of the cationic 
protein lysozyme in the presence of its multiple Cl - counter- 
ions. Here, the relatively large lysozyme ion was accelerated 
by the small, mobile chloride ions, which results in abnor- 
mally high diffusion coefficients for the neutral protein salt 
(lysozyme + Cl - ions). Alternative examples were pre- 
sented by Krishna [ 11. 

For high concentrations of electrolytes, short range inter- 
actions of solvent and solutes should also be accounted for. 

DiJikvities of organic electrolytes in water 
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Fig. 1. Fickian diffusivity of ethanol in ethanol-water for various composi- 

tions at 298 K. Data from Tyn and CaIus [6]. 

These interactions are reflected in the decreased diffusivities 
and also through the increased viscosity of the solution. 
Unfortunately, reliable transport dam for binary and multi- 
component electrolyte solutions at high concentrations are 
particularly scarce [ 5 1. So far, the relation between decreased 
diffusivities, increased short range interactions and increased 
solution viscosity has only been discussed qualitatively [ 5 ] . 

The occurrence of long range electrostatic and short range 
interactions at increased electrolyte concentrations has 
restricted earlier applications of the electric conductance 
method to the determination of infinite dilution diffusivities 
only. In this work, we seek to account for these effects, so as 
to extend the range of applicability of the electric conductance 
method. Anticipating Section 2 and Section 4, the long 
range electrostatic interactions are accounted for using of the 
Maxwell-Stefan model, whereas the effect of short range 
interactions is incorporated using a viscosity correction. 

I .3. Predictive correlations 

Notwithstanding the importance of the effects discussed in 
the preceding section, the solute-solvent (here the ion- 
water) interaction dominates the overall friction. Hence, reli- 
able prediction of this solvent-solute interaction, evident in 
the diffusivity, is very valuable. A number of these correla- 
tions is known [3], which all have the friction model of 
Stokes and Einstein as the starting point. The Stokes- 
Einstein model relates the macroscopic model for motion of 
an incompressible sphere in a viscous fluid to molecular dif- 
fusion phenomena. The resulting Stokes-Einstein equation 
expresses the diffusivity in terms of the molecular volume of 
the solute i via its characteristic radius Ri and the viscosity of 
the solventj: 

The Stokes-Einstein parameter n& has reported values of 
4 to 6. The radii are computed from the Van der Waals or 
critical molar volumes by regarding the molecules as spher- 
ical. Rutten [ 31 has modified this approach by evaluating the 
relation of the ratio of solute and solvent radius on the 
observed Stokes-Einstein parameter 11s~. Also the effect of 
solute-solute, solvent-solvent and solute-solvent clusters by 
association mechanisms such as hydrogen bonding was ana- 
lysed. Rutten [ 31 classified solute-solvent combinations 
depending on their polarity and their tendency to aggregate. 
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The result was a modified Stokes-Einstein relation for infinite 
dilution, solute-solvent diffusivities: 

Dy=D,,(X,‘O) = (2) 

while obtaining different n& values for each of the categories. 
For sets of diffusivities in the same solvent, this yielded the 
following dependence on the molecular volume: 

E+j(X,-‘O) i kJ-2’3 (3) 

This general form has been the starting point for many other 
correlations. Molecular volumes are those at the boiling point, 
which have been obtained from the well known group con- 
tribution method of LeBas (in [ 8 ] ) . Critical volumes, Van 
der Waals volumes and molar volumes at the normal boiling 
point are strongly interrelated, and for reasons of coherence 
with the following section, we have used the latter. One of 
the earliest and most famous (empirical) correlations is that 
of Wilke and Chang [ lo], which reads as follows: 

dxM T 
DF=Di,(xpO) =7.14x 1o-R----‘- 

vJvP6 
(4) 

M, is the molar mass of the solvent in g mol-‘, 7, is the 
solvent viscosity in cl’, and Vi is the molar (Le Bas) volume 
of the solute at its normal boiling point. The parameter x 
indicates the degree of association of the solvent. In the orig- 
inal correlation, its value was 2.6 for water. Hayduk and 
Laudie [ 111 reported a value of 2.26 to be optimal. It has 
been noticed [ 33 that the original correlations are usually not 
too accurate for polar solutes in polar solvents such as water. 
Therefore, the usefulness of these correlations for predicting 
ion-water interactions should be evaluated. 

