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Abstract

Confocal fluorescence microscopy has been used to study the capillary electrochromatography (CEC) frits and dynamic air bubble formation
under real chromatographic conditions. Confocal fluorescence microscopy provides a nondestructive way to view the three-dimensional
structure of the frits with high spatial resolution. Frits prepared with four different procedures were studied: (1) sintering bare silica beads
with sodium silicate; (2) sintering bare silica beads wetted with water; (3) sintering C18 beads wetted with water; and (4) sintering C18
beads wetted with water and then surfaced-recovered with C18. Frits prepared with sintering silicate-wetted beads have a high degree of
heterogeneity, while the other three types of frits have similar, more homogeneous packing structures. Confocal fluorescence microscopy
also provides sufficient temporal resolution for in situ observation of the dynamic processes in air bubble formation. In this study, air bubble
formation is imaged during the reorganization process of the packing bed and is shown to occur close to the border between the packing bed
and the outlet frit. Confocal fluorescence microscopy opens a nhew avenue in studying dynamic processes in situ in CEC separations.
© 2004 Published by Elsevier B.V.
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1. Introduction from sintering beads soaked with pure water gives the col-
umn a stable condition of electroosmotic flow and a stable
In conventional packed-column capillary electrochro- baseline, well suited for CE[B]. Rebscher and Pyell's study
matography (CEC), the preparation of the frits is central to confirmed that frits prepared with this method exhibit high
the making of a column. The quality of the frits affects sep- permeability and the absence of bubble formafith The
aration efficiency and sensitivity of the column. Many prob- most common method in preparing frits today is sintering a
lems in separations are associated with the frits, for example,portion of packed bead8,9]. Silica particles are connected
tailing, column fragility and air bubble formatida,2]. The to each other attheir contact points in a hydrothermal process.
initial frit preparation methods in pioneering work of CEC  Frits prepared this way also possess good permeability and
are either using sol—gel reactidBs4] or by sintering silicate- ~ a constant electroosmotic flow (EOF). A disadvantage exists
wetted chromatographic bealdg. Frits prepared with these  that the surface of beads in the frit is reactivated in the sinter-
two methods have the best mechanical stability and suffi- ing process. An improved method is to re-deactivate the frits
cient permeability. Subsequently, methods were pursued forby recoating the frit surface with silane. It was found that the
improved reproducibility in the electric current and perme- adsorption on the re-deactivated frits could be significantly
ability of the columns. Behnke et al. reported that frit made reduced10]. Furthermore, it was shown that recoating the
frits also reduces the bubble formation in the colurfiig.
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frits preparatior{16]. These new methods avoid destructive ture and frits-associated bubble formation in capillary elec-
heating on both beads and column and also have been claimedrochromatography.

to produce frits with reduced bubble formation. In a recent

report, the performances of frits prepared with sol-gel, sin-

tering, photopolymerization and modified sol-gel technolo- 2. Experimental

gies are evaluatdd 7]. It is shown that the modified sol-gel

and photopolymerized frits show improved day-to-day and 2.1. Chemicals

column-to-column reproducibilities. However, the sintered

frits are still associated with the least amount of peak dis- Rhodamine6G was purchased from Aldrich (Milwaukee,

persion[17]. The new methods are still in their developing WI). HPLC grade acetonitrile was obtained from Fisher (Fair

stages while sintering a portion of packing material may still Lawn, NJ). Luna silica beads used in frit preparation and
be the mostwidely adopted frit preparation method in packed- CEC packing were obtained from Phenomenex (Torrance,
column capillary electrochromatography. CA). The 10um beads are C18 modified, and have a surface

