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1 Introduction

Triazine derivatives are among the most important selective
herbicides. Triazine herbicides are usually applied as pre-
and postemergent weed control to improve the quality of
agricultural products. Because of their wide use and rela-
tively high resistance of degradation, both the quality and
the quantity of these compounds present important con-
cerns about the environment and water control. To achieve
high separation efficiency, triazines have been analyzed by

4303

Research Article

Analysis of triazines by capillary
electrochromatography/electrospray
ionization-mass spectrometry using a
low-flow sheath liquid interface

CEC-MS has been used for the analysis of eight-triazine herbicides. It showed signifi-
cantly better S/N ratio than reversed EOF CE-MS and MEKC-MS, due to the lack of a
surfactant in the separation buffer. By optimizing the pH, the organic content of the
running buffer, and the separation potential, optimal separation was achieved within
18 min using a running buffer of pH 7.0, containing 70% v/v ACN, and an applied volt-
age of 17 kV. Gradient CEC showed superior separation when compared with isocratic
elution. The combination of a tapered CEC column and a low-flow interface confers
several advantages including better sensitivity, low dead volume, and independent
control of the conditions used for CEC separation and ESI analysis.

Keywords: Capillary electrochromatography / Low-flow ESI interface / Mass spec-
trometry / Triazines DOI 10.1002/elps.200600251

reported [10]. In this case, all eight triazines were success-
fully separated. Although both the reversed EOF CZE and
MEKC utilized surfactants, the latter approach yielded bet-
ter sensitivity because of the lower dilution factor for the
interface used to couple the separation with ESI-MS.
Nevertheless, analyte suppression by SDS was still signifi-
cant. To further improve the sensitivity, a low makeup bev-
eledtip interface has been proposed [11]. This interface was
found to be about four times more sensitive than the low-
flow interface in the analysis of triazines.

CE [1-5] and CEC [6] using UV detection. Because of their

high specificity, high sensitivity, and the ability to unam-
biguously identify analytes, MS has gained increased
attention as a detector for CE and CEC analysis. Triazines
have been studied using CZE-MS [7-10]. In one example, in
the analysis of an eight-triazine mixture, only four peaks
were detected in normal CZE; however, by using dynamic
coating of CTAB toreverse the EOF, an improved separation
was obtained [7]. Still, the sensitivity was poor compared
with the normal CZE. This was due to the competition be-
tween the CTAB surfactant and the analytes for ionization.
The analysis of triazines by MEKC-MS has also been

CEC-MS offers an alternative that retains the separation
efficiency of MEKC without using a surfactant. CEC is a
hybrid technique that combines the resolving power of CE
and the high selectivity of HPLC. Unfortunately, column
fabrication for CEC presents a significant technical chal-
lenge. In particular, the sintered frits used to retain the
stationary phase can be difficult to prepare reproducibly
and often lead to bubble formation during CEC analysis
[12-14]. Although no frit is needed in open tubular (OT)
and monolithic CEC, OT-CEC has limited sample capaci-
ty, and a trial and error optimization is often needed to
select the composition of the polymerization in monolithic
CEC. To take advantage of the large variety of commercial
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stationary phases for HPLC, packed CEC without the use
of frit has been proposed [6, 14-20]. For example, Lord et
al. [19] have reported the use of a tapered tip instead of frit
at the outlet of a packed CEC column.
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The coupling of CEC with MS has followed the ground-
work of CE-MS, which can be divided into three major
approaches: sheathless [19, 21-24], sheath flow [25-
29], and liquid junction interface [30]. Among these
methods, because of its easiness of implementation, a
sheath flow interface is often the method of choice.
However, one major drawback of using a sheath liquid
interface is the reduction in sensitivity due to dilution of
the sample as it elutes from the capillary column. Be-
cause the sample bands are not diluted in sheathless
interface, sheathless CEC/ESI-MS has been performed
in some studies [21, 24] by using Teflon tubing or metal
connector to connect the outlet of the CEC column to
the ESI emitter butt-to-butt. Unfortunately, sheathless
CEC-MS interface lacks the capability of altering the pH
and the composition of the eluent that can be advanta-
geous to improve the ESI-MS sensitivity. In order to
alleviate the high dilution effect of sheath liquid and also
make the final spray solution controllable, a low-flow
sheath liquid interface has been proposed in a CE-MS
study [10]. The sensitivity of the low-flow (several hun-
dred nanoliters per minute) interface was found to be
better than a conventional sheath liquid (several micro-
liters per minute) interface because of less sample dilu-
tion.

