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This paper presents a successful demonstration of the on-line coupling of MEKC (micellar electrokinetic
chromatography) to ESIM S (el ectrospray ionization mass spectrometry) for the quantitative analysis of seven
s-triazine herbicides. The on-line MEK C-ESIM S was used to determine the structure of CE-separated peaks of
seven triazine herbicides. The mixture of triazine herbicides was separated in a 20 mM sodium borate buffer
(pH 8.5) containing 15 mM sodium dodecylsulfate (SDS) by using a bare fused-silica capillary. Electrospray
ionization mass spectrometer was operated in the positive-ion mode when the mass spectra of seven triazine
herbicides were observed from each peak, and the solution of water-methanol-formic acid (50/49/1 viviv) was
used as a sheath liquid. The effects of SDS concentration, the run buffer pH, and the electric field on the
separation of seven s-triazine herbicideswereinvestigated. The MEK C-ESIM S detection showed 5to 10 times
higher sensitivity compared to the MEKC-UV detection. In addition, it did not need any pretreatment step.
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Introduction

Herbicides are important as diverse environmental and
agricultural species because s-triazines are widely used as
herbicide in many parts of the world. Because of the
complexity of the samples, and because of the mixtures and
the low concentrations of compounds present in them, the
separation methods of high efficiency, unique sdlectivity,
and high sensitivity have been required. The separation
techniques of capillary electrophoresis (CE) provide high-
resolution and high-efficiency analyses of complex samples.
Capillary zone electrophoresis (CZE) most frequently used
in the CE separation modes is useful in charged species via
their charge-to-size ratios. However, CZE is not useful in the
separation of neutral and same charged compounds. In the
case of neutral and/or same charge species, the addition of
ionic surfactant can separate them.! The CE separation mode
is referred to as micellar eectrokinetic chromatography
(MEKC), which is based on the partitioning of the solutes
between the run buffer and the micelles to serve as pseudo-
stationary phase? In particular, sodium dodecylsulfate (SDS)
has been successfully used for the various water-soluble
analytesin the MEKC mode.

In areport by Forte et al., some triazine herbicides were
separated by CZE-indirect UV detection method with mixed
water-methanol background electrolytes under the acidic
pH.2 Schmitt et al. also reported that the dependence of
buffer pH on the electrophoretic mobility of chloro-, hy-
droxy-, methoxy- and thiomethyl-s-triazines.* The detection
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limits for most s-triazines were observed to be around 50
ppb. In another report concerning MEKC with in situ
charged micelles, Cai and El Rass employed this novel
concept to the separation of three striazine herbicides,
namely, prometon, prometryn, and propazine.®> This MEKC
mode reported that high separation efficiency was obtained
over a wide range, and that the detection limit of the
herbicides was in the range of 18-52 fmol using UV
detection. Recently various non-aqueous CE have aso been
tried to analyze the triazines.*®

Because of the low detection limit, high specificity, and,
more importantly, the structural information, mass spectro-
metry has been demonstrated as one of the most ided
techniques for detection for gas chromatography (GC) and
liquid chromatography (LC). The coupling of high-
performance liquid chromatography (HPLC) with mass
spectrometer is more difficult than that of GC with mass
spectrometer (MS) regarding interface. In the beginning,
continuous flow fast atom bombardment (FAB) has been
successfully coupled with CE.**2 However, the devel opment
of electrospray ionization (ESI) source makes the coupling
of HPLC and CE much easier and simpler.**® Compared
with FAB, ESI has the advantage of operating at atmosphere,
and the hydrodynamic flow does not occur because of the
vacuum in capillary separation. Therefore, CE-ESIMS
technique can be a promising tool for the high separation
efficiency of CE functions and the high sengitivity of mass
spectrometry.

