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(ABSTRACT)

Means of achieving rapid, efficient separations of analytes are explored in
detail, with particular emphasis on the use of chromatographic and
electrophoretic theory as an aid in system design and optimization. The
benefits of miniaturization of chromatographic systems are assessed.

First, the utility of semi-micro Ion Chromatography is explored by the
manufacture of 2mm ID analytical and suppressor columns and a micro-
conductivity cell. The quality of the columns and detector cell are evaluated
by the separation of a test mixture and the calculation of peak variance
contribution of the detector cell. The use of readily available analytical scale
instrumentation for semi-micro IC is demonstrated.

Next, a further downsizing of the IC system is described, in which 530um ID
fused silica tubing is utilized for column manufacture. In this case, a
suppressor column is not used and UV detection is employed in the analysis of
nucleoside monophosphates. Again, column performance characteristics are
measured and noted. Application of this system to the separation of a
hydrolys'ed nucleic acid sample demonstrates the feasibility of the technique
to the analysis of volume-limited samples in low concentration with notable

sensitivity:



The benefits of a miniaturized liquid chromatographic system under
pressure-driven flow is studied and the improved permeability of micropacked
capillary columns is exploited in the manufacture of several 25 to 30cm
columns which achieve high efficiencies with relatively low pressure drops.
Van Deemter plots illustrate the performance characteristics of the columns.

Finally, electroosmotic flow is studied as the motive force for liquid
chromatographic separations. This combination of two techniques, packed
capillary liquid chromatography and capillary electrophoresis, results in a
system which achieves good resolving power through maximization of

selectivity and efficiency.
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CHAPTER 1
INTRODUCTION

1.1 Research Objectives.

The ultimate goal of most separations is the achievement of high
resolving power in a minimum of analysis time. For some applications, this
goal can be satisfied through the use of Capillary Gas Chromatography (GC)
since properly designed columns can generate up to one million theoretical
plates. An overwhelming majority of compounds, however, are unsuitable for
GC analysis for reasons of thermolability or limited volatility. This leaves the
separations chemist with the problem of achieving high resolving power in
the liquid phase. This is no trivial task when it is remembered that mass
transfer in liquids is not nearly so facile as that in gases. The theory of High
Performance Liquid Chromatography (HPLC or LC) should be consulted to find
those parameters in system design which should be adjusted to provide the
optimum resolving power achievable in an LC separation. This describes (in
general) the scope of the research presented in this document: the
achievement of maximum resolving power in a liquid phase separations
system through the judicious application of chromatographic and
electrophoretic theory.

The objective of this dissertation is to convey the potential benefits of:
1) downsizing Liquid Chromatographic instrumentation and; 2) applying an
alternative method of moving mobile phase through the column such that
maximum efficiency can be achieved. Experimental results are presented

which suggest that, when carefully and properly applied, micro-LC is capable



of delivering important benefits over  conventional analytical-scale HPLC
systems. That a need for micro-LC exists is a moot point: an increasingly large
audience of chemists is finding a purpose for LC in the laboratory, while the
operating costs surrounding the technique rise at an alarming rate. Solvents
of the purity required for HPLC are extremely expensive, and disposal of some
solvents is not only a cost concern, but also a concern because of the
environmental hazard posed. For these reasons, the low solvent consumption
of micro-LC alone justifies research into miniaturized systems. It is fortunate
for those interested in separations research that miniaturization of LC systems
yields potential performance benefits as well. In fact, the performance
enhancement which can be achieved in packed capillary columns for LC can
be surprising when these columns are operated in an electrochromatographic

mode, as will be discussed later in this text.

1.2 Miniaturization of Liquid Chromatographic Systems.

Previous research efforts into microscale HPLC have taken a variety of
formsl. In order to establish a common nomenclature, Jinno2 mentions that

microscale LC columns should be classified according to their flow resistance

parameter, ¢:

$ = d2/Ko = APd2/nuL o



where d is the particle diameter of the packing material used in a packed
column or the tube bore of an open tubular column, K, is is the specific
column permeability, AP is the pressure drop across the column, n is the
viscosity of the mobile phase, p is the linear velocity of the mobile phase, and
L is the length of the column. The flow resistance parameter is simply a
means of assessing the ease with which mobile phase can pass through the
column. Using ¢, microcolumns can be divided into four basic classes: open-
tubular, packed microcapillary, micropacked capillary, and micro- or semi-
micro columns. The properties characteristic of these columns are listed in
Table 1, and each is described in detail below.

