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ABSTRACT 

The leakage current phenomenon at the capiUary-soh~tion interface was inw&gated with the application of high radial electric 

potential gradients across the capilhuy wall for the direct control of elM. The leakage current traveling through the 
capillary wall gave rise to a different surface potential between the controlled and uncontroUed regions, and resulted in a linear 
ektroosmotic velocity prolile from the controlled region to the ends of the capiky. The mismatch between the ektrooamotic 
velocities was then baknced by the additional laminar flow over the entire length of the capilky. The additional dispersion 
induced by the laminar flow under the leakage current situation.wan demonstrated and compared with theoretical prediction. 

INTRODUCTION 

The concept of electroosmotic control in capil- 
lary electrophoresis under the inlluence of ap- 
plied radial electric potential gradient has been 
intensively investigated in several laboratories 
(l-81. In all the experimental devices, a radial 
electric potential gradient is applied over the 
major portion, but not the entire length of the 
capillary. This is to ensure the separation and 
isolation of applied radial electric potential gra- 
dient from the axial electric field in the capillary 
for electrophoresis. The potential mismatch be- 
tween electroosmotic velocities in the controlled 
(under the influence of a radial electric potential 
gradient) and uncontrolled regions, and the 
resultant dispersion and band broadening are the 
subjects in our recent study [6]. 

It is found that there is no measurable addi- 
tional dispersion and band broadening induced 
by the direct control of electroosmosis [a]. A d.c. 
short circuit phenomenon at the capillary-solu- 
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tion interface is proposed for averaging the 
surface potential over the entire length of the 
capillary. Thus, there is no difference in the 4 
potential and the resultant electroosmosis be- 
tween the controlled and uncontrolled regions. 
One major assumption for the “short circuiting 
effect”, however, is that the leakage current 
through the capillary wall in the controlled 
region must be negligible. The extra current 
traveling through the capillary wall would give 
rise to a different surface potential between the 
controlled and uncontrolled regions. It is antici- 
pated that the measured dispersion will increase 
due to this leakage current with the application 
of a high enough radial electric potential gra- 
dient across the capillary wall [a]. 

In this report, the leakage current in capillary 
electrophoresis with the application of a high 
enough radial electric potential gradient is in- 
vestigated. The magnitude of applied radial 
electric potential gradient required for causing 
the leakage current and the irreversible dielectric 
breakdown of capillary tubing are measured. 
The flow profiles of bulk fhdd in the capillary 
and the additional dispersion of solute induced 
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by the leakage current phenomenon at the capil- 
lary-solution interface are presented and dis- 
cussed both experimentally and theoretically. 

EXPERIMENTAL 

The experimental setup for measuring the 
leakage current across the capillary wall under 
the influence of applied radial electric potential 
gradient is shown in Fig. 1. A 25 cm long 
capillary (Polymicro Technologies, Phoenix, AZ, 
USA) with 50 pm I.D. and 150 pm O.D. was 
placed between two buffer reservoirs. About 
85% of the external surface of capillary tubing 
was coated with the nickel print (GC Elec- 
tronics, Rockford, IL, USA) and then connected 
to the ground. Platinum-wire electrodes were 
affixed to both reservoirs. One high-voltage 
power supply (Spelhnan High-Voltage Elec- 
tronics, Plainview, NY, USA) was connected to 
the two reservoirs so that a constant electric 
potential was applied across the buffer solution in 
the capillary. Thus, a constant radial electric 
potential gradient across the capillary wall with 
respect to the external grounding (connected 
through the nickel print) was generated. A lO- 
Ma resistor was inserted between the nickel 
print conductive layer and the external ground- 
ing.. This means that a 1-nA leakage current is 
monitored as a lo-mV potential drop across the 
resistor. 

The experimental setup of capillary electro- 

Fig. 1. Test setup for measuring the leakage current across 
the capillary wall. 

phoresis in a coaxial configuration for the direct 
control of electroosmosis has been described in 
details in the previous study [3]. A smaller 
(inner) capillary was placed inside a larger 
(outer) capillary. A radial electric potential gra- 
dient was employed along the annular space 
between the two capillaries for controlling the 5 
potential and then the electroosmosis in the 
inner capillary. 

Frontal analyses of a 0.1% dimethyl sulfoxide 
in phosphate buffer solution were studied with 
various percentages of the inner capillary under 
the direct control of electroosmosis. The values 
of total spatial variance and the changes in the 
bulk velocity were measured with the application 
of various radial electric potential gradients. The 
measured solute dispersion in terms of equiva- 
lent plate height was then compared with the 
theoretical analyses for investigating any addi- 
tional dispersion induced by the leakage current 
phenomenon. Sodium phosphate buffer, hydro- 
chloric acid, and dimethyl sulfoxide were pur- 
chased from Sigma (St. Louis, MO, USA). The 
pH of the buffer solution was adjusted with 0.1 
M hydrochloric acid. 

