JOURNAL OF
CHROMATOGRAPHY A

Journal of Chromatography A, 757 (1997) 263-273

Capillary electrophoresis of herbicides'
II. Evaluation of alkylglucoside chiral surfactants in the
enantiomeric separation of phenoxy acid herbicides

Yehia Mechref, Ziad El Rassi™

Department of Chemistry, Oklahoma State University, Stillwater, OK 74078-3071, USA

Received 3 June 1996; revised 6 August 1996; accepted 6 August 1996

Abstract

Two chiral alkylglucoside surfactants, namely n-octyl-(OG) and n-nonyl-B-p-glucopyranoside (NG), were evaluated in
the enantiomeric separation of phenoxy acid herbicides. The enantiomeric resolution could be manipulated readily by
adjusting the surfactant concentration, ionic strength, pH and separation temperature. The optimum surfactant concentration
needed for maximum enantiomeric resolution varied among the different analytes and was an inverse function of the
hydrophobicity of the phenoxy acid herbicides, with the most hydrophobic solute requiring less surfactant concentration for
attaining a baseline enantiomeric resolution. Due to the ionic nature of the phenoxy acid herbicides, increasing the pH of the
running electrolytes increased the degree of ionization of the acidic herbicides thus decreasing their association with the
chiral micelles and in turn their enantiomeric resolution. Increasing the ionic strength seems to enhance both the
solubilization of the solute in the micelle and the chiral interaction of the solute with the micelle with a net increase in
enantiomeric resolution. Performing the separation at a sub-ambient temperature favoured an enhanced solute—micelle
association and improved enantiomeric resolution.
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1. Introduction exploited in enantiomeric separation. One direct

approach involves inclusion complexation in the

Chiral capillary electrophoresis (CCE) is increas-
ingly employed in the enantiomeric separation of
various kinds of racemic mixtures. This is due to the
fact that CCE is a simple, rapid and practical method
yet it provides high separation efficiency, and re-
quires small sample and reagent volumes. Various
direct and indirect CCE approaches have been
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presence of cyclodextrins (CDs) either in an open
tubular format [1-10] or CDs immobilized in gel-
filled capillaries [11,12] or CDs bonded to the walls
of fused-silica capillaries [13,14]. Also, inclusion
complexation was performed in the presence of
crown ethers [15]. A second direct approach for CCE
is based on solubilization by chiral micelles [16—18}
or microemulsions [19]. Other direct approaches
include: (i) affinity interaction in the presence of
proteins [20,21] or polysaccharides {22], and (ii)
ligand-exchange complexation [23,24]. Finally, de-
rivatization to diastereoisomers forms the basis for
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indirect methods for chiral separation by CE [25,26].
The details of these various methods have been
described in several recent reviews on the CE of
enantiomers [27].

Very recently, our laboratory has introduced novel
chiral micellar systems based on steroidal-glycoside
surfactant—borate complexes [28] for the separation
of several optical isomers including binaphthyl,
Troger’s base, dansyl amino acid and silvex her-
bicide enantiomers. In a more recent report we
evaluated the use of mixed CDs in the separation of
fluorescently labelled phenoxy acid herbicide en-
antiomers [29].

Thus far, all chiral separation involving micellar
phases were performed with charged chiral micelles
[30,31], in situ charged micelles [28], mixed achiral
charged micelles/CDs [18,32] or mixed achiral
charged micelles/chiral micelles [16,33]. This arti-
cle, which is a continuation of our previous efforts in
the area of CCE, reports for the first time the use of
uncharged alkylglucoside chiral micelles in the sepa-
ration of charged enantiomers, namely phenoxy acid
herbicides. There are two major rationales for using
phenoxy acid herbicides as model chiral solutes for
evaluating the alkylglucoside chiral surfactants under
investigation: (i) they are important agrochemicals,
especially in the control of weeds in cereal crops
[34], and (ii) they have systematic structural differ-
ences, e.g., nature, location and number of substitu-
tion on the benzene ring, as well as a structural
similarity (i.e., the chiral center) which make them
attractive enantiomeric solutes for evaluating chiral
selectors.

