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?0 ;S’_ethOd for the separation of a numbpr of herbicidgs
net 1stmg of chlorophenoxy acids by micellar electroki-

¢ capillary chromatography (MECC) was developed.
0dium dodecy] sulphate (SDS), Brij 35, cetyltrimethyl-
mmor}iUm bromide (CTAB) and methanol were intro-
Sellced Into the buffers to investigate their effects on the
asliarall(l)n of the herbicides. SDS combined with Brij 35
o € micellar agent was found to provide the best overall

Paration of these components,

a

Introduction

;I;gz ";:desprcad use of chlorinated phenoxy acid herbi-
foods bas led' to an increased pollution of soil, water and

. OY their residues and their phenolic metabolites.
€I high toxicity to human and aquatic organisms [1],
4Xes the development of sensitive methods for the

an ; . .
alysis of compounds of this class essential.

ﬁ g}lm_ber of methods, particularly spectrophotometric

to’gra’ C}i;‘fferential pulse polarographic [4} and gas chr(?ma-

hey ip‘dlc [5-18), have. been reported for the analysm of

eriv:; es.’A strong disadvantage of GC mqthods is that

efore IZatlop of the target compognd§ Is necessary

and p, th.e final measurements. This is time consuming
4y introduce errors in the analytical procedure.

'gh Performance liquid chromatography (HPLC) and
Combined with mass spectrometry (LC-MS) have
With :}?n used to determine thgse gompopnds [19-28].
sep Cse techniques no derivatization prior to the LC
Atation is needed. Moreover the coupling of LC with
€an provide both specificity and speed of analysis

alsg b
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when applied to non-volatile compounds such as the
chlorophenoxy acids herbicides.

Enrichment and clean-up procedures are nearly always
necessary in connection with the HPLC analysis of the
chlorophenoxy acids in surface water, urine, soil or
sediment. Liquid-Liquid extraction [9, 29, 30], solid-phase
extraction [11, 22, 25, 31-34] and corichment on a
precolumn [33, 25, 35-37] or a supported liquid mem-
brane [38-40] can be utilized as the sample pretreatment
procedure. Recently, a sample pretreatment technique
using isotachophoresis as the sample clean-up and enrich-
ment step prior to the LC analysis was developed [41].
Promising results were obtained by this method.

Capillary zone electrophoresis (CZE) and micellar elec-
trokinetic capillary chromatography (MECC) also seem
to be attractive techniques for the analysis of the
chlorophenoxy acids. Due to their outstanding separation
efficiency, high speed and potential for automation, CZE
and MECC have already been used to separate a large
varicty of compounds. Very often UV detection is applied
in capillary electrophoresis (CE). Unfortunately this detec-
tion technique has a somewhat limited sensitivity (in the
range of 1073 M). However, indirect fluorescence detec-
tion and laser-induced fluorescence detection can also be
used with CE. These techniques can enhance the sensitiv-
ity to the range of 1077-10"° M [42, 43). Applications
include amino acids [42, 44], peptides [43, 46], proteins
[47, 48], priority pollutants [49], vitamins [50-52] and
drugs [53-55].

In many types of samples herbicides are expected to occur
in concentrations less than 0.1 ppb. This is far below the
detection limit of the UV-detection systems commonly
applied. In this part of our research we did not give any
consideration to this detection problem. Much higher
concentrations of the herbicides than normally occur in, for
example, water samples were used for the method develop-
ment procedures.

In this study, a method for the separation of a number of
chlorophenoxy acid herbicides by MECC was developed
with artention being focussed on the separation efficiency
and_tuning of the selectivity. The effects of some sur-
factants and methanol, in various concentrations added to
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the buffer, on the separation of these herbicides were
investigated. The herbicides (concentration about 200
ppm for each component) were detected by a multi-
wavelength UV detector. Processing of the detector
signals allowed three-dimensional plots of the data, peak
confirmation and peak purity evaluation via comparison
of spectra.

Theory

In MECC, both neutral and charged compounds can be
separated according to their differences in hydrophobici-
ties and electrophoretic mobilities [56-59].

When a neutral compound is solubilized by the micellar
phase the capacity factor, k, can be expressed as:

tp—1
K= R0 1)

t
t()' 1__5_
Lme

where: tp: the migration time of a neutral solute,
ty:  the migration time of an unretained solute,
t,e the migration time of a neutral solute
completely retained in the micelle.

From this a general expression for the solute velocity in
MECC can be given;

Vg = X “VPme S Ve
1+k 1+k ©

@

where v the velocity of the solute,
Veo: the velocity of an unretained solute,

Uy the velocity of the micelle.

In the case where charged solutes are also present in the
sample and assuming that the electrophoretic velocity of
the micelles remains constant, the velocities of such
charged solutes are given by:

k; 1 1
v (i) = VI O Y€
s =7 Ome P Pe T Y D O)
where v, (i): the velocity of the charged solute,
Vep (i): the electrophoretic velocity of the charged
solute in the aqueous phase,
ki the capacity factor of thc charged solute.

