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by

William Carlo Onesty, Jr.
[ABSTRACT]

Microbore columns were investigated for their application to High
Performance Liquid Chromatography. Microbore columns consist of
stainless steel tubing, 1/16" 0D x lmm ID, packed with silica gel or
other suitable material. These columns were evaluated in terms of
extra-column variance effects, mass sensitivity, and solvent
consumption. Three methods of extracting the extra-column variance
effects were evaluated.

When used with an instrument whose contribution to total peak
variance is small compared to the column, microbore columns provide the
best performance for analyses whefe sample is limited or where reduction
of solvent usage is desirable.

A method from the literature for extracting extra column variance
effects was found to be easy and reliable. It is proposed as a ﬁsefu]
way of allowing column performance to be compared from instrument to
instrument and for determining whether a particular instrument is

suitable for use with microbore columns.
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1. INTRODUCTION

Since 1906 when Tswettl first introduced chromatography, the
method has experienced tremendous growth. This growth however has not
occurred steadily. In a general treatise on the subject, Brenner and
01sen note that after Tswett, 25 years passed before the technique was
again reported in the literature. During the 1930's, much work was
done with open column liquid chromatography. In 1941 Martin et al3
described partition chromatography and predicted its use with a gas as
the mobile phase. Then in 1952, with James, Martin published the first
paper describing gas chromatography.4 Subsequently, GC experienced
explosive growth.

The_deve]opment of chromatography has proceded from a number of
parallel developments. Dayd, at the turn of the 20th century experi-
mented with filtration of crude petroleum through limestone. This was
a model of a geological process which could explain the different types
of o0ils which came from wells that share a common source. There were
others who at this same time experimented with separation processes on
petroleum and biological samples. But it was Tswett who first
correctly identified the basis for separation and developed a general
method by which laboratory samples may be chromatographed.5,5 It was
he who first coined the term "chromatography."

Interestingly, gas chromatography is more developed and offers
greater resolving power than any other form of chromatography. With

the development of capillary columns for gas chromatography, it became



possible to separate many components in a very short period of time.’/,8
GC has been interfaced successfully and routinely to mass spectro-
meters, UV-VIS and IR spectrometers, and various selective GC detect-
ors. In contrast, liquid chromatographic techniques are slower and
cannot produce the resolution that GC can. There are difficulties in
interfacing LC columns to a mass spectrometer as well as limitations on
the ability to measure trace amounts of solutes in Tiquid mobile
phases.9

The reasons for these limitations can be traced mainly to instru-
ment technology. A perusal of the literature prior to 1966 shows that
1iquid chromatography used gravity flow of the mobile phase and visual
detection of effluent. The latter required the effluents to be colored
or to fluoresce ‘under an ultraviolet lamp. Alternately, sam samples
could be titrated for the presence of acidic or basic components.
These methods obviouslvaere tedious, slow and had low resolving power.

The problem of detection in GC was initially solved by the use of
a thermal conductivity cel1.6 This device was easily adapted to
. detection of substances in the gas phase. Later flame ionizationl0 and
other ionization detection methods were quickly developed, and in 1955
the first commercial GC instiument was on the market.b

Control of flow in a GC was inherent]y easier and safer than in
LC. The densities of gases are on the order of 1000 times less than
liquids and their viscosities are about 100 times smaller. The
pressures required to move a gas through a packed GC column were, as a

result, generally less than 100 psi, a pressure easily produced,



controlled, and safely contained in the laboratory. Flow rates
produced by these pressures were adequate to attain chromatograms in
minutes. In contrast, high pressures (>2000 psi) are required for HPLC
if reasonable analysis times are desired.

The rapid development of GC was largely due to simpler instrument
requirements which depended on the inhekent advantages of a gaseous
mobile phase.ll

Because of the development over the past 15 years of high pressure
pumps, small packing particles, high efficiency columns, high
sensitivity, low dead volume detectors, and automated systems; LC has
enjoyed a remarkable increase in popularity. The question remains
whether LC columns may be developed that produce rapid high resolution
separations comparable to those obtained with capillary columns in GC.

Packed columns were the first to be used. In 1958, Golay proposed
wall coated open tubular columns.l?2 1Ip 1960, he suggested support
coated open tubular co]umns,13 which were later constructed by
Halasz.l4 Open tubular columns have proved themselves powerful
analytical tools in the laboratory. The advantage of the open tube is,
as Golay pointed out,13 its high permeability and not its small inner
diameter. This high permeability allows much longer columns to be
operated than packed columns, and very high plate counts can be
achieved.

Fig. 1 shows the cross sections of the types of columns used in
GC. The distinguishing feature between the types of packed columns is

the ratio of particle diameter to column id, dp/dc. Packed capillaries



OPEN TUBULAR
(CAPILLARY)

PACKED CAPILLARY

MICRO PACKED CONVENTIONAL

Fig. 1. Types of GC Columns Showing Relationship of Tubing Diameter

to Packing Particle Size or Coating Thickness. Diameters Are Not
Drawn To Scale.



have a dp/dc ratio of 0.2-0.5, micropacked columns, a ratio on the
order of 0.1; and conventional packed columns a ratio much less than
0.1. Packed capillaries have diameters the same as capillaries, about
0.2-1.0 mm. Micropacked column diameters are in the range of 0.5-1.0
mm.ID and conventional packed columns have diameters from 2 to 4 mm.ID.
A parallel deVe]opment of LC columns seems natural. Ishii et
a115, Novotny et a116, and Scott et all7 have worked with capillary,
packed capillary, and micro-packed versions, of LC columns. All claim

good results. Some claimed advantages of these types of columns are:

1. Higher efficiencies
Greater sensitivity

Economy of solvent usage

S wN

Direct MS interface
A brief discussion of these points follows.

The question of efficiencies in small diameter LC columns is not
resolved yet. Guiochonl8 states that for packed columns, diameter
should not affect efficiency. Kuceral9 reports faster analysis when
the diameter is decreased which gives high efficiencies at the
flowrates normally used in LC. Fig. 2 shows Kucera's comparison of
the VanDeemter plots of a 4.5 mm id column and a 1 mm id column.19
Open tubu]arlcolumns should be able to generate large plate counts but
the technology for their manufacture and use is not well developed.
One problem is the reproducible and precise construction of columns
having a diameter on the order of 10 pm.18 Another is the design of

injection and detection systems to handle peak volumes on the order of
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Fig. 2. Van deemter Curves for Conventional and Microbore Columns as Reported by Kuceral9.



0.1 pl.

It has been reported that smaller bore columns increase the
sensitiVity of the chromatographic system for a given mass of sample
introduced. If a concentration dependent detector is used, all
instrumental aspects are held constant (linear velocity, not flowrate,
is Held constant) and the column internal diameter is reduced from 4 mm
to 1 mm, the sensitivity of the system increases 16 times for a fixed
mass of solute. This is because less dilution of the sample takes
place in the smaller bore column. As a result, the sample peak is more
concentrated as it passes through the detectbr. The concentration of
sample is inversely proportional to its volume. The volume is

proportional to the peak standard deviation, given by

where k' is the chromatographic capacity factor, r is the column
radius, L is the column length, € is the column porosity, and N is the
number of theoretical plates. If N, L, €, and k' are held constant
then the ratio of the concentration of the peak eluting from a

microbore column to that of a conventional column is

CM GC



A decrease in the size of the column decreases the volumetric
flowrate, F, required to produce a given linear flow velocity, u. The

following equation shows this
F = (11: Y‘2 S)U

where ¢ is the porosity of the column, that fraction of the column
volume permeable by the solute. If ¢ is kept constant (meaning columns
of different diameters are packed equally well) then F is proportional
to the square of the column radius.

It is well known that a dynamically coupled LC/MS system would be
a powerful analytical tool for analytes of low volatility. The
development of an‘acceptable interface has been hindered by the large
volume of liquid effluent from a liquid chromatograph. The mass
spectrometer operated in the chemical ionization mode requires a vacuum
of around 1 torr in the sample ionizing chamber to operate and
introduction of LC solvent at a typical flowrate of 1.5 ml/min of LC
solvent would pose severe problems for the vacuum system. Interfaces
have been devised to reduce the amount of solvent going into the
instfument, however no highly accepted interface is available at this
time.

LC/MS interfaces involve a number of techniques. Some employ a
wire or band transport where the effluent of the LC column is collected
and the solvent evaporated.zo'22 The solute is then desorbed and
injected into the ionizing source of a mass spectrometer. Other
methods involve nebulization of the LC effluent with subsequent

introduction of the spray through a separator to the ionizing



source.23-24 The function of the separator is to separate the lighter

mobile phase molecules from the heavier solute molecules.

The most promising technique is the direct introduction of LC
effluent into the ionizing source. Some of these interfaces utilize
conventional L.C. columns and only direct a portion of the total flow
into the mass spectrometer.25-27 Others take advantage of inherently
low flow rates in small bore columns and direct the entire effluent
into the mass spectrometers.28-30

The purpose of this work was to investigate the use of microbore
columns and to determine if there are advantages that could be
explored. This was done in several stages. First the packing of small
bore columns was investigated. Then a number of columns were chosen
having different packing particle sizes. Efficiency vs flowrate data
was gathered for these columns. Next, since the literature suggests
extra column effects must be minimized to effectively use these
columns, several methods of estimating the extra-column or
instrumental band-broadening were investigated. It was hoped that an
indication of the true column efficiencies, independent of the
instrument, could be determined in this way. Lastly some possible

uses of these columns were suggested and investigated.



