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Abstract

The increased availability of sub-2-micron (STM)
columns and increased demand for methods friendly to
mass spectrometers has led to strong trend toward con-
version of existing HPLC methods to smaller diameter and
smaller particle size columns. While the conversion is a
simple mathematical exercise requiring the scaling flow
rates, gradient times and injection volumes, many users
observe less than perfect results. Here we look closely at
the problem and propose calculations that improve the
speed and/or resolution in a more predictable and
beneficial way.

Introduction

Methods developed on older columns packed with
large 5- or 10-um particles are often good candi-
dates for modernization by replacing these
columns with smaller dimension columns packed
with smaller particle sizes. The potential benefits
include reduced analysis time and solvent con-
sumption, improved sensitivity and greater compat-
ibility with mass spectrometer ionization sources.

Simplistically, a column of 250-mm length and con-
taining 5-um particles can be replaced by a 150-mm
length column packed with 3-um particles. If the
ratio of length to particle size is equal, the two
columns are considered to have equal resolving
power. Solvent consumption is reduced by L1/L2,
here about 1.6-fold reduction in solvent usage per
analysis. If an equal mass of analyte can then be
successfully injected, the sensitivity should also
increase by 1.6-fold due to reduced dilution of the
peak as it travels through a smaller column of
equal efficiency.

LC/MS (Liquid Chromatography/Mass Spectrome-
try) ionization sources, especially the electrospray
ionization mode, have demonstrated greater sensi-
tivity at lower flow rates than typically used in
normal LC/UV (UltraViolet UV/VIS optical detec-
tion) methods, so it may also be advantageous to
reduce the internal diameter of a column to allow
timely analysis at lower flow rates. The relation-
ship of flow rate between different column
diameters is shown in Equation 1.
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The combined effect of reduced length and diame-
ter contributes to a reduction in solvent consump-
tion and, again assuming the same analyte mass
can be injected on the smaller column, a propor-
tional increase in peak response. We normally
scale the injection mass to the size of the column,

Agilent Technologies



though, and a proportional injection volume would
be calculated from the ratio of the void volumes of
the two columns, multiplied by the injection
volume on the original column.
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For isocratic separations, the above conditions will
normally result in a successful conversion of the
method with little or no change in overall resolu-
tion. If one wishes to improve the outcome of the
method conversion, though, there are several other
parameters that should be considered. The first of
these parameters is the column efficiency relative
to flow rate, or more correctly efficiency to linear
velocity, as commonly defined by van Deemter [1]
and others, and the second is the often overlooked
effect of extracolumn dispersion on the observed
or empirical efficiency of the column.

Van Deemter observed and mathematically
expressed the relationship of column efficiency to
a variety of parameters, but we are most interested
here in his observations that there is an optimum
linear velocity for any given particle size, in a well-
packed HPLC column, and that the optimum linear
velocity increases as the particle size decreases.
Graphically, this is often represented in van
Deemter plots as shown in Figure 1, a modified
version of the original plot [2].

In Figure 1 we observe that the linear velocity at
which 5-um materials are most efficient, under the
conditions used by the authors, is about 1 mm/sec.
For 3.5-um materials the optimum linear velocity
is about 1.7 mm/sec and has a less distinct opti-

mum value, suggesting that 3.5-um materials would
give a more consistent column efficiency over a
wider flow range. For the 1.8-um materials, the
minimum plate height, or maximum efficiency, is a
broad range beginning at about 2 mm/sec and con-
tinuing past the range of the presented data. The
practical application of this information is that a
reduction in particle size, as discussed earlier, can
often be further optimized by increasing the linear
velocity which results in a further reduction in
analysis time. This increase in elution speed will
decrease absolute peak width and may require the
user to increase data acquisition rates and reduce
signal filtering parameters to ensure that the chro-
matographic separation is accurately recorded in
the acquisition data file.

