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ABSTRACT

In analogy to pressure-driven gradient techniques in high-performance liquid
chromatography, a system has been developed for delivering electroosmotically-driven solvent
gradients for capillary electrochromatography (CEC). Dynamic gradients with sub-mL/min flow
rates are generated by merging two electroosmotic flows that are regulated by computer-
controlled voltages. These flows are delivered by two fused-silica capillary arms attached to a T-
connector, where they mix and then flow into a capillary column that has been electrokinetically
packed with 3-mm reversed-phase particles. The inlet of one capillary arm is placed in a solution
reservoir containing one mobile phase and the inlet of the other is placed in a second reservoir
containing a second mobile phase. Two independent computer-controlled programmable high-
voltage power supplies (0-50 kV)--one providing an increasing ramp and the other providing a
decreasing ramp--are used to apply variable high-voltage potentials to the mobile phase reservoirs
to regulate the electroosmotic flow in each arm. The ratio of the electroosmotic flow rates
between the two arms is changed with time according to the computer-controlled voltages to
deliver the required gradient profile to the separation column. Experiments were performed to
confirm the composition of the mobile phase during a gradient run and to determine the change of
the composition in response to the programmed voltage profile. To demonstrate the performance
of electroosmoticaly-driven gradient elution in CEC, a mixture of 16 polycyclic aromatic
hydrocarbons (PAHS) was separated in less than 90 minutes. This gradient technique is expected
to be well-suited for generating not only solvent gradients in CEC, but also other types of
gradients such as pH- and ionic-strength gradients in capillary electrokinetic separations and
analyses.

*Current address:  Unimicro Technologies Inc., P.O. Box 12127, Arlington, VA 22219






| NTRODUCTI ON

Anmong anal ytical instrunments with mniaturized col ums,

1,2

capillary zone el ectrophoresis (CZE) and hi gh- performance
| i qui d chr omat ogr aphy using capillary colums (micro-HPLC)** have
received nuch attention. CZE, in which a potential is applied to
a buffer-filled capillary to generate el ectroosnotic flow (ECF),
provi des excellent efficiency in separating charged species via
their different el ectrophoretic nobilities but is unable to
resol ve neutral conponents. M cro-HPLC, on the other hand,
provi des high selectivity in a wide range of applications because
a variety of stationary phases are available. However, the
nobi | e phase in mcro-HPLC is driven through the colum by
appl yi ng high pressure that causes a parabolic velocity profile
of the nobile phase and thus reduces the colum efficiency.

The high efficiency of CZE and the high selectivity of
m cr o- HPLC can be conbined, and the end result is a hybrid
technique referred to as capillary el ectrochromat ography (CEC).

Since the first denonstration of the feasibility of
el ectrochromat ography by Pretorius et al® in 1974, CEC in
packed col ums has been applied to anal yze neutral conpounds that
coul d not be separated by CZE"*™,

To realize the full potential of CECit is necessary to
devel op the capability of gradient elution, as in HPLC' and
m cro-HPLC®™, for successfully separating a w de variety of
conpl ex sanples. So far, there appears to be no report on
sol vent gradient elution in CEC using direct electroosnotically
driven flow in packed capillary colums in an autonmated nmanner.
Nevert hel ess, sone related work should be noted. Behnke and
Bayer® applied an electric potential in addition to pressure to a
separation colum in which a solvent gradient was delivered by a
pressure-driven gradient system Enhanced col um efficiency and



resol ution were denonstrated when the electric potential was used
in the separation col um.

In addition, several approaches for generating pH gradients
i n isotachophoresis and CZE have been reported. Bocek and co-

21-23

wor ker s used a systemwi th two buffer chanbers, each with its
own el ectrode, to cause the mgration of two different ionic
species into the capillary during separation. In their approach
the two buffer chanbers were separated fromthe capillary by

4

semi per neabl e menbranes. Sustacek et al.* used a syringe-type
doser to punp the nodifying electrolyte into the background

el ectrolyte chanber to form pH gradients. Tsuda® proposed an
apparatus that consisted of a programred sol vent-delivery system
and a split injector to generate pH gradients. Chang and Yeung®
used a HPLC gradi ent systemto generate pH gradients and fl ow
gradients in CZE. Bal chunas and Sepani ak®" devel oped a stepw se
gradient in MECC by manual |y pipetting aliquots of a gradient

sol vent containing 2-propanol into the inlet reservoir of the
capillary.