2. HISTORICAL

Microbore or micro HPLC columns are from 0.25 mm to 1 mm id. and
differ little from conventional bore LC columns except in their inner
diameters. Ishii et al.31-39 refer to 0.25 -0.5 mm id columns packed
with conventional packing materials as micro-high performance liquid
chromatography (MHPLC) columns. Scott et al.17,40-43 and Kucera et
a1.19544-45 ;so 1 m id columns and call them microbore columns. A1l
of the researchers in this field refer to both types of columns as
microbore so that no distinction need be made between them.l17,38,40

The use of small bore packed columns is not new. The term "small
bore" is used only in comparison to the present day convention of 4.6
mm diameter columns. Horvath et al.46 and Pie147 published the first
papers on pressurized liquid chromatography and used 1 mm id columns at
a time when there was no convention. Horvath again reported the use of
small bore columns48 and their theoréfical advantages in terms of
speed and sensitivity.49'51 Then, Wo1f92 studied the effect of
column diameter on efficiency and concluded that Targer column
diameters were more efficient, but Ishii3l attributed this to the lack
of carefully controlled extra column band broadening. A perusal of the
early literature will reveal that column id's fluctuated from around 2
mm to 6 mm (and larger for prep scale LC). Sometime in the 1970's, the
standard column diameter settled down to 4.6 mm id, probably for
reasons of optimized sample capacity, detection technology and packing

ability.

10
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Nevertheless, interest in microbore columns continued.l7,19,31-45
This interest was spurred on by the encouraging theoretical
considerations of Giddings.53 Giddings compared the properties of
chromatographic components of liquid and gas chromatography. These
include the density and viscosity of the mobile phase and the
diffusivity of a solute in the mobile phase. He predicts that there is
an upper limit to the number of theoretical plates generated by either
method but that because of the differences in the properties, liquid
chromatography should achieve ultimately 2 to 3 orders of magnitude
more theoretical plates. |

Ishii et a1.31-35 developed the use of 0.25-0.5 mm id columns made
of teflon. The stop flow method of injection was used. The detector
was a small piece of quartz capillary tubing connected to the end of
the column. A means of passing light through this transparent tubing
and detecting its absorbance was developed. The decreased sensitivity
due to the short pathlength of this cell (0.3-1 mm) was partially
offset by using a larger UV source and ; photomultiplier tube as the
detector.3l The technique was applied to gel-permeation32 and
ion-exchange35 modes as well as normal phase31l,33,34 and reversed
phase31,33 chromatography. Flowrates in this system were less than 20
p1/min and injection volumes were in the range of 0.05 - 0.5p1.

Two electrochemical detectors have been specially designed for use
with small bore columns. One had a cell volume of 0.3 -0.6 u]54 and
was able to detect 10 pg of aminophenols. Its linear dynamic range was
about 1000 (10 pg -10 ng). The other was modified specifically for

capillary columns25,56=57 put could conceivably be modified easily
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for use with larger bore columns.

With the recent use of supercritical fluids as mobile phases in
chromatography, there has arisen an interest in novel mobile phases for
LC. Takeuchi®8-59 reports the use of C3 to C6 alkanes, some of which
have a boiling point below room temperature but which can be liquified
easily at elevated pressure. The use of microbore columns reduced
so]veﬁt consumption. Hence the danger of fire with flammable solvents,
1ike liquefied propane, is reduced by using microbore columns. The use
of novel and volatile solvents would enhance the coupling of HPLC with
IR or MS instrumentation.29

Many studies of small bore columns involved the construqtion of
columns from glass. The use of fused silica for microbore columns was
reported by Takeuchi®0 and Yang.61 These columns were 0.25 mm id and
packed with 5u particles. Fused silica facilitates the durability of
the columns.

One(l) mm id columns made of 1/16" stainless steel tubing were
used by Scott et a117,40-42 3nd Kucera et a1.19:44-45 From  the
beginning, the. economy of these columns was stressed0 for they
required less packing material, and lower mobi]e'phase volume
flowrates. The possibility of increasing mass sensitivity because of
the Tower sample dilution encountered in reduced bore columns was also
emphasized.40,50,51

Despite the indication by others that reducing the bore of a
packed column should not improve the efficiency of the co]umn,31a62’53
Kucera contended that there is an advantage.19 This, in combination

with the reduced solvent consumption of these columns, makes them ideal
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for increasing the speed of analysis by HPLC.19,42 The separation of
benzene from benzyl acetate in 2.5 seconds was reported by Scott.42
The column used was a 25 mm x 1 mm id column packed with 20 pm silica
gel. The flow rate was about 3 m1/min. In order to duplicate the
results on a 4.6 mm id column, a flowrate of about 90 ml/min would be
required. The microbore separation required 0.125 ml for complete
separation. The conventional column would have required 3.75 ml.

The use of microbore columns for analysis of biological samples
was discussed by Scott.4l These samples are complex and very little
sample is available. Thus the increased mass sensitivity, and the
smaller sample size requirements of microbore columns makes them
ideally suited for biological samples. A special system whereby
biological fluids may be introduced into a microbore HPLC system was
devised, along with a method of gradient elution to aid in
separation.41

Frontal analysis in chromatography is a method where sample
solution is added continuously to the column and no mobile phase is
used. The corresponding elution profile'resemb1es stairs where each
step corresponds to the elution of a new component in the sample. The
process requires more sample than elution chromatography but Kucera%4
points out that it has an advantage in the analysis of asymmetrical
peaks. The disadvantage of larger sample size may be minimized by the
use of microbore columns.

In addition to the reviews and theoretical reports on the
subjectb2-65 Novotny66-67 has discussed the various column types and

some theory concerning their use. New directions were also proposed.
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Karger58 discussed some parameters related to detection 1limits in HPLC.
While the discussion was not specifically about small bore columns, the

concept of sample dilution in the column was discussed in some detail.



3. THEORETICAL

Chromatography is a process whereby components of a mixture are
separated into individual components. This separation takes place as a
mobile phase, into which the mixture has been introduced, percolates
through a stationary phase. The relative speed with which each
component moves through the stationary phase is governed by its
relative affinities for the mobile phase and the stationary phase.

The stationary phase is packed into a column, a length of tubing
with fittings at each end which allow fluid to pass through but retain
the stationary phase. In liquid chromatography the stationary phase is
most often fine mesh silica gel or chemically modified silica gel. The
mobile phase is a liquid which dissolves the sample but not the
stationary phase and is compatible with the detection system. The
detection system is most often a UV photometer.

Historically, the characterization of the chromatographic process
arose from its comparison to distillation processes.0,53,69 Hence the
fundamental unit of separating power in the chromatographic column is
the theoretical plate. The number of theoretical plates a column
produces may be defined by equation 1

VR2

N = ---- 1
ay2

where N is the number of theoretical plates, Vg is the retention volume

15



16

and UVZ is the volume variance of the peak. The length of a p]ate; or
the height equivalent to a theoretical plate (HETP), is defined in
equation 2:
HETP =  --- , 2
N
where L is the column length.

The first theoretical treatment of the factors affecting
chromatographic resolution was by Martin and Synge.3 Later, Van
Deemter’/0 proposed an equation to describe the relationship between
flowrate and HETP. This was later modified by Giddings,53 Horvath and
Lin,71’72 Huber,73 and Done and Knox.’4 Equation 3 shows one form of

the Van Deemter equation for liquid chromatography78

HETP = Avl/3 + B/v + Cv 3
where v is the mobile phase velocity and A, B, and C are constants
related to the packing geometry in the column, and to the nature of the

solute-packing interaction.

3.1 Extra Column Effects

So far this treatment accounts only for processes that occur in
‘the column itself. The solute as it leaves the column is subject to
further broadéning as it passes through connecting tubes and detectors.
Furthermore, the peak is of a finite size when it is first injected and
is subject to further broadening between the injector and the inlet of
the column. So the HETP measured on the chromatogram is actually the
sum of all the contributions to HETP from the various. sources of band

broadening.75'77
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Combining equations 1 and 2, we find that
VR2
oye = ----- HETP 4
L .
where cv2 is the volume variance of the peak, and VRZ/L is constant. for
a given solute, column and mobile phase. Since independent variances
are additive’® the variance from the column plus the variance from the

extra column effects equal the total variance measured on the

chromatogram. Kirkland’8 expresses this as

2

oTc = Gcolz + odet? + dconn2 *+ oini * oother? 5

where cT2 is the total observed variance on the chromatogram and the
other terms are variances due to the column, detector, connecting
tubing, and injector.

Taylor79-81 and Aris82 described the broadening of a solute in
a fluid flowing through empty tubes. Golay83 applied this to open
tubular gas chromatographic columns. Under the usual conditions of
1iquid chromatography, the variance due to flow through connecting

tubing has been shown to be

where r is the radius of the connecting tubing, L is the length of the
tubing, Dy is the diffusion coefficient of the solute in the mobile

phase, and F is the volumetric flow rate.
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The effect of injection on total variance has been
investigated.75‘77’84 The injection may be treated as if it were an
inlet function which is subsequently operated on by the rest of the
instrument. The effects of sample size, time for injection, flow rate
and injection type (valve, syringe, stop flow) have been characterized.
It has been determined that the volume variance due to the injector is
independent of flowrate.