1
These equations clearly show that the nature of the
applied surfactants, the composition of the buffers and the
physico-chemical properties of the column are major
parameters which inflluence a MECC separation.

Experimental

Chemicals

2-(2 4-dichlorophenoxy)-propionic acid (2,4-DP), 4-(2,4-
dichlorophenoxy) butyric acid (2,4-DB), 4-chloro-2-meth-
ylphenoxy acetic acid (MCPA), 2-(4-chloro-2-methylphe-
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noxy) propionic acid (MCPP), 4-(4-chloro-2-methylph¢
noxy) butyric acid (MCPB), 2, 4, S-trichloropheno¥y
acetic acid (2,4,5-TPA), 2-(2,4,5-trichlorophenoxy)-propl
onic acid (2,4,5-TPP), 3,6-dichloro-2-methoxy benzol
acid (Dicamba), 2,3,6-trichlorobenzoic acid (2,3,6-TB)
and 3-isopropyl-2,1,3-benzothiadiazin-4-on-2,2-dioxide
(bentazon) were purchased from Schmidt (Amsterdam
The Netherlands), '

Sodium dodecylsulphate (SDS) and cetyltrimethylammo-
nium bromide (CTAB) were obtained from Aldrich
Chemical Co. (Milwaukee, WI, USA). All the othef
reagents and solvents were purchased from Merck (Mer
ck AG, Darmstadt, FRG). HPLC grade water, prepar(’rd
by filtering deionized water through a Milli-Q Watel
purification system (Millipore Corp., Bedford, USA) was
used for the preparation of the buffer solutions and
samples.

The buffer solutions and a standard mixture of the
herbicides (about 0.2 mg/ml for each compound) weré
prepared by dissolving appropriate amounts of the
reagents in the deionized water. Both the buffers and th¢
samples were filtered through 0.45 pm Millex-GS filters
(millipore) prior to use.

Equipment and Procedures

The experiments were carried out on a spectra Physics
1000™™ capillary electrophoresis system equipped with 2
multi-wavelength scanning UV detector (Spectra-Physics
Inc., San Jose, CA, USA).

Automated capillary rinsing, sample introduction and
exccution of the electrophoretic runs were controlled by
an IBM personal system/2 computer (Model 70 386) with
software version 1.3. Multi-wavelength spectral data wer¢
collected, stored and processed on the same computer:
The high speed polychrome mode by scanning from 200
nm 1o 300 nm at 5 nm intervals was employed in thes¢
experiments. This permitted three dimensional plotting of
the electrochromatograms, peak confirmation and peak
purity evaluation via the comparison of absorptio?
spectra. Sample introduction on this equipment could bé
performed either by electromigration or the vacuum
technique. In this work vacuum injection was applied
throughout the experiments to avoid sample discrimina
tion. This was effected by applying the preset vacuum at
the cathode side for a period of 1 sec (typically about 2 1)
for a 50 um i.d. column).

Fused silica capillary columns with 50 um i.d., total length
44 cm, effective separation length 37 cm (Siemens
Germany) were used for all the experiments. Prior to usé
new capillary columns were rinsed with 0.1 N sodium
hydroxide solution for 20 min and subsequently by watef
and the buffer solutions to be used in the experiments, fof
60 min and 20 min, respectively. Thereafter the procedur¢
for each experiment consisted of rinsing the capillary with
water for 5 min and with the buffers for 10 min. In all the
experiments a constant voltage of 15 kV was applied and
the temperature of the separation system was kept al
25°C.
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Results and Discussion

The Effect of Surfactants on the Separations

iﬁ; g]]e chemical structures of the herbicides under
rnem; " own i Table 1, and some preliminary experi-
the mmwas concluded t.ha.t three paris of components in

ure would be difficult to separate. They will be

I .
eferred 1o in this paper as:

pa?r & (consisting of compound 8 and 10);
b afr b (consisting of compound 1 and 2);
PAIr ¢ (consisting of compound 6 and 7).

ilidt;leaﬁH values of the buff§rs selected for use in this
Ther;,for compounds are pAartlally or totally dissociated.
is gOVerne;ithey carry negative qharge and their migration
ic mobi]if' by the electroosmotic f}ow, the el;ctrophoret—
Micelly )hand‘eventually by their interaction with the
ery by [}J1 ase in th’ose cases where MECC is applied.
1 0% efficiencies (average plate numbers about
the’e " eer cach compognd) were obtained throughout
Satisfait :me‘nts. Evensoit was hardly possible to achieve
tions o ITY Separations by using phosphate buffer solu-
nly because of the very similar chemical structures

of ¢t
asel:je target compounds. For this reason a separation
on MECC was developed.

