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On-line cation-exchange preconcentration and capillary
electrophoresis coupled by tee joint interface
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Abstract

An on-line preconcentration method based on ion exchange solid phase extraction was developed for the determination of cationic analytes
in capillary electrophoresis (CE). The preconcentration–separation system consisted of a preconcentration capillary bonded with carboxyl
cation-exchange stationary phase, a separation capillary for zone electrophoresis and a tee joint interface of the capillaries. Two capillaries were
connected closely inside a 0.3 mm i.d. polytetrafluoroethylene tube with a side opening and fixed together by the interface. The preparations
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f the preconcentration capillaries and interface were described in detail in this paper. The on-line preconcentration and separatio
f the analysis system included washing and conditioning the capillaries, loading analytes, filling with buffer solution, eluting ana
eparating by capillary zone electrophoresis (CZE). Several analysis parameters, including sample loading flow rate and time, elut
nd volume, inner diameter and length of preconcentration capillary etc., were investigated. The proposed method enhanced t
ensitivity of CE–UV about 5000 times for propranolol and metoprolol compared with normally electrokinetic injection. The detecti
f propranolol and metoprolol were 0.02 and 0.1�g/L with the proposed method respectively, whereas those were 0.1 and 0.5 mg
onventional electrokinetic injection. The experiment results demonstrate that the proposed technique can increase the preconcen
vidently.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Capillary electrophoresis (CE) has become an effective
eparation tool and has been used in different area of chem-
stry, biology, medicine and pharmaceutics etc. However, one
f the drawbacks of CE–ultraviolet detection (UV) is its poor
etection sensitivity due to its extremely short light path and
ery small sampling volume. Two convenient approaches
ave been employed to improve its detection sensitivity. One

s to extend its optical path, such as bubble cell or Z-cell[1],
nd the other is on-column preconcentration. On-column pre-
oncentration of large sampling volume is an effective way
o improve the detection sensitivity of CE–UV.

∗ Corresponding author. Tel.: +86 551 3607072; fax: +86 551 3603388.
E-mail address:yzhe@ustc.edu.cn (Y.-Z. He).

Various preconcentration methods have been repo
Field-amplified sample injection[2,3] and isotachophores
[4] are commonly adopted for on-column preconcentra
Xiong et al.[8] developed a base-stacking preconcentra
method for DNA fragments by injecting sample and alka
plugs electrokinetically. A reaction between fast migra
OH− and tris (hydroxymethyl) aminomethane cation (Tr+)
of buffer solution created a weak base zone of low con
tivity, in which analyte stacking occurred. Similarly, Lun
and coworkers[9–11] presented an acid-stacking prec
centration method. Filling a separation capillary with we
acid buffer solution, an acid zone was introduced foll
ing a sample one electrokinetically. Fast migrating H+ from
the acid zone reacted with the buffer anions and prod
a low-conductivity region, in which sample ions were c
centrated. Dynamic pH junction, an analogous method,
proposed for selective analyte stacking by Chen et al.[5–7].
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The migration velocity of analyte ions was greatly regulated
by the pH values on both sides of pH junction and the com-
plexation between analyte and buffer ions (such as borate).
Therefore, the selective stacking can be achieved. Recently,
Cao et al.[12,13] proposed a “transient moving chemical
reaction boundary” method. Zwitterionic analytes were pre-
pared in a weak-base solution and a running buffer solution
was acidic. When the analytes migrated from the basic sam-
ple zone into the acidic buffer region, their charge polarities
were changed and the analytes could be stacked at the mov-
ing boundary, of which the analyte migration directions were
reversed on each side.

In order to improve CE–UV sensitivity further, some
preconcentration techniques by combining different enrich-
ment methods have been proposed. Britz-Mckibbin et al.
[14] proposed a dynamic pH junction—sweeping method
for flavin derivative preconcentration. The preconcentra-
tion factors of analytes were influenced by the pH value
of buffer solution and the concentrations of borate and
sodium dodecylsulfate (SDS). The detection sensitivity
was improved more than 1200-fold compared with conven-
tional electrokinetic injection. In addition, several methods
combining field amplified sample injections with sweeping
were developed and afforded million-fold improvement
of detection sensitivity in micelle electrokinetic capillary
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tion sensitivity compared with conventionally hydrodynamic
injection.