As will be shown in this report, the use of
uncharged micelles in the CCE of charged enantio-
mers offers a great deal of advantages in terms of
manipulating the enantioselectivity by various opera-
tional variables such as the surfactant concentration,
the ionic strength and pH of the running electrolyte
and the capillary temperature.

2. Experimental
2.1. Capillary electrophoresis instrument
A Beckman P/ACE instrument (Beckman Instru-

ments, Fullerton, CA, USA) Model 5510 equipped
with a diode-array detector and a data-handling

system comprising an IBM personal computer and
System Gold software was used in this study.
Detection was performed at 230 nm and the resulting
signal was fed to the computer for archiving and
real-time display of the electropherograms. The
fused-silica capillaries were obtained from Polymicro
Technology (Phoenix, AZ, USA) and had the dimen-
sions of 50 cm (to detection window) and 57 cm
(total length) with an 1.D. of 50 pm and an O.D. of
365 pm. Unless otherwise stated, the temperature of
the capillary was maintained at 15°C by the instru-
ment thermostatting system. Samples were pressure
injected as methanol-water solutions at 0.034 bar
(i.e., 3.5 kPa) for various lengths of time.

2.2. Reagents and materials

n - Octyl - B - D - glucopyranoside (OG) surfactant
was purchased from Anatrace (Mumee, OH, USA)
and 7 -nonyl- 8 - p-glucopyranoside (NG) surfactant
was obtained from Sigma (St. Louis, MO, USA).
The structures and the critical micellar concentration
(CMC) of these surfactants are shown in Table 1.
Phenoxy acid herbicides including silvex, 2 - (2,4 -
dichlorophenoxy )propionic acid (dichlorprop), 2-(4-
chloro-2-methylphenoxy)propionic acid (mecoprop),
2 - (4 - chlorophenoxy )propionic acid (2,4-CPPA), 2-
(3 - chlorophenoxy)propionic acid (2,3-CPPA), 2-(2-
chlorophenoxy)propionic acid (2,2-CPPA), and 2-
phenoxypropionic acid (2-PPA) were purchased from
Aldrich (Milwaukee, WI, USA) and from Chem
Service (West Chester, PA, USA). The structures of
the phenoxy acid herbicides used in this study are
given in Scheme 1.

Table 1
Structures and CMCs of the alkylglucopyranosides used in this
study

Structure and name of surfactant  Abbreviation ~CMC (mM)*
CH,0H
0. 0=CH,-(CHy), - CH,
OH
(o)
OH
n=6: Octyl-B-p-glucopyranoside = OG 25
n=7: Nonyl--p-glucopyranoside =~ NG 6.5

*Obtained from Ref. [38].
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Scheme 1.

All chemicals used in the preparation of the sepa-
ration electrolytes were obtained from Fisher Sci-
entific (Pittsburgh, PA, USA).

3. Results and discussion

3.1. Effect of surfactant concentration and
description of the separation principles

In aqueous solutions, and above their CMC, the
alkylglucoside surfactants exist as micellar phases
with the p-glucopyranoside chiral head group prot-
ruding from the micelle, (for structures of surfac-
tants, see Table 1). Fig. 1 illustrates the elec-
tropherograms of phenoxy acid herbicides obtained
at three different OG concentrations. As shown in
Fig. 1, chiral resolution is achieved only at surfactant
concentration above CMC, indicating that the pres-
ence of the chiral surfactant in the micellar form is
critical for chiral recognition. In other words, solute—
micelle association via polar and hydrophobic inter-
actions are important components for the enantio-
meric separation. On this basis, the enantiomeric
resolution is achieved when the two enantiomers

exhibit different association constants with the chiral
micelles.