In this study, we present a successful demonstration of the
on-line coupling of MEKC to ESIMS for the quantitative
analysis of seven s-triazines herbicides. The MEKC-ESIMS
detection showed 5 to 10 times higher sensitivity compared
to the MEKC-UV detection. In addition, it did not need any
pretreatment step. This methodology is expected to be a
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valuable tool for the anaysis and separation of low
concentration pollutants with high sensitivity and simplicity.

Experimental Section

Reagents. A mixture of triazine herbicides standard
(ametryn, atrazine, prometon, prometryn, propazine, Smazine,
and terbutryn) was obtained from Supleco (Bellefonte, PA,
USA). Sudan I11, sodium tetra borate, boric acid, and sodium
dodecylsulfate (SDS) were purchased from Sigma (St
Louis, MO, USA). Methanol was HPLC grade from Fisher-
Scientific (Fair Lawn, NJ, USA). Water was purified with an
ultra-pure water system from Millipore (Milford, MA,
USA). Deionized water (18 MQ) was used for preparation of
the sample and buffer solution. 0.1 M Sodium hydroxide was
prepared for rinsing the capillary, and all solutions were
filtered with a 0.45-um Millipak™ 40 filter (Bedford, MA,
USA) followed by degassing before use.

MEKC: UV measurement. All MEK C analyseswith UV
detection were carried out using a Beckman P/ACE 5000 CE
system (Beckman, Fullerton, CA, USA) equipped with a
multiwavelength UV absorbance detector. The capillary was
a bare fused-silica capillary (Polymicro Technologies, AZ,
USA) with the length of 57 cm total length x 50 um I.D. (50
cm to the detector). Samples were introduced with low
pressure (0.5 p.s.i. = 3.4 x 10° Pa) for 2 sat the anodic end of
the capillary. The run buffer was a 20 mM sodium borate
buffer (pH 8.5) containing 0-50 mM SDS, and the applied
voltage was +5 ~ +20 kV. Electrophoresis was monitored at
214 nm, and the temperature of capillary was maintained at
20 °C. The Beckman System Gold software (version 8.10)
was used for the system control, data collection, and data
analysis. To avoid adsorption, the capillary was rinsed with
0.1 M sodium hydroxide for 4 min, and then rinsed with
water and running buffer for 3 min, respectively. Methanol
and sudan |11 were used as the electroosmotic flow (EOF)
marker and the micelle marker, respectively.

On-line MEKC-ESIMS. For on-line coupling to the
ESIMS, an ATl Unicam Mode 300 Crystal CE system
(Boston, MA, USA) was employed. The CE capillary was a
bare fused-silica capillary with dimension of 130 cm length
x 50 um 1.D. x 365 um O.D. The run buffer was 20 mM
sodium borate buffer (pH 8.5) containing 15 mM SDS. The
applied voltage was +30 kV. The sample was introduced
hydrodynamically at 300 mbar (= 30 x 10° Pa) for 6 s.

A Quiattro || mass spectrometer (Micromass, Manchester,
UK) was equipped with Crystal 300 CE for CE-MS
interfacing. There are three types of interfaces for CE-MS;
coaxia sheath-flow, liquid junction, and sheathless. In the
present study, the coaxia sheath-flow interface for MEKC-
ESI/MS was used. The run buffer of MEK C was mixed with
a sheath liquid solution at probe tip, and then was nebulized
by N2 gas. The sheath liquid solution was prepared as a
mixture of water-methanol-formic acid (50/49/1 viviv) and
delivered to the probe tip at 10 yuL/min by a Harvard
Apparatus 22 syringe pump (South Natick, MA, USA).
Nebulising gas was flowed at 0.5 L/min, and the source
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temperature was maintained at 80 °C to aid desolvation of
droplets. In the positive ESI mode, a +4 kV potential was
applied to the probe tip. Therefore, when the high voltage of
MEKC mode was maintained a +30 kV, the overall
potential across the capillary was about +26 kV. Tota
selected ion current electropherograms were obtained from
selected ion monitoring (SIM) mode with 0.2 dwell time and
0.05 nvz span.

