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hen you are developing a

new liquid chromatography
(LC) method, speed often

is of primary interest - both speed in

development and speed in terms of run

time for the final merhod.'With the

expanding interest in quality by design
(l), we would like to know how differ-

ent variables affect a separation - both

to ensure that a method is robust and

to provide information for method

adjustment when necessary. Gradient

elution often is a first choice for method

development experiments because the

run times are defined and gradient data

can be converted to isocratic conditions

with the help of software programs such

as Drylab (Molnar Institute, Berlin,

Germany).

Because speed is of inrerest. i t  is

good to know just how fast we can

make gradient runs and still have
"good" chromatography. After all, we

don't want to just blast the sample

through the column with no chance of

separation. Fortunately, there is a well

developed theoretical basis for gradient

elution (2) that allows us to make pre-

dictions of conditions that will satisfy

our goals.

Selecting a Gradient Time

Before we look at gradients, let's con-

sider isocratic separations, in which

the organic solvent (%B) in a reversed-

phase mobile phase is at constant

concentration. For isocratic conditions.

an ideal separation wil l  have re tention

factors, k, for alI analytes in which 2

< h < 10, but it is sometimes hard to

fit all peaks within this range, so we

settle for | < h < 20 for acceptable

chromatographic behavior. For ,4 < l,

there is a risk of interferences from

www. ch r gm ato g ra p hyo n I i n e. co m

' ' ,  i

unretained material from the sample

matrix and retention is very sensitive

to small changes in o/oB. For h > 20,

peaks become broad, and thus harder

to detect, and the run time gets incon-

veniently long.

\fith gradient separations, the *-value

changes as the sample travels through

the column. At the beginning of the

separation, the %B is low and ,€ is large;

as the peak moves along the column,

the %B rises and I drops. Thus, I in

the isocratic context is a moving target

during a gradient run. For this reason,

we use ** to r€present a single number

in gradients; this can be thought ofas

an average h-value. For gradients, [* is

approximately the same for all peaks in

the chromatogram and can be estimated

as follows:

k*o
G^n

(AoloB Znn S)

where /" is the gradient time (in min-

utes), -Fis the flow rate (ml-/min),

A%B is the gradient range (5-95o/o =

0.9), Vw is the column volume (mL),

and S is the slope of a plot of isocratic

log I vs. 7oB. S can be estimated as

follows:

S - 0.25 MVror I2l

where M'W'is the molecular weight. A

value of S = 5 will be used in the pres-

ent discussion, representing a typical

value for compounds of MV < 1000

Da. Because S-values are approximately
(but not exactl, the same for a sample

mixture, P*-values (equation l) also

will be approximately the same for all

peaks in a run under the same gradi-

ent conditions. Like isocratic runs.

tll
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Figure 1: Gradient distortion comparing 3o/olmin (top) and lLo/olmin (bottom) gradients.
Dashes: giadient program; solid line: actual gradient. Data are from reference 5.

it is desirable to have 2 < h* < l0 for
gradients. Ifa pair ofgradient runs is
desired for use with predictive calcula-
tions, such as with Drylab, **-values
differing by 2-3-fold are recommended
(for example, runs with h* = 3 and 6).
For fast runs with "good" chromarog-
raphy, the topic of this discussion, we'll
use h* = 2.

'We 
can rearrange equation I to esti-

mate the.gradient time required for vari-
ous chromatographic conditions:

(h* S V.Lo/oB)
rc -----f- t3l

An Example
Let's look at an example using equation

3 for a separation using a 150 mm X

4.6 mm,5-pm particle diameter (/o),

column run at 2 ml/min (F = 2) a;d

a gradient range of 5-100o/oB (AoloB
= 0.95).An estimate of the column

volume is:

v u : 5 x l o ' 4 L d . 2  l 4 l

where Z is the column length and /"

is the column diameter, 150 mm and

4.6 mm here. (This assumes a total

column porosity of :650/o.) So l/no o

1.6 mL for the present example. For

h* = 2. we can calculate:

tc: Q X 5 X 1.6 x 0.95)12 * 7.5 min

You can find this summarized in the

first line of Table I. (Note that in this

calculation and all those in Table I, Ive
rounded the numbers, so ifyou repeat

these calculations, your results may

vary slightly.)

It might also be interesting to esti-

mate the pressure, 4 under these condi-

tions.'We can do this (in psi) with

p : (2500 Ln fl
t)l

(equation 2.l3ain reference 3) where 11

is the mobile phase viscosity in cP. For

gradients, we need to use the highest vis-

cosity during the run. For acetonitrile as

the B-solvent and 30'C, 11 = 0.9 (Table

I.5 of reference 3). This gives a maximum

pressure of * 1275 psi; in my experi-

ence, this calculation is a bit low for real

columns, so I ve multiplied values from

equation 5 by 1.5 for Table I to give a

better feel ofthe pressure that is likely to

be observed.

Some Other Column

Configurations
I've made similar calculations as above

and summarized these in Table I for

several other popular column configu-
rations. The columns all have approxi-
mately the same number of theoretical
plates, ,A/ - 10,000 (+107o) under
realistic conditions, so rhey should give

the same separations in all cases; the

exception is the 50 mm X 2.1 1nm,
3-pm column with N: 5000. The

flow rates were chosen to give pressures

af - 2000-3000 psi (135-205 bar)
for conventional LC equipment and
10,000-15,000 psi (680-1020 bar) for

ultrahigh-pressure liquid chromatogra-

phy (UHPLC), which represent "typi-

cal" method conditions.