In this article, we describe the analysis of an eight-tria-
zine mixture by CEC-MS. The conditions required to
achieve optimal separation including organic solvent
content, pH, and separation voltage are discussed. Be-
cause of its sensitivity and simplicity of fabrication and
operation, a low-flow interface was adopted in this
study. The advantages of CEC-MS in comparison with
CZE-MS and MEKC-MS in the analysis of triazines are
addressed.

2 Materials and methods

2.1 Chemicals

Simazine, atrazine, propazine, ametryn, prometryn, ter-
butryne, prometon, and simetryn were obtained from
Supelco (Bellefonte PA, USA). Ammonium acetate,
HPLC-grade methanol, ACN, and acetic acid were pur-
chased from J. T. Baker (Phillipsburg, NJ, USA) and used
without further purification. Deionized water (Milli-Q
Water System, Millipore, Bedford, MA, USA) was used for
preparation of samples and buffer solutions. The C4g sta-
tionary phase (5 um, 100 A pore size) was purchased from
Macherey-Nagel (Diren, Germany). Silicon dioxide,
ammonium hydroxide, and sodium hydroxide were
obtained from Sigma Chemical (St. Louis, MO, USA).

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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2.2 Preparation of a tapered capillary packed
column

All separations were performed on a 27cm x50 um
id x 365 um od fused-silica packed capillary column with
a tapered tip dimension of 25 um od x 15 um id. To pre-
pare this capillary, a fused-silica capillary with 50 um id
and 365 um od (Polymicro Technologies, Phoenix, AZ,
USA) was drawn manually using a vertically suspended
section of capillary to which a small weight (45g) had
been attached. The capillary was slowly heated to the
melting stage using a butane/oxygen microtorch (Pro-
Iroda Industries, Taiwan) and then quickly withdrawn. A
tip of ~15 um id and 25 pm od was obtained by removing
the end of the tip using a ceramic cutter aided by visual
inspection with a microscope.

The tapered (~15 pm id and 25 pm od) capillary column
(~27 cm) was then mounted on a homemade pressure
vessel that served as a packing reservoir. A slurry of 5mg
of 5um ODS in 1mL of methanol was sonicated for
20min to prevent aggregation of particles and subse-
quently transferred into the reservoir. The pressure vessel
was connected to a nitrogen cylinder. Once high-pressure
nitrogen (1500 psi) was provided, the ODS particles were
pumped into the capillary and retained in the column.
After packing, an inlet frit was made using sodium silicate
solution by applying heat with a homemade burner for 8 s.
An LC pump was used to remove the remaining sodium
silicate solution with DI water.

2.3 Fabrication of a low-flow interface

The low-flow interface was fabricated using the method
described by Chen et al. [10]. As can be seen in Fig. 1, a
2.5cm x 450 umid x 1.2 mm od fused-silica capillary with
a tapered tip dimension of 25 pm od x 15 pm id was fab-
ricated. The tip was inserted into a liquid reservoir (a
micro centrifuge tube with a drilled hole) and used as the
sprayer for ESI. In CEC-MS operation, the makeup liquid
was injected into the reservoir using a 500 pL syringe. To
minimize the dead volume, the separation capillary was
inserted into the very end of the sprayer. Electrical contact
was achieved by inserting a platinum (Pt) wire (~400 pm
diameter) into the liquid reservoir. On average, the
makeup solution was resupplied every ten runs.

2.4 CEC instrument

The CEC instrument was configured in-house. Briefly, the
setup consisted of a CZE1000R high-voltage power sup-
ply (Spellman, Plainview, NY, USA) connected to a plati-
num electrode in a vial containing a running buffer and
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Packed CEC capillary (50 pm id x 375 pm od) with a
tapered tip of 15 pm id x 25 pm od

4

Pt Wire

Nanospray tip with 450 um id x 1.2 mm od
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Figure 1. Schematic representation of the low-flow sheath liquid CEC/ESI-MS interface.

operated at constant-voltage mode. One end of the
separation capillary was inserted into the CEC buffer and
the tapered end was inserted into a low-flow interface.

2.5 Mass spectrometer

All MS experiments were conducted on an LCQ ion-trap
mass spectrometer (Finnigan MAT, San Jose, CA, USA)
and CEC-MS electrochromatograms were acquired in
SIM mode. A commercial x-y-z translation stage for the
LCQ nanospray source (Protana, Odense, Denmark) was
used for mounting the low-flow sheath liquid CEC-MS
interface. The position of the interface could be adjusted
via the micrometer screws of the translation stage. A
nebulizing gas was not necessary, and the heated capil-
lary was kept at a temperature of 250°C.