In this paper, an on-line ion-exchange preconcentration
method is presented for improving the detection sensitiv-
ity of CE–UV. The preconcentration and separation system
consisted of an open preconcentration capillary bonded with
cation-exchange stationary phase and a separation capillary
untreated. Two capillaries were connected closely through a
0.3 mm i.d. polytetrafluoroethylene (PTFE) tube with a side
opening, and fixed by a PTFE tee joint connecting to a PTFE
valve. After washing two capillaries, conditioning the capil-
laries, loading analytes and filling with buffer solution, the
analytes were eluted from the preconcentration capillary by
2 mol/L NH4Cl solution and separated in the separation cap-
illary by CZE. With the proposed method, two model cations,
propranolol and metoprolol, were preconcentrated and sepa-
rated, and their detection sensitivities were improved 5000-
fold compared with normally electrokinetic injection.

2. Experiment

2.1. Apparatus

A 1229-HPCE Analyzer (New Tech. Appl. Institute, Bei-
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hromatography (MECC)[15–17].
Another efficient approach is the preconcentration of s

hase extraction (SPE). Kalberg and coworkers[18] pre-
ented an on-line anion-exchange preconcentration of
njection analysis (FIA), which was connected to CE v
pecially designed interface. But only a small part of
ons concentrated was introduced into separation capi
ovič and Gǔcek [19] improved ion-exchange preconce

ration with a suppressor column, which eliminated the
uence of sample and eluent matrices. However, the
oncentration factors of both the methods above menti
ere less than 10. Bonneil and Waldron[20] developed a
n-line SPE method for discontinuous preconcentratio
E. The concentrator was a short piece of polyethylene
ontaining 225 nl (1.5 mm in length) C18 stationary phas
nd was connected with two capillaries at both the
nds. Up to 500-fold preconcentration factor was achi

or peptide by the method. Petersson et al.[21] developed
PE-CE method. The extractor consisted of a short 20�m

.d. capillary packed with C18 alkyl-diol silica. The ca
llary introduced glass fiber to retain the sorbent and
onnected to a 50�m i.d separation capillary. After samp

oading and eluting, the analytes were separated by cap
one electrophoresis (CZE). The proposed method enh
he detection sensitivity by a factor of 7000. Breadm
t al. [22,23] developed an on-capillary SPE method

he preconcentration of inorganic anions, in which a
le capillary possessed a preconcentration and a sepa
ection. An eluotropic gradient based on a transient i
hophoretic boundary was adopted. The method with 10
ample loading achieved 100-fold improvement in de
ing, China) detected at 214 nm and a N-2000 double-cha
hromatography processor (Intel. Inform. Engineering I
ute, Zhejiang University, Zhejiang, China) were emplo
hroughout the work. A preconcentration capillary (100�m
.d., 12 cm in length) and a separation capillary (50�m
.d., total length 48 cm and effective length 33 cm) w
urchased from Yongnian Chromatogr. Components
Hebei, China). A column chamber of FULI 9790 gas ch
atography (GC, Wenling Anal. Instrument Ltd., Zhejia
hina) was adopted to prepare the preconcentration

aries for temperature control and nitrogen drying. 0.3
.5 mm i.d. PTFE tubes were purchased from HI-TE
orp. (Dandong, Liaoning, China). A three-way solen
alve (161T031) was purchased from NResearch Inc. (C
ell, NJ, USA). A two-way PTFE valve and a PTFE tee jo
ere homemade.