Results and Discussion

MEKC: UV measurement. Seven s-triazine herbicides
with their corresponding structures, molecular weights, and
selected ion monitoring (SIM) are summarized in Table 1.
For MEKC-UV separation of s-triazines, a bare fused-silica
capillary was fielded with run buffer containing 20 mM
borate buffer (pH 8.5) and 15 mM SDS. Typicad MEKC-UV
electropherogram of the seven s-triazine herbicides is shown
in Figure 1. In general, asthe pH of run buffer increased, the
electroosmotic flow (EOF) and the analytes were eluted
faster. pH.'® However, in the basic region, the migration time
of seven striazines was increased according to the
increasing pH (Figure 2). It isinferred that the run buffer pH
has a significant effect on EOF in CZE mode because it
changes the zeta potentia. However, the EOF in MEKC
mode has little effect on the pH above 8.5. The MEKC is
based on the partitioning of solutes between micelles and the
run buffer. Triazine molecules distribute themsel ves between
the buffer and micelles, and the amount of timethey spendin
the micelles is proportiona to their hydrophobicity. In this
MEKC experiment, as the run buffer pH increased, the
hydrophobicity increased, and the migration time of triazine
was eluted slower than the lower pH. In particular, at pH 9.5
or above, the determination of triazines was possible because
each peak of triazines was separated into two peaks. The
phenomenon may be caused by hydroxytriazine metabolites
as anion at a high pH of around 9.5. Therefore, considering
the resolution and migration time of the striazines, we
selected the pH 8.5 as the run buffer pH. The dependence of

Table 1. Seven s-triazine herbicides with corresponding structure
and molecular weights

R
N7 IN
RoNH \N/LNHRS
Triazines Ru R> Rs MWe
Simazine Cl Ethyl Ethyl 202
Atrazine Cl Ethyl | sopropyl 216
Prometon OCH3 | sopropyl | sopropyl 226
Ametryn SCH3 | sopropyl Ethyl 228
Propazine Cl | sopropyl | sopropyl 230
Prometryn ~ SCH3 | sopropyl | sopropyl 242
Terbutryn Cl Ethyl Tertiarybutyl 230

aMW: Molecular weight
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Figure 1. MEKC-UV separation of seven striazine herbicides.
MEKC conditions: run buffer, 15 mM SDS and 20 mM sodium
borate buffer (pH 8.5); capillary, 57 cm total length, 50 um I.D.,
and 365 um O.D., length to the detector 50 cm; hydrodynamic
injection, 2 s a 0.5 p.si.; applied voltage, +15 kV at 20 °C; UV
detection at 214 nm. *Indicates; 1 = simazine, 2 = atrazine, 3 =
prometon, 4 = ametryn, 5 = propazine, 6 = prometryn, and 7 =
terbutryn. Sample concentration: 10 ppm.
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Figure 2. Effect of pH on elution time and order of seven s-triazine
herbicides in the MEKC-UV. MEKC conditions were the same as
in Figure 1 except the pH of run buffer.

the SDS concentration on electrophoretic mobility was
investigated at pH 8.5 (Figure 3). The migration times of
triazines were increased as the SDS concentration was
increased. This effect results from the increased interaction
of between SDS and triazines. The separation efficiency was
increased with increasing SDS concentration because of
more complete association with SDS. However, above 25
mM SDS, the resolution of ametryn and propazine (peaks 4
and 5 in Figure 1) was decreased. Considering the migration
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Figure 3. Effect of SDS concentration on elution time and order of
seven s-triazine herbicides in the MEKC-UV. MEKC conditions
were the same asin Figure 1 except the concentration of SDS.

time and the resolution of seven s-triazines, the optimum
separation was observed at 15 mM SDS. The applied voltage
affects the migration time and theoretical plates as well as
the resolution. As expected, when the applied voltage was
increased from +5 kV to +20 kV, the migration time became
shorter. Even though higher voltage can produce more
theoretical plates and shorter migration time, it also causes
greater Joule heating'”*® and peak broadening. Therefore,
we decided the applied voltage to be +15 kV, and al of the
seven s-triazine herbicides could be analyzed within 12 min
under the MEKC-UV conditions.