2.6 CEC-MS analysis of triazines

2.6.1 Isocratic CEC

Twenty millimolar ammonium acetate solutions were pre-
pared with different ACN content (50, 70, and 90%). The
pH of the solution was adjusted to 4.0 with acetic acid
and to 7.0, 9.0 with ammonium hydroxide. The makeup
liquid (sheath liquid) consisted of methanol, water, and

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

acetic acid (70:30:1 v/v/v). Before analysis, the capillary
was electrokinetically equilibrated at 5kV for 20 min and
at 17kV for another 10min. After obtaining a stable
baseline, the triazine mixture (20 ppm) was injected elec-
trokinetically for 5s at a voltage of 10kV. The separation
voltage was 17 kV, and the ESI voltage was set at 2 kV.

2.6.2 Gradient CEC

A simple gradient CEC device reported by Medina et al.
[81] was modified and used in this work. Briefly, three
holes were drilled in the cap of a 2 mL vial (Fig. 2) to allow
the insertion of a platinum electrode (~400 pm diameter),
a gradient-generating column (365 um od, 50 um id), and
a separation column into a vial containing the running
buffer 20 mM ammonium acetate, ACN/H,0, 50:50) and
a microstir bar. The vial was placed on the top of a stirrer
(Corning Incorporated Life Science, Acton, MA, USA).
Pure ACN was pumped through a gradient-generating
column using a syringe pump. In each run, the syringe
pump delivers pure ACN at a flow rate of 22 pL/min to
change the organic content of the running buffer from
50:50 (ACN/H,0) to 73:27 (ACN/H,O) over 20 min. The
sample injection mode, column conditions, and applied
voltages were the same as in isocratic CEC.

www.electrophoresis-journal.com
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3 Results and discussion

3.1 Low-flow ESI interface

For a tapered CEC column, a sheathless interface is a
convenient choice because the tapered tip acts both as
a restrictor during column packing and as a sprayer dur-
ing CEC-MS analyses. However, similar to the sheath-
less CE-MS interface, the sheathless CEC-MS interface
has the problem of finding a solution that is compatible
as an eluent and as a spray solution. For example, in a
positive ESI operation, an acid (1% acetic acid or 0.1%
formic acid) in makeup (sheath liquid) is often added to
the spray solution to assist in the formation of preformed
ions to enhance ESI signals. However, an acidic solution
may not be optimum for analyte separation. In addition,
it is much more difficult to repair a CEC-MS sprayer than
the sheathless CE-MS interface if the conductive coating
peels off from the tip [32]. In practice, to prevent clogging
of the tip during the conductive coating process, a high
flow of N, or air flowing through the sprayer is needed.
As it is not practical to allow N2 flow or air through a
column filled with packing material, the CEC column was
coated with conductive material prior to packing the
column. Consequently, if the conductive coating peels
off from the tip, it is difficult to recoat the tip of a packed
CEC column.

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 2. Schematic repre-
sentation of the gradient
CEC device.

A low-flow ESI interface (Fig. 1) was used instead of a
conventional sheath liquid interface in this study. The low-
flow interface consisted of a makeup liquid reservoir and
a 25 um tapered ESI sprayer. A low-flow interface is
expected to have better ESI sensitivity than a conven-
tional sheath liquid interface because it uses a tip with a
smaller orifice (365 um vs. 25 um). It is known that the
optimal flow rate in ESI depends on the orifice of the
emitter [33-35]. For a ~25 um tip, the optimal sensitivity
can be achieved if the flow rate is above 250 nL/min. Our
earlier study [10] showed that the flow rate of a ~25 pm
low-flow interface was about ~400nL/min, which is
above the optimal flow rate (250 nL/min) but much smaller
than the flow of a conventional sheath liquid interface
(~4 pL/min). Thus, the problem of sample dilution is sig-
nificantly improved. Moreover, when a tapered CEC col-
umn is used, instead of a column having a sintered frit, the
column can be inserted into the very end of the low-flow
interface. Thus, the dead volume can be greatly reduced.