The second important consideration is the often
overlooked effect of extracolumn dispersion on the
observed or empirical efficiency of the column. As
column volume is reduced, peak elution volumes
are proportionately reduced. If smaller particle
sizes are also employed there is a further reduc-
tion in the expected peak volume. The liquid chro-
matograph, and particularly the areas where the
analytes will traverse, is a collection of various
connecting capillaries and fittings which will cause
a measurable amount of bandspreading. From the
injector to the detector flow cell, the cumulative
dispersion that occurs degrades the column perfor-
mance and results in observed efficiencies that can
be far below the values that would be estimated by
purely theoretical means. It is fairly typical to see
a measured dispersion of 20 to 100 uL in an HPLC
system. This has a disproportionate effect on the
smallest columns and smallest particle sizes, both
of which are expected to yield the smallest
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Figure 1.  van Deemter plot with various flow rates and particle sizes.



possible peak volumes. Care must be taken by the
user to minimize the extracolumn volume and to
reduce, where practical, the number of connecting
fittings and the volume of injection valves and
detector flow cells.

For gradient elution separations, where the mobile
phase composition increases through the initial
part of the analysis until the analytes of interest
have been eluted from the column, successful
method conversion to smaller columns requires
that the gradient slope be preserved. While many
publications have referred to gradient slope in
terms of % change per minute, it is more useful to
express it as % change per column volume. In this
way, the change in column volume during method
conversion can be used to accurately render the
new gradient condition. If we think of each line of
a gradient table as a segment, we can express the
gradient by the following equation:

) (End% — Start%)
% Gradient slope= | ———— | (eq.3)
#Column volumes

Note that the use of % change per column volume
rather than % change per minute frees the user to
control gradient slope by altering gradient time
and/or gradient flow rate. A large value for gradi-
ent slope yields very fast gradients with minimal
resolution, while lower gradient slopes produce
higher resolution at the expense of increased sol-
vent consumption and somewhat reduced sensitiv-
ity. Longer analysis time may also result unless the
gradient slope is reduced by increasing the flow
rate, within acceptable operating pressure ranges,
rather than by increasing the gradient time.

Resolution increases with shallow gradients
because the effective capacity factor, k*, is
increased. Much like in isocratic separations,
where the capacity term is called k', a higher value
directly increases resolution. The effect is quite
dramatic up to a k value of about 5 to 10, after
which little improvement is observed. In the subse-
quent examples, we will see the results associated
with the calculations discussed above.

Experimental Conditions

System

Agilent 1200 Series Rapid Resolution LC consisting of:

G1379B micro degasser

G1312B binary pump SL

G1367C autosampler SL, with thermostatic temperature control
(G1316B Thermostatted column compartment SL

G1315C UV/VIS diode array detector SL, flow cell as indicated in
individual chromatograms

ChemStation 32-bit version B.02.01

Columns

Agilent ZORBAX SB-C18, 4.6 mm x 250 mm, 5 pm
Agilent ZORBAX SB-C18, 3.0 mm x 150 mm, 3.5 um
Mobile phase conditions

Acetonitrile
25 mm phosphoric acid in Milli-Q water

Organic solvent:
Aqueous solvent:

Gradient Conditions

Gradient slope: 7.8% or 2.3% per column volume, as
indicated. See individual chromatograms for

flow rate and time

Sample

Standard mixture of chlorinated phenoxy acid herbicides,
100 pg/mL in methanol

Results

The separation was initially performed on a stan-
dard 4.6 x 250 mm, 5-um ZORBAX SB-C18 column
thermostatted to 25 °C (Figure 2) using conditions
referenced in US EPA Method 555. The method
was then scaled in flow and time for exact transla-
tion to a 3.0 x 150 mm, 3.5-um column (Figure 3).
Solvent consumption is reduced from 60 mL to
15.5 mL per analysis.

The separation was then re-optimized for faster
separation with the identical slope, 7.8%, by
increasing the flow rate from 0.43 to 1.42 mL/min,
and proportionately reducing the gradient time
(Figure 4). Finally, increased resolution is demon-
strated by keeping the original times used in
Figure 3 with the increased flow rate (Figure 5).
This yields a gradient with identical time but a
reduced slope of 2.3%. The increased resolution of
peaks 4 and 5 is readily apparent.