1.4. Aim of this paper 

In this work, we summarize a systematic methodology for 
measuring, evaluating and predicting ionic transport in aque- 
ous solution. Firstly, we present the theoretical framework 
for describing ionic transport in aqueous solution. The frame- 
work is based on the Generalized Maxwell-Stefan equations 
[ 71 and incorporates the effects of composition through long 
range (electrostatic) and short range interactions. Subse- 
quently, the experimental method, based on measurement of 
electric conductance, is outlined and applied to newly 
obtained and known literature data. This method is used to 
determine the diffusivities of organic electrolytes such as 
carboxylic acids and /3-lactam antibiotics. In addition, the 
usefulness of some correlations for predicting diffusivities of 
electrolytic components is tested for a wide range of organic 
electrolytes (and non-electrolytes). 

2. Modelling 

2.1. Electric conductance 

Thus, diffusivities can be obtained directly from measuring 
the electric conductivity. In the following section, we outline 
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Fig. 2. Ionic equivalent conductances of an aqueous sodium acetate solution. 

Data from Landolt-BGmstein [ 121. 

the relation between conductivity, transport of ions (ionic 
fluxes) and the diffusivities of ions. As conductivities can be 
measured directly, we start the development of the theoretical 
framework at this end. 

Conductivities are not readily found in the literature, but 
ionic equivalent conductances A are tabulated at infinite dilu- 
tion and as a function of the concentration [5,8,12]. The 
conductivity K of an electrolyte solution can be expressed in 
terms of ionic equivalent (or molar) conductances Ai; 

K=~kIA,C, (5) 
1 

Already at very low concentrations, ion-ion friction is impor- 
tant. This is demonstrated in Fig. 2, giving the molar conduc- 
tance of sodium acetate at 298 K obtained from [ 121 as an 
example. The ionic equivalent conductances are strong, 
declining functions of increasing solute concentration. 

The conductivity K is related via the known external elec- 
tric field (and its electric potential gradient V+) to the meas- 
ured current density, according to: 

I= - KVd) (6) 

The current density I due to electrolyte transport can be 
expressed in terms of fluxes of the individual electrolytes, as 
follows: 

I= Cz,J, (7) 
I 

In the following section, a thermodynamically rigorous rela- 
tion between ionic fluxes, electric potential and the wanted 
diffusivities is provided. 

2.2. Transport of electrolytes in aqueous solution 

The generalized Maxwell-Stefan equation relates the driv- 
ing forces for transport to the encountered frictional resistance 
[ 71. In the case of transport of electrolytes in aqueous solu- 
tion, the driving forces are usually gradients in chemical 
composition and in electric potential. A moving ion encoun- 
ters frictional resistance from water, and at higher concentra- 
tion, from other solutes. Transport of a key component i in a 
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multi-component system therefore can be described by the 
following flux relation: 

xivpi + xizi+5 = XJW - XJ, +c 
XJj - XjJl 

cDiw j+w cDij 
(8) 

with x, being the mole fraction, c the total concentration, Ji 
the molecular flux and D, the Maxwell-Stefan diffusion coef- 
ficient for friction between species i and j. The terms in the 
left-hand side of Eq. (8) are relevant driving forces for 
electrolyte transport in the absence of strong centrifugal or 
pressure fields. The first term is the contribution of the com- 
position gradient to the overall driving force. The second term 
presents the influence of an external or diffusion induced 
electric potential gradient on the driving force. The terms at 
the right-hand side of Eq. (8) are the frictional forces due to 
relative motion of the key component i with water (w) and 
other solutes 0’). 

Conductance of electrolyte solutions does not involve 
composition gradients but the electrolyte transport is induced 
by electric forces only. The composition of the solution 
between the electrodes is homogeneous. Therefore, the work- 
ing form of Eq. (8) is 

x;++ = - [ 
XJ - XJ- -$+C-& IW j ?r 1 (9) 

2.3. Additional relations 

Additional relations are required to complete the descrip- 
tion of electrolyte transport during electric conductance. An 
obvious condition is the requirement of electroneutrality. The 
bootstrap relation [7] in stagnant and not too concentrated 
solutions, is a negligible water flux (J, = 0). 

