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Determination of ammonium and metal ions by capillary
electrophoresis–potential gradient detection using ionic liquid as

background electrolyte and covalent coating reagent
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Abstract

A capillary zone electrophoresis (CZE)–potential gradient detection (PGD) method coupled with field-amplified sample injection was
d ated with
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eveloped to determine alkali metal, alkaline-earth metal, nickel, lead and ammonium ions. The capillary surface was co
ialkylimidazolium-based ionic liquid and thus the electroosmotic flow (EOF) of the capillary was reversed. The buffer composed o

actic acid, 0.6 mM 18-crown-6, 12 mM�-cyclodextrin (�-CD); it was adjusted to pH 4.0 by 1-hexyl-3-methylimidazolium hydroxide. Th
ations were baseline separated within 14 min with 5.1–18.9·104 plates (for 40-cm-long capillary) in separation efficiency, and the dete

imits were in the range of 0.27–7.3 ng/ml. The method showed good reproducibility in terms of migration time with RSD≤ 0.90% for
un-to-run and≤1.65 for day-to-day assessment.

2004 Elsevier B.V. All rights reserved.

eywords: Ionic liquids; Capillary zone electrophoresis

. Introduction

Capillary zone electrophoresis (CZE) is an increasingly
sed technique in the separation of ionic species because of

ts high resolution, short analysis time, little buffer consump-
ion and simplicity in operation. Separation of metal ions by
ZE has been actively studied because of the real-world re-
uirements[1–8]. The chelating reagents such as lactic acid,
elonic acid and tartaric acid can be added into the separa-

ion buffer to modify the mobilities of alkaline-earth metal
ons, while inclusion complex reagents such as 18-crown-

ether[4–7] and poly(ethylene glycol)[9,10] were used to
eparate the co-migrated ammonium and potassium ions, and
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to improve the resolution between some alkaline-earth m
ions.

Optical detection is commonly used in capillary el
trophoresis (CE). Because most of metal ions are UV or
orescence inactive, they have to be detected by indirect
in which imidazole, nicotinamide, pyridine, benzylamine
benzimidazole have been used as background visualiz
ions[5–8,11–13]. However, indirect detection usually resu
in lower sensitivity than the direct mode[14,15]. Further-
more, optical detection presents a disadvantage for CE
cause the optical path length (diameter of the capillar
generally less than 100�m in order to favor better dissipatio
of Joule heat during the separation process. Potential gra
detection (PGD) is generally a conductivity detection met
operated under d.c. mode. Although there are variatio
the design of the working cell[16,17], they all work based o
changes of the electric field strength during electrophor
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Because the electric field strength is inversely proportional
to the ionic mobility, a change in signal will be generated
when the sample zone of different mobility than the buffer
passes through the detecting electrodes. It is a universal de-
tecting method for charge-carrying species. Like the optical
method, the direct PGD method, in which the mobility of the
analyte is higher than that of the background co-ion, offers
higher detection sensitivity than the indirect mode. Although
PGD is the most straightforward and simple method to be
applied[14], it is not widely used possibly due to difficulties
in achieving high sensitivity so far.

In this study, the separation behavior of metal and am-
monium ions by CZE was investigated in the electrolyte
system containing 1-hexyl-3-methylimidazolium (HMIM)
based ionic liquid as background co-ion and lactic acid as
chelating reagent, 18-crown-6 ether as inclusion reagent for
the analytes in an IL-coated capillary. PGD was employed to
detect the metal ions with addition of�-cyclodextrin (�-CD)
into run buffer modifying the mobility of HMIM. Baseline
separation of the 11 analytes (Li+, Na+, K+, Cs+, Mg2+,
Ca2+, Sr2+, Ba2+, NH4

+, Ni2+, Pb2+) were accomplished
within 14 min with detection limits as low as sub-ppb level
using the FASI technique.
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All solutions were filtered with 0.20�m Minisart (Goettin-
gen, Germany) filters and degassed in an ultrasonic bath.