Open-Tubular capillary columns for HPLC represent the ultimate in
miniaturization3. These columns have inside diameters in the range of three
to twenty microns, and operate at flow rates of one to ten nanolitres/minute.
Columns are typically manufactured of fused silica capillary material,
although much good work has been performed in drawn quartz tubing. True
capillary columns, however, are at present only a research novelty, and
require highly specialized instrumentation.

Packed microcapillary columns%3 are manufactured in quartz and
Pyrex glass tubing by first packing tubing of one to two millimeter inside
diameter with sorbent material, then drawing the column to the desired inside
diameter in a glass drawing machine. Diameters range from forty to eighty
microns, and the columns are typified by their loose packing structure,
stabilized by the impression of some of the packing material into the walls of
the tubing as it is being heated and drawn. The application of high

temperatures in the drawing process precludes the use of derivatized packing



Table 1. Properties of microcolumns in HPLC.2

K-P ratio* f

Column Type ID(mm) Jength(m) Particles(mm)
Low permeability 250-1000 0.1-0.3 5-30
High permeability 50-200 0.1-20 10-100

Open tubular 10-60 20-40 n/a

50-200 500-1000
2-8 100-300

n/a 32

a4 Adapted from reference 30.
* Knox-Parcher ratio, as discussed in text.

f = Flow resistance parameter (dimensionless)



materials, though it is possible to derivatize in situ after the capillary has been
drawn. Like their open-tubular counterparts, these capillaries exhibit very
high permeabilities (low resistance to mobile phase flow), making very Ilong,
efficient columns possible. Flow rates for optimal efficiency are in the
vicinity of twenty to fifty nanolitres/minute.

Micropacked capillary columns® (also called slurry-packed capillary
columns) represent the research area covered in this dissertation. They
generally range in inside diameter from fifty to 530 microns, and are tightly
packed with sorbent materials as are traditional analytical scale columns. The
material of choice for the manufacture of these columns is fused silica. The
flow rates generally applied in these systems range between seventy
nanolitres/minute (50 micron ID) and eight microlitres/minute (530 micron
ID). Depending on the diameter of the packing material used (relative to
column inside diameter) these columns may also achieve higher
permeabilities than are seen in analytical scale LC7. This in turn can allow for
columns of greater length to be used, such that total efficiency is greater than
might be expected.

Microbore and Semi-micro columns complete the picture of downsized
LC systems. These columns are packed in the more traditional tubing materials
using procedures common to conventional commercially available columns.
Microbore columns generally have a Imm inside diameter, and semi-micro
columns a 2mm inside diameter. These formats offer the benefits of decreased
solvent consumption while maintaining their usefulness on traditional

instrumentation.



In the case of the micropacked capillary columns in this work, and
indeed for all of these column types, careful system design an construction is
imperative is system performance is to be optimal. Bowermaster® addressed
extracolumn volume effects in micro-LC, and suggested that special attention
be paid to the minimization of connective tubing and detection cell volumes.

If a micro-LC system is properly designed and built, it is possible
according to several researchers®:10 to gain the following advantages as a
recourse of miniaturization:

1. Increased column permeability (less resistance to flow)

2. Higher efficiencies through the use of longer columns

3. Improved mass sensitivity in concentration dependent detectors

4. Decreased consumption of both mobile & stationary phase materials

5. Improvement in resolution (Rg) due to improvement in efficiency.
All are important advantages, but in order to realize them, one must produce a
good-quality column. (In this authors’ opinion, the manufacture of a good
column is not a trivial task.) A discussion of each of these potential benefits
follows.

An improvement in column permeability must inherently mean that a
less obstructed flow path is achieved. In order to achieve a less obstructed flow
path, though, a more "open" packing structure must be achieved without
yielding an unstable bed structure. This is possible if the structure imposed on
the packed bed by the column wall is propagated across the entire diameter of
the column, as illustrated in figure 1. If this is indeed the case, it stands to
reason that columns can be made to greater lengths without exceeding an

acceptable level of backpressure. These longer columns in turn can provide



Figure 1.