RESULTS AND DISCUSSION 

The leakage current across the capillary wall 
was only measurable when the applied radial 
electric potential gradient was at or greater than 
-10 kV. In the experimental setup, an electric 
potential equal to or greater than +lO kV was 
employed at both buffer reservoirs containing 10 
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Fig. 2. Plot of leakage current vs. applied radial electric 
potential gradient across a fused-silica capillary with 50 pm 
I.D. and 150 pm O.D. 
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rnM phosphate at pH 3. As shown in Fig. 2, a 
significant increase in the leakage current was 
observed with the application of a -13-kV or 
higher potential gradient. There was no hy- 
steresis effect in the leakage current measure- 
ment. The experimental error for measuring the 
leakage current was about lo-15% for over 5 
repeated runs. The capillary tubing was broken 
by applying any potential gradients which were 
greater than -17 kV. The irreversible dielectric 
breakdown of fused-silica capillary with 50 pm 
I.D. and 150 pm O.D. was thus occurred at a 
field strength around 17 kV/50 pm = 3.4 - lo* 
V/m in our study. This measured dielectric 
strength was about one order of magnitude 
greater than those reported by Polymicro Tech- 
nologies (Phoenix, AZ, USA) in the range of 
2.5 - lo’-4 - 10’ V/m. 

In our previous study [6], the d.c. short circuit 
phenomenon at the inner capillary-solution in- 
terface is proposed for averaging the surface 
potential over the entire length of the capillary. 
Thus, there is no difference in the 6 potential 
and the resultant electroosmosis between the 
controlled and uncontrolled regions. Further- 
more, there is no additional laminar flow and 
dispersion induced by the use of a radial electric 
potential gradient for the electronic adjustment 
of electroosmosis. The averaged electroosmotic 
flow which is constant over the entire length of 
the capillary is equal to 

V eo,avg = %3,100% + (1 - weo,O% 

where x is a fraction of the total length of the 
capillary under the influence of a radial electric 
potential gradient and Veo,ol is the measured 
electroosmotic velocity in the absence of a radial 
electric potential gradient. Based on eqn. 1, 
V eo,lO,,% is estimated by 

V eo,lOO% = (l/e0,85% - 0~15~cl,0%)~0.85 

where K.0 85% is the measured electroosmotic 
velocity with 85% of the inner capillary under 
the influence of a radial electric potential gra- 
dient . 

To satisfy the proposed “short circuit effect” 
at the capillary-solution interface, the leakage 
current across the capillary wall must be neglig- 

ible [6]. In combination with the surface conduc- 
tivity, the extra current traveling through the 
capillary wall would give rise to a difference in 
the surface potentials between the controlled and 
uncontrolled regions. By assuming a linear 
change in the 5 potential from the controlled 
region to the ends of the capillary, the electro- 
osmotic velocity is thus varied linearly from 
V eo,10096 in the controlled region to Veo,osb at the 
ends of the capillary. Under the leakage current 
situation, the mismatch between the electro- 
osmotic velocities will have to be balanced by the 
additional laminar flow. The averaged bulk ve- 
locity of fluid over the entire length of the 
capillary is thus equal to 

Gg = Kmo% + (1 - XP (3) 

where v is the average of Veo,loo~ and Veo,046. 
Based on the theory of field-amplified capillary 
electrophoresis, the laminar flow caused by the 
mismatch between the electroosmotic velocities 
will then result in extra dispersion and band 
broadening for solutes inside the capillary [9]. 

Thus, the flow profiles and solute dispersion in 
the capillary are dependent on the “short circuit 
effect” or the “leakage current phenomenon” at 
the capillary-solution interface. To demonstrate 
such difference in the flow profiles and solute 
dispersion between these two surface phenom- 
ena, the percentage of the inner capillary under 
the direct control of electroosmosis was varied 
from 85, 60,40, to 20%. The inner capillary was 
filled with 10 mM phosphate buffer at pH 3. A 
constant inner electric field strength equal to 5.5 
kVi25 cm = 220 V/cm was applied during the 
experiment. 

As shown in Fig. 3, the measured velocities of 
bulk fluid in the capillary with various percen- 
tages of tubing under the influence of a -5-kV 
potential gradient were in good agreement with 
those predicted by eqn. 1 as the “short circuit 
effect” at the capillary-solution interface. In 
contrast, the measured bulk velocities as shown 
in Fig. 4 with various percentages of tubing 
under the influence of a -lo-kV potential gra- 
dient were more close to the prediction based on 
eqn. 3 as the “leakage current phenomenon” at 
the capillary-solution interface. The difference 
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Fig. 3. Plot of bulk velocity w. various percentages of 
capillary under the influence of a - 5-kV potential gradient. 
The experimental data are shown as open circles. The 
prediction obtained from eqn. 1 and eqn. 3 are represented 
as the solid and dashed lines, respectively. 

in the prediction obtained from eqn. 1 (the solid 
line) and eqn. 3 (the dashed line) was more 
pronounced with the lower percentage of capil- 
lary under the direct control of electroosmosis. It 
was interesting to notice that the predicted bulk 
velocity at 0% of the capillary under the in- 
fluence of a radial electric potential gradient was 
V eo,046 from eqn. 1, but became v (as the 
average of Veo,1008 and Vco,osb) from eqn. 3. 