2:; sc((;lrllltblhlti)zation of the' compounds b;,r specific micelles
Selecting Tibute tg the migration bchavpur and t}{us toa
S con Separ f}tlon. The results‘ obtained at dlfft?rent

¢ com centrations on the sepgratlpn of the three pairs of
Withi po?ents are .pr.esented in Elgure 1. The resolution
n th? three paris increases with the concentration of
COmi)OEhxs is due to the increased hydrophobicity of
(Table I)ensts 8, 1 and 6 in pairs a, b and ¢ respectively
COrrespo, O an increased interaction of these‘compounds
Ponding to the concentrations of the micelles could

Tahje ) C

Wes of the investigated herbicides.

[4]
o o=cH-¢’ Vs
N a C
R, OH \
Rz OH
1 R‘ =H R = CH R .
2y 0O R, = Cl: 2,4-DP 8. R = OCHg: dicamba
ap o F=Ry=CHy: MOPP 9. R=Cl 2.36T8B
an Rz = H, R = CHy: MGPA 0
. Re = Cl. Ry = H: 2,4,5-TPA l tH,
" 1=Re =0l Ry = CHy: 2,4,5-TPP =g
N S0, CHy
}
“ Vs 10. benta
O-Chy~CH . bentazon
aH
R
bR~ Cl 2.4-DB

TR
R = GNg: MCPB

Chrom,
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be expected. A typical three-dimensional electrochroma-
togram of the 10 herbicides under study is presented in
Figure 2.

At a concentration of 0.1 M SDS, the resolution of 2,4-DB
and MCPB approaches unity. However, the two peaks are
asymmetric. A further increase in the SDS concentration
will increase the electrical current to intolerable values.
This will cause additional peak broadening due to the
temperature gradient inside the column.

It has been shown that the addition of Brij 35 (a non-ionic
surfactant) to an anionic surfactant system may improve
the resolution in MECC [60]. A distinct advantage of
using Brij 35 is that a high concentration of Brij 35 can be
used without influencing the current in the electrophoret-
ic system. Therefore, Brij 35 was employed in this

1.50 r
1.20 |
€ e
/ﬁ' ______
0.90 /2
g /
_g 4 //
2 L ’/
060 //l b
//
/
;
/7
J
0.30 1 //
/
/
//
//[
///
0.00 ¢© —
0 0.05 0.1
cancentration of SDS (M)
Figure 1

Plot of the resolution versus the concentration of SDS. The
experiments were conducted with a voltage of 15 kV across 44 cm x
50 pm i.d. column, effective length 37 cm, buffer; 0.02 M aqueous
phosphate solution. T = 25 °C. (a) bentazon and dicamba; (b) MCPP
and 2, 4-DP; (c) MCPB and 2,4-DB.
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Figure 2

Three dimensional electrochromatograms of a standard mixture of
ten chlorophenoxy acids in 0.1 M SDS and 0.02 M phosphate buffer
solution. The experiments were conducted with a voltage of 15 kV
across 44 cm x 50 wm i.d. column, effective length 37 cm, buffer: 0.05
M SDS and 0.02 M aqueous phosphate solution. T = 25 °C. Peak
numbers see Table I.
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Plot of the resolution versus the concentration of Brij 35. The
experiments were conducted with a voltage of 15 kV across 44 cm x
50 pm i.d. column, cffective length 37 em, buffer: 0.05 M SDS and
0.02 M aqueous phosphate solution. T = 25 °C. (a) bentazon and
dicamba; (b) MCPP and 2,4-DB.

investigation, in combination with SDS, to study its effect
on the separation of the chlorinated phenoxy acids. The
results obtained with various concentration ol Brij 35 is
shown in Figure 3. A slightly increased resolution for pairs
a and b was observed at increasing concentrations of Brij
35. This indicates that the inleraction between these
solutes and Brij 35 is less effective. The resolution of pair
¢, however, was almost proportionally increased with the
concentration of Brij 35. Compared with the other
compounds, 2,4-DB and MCPB have relatively long
molecular chains and Brij 35 is a hinear moleculer. This
may result in stronger interaction between these two
solutes and Brij 35.

Further improvement in the resolution of the three pairs
of the solutes can be obtained by increasing the concen-
tration of Brij 35. However, the migration times also
change resulting in overlapping of compounds 3 and 5 and
a reduction in the overall separation performance.

Cetyltrimethylammonium (CTAB) has been shown to be
effective for the separation of a number of negatively
charged compounds [61]. It was also applied in this work
in order to evaluate its effect on the separation of the
chlorophenoxy acids. The application of CTAB did not
result in a sufficient separation of the chlorophenoxy
acids. The target compounds are very alike and there
interaction with CTAB is probably, very similar.