A satisfactory empirical relation for cation-anion diffusiv- 
ity has been reported [7]. These authors have evaluated 
conductivity data of binary inorganic salts over a broad con- 
centration range and obtained the following expression for 
the frictional interaction between ionic species: 

D, =4.8x lO’D”,&Y?, 
zy5 

Iz+z- I 1.85 (10) 

Z, is the mole fraction based ionic strength of the electrolyte 
solution. The solvent-ion interactions were originally 
expressed in the corresponding infinite dilution (Fickian) 
diffusivities D”,,D~,. These were assumed to be constant 
for the range of validity of this relation. Also Newman [5] 
showed a similar square-root-of-concentration dependence 
for the ion-ion interaction and reasonably constant solvent- 
ion interaction coefficients. More recently, Kraaijeveld and 
Wesselingh [ 131 demonstrated that this is usually valid for 
concentrations below 1 M. As this ion-ion interaction occurs 
already at very low concentrations, it will be caused to a large 
extent by long range electrostatic interactions and therefore 
will be rather insensitive to the exact chemical nature of the 
interacting components. In this work, we have used Eq. ( 10) 
in its original form. 

2.4. Effect of composition and temperature on difisivities 

The Stokes-Einstein model and the correlation of Wilke 
and Chang indicate a strong dependence of the solute diffu- 
sivity on the viscosity of the solvent. The solvent viscosity 
may change owing to variation in temperature and overall 
composition. As mentioned before, molecular interactions 
(expressed as thermodynamic non-ideality) and viscosity are 
interrelated, but very few experimental correlations exist. For 
the bio-organic species of interest, the thermodynamic data 
are practically absent or not easily accessible or measurable, 
whereas viscosity data are more easily available or measured. 
Therefore, we have incorporated in this work a lumped 
dependence of the solute diffusivity on solvent viscosity, 
according to the modified Stokes-Einstein relation of Ver- 
steeg and van Swaaij [ 141, which was derived for Fickian 
diffusivities: 

D ref 77 Of3 
-= - 

D ( 1 rlref 
(11) 

Hence, composition and temperature dependences of the dif- 
fusivities are implicitly corrected for by the overall viscosity 
correction. This relation was proved to be valid for Fickian 
diffusivities in aqueous alkanol-amine solutions for a broad 
range of concentrations (o-4000 mol mm3 [ 151) . Increasing 
the solute concentration violates the previous assumption of 
a zero water flux. A non-zero water flux may be the actual 
reason of a decrease in the diffusivities with increasing con- 
centrations. However, this is difficult to validate experimen- 
tally whereas a viscosity correction using Eq. ( 11) is a 
straigtforward procedure. 

2.5. Parameter sensitivity 

Experimental values of infinite dilution diffusivities of 
organic ions as large as plactam antibiotics are in the range 
of 0.1 X lop9 to 2X 10e9 m* s-’ [ 16,171. To investigate the 
sensitivity of conductivity measurements for the diffusivities 
at infinite dilution, we have performed some simulations 
using the model described in the previous sections. Simula- 
tions have been performed with a cation-water diffusivity of 
2 x 10e9 m* s- ‘. This could stand for potassium as the com- 
mon cation, which has an infinite dilution diffusivity of 
1.957 x 10e9 m* s-’ at 298 K. Simulations for the molar 
conductance as a function of the electrolyte concentration 
have been performed for the usual concentration range of l- 
100 mol rne3. The results are shown in Fig. 3. A minimum 
accuracy of approximately 0.1 X lO-4-1.OX 10e4 S m* 
mol-’ is required to reduce the measurement error to about 
1%. This accuracy is easily accomplished with commercially 
available equipment for measuring electric conductivity. 