A schematic of the separation principles of anionic
solutes (e.g., phenoxy acid herbicides) in the pres-
ence of the alkylglucoside micellar phases is de-
picted in Fig. 2. While the neutral micelles of the
alkylglucoside surfactants migrate at the velocity of
the electroosmotic flow (EOF), the electrophoretic
mobility of an anionic analyte is opposite in direction
to the cathodal EOF. Thus, the effective electro-
phoretic mobility, and, in turn, the migration time of
an anionic solute (e.g., a phenoxy acid herbicide) will
decrease as the magnitude of its association with the
neutral micelle increases. In other words, the
stronger the interaction between the analyte and the
micelle the higher the apparent mobility of the
anionic analyte, and, consequently, the faster its
migration toward the cathode. This is seen in Fig. 1
where the migration time of silvex decreases from
ca. 23 min to ca. 13 min when going from 10 mM
OG to 60 mM OG while the migration time of the
least interacting herbicide 2-PPA was slightly affect-
ed by the presence or the absence of the micelle, and
decreased from ca. 31 min to ca. 27 min when the
OG concentration increased from 10 to 150 mM. The
slight increase in the migration time of 2-PPA when
going from 10 to 60 mM OG can be attributed to the
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Fig. 1. Electropherograms of phenoxy acid herbicides depicting the effect of OG concentration on enantiomeric resolution. Conditions:
running electrolyte, 200 mM sodium phosphate, pH 6.5, containing: (a) 10 mM OG, (b) 60 mM OG, and (c) 150 mM OG; capillary, 57 cm
(50 cm to detection window)X50 wm 1.D.; voltage, 20 kV; temperature 15°C. Peaks: 1=silvex, 2=dichlorprop, 3=mecoprop, 4=2,4-CPPA,
5=2,3-CPPA, 6=2,2-CPPA, 7=2-PPA.
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@
? = alkyl-glucoside monomer; S =solute; | = solute apparent mobility;
W ep = solute electrophoretic mobility; { ., = electroosmotic mobility.

Fig. 2. Scheme illustrating the separation principles of charged species in the presence of neutral micelles.

increase in the viscosity of the running electrolyte.
Fig. 3 illustrates the variation in the average of
the effective electrophoretic mobility of phenoxy
acid herbicide enantiomers as a function of OG and
NG concentrations. In all cases, the effective electro-
phoretic mobility of the analytes decreased as the
concentration of the surfactant increased. This is due
to the fact that by increasing the surfactant con-
centration [S], the micellized surfactant concentra-
tion ([S]-CMC) is increased, and, consequently, the
number of micelles interacting with a given solute at
any instant increases. The net result is an increase in
the time the solute spends in the micellar phase. As
shown in Fig. 3, silvex, dichlorprop and mecoprop
exhibited a sharp decrease in their effective electro-
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phoretic mobilities up to 60 mM OG and up to 30
mM NG, and this decrease became shallower at
higher surfactant concentrations. The effective elec-
trophoretic mobility of the other analytes, 2,4-CPPA,
2,3-CPPA and 2,2-CPPA, decreased almost mono-
tonically with increasing OG and NG concentrations
in the concentration range studied. It should be noted
that the decrease in mobility at higher surfactant
concentration is also partly due to the increase in the
electrolyte viscosity.

Generally, and with uncharged surfactants, the
magnitude of solute association with the micelle
should increase with increasing solute hydropho-
bicity. Therefore, the order of the hydrophobicity of
the different phenoxy acid herbicides seems to
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Fig. 3. Plots of the average effective electrophoretic mobility of phenoxy acid herbicides versus the concentration of: (a) OG, and (b) NG in
the running electrolyte. Conditions: running electrolyte, 200 mM sodium phosphate, pH 6.5, containing various concentrations of: (a) OG,
and (b) NG; capillary, 57 cm (50 cm to detection window)X50 pwm L.D.; voltage, 20 kV; temperature 15°C. Lines: 1=silvex, 2=dichlorprop,

3=mecoprop, 4=2,4-CPPA, 5=2,3-CPPA, 6=2,2-CPPA, 7=2-PPA.
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decrease in the following order, silvex >>
dichlorprop>mecoprop >> 2,4 - CPPA>2,3 - CPPA>
2,2-CPPA >> 2-PPA, which is the same as the migra-
tion order. This correlates with the number of
substituted nonpolar groups (i.e., Cl or CH,) on the
benzene rings. For 2,4-CPPA, 2,3-CPPA and 2,2-
CPPA, the position of the chlorine atom seems to
influence the net hydrophobicity of the solute. The
closer the chloride atom to the oxygen atom the
weaker the hydrophobicity of the phenoxy acid
herbicides.