3.2 Analysis of triazines by isocratic CEC-MS

3.2.1 Effect of mobile phase composition

In CEC/ESI-MS, it is known that concentration of the
buffer affects EOF, buffer capacity, sample adsorption,
and peak resolution (stacking effect in higher ionic
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strength) [36, 37]. However, in CEC-MS, the major con-
cern related to the concentration of running buffer is the
ion suppression effect in ESI. An infusion experiment
showed that low buffer concentration resulted in better
signals (Fig. 3). Therefore, to alleviate ion suppression in
ESI but still maintain a reasonable buffer capacity, 20 mM
ammonium acetate was chosen in this approach. As
shown in Fig. 3, at 20 mM ammonium acetate, the sensi-
tivity is more than 70% of the maximum sensitivity. The
percentage of organic solvent in the running solution
(mobile phase) not only affects EOF but also influences
the partition between stationary phase and mobile phase.
ACN was selected as the organic modifier owing to its
superior EOF promoting ability [38]. Using a BGE of
20mM ammonium acetate at pH 7.0, the effect of ACN
content on the separation of an eight-triazine mixture was
investigated. When 50% ACN was used, low abundance
and broad peaks were observed for compounds 1-5
(Fig. 4a), likely because of excessive retention time
(40 min). Furthermore, analytes 6-8 were still retained in
the stationary phase after 70min. To increase elution
strength, higher percentages of ACN were studied. At
70% ACN, seven peaks were observed although
compounds 4 and 5 were coeluted (Fig. 4b). At an even
higher elution strength (90% ACN), compounds 3, 5 and
7, 8 were coeluted (Fig. 4c).
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Figure 3. Signals of atrazine (1 ppm) at different ammo-
nium acetate concentrations in ACN/H,0, 70:30. Signals
were acquired in SIM mode (m/z 215-217). Sheath liquid,
MeOH/H,0O/acetic acid (70:30:1 v/v/v).

3.2.2 Effect of mobile phase pH

As with CEC, the dissociation equilibria of silanol groups
on fused-silica column and in the packing material are pH
dependent. As a result, the surface charge density, and
hence the zeta potential (directly affects EOF) was influ-
enced by the pH of the running buffer. Furthermore, be-
cause the triazines are nitrogen-containing compounds,
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zine mixture: (1) simazine, (2) atra-
zine, (3) simetryn, (4) prometon, (5)
propazine, (6) ametryn, (7) prome-
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10kV, 5s. The voltage applied to the
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buffer vial was 17kV and the ESI
voltage was set at 2 kV.

www.electrophoresis-journal.com



4308 C.-H. Chang et al.

they may become protonated in solution, depending on
the pH. Therefore, the pH used can affect analyte
migration velocity. In this work, the effect of running buf-
fer pH was studied with 30% 20 mM ammonium acetate
solution — 70% ACN at pH 4.0, 7.0, and 9.0. At pH 4.0,
prometon, simetryn, ametryn, prometryn, and terbutryne
(PK, 4-4.3) were partially charged and therefore eluted
earlier than the other three triazines (simazine, atrazine,
propazine, pK,1.6-1.7) (Fig.5a). Seven out of eight
analytes were baseline separated, although most peaks
were observed as broad peaks. The peak broadening of
the former peaks could be attributed to the electrostatic
interaction between positively charged analytes and the
uncapped silanol group of the stationary phase. The
peak broadening of the later peaks could be the result of
diffusion owing to the long retention times observed. As
can be seen in Figs. 5b and c, the elution order in pH 7.0
and 9.0 was quite different compared with pH 4. It is
probable that all the analytes were uncharged at pH 7.0
and 9.0 so that the major separation mechanism was
partitioning between the mobile and the stationary
phase. In contrast, at pH 4.0 both electrophoretic mobil-
ity and partition affect the separation. A significant fact
about analysis at neutral or elevated pH is that a higher
EOF is induced in the column leading to shorter overall
retention times. However, a slightly longer separation

=]
=]

D
Relative Abundance
3
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time was observed at pH9.0. One of the possible
explanations is the increase of ionic strength when
ammonium hydroxide was added to the ammonium ac-
etate buffer solution (pH 6.8) to adjust the pH value [18,
39]. Because the resolution at pH 7.0 was slightly better
than that at pH 9.0, pH 7.0 was chosen as the pH used
for separation.

3.2.3 Effect of separation voltage

The effect of separation voltage on the separation of the
eight triazines was investigated from 7 to 17 kV with 70%
v/v ACN in 20mM ammonium acetate at pH 7.0. At a
separation voltage of 7 kV, the separation time was about
40 min. It is known that EOF is proportional to the applied
field strength and that varying the separation voltage is a
practical means to control the EOF in CEC analysis. When
the separation voltage was increased to 17 kV, the analy-
sis time was reduced to less than 18 min (Fig. 6). At 17 kV,
seven peaks were observed as compounds 4 and 5 co-
eluted. Although these two compounds could be sepa-
rated at lower voltage (7 kV), the peaks were broadened
considerably because of diffusion. Considering resolution
and separation time, a voltage of 17 kV was chosen as the
optimal value for separation.