The variance due to the detector arises from two
processes.’9-77,85 (One arises from flow and volume effects in the
detector cell. The other is the response time of the detection system
due to propogation delay of electronic signals and the mechanical
response of the recorder. These two processes are related to flowrate
in several different ways.

Sternberg75 discussed three modes of band broadening due to flow
through the detector cell. One is a result of the finite volume within
the cell from which the detector derives its response. The response
then becomes an integrated signal over a volume of mobile phase rather
than an instantaneous response to an infinitessimally small volume.

The volume variance of this effect can be expressed by equation 7:
1

2 = eV
oy
12 eff

2 7

where Vogs is the effective volume of the detector cell. Note that
this effect, 1like the variance due to the injector, is independent of

flowrate.
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The second mode of band broadening in the detector cell is due to
the same process found in open tubes. The variation of flow velocity
over the cross sectional area of the detector cell produces the
variance expressed by equation 6. Since the length of the detector
cell is 10 mm or less, this effect is negligible when compared to the
third mode of band broadening.

The third mode is due to a change in diameter of the flow system.
Varioué mechanisms can be envisioned for this mode. The total
contribution lies somewhere between the two extremes of laminar flow
broadening, and broadening due to a mixing chamber effect. These may
be shown graphically in Fig. 3.75 The mixing chamber is the limiting

effect and is expressed by equation 8:

oyl = V.2 8

This effect is independent of flowrate.
To summarize, adding terms for extra column effects, equation 3

can be rewritten:
HETP = Avl/3 + B/v + Cv + D + Ev + F 9

where the added terms D, Ev, and F correspond to HETP contributions of
the injector, connecting tubing, and the detector. The separation of
the extra column from column effects is complicated by the fact that
two terms are of the same order with respect to flowrate. Therefore a
simple mathematical fit of empirical data to the above equation could

not give accurate values of the coefficients of the terms due only to
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the column.

3.2 Extraction of Extra Column Effects

Since a simple mathematical fit to the plate height vs. flowrate
equation cannot reliably separate all the band broadening phenomena, a
separate method must be determined. Several methods have been proposed
by Horvath,’2 Lauer,86 and Scott.8/

Horvath’/2 proposed a method whereby the individual terms of the
plate height equation may be determined, including extra column
effects. Starting with a system of coupled differential equations
describing mass balance in the bulk mobile phase, transient penetration_
into a spherical porous particle containing stagnant mobile phase, and
simple kinetic binding of the sample to the stationary phase, the

following plate height equation was derived:

h=--—+ ——————————— L I L TR 2.\)2/3 10
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where
Ys Ky w, A - column packing structural parameters

® - tortuosity factor

Kg - €j(l-eg)/ee where e and ee are intraparticular

and interstitial porosities

k- - capacity factor

Dp - diffusion coefficient in mobile phase

dp - particle diameters

kg - dissociation constant for binding process

v - reduced velocity of mobile phase

h - reduced plate height

hec - extra column effects

The six terms in equation 10 correspond to longitudinal diffusion in
mobile phase, coupled flow effects and diffusion in interstitial space,
resistance to mass transfer in the mobile phase, resistance to mass
Atransfer in the stationary phase, resistance to mass transfer due to
the kinetics of binding on the stationary phase, and extra column

effects. Equation 10 can also be written

htot = hdisp * hdiff + hkin * hec 11

where hqjsp combines the first two terms of equation 10, and hgiff
combines the second two. Now holding Dy, kg, kg, and v constant;

‘equation 10 reduces to the form:

=3 + =co- + =caa- 12
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where heff is the effective theoretical plate height. What this means
is that data from a single injection into a liquid chromatograph
containing several components eluting over a range of k” may be fitted
to the above equation. The constants a, b, and ¢ can then be used to
calculate the various contributions to plate height in equation 10.

The algebraic rearrangement that produces equation 12 from 10 also

gives the following equalities:

- 1 +k 1+ k-
a = hqjgp * N giff |-==----- * hgin | -=----- 13
Ko k-
1+ kg
b = hgisp + h"diff [-------- 14
k0
¢ = hc *+ hdisp * h°diff 15
c - b+ higiff
heg = =-=-======z=nnn 16
(1 +k~)2
hgisp = b = (1 + ko)h’diff 17
|2
k- [j (1 + kol 18
hgin = |=-===---- a-b- d-e---- h® g3 ff
kin 1+ k- ke 1
. 2
1 v
T L 22 R 19
15 \ kg 1+ kg
2
ko + (ko + 1)k*
hgiff = h°diff |------=-=----=--- 20
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where the notation, h°®, indicates the plate height contribution to a

solute eluting at the void volume (k- = o).

A simpler approach to the calculation of extra column effects is
given by Lauer.86 This method can be shown by the following
derivation. Equation 5 can be reduced to

2

2 = 5e012 + Oextra 21

Otot

2
where cextra is called the extra-column variance.
Rearrangement of equation 1 gives
| Vg2

O'co]z & ';‘"‘ 22
col

where N.o1 is the actual plate count of the column itself.
Substituting (22) into (23) gives

2. L g, 2
otot® = ---- VR® t cextra 23

A plot of Gtotz vs VR2 should give a straight line with slope equal to
1/Nco1 and intercept equal to the extra column variance.

This method ignores the dependence of N.g1 on k”. Fig. 4 shows
the expectéd curvature of data from equation 23. A Tinear fit of
the data would slightly underestimate oeytya2-

The method of Scott8/ measures band broadening of the instrument
directly. The column is removed, and in its place is put a length of
small bore stainless steel tubing. Injections of a solute are made
with this system and both the flowrate and the length of the tubing are

varied. At a constant flowrate, the measured variance is plotted
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Fig. 4. Plot of Measured Peak Variance Against Peak Retention Volume
Squared. The Y-Intercept Gives the Extra-Column Variance.
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against tubing length. The y-axis intercept, corresponding to length =
0, is the instrument variance. At constant 1ength; variance may be
plotted against flowrate. Both slope and intercept of the plot
decrease as length of tubing decreases. At the limit of length equal

to zero, the dependence of instrument variance on flowrate is found.

3.3 Plate Height Equation

The plate height equation (equation 3) was used in its reduced

form
h=AL/3 +8/v +Cy 24

where h is the reduced plate height and v is the reduced velocity of

the mobile phase. h is calculated from the chromatogram by

h = —mmecmccmns 25
5.54 dp tg2

where L is column length, Wy/p is width of peak at half height, dp is
the particle diameter, and tg is retention time in the same units as
Wi/2. The model of Horvath/1-72 was used for the plate height equation

and so the‘reduced velocity is calculated as

N p— S 26

where F is the volumetric flowrate, A, the cross-sectional area of the

column, e, the interestitial porosity of the packed column, dp, the
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particle diameter of the packing material, and Dy, the diffusion
coefficient of the solute in the mobile phase. Flowrate is measured;
Area is calculated from the column radius; and dp is easily obtained
from the manufacturers specifications of the packing material. Dy is
calculated from the Wilke-Chang88 equation:

7.4 x 10-8 (¢ m)1/2 1
R e (cmé sec=2) 27

where ¢ is an association factor (¢ = 1 for hexane, ¢ = 1.2 for
isopropanol), m is the molecular weight of the solvent, T is the
temperature in °K, p is the viscosity of the solvent, and V is the
molar volume of the solute.

The parameter, eo, must be measured by experiment. eq, is the -
fraction of column volume not occupied by packing particles. It
excludes space within the particle itself. It is measured by
injection of a solute which is excluded from the pores of packing
particles. From the flowrate and retention time of the solute the
exclusion volume, Ve, can be calculated. Then gg is calculated by

Ve
g = —-o- 28
v

where V is the total volume of the column.



4. EXPERIMENTAL

4.1 Instrumentation

The instrumentation used is shown in Fig. 5. The pump was from
a model B-500 liquid chromatograph manufactured by Molecular Sepa-
rations Incorporated of Pittsburgh, PA. It was a 10:1 pneumatic
amplifier pump. A 3-way valve was placed between the gas source and
the pump so that pressure could be released when the instrument was
shut down.

An air oven by Spectra-Physics of San Jose, Calif., was used to
control temperature. The injection valve, column and, in most cases,
the detector optical unit could be mounted inside the oven. A coil of
tubing 1 meter long and 0.03" inner diameter was connected between the
pump and the injector, and was placed inside the oven. It served as a
temperature equilibration coil for the mobile phase.

The injector was a model UHP valve by Valco of Houston, TX, which
contains an internal Toop capable of delivering 1 pl1 of sample. The
valve core can be exchanged to make the valve capable of delivering 0.5
or 0.2 pl of sample. |

Two different detectors were used. The one used for the major
portion of the work was a model 1205 UV detector by Pharmacia Inc. of
Piscataway, NJ equipped with either or 8 pl or a 3 ul flow cell. The
detection wavelength was 254 nm. The detector was housed in two
separate units, one containing the Tow pressure mercury lamp, flow cell
and photodiode, the other containing the amplifier and associated

electronics. The optical portion of the detector could be housed

28
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completely in the oven.

The other detector used was made by Schoeffel Inc. of Acton, Ma.
and contained a 0.5 pl detector cell. This detector was variable
wavelength using a deuterium UV source and a grating monochromater.
The detector could not be housed in the oven so thg oven door was
removed and plastic was draped in such a way to contain the detector.
The temperature was well controlled in this manner.