.2. Chemicals

Propranolol hydrochloride and metoprolol tartrate w
sed as two model cations in this work and purch

rom Wujin Pharmacy Factory (Jiangsu, China) and AST
Wuxi, Jiangsu, China), respectively. They are�-adrenergic
lockers for cardiopathy. The pKbs of propranolol and meto
rolol are 4.5[24] and 4.3[25], their molecular weights a
59 and 267 and their molar extinction coefficients m
ured in the buffer solution of CE are 28.0× 103 L/mol cm
nd 5.2× 103 L/mol cm, respectively. Other reagents w
f analytical grade and all aqueous solutions were prep
ith deionized water (Hefei Kesheng Co., Anhui, Chin
-(Trimethoxysilyl) propyl methacrylate and 1,1-diphen
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2-picrylhydrazyl (DPPH) were purchased from Alfa (Ward
Hill, MA, USA). 2-Acrylamido glycolic acid monohydrate
was from ACROS (Geel, Belgium). Acetone, methanol,
methylene chloride, dimethylformamide (DMF), sodium ac-
etate (NaAc), acetic acid glacial (HAc), sodium hydroxide
(NaOH), hydrochloric acid (HCl) and ammonium chloride
(NH4Cl) were from Chem. Reagent Co. (Shanghai, China).

Propranolol and metoprolol stock solutions were prepared
by dissolving the pharmaceuticals in deionized water, filtrat-
ing with 0.22�m cellulose acetate membrane and diluting to
0.800 and 2.000 g/L, respectively. Two stock solutions were
kept in brown flasks and in a refrigerator. Their analytical
solutions were obtained by diluting the stock solutions to
proper concentrations with deionized water. NaAc buffer so-
lution was prepared by adjusting the acidity of 100 mmol/L
NaAc solution to pH 4.0 with concentrated acetic acid. All
water solutions were filtered with 0.22�m filter membrane
before use.

2.3. Preparation of preconcentration capillary

A weak cation-exchanger with glycolic acid (pKa 3.83)
was chosen to concentrate the cationic analytes in this work.
In the preconcentration capillary, the cation-exchange sta-
tionary phase provided by 2-acrylamido glycolic acid was
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Fig. 1. Schematic diagram of tee joint interface.

(not pierced), and then was pierced with a needle. Two cap-
illary ends were burnished with a P4000 sand paper and in-
serted into the opposite ends of the PTFE tube softened by an
electric hair drier. The joint position of two capillaries was
carefully adjusted under a scale microscope (JS27, Jiangnan
Optics & Electronics Ltd., Nanjing, China), and the gap of
two capillaries just located at the opening of the PTFE tube.
The distance between two capillaries was 40–60�m mea-
sured by the microscope. After cooled to room temperature,
the PTFE tube fixed two capillaries tightly because its inner
diameter was less than the outer diameter of two capillaries.
So two capillaries were combined together by the PTFE tube.
The assembled tube was inserted into a PTFE tee joint with
1.6 mm i.d. channel and immobilized by two screw caps. A
two-way PTFE valve was connected to the side channel of
the tee joint with a 0.5 mm i.d. PTFE tube. The valve was
used to expel waste during sample loading.

Since the preconcentration and separation capillaries are
detached, the preconcentration capillaries with different inner
diameter can be selected according to the preconcentration
factors. By using the tee joint and valve, a large volume of
sample solution can be introduced and concentrated. In ad-
dition, the preconcentration and separation conditions can be
optimized independently.

For the operation safety, the tee joint interface and two-
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ovalently bonded to the inner surface of the capillary thro
iloxane (Si O Si C ) linkage. The preparation procedu
f the stationary phase in the capillary was primarily ba
n the method described by Horváth and coworkers[26,27].
ne hundred centimeter fused silica capillaries of 75,
50 and 250�m i.d. were washed by deionized water a
.0 mol/L NaOH. Then the mixed solution of organosil
eagent (�-(trimethoxysilyl) propyl methacrylate) and fr
adical reagent (1,1-diphenyl-2-picrylhydrazyl), and the
ution of ion-exchange reagent (2-acrylamido glycolic a
ere introduced into the capillaries, respectively. The c

aries for silanization were treated at 120◦C for 6 h and the
ation-exchange stationary phase was bonded by contr
he temperature at 70◦C for 6 h in a GC column chamber. A
er each bonding step, the capillaries purged and were
y nitrogen. In order to ensure the preconcentration re
ucibility, 100 cm capillaries of different inner diameter w
onded with the stationary phase one time, and were c
ifferent length in accordance with the experimental requ
ents. The working life of preconcentration capillaries
e more than 300 runs without deterioration.