3. Experimental details 

The potassium salt of penicillin G was a gift of Gist-bro- 
cades nv and was 99.2% pure. All other components were of 
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Fig. 3. Computed molar conductances of solutions with a common cation 

with D,, =2X 10m9 m2 s-’ for anions with different diffusivities D-,. 

analytical grade (obtained from Fluka) and weighed amounts 
were dissolved in a known mass of deionized water (checked 
by electrical conductivity). The water was prepared with a 
Milli-Q water system (Millipore, France). Since the com- 
ponents are weak electrolytes, they were converted into their 
potassium form by the addition of a known mass of analyti- 
cally pure KOH solution from Merck. The pH was adjusted 
to neutral (pH 7), which is well above the pK, value of the 
compounds. This pH also reduces the unwanted influence of 
protons or hydroxide ions on the conductivity. The masses 
were determined on a Mettler Toledo balance, model AB204 
(Mettler, Switzerland) with a resolution of 0.0001 g. The 
error in the concentration of the final solution is estimated to 
be smaller than 2%. 

Conductivities of the components were obtained with a 
Consort K6 10 conductivity meter and a Philips flow-through 
conductivity electrode in a 100 ml jacketed vessel with tem- 
perature control. The temperature was maintained at 298 K 
during the experiments. The conductivity electrode had a cell 
constant of 0.734 cm- ‘. Conductivities have been measured 
with a resolution of 0.1 mS for 5-50 mol me3 solutions of 
phenylacetate, 6aminopenicillanate acid and benzylpenicil- 
lanate at pH 7 and 298 K. The error in the conductivity 
measurement was smaller than 1%. The common counter-ion 
K+ was used for calibration purposes, and KC1 was used as 
a reference component for the the conductivity measure- 
ments. The KC1 was also analytically pure and obtained from 
Merck. 

The composition dependence of the conductivity of KC1 
and the diffusion coefficients of the individual ions have been 
reported extensively in the literature. The concentration 
dependence of viscosities has been taken from the literature 
[ 181, as well as the molar conductances of 23 carboxylic 
acids [ 121. 

4. Results 

4.1. Experimental results 

The experimental procedure has been checked using con- 
ductivity measurements for KC1 solutions at 298 K over the 
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Fig. 4. Molar conductances of potassium salts of 6-aminopenicillanic acid 
(0). phenylacetate (0). and penicillin G ( n ) at 298 K. The curves are 

calculated from Eq. (9) and E!q. ( 10) using the D _ w given in the text. 

concentration range l-1000 mol ms3. The molar conduc- 
tances, which were calculated by dividing the conductivity 
through the actual concentration, were compared with molar 
conductances obtained from Landolt-Bernstein ( [ 121, 
Series S4, C6 and C4b). The average deviation of our data 
and those from Landolt-Bornstein was 2%, which is within 
the estimated error of the concentration. 

Following the same procedure, experimental molar con- 
ductances of solutions of the potassium salts of 6-amino- 
penicillanic acid (APA), phenylacetic acid and benzylpeni- 
cillin (Pen G) were determined at 298 K. These are shown 
as the symbols in Fig. 4. It was assumed that these data had 
the same average deviation in the molar conductance as was 
observed for KCl. 

Molar conductances for the anions of the carboxylic acids 
shown in Table 2 were taken from the literature. Molar con- 
ductances were taken from the compilation by Landolt- 
Bornstein [ 121, unless indicated differently in Table 2. 

4.2. Interpretation of the data 

The following procedure was used to estimate the solute- 
water diffusivities in electrolyte solutions. The fluxes of ions 
in an electrolyte solution for a given electric potential gradient 
are calculated using Eq. (9) for both cation and anion of the 
salt for a given set of Maxwell-Stefan diffusivities. The ion- 
water diffusivity for the cation is fixed and that of the anion 
is estimated. The composition dependent ion-ion diffusivity 
is calculated using Eq. (10). The resulting current density 
and molar conductance are calculated from the fluxes using 
Eq. (7)) Eq. (6) and Eq. (5) respectively. The calculated 
molar conductances are then compared with the experimental 
values. The sum of the squared differences was minimized 
by varying the anion-water diffusivity using the Simplex 
method. 

4.3. Resulting difisivities 

4.3.1. Data from this work 
Following the above procedure and setting the infinite dilu- 

tion diffusivity of K+ at its literature value (1.957 x 10e9 
m* s-l), we found a value for the Cl- anion of 1.97 X 10e9 
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m2 s-’ . This value is in close agreement with values indicated 
intheliterature(2.032X10-9m2s~’ [S]). 