In preparing routinely used columns and inventing new coverage of 17.5%, an average particle size of.t) and
methods for frit preparation, permeability, reproducibility average pore size of 160 The coverage of bonded phase
and dispersion caused by the frits are important parameterss 3.00umol/m?. The 7um particles are uncoated, and have
that researchers are most interest in. The overall performancean average pore size of 180Deionized water was purified
of afritis usually characterized using traditional EOF method with a MilliQ system (MilliQ-Plus, Millipore, Bedford, MA)
[10,11,16,17] Furthermore, it is more recognized recently and was used to prepare all agueous solutions. Refractive
that bubble formation in the CEC capillary is highly related index matching oil i=1.51) was obtained from Carl Zeiss
tothe fritg[1,2,7,12,18]ltis desirable to directly visualize the  Microimaging Inc. (Thornwood, NY). Polyimide-coated cap-
underlying properties, e.g., the packing quality, deformation illaries (50um i.d., 360um 0.d.) and non-coated quartz tub-
of sintered beads, and the surface-adsorption of a frit, to cor-ing (400pmi.d., 550um o.d.) were acquired from Polymicro
relate with separation parameters obtained in the traditional Technologies (Phoenix, AZ).

EOF method.

Microscopic imaging has received much attention to study 2.2. Capillary electrochromatograhy
the fundamentals of separation since it approaches micro-
scopic phenomena direct[{t9—24] Scanning electron mi- Frits are prepared with four different methods: (1) sinter-
croscopy (SEM) has been extensively used to study the pack4ng packed bare silica beads wetted with silicate solution; (2)
ing of both the frits and columf6,9,12,15,16] A column sintering packed bare silica beads wetted with water; (3) sin-
containing the frit is usually cut into halves in the middle and tering packed C18 silica beads wetted with water; (4) frits
the cross-section is imaged. The spatial resolution of electronmade using method (3) and then the surface of the beads is
micrograph is high, allowing fine details of CEC packingsto recoated with C18.
be examined. However, due to the restriction of the exper-  For the first method, a procedure was developed similar
imental conditions of SEM, the observation could only be to established procedures in the literat[fkand described
made in dry environment and static conditions. Phenomenaelsewherd19,25,26] Briefly, a segment of 5am i.d. cap-
and properties related to the frits under real chromatographicillary tubing was conditioned with 0.1 M NaOH for 20 min.
conditions, e.g., analyte-stationary phase interaction, and airThe preconditioned capillary was then cut into 10 cm pieces.
bubble formation, cannot be observed using SEM. Guiochon The polyimide coating was burned off with a small flame of
and co-workers used direct photographic imaging to study the a microtorch. Five milligram ium uncoated silica beads and
separation phenomena in sjil—24] Considerable amount 3L NapSiOs:H20 (v/v) = 1:1 solution are mixed and stirred
of new information on packing bed heterogeneity, sample in- to form a paste. One end of the capillary was pressed into the
jection, migration, diffusion, and separation-related phenom- paste to take up a few millimeters of the mixed materials.
ena in liquid chromatography was obtained by photographic A thermal wire stripper was used to heat the sodium silicate
imaging. mixture to form a frit at the end of the capillary.

Another approach is reported by Lowry et al. to study The frits made from methods 2—4 are prepared with modi-
the solute distribution in CEC using laser scanning confocal fied procedures in the literatuf@]. Briefly, a preconditioned
fluorescence microscodi9]. It has been shown that con- 50um i.d. capillary was stripped off coating and then cut
focal fluorescence microscopy provides not only high con- into 10 cm pieces. One end of the capillary was fritted us-
trast between chromatographic beads and their surroundingng method 1 as mentioned above as a temporary frit. The
environment, but also excellent spatial resolution to image capillary was then packed with chromatographic beads us-
thin slices of the interior of chromatographic beads in situ ing a vacuum pump. In method 2,um uncoated beads
for the first time. More importantly, the confocal imaging are packed while in methods 3 and 4 thepd® C18 beads
system provides good temporal resolution to observe the dy-are packed. The packing was then wetted and compressed
namic processes under real chromatographic conditions. Inusing a syringe pump by pumping acetonitrile toward the
this paper, we extend this technique to study the frits struc- temporary frit. Acetonitrile was then rinsed off with water
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also using a syringe pump. A small section of the pack- raised to 50 mM with 80% acetonitrile and 20% buffer at pH

ing was sintered to form the desired frit. The temporary frit 7.0.

