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Abstract: A pressurized, gradient capillary electrochromatography (pCEC) instru-
ment has been designed and built. This versatile instrument can be operated in -
three separation modes, namely, pCEC, micro high performance liquid chromatog-
raphy (wHPLC) and capillary electrophoresis (CE). In pCEC mode, both an
electric field and a pressure can be applied across a packed capillary column,
allowing fine tuning of the selectivity without changing the composition of the
mobile phase. This technique also facilitates the use of gradient elution, making it
more powerful for separation of complex mixtures. The technique was evaluated
and compared with wHPLC by separating a mixture of organic acids and neutral
pyridazinone derivatives. Experiments in pCEC were carried out with a fused-silica
capillary column packed with 3-um octadecyl silica (ODS) particles. A separation
with baseline resolution was achieved for ten pyridazinone derivatives at optimum
conditions. Compared with the separation results by uHPLC method, pCEC is
more powerful than uwHPLC for the separation of both neutral and charged
compounds. The influence of the supplementary pressure, the flow rate of pumps
and applied voltage on the separation was also investigated. © 2001 John Wiley & Sons,
J Micro Sep 13: 191-196, 2001

Inc.
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INTRODUCTION

Capillary electrochromatography (CEC) is a
miniaturized separation technique that combines the
high selectivity of high performance liquid chro-
matography (HPLC) with the high efficiencies of
capillary electrophoresis (CE) for analyses of both
neutral and charged compounds [1-4]. The separa-
tion mechanism in CEC for neutral compounds is
based on the differences in partitioning of the sam-
ple components between the mobile and the station-
ary phases. For charged species, the differences in
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electrophoretic mobility of components also make a
contribution to the separation mechanism. Since the
mobile phase in CEC is driven by electroosmotic
flow (EOF) which is independent of the particle size
unless electrical double layer overlapping occurs,
extremely high-efficiency separations are achievable
with columns packed with small particles [5,6]. In
addition, the column efficiency in CEC is further
improved by the plug-like flow profile generated by
EOF. Although CEC has generated considerable
interest and is gaining in popularity, a major break-
through is still lacking due to the problems and
difficulties associated with columns and instrumen-
tations [7-10].

To realize the full potential of CEC, it is neces-
sary to develop the capacity of gradient elution, as in
HPLC, for successfully separating a wide variety of
complex samples. So far, commercially available cap-
illary electrophoresis (CE) equipment has been used
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for performing CEC experiments. However, com-
mercial CE instruments in their current design are
not user-friendly for CEC operations because of
problems of column dry-out and bubbles formation.

Supplementary pressure can be applied to a
column in CEC by using an HPLC pump (or pumps)
to overcome the dry-out and bubbles formation
problems. This technique is known as pressurized
CEC (pCEC). The coupling of hydraulic pressure in
HPLC with high voltage in CE resulted in many
advantages of pCEC over CEC. Several review arti-
cles related to pCEC have been published [11-13].
Although a CE instrument can be used for step-
gradient CEC [14], a considerable drawback is its
inability to perform CEC with continuous solvent
gradient elution. Several publications have reported
encouraging results using gradient CEC with
“home-built” systems [14,15-18].

In this article, we report the development of a
pressurized CEC system comprising a solvent-gradi-
ent delivery module, a high voltage power supply, a
variable wavelength UV /Vis detector, a microfluid
manipulation module and a data acquisition module.
The instrument can be used in pCEC, micro high-
performance liquid chromatography ( uHPLC) and
capillary electrophoresis (CE). It also has solvent-
gradient capability. The performance of the pCEC
system was evaluated and compared with wHPLC
by separating a mixture of organic acids and neutral
pyridazinone derivatives. The influence of the sup-
plementary pressure, the flow rate of pumps and
applied voltage on the separation of the compounds
was also investigated.
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EXPERIMENTAL

Apparatus. CEC was performed on a Trisep™.-
2000GV CEC system (Unimicro Technologies, Inc.,
Pleasanton, CA, USA) which comprised a solvent-
gradient delivery module, a high voltage power sup-
ply, a variable wavelength UV /Vis detector, a mi-
crofluid manipulation module (including a 20 nL
four ports injector) and a data acquisition module.
The schematics of the pCEC system is shown in
Figure 1. The dead volume of the low dead-volume
connector (6 in Figure 1) is about 500 nL.