You can see in Table I that for con-

ventional methods using 100-150 mm
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columns with 3- or 5-Fm part icles,

gradient times of 7-8 min are used for

h = 2. For a second calibration run

for retention modeling software, use

a run threefold longer (20-25 min).

For the 50 mm X 2.1 mm, 3-pm col-

umn popular for LC-mass spectrom-

etry (MS), a gradient of o 2 min is

required.

Under UHPLC conditions with a

2-pm column (last two rows in Table

I), run times of just under 2 min are

required. For comparison, I've included

a2.5-pm shell-type column (third line

from the bottom ofTable I); these col-

umns have pressures reflected by the

particle size, but performance more like

a2-y.m particle. In the configuration

chosen, gradient times are about the

same as UHPLC columns, but with a

somewhat lower pressure.

So far so good. It looks like we can

get "good" chromatography with runs

of 7-8 min on conventional LC equip-

ment and in 2 min for UHPLC condi-

tions. These are fast enough to give us

the ability to screen many possible vari-

ables in a reasonable amount of time.
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However, there are a couple additional

factors that we'll consider nexr.

Gradient Delay

One factor to take into account with fast

gradients is the gradient delay. This is

determined by the dwell volume, 7o, of

the system, which comprises the mixer,

connecting tubing, sample loop, and for

Iow-pressure mixing systems, the pump

head volume. The dwell volume should

be measured for each LC instrumentl

directions for this were given in a previ-

ous "LC Troubleshooting" installment
(4). Typical dwell volumes for conven-

tional high-pressure mixing LC systems

are in the 1.5-3.0 mL range; their low-

pressure mixing counterparts generally

are slightly larger, with 2.5-4.0 mL dwell

volumes. High-pressure mixing systems

that have been tuned up for LC-MS

work and UHPLC systems typically have

dwell volumes of 0.3'0.5 mL, whereas

Iow-pressure mixing UHPLC systems

have 1.0-1.5 mL.

The practical impact of the dwell

volume on the run time is that it

extends the run because the dwell time,

ro - the time it takes for the gradient

to reach the column after it is started
- is added to the gradient time. This

is shown in the third column from

the right of Table L I've assumed a

2.}-mL dwell volume for conventional

LC systems (first three rows) and 0.4

mL for the LC-MS and UHPLC con-

figurations. Note that for the 4.6-mm

columns and 1,5-2 ml/min flow rates
(first two lines of Table I), the added

time is l5-20o/o, but if a 100 mm X

2.1 mm column is used, the total run

time is nearly doubled by the gradient

delay. \7ith the 2.l-mm i.d. columns

used for LC-MS or UHPLC, the delay

can be substa ntiaI, 25 - 40o/o additional

t ime for the run. For some instru-

ments, it may be possible to delay the

injection until the gradient reaches the

column, but the dwell time must be

paid for sometime - in such cases,

it is moved from within the run to

between consecutive runs. Addition-

ally, the dwell volume must be thor-

oughly flushed out when changing the

mobile phase from one condition to

another during method development.

It is clear that it is desirable to mini-

mize the dwell volume to maximize
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throughpur with gradients. In some
cases it may be possible to reduce rhe
dwell volume by changing sysrem
plumbing, but there is a minimum
dwell volume that is characteristic of
each LC system.

Gradient Distortion
Another porential problem related to the
dwell.,volume is gradient distortion. This
is illustrated in Figure l. In each case, the
gradient program is shown with a dashed
Iine and the solid line shows the actual
gradient generated by the LC system. In
the top case, rhe gradient is ramped at
3o/olmin and in the lower run, l4o/olmin.
You can see that in one case, the actual
gradient closely follows the intended one,
whereas in the steep gradient, there is
considerable distorcion in the actual gra-
dient. Clearly the lower case is undesir-
able. Such gradients are very instrument-
dependent and will be hard to uansfer.
Based on these data (5), it was concluded
that as long as rhe gradient volume is at
least twice as large as the dwell volume,
gradient distortion should be minimal.
The upper plot has a gradient volume
twice the dwell volume, whereas the ratio
for the lower one is only 0.3.

The next-to-lasr column in Table I
shows che gradient volume, V6 G t6
X F), for each gradient condition. The
maximum recommended dwell volume
(half the gradient volume) is shown
in the far right column of Table I.'We
can conclude that gradient distortion
is not likely to be a big problem with
conventional LC equipment used with
4.6-mm i.d. columns or with LC-MS
or UHPLC equipment used with 2.1-
mm i.d. columns. In either case, how-
ever, when smaller diameter columns
are used, gradient distortion is a factor
that should not be ignored. In any case,
it is wise to check ro be sure that your
LC system will generate a distortion-free
gradient under the fastest desired gradi-
ent conditions. This can be done in the
same manner as the dwell volume mea-
surement discussed above (4), but using
the desired gradienr conditions.

Conclusions
Fast gradients can be generated reli-
ably with conventional, LC-MS, and
UHPLC-type LC equipment if certain
precautions are taken. Fast gradients

allow for rapid screening and optimiza-
tion of several variables during method
development and the creation of short
run times for routine analysis. It is
important to know the dwell volume of
each gradient system so that gradient
delay can be taken into account. Also a
check should be made that gradient dis-
tortion is not observed, or the transfer
of such gradients may be problematic.
It should be obvious that longer, larger-
volume gradients will be less subject to
distortion, so only the shortest gradi-
ents anticipated need to be checked for
potential distortion problems.
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