To further reduce the percentage of the capil- 
lary under the direct control of electroosmosis, 
we simply applied a spot of nickel print on the 
external surface of capillary tubing. An electrical 
connection was then made between the spot of 
nickel print and a (external) high-voltage power 
supply. By assuming a linear potential drop 
across the buffer solution in the capillary, vari- 
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Fig. 4. Plot of bulk velocity vs. various percentages of 
capillary under the intluence of a - IO-kV potential gradient. 
The experimental data are shown as open circles. The 
prediction obtained from eqn. 1 and eqn. 3 are represented 
as the solid and dashed lines, respectively. 

ous radial electric potential gradients were ap- 
plied at the spot of nickel print through the 
(external) high-voltage power supply. As shown 
in Fig. 3, there was almost no change for the 
measured velocity in the absence or presence of 
a -5kV potential gradient through the spot of 
nickel print. In contrast, the measured velocity 
shown in Fig. 4 was increased to a value close to 
P (as the average of Vco,l,,,,4b and V,, o9b) in the 
presence of a -lO-kV potential grabient. The 
experimental error in the measurement of bulk 
velocity was about O-4% for over 5 repeated 
runs. 

For dispersion studies, the inner capillary was 
ftlled with 1 mM phosphate buffer at pH 3. A 
constant electric field strength equal to 7.5 kVl25 
cm = 300 V/cm was applied in the inner capil- 
lary. 85% of the inner capillary was under the 
influence of various radial electric potential gra- 
dients from 0 to -8 kV As shown in Fig. 5, the 
experimental results (the open circles) were in 
good agreement with the theoretical plate height 
based on only molecular diffusion (the solid 
line). A diffusion coefficient equal to 1. 10e5 
cm*/s was used for diiethyl sulfoxide in the 
calculation of molecular diffusion. With the ap- 
plication of low pH and ionic strength buffer, the 
electroosmotic flow was enhanced easily with 
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Fig. 5. The comparison of the prediction and the measured 
vahms of plate height at various operation conditions. The 
experimental data are shown as open circles for 85% and 
open triangles for 40% of the inner capillary under the direct 
control of electroasmosis. The solid line is the prediction 
based on only molecular diffusion. The solute dispersion 
contributed by molecular diffusion and laminar flow is 
represented by a dashed tine. HETP = Height equivalent to a 
theoretical plate. 
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85% of the inner capillary under the direct 
control of electroosmosis. 

The ionic strength of buffer solution in the 
inner capillary was increased to 10 mM phos- 
phate at the same PH. The percentage of the 
inner capillary under the influence of a radial 
electric potential gradient was reduced from 85% 
to 40%. Various radial electric potential gra- 
dients ranged from 0 to -14 kV were thus 
required to obtain the bulk velocities similar to 
those discussed previously. The measured solute 
dispersion (the open triangles) shown in Fig. 5 
started to deviate from the theoretical plate 
height based on only molecular diffusion (the 
solid line) when the bulk velocity was around 2.1 
cm/min with the application of a -8-kV poten- 
tial gradient. In fact, the measured solute disper- 
sion was increased with the enhancement of bulk 
velocity from 2.1 cm/mm to 4.1 cm/mm under 
the influence of a radial electric potential gra- 
dient from -8 to -14 kV. 

Under the leakage current situation at high 
radial electric potential gradients, the mismatch 
between the electroosmotic velocities over the 
entire length of the capillary would induce the 
additional laminar flow and result in extra dis- 
persion and band broadening for sample inside 
the capillary. As discussed in our previous study 
[6], a model based on Chien and Helmer’s [9] 
theory in field-amplified capillary electrophoresis 
was developed for calculating the additional 
dispersion and band broadening induced by the 
laminar flow. As shown in Fig. 5, the measured 
solute dispersion under the influence of high 
radial electric potential gradients (from -8 to 
-14 kV) was quite close to the theoretical plate 
height contributed by molecular diffusion and 
laminar flow. The experimental error in the 
measurement of solute dispersion was about lo- 
15% for over 5 repeated runs. 

Depending on the “short circuit effect” or the 
“leakage current phenomenon” at the capillary- 
solution interface, the flow profiles and band 

broadening of solute in the capillary under the 
direct control of electroosmosis could be signifi- 
cantly different. The difference in the flow 
profiles and solute dispersion between the “short 
circuit effect” and the “leakage current phenom- 
enon” was increased with the decrease in the 
percentage of the capillary under the direct 
control of electroosmosis. The required potential 
gradient across the capillary wall for inducing the 
leakage current was determined as 10 kV/50 
pm = 2 - 10’ V/m for a 25-cm long capillary with 
50 pm I.D. and 150 pm O.D. used in this study. 
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