Materials. Two capillary columns, with dimen- "
sions of 210 mm X 75 um id. and 150 mm X
150 pm id., packed with 3-um ODS stationary
phase were obtained from Unimicro Technologies,
Inc. (Pleasanton, CA, USA). Experiments were car-
ried out with a series of pyridazinone derivatives
which were synthesized in our Organic Synthesis
Laboratory. The IR spectroscopy and elemental
analyses were performed in our laboratory and the
structures of the compounds are shown in Figure 2.
Anisic acid, p-chlorbenzoic acid, benzoic acid and
cinnamylic acid and sodium tetraborate obtained
from Tianjin No. 3 Chemical Plant (Tianjin, China)
and potassium dihydrogen phosphate obtained from
Shenyang No. 1 Chemical Plant (Shenyang, China)
were all of analytical grade. Acetonitrile and
methanol obtained from Xinke Chemical Inc.
(Hebei, China) were chromatographic grade. Double
deionized water was used.

Procedures. Sample compounds were first dis-
solved in a 10 mL volumetric flask with methanol to
prepare a solution with the approximate concentra-
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Figure 1.  Schematics of TriSep™-2000GV CEC System 1. Mobile phase reservoir 2. Pump one 3. Pump two
4. Micro-mixer 5. Tee 6. Low dead-volume connector 7. Injector 8. Column 9. Detector 10. Interlocked safety
box 11. Micro-splitter valve 12. Back-pressure regulator 13. Cross 14. Electrode 15. High-voltage power supply

16. Waste.
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Figure 2. Structure of 14 compounds.
tion of 1 mg/mL. This sample solution was further
diluted with mobile phase in a 10 mL volumetric
flask to give each compound an approximate con-
centration of 0.1 mg/mL. All these solutions were
filtered with 0.22-um microfilter. Mobile phase A
was the mixer of 0.005 M phosphate and 0.0025 M
borate aqueous solution (pH = 6.0), and mobile
phase B was acetonitrile. The mobile phase solution
was degassed in an ultrasonic bath for at least
15 min before using. Linear gradient (15-80% B in
10 min) was used to separate sample compounds. A
negative voltage was added on the column outlet
and the column inlet was grounded. Pressure was
applied to the column inlet during the separation.
Total flow rate of the two pumps ranges from
10 uL/ min to 50 pL/ min. The wavelength of the
UV/ Vis detector was set at 254 nm. The injector
has an internal loop of 20 nL.

RESULTS AND DISCUSSION

Separation of ten pyridazinone derivatives by
PpCEC. Pyridazinone derivatives, used in pesticide
and medicine extensively, have attracted great inter-
est because of their high bioactivities., They are
highly effective, low toxic and broad spectra pesti-
cides. Separation of these compounds is rather chal-
lenging because of their similar structures (see Fig-
ure 2). As shown in Figure 3, a baseline separation
of the mixture of ten pyridazinone derivatives was
achieved in 14 min with pressurized gradient CEC
using a procedure described above.

Comparison of pCEC with wHPLC. In order to
compare the separation of pCEC with wHPLC, we
added four acids (Al: anisic acid; A2: p-chlorben-
zoic acid; A3: benzoic acid; A4: cinnamylic acid) into