In this paper we report the devel opnent of an el ectrokinetic
punpi ng system for perform ng solvent-gradient elution in
capillary electrokinetic separations. W denonstrate the
performance of gradient elution in CEC by resolving a m xture of

16 PAHs in a single run within 90 m nutes. This technique is
capabl e of generating a dynam c gradient with sub-nL/mn
flowates. It should be well-suited for generating not only
solvent gradients in CEC, but also other types of gradients such
as pH and ionic-strength gradients in electrokinetic separations
using capillaries or narrow channels.

EXPERI MENTAL SECTI ON
A schematic diagram of the solvent gradient CEC system and
LIF detector is shown in Figure 1. The mgjor conponents of this



anal ytical system are described bel ow

Sol vent gradi ent delivery system The sol vent gradient CEC
systemis conposed of two nobil e-phase reservoirs, two 0-50 kV
hi gh-vol t age power supplies (d assnman Hi gh Voltage, Inc., Wite

House Station, NJ), two fused-silica capillaries (50-mmi.d.,

365-mm o.d., 26-cmlength), a honme-made T-connector (~365-nmm
i.d.), and a packed separation colum (described below). The T-
connector was constructed by drilling a hole (~365 nm through
the wall of a 2-cmlength of poly(tetrafluoroethyl ene) tubing
(365 mminner dianmeter). After inserting a 50-mmi.d. capillary
into the hole, a drop of UV-cured optical adhesive (Norland
Products, Inc., New Brunswi ck, NJ) was used to join the
cappillary to the connector. Because significant pressure i s not
created in CEC, this T-connector was used successfully in the

sol vent gradi ent system wi thout any | eakage problens. A program
witten with commercially avail abl e software (Labview for

W ndows, National Instrunents, Austin, TX) was used with a
digital -to-anal og converter to control the voltages fromthe two
power supplies.

Sanpl es were introduced el ectrokinetically into the
separation colum by disconnecting it fromthe T-connector and
placing its inlet into the sanple vial. An application of 5 kV
for 5 seconds caused the migration of a few nL of the sanple into
the columm. The colum was then reconnected to the T-connector
and the gradient elution initiated. A fan was used to assist the
heat di ssipation of the capillaries during the separation.

Preparati on of the Packed Capillary Colums. Capillary colums
with 75-mmi.d. were produced using an el ectrokinetic packing

t echni que devel oped previously by Yan®. The procedure for
fabricating the capillary colums has been descri bed
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14,16

previ ously
Det ecti on Apparatus. The confocal -desi gn UV-LIF apparatus has
been described previously™®. The UV laser radiation (257 nm
froman intracavity-doubl ed argon-ion | aser (Coherent, Inc.,
Santa Clara, CA) was focused onto the detection w ndow of the
separation colum. Fluorescence fromthe PAHs was col |l ected
perpendi cul ar to the excitation beam by using a high nuneri cal
aperture (NA) m croscope objective (N kon, Mlville, NY) having
40 x magnification, a NA of 0.85 and a 0. 37-nm wor ki ng di st ance.
The background fl uorescence and scattered light fromthe nobile
phase were mnim zed by using a set of filters (a 280-nm | ongpass
in conbination with two 600-nm shortpass filters) and the
background fromthe capillary wall was spatially discrimnated
through a variable slit (Newport Corp., Fountain Valley, CA).