was cut and the rest of the packing material was flushed

away. For method 4, the C18 recoating followed procedure

of Carney et al[11]. The fritted end was dipped into a 2.3. Confocal imaging

5% chlorodimethyloctadecylsilane (ODS) (Phase Separation

Ltd., Deeside) solution for 5 s and dried in oven at 6dor an The confocal imaging system has been described previ-

hour. The frits were soaked withM rhodamine6G solution ~ 0Uusly[19]. An inverted confocal microscope (Axiovert 100,

by pump|ng 1mL Corresponding solutions through the cap- LSM 510 scan mOdUIe, Carl Zeiss Inc., ThornWOOd, NY) was

illary. The images were acquired with the solution inside the used. The capillary was glued onto a standard glass micro-

column. scope slide and capped with a coverslip. Two short pieces
For the observation of air bubble formation, a larger ©f capillary with the same o.d. serve as spacers to support

i.d. column was used, which favors the bubble formation the coverslip and confine the refractive index-matching fluid.

(Scheme L A segment of 40Qm i.d. quartz tubing was Refractive index matching is essential to obtaining an undis-

conditioned with 0.1 M NaOH for 20 min. The tubing was torted image with a narrow depth of field. This is accom-

cut into segments of 5cm in length. One end of the tubing Plished by reducing refraction from the capillary walls. The

was pressed into the same paste of sodium silicate ama 7 fluid also promotes heat transfer during electrophoresis. The

beads repeatedly to take up around 2mm of the paste. Thecapillary, fixed between the two slides, was placed on the

segment of paste was pushed into the tubingHmm with microscope stage with the frits or packed zones directly over

a 50p.m i.d. capillary, and then sintered. An open capillary the objective.

with 50pm i.d. and 50 cm in length was glued to this end. A helium-neon laser (Uniphase, 1674P) provided exci-

The frit could serve as either the inlet or the outlet frit. C18 tation at 543 nm with laser power regulated by acoustoopti-

modified silica beads were then packed into the quartz cell cal tunable filters. A 4@ (NA 1.3) oil inmersion objective

against the frit by a vacuum pump te2 cm in length. The ~ Was used to focus the laser beam into the sample and to col-

second frit is prepared at the end of a 50 cm longy50i.d. lect the fluorescence emission. The spectral range of fluo-

capillary using method 1 mentioned above. The end-fritted rescence emission was selected using the appropriate band-

50um i.d. capillary was glued to the open end of the quartz Pass or long-pass filter. Fluorescence was directed through

cell to seal the packing materials. The column made from an adjustable pinhole and detected by a photomultiplier tube.

th|s method a|WayS has 1-2mm unpacked region betweenThe intensity iS d|g|t|zed W|th a 12'b|t dlgltlzel’ to y|e|d piXeI

the two frits after electrokinetic compaction. counts up to 4095. Eachimage acquired from the LSM instru-
A power supply manufactured by Spelman (model Mment is stored as a data matrix. The digital image is directly

CZE1000PN30, Hauppauge, NY) provided the high volt- displayed without any further treatment or modification.

age in CEC. The current was continuously monitored with a

picoammeter (model 486, Keithley Instruments Inc., Cleve-

land, OH). A syringe pump was used to rinse the column with 3. Results and discussion

mobile-phase solution between experiments. The capillary

was conditioned with the mobile phase for at least 50 column 3.1. Frit structure

volumes before the solute solution was injected. In the CEC

runs, several mobile phase compositions were used: a mobile Four different types of frits were prepared from sintering

phase containing 80% acetonitrile and 20% borate buffer atbeads and studied with confocal fluorescence imaging: (1)

a concentration of 4mM and pH 7.0, and a second mobile 7 um unmodified silica beads wetted with sodium silicate; (2)

phase containing 50% acetonitrile and 50% phosphate buffer7 um unmodified silica beads wetted with water; (3)d@

at a concentration of 4mM and pH 7.0. In the bubble for- C18 silica beads wetted with water; and (4t C18 beads

mation experiments, the buffer concentration was purposely wetted with water and then recovered C18 on the frit surface.
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Fig. 1. Confocal fluorescence images of frits prepared fremunmodified porous silica beads wetted with sodium silicate. The frits were made ina00