A 100 p1 syringe was connected to the outlet of the detector so
that flowrate could be measured. This was accomplished by measuring
the time required for the meniscus of the solvent to rise a given
volume in the syringe.

An Autolab Minigrator by Spectra Physics of San Jose, Calif.
was used to obtain retention time data. The following equation 29 was

used to calculate number of theoretical plates, N:

N =5.54 (----- ) (29)

where wy/2 is the width at half height of the peak, and tR and wj/2 are
measured manually from the chromatograms.

The recorder was a model 9176 by Varian Associates of Palo Alto,
California. It was connected through the integrator so that
attenuation was controlled from the integrator rather than from the

detector.

4.2 Chromatographic Conditions

A11 columns were packed with silica gel of either 5 um, 8 um, or
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10 pm particle diameter. The mobile phase used was 0.2% isopropanol in
HPLC grade hexane (Burdick and Jackson, Muskegon, MI) unless otherwise
noted. As will be explained later, the sample chosen for separation
needed to contain solutes whose diffusion coefficient in the mobile
phase, Dy, molecular size, and adsorption mechanism with the‘stationary
phase were all the same. Based on these considerations, Horvath/2
chose a number of solutes for normal phase chromatography. Among them,
several were chosen for this study. They are tetrachloroethylene,
nitrobenzene, benzaldehyde, and acetophenone.

The diffusion constant can be calculated from the Wilke-Chang
equation,88 (equation 27 on p 28 of this thesis.) The association
factor, ¢, for the mobile phase was 1.0 for non-associating solvents
like hexane. In the paper cited88, no value was giveh for isopropanol

but the following values were given:

Water - 2.4
Methanol - 1.9
Ethanol - 1.5
Hexane - 1.0

Based on this data, a value of 1.2 was chosen for isopropanol.
For mixed mobile phases the quantity oM is taken as the volume
average of the values for each pure solvent in the mixed mobile phase.

This quantity for 0.2% isopropanol in hexane can be calculated as
(M) = 61(0M) 1 + Bx(aM)y 30

where 6 is the volume fraction, and the subscripts T, I, and H denote

total, isopropanol, and hexane, respectively. Calculating we obtain:

(eM)T = (0.002)(1.2)(60.097) + (0.998)(1)(78.545) = 78.5 31
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For a mixed mobile phase, the viscosity, n, is calculated by the

following equation:

N7 = ongd 32

where yi is the mole fraction of component i. No data was available
for the viscosity of either hexane or isopropanol at 34.5°C, so data
available at other temperatures89 were extrapolated to this

temperature (see Fig. 6). The total viscosity of 0.2% isopropanol in

hexane could then be calculated:

nT = (0.279)0.997 (1.55)0.00313

0.280

From these data the diffusion coefficients‘can be calculated for
each of the solutes in the sample mixture. These data are summarized
in Table 1.

In order to calculate the interstitial velocity, the velocity of a
solute that is excluded from the pores of the stationary phase, an
experiment had to be performed to measure interstitial porosity, eq.
This was done by chromatographing a sample of polystyrene, MW = 39,000
amu (Poly Sciences, Inc., Warrington, pa., Lot #4-0262). Polystyrene
is large enough to be excluded from the 60-80A& pores of the silica gels
used in this work. Polystyrene was chosen also because it has good UV
absorption and because it is non-polar enough so that it is not
expected to adsorb onto silica gel.

The conditions for this experiment are as follows. The mobile
phase was HPLC grade tetrahydrofuran (Burdick and Jackson, Muskegon,

MI). Ten(10) mg of the polystyrene standard was dissolved in 3 ml
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Table 1
Compounds Used As Sample in this Study. V is the Molar Volume, Dm is the Diffusion Coefficient Calculated
from the Wilke-Chang Equation for a Mobile Phase of 99.8/0.2 Hexane/Isopropanol.

Name Tetrachloroethylene Nitrobenzene Benzaldehyde Acetophenone
0

Ch O N, [y QQ*C-CH3

Structure C=C
7 N\

Cl C1
MW, amu 165.83 123.11 106.13 120.15
Density, g/m3  1.6227 1.2037 1.0 1.0281
V, cm3/mole 102.2 102.3 101.9 116.9

Dm, m/sec? 4.48x10-9 4.47x10-9 4.48 x 10-9 4.13 x 10-9

143
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of THF. To this mixture was added 0.5 ml hexane. A 1 pl injection of
this mixture was made. The resulting chromatogram is shown in Fig. 7.
From the retention times at points A and B, and the flowrate, the
excluded volume Ve, and the chromatographic void volume, V,, can be
calculated.

The calculations for several columns are summarized in Table 2.
From values for eo, Dv and dp, the reduced plate height, h, and the
reduced velocity, v, can be calculated according to equations

25 and 26.

4.3 Extra Column Band Broadening

As noted in the theoretical section, the instrumental
contributions to band broadening can be divided into two types - those
~ which are independent of flowrate, and those which are proportional to

flowrate. They can be combined into an eqdation of the form

G%NST = AF + B 33
where F is the flowrate and A and B are the coefficients corresponding
to the two types of band broadening effects.

The instrument configuration is expected to affect the instrument
contribution to band broadening. For instance, the longer the tubing
used to connect the column to the instrument, the greater will be the
flow dependent band broadening of the instrument. The greater the
detector cell volume or injection volume, the greater will be the flow
independent contribution to band broadening. To test the effect of

different instrument configurations, various lengths of tubing were



36

(00)

INJECTION

I

INJECTION

VN

N
7al

Fig. 7. Chromatogram of Polystyrene Used for the Determination of
Exclusion Volume, at Point A, and Void Volume, at Point B.



Table 2.

Columns Used in This Study.

Column# 1 2 3 4
Dimension 25 x 1 mm 25 x 1 mm 25 x 1 mm 15 x 1 mm
Packing Silica Gell Silica Gel2 Silica Gel3 Silica Gel3
Particle Size 5 pm 10 pm 8 upm 8 um

Vo, nl 164.0 184.0 176.6 113

Ve, pl 97 110.1 98.6

€5 0.677 0.860 0.801

co 0.495 0.562 0.503

eT 0.837 0.939 0.901

Ko 0.691 0.671 0.791 0.7

1. Spherisorb S5W
2. Spherisorb S10W

3. DuPont Zorbax-Sil

LE
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used to connect the injector to the column. .In addition, different
detector cell volumes were used to test this effect. These

configurations are shown schematically in Fig. 8.

4.3.1 The Horvath Method

Using equations 12, 16, and 19, the contribution of extra column
effects to the plate height can be calculated for a single injection of
the sample at a single flowrate. Then, hgc was calculated for a number
of injections over a range of flowrates. The results are given in
Tables 7-10 in the Appendix. Figs. 9-12 show the plot of hgc vs F and
Figs. 13-16 show the plot of the volume variance vs F. In each case
the Pharmaceia detector with a 3 pl1 cell was connected according to
configuration B in Fig. 8. The length of tubing between the injector

and column was 50 mm.

4.3.2 The Lauer Method

The same chromatograms used to obtain results by Horvath's method
were also used for this method. The volume variance for each peak was
measured and this was plotted against retention volume, VR according to
equation 23. . The intercept gave the instrument variance. |

Since injections of sample were made over a range of flowrates,
and each injection gave a chromatogram from which an extra column
variance could be calculated, the dependence of extra column variance
on flowrate could be calculated. This data is summarized in Tables
11-14, in the Appendix, and the plots of this data are shown in Figs.
17-20.
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Column #2, Table 2, p. 37.

Variance Calculated by Method of Lauer.
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4.3.3 The Scott Method

This method measures the band broadening contribution of the
instrument in the absence of the column. The column was removed and a
Tength of stainless steel tubing 1/16" od x 0.010" id, was put in its
place. A1l pl injection of tetrachloroethylene, 0.5 pg/ml in hexane,
was made with hexane as the mobile phase. The flowrate was varied over
the range of 10 to 300 p1/min. The variance of each peak was
calculated from the chromatogram. This procedure was repeated for
three different lengths of tubing, 380 cm, 135 cm, and 74 cm Tong.

Figure 21 shows the graph of some representative data derived from
this method. The data can be extrapolated to L = 0 so that the
variance vs flowrate for only the instrument can be obtained.

This procedure was carried out on a number of instrument
configurations with the three different detector cells as described
previously. Table 3 summarizes the data and Figure 22 shows it
graphically. Tables 15-19, in the Appendix contain the data obtained

by this method for the five instrument configurations tested.
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Fig. 21. Dependence of Peak Variance on Flow Rate with Different
Lengths of Stainless Steel 1/16" 0D x 0.010" ID Tubing in Place of
the Analytical Column. Extra Column Peak Variance Corresponds to a

Plot of 642 vs Flow Rate With L = 0.
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Table 3

Mathematical Relationship Between Flow Rate and Variance Due
to the Instrument

CONNECTION TO TOTAL INSTRUMENT
CELL voL, INJECTOR VARIANCE
8 ul DIPECT = 0,0628F + 12.5
DIPECT = 0,070F + 2,35
3 ul 50 mm = 0,101F + 2.52
80 mm = 0,121F + 2.68
0.5 ul DIRECT = 0,0115F + 2.99
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Fig. 22. Extra Column Peak Variance as a Function of Flow Rate Using
Three Detector Cells. With the 8 pl and the 0.5 1 Cells, the Tubing
Was Connected Directly to the Injector. With the 3 p1 Cell, the
Tubing Was Either Directly Connected to the Injector or Connected
With a Short Piece of Tubing and A Union, With a Length of Either 50
mm or 80 mm.