The photocurrent fromthe photonultiplier tube (PMI) (Products
for Research, Danvers, MA) was anplified with a lock-in anplifier
(Stanford Research Systens, Sunnyvale, CA) while nechanically
choppi ng the output of the excitation |aser. Wth sufficiently
hi gh signal levels, nonitoring the PMI output with a pi coamet er
(Model 485, Keithly Instrunment Inc., Ceverland, OH was
satisfactory. The output of the lock-in anmplifier (or

pi coanmeter) was di splayed and stored by a comrercial software
package (Lab Calc, Galactic Industries Corp., Salem NH) run on a
personal conputer

Mat eri al s and Reagents. The fused-silica capillary colums were
pur chased from Pol ym cro Technol ogi es, Inc. (Phoenix, AZ). The 3-
mm ODS and the 1-mmsilica particles were obtained from
SynChrom Inc. (Lafayette, IN) and Phase Separation, |nc.
(Norwal k, NJ), respectively. The 5-mmsilica gel for nmaking the
frits was provided by Waters Corp. (MIford, MA). The priority
pol lutant PAH m xture (standard reference material, SRM 1647c)
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was a gift fromthe National Institute of Standards and

Technol ogy. Sodiumtetraborate, acetonitrile (HPLC grade),

met hanol , and indivi dual PAHs were purchased from Al drich

Chem cal Co. (M| waukee, W). The nobile phase was prepared by
m xi ng the appropriate percentage of acetonitrile with a 4-nmM
sodiumtetraborate solution and was degassed by ultra-sonication
before use. Water was purified with an Utra-Pure water system
fromMIlipore (MIford, MA). Stock solutions (1-10 mV of the
i ndi vi dual PAHs were first nmade in acetonitrile and then dil uted
to the desired levels in the nobile phase.



RESULTS AND DI SCUSSI ON

Eval uation of the Solvent Delivery System The theory of
gradient elution is well understood in HPLC” and is readily
adapted to CEC. The nobil e phase gradients in CEC can be
described as a tinme function of the concentration, c, of the nore
efficient eluting conponent b in the nobile phase at the outl et
fromthe gradient solvent delivery system or, nore precisely, at
the inlet of the separation col umm.

This time function may not be identical with the function in
the gradient programthat is used to control the m xing of two
solutions 1 and 2 contained in reservoirs of the gradient elution
system This gradient programrepresents the change in the
anount of solution 2 in the m xed nobile phase with tinme. Since
the solutions 1 and 2 are not necessarily the pure conponents a
and b of the nobile phase, each solution may contain different
concentrations of the nore efficient eluting agent b in the |ess
ef ficient conponent of the nobile phase a. |In this instance, the
time function of the concentration ¢ of conponent b nay be
expressed as

c =c¢, +(c,- c)f(t) (1)
where c, is the concentration of b in solution 1 and c, is the
concentration of b in solution 2. By choosing various
conbi nations of c, and c,, different gradient progranms can be used
to achi eve the sane sol vent gradient.

Sinmple gradients may differ fromone another in three
respects: (1) the shape of the gradient (linear, concave, or
convex); (2) the slope (steepness) and the curvature of the
gradient; and (3) the initial and final concentration of the nore
efficient conponent b in the nobile phase.

The quality and performance of the solvent gradient delivery
system can be eval uated according to the followng criteria: (1)
accuracy of the gradient formation, i.e., agreenent between the
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actual and the intended gradient profiles; (2) speed of response
of the conposition of the nobile phase to a change in the applied
vol tage program and (3) reproducibility of the gradient profile
in repeated runs.

For the evaluation of the solvent gradient delivery system
an open tubular capillary (50-mmi.d., 26-cmlength) was used to
repl ace the packed colum. One reservoir (nobile phase reservoir
1) was driven by the first high-voltage power supply (HV, and
was filled with 55% acetonitrile (c,) in 4-nM sodiumtetraborate
buffer. The other reservoir (nobile phase reservoir 2) was
driven by the second hi gh-voltage power supply (HV,) and was
filled with 80% acetonitrile (c,) in 4-nmM sodiumtetraborate
buffer. Fluoranthene, added at a concentration of approximately
107" Mto nobile phase reservoir 2, served as a fluorescent tracer
to indicate the anount of the solution fromthat reservoir
entering the nobile phase. Changes in fluorescence quenching
caused by different nobile phase conpositions during the gradient
run was found to be insignificant over the conposition range used
inthis study. The wi ndow for the LIF detection was |ocated at
about 2 cmafter the T-connector, near the inlet of the
separation col um.