Column formats commonly employed in microscale

HPLC, classified according to column permeability.

A: Conventional packed column (low permeability). B: Highly

permeable column (dc / dp <6). C: Wall coated open tubular

column (highest achievable permeability).



greater total efficiencies, N, and yield separations of higher resolution, since
N is a component of resolution (Rg).

The phenomenon of improved efficiency in miniaturized systems,
measured as reduced plate height (h = H / dp), has been previously
demonstrated. Knox and Parcher!l, in 1969, explored the interrelationship
between column inside diameter, particle size, and plate height. This work was
carried over into the realm of packed capillaries by Wilson and McNairl2, who
again substantiated that when the Knox-Parcher ratio, p = dc / dp, falls between
4 and 6, an inflection point occurs in the plot of h vs p as seen in figure 2.
Apparently, when the column I.D. is 4 to 6 times larger than the particle
diameter, a uniform packing structure exists through the cross-section of the
capillary. The resulting similarity in all possible flow paths gives rise to less
transcolumn inhomogeneity of flow velocities, and improves "h."

On the matter of mass sensitivity, once again the cross sectional area of
the column comes in to consideration. If two columns of different inside
diameter are taken to have the similar efficiencies per unit length, it becomes
apparent that the concentration of an analyte eluting from the smaller
diameter column, on the same volume of injection, will be greater. This
important characteristic is related as a squared function of the column radius,
visible in the formula for the circular cross sectional area of the column.

If columns of smaller volume are employed, it also becomes evident that
smaller volumes of packing material and mobile phase solvent will be
required. This is important in that waste disposal problems can be avoided, and
also in that more exotic or precious materials may be used without incurring to

great a cost in effecting the required separation. Table 2 illustrates the
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Figure 2. A Knox-Parcher plot illustrating the effect of column

diameter to particle diameter ratio on h.

Knox-Parcher plot of reduced plate height (h) as a function of p

(Knox-Parcher ratio, dc / dp). From reference 31.



Table II. Flow rate as a function of column ID.

Column Type ID (mm) _ Rel. cross-sectional area Flow rate (ul/min)
Dense-packed 4.6 16 1000
Dense-packed 2.0 4 250
Dense-packed 1.0 1 75
Packed Capillary 0.53 0.25 20
Packed Capillary 0.25 0.05 5

(Using a 1.0mm ID as a reference point, and assuming that all linear velocities

are equal.)
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dependence of volumetric flow rate (for identical flow velocity) on column
inside diameter.

Research in micro-LC has met with some rather substantial obstacles.
As previously mentioned, a decrease in column size must be accompanied by a
decrease in extracolumn volume, lest resolution be lost due to factors outside
the column. This means that detector cell volumes must be extremely small,
and that connective tubing must be essentially eliminated. Even the small
volume contributed by a column end frit can be large enough to substantially
degrade the separation. It cannot be stressed enough that careful system

design and fabrication is critical to success in micro-LC applications.

1.3 High-Efficiency Electrophoretic Separations.

Electrophoretic separation, as will be discussed, has been a longstanding
tool in the biochemistry laboratory. The miniaturization of electrophoretic
instrumentation, however, has been a relatively recent interest in the
instrumentation community!3. It seems that downsizing of electrophoretic
instrumentation can yield improvements in performance much as it can in
chromatographic separations. Indeed, the use of very small separation tubes
allows for electrophoresis to be conducted in free solution, rather than on
solid matrices. This in turn allows for improved heat dissipation and therefore
higher efficiencies through higher applied potential fields and less band

defocussing through variations in mobile phase flow velocity.