Fitted values for the Maxwell-Stefan solute-solvent dif- 
fusivities using the same procedure were 0.85 X lop9 m2 s- ’ 
for the anions of phenylacetic acid, 0.71 X lop9 m2 s-i for 
6-aminopenicillanic acid and 0.49X 10e9 m2 s-’ for ben- 
zylpenicillin. The curves drawn in Fig. 4 are simulations with 
the Maxwell-Stefan model (Eq. (9) ) using fitted solute- 
solvent diffusivities and Eq. ( 10) for the ion-ion interaction. 
Because the concentrations of the solutes do not exceed 50 
mol m-3, the influence of a possible viscosity increase was 
neglected for these calculations. 

The simulations and measured conductivities of potassium 
phenylacetate, 6aminopenicillanate and benzylpenicillinate 
deviated systematically at low concentrations. The deviation 
was not observed for the KC1 solutions. This can hardly be a 
viscosity effect as the deviation has its largest value at lowest 
concentrations. It might be due to a deviation of the diffusivity 
of KC with organic ions under our conditions from its value 
in aqueous Cl- solutions, in combination with the possibly 
limited accuracy of Eq. ( 10). 

4.3.2. Literature data for diluted systems 
Maxwell-Stefan diffusivities D-W of the carboxylates in 

Table 2 are also obtained by fitting Eq. (9) and Eq. ( 10) to 
their molar conductances from [ 121 as a function of concen- 
tration. The D +W data for the (inorganic) counterions of the 
carboxylates are assumed to be equal to the infinite dilution 
value, as reported in [ 51. In general, a reasonable agreement 
was observed for one single value of the D - w coefficient for 
concentrations below 100 mol m - 3. 

4.3.3. Higher concentrations 
However, molar conductances at higher concentrations 

(greater than 100 mol m 3, were overestimated when using 
Maxwell-Stefan diffusivities obtained at lower concentra- 
tions. A typical example, in this case for sodium acetate, is 
shown in Fig. 5, which illustrates this phenomenon. 

Hence, we have corrected the solvent-solute diffusivities 
at the actual composition for the increased viscosities at 

t 0 500 1000 

concentration [mol/m’] 

Fig. 5. Molar conductance as function of concentration for aqueous solutions 
of sodium acetate at 298 K. Data from Landolt-Biknstein [ 121; curves 

simulated withF.q. (9) and Eq. (10). 

0 1000 2000 

concentration imol/m3] 

Fig. 6. Ratio of viscosity to the viscosity in the absence of sodium salts of 
acetate ( l ) , oxalate (0) and citrate ( n ) Data from Weast [ 181. 

higher electrolyte concentrations with the modified Stokes- 
Einstein Eq. ( 11) . Fig. 6 shows the ratios of actual viscosity 
and viscosity at infinite dilution of the selected sodium salts 
(acetate, oxalate and citrate [ 181) . The increase in viscosity 
is negligible for solute concentrations below 100 mol mP3 
for monovalent and bivalent anions (below 5%)) and still 
relatively small (below 10%) for trivalent species. The vis- 
cosity was described as a function of the concentration by 
fitting a polynomial relation through the data, obtained from 
[ 181. The improved correlation of the experimental data for 
the case of sodium acetate is shown as the solid curve in 
Fig. 5. 

The resulting Maxwell-Stefan ion-water diffusivities 
from the potassium, sodium or calcium salts of 23 carboxylic 
acids are derived from original experiments or from literature 
data and are compiled in Table 2. From various other litera- 
ture sources, the diffusivities of the corresponding neutral 
acids and infinite dilution ionic diffusivities have been 
obtained. Literature diffusion data for these species and for 
/3-lactam antibiotics, as well as literature sources, are given 
in Table 2 as well. 