A gradient profile with follow ng paraneters was sel ected
for this denonstration: (1) initial concentration of acetonitrile
in the nobile phase c, = 55% and final concentration c, = 80% (2)
conpletion of the gradient in 20 mnutes; and (3) one m nute
hol d-up tinme before gradient elution and 5 mnutes hold-up tine
after the dradient elution. Then, a reversed gradi ent was used
to re-equilibrate the system (see Figure 2). The gradient
profile (up to 26 m nutes) can be described by the follow ng tine
function of the acetonitrile concentration c:

c =55 t <1
55 + 1.25(t-1) 1<t <21

c
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c = 80 21 <t > 26
where c is the percentage (v/v) of acetonitrile (b) in the nobile
phase, t is tinme of gradient, and the slope 1.25 was obtai ned by
dividing the change in concentration by the selected tine of the
gradient, i.e. (80-55)/20.

At the beginning of the gradient run each armwas filled
wth its respective buffer and the "separation colum" (actually,
an open colum in this test) was filled with the 55% acetonitrile
buffer. Both arns and the separation columm are identical in
this exanple (50-mmi.d., 26-cmlength) and an initial voltage
setting of 20 kV in nobile phase reservoir 1 and 10 kV in nobile
phase reservoir 2 were used. This is expected to result in the
separation colum being exclusively fed fromreservoir 1,
mai nt ai ning the conposition of the separation colum at 55%
acetonitrile. This is because the voltage at the T-connector
shoul d be 10 kV. Hol ding nobile phase reservoir 2 at 10 kV
should result in no voltage drop, and, therefore, no electric
field to drive the flowfromthis reservoir. |In practice, at the
begi nning of the run the starting voltage in reservoir 2 was held
at a level slightly higher than 10 kV (at 10.5 kV) to assure that
there was no reverse flow during the initial one m nute hol d-up
peri od.

| f the conductivity of both buffers were the sane, the
voltage at the T-connector would remain constant throughout the
gradient run if the sumof Hv, and HV, was maintained at 30.5 kV.

Since the conductivity of the two buffers is not the sanme, the
vol tage at the T-connector (and therefore the voltage across the
separation colum) varies slightly. After the one m nute hol d-up
time, gradient elution started by sinultaneously decreasing HV,
and increasing HV, in a linear fashion (see Figure 2). The
gradi ent elution proceeded with a slope of 0.475 kV/mn in each
arm according to the pre-set programand conpleted in 20 m nutes
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when HV, (Wwth a positive slope) reached 20 kV and HV, (with a
negati ve slope) reached 10.5 kV. The potential across capillary
arm1l fromHV, should be approximately 0.5 kV at this tinme and,
therefore, the nobile phase containing 80% acetonitrile driven by
HV, shoul d be dom nant.

Shown in Figure 2 are the voltage program and the
experinmental (actual) profile of the gradient. Deviations of the
actual gradient profile fromthe ideal values were insignificant
under the experinental conditions. The elecroosnotic flow rate
in the gradient system neasured using the baseline disturbance
caused by an injection of a buffer mxture with a slightly
different acetonitrile concentration, was approximately 70
nL/mn, (linear velocity: 0.6 mmisec). The gradient delay tine
originating fromthe dead vol une of the T-connector and the
capillary tubing between the T-connector and the detection w ndow
is approximately 30 seconds. Most of the delay tinme results from
the transit tine fromthe T-connector where the m xing occurs to
t he detection point about 2 cm downstream

As an indication of the response tine of the gradient
gradi ent system the tine between the beginning of the linear
portion of the voltage program and the onset of the increase in
nmeasured fluorescence was nmeasured. Fromthree consecutive runs
the relative standard deviation (RSD) of this tinme interval was
found to be less than 1%