.4. Interface of preconcentration and separation
apillaries

The schematic diagram of the tee joint interface of
oncentration and separation capillaries is shown inFig. 1.

In the figure, the outer diameters of both the preconce
ion and separation capillaries were about 0.37 mm an
nner diameter of the PTFE tube was 0.30 mm. The P
heath tube was exsected a little exterior at its middle p
ay valve were made of PTFE material and installed in
he CE instrument, and the waste outflow tube was plac
homemade insulating PTFE container during high vol
peration.

.5. Preconcentration and separation procedure

A typical preconcentration and separation procedu
llustrated withFig. 2.

The connected preconcentration and separation cap
es should be washed once daily. The washing step
llustrated withFig. 2a. The other ends of the preconcen
ion and separation capillary were connected to a flow
em with two linkers (L, assembled by a female pipe ada
nd a tube end fitting) and sealed by silicone. The flow

em consisted of a peristaltic pump and a three-way sole
alve. Firstly, three-way valve (V1) switched to position
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Fig. 2. Schematic diagrams of preconcentration and separation procedure.
Arrows indicate flow direction. V, valve; L, linker; W, waste.

and V2 opened, the separation capillary was washed in the
order of H2O (2 min), 1.0 mol/L HCl (5 min), H2O (2 min),
1.0 mol/L NaOH (15 min), H2O (2 min). The preconcentra-
tion capillary cannot be washed by 1.0 mol/L HCl or NaOH,
so a three-way valve was adopted. Then V1 turned to position
1, the preconcentration capillary was treated as follows: H2O
(5 min), methanol (10 min), H2O (5 min). All the wastes were
expelled through V2. The second step was to fill the capillar-
ies with buffer solution for 10 min by pressure (3.0 kPa) after
disconnecting the linkers, closing V2 and moving a buffer
vial to the loading position of the preconcentration capillary
inlet, as shown inFig. 2b. Thirdly, by opening V2 and moving
a sample vial to the loading position, the sample solution was
introduced into the preconcentration capillary with a flow rate
of 0.03 mL/min (measured by liquid interface migration with
a 0.2 mL serological pipette connected to V2) for 10 min by
pressure, the analyte ions were adsorbed by the ion-exchange
stationary phase on the inner capillary wall, and the waste of
sample matrix was removed through V2, as shown inFig. 2c.
After loading sample solution and moving an empty vial to
the loading position, the sample solution remaining in the
preconcentration capillary was expelled with gas purging by
pressure. The fourth step was to backfill the preconcentration
capillary with buffer solution again. Closing V2 and replac-
ing an expelled buffer vial with an unpolluted buffer one at
t econ-
c the
s s
a uent

vial and turning on the electrophoretic power supply for 10 s
at 10 kV, the eluent plug was introduced into the preconcen-
tration capillary by electroosmotic flow and the analyte ions
was desorbed from the stationary phase, as shown inFig. 2e.
At last, the ends of preconcentration and separation capillary
were replaced by the buffer and expelled buffer vial, respec-
tively, and CZE separation was carried out at 18 kV, as shown
in Fig. 2f.

Between two analytical operations, the capillaries were
conditioned with the buffer solution; meanwhile, the ion-
exchange stationary phase on the inner wall of preconcentra-
tion capillary could be regenerated. According to the exper-
iment results, a satisfactory reproducibility can be obtained
when the conditioning time of buffer solution was longer than
3 min. In order to ensure the precision, 4 min was selected as
the conditioning time throughout the work. So the next anal-
ysis cycle repeated from the second step to the sixth step,
viz., fromFig. 2b–f.