The effect of OG concentration on the enantio-
meric resolution of the phenoxy acid herbicides
under investigation is illustrated in Fig. 4. Resolution
was calculated from the electropherogram using the
equation R =(tg, —15,)/[2(0g, + 0%, )] where ., and
ty, are the migration times of enantiomers 2 and 1,
respectively, and o, and ¢y, are the peak standard
deviations of enantiomers 2 and 1, respectively. The
optimum surfactant concentration for maximum en-
antiomeric resolution seems to decrease as the extent
of the analyte solubilization in the OG micelle
increases, which in the case of phenoxy acid her-
bicides seems to correlate with the hydrophobicity of
the analyte. Generally, solute solubilization is
believed to occur at a number of different sites in the
micelle [35]: (i) on the surface of the micelle, i.e., at
the micelle-solvent interface; (ii) between the hy-
drophillic head groups; (iii) in the so-called palaside
layer of the micelle between the hydrophillic groups
and the first few carbon atoms of the hydrophobic
tails that comprise the outer core of the micellar
interior; (iv) more deeply in the palaside layer; and
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Fig. 4. Bar graphs of the enantiomeric resolution of phenoxy acid
herbicides at different OG concentrations. Experimental condi-
tions as in Fig. 1.

(v) in the inner core of the micelle. Due to their ionic
nature, the phenoxy acid herbicides are likely to be
solubilized mainly in locus (iii) between the in-
dividual molecules of the surfactant in the palaside
layer, with the polar group of the solute, which is
also the chiral center, oriented toward the polar,
chiral group of the alkylglucoside surfactant and the
nonpolar portion oriented toward the interior of the
micelle. Depth of penetration in the palaside layer
depends on the ratio of polar to nonpolar structures
in the phenoxy acid herbicide molecules, with the
less-polar compounds penetrating more deeply than
the more polar (i.e., less substituted) phenoxy acid
herbicides. The depth of penetration will affect the
enantioselectivity of the system. The deeper the
solute will penetrate, the more its optical center will
be pulled away from interacting with the chiral head
group of the surfactant molecule, and, consequently,
there will be a decreased enantioselectivity. On the
other extreme of the spectrum, the weaker the
solubilization of the solute in the micelle, the less
probable is the association between the micelle and
the solute chiral centers, and the enantiomeric res-
olution is lower. Silvex, the most hydrophobic
species among the analytes used in this study,
attained maximum enantiomeric resolution at 40 mM
OG, while the enantiomeric resolution of the weakly
hydrophobic solutes, namely 2,4-CPPA, 2,3-CPPA
and 2,2-CPPA, improved as OG concentration in-
creased. Increasing the surfactant concentration re-
sults in an increase of the concentration of the chiral
centers in the overall micellar phase as well as an
increase of the nonpolar phase ratio in the electrolyte
system. Thus, for silvex, increasing OG concen-
tration beyond 40 mM would have provided more
chiral centers in the micellar phase than the optimum
value for maximum resolution and/or increasing the
OG concentration has resulted in the solute interact-
ing more with the nonpolar portion than with the
sugar chiral head groups in the palaside layer of the
micelle. For the solutes of intermediate hydropho-
bicity, e.g., mecoprop and dichlorprop, the enantio-
meric resolution of these two solutes reached maxi-
mum values at 60 and 80 mM, respectively. The
optimum surfactant concentration for maximum res-
olution is in the low range for hydrophobic solutes
and in the high range for the less hydrophobic ones.