i.d. quartz tubing and then packed with 1t reversed phase chromatographic beads. The mobile phase is 80% acetonitrile and 20% 4 mM borate buffer at pH
7.0 with 1M rhodamine6G: (a—c) cross-sectional images of the same frit 8.55, 30.20, 40.98m from the inner-wall of the capillary; (d) a magnified
portion of the same frit; (e) a different frit showing strong solute adsorption in the polysilicate nemw®3R; 75um from the inner wall of the capillary. Image

size: 230Qum x 230pwm in 512x 512 pixels. Acquisition time at each pixel: 2.p6.

Fig. la—c shows the images of the same type 1 frit made ever, the images are analyzed qualitatively to describe the frit
from sintering 7um porous silica beads wetted with sodium structure.
silicate in 40Qum i.d. fused silica column. In the imaging, The frit made from sintering sodium silicate-wetted beads
the capillary is placed in the plane perpendicular to the opti- is not homogeneous. Upon close examination of the images,
cal axis of the microscope objective. The images are cross-three types of image regions are identifiédg( 1la—c): (A)
sections at different depths of focus into the column. The dark beads embedded in bright media; (B) extended bright ar-
column is packed with 1am C18-modified porous silica eas; and (C) extended dark areas. The bight mediais assigned
beads and filled with 1.@M rhodamine6G. A portion of  to the polysilicate network where fluorescent molecules have
the packing zone and the frit are in the image simultane- been adsorbed. The structure of type Aimage regions is ideal
ously. Judging from the sizes, the bigger bright circles in the for a CEC frit: the silica beads serve as the framework while
image are the packing materials and the smaller dark cir- the polysilicate network glue them together and attach the
cles are the beads sintered in the frit. The mobile phase hadfrit to the wall of the capillary. The extended bright area is
very low fluorescence and is shown as the background in theassigned to polysilicate network without beads. This type of
packed column. The intensity level of each pixel reflects the structure seems inevitable because: (1) the mixing o7
fluorophore concentration at that spatial location, since the beads and silicate solution is incomplete and (2) the beads
fluorescence quantum yield of rhodamine6G does not vary will not fill all the space in the column—the paste is so vis-
significantly between different environments. The local con- cous that it cannot flow freely to form a plug with smooth
centration is determined by the partition coefficient between surfaces in the column, with the empty space filled by the so-
the mobile phase and the local environment at the specificlution. The extended dark areas are gaps between fragments
pixel. Thus the contrast in the images is determined by the of the sintered frits. They are introduced in the repeatedly tap-
partition of the fluorescent molecules. Furthermore, quanti- ping procedure when filling the column with the paste. Since
tative information such as the concentration ratios and thusthe fluorescent dye has high affinities to the polysilicate net-
the partition coefficients can be obtained through the pixel work and the stationary phase, concentration of fluorescent
intensities with appropriate calibration. In this paper, how- molecules is very low in these gaps filled with the mobile
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phase, resulting in dark areas of the image. These areas tenthe edge of the frit. C18 beads are easily packed into these
to appear close to the inner wall of the column, e.g .48 unfilled spaces in column preparation. In a contact region be-
from the wall inFig. 1a. When the focusing plane was moved tween the packing material and the frit, both C18 beads and
further into the column to a depth of 4In, the gap areaisre-  bare silica beads are imagdeid. 1d). The irregular bound-
duced significantly. However, the imaging quality is reduced ary of the frit will cause inhomogeneity of the EOF across the
at this depth due to the increased scattering along the lasercolumn. As discussed above, the distribution @fiid beads
path. in the frit is not homogeneous either, which will worsen the
The silicate network is continuous and highly fluorescent, EOF generated at the frit. The gaps in the frit could poten-
which indicates that it is accessible to the solvent and it tially cause problems such as inhomogeneity of permeability
adsorbs fluorescent solute molecules. Meanwhile, tam7  of the frit. The extent of the structural irregularities, such as
porous silica beads packed in the frit are dark, indicating that the uneven boundary of the frit, the inhomogeneous packing
the interior of the beads is not accessible to the solvent, thusof the 7um beads, gaps in the frit, vary for each individ-
non-accessible to the fluorescent dye. The porous structureual frit. Practically, these irregularities are difficult to avoid.
on the surface of the beads was possibly destroyed in the sin-The bigger the column, the more challenging to make the frits
tering process in the presence of silicate that the nanoporeauniform. Compounded with difficulties in controlling surface
of the beads were blocked. Since the interior pfi7 beads properties of polysilicate network in the sintering process, all
is not accessible to the mobile phase, the EOF generated athese are practical problems to overcome for this preparation
the frit should basically come from the polysilicate network. method.
The imaging study shows that the polysilicate network not ~ We then studied the frits prepared from more recent pro-
only serves as ‘glue’ to hold beads together but also is the ceduresFig. 2a shows the frit made from ¥m bare silica
major contributor to the EOF generated at the frit. beads wetted with wateFig. 2b depicts a frit sintered from
The polysilicate network does not show equal fluores- 10um C18 porous beads in ®n column.Fig. 2c shows
cence intensity everywhere, indicative of heterogeneous sur-a frit prepared from method 3 after which the surface C18
face properties. In a few instances, extraordinarily strong so- was recovered. The C18 recovery on the surface of the beads
lute adsorption occurs in the polysilicate network. The flu- is quite uniform judging from the fluorescence intensity of
orescence from these adsorption sites is so intense that it igshe beads. For all three methods, the packing of beads in the
impossible to image the adsorption spot and the surround-frits is similarly homogeneous. This is because in the absence
ings simultaneously due to the high contrdsig( 1e). The of viscous sodium silicate, the beads move more freely and
adsorption of solute molecules on the frit surface is not fa- are packed tightly under external pressure. The inside of the
vorable in making a column, because it causes tailing andbeads is bright except for a few nonporous C18 b¢aélk
decreases the sensitivity of the capillary. We noticed that the This is an indication that the porous structure of the beads
surface properties of the polysilicate are hard to control and is not altered during the sintering process and the pores are
reproduce in the sintering process. still accessible to the mobile phase. Thus, the EOF generated
Frits made from sintering beads—silicate paste assume ir-at the frit is mainly determined by the surface properties of
regular geometric shapes at the boundary. This is because théhe beads. The beads remain circular in shape in most part.
paste packed into the column takes random shapes due to itén contact points the beads are slightly deformed and glued
viscous nature. There are corners and gaps left unfilled ontogether. The fluorescence intensity is uniform and no obvi-