3. Results and discussion

3.1. Sample loading

3.1.1. Back-filling preconcentration capillary
lyte
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he end of the separation capillary, the separation and pr
entration capillaries were filled with buffer solution from
eparation capillary, as shown inFig. 2d. The fifth step wa
nalyte elution. Replacing the loading position with an el
For the elimination of air and the prevention of the ana
oss from the preconcentration capillary, a back-filling s
as designed with the buffer solution filled from the sep

ion capillary, as shown inFig. 2d. In this step, a small amou
f buffer solution can flow out from the inlet of the prec
entration capillary and may result in analyte loss. After
nalyte loss investigation, it was found that the analyte lo
ne drop of outflow from the preconcentration capillary i
ould be negligible. In addition, any front edge deteriora
f the analyte peaks was not observed in the electrop
rams, which might result from the analyte elution by
uffer solution during the back-filling step. It implies that
nalytes cannot be eluted by the buffer solution becau

he preconcentration capillary conditioned by the NaAc–H
uffer solution.

In order to eliminate air in preconcentration capillary co
letely, the optimal back-filling times of different leng
nd inner diameter preconcentration capillaries were
ured with an electric current method. For example, the
rophoretic current could not be measured stably when
lling time was shorter than 2 s at 3.0 kPa for a 12 cm, 100�m
.d. preconcentration capillary, because of residual air in
apillary. However, when the time was longer than 2 s, a
le current could be observed. So a back-filling time o
as chosen for the preconcentration capillary in the fo
tep.

.1.2. Sample loading parameters
In the selection of sample loading conditions, the br

hrough time (viz. breakthrough volume) of preconcentra
apillaries should be measured. When an analyte sol
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with a fixed concentration is introduced directly into a de-
tector, the observed absorbance corresponds to 100% signal
value. However, when the analyte solution passes through an
extraction column, the absorbance can be zero at the begin-
ning of the introduction for all the analytes are retained in
the column. Eventually, the column will be saturated by the
analytes and then be broken through. When the absorbance
reaches 10% signal value, the consumed volume of the ana-
lyte solution is defined as breakthrough volume, which mul-
tiplied by analyte concentration represents the capacity of
the extraction column[28]. However, it is difficult to mea-
sure the breakthrough analytes volume directly in a short
and open capillary connected to a longer separation one. So
the breakthrough volume was measured indirectly, viz., those
obtained from the analytes retained in the preconcentration
capillaries rather than the analyte breakthrough. For a 12 cm,
100�m i.d. preconcentration capillary, the breakthrough time
was 16 min with a mixture solution of 84�g/L propranolol
and 210�g/L metoprolol, and a flow rate of 0.03 mL/min. By
increasing the loading time longer than 16 min, the peak ar-
eas of propranolol and metoprolol eluted were not enhanced
because of the analyte loss after the column breakthrough.
Here, the breakthrough time of 16 min corresponded to a
breakthrough volume of 0.48 mL and breakthrough capac-
ity of 0.53 nmol analytes, respectively. By reducing the load-
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Fig. 3. Effect of sample loading time on peak height (a) and separation effi-
ciency (b). P, propranolol; M, metoprolol. The running buffer solution is pH
4.0, 100 mmol/L NaAc–HAc and the sample solution contains 84�g/L pro-
pranolol and 210�g/L metoprolol. A 12 cm, 100�m i.d. preconcentration
capillary is employed and its inner wall is bonded with carboxyl cation-
exchanger. The total and effective length of 50�m i.d. separation capillary
is 48 and 33 cm, respectively. The separation voltage is 18 kV and the de-
tection wavelength is 214 nm. The sample loading flow rate is 0.03 mL/min
and the elution is carried out with 2.0 mol/L NH4Cl injected at 10 kV for
10 s.

ing time was longer than 10 min. Furthermore, if the loading
time were longer than 12 min, two analyte peaks could not
be separated completely. It manifests that the sample load-
ing time can influence not only analyte adsorption, but also
their elution. It may result from the axial dispersion in the
preconcentration capillary, thus broadening the eluted zones,
as shown inFig. 3.

The effect of sample loading time on the analyte peak
height and separation efficiency of 6–14 cm length and
75–250�m i.d. preconcentration capillaries was investigated.
And the breakthrough time of the capillaries (except for larger
than 150�m i.d.) was in the range of 8–18 min. It was found
that the separation efficiency deteriorated when the capillary
inner diameter was larger than 150�m. So the sample loading
time of 10 min was allowable according to the results of peak
height and separation efficiency of 12 cm, 100�m i.d. pre-
concentration capillary, and breakthrough times of different
dimension preconcentration capillaries.