The alkyl chain of NG has one more carbon atom
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than the alkyl chain of OG, and the CMC value of
NG is four times lower than that of OG (see Table
1). As a result, the NG concentration needed to attain
enantiomeric resolution is less than that needed for
OG (compare Fig. 4 to Fig. 5). However, the
dependence of the enantiomeric resolution on NG
concentration followed the same trend as that ob-
served with OG. In other words, optimum enantio-
meric resolution was attained for silvex at low NG
concentration, for dichlorprop and mecoprop at
intermediate NG concentration, and for 2,4-CPPA,
2,3-CPPA and 2,2-CPPA at high NG concentration.
Again, no enantiomeric resolution of 2-PPA was
observed even at 150 mM NG. The electropherog-
rams of the phenoxy acid herbicides obtained at
various NG concentrations are illustrated in Figs.
6a—c. Note, silvex, dichlorprop and mecoprop were
enantiomerically separated using 10 mM NG, since
the CMC value of NG is 6.5 mM. Moreover, at this
low surfactant concentration, 2,4-CPPA and 2,3-
CPPA as well as dichlorprop and mecoprop co-
migrated. Again, as the concentration of the surfac-
tant increased the migration time of the analytes
decreased in a proportion that reflected the hydro-
phobicity of the analytes. The migration time of
2-PPA exceeded 45 min at 10 and 60 mM NG and
decreased substantially to ca. 27 min at 150 mM NG.

In summary, the chiral selectivity of the
alkylglucoside surfactants is based on the interaction
between the analyte and the optically active gluco-
pyranoside residue of the surfactant in the micellar
phase. This was deduced from the fact that the
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8 40 mM NG £ 150 mM NG
@ 60 mM NG,

157
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1.0
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Siivex  Dichlroprop Mecoprop 2,4-CPPA  2,3-CPPA 22.CPPA
Fig. 5. Bar graphs of the enantiomeric resolution of phenoxy acid
herbicides at different NG concentrations. Conditions: running
electrotyte, 200 mM sodium phosphate, pH 6.5, containing various
NG concentrations. Other experimental conditions as in Fig. 3.

enantiomeric selectivity toward the phenoxy acid
herbicides was not achieved using the alkylglucoside
surfactants at concentrations below CMC. In the
concentration range above CMC, increasing the
concentration of the surfactant increases the micel-
lized surfactant concentration, i.e., [S]-CMC, thus
ensuring an increasing number of chiral sites in the
micellar form. However, optimum enantiomeric res-
olution is attained at a certain surfactant concen-
tration, which is inversely proportional to the hydro-
phobicity of the analytes. As expected, and because
of the lower CMC value, increasing the length of the
alkyl tail of the surfactant leads to an optimum
enantiomeric resolution at lower surfactant concen-
trations. Other factors were also found to influence
the enantiomeric resolution, including the ionic
strength of the buffer as well as the separation
temperature; see below.

3.2. Effects of pH and ionic strength

As expected, the pH of the running electrolyte
influenced the electrophoretic system under inves-
tigation. The enantiomeric resolution decreased as
the pH was increased due to the increasing ionization
of the phenoxy acid herbicides which is believed to
decrease the solute solubilization into the micelle
(results not shown). On the other hand, as the pH
increased the EOF increased too, and, consequently,
the migration time decreased. Thus, pH 6.5 was a
compromise in terms of obtaining satisfactory en-
antiomeric resolution and analysis time.

The effect of the ionic strength of the running
electrolyte on the enantiomeric resolution is illus-
trated in Fig. 7. Increasing the ionic strength of the
running electrolyte seems to improve the enantio-
meric resolution of all analytes. Increasing the ionic
strength of the separation electrolyte decreases the
EOF as well as the effective electrophoretic mobility
of the analytes with an overall decrease in the
apparent mobility of the analytes, i.e., increasing the
analysis time (results not shown). Also, increasing
the ionic strength of the running electrolyte is known
to cause a decrease in the CMC of the surfactant and
an increase in the aggregation number [36,37]. This
will increase the micellized surfactant concentration
([S]-CMC) and will also increase the concentration
of chiral centers in the micellar form. In addition,
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Fig. 7. Bar graphs of the enantiomeric resolution of phenoxy acid
herbicides at different ionic strengths of the running electrolyte.
Conditions: running electrolyte, various sodium phosphate con-
centrations, pH 6.5, containing 80 mM OG. Other experimental
conditions as in Fig. 3.

