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Abstract

A capillary zone electrophoresis (CZE) method was established to determine low concentration nitrate which was online
preconcentrated with chloride-induced leading-type sample self-stacking for seawater samples. The sample self-stacking was
based on transient isotachophoresis in which chloride served as leading ion, and dihydrogenphosphate in the background
electrolyte (0.1M phosphate) as the terminating one. Due to the small mobility difference between nitrate and chloride, the
isotachophoresis time was so long that nitrate could not separate from the rear sharp boundary between chloride and the
background electrolyte (BGE) when it migrated to the detection window. A zwitterionic surfactamM,N3H:
methyldodecylammonio)propane sulfonate was added to the BGE to enlarge the mobility difference for its selective
interaction with anions. Thus, a highly conductive sample could be injected in a large volume with about fourfold sensitivity
enhancement compared to that of field amplification sample stacking in which nitrate was dissolved in pure water. The
relative standard deviationa<5) of migration time, peak area, peak height were 0.1, 3.0, 1.5%, respectively. The limit of
detection §/N=3) for nitrate was 35.g/l in seawater samples with relatively low concentration BGE (d@.odium
phosphate, pH 6.2). The overall procedure consisting of online preconcentration and separation was as simple as routine
CZE except for a slightly longer sample injection time (3—4 min).
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1. Introduction ionic components is challenging because the mobile
salts in the sample will induce electrodispersion,
Many capillary electrophoresis (CE) approaches resulting in distortion and broadening of analyte
have been proposed for the determination of inor- peaks [5]. To overcome these problems, sample
ganic anions in various sample matrices for its high dilution has been used [6]. However, sample dilution
separation efficiency in comparison with ion chroma- causes direct sensitivity loss along with the decrease
tography (IC) [1-4]. However, for high conductivity of matrix concentration. Some researchers have used
samples such as seawater, the determination of minor high concentration background electrolytes (BGES)

[7—10]. Although they can alleviate electrodisper-
*Corresponding author. Tel+65-6874-2995; fax:+65-6779- sion, highly Concentrat_ed BGEs Ieaq to hlgh electri-
1691. cal current and excessive Joule heating which are not
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Another problem often encountered in inorganic
anionic analysis by CE is the low concentration
sensitivity due to the short pathlength with online
UV detection and the low extinction coefficients of
analyte anions [11]. Recently, Breadmore and Had-
dad reviewed sensitivity enhancement techniques for
the determination of inorganic and small organic
anions by CE [12]. For a sample in a low con-
ductivity matrix, field amplified sample stacking or
field amplified electrokinetic injection can be used to
improve the sensitivity [13—-16]. Okemgbo et al.
determined nitrate and nitrite in a low concentration
sample matrix with rapid reverse polarity capillary
zone electrophoresis (CZE). The detection limits
were 271 M nitrite and 143 M nitrate using on-
column sample stacking [17]. Field amplified sample
stacking requires a considerable conductivity differ-
ence between the BGE and the sample. To pre-
concentrate trace anions in seawater, the BGE con-
centration will be unacceptably high.

One possible method for preconcentrating analyte

in seawater with artificial seawater as BGE, with
high concentration chlorate added into sample to
induce terminating-type sample self-stacking. The
sensitivity was improved by twofold [10]. However,
highly conductive artificial seawater used as BGE
resulted in high current and excessive Joule heating.
The aim of this study is to establish a CE method
to determine trace nitrate in seawater with a rela-
tively low concentration BGE. Nitrate is preconcen-
trated online using chloride-induced leading-type
sample self-stacking. To overcome the problem of
excessive transient isotachophoresis time due to the
small mobility difference between chloride and
nitrate, a zwitterionic surfactant was added into the

BGE for its selective interaction with anions [24].