3.2. On-line preconcentration

With 12 cm preconcentration capillary, 10 min sample
loading time and 0.03 mL/min loading flow rate, the effect
of preconcentration capillaries with different inner diameter
was investigated on analyte enrichment.Fig. 4 displays the
e ries.
I ner
d pac-
i ding
t -
t
H
t and
m dis-
p ies,
a fur-
t as
p

ng flow rate to 0.02 and 0.01 mL/min with the same s
ion and capillary, the breakthrough time was 23 and 42
hich corresponded to the breakthrough volume of 0.46
.42 mL, respectively. Although the breakthrough volum

he preconcentration capillary decreased with the red
ow rate of sample loading, the peak areas of the elute
lytes were almost the same. Compared the breakth
olume at 0.01 mL/min with that at 0.03 mL/min, the ana
oss of the latter was about 12%. It implies that sample l
ng with lower flow rate can lead to more analytes adso
rom a unit volume of sample solution in the preconcentra
apillary because of mass transfer effect. However, whe
ow rate is higher than 0.05 mL/min, the flow system c
ot endure its pressure. So 16 min, 0.48 mL and 0.53
an be considered as the breakthrough time, volume an
acity of the 12 cm, 100�m i.d. preconcentration capillar
espectively. By considering preconcentration efficiency
nalytical velocity, 0.03 mL/min was used as the flow rat
ample loading.

In the investigation of sample loading time, the load
ow rate was 0.03 mL/min and the mixed solution was
ame one mentioned above. Normally, a high absorptio
ponse can be observed with a long loading time. In
he sample loading time is only limited by the ion-excha
apacity of the preconcentration capillary. With the load
ime longer than breakthrough time, the capillary will be
rated by excessive analytes.Fig. 3 shows the variation o
eak height and separation efficiency with different sam

oading time. In the figure, the linear ranges of peak he
ould be observed up to the loading time of 12 min, bu
eparation efficiency had decreased obviously when the
lectropherograms with different inner diameter capilla
t was found that the preconcentration capillary of large in
iameter could lead to the increase of ionic exchange ca

ty and enhancement of preconcentration factor. Accor
o the results, the peak height with 100�m i.d. preconcentra
ion capillary was larger than that with 75�m i.d capillary.
owever, by increasing inner diameter to 150 and 250�m,

he separation efficiency and resolution of propranolol
etoprolol decreased obviously. It may result from the
ersion of eluting volume in large inner diameter capillar
nd then lead to the axial dispersion of separation zone

her. Therefore, 100�m i.d. preconcentration capillary w
roved to be favorable and was adopted in this work.
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Fig. 4. Electropherograms of preconcentration capillary with different inner
diameter. a, b, c, and d represent the capillary inner diameter of 75, 100,
150 and 250�m in turn. Propranolol (P) is 64�g/L and metoprolol (M)
is 160�g/L. The length of preconcentration capillaries is 12 cm. Sample
loading time is 10 min with a flow rate of 0.03 mL/min. Other conditions are
the same as inFig. 3.

The influence of 100�m i.d. preconcentration capillary
length from 6 to 14 cm on the peak height, separation effi-
ciency and retention time of propranolol and metoprolol was
tested with the mixed solution containing 84�g/L propra-
nolol and 210�g/L metoprolol. Other conditions were the
same as those mentioned above. When the length of pre-
concentration capillary increased to 12 cm, the breakthrough
capacity of preconcentration capillaries also increased and,
as a result, the peak heights enhanced because of more ana-
lyte cations adsorbed and eluted. However, by increasing the
preconcentration capillary length from 12 to 14 cm, a similar
peak height was observed. It indicates that the ion-exchange
capacity of preconcentration capillaries less than 12 cm has
been saturated with the sample loading time of 10 min, so
the peak height can be enhanced by increasing the capillary
length from 6 to 10 cm. Nevertheless, the peak height can-
not enhance obviously with the same loading time when the
length of preconcentration capillary is longer than 12 cm.
In addition, by increasing the sample loading time, the sep-
aration resolution decreases obviously. For instance, when
the sample loading time was 12 min, the baseline separation
could not be achieved between propranolol and metoprolol
with 12 or 14 cm preconcentration capillaries. Meanwhile,
the retention time was also delayed from 11.5 to 19.8 min for
propranolol with the preconcentration capillary length from
6 osen
f