On-line coupling of MEK C with EISMS. Inthe MEK C-
ESIMS experiments, the MEKC separation conditions
including the capillary dimensions, run buffer, effective
separation distance, SDS concentration, and electric field
across the capillary were identical to those employed in
MEKC-UV studies a pH 8.5. Previous studies in which
separation of triazines were only performed using CZE and
MEKC separation modes.>>*° In the present work, MEKC
was chosen as the separation technique for MEKC-ESI
because of the good separation efficiency for seven s
triazines. Even though the ammonium acetate buffer and
CHES buffer were well known as a good run buffer for its
high volatility, sodium borate buffer was also suitable for
MEKC-ESIMS operation. The poor volatility of borate
buffer often blocks the orifice of the ESl interface and
further contaminates the ion source, which results in
reducing the sensitivity. Make-up solution (sheath liquid)
performs two functions: one is to enrich the EOF to a
suitable level for ES| operation, and the other is to contact
between the CE eluent and the ESI probe tip electricaly.
Therefore, the length between the fused-silica capillary and
sheath tube is critical to the sensitivity and stability of CE/
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Figure 4. Reconstructed ion electropherograms of seven s-triazine
herbicidesin MEKC-ESIMS using a positive ion mode. Conditions:
capillary, 120 cm total length, 50 um I.D., and 365 pm O.D; sheath
liquid, methanol/water/formic acid (59: 49 : 1 viv/v), 10 pL/min;
voltage +30 kV at the inlet reservoir and +4 kV at the electrospray
needle; selected ion monitoring a m/z 202 (simazine), 216
(atrazine), 226 (prometon), 228 (ametryn), 230 (propazine), 242
(prometryn), and 230 (terbutryn). Sample concentration: 250 ppb at
total SIC. Other conditions were the same asin Figure 1.

ESI performance. The highest sensitivity with good stability
was observed a about 2 mm outside the stainless sheath
tube. The sheath liquid containing 50% methanol/49%
water/1% formic acid was introduced to the electrospray
probe at the cathodic end for the positive ESI. The optimum
flow-rate was found to be 10 uL/min for a suitable ESI
operation. The mass spectrometer was operated at the SIM
mode in MEKC-ESIMS anaysis. Compared with the full
scan mode, the sensitivity of the SIM mode is much higher
because it removes the background ions for low level
analyte. Even though the migration times of two analytes
were very close in MEKC-UV detection (pesks 4 and 5 in
Figure 1), we could monitor each analyte separately in
MEKC-ESIMS (Figure 4). Thus, the SIM mode was chosen
for mass spectrometer operation. Finally, electropherograms
of MEKC-ESIMS and MEKC with UV detection were
compared, but differences between two methods were hardly
found. Figure 4 shows the single-ion eectropherograms
obtained from the MEKC separation and ESIMS detection
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Table 2. Elution order and capacity factor for seven striazine
herbicidesin UV and ESIMS detection

Elution Order acity Factor
Analyte Pesk (UV : ESIMS) - (lj)\//)
Simazine 1:1 043
Aatrazine 2:2 0.66
Prometon 3:3 0.77
Aametryn 4:4 0.88
Propazine 5:5 0.91
Prometryn 6:6 1.08
Terbutryn 7:7 1.25

Capacity factor k' = (t — to)/[to {(1 — t)/tm)}] Where to and tmc are the
migration times of the solute (methanol) which do not interact with the
micelle and the solute (sudan 111) which fully interacts with micelle,
respectively.