The conditions in Figure 4, 7.8% slope at increased
linear velocity on 3.0 x 150 mm, 3.5-um material,
yield a separation with comparable resolution to
the original 4.6 x 250 mm method, but with only a
12-minute total analysis time. This is excellent for
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Conditions
EPA Method 555 with ZORBAX SB-C18 columns and fast DAD detector
ZORBAX SB-C18 4.6 mm x 250 mm, 5 pm
Column temp: 25°C
Gradient: 10% to 90% ACN vs. 25 mM H;PO,
Gradient slope: 7.8% ACN/column volume
Analysis flow rate: 1 mL/min
Group A Compounds
Total analysis time: 60 min
Detection: UV 230 nm, 10-mm 13-pL flow cell, filter 2 seconds (default)
Figure 2.  Gradient separation of herbicides on 4.6 x 250 mm 5-pm ZORBAX SB-C18.
AU & - Conditions:
1 T g EPA Method 555 with ZORBAX SB-C18 columns and fast DAD detector
8001 ZORBAX SB-C18 3.0 mm x 150 mm, 3.5 um
] Column temp: 25°C
7005 Gradient: 25 mm H;P0,/ACN, 0% to 90% ACN in 18 minutes
] Gradient slope: 7.8% ACN/column volume
6005 Analysis flow rate: 0.43 mL/min
] Detection: UV 230 nm, 3-mm 2-pL flow cell, filter 0.2 seconds
5005 Total analysis time: 36 min.
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Figure 3.  Gradient separation of herbicides on 3.0 x 150 mm, 3.5-um ZORBAX SB-C18.



Conditions

mAU— < - EPA Method 555 with ZORBAX SB-C18 columns and fast DAD detector

i 2 S ZORBAX SB-C18, 3.0 mm x 150 mm, 3.5 pm
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] Column temp: 25°C

g Gradient: 25 mM H;P0O,/ACN, 10% to 90% ACN in 5.4 min.
400 Gradient slope: 7.8% ACN/column volume

] Analysis flow rate: 1.42 mL/min

1 Detection: UV 230 nm, 3-mm 2-pL flow cell, filter 0.2 seconds
300 Total analysis time: 12 min.
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Figure 4. High speed gradient separation of herbicides on 3.0 x 150 mm, 3.5-um ZORBAX SB-C18.

AU Conditions

1 % EPA Method 555 with ZORBAX SB-C18 columns and fast DAD detector
400 ZORBAX SB-C18, 3.0 mm x 150 mm, 3.5 pm

1 8 Temp: 25°C
3501 <~ Gradient: 25 mM H;PO,/ACN, 10% to 90% ACN in 18 min.

1 Gradient slope: 2.3% ACN/column volume
300-] Analysis flow rate: 1.42 mL/min

] Detection: UV 230 nm, 3-mm 2-uL flow cell, filter 0.2 seconds
250j Total analysis time: 36 min.
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Figure 5. Reduced slope gradient separation of herbicides on 3.0 x 150 mm, 3.5-um ZORBAX SB-C18.



high throughput screening and quantitation of a
large number of samples. Figure 5, with the gradi-
ent slope reduced to 2.3%, results in a high-resolu-
tion separation with a calculated R value of 3.3 vs.
the standard 3.0 x 150 mm separation value of 1.9,
for the critical pair seen in Figure 5 at 7.5 to 8
minutes.

In Table 1 the column has been replaced with a
low dead volume connecting union in a system
fitted with 0.12-mm id capillary tubing at all points
of sample contact. A 1-uL injection of dilute actone

Table 1. Volumetric Measurements of Various Flow Cells
Elution Half height 5 Sigma

Flow cell volume (L) width (uL) width (uL)

New SL 11 5 12

2 UL 3 mm

Micro 14 6 18

6 mm 1.7 uL

(n=2)

Semi-micro 13 6.5 185

6 mm5 L

(n=2)

Standard 26 11 26

10 mm 13 pL

New SL 27 11 25

10 mm 13 pL

is made to determine the bandspreading contribu-
tion of the system, with various flow cells. Multiple
flow cells were tested, and the average result
reported, where possible. The elution volume sum-
marizes the total volume of all tubing in the
system. While the absolute volume from the 2-uL
to the 13-uL flow cells is 11 uL, we observe an
increase of 15 to 16 uL because of the larger diam-
eter inlet tubing integral to the larger volume flow
cells.
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Conclusion

Careful analysis of the existing gradient condi-
tions, coupled with an awareness of the need to
accurately calculate new flow and gradient condi-
tions can lead to an easy and reliable conversion of
existing methods to new faster or higher resolution
conditions. In addition, awareness of extracolumn
dispersion, especially with small and high resolu-
tion columns, will ensure good column efficiency
which is critical to a successful translation of the
method.
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