3

lu-
e high

Fig. 5. Effect of NH4Cl (a) and NaCl (b) concentration on the peak height and
separation efficiency of propranolol. Propranolol concentration is 32�g/L.
Sample loading time is 10 min with a flow rate of 0.03 mL/min and eluting
time is 10 s at 10 kV. Other conditions are the same as inFig. 3.

enrichment factor; in addition, it can regenerate the ion-
exchange stationary phase conveniently after each opera-
tion. Na+, NH4

+ and H+ are often used as eluting ions for
cation-exchange. However, the covalent siloxane bond of the
stationary phase may be damaged by strong acidity of elut-
ing solutions. In this paper, 0.5–2.5 mol/L NaCl and NH4Cl
were investigated as the eluent for the analytes.Fig. 5shows
the effect of NH4Cl (a) and NaCl (b) concentration on the
peak height and separation efficiency. It can be found that
the NH4Cl eluent is better than NaCl one for propranolol and
metoprolol elution. When NH4Cl concentration increased to
2.0 mol/L, the peak height reached maximal. And then kept
almost the same level by increasing the concentration fur-
ther. However, the variation of separation efficiency for the
analytes was not observed obviously by changing the eluent
concentration from 0.5 to 2.0 mol/L.

Since the inner wall of preconcentration capillary was
bonded with cation-exchange group of glycolic acid, elec-
troosmotic flow (EOF) generated by preconcentration capil-
lary was smaller than that in untreated capillary, so the EOF
of whole system was mainly generated by separation cap-
illary. The eluent volume can be decided by the product of
eluting time and voltage. For a 12 cm, 100�m i.d. precon-
centration capillary and an eluting voltage 10 kV fixed, by
increasing the eluting time to 10 s, the enhancement of the
a was
l usly,
m r ex-
c the
i ng of
e ng
s rk.

3

in-
fl pre-
v so
u tion
o with
F ight
to 14 cm under 18 kV. Therefore, 12 cm length was ch
or the preconcentration capillary.

.3. Analyte elution

An efficient elution can be carried out with a small e
nt volume to avoid zone broadening and to obtain a
nalyte peak height was observed. However, if the time
onger than 10 s, the peak height increased inconspicuo

oreover, the separation efficiency decreased rapidly fo
essive zone broadening. The former may result from
ncomplete elution and the latter manifests the broadeni
luting zone. So 2.0 mol/L NH4Cl was chosen as the eluti
olution and the eluting time was 10 s at 10 kV in this wo

.4. CZE separation

Buffer system, including its pH and concentration, can
uence CZE separation significantly. According to our
ious work[29], pH 4.0 NaAc–HAc buffer solution was al
sed in this work. The effects of the buffer concentra
n peak height and separation efficiency are illustrated
ig. 6. By increasing the buffer concentration, the peak he
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Fig. 6. Effect of buffer concentration on peak height (a) and separation
efficiency (b) of propranolol. The concentration of propranolol is 84�g/L.
A 12 cm, 100�m i.d. preconcentration capillary is adopted. Other conditions
are the same as inFig. 5.

of propranolol enhanced firstly and then reduced. From the
experimental data in the figure, 100 mmol/L NaAc was a suit-
able concentration for the analyte separation. Meanwhile, the
separation efficiency increased with the increase of NaAc
concentration up to 100 mmol/L. In addition, the curves of
peak height and separation efficiency became declivous when
the buffer concentration increased further. It may be the ef-
fect of Joule heating produced by large current of high buffer
concentration. Therefore, 100 mmol/L NaAc was chosen as
the buffer solution in this work.