11



Capillary Electrophoresis (CE) is typically conducted in open tubes of
twenty to one hundred micron inside diameter. These capillaries are usually
fifty to one hundred centimeters in length, and are most often crafted from
fused silica tubing, though polymeric tubing and glass tubing have also been
used. Each end of this tubing is immersed in a separate reservoir containing
an operating buffer, and the capillary is filled with the buffer as well. If the
capillary contains no material other than operating buffer identical to that in
the reservoirs, the technique is called "free zone" electrophoresis, more
commonly known as Capillary Zone Electrophoresis (CZE). This is the most
popular of the CE techniques, though many others do exist and offer different
selectivities. By immersing an electrode into each of the two reservoirs, one of
which serves as earth ground and the other of which is used to apply a high
potential field (5 - 50 kV) across the capillary, a separation of analytes can be
affected based on their hydrodynamic volume and their charge in solution.
Finally, a small section (2 to 10 mm) of the polyimide coating on the outside of
the fused silica capillary is removed so that a UV detector can be placed in line
between the reservoirs for in situ detection. A schematic of the
instrumentation for CE is shown in figure 3.

Victor Pretorius!4 once called sample introduction in GC the "Achilles
Heel" of the technique. In CE, this characterization applies not only to sample
introduction, but equally to detection. Concentration limits-of-detection are in
the tens of parts-per-million for CE with UV detection. The reasons for this
insensitivity are twofold. First, as an open tubular technique, CE provides low
sample loading capabilities. In other words, only very small volumes (1 to 20

nanolitres) of sample can be injected before the capacity of the system is

12
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Figure 3. A schematic of the instrumentation used in Capillary

Electrophoresis.

A: High voltage power supply. B: Platinum wire electrode.
C: Capillary. D: UV Detector. E: Earth ground. Operator is
protected from electrical shock by enclosing the high voltage

electrode in a plexiglass box.
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exceeded and efficiency suffers. For this reason, the amount of sample present
for detection is necessarily small. Secondly, when CE is used in conjunction
with UV detection, the detection cell is actually a part of the fused silica
capillary separation tube from which the polyimide coating has been removed
in order to allow for in situ UV detection. As CE is conducted in very small
inside diameter tubes (again, 20 to 100 microns), the path length for detection
is likewise very small. As indicated by Beers' law, the path length is directly
proportional to absorbance intensity, meaning that the detector signal
achieved in the case of a short path length as in CE will be miniscule. The end
result of the two factors described is poor concentration sensitivity due to
small sample size and geometric constraints.

As mentioned earlier, only a limited degree of selectivity (relative to
HPLC) is available in CE methods. In classical CZE analytes can be separated
only if there is a difference in their electrophoretic mobility, i.e. in their
charge to volume ratio. Alternative capillary electrophoretic methods of
separation are available for use. Capillary Gel Electrophoresis (CGE)15,
Capillary Isoelectric Focussing (CIEF)16, and Micellar Electrokinetic Capillary
Chromatography (MECC)!7 provide mechanisms which separate analytes based
on molecular size, isoelectric point, and partition coefficient between a
micellar phase and the mobile phase, respectively. The only method which
applies to the separation of neutral analytes is MECC. However, in order for
micelle formation to occur in MECC, the surfactant used as the
pseudostationary phase must be soluble in an aqueous solution at a
concentration above the critical micelle concentration (CMC). In point of fact,

most neutral analytes are not readily soluble in aqueous solution to the extent

14



that they are detectable, given the poor concentration sensitivity of CE
mentioned before. For this reason, MECC may not necessarily be a viable
technique for the separation of many mixtures containing neutral analytes.
Figure 4 schematically represents the major classes of CE and indicates their
respective separation mechanisms.

In short, Capillary Electrophoresis can offer the benefit of high
efficiency, but cannot offer the benefits of high capacity, good detection

sensitivity and selectivity.

1.4 Capillary Electrokinetic Chromatography.

There is a perceived need for a technique which can provide higher
sample loadings than CE (for improved limits of detection), and the flexibility
of working in organic operating solutions or mobile phases. The natural
choice of a competitive method falls to liquid chromatography. LC offers
excellent selectivities through solvent optimization and careful stationary
phase selection, high mass loading due to a high total stationary phase surface
area, and the ease of working in organic mobile phases. What LC cannot offer
is extremely high efficiency, as columns are limited in total length due to the
high pressure drop which exists along the length of the tightly packed bed of
small particles. CE can offer extremely high efficiency, because of (in part)
the plug flow profile which electroosmosis presents. In contrast, pressure-

driven LC yields a laminar flow profile, which widens analyte bands thus
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