Thus, high concentration chloride in seawater sample

does not interfere with the determination of nitrate,
but functions as a leading ion in the transient
isotachophoresis for the preconcentration of nitrate.

ions in a high concentration ionic matrix is the use of 2. Experimental

sample self-stacking [5,18,19]. This can be realized

by creating a transient isotachophoresis step in the 2.1. Chemicals

initial state of a CZE separation. The native matrix
ion or intentionally added ion can function as a
leading or terminating ion and the co-ion of BGE as
the other part of isotachophoresis. Gebauer and co-
workers have described the criteria for both leading-
and terminating-type sample self-stacking [20—22].
Theoretically, the analytes with mobilities ranging
between those of the major sample matrix ion and
the BGE co-ion can be preconcentrated by this
method. However, when the mobility difference
between the matrix ion and analyte ions is small, the
transient isotachophoresis time is so long that the
analytes are very close to the matrix ions at the
detection window and cannot be detected as in-

Sodium nitrite, nitrate, chloride and bromide were
purchased from Merck (Darmstadt, Germany). All
standards and buffers were prepared {2 18 M
ultrapure water obtained from a Nanopure water
purification system (Barnstead, Dubuque, 1A, USA).

Zwitterionic surfactaniN,8Hdimethyldodecylam-
monio)propane sulfonate (DDAPS) was a gift from
Raschig (Ludwigshafen, Germany).

2.2. Apparatus and procedures

All experiments were performed on a HP-3D CE
system (Hewlett-Packard, Waldbronn, Germany)

dividual peaks [5,20].

In seawater of 3%. salinity, the chloride con-
centration is about 0.581 with high mobility [23]. It
is easy to find a BGE with slow co-ion to satisfy the
transient isotachophoresis conditions for nitrate using
chloride as leading ion. However, to our knowledge,
no one has reported chloride-induced leading-type
sample self-stacking for the determination of nitrate
in seawater due to the above-mentioned reason.
Recently, Fukushi et al. determined nitrite and nitrate

equipped with a diode array detection (DAD) sys-
tem. The detection wavelength for nitrate was set at
210 nm according to the spectrum obtained with
DAD. For monitoring chloride, 195 nm was used.
Data were collected and processed with HP Chem
Station software.
Untreate@.rB0l.D. fused-silica capillary was
supplied by Polymicro Technologies (Phoenix, AZ,
USA). Filling the total lebhgjhof a 64.5-cm
capillary tubing (56 cm effective length) at 50 mbar
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took 1022 s. New capillaries were flushed succes-
sively with 1.0M NaOH for 15 min, 0.1M NaOH

for 10 min and finally water for 5 min. Between
runs, the capillary was flushed with OM. NaOH for

2 min, BGE for 5 min. The capillary temperature
was maintained at 2. The BGE consisted of 0.1
M sodium phosphate, 150MDDAPS (pH 6.2). All

207

sample was filtered through ar@.4bembrane
filter. The standard addition method was used for
quantitation, to overcome the influence of the vari-
ation of chloride concentration in the sample.

3. Results and discussion

measurements were performed at a constant voltage

of —25 kv, with a current of—88 pA.

2.3. Mobility measurements

Dimethyl sulfoxide (DMSO) was used as the
neutral electroosmotic flow (EOF) marker. Because
the zwitterionic surfactant in BGE can reduce EOF,
it took considerable time for the neutral marker to
reach the detection window. Since the distance
between outlet and detection window was 8.5 cm,
much shorter than the effective length of capillary,
the DMSO (dissolved in the BGE) was injected at
the outlet after sample was injected at the inlet. Once
the high voltage of-25 kV was applied, the DMSO
was carried to the detection window by the EOF.
The anionic analytes migrated to the detection
window from the inlet under the influence of the
high electrical field. Thus, in one electrophoresis run,
the migration times of both EOF and analytes were
obtained. The EOF mobility and apparent mobilities
of analytes were calculated with the following
equations:

— Lo (L= Leed/tV (1)

(2)

whereL; andL_.. are the total and effective lengths
of the capillary, respectivelyt is the migration time

of the EOF marker or analytes aiMlis the applied
voltage. The anionic analytes migrate in the reverse
direction to the EOF, so the effective mobilities of
analytes were calculated using the equation:

Meor =

Mapp = Ll gtV

(3)

Mepr = Mapp ™ M EoF
2.4. Sample collection and pretreatment
The seawater was collected from the western coast

of Singapore, 2 m offshore. Samples were stored
under 4°C prior to analysis. Before analysis, the

3.1. Chloride-induced leading-type sample self-
stacking

Sample self-stacking may occur if the analyte
transiently migrates in the stack within the sharp
boundary between the major sample matrix ion and
the co-ion of the BGE. In leading type sample
self-stacking, the major sample matrix ion is the ion
with the highest mobility, and the co-ion of the BGE
is the least mobile one. The minor analyte ion will be
stacked at the sharp rear boundary of the sample
matrix. In terminating-type sample self-stacking, the
converse situation applies. The front boundary is
sharp, and analyte ions will be stacked at the front
boundary.