3.5. Analytical characteristics

According to the separation voltage experiments, 15 kV
was used for a CZE separation without preconcentration,
and 18 kV was adopted for the proposed preconcentration
method. It can be found that their electric field strengths are
similar and about 300 V/cm. With the selected conditions
discussed above, two electropherograms of propranolol and
metoprolol are illustrated by comparing the proposed method
with normally electrokinetic injection, as shown inFig. 7. The
limit of detection (LOD, 3σ of continuous 11 noise peaks of
baseline near the analyte peaks) was 0.1 and 0.5 mg/L for
propranolol and metoprolol, respectively, by normally elec-
trokinetic injection at 6 kV for 8 s and with a sample solu-
t ro-
l
o the
p o-
l
i p-
i on
t fac-
t luent
i n at
6 tro-
d in-
d ivity
f nder
t
a o-

Fig. 7. Electropherograms of propranolol (P) and metoprolol (M) with (a)
and without (b) on-line preconcentration. Conditions: (a) The preconcentra-
tion capillary is 12 cm in length and 100�m i.d.; total and effective length of
50�m i.d. separation capillary is 48 and 33 cm, respectively; the sample so-
lution contains 84�g/L propranolol and 210�g/L metoprolol; the sampling
flow rate and loading time is 0.03 mL/min and 10 min, respectively; the elu-
tion solution is 2.0 mol/L NH4Cl injected at 10 kV for 10 s; the running buffer
solution is pH 4.0, 100 mmol/L NaAc–HAc; the separation voltage is 18 kV;
and UV detection wavelength is 214 nm. (b) The sample solution contains
32 mg/L propranolol and 80 mg/L metoprolol, respectively; the electroki-
netic injection is carried out at 6 kV for 8 s; separation voltage is 15 kV; The
separation capillary, running buffer solution and detection wavelength are
the same as in (a).

posed preconcentration, and 3.1× 104/m and 2.3× 104/m for
the analytes with the normally electrokinetic injection, re-
spectively. The analytical reproducibility of propranolol and
metoprolol was 3.7 and 3.1% (n= 5), respectively.

4. Conclusions

The on-line cation-exchange preconcentration method
with a tee joint interface for CZE separation has been de-
veloped in this paper. Since the preconcentration and sepa-
ration capillary are connected by the interface, large sample
volume can be loaded in the preconcentration capillary and
sample waste after preconcentration can be expelled through
the interface, different dimensions of preconcentration capil-
laries can be selected to achieve a satisfied preconcentration,
and the treatment of two capillaries can be independent and
convenient. Meanwhile, the sampling volume is limited by
ion containing 32 mg/L propranolol and 80 mg/L metop
ol (Fig. 7b). However, the LODs of 0.02 and 0.1�g/L were
btained for propranolol and metoprolol, respectively, by
reconcentration injection (Fig. 7a), in which a sample s

ution of 84�g/L propranolol and 210�g/L metoprolol was
ntroduced into a 12 cm, 100�m i.d. preconcentration ca
llary with a flow rate of 0.03 mL/min for 10 min. Based
he similar separation efficiencies, the preconcentration
ors were calculated and the conditions of sample and e
njections were selected, viz., the electrokinetic injectio
kV for 8 s without preconcentration and the eluent in
uction at 10 kV for 10 s with the preconcentration. It
icates a 5000-fold improvement in the detection sensit

or both of propranolol and metoprolol can be obtained u
he similar separation efficiencies, which were 2.8× 104/m
nd 2.2× 104/m for propranolol and metoprolol with the pr



218 Z.-X. Zhang, Y.-Z. He / J. Chromatogr. A 1066 (2005) 211–218

the capacity of preconcentration capillary and can reach a
milliliter level larger than a mono-capillary method. A 5000
times of preconcentration factor can be obtained for both the
model cations of propranolol and metoprolol. The methodol-
ogy can improve the detection sensitivity of CE–UV to less
than�g/L, thus it can be employed as a trace analysis tech-
nique for CE. By bonding preconcentration capillaries with
different solid phase and using different eluting conditions,
the proposed interface can be adopted for the enrichment of
anions and neutral compounds for CE. This on-line precon-
centration method can be improved and performed automat-
ically by using a high-insulation solenoid valve (V2).
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