Fig. 2. Frits made from sintering (a)ufn bare silica beads wetted with water injo® i.d. column; (b) C18 beads wetted with water ingg@ i.d. column; (c)

C18 beads wetted with water in 50n i.d. column and then recovered with C18. The column was soaked in solution of 80% acetonitrile and 20% 4 mM borate
buffer at pH 7.0 with .M rhodamine6G. Image size: 76.8n x 76.8um in 512x 512 pixels. Acquisition time at each pixel was 3.2for (a) and 1.Gs for

(b) and (c).
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ous strong fluorescent sites are observed as in the type 1 fritszation if we reverse the flow direction. We noticed that this
Judging from the packing homogeneity of the frits, sintering packing bed reorganization is a primary cause of air bubble
chromatography beads wetted with water provides good frits formation at the outlet frit in a CEC run.
for CEC separation. Fig. 3shows the bubble formation at the outlet frit during
Inthe above studies, confocal fluorescence microscopy notsuch a packing bed reorganization process. Before the chro-
only provides high contrast between chromatographic beadsmatographic run, the column was flushed with running buffer
and the surrounding environment, but also makes it possibleagainst the frit at 50.m i.d. end to exclude any bubbles. The
to image thin slices of the interior of a column with high entire column, including the packing zone, the frits, and the
spatial resolution, and to construct three-dimensional imagesregion of open capillary, is examined under microscope to
of the packed column. It is the fluorescence that allows us make sure it is devoid of air bubbles. The high voltage is
to assess whether the interior of a chromatographic bead isthen applied such that the EOF moves the solution toward
accessible to the solvent. Such information is not available the 50um i.d. end. There is no packing bed reorganization