5. Discussion 

5.1. Are MaxwellStefan and infinite dilution diffusivities 
identical? 

A comparison of the values of the Maxwell-Stefan sol- 
vent-anion coefficient D _ w and those from infinite dilution 
data suggest that these are identical. Fig. 7 is a parity plot of 
Maxwell-Stefan diffusivity and the infinite dilution diffusiv- 
ity. This statement is of course consistent with the physical 
‘picture’ that the infinite dilution situation is largely deter- 
mined by solute-solvent interaction. In fact, this observation 
confirms the empirical relation for the Maxwell-Stefan ion- 
ion interaction coefficient (Eq. ( 10) [7] ). The relation for 
ion-ion interaction was originally obtained for inorganic 
electrolytes, but is shown to be valid for organic electrolyte 
systems as well. This is in agreement with the Debye-Htickel- 
like long distance electrostatic nature of the interionic fric- 
tion, which should be largely independent of the chemical 
character of the ionic species. However, it is expected that at 
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0.5 1.0 1.5 
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Fig. 7. Parity plot of the infinite dilution and Maxwell-Stefan diffusivities 

of carboxylic acids. Values from Table 2 and various counter-ions: Na’ 

(0). K+ (0) and other (A). 

very high electrolyte concentrations (5-10 kmol m- 3, nei- 
ther this long distance interaction force nor the Stokes-Ein- 
stein viscosity correction will be able to predict accurately 
ionic transport. 

5.2. Are difisivities of ionic and neutral forms of a weak 
electrolyte equal? 

Another point of interest is the influence of the absence or 
presence of an electric charge on an organic electrolyte on its 
mobility. See Fig. 8 for a comparison of infinite dilution 
(Fickian) diffusivities of neutral and ionic forms of carbox- 
ylic acids at 298 K. Albery et al. [ 191 have investigated 13 
different monovalent and divalent carboxylic acids with 
respect to this question. They concluded that monovalent ions 
are on average as mobile as the neutral species whereas biva- 
lent ions tend to be some 5% less mobile than their neutral 
counterparts. The smaller diffusivity was attributed to a tight 
ion-water binding and hence a larger solvation volume. Our 
findings show slightly smaller diffusivities for the monova- 
lent ionic form. No data for bivalent ions and the correspond- 
ing neutral forms are available to add to Albery’s conclusion. 

2.0 

Lo 

% 

P 1.5 
0 

5 
E m 1.0 

8% 
n 

0.5 1.0 1.5 2.0 

0: (neutral) 10e9 m2/s 

Fig. 8. Parity plot of the diffusivities of neutral and ionic forms of carboxylic 
acids. Values from Table 2 and various counter-ions: Na+ (0)) K + (0) 

andother (A). 

5.3. Comparison with predictive correlations 

The observations made in the preceding section justify the 
prediction of electrolyte transport from (Fickian) diffusion 
coefficients at infinite dilution, even at fairly high concentra- 
tions. For comparison, infinite dilution diffusivities of other 
neutral or zwitterionic organic species such as amino acids, 
peptides, alkanol amines (Table 3), alcohols and carbohy- 
drates (Table 4)) have also been compiled. 

Hence, we have estimated the Stokes-Einstein parameter 
& by fitting Eq. (2) to the experimental diffusivities for 
neutral, zwitterionic and ionic species from Tables 2-4. 
Molecular volumes are estimated from the group contribution 
method of LeBas [ 231. Fig. 9 shows a parity plot of experi- 
mental diffusivities and those obtained from the modified 
Stokes-Einstein relation for an optimal value for n’& of 2.17 
with an average deviation of 7.3%. Predicted and experimen- 
tal values are in good agreement, but have a slight systematic 

Diffusivities of organic electrolytes in water 

., 
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Fig. 9. Parity plot of experimental diffusivities from Tables 2-4 and those 
calculated from the Stokes-Einstein relation with &= 2.17. 
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Fig. 10. Parity plot of experimental diffusivities from Tables 2-4 and those 
predicted with the Wilke and Chang relation with x= 2.9. 
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Table 3 
Overview of diffusion coefficients in 10m9 m ’ s - ’ of amino acids, peptides and alkanol amines in water at 298 K 