5. DISCUSSION AND CONCLUSION

Microbore columns were evaluated in terms of extra-column variance
effects, mass sensitivity, and solvent consumption. In the evaluation
of the extra-column variance effects, three methods were compared which

separate the variances due to the column and the instrument.

5.1 Evalyation of Instrument Variance Extraction Methods

As noted in section 4.3, the chromatographic peak variance due to
processes outside the column has a linear relationship to flow rate.
Also, since flow rate will always be taken to be positive, the variance
should always be positive (see equation 33.) These two facts became
the criteria by which the methods to extract extra-column variance
effects were judged. The correlation coefficient was used to quantify
linearity. In this section, columns used are in reference to Table 2
on p. 37.

Three methods were used to evaluate extra column effects: the
Horvath method, the Lauer method, and the Scott method. Each method
had advantages and disadvantages as will now be discussed.

The Horvath method is baséd on an a]gebrdic rearrangment of the
plate height equation which includes a term for extra column effects.
It requires that the sample injected contain several components eluting
over a range of k- and that these components have the same diffusion
coefficient, molecular size, and binding mechanism in the
chromatographic system.

The simplicity of the Horvath method lies in the fact that a

single injection will yield values for the plate height contribution
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from each of the chromatographic processes as well as for the extra
column effect. If this is done over a range of flow rates, the flow
rate dependence of extra column band-broadening can be determined.
This dependence should be a straight line.

Figs. 9-12 show the extra column reduced plate height vs. flowrate
for columns 1-4 calculated by the method of Horvath. It can be seen
that the extra column effect is greater at low k” values as is
expected. However at low flowrates, negative plate heights are
calculated, which is not possible. Additionally, there is some scatter
in the data and some deviation from linearity.

Figs. 13-16 show the same data converted to extra column volume
variance, which is independent of k. These graphs show more clearly
the scatter and non-linearity of the data. The correlation
coefficients between flowrate and reduced extra column plate height
were as follows: for column #1, 0.975; for column #2, 0.897; for
column #3, 0.933; for column #4, 0.951.

The Lauer method is based on a simplier concept and requires less
calculation. However it does not have the advantage of being able to
calculate all the chromatographic-plate height contributions. It can
only be used to calculate the extra column effect.

Figs. 17-20 show graphs of extra column variance vs flowrate for
each of the columns 1-4 calculated by the method of Lauer. It can be
seen that this data is not linear in most cases. The correlation
coefficients for these data were as follows: for column #1, 0.974; for

column #2, 0.423; for column #3, 0.966; for column #4, 0.271.
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Scott's method measures the extra column variance with no column
in place. This method gave better results than the other two methods.
It gave a Tinear graph of variance vs flowrate. The correlation
coefficient for these data was 0.994. This method also did not give
negative values for variance.

The extra column variance can then be calculated and subtracted

from Van Deemter data to gjve a "corrected" Van Deemter. Figs. 23-24
show uncorrected Van Deemter plots for some representative microbore
columns. The equation in Table 3 for an instrument having a 3 pl cell
and a 50 mm connection between injector and column was used to
calculate instrument variance and this was substracted from the data.
The corrected plots are then shown in Figs. 25-26. The main point
is that instrument variance has its greatest effect on early peaks.
In Figs. 23-24 the peak corresponding to k” = 0 has the largest reduced
plate heights. However when the instrument variance is subtracted, the
k- =0 peakrhas the smallest reduced plate height, as shown in Figs. 25
and 26 which is what is expected from the plate height equation.

This method of instrument variance evaluation may be useful in the

comparison of column performance on different instruments. Once the

instrument is characterized then Taboratory to laboratory comparison of
different columns would become more meaningful.

It can be seen that the majority of slope above the minimum in the
Van Deemter is due to extra column variance. In applying microbore
columns to fast LC, it is very important to minimize the instrument
band broadening. In particular, those effects which are flowrate

dependent, such as arise from lengths of connecting tubing, must be
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Fig. 23. Van Deemter Plot Using Uncorrected Data for a 15cm x lmm ID
Column, Packed with 8y Silica Gel (Column #4, Table 2, p. 37).
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Fig. 24. Van Deemter Plot Using Uncorrected Data for a 25cm x lmm ID
Column, Packed with 8y Silica Gel (Column #3, Table 2, p. 37).
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minimized.

5.2 Sensitivity

Hamilton9l calls the effect of increased mass sensitivity due to
decreased column diameter "amplification." The signal is indeed
amplified by increasing the concentration of the eluted solute when a
concentration dependent detector is used in the chromatographic system.
This can be used to an advantage if the amount of sample available is
small.

The following equation describes the volume standard deviation of
an eluted peak:

sanzL(1+k’)
Oy = ====-==ee--- 34
N

The standard deviation may be thought of as a measure of the volume of
the eluted peak. For a given mass injected onto the column, the
smaller the eluted volume, the greater is the concentration of the peak
and hence the greater is the detector response.

In the comparison of a 25 cm x 4.6 mm id column and a 50 cm x 1 mm
id column it was predicted using equation 34 that the microbore column
would produce 7.5 times the sensitivity. This is demonstrated in Table
4 on page 64. Since the ratio of sensitivities is equal to the ratio

of concentrations of the eluted peaks, then:
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Table 4

Data Obtained From Two Columns to Compare the Sensitivity Between
Conventional and Microbore Columns

Dimension 50 cm x 1 mm 25 cm.x 4.6 mm
Packing Lichrosorb RP-18, 10 Same

N 2500 5300
Calculated

Relative

Sensitivity 7.5 1

Actual

Relative

Sensitivity 7 1
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The chromatograms in Fig. 27 show the actual comparison of the
sensitivity of these two columns. Calculated from the ratio of the
peak heights, the microbore is 7 times more sensitive.

This argument is nullified if sample is not limited. In this case
an injection of 20 pl1 onto the analytical column would produce almost 3
times the sensitivity of the 1 ul injection of the same sample onto the
microbore column.

The literature indicates that 1 pl1 is a common injection size for
microbore columns just as 20 pl1 is common for ana]yfical columns. If
the injection is considered as a plug of sample having a square
concentration profile, then its variance can be calculated by

V2
cinjz = -= 35

D2
where V2 is the squared volume of injection and D2 is a normalization
factor, equal to 12 for square functions. Equation 35 has been
investigateds6 and it was found that for chromatographic systems the

value of D depends slightly on the volume of injection. However, for
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1. NAPHTHALENE

2. BIPHEN
50cm X 1mm ! ENYL
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25cm X 4.6mm 1 2
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e

Fig. 27. Comparison of Sensitivity of a Microbore and a Conventional
Column. Packing-Silica Gel; Mobile Phase - 0.25% Isopropanol in
Hexane; Detector -254 nm UV. Both Injections Were a Volume of 1 pl
and a Mass of About 2 pl, and Both Chromatograms Were Made with the
Same Attenuation.
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the sake of the following argument, D2 = 12 will be used.

Consider the columns compared in Table 5. According to equation
35 the variance for a 20 pl injection would be 33 p]z, whereas that
for a1 pl injection would be 0.083 ulz. The injection variance is in
both cases about 1% of the calculated column variance and so is
considered inconsequential. This is the reason why a 20 pl
injection could not be used with a microbore column. Although k' and «
are not affected by this variance effect, resolution and efficiency as
measured by the theoretical plate suffer. In this case, the sum of

variances of the column and the injection would reduce the measured N

from 10,000 to less than 2000. This is the reason for the difference
in acceptable injection volumes for the two types of columns.

Why compare the sensitivity of the two types of columns using the
same injection size? The answer is that microbore is not a means of
increasing sensitivity in all situations. In analyses where sample is
precious, available in quantities less than that for optimum
sensitivity on an analytical column, then the microbore column may be

used to advantage.

5.3. Solvent Consumption

The best way to reduce the solvent consumption of the
chromatographic system is to reduce the diameter of thé column. This
would be preferable to decreasing the length and the packing particle
dfameter. This is shown by the following analyses.

Assume a number of different columns could be packed with

different size spherical particles to produce a number of columns
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Table 5

Comparison of Some Performance Characterizations of Two Columns of
Equal Length But Differing Only in Diamter. N-Theoretical Plate
Count; er - Total Porosity; Vo, - Chromatographic Void Volume; VR -
Retention Volume, Here of a Solute at k' = 1; 542 - Volume Variance
of That Peak.

Column 25 x 1 mm 25 x 4.6 mm id
N, at k' =1 |10,000 10,000
€T 0.70 0.70
Vo, ul 137 2910
VR, ul 274 5820
ov2, p12 7.5 3400
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having the same plate count. This would mean that if all the columns
were packed equally well so that h = 2dp then the columns would be of
different lengths, the shorter columns containing the smaller packing
particles.

Now because of geometry of packed spheres, the total porosity, eT
is independent of the size of the particles and therefore the void
volume will be dependent only on length and radius by equation 36.