In seawater of 3%. salinity, chloride concen-
tration is about 0.56V [23]. Its mobility in 0.1 M
sodium dihydrogenphosphate (pH 6.2) is 7a@F°
cm’ V' s ', Nitrate occurs in very low concen-
tration of less than 1 mg/l with a mobility of
67.210°° cnt V' s', so leading-type sample
self-stacking will be expected for the preconcen-
tration of nitrate with dihydrogenphosphate as co-ion
of the BGE. Leading-type sample self-stacking has at
least two advantages over the terminating-type for
minor analytes in seawater. Firstly, there is no
deliberate need to add additional ions to the sample
to induce transient isotachophoresis. Thus, the
chance of introducing contaminant will be much
reduced or eliminated. Secondly, the co-ion of the
BGE functions as terminating ion whose mobility is
the lowest; thus, the current for the CZE will be
lower, obviating excessive Joule heating.

Due to the small mobility difference between
chloride and nitrate, the transient isotachophoresis
time for nitrate in the sharp boundary between
chloride and the co-ion of BGE is considerably long.
According to Boden and Bachmann [5]:

tirp = Loks(mm — me) /[i(em— MA)Z] (4)
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wheret,, is the time of transient isotachophoresis,
ks is the conductivity of sample zong, is the
current, u,, uz and w,, are the mobilities of the
analyte ion, the co-ion of BGE and the matrix ion,
respectivelyL is the length of sample zone. Fig. 1A
shows the electropherograms of 0.4 ppm nitrate in
0.2M NaCl solution with 0.1M sodium phosphate
(pH 6.2) as BGE. When nitrate migrates to the
detection window, it is within the sharp boundary
between the chloride and the BGE co-ion, and no

separated peak can be detected. EOF for the BGE

without DDAPS is threefold higher than in the

presence of DDAPS. The migration direction of
anionic analyte is against the direction of EOF, the
separation time is much longer in the former situa-
tion due to the larger EOF, but the nitrate cannot be
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Fig. 2. Effect of DDAPS on mobility of anions and EOF.
Experimental conditions: BGE: 0 sodium phosphate (pH 6.2)
with various concentrations of DDAPS.

separated from the sharp rear boundary of chloride.

On the other hand, in the presence of 0.16
DDAPS in the BGE, nitrate can be separated from
chloride boundary due to the larger mobility differ-
ence, as Fig. 1B shows.

3.2. Effect of DDAPS concentration on mobility
and sample self-stacking

DDAPS is a zwitterionic surfactant with opposite-
ly charged functional groups in close juxtaposition in
its hydrophilic part. It can selectively interact with
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anions like in electrostatic ion chromatography (EIC)
due to a few proposed mechanisms [24—-28]. As a
consequence, this interaction can selectively control
the mobilities of anionic analytes [24]. In addition,
DDAPS can suppress EOF, which can also be used
to improve separation efficiency in CZE [29]. Fig. 2
shows the influence of DDAPS on the mobilities of
nitrate, nitrite, chloride and EOF in 0. sodium
phosphate (pH 6.2). The mobilities of the ions
decreased with the increasing of concentration of
DDAPS at different rates. When DDAPS concen-
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Fig. 1. Chloride-induced leading-type sample self-stacking. Peak 1: nitrate. The broad peak with sharp rear boundary is chloride. Sample:
0.4 mg/I nitrate in 200 M NaCl. BGE: (A) 0.1M sodium phosphate, pH 6.2; (B) OM sodium phosphate, pH 6.2 with 0.Ms DDAPS.
Detection wavelength 195 nm. Injection 50 mbar, 100 s (124 nl). Separation voitagekV.