mixture of ten pyridazinone derivatives. All pCEC
and pwHPLC experiments were performed on the
same TriSep™-2000GV CEC system with the same
column. Figure 4 shows the comparison of a wHPLC
chromatogram with a pCEC chromatogram. It is
evident that the pyridazinone derivatives can be
separated in both pCEC and uHPLC. However,
four acids could not be resolved in uHPLC under
the experimental conditions and the peak shapes of
acids were bad [see Figure 4(a)]. These acidic com-
pounds are quite polar and have similar retention
times in wHPLC under separation conditions.
Adding an electric potential across the column, we
can see from Figure 4(b) that the migration times of
four negatively charged acids increased and they
were separated based on their electrophoretic mobil-
ities. In addition, the total analysis time in pCEC
was obviously reduced and the peak shapes of the
acids were improved significantly when compared to
those in wHPLC. The higher separation speed is
due to the electro-osmotic flow that was superim-
posed on the pressure-driven flow. Note from Figure
4(b) that the dead time from the system peak (the
negative peak) is about 7.5 min. The linear velocity
of the mobile phase is 20 mm/min. Assuming half
of the column is packed with the stationary phase,
we estimate that the volume flow in the column is
about 177 nL /min. It can be seen from the baseline
drifting that the onset of the gradient started around
10 minutes. Therefore, the dead time of the system
is about 2.5 min, which is consistent with the dead
volume of the low dead-volume connector.

Effect of flow rate of pumps on pCEC separation.
The pCEC experiments were carried out as follows:
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Figure 3.  Separation of ten pyridazinone derivatives by pCEC. Column: EP-75-21-3-C18; Mobile phase: A: 0.005
M KH, PO, + 0.0025 M Borax pH = 6.0, B: acetonitrile; Gradient: 15% B to 80% B (v / v) in 10 minutes; Flow
rate: 0.03 ml / min; Voltage: 2 kV; Pressure: 1750 psi; Injection: 20 nl; Detection: UV@254 nm; Sample: As in

Figure 2.

mobile phase A from pump 1 was mixed with mobile
phase B from pump 2 in a mixer that has a mixing
volume of 2.2 upL. Then the total flow from the
mixer was split into two paths; one went to the
injector and the other went to a bypass capillary
which was connected to a back-pressure regulator of
fixed pressure. Two peaks of compounds were cho-
sen to calculate the reproducibility of the migration
time with the change of total flow rate of the pumps.
They were peak No. 1 and peak No. 10 in Figure 3.
All electrochromatographic runs were repeated five
times. The calculated results are listed in Table 1.
As can be seen from Table I, under the same
voltage and pressure, the retention times of peak
No. 1 and peak No. 10 decreased 11% with the
increase of the flow rate from 10 uL/min to
50 uL/min. The reason is that the back pressure
increased with the increase of the flow rate (due to a
quality problem of the back-pressure regulator), and
consequently, the pressure on the column was higher
at higher flow rate. Data in Table I shows a good
reproducibility of the migration times of two peaks
under gradient elution conditions except the repro-
ducibility obtained with a flow rate of 50 wL/min.
The bad reproducibility at higher flow rate
(50 wL/min) is probably due to the insufficient
mixing of mobile phase A and mobile phase B. We

estimate that the total mixing volume (mixer plus
connecting tubing) was about 20 uL and it is not
large enough for mixing 50 wL/min flow from the
two pumps.

Effect of voltage on CEC separation. The reten-
tion time of the compounds decreased with the
increase of the applied voltage under constant pres-
sure. This is expected because electro-osmotic flow
(EOF) should increase with the increase of the
applied voltage. The EOF is superimposed on the
pressure-induced flow and therefore total flow of
the mobile phase is higher than the pure pressure-
driven flow.

Figure 5 shows a plot of the effect of voltage on
the column efficiency. Taking peak No. 10 as an
example, it is obvious that, with the increase of the
voltage, the column efficiency of pCEC increases
first, then, when the voltage was higher than 6 kV,
the column efficiency started to decrease with the
increase of voltage.

Effect of pressure on CEC separation. The influ-
ence of pressure on column efficiency and resolution
of the separation was investigated under constant
voltage and constant flow rate. We applied different
pressures ranging from 500 psi to 2500 psi to the
column inlet by changing different back-pressure
regulators. It is understandable that the linear veloc-