0 5 10 15 20 25 30

Time (min)

40

o 100
Q
g
b=
5
(b)Z pH=7.0
E
~
09 2 4 6 8 10 12 14 16 18
Time (min) Figure 5. Total ion electro-
chromatograms in  SIM mode
3 showing the effect of mobile phase
5 pH on the separation of an eight-
_§ triazine mixture. Conditions: mobile
(c)§ phase, 70% v/v ACN containing
% 20 mM ammonium acetate at pH (a)
2 4.0, (b) 7.0, and (c) 9.0. All other
0, 4 6 8 10 12 14 16 18 conditions were the same as in
Time (min) Fig. 4.
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3.3 Analysis of triazines by gradient CEC-MS

Under the optimal condition of 70% v/v ACN in 20mM
ammonium acetate, pH 7.0, separation voltage of 17 kV,
and seven peaks were detected in less than 18 min.
However, prometon and propazine were coeluted. To
resolve prometon and propazine, gradient elution was
employed to improve the selectivity of the CEC separa-
tion. For this analysis gradient elution occurred from ACN/
H,O (50:50) to ACN/H,O (73:27) over 20 min. In compar-
ison with the data obtained in isocratic elution (Fig. 7a), all
the eight triazines were resolved by gradient CEC-MS
(Fig. 7b) although the running time (28 min) was signifi-
cantly longer than the running time (18 min) used for iso-
cratic elution.

3.4 CEC-MS versus CE-MS and MEKC-MS in
the analysis of triazines

Triazines have been studied by CZE-MS, reversed EOF
CZE-MS, and MEKC-MS [7, 10]. Only four peaks were
observed in the analysis of an eight-triazine mixture by
CZE-MS. Reversed EOF CZE-MS, dynamically modified
with CTAB, provided better resolution than CZE-MS.

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

18 All other conditions were the same
as in Fig. 4.

However, the sensitivity was adversely affected by sur-
factant-induced ion suppression. In MEKC-MS, the eight
triazines were baseline resolved. Although SDS was used
in the MEKC-MS analysis, the signal suppression by the
surfactant, SDS, was attenuated by the use of a low-flow
sheath liquid ESI interface which has a small sprayer ori-
fice. It has been suggested that because a smaller
sprayer produces smaller droplets, a higher surface to
volume ratio results in reducing ion suppression [40]. With
the use of CEC-MS in the approach presented here, gra-
dient elution provided similar resolution as that of MEKC-
MS. However, the running time was significantly reduced
(28 vs. 42min). Moreover, the avoidance of a surfactant
increased the S/N of the triazines between three- and ten-
fold when compared with MEKC-MS [10] using the same
low-flow interface. The mass electrochromatograms of a
1 ppm eight-trazine mixture was shown in Fig. 8. On the
basis of this data, the detection limit of this approach was
estimated to be about 0.5 ppm (based on peak-to-peak).
This detection limit was significantly better than that of
MEKC-MS using the same interface. The detection limit
of this approach was about two times better than that of
MEKC-MS using a low makeup beveled tip interface [11].
However, it requires more expertise in fabrication and
operation of a low makeup beveled tip interface.

www.electrophoresis-journal.com
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Figure 8. Mass electrochroma-
tograms of a 1ppm eight-triazine
mixture. Conditions: mobile phase,
70% v/v  ACN containing 20mM
ammonium acetate and pH 7.0. All
other conditions were the same as
in Fig. 4.
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4 Concluding remarks

This work describes the separation of an eight-triazine
mixture by CEC-MS using a low-flow interface. A tapered
CEC column was used in this study. In comparison with a
column prepared using a sintered frit, the tapered column
used in this study eliminated the problem of bubble for-
mation and reduced the dead volume between the
separation column and the low-flow ESI interface. Under
optimal conditions, prometon and propazine were unre-
solved in isocratic CEC, whereas a gradient CEC pro-
vided the separation of all eight triazines. Packed column
CEC provides good separation without the use of surfac-
tants, such as those found in MEKC and reverse EOF
CEC. Therefore, ion suppression by the surfactants dur-
ing ESI ionization was alleviated. The use of a low-flow
interface provides the advantage of low sample dilution
and the capability of using different solution compositions
for separation (pH 7.0 in this case) and ionization (1%
acetic acid in 70% MeOH). With a tapered packed CEC
column and a low-flow interface, CEC-MS has the
potential to provide a method with good separation effi-
ciency (plug-like flow), good selectivity (the availability of
different mobile phases and several stationary phases),
good sensitivity (avoidance of surfactant and a low-flow
interface), and good specificity (MS detection) for the
analysis of organic molecules and biomolecules.
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