from transmission microscopy. when HV applied since there is no change in flow direction.
The column is stable under this condition for more than an
3.2. Bubble formation hour. The electric current is stable around uZ0and there

are no air bubbles generated during the run under microscope

Air bubble formation is one of the biggest practical prob- examination. The firstimage &fg. 3shows the portion close
lems in CEC. Why and how the bubbles form are still not to the inlet frit. The lower part of the images is the frit. There
clear[1,2]. The early theory was that bubbles form due to is also some packing material fused with the frit. Above the
joule heating as evidenced by the higher propensity of bub- frit, it is the unfilled packing zone. However, the packing is
ble formation with wider capillaries and higher electrolyte not seen in the image because they are packed against the
concentrationf27]. More recently, there are indications that other end of the column.
self-heating is not the primary cause, e.g., the electric cur-  After the high voltage was reversed, in first a few images
rent in CEC is one to two orders of magnitude lower than the packing materials are moving toward the outlet frit. In
those of capillary electrophoresis (CE) or micelle electroki- image 2 taken at 19.60s, a first visible air bubble is formed
netic chromatography (MEKC). Pyell observed that bubbles and appears in the image as a dark circle. The bubble is then
form invariably at the border between the packed and the un-pushed against the capillary wall by the incoming packing
packed sections of the capillary in semi-packed coliifjn beads. This bubble keeps growing larger in the ensuing im-
Works by Pyell and others suggest that the different rates ages. The packing materials are observed to be moving into
of EOF at different segments cause the intersegmental presthe imaging area and undergoing reorganization. In the image
sure that leads to bubble formatifh28,29] It has also been  taken at 58.80 s, another air bubble (lower bubble) appears at
shown that the low mechanical streaming permeability is an a place closer to the frit. Both bubbles are growing afterwards.
important factor that leads to the bubble formatjibf]. It is interesting to note that the position of the lower bubble

We demonstrate in this paper that confocal fluorescenceis changing from time to time. In the images taken at 82.32
microscopy has both the spatial and the temporal resolutionand 94.08 s, it disappeared from the observation area. Since
to observe the bubble formation in situ. Generation of air it came back in later images at the same location, we assume
bubbles was observed in a 4Q6h i.d. packed column as de-  that this bubble was squeezed out of the imaging plane tem-
scribed in the experimental section. The packing material is porarily by the moving packing beads. In the image taken at
10pum C18 beads and the total length of the packing is around 109.76 s, the lower bubble grew very big and the wall that sep-
1.5cm. The packing was sealed between a frit in the samearates the two air bubbles is very thin. In the next image, the
column at one end (4Qom i.d. end) and an end-fritted col-  lower air bubble disappeared permanently from the image,
umn with 360um o.d. glued at the other end (pfn i.d. end) later proved by examining the optical sections at diffeeent
(Scheme 1 Since the end-fritted column was glued on, the planes of the column under the microscope. Our interpreta-
packing is not very tight and the space between the two frits is tion is that it merged with the upper bubble to form a huge
not completely filled. Columns made with this method always air pocket and eventually blocked the column. The electric
have a short segment (around 1 mm) unfilled between the twocurrent dropped to 7.0 nA at the end of the chromatographic
frits after the packing material has been wetted and repackedrun.
with an applied solvent flow under EOF or flow generated  In Fig. 4, we imaged this huge air bubble in the column
by a syringe pump. When a high voltage is applied on the at differentz planes. This bubble starts from the wall of the
column, the chromatographic beads are negatively chargedcapillary at one end and adopts an interesting seashell shape.
and the electrophoresis will force them to move toward the The bubble takes up the majority of the space across the
anode while the electroosmotic flow pushes them toward the column within the practical imaging depth, which¥$0 um.
cathode. The net flow direction of the beads is the same as theThe electric current dropped to only 0.4% of the initial value.
EOF under our experimental conditions. Thus the chromato- It practically clogs the column.
graphic beads will be packed against the outlet frit. The short ~ The whole process of the bubble formation took around
segment of unfilled column will cause packing bed reorgani- 150s. The time resolution between images in the recording
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90.16 s 94.08 s 98.00 s