C. Tu, HK. Lee / J. Chromatogr. A 966 (2002) 205-212 209

tration reached 150 M in BGE, the mobility conductivity of the sample zone. According to Eq.
difference between chloride and nitrate reached18.7 (4), a higher chloride concentration in the sample

10°° cnm® V' s' in comparison with 12:20° zone results in a longer isotachophoresis time. Dur-
cm’ V' s' in the absence of DDAPS. Transient ing transient isotachophoresis, the analyte zone is
isotachophoresis time was shortened according to almost free of diffusion due to electromigrational
Eq. (4). Thus, nitrate could migrate from the sharp sharpening effect [20]. When the isotachophoresis
boundary between the chloride and the co-ion (di- condition does not exist any more, the analyte
hydrogenphosphate) of the BGE when it reached the migrates in the BGE under CZE mode, and the
detection window. This is shown in Fig. 1B. At 250 analyte zone will broaden due to the diffusion.
mM DDAPS, the mobility of nitrate decreased Longer isotachophoresis time results in a shorter
further to approach the effective mobility of the CZE migration time, less diffusion and higher sen-
co-ion (dihydrogenphosphate) in the BGE. The con- sitivity. Fig. 3 shows the influence of chloride
ditions for sample self stacking were therefore concentration on the peak height of nitrate. With the
violated, resulting in the broadening of the nitrate same injection volume, the peak height increases
peak (data not shown). with the chloride concentration in the sample due to

a longer isotachophoresis time. The sensitivity could
3.3. Effect of BGE concentration be enhanced about fourfold in the presence of 200

mM NaCl compared to that when nitrate was dis-

In sample self-stacking, not only must the mobility solved in pure water, in which field amplification

of the BGE co-ion satisfy the condition of the sample stacking took place.
terminating or leading ion, but its concentration also It should be noted that the migration time interval
plays an important role in the preconcentration between the analytes and the sharp rear boundary of
process. At the initial state of transient electropho- the chloride decreases with chloride concentration.
resis, the sample concentration is readjusted to the This is especially obvious for nitrite because of its
conditions of BGE according to the Kohlrausch small mobility difference with chloride. In the pres-
regulating function [20]. In principle, a higher BGE ence of 18nNaCl in the sample, nitrite appears
concentration leads to a higher preconcentration close to the rear boundary of chloride (see Fig. 4B).
factor. On the other hand, from Eq. (4), the iso- The peak height is about threefold higher than that in
tachophoresis time is inversely proportional to the pure water. When chloride concentration is increased

electrical current which is determined by the con-
centration of the BGE. A higher BGE concentration

produces a larger electrical current and shorter 25 [
isotachophoresis time, so the analytes will migrate in o i

CZE mode for a longer time before it reaches the é 20

detection window, resulting in a more diffuse sample 5

zone. The BGE concentration was increased from _'?p

0.05 to 0.1M, the peak height of nitrate increased by & 10 |

twofold. The peak height reached its maximum at 0.1 —5 5 4

M BGE. Further increasing the BGE concentration &

caused larger electrical current, shorter isotach- 0 ’

phoresis time, greater Joule heating, and loss of

sensitivity. 0 50 100 150 200 250

) ) NaCl concentration, mM
3.4. Influence of chloride concentration
Fig. 3. The effect of NaCl concentration in sample on nitrate peak

. . . . height. Experimental conditions: BGE: OM sodium phosphate,
The chloride in the sample functions as a leading bH 6.2, 0.15M DDAPS. Sample: 0.4ug/! nitrate in various

ion in the transient isotachophoresis system. The concentrations of NaCl. Injection 50 mbar, 200 s (248 nl).
concentration of chloride determines the specific Separation voltage-25 kV. Detection wavelength 210 nm.



210 C. Tu, HK. Lee / J. Chromatogr. A 966 (2002) 205-212
1
’ ‘\-DA;
4
1

T
B
A
: I T T
T :

c
Poaadaady

IS
il T
13

3

T

6 min

oo dudiode

4 il min

-

T ™ T 1

mAU

40
30
20
10

| Illtuklll!HllHIl!lH[llH

o \

4 6 min

mAU
50
40
30
20
10

loobudonbdanlonlug
o

min

E-N
]

60
40

20

| T AN AN AN

0 " " ™~ T T T T T 1
4 6 min
Fig. 4. The effect of chloride concentration on migration time of analytes. Peaksitrlte; 2=nitrate. The broad peak with sharp rear

boundary is chloride. Experimental conditions: sample: 0.4 mg/I nitrite and nitate in: (A) pure water, (BM1@N50 nM, (D) 100 iV,
(E) 200 mM NaCl. Detection wavelength 195 nm.