2.3. Capillary coating

The imidazolium based ionic liquid was covalently coated
onto the capillary surface by the procedures below. The fresh
capillary was flushed with 1 M sodium hydroxide for 2 h, fol-
lowed by deionized water and 1 h of 1 M hydrochloric acid;
afterwards it was rinsed with deionized water and methanol
for 10 min consecutively. It was flushed with nitrogen gas
and heated to 120◦C overnight. In a nitrogen-filled glove
box, CPTMS was filtered and introduced into the capillary
by positive pressure. The capillary was sealed on both ends
and kept at 90◦C for 15 h. After that, it was flushed with
nitrogen to drive out the CPTMS residue and then rinsed
with toluene. At room temperature, excess imidazole was dis-
solved in toluene; the supernatant was filtered and introduced
into the capillary. The capillary was sealed and kept at 90◦C
for 4 h, then it was rinsed with toluene, dichloromethane pro-
gressively and consequently dried with nitrogen under 70◦C
for 1 h. It was rinsed with 1-bromohexane for 10 min, then
sealed and heated under 80◦C for 10 h. The pretreated capil-
lary was rinsed successively with 10 min of toluene, 10 min
of methanol and 30 min of deionized water. It was coupled
to a PGD cell afterwards.
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. Experimental

.1. Chemicals

Imidazole and 3-chloropropyl-trimethoxysilane (CP
S) were purchased from Fluka (Buchs, Switzerland)
romohexane was product of Aldrich (Milwaukee, W
SA). Dimethyl sulfoxide (DMSO), used as electroosm
ow (EOF) marker, was obtained from Merck (Darmst
ermany). The ultrapure water in the experiments was
ared by a Milli-Q system (Bedford, MA, USA).�-CD
as purchased from Sigma (Louis, MO, USA). 1-Hexy
ethylimidazolium bromide (HMIMBr) was synthesized
odifying the procedure described by Dzyuba and Ba

18]. It was converted to hydroxide form using Sigma Dow
ion-exchange resin. The 1.0 mg/ml metal cation stock s
ions were made by dissolving the appropriate weights o
itrate salts.

.2. Apparatus

Experiments were conducted on two CE systems. Fo
E–UV system, a laboratory built system equipped wi
rince CE System (Lauerlabs, Emmen, The Netherla
nd a Linear Instrument (Reno, NV, USA) UVIS 200

ector was employed. For the CE–PGD system, an IA
CE Resources, Singapore, Republic of Singapore) wa
loyed. Electropherograms were recorded with CSW17
are (DataApex, Prague, Czech Republic). Electropho
as conducted in fused silica capillaries of 50�m I.D. ×
60�m O.D. (Polymicro Technologies, Phoenix, AZ, US
.4. Sample injection

For the hydrodynamic injection, the metal ions disso
n run buffer were injected into the capillary by 50 mbar,
or the IL-coated capillary coupled with PGD, FASI w
mployed. The targets were dissolved in 50-fold diluted
uffer. Run buffer diluted to 1/200 was injected into the ca

ary by 50 mbar, 100 s as “water plug” that would be remo
y EOF during FASI. The injection end was then dipped

he sample vial and a voltage of 4 kV was applied to e
rokinetically inject the sample into the capillary. During t
eriod, the metal ions migrated into the capillary under
ositive electric field, while the injected plug was pushed

rom the capillary inlet by the reversed EOF. The injec
rocedure was monitored by the PGD detector, which w

ndicate increasing signal with the pushing out of the p
f low conductivity and introduction of the sample. Wh

he signal reached 90% of the maximum, the voltage wa
reased to 8 kV till all the analytes had been detected
he same sample and procedure, the time passed befo
aseline reached 90% of the maximum was recorded an
uantitative runs were time-controlled.