VO = €T 7|:Y‘2 L 36

The question of solvent consumption boils down to how many void
volumes are required to elute a compound. This will always equal
k' + 1 regardless of column radius or column efficiency as long as we
are comparing columns of the same packing material and mobile phase.
So the column with the smaller V, will always use less solvent. This
can easily be calculated from equation 36 and from Table 6 shows the
dimensions of somé columns having the same Vy as a 25 cm x 1 mm
microbore column. The table also shows the particle diameters required
if these columns are to contain the same number of plates (N =~ 12,500).

In order for a column of conventional diameters to generate as
many theoretical plates as the microbore and be equally as miserly in
its solvent consumption, it would have to be 1.18 cm long, and be
packed with 0.5 particles!

Since microbore columns are the best way to reduce solvent
consumption, it seems best to introduce their use for this purpose to
analyses already developed on larger bore columns. Since k' is not

expected to change with column diameter, the same experimental
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Table 6

Particle Size (dp), Diameter, and Length of Some Columns A1l Having a
Void Volume (Vq) of 137.4 ,1 and Plate Counts of 12,500. Total
Porosity, e1, is Taken To Be 0.7.

dp Diameter Length
10 1 mm 25 cm

2.5 1 2 mm 6.25 cm
1.1 3 mm 2.78 cm
0.6 4 mm 1.56 cm
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conditions can be used as long as the column efficiency is adequate for
resolution between peaks of interest.

Such an analysis is that of aspirin and its decomposition
products.?0 Shown in Fig. 28 is the chromatogram of aspirin,
salicyclic acid and acetylsalicylic acia. Fig. 29 shows the
chromatogram under the same conditions of an aspirin tablet stressed
for two days at 95°C. The decomposition products increase and aspirin
decreases. The original literature analysis using a conventional
analytical column used 15 to 20 ml of solvent. The microbore column
here gives adequate separation and reduces the solvent consumption to
about 1.5 ml.

In conclusion, there has been much written recently in the
literature concerning microbore columns. This work indicates that
there is no reason to expect these columns to be any more efficient
than conventional columns. However, they do offer a definite advantage
in their economical use of solvent for the mobile phase. Also, under
circumstances where sample is limited, microbore offers the possibility

of increased sensitivity of detection.
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300u1/min 5%HOAc/Hexane
15cm X 1mm Zorbax-Sil

1 - SALICYLIC ACID
2 - SALICYLSALICYLIC ACID
i 3 - ASPIRIN

F tr = 4min

Fig. 28. Chromatogram of Aspirin from an Aspirin Tablet.
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300u1/min 5%H0Ac/Hexane
15cm X .lmm Zorbax-Sil

8] 1 - SALICYLIC ACID
p 2 - SALICYLSALICYLIC ACID
3 - ASPIRIN

DEGRADED - 95°, 2 DAYS

Fig 29. Chromatogram of Aspirin from an Aspirin Table Stressed for 2
Days at 95°C.
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Table 7.

Values for Extra-Column and Total Reduced Plate Height (hec and
ht). For Each Flow Rate, Equation 12 on p. 24 Was Curve Fitted To the
Efficiency Data for a Chromatogram Containing Four Peaks, According to
the Method of Horvath. hy is Calculated from the Peak Widths and

Retention Times of Each Peak. hec 1s Calculated for Each Peak From

Information Derived from the Curve Vit. Column - 25 cm x 1 mmID, Packed

With 5. Silica Gel (col# 1, p. 39).

Kk'= k'=0.9 k'=2 k'=

FLOWRATE By, b | Bg. Ry | Bge By | By B
1.90|-13.50 31.68 | -6.02 36.27 | -3.01 36.56 | -1.55 33.66
2.40| -0.02 23.82|-0.01 26.56|-0.01 29.83 | 0.00 34.29
3.92| 0.06 15.77| 0.03 17.10| 0.02 15.89 | 0.01 18.25
4.19| -0.78 15.28|-0.37 16.65|-0.20 16.12 |-0.11 17.88
4.30| 4.83 15.78| 2.25 15.37| 1.18 15.45| 0.63 18.40
7.54| 6.25 13.93| 2.94 12.59| 1.55 11.44 | 0.83 13.99
7.74| -1.99 10.37 | -0.92 13.05|-0.49 12.14 |-0.26 15.17
14.30| 10.32 13.51| 4.83 11.11| 2.54 10.50 | 1.36 13.23
14.30| 10.32 13.93| 4.85 10.81| 2.56 9.90 | 1.37 13.60

36.00| 18.12 21.32| 8.56 . 4.55 12.83 | 2.43 .
36.00| 18.12 22.31| 8.58 14.94| 4.56 12.78 | 2.44 15.21
36.00| 18.12 22.31| 8.53 15.97| 4.55 13.18 | 2.43 15.71
102.00| 31.36 39.46 | 14.94 26.40| 8.00 21.01 | 4.29 21.19
102.00| 31.36 41.58 |15.03 26.03 | 8.08 20.79 | 4.31 21.26
102.00| 31.36 38.67 | 15.03 26.85| 8.00 20.06 | 4.31 20.10
102.00! 31.36 42.44 | 15.15 26.78 | 8.09 21.23 | 4.36 20.72
147.50| 42.47 51.97 | 20.45 29.89 | 10.94 23.52 | 5.80 24.57
'147.50| 42.47 49.58 [ 20.45 32.49 | 10.94 24.35| 5.80 23.35
147.50| 42.47 49.58 | 20.45 32.49 | 10.94 22.70 | 5.87 23.61
207.20| 56.42 62.57 | 27.65 34.37 [ 14.70 28.56 | 7.78 28.67
207.20| 56.42 58.95 | 26.87 36.74 | 14.40 27.35| 7.78 28.21
207.20| 56.42 58.95 | 26.87 35.29 | 14.40 27.35| 7.78 28.67
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Values for Extra-Column and Total Reduced Plate Height (hgc and ht

as in Table 3.

#2, p. 39).

Column - 25 cm x 1 mmID, Packed with 10y Silica Gel (col

k k'=0.9 k k'=

FLOWRATE hec hT ec hT hec h.r hec hT
5.17 | -5.57 6.58 | -1.59 7.97 |-0.62 7.26 1 -0.21 4.80
6.11 | -4.69 5.80 | -1.31 7.10 |-0.48 8.64 | -0.19 5.82
7.38 | -3.12 5.88 | -0.85 7.57 {-0.30 7.58 | -0.11 7.25
16.30 | -1.57 6.84 | -0.45 7.13 |-0.17 7.73 | -0.06 6.53
22.80 | -0.43 10.10| -0.12 8.93 |-0.04 8.09 | -0.02 7.71
22.80 | -0.43 8.50 1| -0.12 8.73 |-0.04 8.39 | -0.02 7.36
27.10 3.17 8.83 0.88 8.88 0.32 9.02 0.12 11.56
32.90 | -2.22 10.49 | -0.62 10.72 |-0.23 10.98 | -0.09 9.32
41.20 1.18 11.03 0.32 .o 0.12 11.36 0.04 10.38
41.20 1.18 11.97 0.33 8.55 0.12 11.02 0.05 9.87
41.20 1.18 10.87 0.33 11.50 0.12 10.71 0.05 S.94
43.10 | -0.96 11.46 | -0.27 11.96 |-0.10 11.51 |-0.04 10.68
43.10 | -0.96 12.75| -0.27 12.44 |-0.10 11.80 |-0.04 11.46
43.10 | -0.96 12.24 | -0.27 11.78 |-0.10 11.70 {-0.04 10.56
54.10 0.64 14.52 0.18 13.71 0.06 13.26 0.03 11.48
54.10 0.63 15.17 0.18 12.78 0.07 12.6S 0.03 11.35
78.60 | -0.43 18.39 ]| -0.12 16.49 |-0.04 15.14 |-0.02 14.48
78.60 | -0.42 18.65 ] -0.12 18.14 |-0.04 17.37 |-0.02 14.85
97.00 5.00 18.65 1.38 17.33 0.49 15.61 0.19 14.76
97.00 4.99 20.76 1.38 16.39 0.49 16.60 0.19 15.54
97.00 4.99 21.13 1.37 15.80 0.49 15.89 0.19 15.48
97.00 4.99 21.13 1.37 17.31 0.49 15.89 0.19 15.81
116.20 3.95 24.22 1.12 20.51 0.41 19.49 0.16 16.723
116.20 3.95 24.22 1.11 19.48 0.41 17.59 0.16 16.59
161.00 6.54 26.42 1.79 23.28 0.63 18.36 0.23 20.36
161.00 6.54 27.64 1.76 20.66 0.61 18.48 0.23 18.91
161.00 6.54 25.67 1.87 22.45 0.67 19.04 0.26 19.52
167.00 1.38 25.24 0.39 22.55 0.15 21.52 0.06 19.35
267.00 7.52 35.99 2.12 26.78 0.79 26.54 0.31 23.32
267.00 7.52 31.63 2.17 27.45 0.80 26.32 0.31 23.91
282.40 |11.62 41.59 3.22 30.42 1.13 24.13 0.44 22.79
282.40 |11.61 34.7S 3.29 26.32 1.19 22.31 0.46 23.55
282.40 |11.61 34.79 3.29 27.40 1.19 24.13 0.46 22.05
381.00 |11.95 38.19 3.43 29.92 1.27 25.83 0.51 28.10
381.00 |11.95 34.95 3.56 29.41 1.27 27.64 0.51 28.10
552.00 |13.56 44.23 3.57 34.10 1.28 31.15 0.52 31.4S
552.00 |13.56 44.23 3.57 35.83 1.32 32.84 0.52 32.83
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Values for Extra-Column and Total Reduced Plate Height (hgc and hr)

as in Table 3.