to 25 mM, the nitrite cannot be separated from the centration for leading-type sample self stacking [20].
chloride sharp boundary. Therefore, this method This is different from our results. This difference
cannot be used to determine nitrite in the presence of comes from the injection length and EOF. In
a high concentration of chloride. Gebauer et al.’s model, the injection volume was 3%
Another influence of chloride was in the variation of the total capillary volume, and the EOF was
of migration time. As shown in Fig. 4, the presence assumed to be zero. In our experiment, the injection
of chloride in sample resulted in shorter nitrate volume (248 nl) was 20% of the capillary volume,
migration time. In their computer simulation, with suppression of the EOF. The effect of sample
Gebauer et al. showed that the migration times of length was not negligible. The electrical field dis-

analyte ions increased with the sample matrix con- tribution between the sample zone and the BGE
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should be taken into account for the prediction of the
migration time. Before the sample matrix zone was
pushed out of the capillary by the EOF, the specific
conductivity of the sample zone was lower than that
of the BGE in case of low concentration of chloride
in the sample. The electrical field strength distributed
across BGE zone was weaker, resulting in lower
migration velocity and longer migration time.

It is worth noting that the concentration of chlo-
ride in the sample is correlated to the maximum
injectable volume. According to Eqg. (4), both in-
jection volume and chloride concentration influence
the transient isotachophoresis time. A longer in-
jection time resulted in more analytes being intro-

duced, a longer isotachophoresis time, and so a
greater peak height, but nitrate could not be sepa-
rated from the boundary between chloride and the

co-ion of the BGE at the detection window. For a
sample with high concentration of chloride, a satis-
factory electropherogram can be obtained with a
smaller injection volume. Fig. 5 shows an elec-
tropherogram of filtered seawater analyzed without
any dilution.

3.5. Determination of nitrate in seawater sample
The major anions in seawater of Bbsalinity are

chloride (ca. 0.56M), sulfate (0.0114M), hydro-
gencarbonate (0.0014@), and bromide (67 mg/l).

mAU

T
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Fig. 5. The electropherogram of undiluted seawater. Peaks: 1
bromide, 2=nitrate. Sample: filtered seawater, injection 50 mbar,
60 s (74 nl). BGE: 0.1M sodium phosphate, pH 6.2, 0.18
DDAPS. Other conditions as in Fig. 3.
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The minor anions are borate, fluoride and nitrite and
nitrate at mg/lpgvl levels according to the
literature [23]. The chloride concentration in our
sample was roughly N).46easured by titration
with silver nitrate. To overcome the peak height
changes due to the possible chloride concentration
variation in the sample, standard addition was used
for nitrate quantitation. The sample was diluted in
2.5-fold with water. 100, 200, 400,800 nitrate
were spiked into the samples. Both peakAyreas (
and heigtiy (vere linear with the concentrations
c). The calibration equations for areas and heights
were=0.024£+5.82 ¢°=0.9983) and H=
0.a1:88.30 ¢°=0.9997), respectively. The stan-
dard deviations for the slopes of the calibration
curves with areas and heights wet® 1.kd
Q.0a2’, respectively, while for intercepts were
19@° and 3.710 °, respectively. The deter-
mined concentration of nitrate in seawater sample
was 0.60 mg/l. The relative standard deviations
n=06) in term of migration time, peak area and
height were 0.1, 3.0, and 1.5%, respectively. The
limit of detection (LOD) atS/N=3 was 35pg/I,
close to the naturally occurring concentration of
nitrate in seawater [23], which is comparable with
the results of terminating type sample self-stacking
[10], but with a relatively low concentration BGE.
The mobility of bromide was also less than that of
chloride in the presence of DDAPS in the BGE (data
not shown). Thus, bromide in seawater could also be
determined simultaneously with this method (as Fig.
5 shows). The enrichment using sample self stacking
was not necessary due to the relatively high con-
centration of this anion in seawater, although the
sample self stacking did occur in the present case.

4, Conclusion

Zwitterionic surfactant DDAPS was used to en-
large the mobility difference between chloride and
nitrate, so that leading-type sample self-stacking
could be employed to preconcentrate low concen-
tration nitrate in seawater using native chloride in the
sample as the leading ion, and the co-ion in the BGE
as terminating ion. A detection limit of nitrate of 35
prg/l was achievable for seawater with relatively low
concentration BGE. At the concentration of the
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