105.84 s 109.76 s 113.68 s 137.20 s

Fig. 3. Selected images of bubble formation close to the frit inside aA®Dd. column packed with 1@m C18 beads. The mobile phase solution was 80%
acetonitrile and 20% of 50 mM borate buffer at pH 7.0 withM rhodamine6G. High voltage applied: 25kV. Image size: 280x 230pum in 512x 512
pixels. Acquisition time at each pixel: 1.6. Images are labeled with times when they were collected.

was 3.92s. Bubbles forming and merging are successfully time resolution, these two possibilities are not differentiated.
observed at the border between the packing material andThe presented images are acquired wigtM.rhodamine6G.
the frit. It is also possible that bubbles observed in consec- To improve the time resolution, higher concentration of flu-
utive frames are not the same one but two bubbles formedorophores, and/or detection systems with higher sensitivi-
repetitively at the same location with the former one flushed ties could be used to reduce the integration time. The size
out of the image with a sudden translocation. With current of the images could be reduced to a quarter of the original
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(4

Fig. 4. Thez-sections of a bubble generated at the boundary between the packing material andzh®186, 10.57, 20.18, 35.56m from the inner wall of
the capillary. Image size: 230m x 230um in 512x 512 pixels. Acquisition time at each pixel: Ju8. Other conditions are the same a¥fig. 3.

size (512 512) if higher time resolution is needed. In gen- bubbles do not form during the bed reorganization process,
eral, the acquisition time of each image could be reduced the probability is low that bubbles will form at a later time
to below one second. With such a time resolution, many dy- in the same run. Fourth, just from the imaging experiments,
namic phenomenain the Capi”ary could be direct|y observed, it is difficult to determine which factor is more important,
such as air bubble reorganization and packing bed movemenEOF difference between the frit and the packing, or the joule
[30]. heating. The bubbles do occur at the border of the packing
How and why the air bubble is generated is still elusive. material and the frit, which seems to support the EOF theory.
However, several conclusions could be drawn from our imag- On the other hand, we purposely increased the ionic strength
ing experiments. First, the air bubbles are generated in theand used larger capillaries to raise the probability of observ-
packed section of the column. Second, the air bubble tendsing air bubble formations. This means joule heating could
to grow at or close to the border of the frit. At present, itis also play animportantrole. Itis possible that both factors are
unclear whether the air phase is generated at the border belmportant in bubble formation.
tween the packing material and the frit, or generated in the ~ The column we made is asymmetric and we can use either
column and brought to the frit. Repeated observations supportend as the inlet end. In our experiment, we observed that air
that visible bubbles finally reside at the outlet frit. Thus the bubbles generate at either end and always at the outlet end.
permeability plays a potential role in the development of air The reason that we made the observation at the#0@.d.
bubbles. Third, the reorganization of the packing bed seemsend is for imaging purpose so that we can observe both the
to increase the probability of bubble formation. Generally, if Packing and the frit simultaneously.
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4. Conclusions

Confocal fluorescence microscopy provides a convenient

and nondestructive way to study the three-dimensional struc-

ture of the packing and frits in CEC. Frits prepared with

sintering beads soaked with silicate have the highest hetero-

geneity in the four types of frits studied. There are regions
of beads connected by polysilicate network, purely silicate
network, and gaps between frit fragments. The pores of the

sintered beads could be blocked in the sintering process thus

the EOF generated from this type of frit may be primarily
determined by the polysilicate network. The surface prop-
erty of the polysilicate network is difficult to control and in

some cases strong adsorption occurs. The other three typeﬁz]

of frits have similar homogeneity of packing and no strong
adsorption was observed.

Packing bed reorganization induces air bubble formation
in CEC separation. Permeability plays an important role in
the growth of air bubbles. Although the spatial resolution of
confocal fluorescence microscopy is not as high as SEM, it
provides the capability of observing dynamic processes in
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