#3, p. 39).

k

k!

0.9

k

kl

Column - 25 cm x 1 mmID, Packed with 8u Silica Gel (col

FLOWRATE he

5.
.83

9.

9.
14.
14.
20.
20.
20.
20.
20.
33.
.80
.20

5

33
47

47.
48.
48.
48.
48.
48.
48.
59.
59.
.00

73.
100.
100.
129.
129.
154.
154.
154.
210.
210.
258.
258.

72

62

57
57
60
60
10
10
40
40
40
80

20
30
30
30
30
30
30
70
70

00
70
70
40
40
60
60
60
00
00
80
80

VOO NNNNNINOONNLWLWWNNWLWWOOHd

<

.22
.93
.30
.30
.46
.46
.65
.65
.68
.68
.68
.22
.22
.12
.12
.36
.36
.36
.36
.36 .
.36
.51
.51
.74
.74
.04
.03
.37
.37
.81
.81
.81
.99
.99
.63
.63

VOOANNININONOUONUo

(W
(oo N

11.
11.
10.
13.
.72
15.
16.
19.
19.

23
23

31

33

.46
.99
.61
.40
.27
.14
.78
.21
.45
.00
.95
.63
.36
.17
.54
.54

86
00
90
56

11
26
58
22

.24
21.
.83
25.
25.
31.
.49
34.
.22

26
07
07
49

44

RPN NMNNMNNNNMNNMNNHEHEHEPRPRPHEEHEEHEHEOOO0OO0O0O0OO0OOOOH

ec

.01
.46
.07
.07
.83
.83
.64
.64
.88
.88
.88
.26
.26
.24
.24
.76
.75
.75
.75
.75
.76
.59
. 40
.40
.49
.49
.84
.84
.42
.42
.45
.00
.00
.66
.55

NONOud DO 00 o

.57
.30
.23
.98
.20
.01
.84
.59
.59
.55
.71
.89
.19
.94
.80

.70
.14
.88
.27
.23
.91
.03
.73
.80
.23
.07
.83
.83
.06
.07
.66
.31
.07

MONNMNHHHEHEPHEHEHEEHO0O0O000000000000000000000

o

ec

.54
.25
.04
.04
.45
.45
.35
.35
.47
.47
.47
.68
.68
.68
.68
.92
.92
.93
.92
.93
.93
.87

.36
.35
. 40
.41
.60
.59
.37
.37
.38
.78
.78
.60
.60

VWONNNNNNNNOUNNIOOOOnnnnnnnnnnunnoov

.53
.32
.43
.35
.81
.51
.69
.68
.46
. 40
.29
.58
.58
.31
.33
.00
.33
.48
.79
.31
.67
.96

.25
.16
.29
.22
.55
.72
.27
.66
.75
.50
.50
.26
.58

HHHFOOOOOOOOOOOO eNojoNoNoNoRoNoNoNoNoNoNoNoNoNoNoNoNe)

o g

<]

.27
.12
.02
.02
.23
.23
.18
.18
.23
.23
.23
.35
.35
.34
.34
.46
.46
.46
.46

.46
.44

.71
.70
.72
.73
.83
.83
.71
.71
.71
.45
.45
.35
.35

NoOoouund bR PO I

.87
.56
.60
.70
.13
.59
.95
.70
.57
.53
.76
.61
.67
.59
.50
.85

.78

.68
.41
.01
.28
.31
.02
.20
.88
.30
.95
.19
.76
.42
.83
.38
. 49
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Values for Extra-Column and Total Reduced Plate Height (hec and hT)

as in Table 3.

Column - 15 cm x 1 mmID, Packed with 8u Silica Gel.

k'=0 k'=0.9 k'= k'=3
FLOWRATE heC hT hec h_r_ hec T hec h_r
1.641-10.94¢ 20.48| -2.63 21.64| -1.12 23.76| -0.48 16.27
3.51f -4.80 13.90)| -1.09 17.38| -0.41 18.47 | -0.15 18.22
5.45 3.24 7.89'1 0.81 9.57 0.29 9.48 0.10 13.78
5.45 3.24 7.86 0.78 10.52 0.28 10.20 0.10 16.45
8.20 6.73 6.78 1.69 . 0.60 8.05 0.21 12.45
8.34 3.18 7.09 0.79 8.01 0.30 8.02 0.11 11.55
8.58 | -2.04 7.031-0.50 7.85| -0.19 7.83 | -0.07 7.26
9.27| -0.06 8.21 | -0.01 7.98 | -0.01 8.45 0.00 7.86
9.74 3.43 6.80 0.81 9.15 0.29 7.86 0.10 14.01
14.00 5.23 8.15 1.30 . 0.51 5.92 0.20 6.52 .
29.80 7.82 11.34 1.99. 9.30 0.76 7.78 0.28 10.70
29.80 7.82 12.51 1.95 8.54 0.73 6.71 0.27 9.32
29.80 7.82 12.40 1.97 8.99 0.74 7.23 0.28 10.92
75.30| 15.13 23.50 3.78 14.30 1.42 10.28 0.53 14.36
75.30 | 15.13 21.19 3.82 13.43 1.42 10.83 0.54 13.64
75.30| 15.13 24.03 3.82 16.34 1.48 12.18 0.55 14.95
75.30 | 15.13 24.87 3.78 13.99 1.43 11.30 0.55 11.88
116.00| 17.83 30.66 4.46 19.83 1.64 14.45 0.63 15.55
116.00| 17.83 29.63 4.61 17.75 1.74 13.92 0.66 17.24
154.00 | 26.92 38.29 7.05 22.17 2.66 17.13 1.03 21.0¢9
154.00 | 26.92 40.28 7.05 22.17 2.66 17.55 1.03 19.96
154.00 | 26.92 36.35 7.05 22.17 2.66 17.55 1.03 20.52
242.00] 41.34 52.28 {10.33 30.09 4.00 23.13 1.54 25.07
242.00 | 41.34 55.95 [10.33 24.87 4.00 20.94 1.54 23.18
308.20 | 41.93 56.89 9.41 28.29 3.59 21.82 1.40 26.58
308.20 | 41.93 55.76 9.60 30.54 3.66 23.04 1.45 27.08
376.70 | 45.81 62.02 |10.66 31.88 4.07 26.10 1.5 29.75
376.70 | 45.80 56.62 |11.05 30.17 4.07 23.04 1.65 28.89
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Table 11.
2 .
Values for Extra-Column Volume Variance (opnNsT) Vs. Flow Rate Calculated

by the Method of Lauer. Column 25 cm x 1 mmID Packed with 5u Silica Gel

(Column #1, Table 2).

Flow Rate Variance

ul/min ul2

1.90 2.38
AR YY) JeUu
3.92 0.00
4.19 .00
4.3V 000

7 .54 0.00
7.74 Ve.Lu
14 .50 0.00
T4 .30 0.0U

" 36.00 1.06
36.00 1.60
30.0U 7.60
102.00U 10 .44
102.00 10 .44
1000 TU.ui
102.00 10 .0l
147.50  13.00
147 .50 13.06
147.50 13.66
207.20 15.52
207.20 1v.5Z
207,20 15.52
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Table 12.

2
Values for Extra-Column Volume Variance (oINST) vs. Flow Rate Calculated

by the Method of Lauer. Column 25 cm x 1 mmID Packed with 10p Silica
Gel (Column #2, Table 2).

Flow Rate Variance

ul/min u12

5.17 15.6¢
b.11 12.12
7.38 0.96
10.30 5.30
22.80 6.29
24480 be2%
2710 0 .00
32.90 9.26
41.20 4,74
41.20 L.74
41,20 4.74
43.10 5.91
43.10 5.91
43.10 5.91
LSu.10 11,32
54,10 11.32
75.60 13.25
T7¢.00 13.25
97.00 8.00
97 .00 5 .0U
97 .0V .00
¥7.00 8.00
116.20 15.11
T110.20 18.11
Tol1.00 oJ4 1
161.0U 0ot
161.0vU bt
167.00 19.03
207.00 «5.00
207.00 25.V0
2b2.40 Zu.b3
Z0Z .40 24,63
2bc.40 24 .03
361.0U 4,92
3861.0vU T DA
55£.00 W00
552.00 140U
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Table 13.

2
Values for Extra-Column Volume Variance (oyysT) vs. Flow Rate Calculated

by the Method of Lauer. Column 25 cm x 1 mmID Packed with 8u Silica Gel
(Column #3, Table 2).

Flow Rate Variance
ul/min ul2

5.62 1.04
5.83 V.00
9.57 0O.Us
9.57 O.u8
14.60 4.00
14.60 4 .00
2010 324
20.10 3.l
20.40 3.0z
20.40 3.0z
20.40 3.02
33.80 4.04
33.80 4 .ol
47.20 534
47.20 5.54
48.30 3.25
46.30 325
48 .30 3.25
45.30 3.25
u&.30 3.25
Ut .30 3425
59.70 7.1
59.70 7.1Y
73.00 8.0«
73.00 8.02
1060.70 11.5b6
1W00.70  11.5¢
129.40 13.11
129.40 13.11
154.60 16.02
154.060 16 .02
154.60 16.0Z
210.0U 13.56
210.00 18.50
258.8U0 19Y.29
258.80 19.29
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Table 14.