It is nore difficult to evaluate precisely the solvent
delivery system when a packed separation colum is used. First,
finding a fluorescent tracer that is truly unretained presents a
chal l enge. Second, the dynam c change of the nobile phase
conposition during the gradient elution causes conplications in
retention and possi bl e quenching of the tracer. Neverthel ess,
napht hal ene was used as a fluorescence tracer to test the CEC

gradi ent systemw th a packed capillary colum (75-mmi.d., 365-
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mmo.d., 26-cmlength, packed with 3-nm CDS particles). LIF
detection was perfornmed on the packed colum at 2 cmfromthe T-
connector. The experinental procedure was the sane as the test
shown in Figure 2. The trend of the gradient profile observed in
packed colum CEC was simlar to that obtained with an open
capillary (see Figure 2). The delay tine between the voltage
program and t he neasured fluorescent profile, however, was | onger
and the trace of the fluorescence response was | ess snooth than
the open tube case owing to the reasons nenti oned above.

Detection System Eval uation. Laser-induced fluorescence (LIF)
detection allows sensitive detection in |iquid chromatography and
capillary electrokinetic separations. Under isocratic conditions
(e.g., 80%acetonitrile/4nM sodiumtetraborate) we have achi eved
detection limits between 10" to 10® nmol with a linear response
spanni ng 4 decades in concentration'. However, as in gradient
HPLC, the problemin gradient CEC is baseline drift, which may
originate from fluorescence of nobile phase or inpurities in the
nobi | e phase and changes in the refractive index of the nobile
phase during gradient elution. |In our case, we often observed
baseline drifting up when acetonitrile content was increased. W
shoul d al so point out that for sone species the sensitivity of
LI F detection depends on the conposition of the nobile phase
because of quenching effects. For exanple, a change from 80%
acetonitrile to 55%in the aqueous buffer causes approxinmately a
two-fold decrease in fluorescent intensity of
benzo[ k] fl uorant hene. Therefore, it is essential for
quantitative gradient analysis that the nobile phase programis
reproduci bl e and calibration should be carried out under the sane
operating conditions as those used for the anal ysis of unknown
sanpl es.
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Appl i cati on. Many of the polycyclic aromatic hydrocarbons
(PAHs) are suspected carcinogenic, mutagenic or teratogenic
conpounds whi ch can be found as pollutants in conplex sanple
matrices, such as in airborne particulates, water, soil and
tissue. |Isocratic separations of such conplex sanples are often
i nadequate to resol ve the conponents. In our previous work",
capillary el ectro-chromat ography was utilized to analyze 16 PAHs
identified by U S. Environnmental Protection Agency (EPA) as
priority pollutants. Al though good colum efficiencies were
obtai ned, we were unable to resolve all 16 PAHs under isocratic
conditions in a single run in a reasonable tinme. Acenaphthene
and fluorene coeluted when an isocratic nobile phase of 80%
acetonitrile in 4-mM sodiumtetraborate buffer was enpl oyed.
Shown in Figure 3 is a series of electrochromatograns of the
first four of the sixteen PAHs obtained under isocratic
conditions by using different nobile phase conpositions. It is
clear that the decrease of acetonitrile in the nobile phase
dramatically increased the resolution and resulted in separation
of acenapht hene and fl uorene when the concentration of
acetonitrile in the nobile phase was |lowered to 60% The
i ncrease in resolution was achi eved, however, at the expense of
long retention tinmes. Froman attenpt to performan isocratic
separation of the sixteen PAHs at 55% acetonitrile, in which the
first twelve peaks of the NI ST standard eluted in four hours, we
estimted that a conpl ete separation of all sixteen PAHs woul d
take approxi mately 20 hours under these experinental conditions.
A linear gradient elution in CEC was used to separate the 16

PAHs. A capillary colum (75-mmi.d., 26cmlength) packed with
3-mm ODS particles was coupled to the T-connector. The |ength of

the capillary (50-mmi.d.) in the solvent gradient system was
chosen in such a way that the capillary filled with nobile phase
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has the same electrical resistance as that neasured in the
separation colum when filled with the sane nobil e phase. The
gradient profile was simlar to that described in Figure 2 except
that the initial voltages were 15 kV (for HV,) and 30 kV (for
HV,) .