To achieve a satisfactory separation of the target com-
pounds a compromise has to be made in the composition
of the buffer. The best overall separation of the herbicides
under study was achieved by the application of 0.02 M
phosphate buffer solution containing 0.1 M SDS and 3 -
1073 M Brij 35 (Figure 4).
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Three dimensional clectrochromatograms of a standard mixturé of
ten chlorophenoxy acids. All experiments were carried out with 2
voltage of 15 kV across 44 cm x 50 pmi.d. column, effective length3
c¢m, buffer: 0.1 M SDS and 3 x 107> M Brij 35 in 0.02 M aqueo®
phosphate solution. T = 25 °C, Peak numbers see Table I.

The Influence of Methanol on the Separation

It has been shown that a small percentage of orgarl'ic
modifier may also improve the separation efficiency 1
MECC [62, 63]. The resolution of the three pairs of
solutes with addition of various portions of methanol 0
the buffer are depicted in Figure 5.

An improvement in resolution of the pairs a and b was
observed with increasing amounts of methanol. A 1€
markable enhancement in the resolution of the pair ¢ was
achieved by increasing the methanol percentages.

This improvement in resolution can be explained by the
increase in the clution range as a result of the addition of
the modifiers [62]. In fact, a smaller value of ty/t,,. i
obtained by the addition of methanol. It is evident that
resolution increases with decreasing values of ty/t . [S9)
Consequently, increased resolutions can be expected 18
the case of decreasing values of ty/t .

The migration times of the other four components (3, 4,5
and 9 in Table I) were also influenced by the addition of
methanol to the buffer solution. Again, as with the
addition of Brij 35, an increase in migration time I
observed for these compounds. This has a negative effec!
on the overall separation of the sample, e.g. compound 3
starts to overlap compound 5 (Figure 6).

With respect to the qualitative and quantitative analysis;
multiwavelength detection allowed three-dimensional plot-
ting of the electrochromatograms (Figures 2 and 4)
showing the relationships of absorbance vs. migratio?
times vs. wavelength. The absorption spectrum of each
component can be extracted from the collected datd
points indicated as time slices (Figure 7). This provides
additional possibilities for the identification of a com-
pound.

Figure 7 shows that unlike the spectra of pair a, the
spectra of paris b and c of the chlorophenoxy acids are
quite similar. This indicates that a sufficient separation of
these chlorophenoxy acids is mandatory to achieve
reliable quantitative and qualitative analysis results.

As an example the results of migration times and peak
areas for six compounds are presented in Table II.
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Three dimensional electrochromatograms of a standard mixture of
ten chlorophenoxy acids. The experiments were carried out with a
voltage of 15kV across 44 cm x 50 pmi.d. column, effective length 37
cm, buffer: 0.1 M SDS and 3 x 10”3 M Brij 35 and 10 % methanol in
0.02 M aqueous phosphate solution. T = 25 °C. Peak numbers see
Table L.
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Figure 7
Absorption spectra obtained as a time slice from the data in Figure
4, (A) Pairs a and b; (B) pairs b and c.

Table I Repeatability of migration times and peak areas.

I Migration times Peak areas
Peak No.
s c o/s (%) s G o/s (%)
10 5.67 0.05 09 3613 44 1.2
1 8 572 0.05 09 8232 195 24
2 581 0.05 09 13470 193 14
1 5.87 0.06 1.0 14217 n 22
7 8.11 0.0 1.1 14772 209 14
B 6 832 0.11 14 14148 247 17

Conditions: 0.02 M aqueous phosphate buffer containing 0.1 M SDS and 3 x 10-* M Brij 35. Sample
concentration about 0.2 mg/ml for each compound, constant voltage 15 kV, column: 44 cm X 50 pm i.d.

column and effective length 37 cm. T = 25 °C. Peak numbers see Table I. Number of experiments nn = 3, s-

29

average value, o-standard deviation, o/s (% )-relative standard deviation.



Conclusions

The selectivity of the MECC technique is demonstrated in
this study for compounds which have similar chemical
structures. Tuned seclectivity in the separation was ob-
tained by optimizing parameters such as the concentra-
tion of SDS and Brij 35 and the percentage of methanol in
the buffers.

SDS combined with Brij 35 as the micellar agent provided
satisfactory scparations and relatively short analysis time.
Also, high efficiencies (more than 100,000 theoretical
plates) were obtained for the separation of these chlorin-
ated phenoxy acid herbicides under MECC conditions.

Relative standard deviations of the migration times are
about 1 % and the repeatabilities for peak areas are about
2 % for all the herbicides investigated.

The multi-wavelength detection provided useful addition-
al information. The characterization of the sample zones
by their migration times and adsorption spectra proved to
be a powerful tool for solute identification.

The MECC technique offers great selectivity and flexibili-
ty. Further investigations of the applicability of this
technique in other areas should produce valuable analyti-
cal procedures.
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