increasing the ionic strength has a salting out effect
which should afford stronger nonpolar interaction
between the solutes and the chiral micelles. Thus,
increasing the ionic strength of the running elec-
trolyte may result in enhancing both solute solubili-
zation into the micelle and solute chiral association
with the chiral micelle. These two effects are likely
to explain the increase in the enantiomeric resolution
of all analytes at high ionic strength. On the other
hand, increasing the ionic strength resulted in longer
analysis time from ca. 13 min at 50 mM sodium
phosphate to ca. 30 min at 200 mM sodium phos-
phate. It should be noted that there is a limit for
increasing the ionic strength due to the increase in
conductivity, and, consequently, Joule heating at
elevated ionic strength. Under the conditions of Fig.
7, 200 mM phosphate was the limit to which the
ionic strength could be increased without introducing
undesirable Joule-heating effects.

3.3. Effect of temperature

As shown in Fig. 8, decreasing the separation
temperature increased the enantiomeric resolution of
all analytes. Temperature has various influences on
the electrophoretic system under investigation. The
effect of temperature on the CMC of surfactants in
aqueous medium is complex, the value appearing
first to decrease with temperature to some minimum
and then to increase with further increases in tem-
perature [35]. The minimum in the CMC-tempera-
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Fig. 8. Bar graphs of the enantiomeric resolution of phenoxy acid
herbicides at different temperatures. There were various separation
temperatures; running electrolyte, 150 mM sodium phosphate, pH
6.5, containing 80 mM OG. Other experimental conditions as in
Fig. 3.

ture dependence is around 50°C for nonionic surfac-
tants such as those used in this study [35]. Increasing
temperature causes decreased hydration of the hy-
drophillic group, which favours micellization. This,
in principle, should increase the number of interact-
ing micelles in the temperature range 10-30°C, and,
in turn, the enantiomeric resolution. However, in-
creasing temperature favours the partitioning of the
solute in the aqueous phase, and this may explain the
continuous decrease in the enantiomeric resolution as
the temperature is increased from 10 to 30°C. Also,
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experimental conditions as in Fig. 3.
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increasing temperature decreases the viscosity of the
separation buffer. This effect combined with the
decrease in the partitioning of the solute in the
micelle may have resulted in increasing the effective
electrophoretic mobility of all analytes as the sepa-
ration temperature increased (Fig. 9).

3.4. Chiral separation under optimized conditions

Optimization of all of the aforementioned parame-
ters (i.e., surfactant concentration, ionic strength and
temperature) allowed the enantiomeric resolution of
all analytes in a single run using NG (Fig. 10a) or
OG (Fig. 10b). Baseline enantiomeric resolution of
all analytes except silvex was attained by performing
the separation at 10°C and using 250 mM sodium
phosphate buffer, pH 6.5, containing 50 mM NG or
70 mM OG. Again, and as expected, higher enantio-
meric resolution for all analytes except silvex were
attained with NG. Also, with NG maximum enantio-
meric resolution was attained at less surfactant
concentration than with OG.

Acknowledgments

This material is based upon work supported by the
Cooperative State Research Service, U.S. Depart-
ment of Agriculture, under Agreement No. 94-
37102-0989.

References

[1] N. Nishi, Y. Kokusenya, T. Miyamoto and T. Sato, J.
Chromatogr. A, 659 (1994) 449.

[2] K. Otsuka and S. Terabe, J. Liq. Chromatogr., 16 (1993)
945,

[3] MW.F. Nielen, J. Chromatogr., 637 (1993) 81.

[4] K.D. Altria, A.R. Walsh and N.W. Smith, J. Chromatogr., 645
(1993) 193.