for seven striazine herbicides. Each pesk was assigned to
seven s-triazines based on the molecular weight (Teble 1).
The elution order and the capacity factor of triazines are
summarized in Table 2 for the comparison of both detections
of UV and ESIMS. In the MEKC-ESIMS, the elution orders
were the same as those in the MEKC-UV detection (Table
2). In comparison to MEK C-UV studies, the migration times
of seven s-triazines were longer under the same run buffer.
For example, the migration times of smazinein MEKC-UV
and MEKC-ESI/MS were 7.48 and 12.80 min, respectively.
The increase in the migration time of triazine herbicides in
MEKC-ESIMS was attributed only to the reducing electric
field strength.

The separation efficiency, represented by the number of
theoretical plates, N, was calculated from the pesk half-
width for each triazine. The range of efficiencies for
triazines in MEKC-UV and MEKC-ESIMS were 55 000-
217 000 and 99 000-363 000, respectively (Table 3). A little
increase in separation efficiency of triazine herbicides was
observed in MEKC-ESIMS. The mixing between the
capillary eluent and the sheath liquid at the capillary tip
resultsin the decrease of separation efficiency and resolution
of andytes in MEKC-ESIMS® However, the applied
electric fidd with same pressure increased the separation

Table 3. Comparison of the numbers of theoretica plates and
detection limit for seven s-triazine herbicides in UV detection and
ESIMS detection

Triazines U ESIMS
(N¥LODP) (N¥LOD")

Simazine 55 000/1.0 363 000/0.050
Atrazine 116 000/1.0 122 000/0.050
Prometon 183 000/0.5 227 000/0.010
Ametryn 217 000/1.0 253 000/0.013
Propazine 187 000/1.0 99 000/0.050
Prometryn 135 000/0.5 207 000/0.014
Terbutryn 172 000/1.0 138 000/0.015

@The numbers of theoretical plates (N = 5.54 (tmlwi2)? Where tn is the
migration time of the analyte and way, is the peak width at half-height.
bLimit of detection (ug/mL): SN = 3.



Quantitative Analysis of Seven Triazine Herbicides by On-Line MEKC-ESIMS  Bull. Korean Chem. Soc. 2003, Val. 24, No. 9 1323

efficiency in this MEKC-ESIMS system. Though an
additional band-broadening phenomenon at the interface
between the moving SDS phase and the running buffer
further contributed to generally lower separation efficiency
of seven striazines, the introduction of pressure at the
applied field strength decreased the band-broadening
phenomenon and the elution time. Above al, in the case of
long capillary, the applied voltage with pressure could faster
elute the analytes than the applying only voltage without
pressure (data not shown).

The detection limits of seven s-triazine herbicides were in
the low ppm range in MEKC-UV (Table 3). These
sengitivities are not adequate for the detection of many
environmental samples without pre-treatment steps. The
detection limits in MEKC-ESIMS were about 20-50 times
lower than those in MEKC-UV. Recently, although various
preconcentration steps prior to CE such as “cloud point
extraction”?! and/or “capillary isoelectric focusing”? have
been developed for increasing the detection sengitivity, these
techniques are till relatively time-consuming. However, the
sengitivity of MEKC-ESIMS should be enough for direct
detection of real samples present in environmental matrix
without any pretreatments.

Conclusions

In this study, the simultaneous determination of seven s
triazine herbicides by MEKC-ESIM S was presented. Infor-
mation on the structure of CE-separated triazine peaks could
be determined from both of UV and M S data, even when the
triazines were of the same charge and similar structure. The
results showed that s-triazine herbicides were separated and
analyzed within 12 min in UV detection and 23 min in
ESIMS detection without any pretreatment steps. The
MEKC-ESIMS detection showed 5 to 10 times higher
sengitivity compared to the MEKC-UV detection. In
addition, it did not need any pretreatment step. The CE-MS
technique may prove to be a useful qualitative and
quantitative tool for similar environmental pollutants.
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