Figure 4 denonstrates the performance of gradient elution in
capil l ary el ectrochromat ography. The top two
el ectrochromat ograns are isocratic separations. The bottom one
shows the separation of the sixteen PAHs using the gradient
program descri bed above. The sixteen PAHs were resolved within
90 mnutes. Using higher electric fields (higher voltages or a
shorter columm) should allow faster separations. The
reproducibility in terns of the retention tinmes in gradient
elution requires precise control of the variation of the nobile
phase conposition with tine (gradient profile) and of
el ectroosnotic flowrate. Table | lists the relative standard
deviation (RSD) of the retention tines for sixteen PAHs obtai ned
fromfour consecutive runs in gradient CEC. |In our experience,
the re-equilibration of the columm after each gradient run to
restore the initial conditions was nore difficult in CEC using
packed colums. |In addition, we occasionally observed "ghost"
peaks in the gradient elution process, which were caused by
elution of adsorbed inpurities in the colum when elution
strength changed during the gradient.
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CONCLUSI ONS

It has been wi dely recognized that m niaturization of

separation colums in HPLC and CEC offer several advantages
i ncluding i nproved efficiency, nmass detection sensitivity, |ow
sol vent consunption, snmall sanple quantity, and easier coupling
to detectors such as mass spectroneters and fl ane-base detectors.

However, to deliver a nL/mn gradient flowinto a capillary
colum (e.g, 10-100-mmi.d.) packed with m croneter-size
particles is a delicate problem

An el ectrokinetically driven gradient systemin capillary

el ectrochromat ography (CEC) offers a solution. The gradient
apparatus presented here is capable of delivering extrenely | ow
flowrates without flow pul sation and sol vent-conpressibility
probl ens that are commonly encountered in gradient HPLC. Wth
the present solvent gradient system we expect that the
applicability of CEC can be expanded to many separations and
anal yses that could not be achieved otherwi se. This sinple,
cost-effective device can be easily coupled to other types of
el ectrokinetic separation techniques in a capillary or narrow
channel format, such as capillary zone el ectrophoresis (CZE)

i sot achophoresis, and isoelectric focusing. The gradi ent system
can be readily automated and nodified to generate nulti-sol vent
gradients not only for nobile phase conposition purposes, but
al so for other type of gradients.
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Reproducibility of Retention Tinme In Gadient CEC

Tabl e

10.

11.

12.

13.

14.

15.

16.

PAH

Napht hal ene
Acenapht hyl ene
Acenapht hene

Fl uor ene
Phenant hr ene
Ant hr acene

Fl uor ant hene

Pyrene
Benz[ a] ant hr acene
Chrysene
Benzo[ b] f| uor ant hene
Benzo[ k] f | uor ant hene
Benzo[ a] pyr ene

D benz[ a, h] ant hr acene
Benzo[ ghi ] peryl ene

| ndeno[ 1, 2, 3- cd] pyr ene

RSD (%
4.58
4. 97
4.82
4.90
4.90
4.90
4. 68
4. 57
3.85
3.22
2.77
3.77
3.98
6. 96
8. 06

7.39
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Figure 1. Schematic of the solvent-gradient~-elution CEC apparatus.
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20

!
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Figure 3. Electrochromatograms showing the separation of four
PAHs under different isocratic mobile phase compositions. The
column dimensions were 75 gm i.d. x 33-cm packed length. The
applied voltage was 15 kV. Injection was performed
electrokinetically at 5 kV for 5 s. The varying concentrations of
acetonitrile were in a 4 mM sodium tetraborate mobile phase.
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Figure 4. Electrochromatograms showing the comparison of
isocratic and gradient elution for the separation of the 16 PAHs
listed in Table I. Peaks 3 and 4 correspond to compounds 3 and 4
in Figure 3. The column dimensions were 75 um i.d. x 26-cm packed
length. The applied voltage for the isocratic separations was 20

kv.
S.

The injection was performed electrokinetically at 5 kV for 5
See text for other details.
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