. Results and discussion

.1. Effect of buffer pH

Lactic acid is a weak complex reagent to the divalent
ome of the monovalent ions such as lithium with a pKa value
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Fig. 1. Influence of�-CD on detection sensitivity of ions; buffer: 7.5 mM
lactic acid, 0.6 mM 18-crown-6, added by desired concentration of�-CD and
adjusted to pH 4.0 by 100 mM HMIM hydroxide; capillary: 40 cm; applied
voltage: 8 kV; injection: 50 mbar, 15 s; detection: PGD.

of 3.86[19]; change of pH will have influence on the degree
of complexation of the metal ions. As expected, the mobil-
ities of magnesium, calcium, barium, lead and nickel ions
decreased with the increasing buffer pH, which is attributed
to the ion–lactate complex formed. Variation in pH would
change the migration orders of some analytes, for example,
sodium, calcium and lead: at pH 3.3, calcium and lead co-
migrated followed by sodium; from 3.5 to 4.3, they migrated
in the order of calcium, lead, sodium; as pH further increased,
sodium migrated out between the other two cations; at pH 4.8,
the order changes to be sodium (merged with calcium) and
lead. The best resolution of the analytes was obtained at pH
4.0.

3.2. Effect ofα-CD

Fig. 1 illustrates the variation of peak height ratio (of an-
alyte in theα-CD containing buffer over that in non-α-CD
buffer) versus concentration ofα-CD. It can be seen that the
peak height ratio increases significantly withα-CD concen-
tration till 12 mM, from concentration of 15 mM, there was
no notable amplification of the peak heights (not shown). In-
troduction ofα-CD did not bring obvious influence on the
mobilities or migration order of the metal ions. This may be
because the complexing ability ofα-CD to 18-crown-6 or
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Fig. 2. Comparison of bare and IL-coated capillaries; capillaries: (A) bare
silica; (B) IL-coated; buffer: 7.5 mM lactic acid, 0.6 mM 18-crown-6, 12 mM
�-CD, adjusted to pH 4.0 by 100 mM HMIM hydroxide; peaks (concentra-
tions in�g/ml): 1, Cs+ (2.5); 2, NH4

+ (0.1); 3, K+ (0.5); 4, Ca2+ (0.5); 5,
Sr2+ (1); 6, Na+ (0.5); 7, Pb2+ (5); 8, Mg2+ (0.5); 9, Ba2+ (2.5); 10, Ni2+
(2.5); 11, Li+ (0.5); others as in Fig. 1.

magnesium and lead in the bare silica capillary were base-
line separated. It was also determined that the separation effi-
ciency of the 40-cm-long capillary, in terms of plate number,
increased from 3.48–14.9·104 plates with bare capillary (ex-
cluding the peaks of magnesium and lead) to 5.1–18.9·104

plates with the IL-coated capillary probably due to the repul-
sive force between the cations and the positively charged cap-
illary surface[21]. Although still showed drifting, the base-
line was more stable than that of uncoated capillary. The IL
coating favors low detection limit; however, the analysis time
was longer.

The coating stability was assessed from the migration
time variation of the last peak. An IL-coated capillary was
used for electrophoresis for 9 days and the run buffer was
left in it when no experiment was carried out. At the 26th
day, the capillary was tested again with the same buffer
and the migration time of lithium changed from 13.07 (1st
day) to 12.80 min, suggesting the gradual degradation of the
coating. Nevertheless, the separation efficiency of the ana-
lytes was still acceptable. The coating procedure was also
tested in which a long capillary was coated following pro-
cedures in Section 2.3. After reaction, the capillary was cut
into four pieces. The EOFs of the four pieces were mea-
sured and the relative standard derivation of these EOFs
was 5.6%.
etal ion is very weak[20]. We also found that peak sym
etry and resolution deteriorated with increasingα-CD con-

entration due to the increasing mobility mismatch betw
nalytes and co-ion; however, all the peaks were bas
esolved in the IL-coated capillary. Also, the analysis t
lightly lengthened from ca 12.8 min of unmodified buffe
a. 13.1 min in buffer containing 12 mMα-CD.

.3. Influence of ionic-liquid coating

Resolution of the analytes in the IL-coated capillary
ificantly improved (Fig. 2); the shoulder-merging peaks
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4. Conclusion

The resolution of the metal ions was greatly improved in
the ionic-liquid coated capillary in which the EOF was re-
versed. With the buffer employed, the ions can be baseline
separated. The FASI–CZE–PGD method developed can sep-
arate and detect the 11 ions with lower LOD than the conven-
tional indirect optical detection method and with acceptable
reproducibility.
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