2
Values for Extra-Column Volume Variance (oysT) vs. Flow Rate Calculated

by the Method of Lauer. Column 25 cm x 1 mmID Packed with 8y Silica Gel
(Column #4, Table 2).

Flow Rate Variance
2
ul/min ul

Teot 19,94
3.51 (VINVIV,
5.45 0.00
5.45 [VIRRVIV]
8.20 000
8.34 0.00
8.58 i.71
9.27 1.44
9.74 V.00
14.00 U.0U
ZY .BU U .Ul
2Y .80 U.00
29.80 0.00
75.30 0.0U
75.30 000
75.30 U0
7530 U .00
110.00 3.u41
11o0.0uU 3.4
154.00  z.42
154.00 2.42
1564 .00 2.4z
242.00 10 .34
202.0U 10 .34
3056 .20 3.95
30820 34D
376.70 Za87
376.70 2.7



Table 19. Data Collected by the Scott Method for Measuring the Extra Co]umq Peak Variance. Detectqr Cell
Volume - 8 pnl. Tub;ng was Directly Connected to the Injector. PRESSURE-psi; MFLOW-Flow Rate, pl/min; MVAR

- Peak Variance, plc.

LENGTH OF TUBING, MM=740 LENGTH OF TUBING, MM=1384 LENGTH OF TUBING, MM=3805

PRESSURE MFLOW MVAR PRESSURE MFLOW MVAR PRESSURE MFLOW MVAR
50 9.87 14.:0 50 10.50 13.91 50 10.01 18.09
50 9.87 14.25 50 10.50 13.91 50 10.01 17.80

100 21.14 15.20 100 21.86 17.01 50 10.01 16.95
100 21.14 15.20 100 21.86 16.85 100 19.65 22.65
100 21.14 15.34 100 21.86 16.85 100 19.65 22.78
200 48.70 19.61 200 49.00 24.14 100 19.65 22.81
200 48.70 19.61 200 49.00 24.14 200 48.80 40.79
200 48.70 19.24 200 49.00 24.14 200 48.80 41.85
600 161.40 42.45 600 164.00 55.59 200 48.80 40.79
600 161.40 40.68 600 164.00 55.08 600 165.40 111.13
600 161.40 40.68 600 164.00 56.64 600 165.40 111.13
1000 262.10 52.40 1000 269.30 75.63 600 165.40 112.62
1000 262.10 49.23 1000 269.30 70.73 1000 274.40 161.51
1000 262.10 52.40 1000 269.30 71.70 1000 274.40 160.03

1000 274.40 161.51
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Extra Column Peak Variance. Detector Cell

Table 18. Data Collected by the Scott Method for Measuring the
PRESSURE-psi; MFLOW-Flow Rate, pl/min;

Volume = 3 pl. Tubing, was Directly Connected to the Injector.
MVAR-Peak Variance, plc.

LENGTH OF TUBING, MM=740 LENGTH OF TUBING, MM=1384 LENGTH OF TUBING, MM=3805
PRESSURE MFLOW  MVAR PRESSURE MFLOW  MVAR PRESSURE MFLOW MVAR
50 9.92 2.90 50 10.10 3.57
50 . . . 50 .
50 g.gg g.gg 50 10.10 3.66 50 g.g} g'gi
50 9.92 2.9 50 10.10 3.66 100 21.20 13.24
100 22.20 5.6 100 22.15 7.14 100 21.20 13.51
100 22.20  5.83 100 22.15 7.35 100 21.20 13.51
100 22.20  5.47 100 22.15  7.35 200 53.70 35.19
200 52.10 12.16 200 49.80 15.16 200 53.70 33.59
200 52.10 12.08 200 49.80 12.64 200 53.70 34.12
200 52.10 12.1s 200 49.80 12.64 600 173.60 104.37
600 171.20 33.87 600 164.40 44.97 600 173.60 102.12
600 171. . 600 164.40 44.04 600 173.60 '
1.20 35.15 600 164.40 44.97 +99 10212

1000 287.10 156.35
1000 287.10 151.80
1000 287.10 156.35

1000 289.30 48.24 1000 272.60 56.68
1000 289.30 49.09 1000 272.60 60.22
1000 289.30 50.83 1000 272.60 60.22

68



Table 17. Data Collected by the Scott Method for Measuring the Extra Column Peak Variance. Detector Cell
Volume - 3 p1. Tubing was Connected to the Injector with a 50 mm Length of Tubing. PRESSURE-psi; MFLOW -
Flow Rate, p1/min; MVAR- Peak Variance pl¢.

LENGTH OF TUBING, MM=740 LENGTH OF TUBING, MM=1384 LENGTH OF TUBING, MM=3805
PRESSURE MFLOW  MVAR PRESSURE MFLOW  MVAR PRESSURE MFLOW  MVAR
50 10.56 3.25 50 11.51 4.38
50 10.56 3.16 50 11.51 4.18 28 ii'gg ;'Zg
50 10.56 3.25 50 11.51 4.38 50 11.05 7.94
100 23.90 6.86 100 23.90 7.97 100 23.80 14.77
100 23.90 6.76 100 23.90 8.20 100 23.80 14.92
100 23.90 6.97 100 23.90 7.86 100 23.80 14.77
200 57.10 14.60 200 56.50 17.95 200 55.60 33.77
200 57.10 14.14 200 56.50 17.45 200 55.60 32.69
200 57.10 14.42 200 56.50 17.85 200 55.60 36.01
600 185.80 39.89 600 185.90 51.10 600 184.20 105.93
600 185.80 38.90 600 185.90 51.10 600 184.20 107.54
600 185.80 38.90 600 185.90 51.67 600 184.20 105 12
1000 301.80 53.43 1000 298.30 73.20 1000 294.60 141.41
1000 301.80 53.43 1000 298.30 67.87 1000 294.60 135.52

1000 301.80 51.57 1000 298.30 69.98 1000 294.60 144.40

06



Table 16. Data Collected by the Scott Method for Measuring the Extra Column Peak Variance. Detegtor Cell
Volume - 3 pl. Tubing was Connected to the_Injector with an 80 mm Length of Tubing. PRESSURE-psi; MFLOW -
Flow Rate, p1/min; MVAR - Peak Variance, pl12. :

LENGTH OF TUBING, MM=740 LENGTH OF TUBING, MM=1384 LENGTH OF TUBING, MM=3805
PRESSURE MFLOW MVAR PRESSURE MFLOW  MVAR PRESSURE MFLOW MVAR
50 9.80 2.8% 50 10.54 4.39 50 10.46 7.30
50 9.80 2.91 50 10.54 5.85 50 10.46 7.21
100 21.86 6.10 : 100 23.50 8.50 100 20.56 12.83
100 21.86 6.20 100 23.50 8.74 100 20.56 13.46
100 21.86 5.92 100 23.50 10.73 100 20.56 13.46
200 49.94 12.41 200 50.64 15.85 200 48.62 29.97
200 49.94 12.71 200 50.64 15.50 200 48.62 30.20
200 49.94 12.26 200 50.64 17.07 200 48.62 29.74
600 162.50 37.76 600 163.60 48.32 200 48.62 29.74
600 162.50 37.76 600 163.60 53.27 600 158.50 91.46
600 162.50 36.50 600 163.60 53.27 600 158.50 88.90
1000 261.10 48.08 1000 266.20 69.11 600 158.50 87.63
1000 261.10 51.20 1000 266.20 68.18 - 1000 256.60 129.81
1000 261.10 51.20 1000 266.20 68.18 1000 256.60 128.57

1000 261.10 51.20 1000 256.60 127.34
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"~ Table 15.

Data Collected by the Scott Method for Measuring the Extra Column Peak Variances.
Pressure - psi, PMFLOW - flow rate,

Volume - 0.5 pl.

LENGTH OF
PRESSURE

100
100
100
200
200
200
200
600
600
600
1000
1000
1000

TUBING, MM=740
MFLOW ~

16.
16.
16.
40.
40.
40.
40.
138.
138.
138.
227.
227.
227.

68
68
68
39
39
39
39
73
73
73
53
53
53

Tubing was Directly Connected to the Injector.
p1/min; MVAR - peak variance, pl¢.

NN WWww

17

17
23

22

MVAR

.29
.29
.34
.41
.17
.26
.35
.52
.78
.03
.84
25.

27

.90

LENGTH OF TUBING, MM=1384

PRESSURE

100
100
100
200
200
200
600
600
600
1000
1000
1000
1000
1000

MFLOW

17.
17.
17.
40.
40.
40.
137.
137.
137.
223.
.00
223.
.00
.00

223

223
223

12
12
12
20
20
20
87
87
87
00

00

MVAR

5.

S.

5.
10.
10.
10.
30.
29.
30.
.99
42.
.74
42.
42.

43

42

22
02
15
53
53
42
0o
68
32

13

13
13

LENGTH OF

PRESSURE

100
100
100
200
200
200
600
600
600
1000
1000
1000
1000

MFLOW

16.
16.
l6.

39
39
39

227
227

34
34
34

.07
.07
.07
136.
136.
136.
227.
227.

91
91
91
90
90

.90
.90

Detector Cell

TUBING, MM=3805

MVAR

10.
.38
10.
.50
.86
.54
70.
70.

10
23

22
22

68
111

113

29

38

17
17

.24
.41
115.
116.
.46

53
58

26
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