[5] K.D. Altri, DM. Goodall and M.M. Rogan, Chromato-
graphia, 34 (1992) 19.

[6] D. Belder and G. Schomburg, J. High Resolut. Chromatogr.,
15 (1992) 686.

[7] H. Soini, M.-L. Reikkola and MV. Novotny, J. Chromatogr.,
608 (1992) 265.

[8] S.A.C. Wren and R.C. Rowe, J. Chromatogr., 603 (1992)
235.
[9] S.A.C. Wren, J. Chromatogr., 636 (1993) 57.

[10] S. Fanali, J. Chromatogr., 474 (1989) 441.

[11] LD. Cruzado and G. Vigh, J. Chromatogr., 608 (1992) 421.

[12] A. Guttman, A. Paulus, A.S. Cohen, N. Grinberg and B.L.
Karger, J. Chromatogr., 448 (1988) 41.

[13]) DW. Armstrong, Y. Tang, T. Ward and M. Nichols, Anal.
Chem., 65 (1993) 1114.

[14] S. Mayer and V. Schurig, J. High Resolut. Chromatogr., 15
(1992) 129.

[15] R. Khun, F. Erni, T. Bereuter and J. Hausler, Anal. Chem.,
64 (1992) 2815.

[16] K. Otsuka and S. Terabe, J. Chromatogr., 515 (1990) 221.

[17] A. Dobashi, T. Ono, S. Hara and J. Yamaguchi, Anal, Chem.,
61 (1989) 1984.

[18] G.N. Okafo and P. Camilleri, J. Microcol. Sep., 5 (1993)
149.

{19] 1.H. Aiken and C.W. Huie, Chromatographia, 35 (1993) 448.

[20] S. Busch, J.C. Kraak and H. Poppe, J. Chromatogr., 635
(1993) 119.

[21] G.E. Barker, P. Russo and R.A. Hartwick, Anal. Chem., 64
(1992) 3024.

[22] AM. Stalcup and N.M. Agyei, Anal. Chem., 66 (1994)
3054.

[23] S. Fanali, L. Ossicini, F. Foret and P. Bocek, J. Microcol.
Sep., 1 (1989) 190.

[24] P. Gozel, E. Gassman, H. Michelsen and R.N. Zare, Anal.
Chem., 59 (1987) 1984.

[25] A.D. Tran, T. Blanc and E.J. Leopold, J. Chromatogr., 516
(1990) 241.

[26] W. Schutzner, S. Fanali, A. Rizzi and E. Kenndler, J.
Chromatogr., 639 (1993) 375.

[27] H. Nishi and S. Terabe, J. Chromatogr. A, 694 (1995) 245.

[28] Y. Mechref and Z. El Rassi, J. Chromatogr. A, 724 (1996)
285.

{29] Y. Mechref and Z. El Rassi, Anal. Chem., 68 (1996) 1771.

[30] K. Otsuka, M. Kashihara, Y. Kawaguchi, R. Koike, T.
Hisamitsu and S. Terabe, J. Chromatogr. A, 652 (1993) 253.

{31] K. Otsuka and S. Terabe, J. Chromatogr., 559 (1991) 209.

[32] S. Terabe, Y. Miyashita, Y. Ishihama and O. Shibata, J.
Chromatogr., 636 (1993) 47.

[33] Y. Ishihama and S. Terabe, J. Liq. Chromatogr., 16 (1993)
933.

[34] J. Tekel’ and J. Kovacicova, J. Chromatogr., 643 (1993) 291.

[35] M.J. Rosen, Surfactants and Interfacial Phenomena, Wiley,
New York, NY, 1988.

[36] R.M.M. Brito and W.L.C. Vaz, Anal. Biochem., 152 (1986)
250.

[37] A. Chattopadhyay and E. London, Anal. Biochem., 139
(1984) 408.

[38] J. Neugebauer, A Guide to the Properties and Uses of
Detergents in Biology and Biochemistry, Calbiochem-
Novabiochem, San Diego, CA, 1994.