V L@*as Es. (4) Es. (2) 
10e6 m3 mol-’ x=2.9 n&=2.17 

Neutral 
orzwitterion 

Amino acids 

Glycine 
Alanine 
Serine 

Aminobutyrate 
Valine 

Leucine 
Proline 
Hydroxy-proline 
Histidine 

Phenylalanine 
Tryptophan 

Threonine 
Norvaline 
Norleucin 

Asparagine 
Glutamine 

Amino-benzoate 

Peptides 

Diglycine 
Triglycine 

Glycyl-leucine 
Leucyl-glycine 
Leucyl-glycyl-glycine 

Alkanol amines 

Monoethanolamine 

Diethanolamine 
Triethanolamine 
Methyldiethanolamine 

Monoisopropylamine 
Diisopropanolamine 

Diglycolamine 

Ethyldiamine 

78 1.13 1.20 1.06 
100 0.97 1.02 0.91 
108 0.93 0.97 0.88 

122 0.86 0.89 0.83 
145 0.78 0.79 0.77 

167 0.71 0.72 0.73 
127 0.84 0.87 0.88 
135 0.81 0.83 0.83 
168 0.71 0.72 0.73 

189 0.66 0.66 0.705 
223 0.60 0.60 0.66 

134 0.82 0.83 0.80 
145 0.78 0.79 0.77 
166 0.71 0.72 0.72 

141 0.79 0.81 0.83 
16.5 0.72 0.73 0.76 

144 0.78 0.80 0.84 

138 0.80 0.82 0.79 
198 0.64 0.64 0.67 

227 0.59 0.59 0.62 
227 0.59 0.59 0.61 
287 0.52 0.80 0.55 

73 1.17 1.25 1.17 L 

127 0.84 0.87 0.81 a 
179 0.69 0.69 0.78 ’ 
149 0.76 0.78 0.79 a 

92 1.02 1.08 1.01 = 
164 0.72 0.73 0.74 p 

125 0.85 0.87 0.91 a 

80 1.11 1.18 1.09’ 

Data for zwitterionic and neutral species were largely compiled by Hayduk and Laudie [ 111. Data for alkanol amine? were obtained from Hikita et al. [ 211, 
Versteeg and van Swaaij [ 141 and Snijder [ 151. 

deviation. This may be attributed to a slightly too high value 
of the exponent of the molecular volume ( - 2/3), which 
indicates the importance of friction at the molecular surface. 

Diffusivities of the larger semi-synthetic antibiotics, which 
were obtained from the work of Tsuji et al. [ 16,171, are 
largely overestimated by the Stokes-Einstein relation. These 
diffusivities have been obtained by the steady statediaphragm 
method at 310 K. We have recalculated these data to 298 K 
using Eq. ( 11) . However, the error which was introduced by 
this procedure is smaller than 5% and cannot explain the large 
deviation of predicted and experimental diffusivity. A dis- 
crepancy between the true molecular dimensions and those 
estimated from LeBas’ method could be the cause of this 
deviation. A closer inspection of the three-dimensional 
arrangement of the atoms in these semi-synthetic antibiotics 
can be made from crystallographic data from Crowfoot et al. 
[ 231 and Flynn [ 241. Although extrapolation of the solid 
phase dimensions to solution behaviour is highly speculative, 
it was observed that some molecular bonds are not flexibl e 

enough to support the assumption of a spherical solute. Con- 
sequently, the molecular structure is more ‘open’ and the 
relevant dimensions for friction with water are underesti- 
mated. It has been demonstrated that characteristic dimen- 
sions which reflect more the actual size of a species such as 
the radius of gyration are better suited for correlating diffu- 
sivities of these large species [ 251. 

The Wilke and Chang correlation, Eq. (4)) is also based 
on the Stokes and Einstein friction model. The parameter x 
indicates the degree of association of the solvent. In the orig- 
inal correlation, its value was 2.6. Hayduk and Laudie [ 1 l] 
reported a value of 2.26 to be optimal, but for the data set of 
Table 3, the value of 2.9 gave the best fit (average deviation 
5.5%). The better overall prediction of this relation is due to 
its slightly lower exponent for the molecular volume (0.6 
instead of -2/3). Fig. 10 is a parity plot of experimental 
diffusivities and those predicted with the Wilke and Chang 
equation. Again the data for semi-synthetic antibiotics are 
overestimated. 
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Table 4 

Overview of diffusion coefficients in 10m9 mZ s- ’ of alcohols and carbohydrates in water at 298 K 

V L&as Eq. (4) Eq. (2) 
10m6 m3 mol-’ x=2.9 n&=2.17 

Alcohols 

Methanol 37 1.76 1.97 
Ethanol 59 1.33 1.44 
1 -Propanol 81 1.10 1.17 
2.Propanol 81 1.10 1.17 
1 -Butanol 104 0.95 0.99 
2-Butanol 104 0.95 0.99 

Benzylalcohol 126 0.84 0.87 
Ethyleneglycol 67 1.24 1.33 
Tri-ethylene glycol 170 0.71 0.71 
Propylene glycol 89 1.04 1.10 
Glycerol 96 0.99 1.04 
Ethane-hexanediol 200 0.64 0.64 

Carbohydrates 

Glucose 166 0.72 0.72 
Sucrose 325 0.48 0.46 
Raffinose 480 0.38 0.36 
Lactose 340 0.47 0.45 
Maltose 340 0.47 0.45 
Mannitol 185 0.67 0.67 

Arabinose 148 0.77 0.78 

Neutral 

1.66 

1.24 
1.08 

1.12 
0.93 
0.98 

0.93 
1.16 

0.76 
1.00 

0.93 
0.64 

0.67 
0.52 
0.43 

0.51 a 
0.47 a 

0.66 a 
0.77 a 

Data for zwitterionic and neutral species were largely compiled by Hayduk and Laudie [ II]. Data on carbohydrates partiallya recomputed from 293 K data of 
Wilke [22] usingEq. (11). 

6. Conclusions 

The Generalized Maxwell-Stefan approach results in a 
good description of electric conductivity phenomena over a 
large range of aqueous electrolyte concentrations. The most 
important parameters required are infinite dilution diffusivi- 
ties for the solute-solvent interaction. The necessary correc- 
tions for ionic transport at higher concentrations are the 
incorporation of electrostatic interaction of the ions and the 
viscosity increase of the solvent. The correlation by Wesse- 
lingh and Krishna [ 71 for the concentration dependent inter- 
action of unlike ions, which is derived from transport 
properties of inorganic electrolytes, also works quite satis- 
factorily for organic ions. In this work, we did not investigate 
the interaction of like ions and the corresponding Maxwell- 
Stefan diffusion coefficients, but an analysis has been pro- 
vided recently by Kraaijeveld and Wesselingh [ 131. A mod- 
ified Stokes-Einstein viscosity relation can account for the 
effects of the viscosity increase of the solvent at high electro- 
lyte concentrations. 

Therefore, conductivity measurements provide a rapid and 
reliable method to determine water-solute diffusivities of 
relatively complex organic electrolytes. As composition 
gradients do not occur, the technique is not hampered by 
gradients in thermodynamic non-ideality. An obvious dis- 
advantage is of course its limitation to systems of electrolytes 
only. 

Infinite dilution diffusion coefficients of polar solutes in 
water can be correlated by a modification of the Wilke and 

Chang relation, and with a somewhat smaller precision, with 
a modified Stokes-Einstein relation as proposed by Rutten 
[ 31. This justifies the prediction of infinite dilution diffusiv- 
ities from molecular structure only, using the group contri- 
bution method of LeBas. 

7. Notation 

C Concentration, mol mP3 
D Fickian diffusion coefficient, m* s- i 
D Maxwell-Stefan diffusivity, m2 s - i 
F Faraday’s constant 96 500, C mol-i 
I Current density, A m-* 

Ix Molar fraction based ionic strength 
J Molarfluxmolm-*s-’ 
M Molar mass 
R Gas constant 8.314, J mol-’ K-’ 
Ri Molecular radius, m 
T Temperature, K 
X Molar fraction 
2 Spatial coordinate, m 
2, Charge number of species i 

7.1. Greek 

Y Activity coefficient 
E Liquid fraction 
K Conductivity, S m = A V- ’ m- ’ 
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A Equivalent or molar conductance, S m* eq- ’ or 
S m2mol-’ 

+ Electric potential, V 

X Solvent association parameter in Eq. (4) 

7.2. Subscripts 

k,ij Species 
W Water 
+ , - Cation, anion 
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