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LC TROUBLESHOOTING

Gradient Elution, Part lV:
Dwell-Volume Problems

his is the fourth instal lment in

a series of "LC toubleshoot-

ing" columns about gradient

elution in liquid chromatography
(LC). Before we started this series,

we considered some techniques for

using a gradient scouting run to speed

the init ial  investigations in method

development or to quickly obtain a

separation under generic conditions
(l).  This series of column instal l-

ments started with a discussion about

how we could transfer our intuitive

understanding of isocratic separations

to gradients (2), and followed this

with a way to compare isocratic and

gradient methods under "equivalent"

conditions (3). Last month (4), we

considered some unexpected results,

or surprises, that might occur i f  we

inadvertently make changes in one

gradient variable without making

compensating changes in another.

This month, we' l l  begin looking at

some very practical problems related

to gradient operation with a discus-

sion of how the gradient dwell volume

can impact the results.

What ls Dwell Volume?
There are two general designs of LC

gradient systems, as illustrated in Fig-

ure 1. High-pressure-mixing systems

(Figure 1a) generally comprise two

pumps, with mobile-phase blending

taking place after the pumps (in the

high-pressure region). Such systems

usually are limited to two solvents,

although switching valves may be

included that allow you to switch

from one solvent to another. The

other design uses low-pressure mixing

(Figure lb), in which two to four sol-

vents are blended before they reach a

single pump (mixing on the low-pres-

sure side of the pump). The design of

both system types results in a measur-

able volume between the point the

solvents are mixed and the inlet to the

column - this is the dwell volume,

sometimes called the gradient delay

volume. From a practical standpoint,

the dwell volume is made up of two

parts. The first is the physical volume

of the various components, including

the mixer, any connecting tubing, and

usually the injection loop volume.

The second is the wash-out volume,

which adds to the physical volume

the hydraulic characteristics of the

various components, especially the

mixer, to increase the effective dwell

volume of the system. 
'\7e'll 

just refer

to the combined dwell volume here,

although we'll touch on the wash-out

volume briefly later.

The Consequences of
Dwell-Volume Differences
One of the biggest complaints about

gradient methods is that they are

hard to transfer, whether it is trying

to reproduce a published method,

transferring a method between labo-

ratories, or even moving a method

from one instrument to another in

the same laboratory. Often the prob-

lem can be traced to differences in

dwell volume between the various

LC systems. This is illustrated in the

simulated chromatograms of Figure 2.

In each case, the same reversed-phase

gradient method is run. This com-

prises a l0-40o/o B gradient (where

the B-solvent is the organic solvent)

in 15 min, using a 100 mm X 4.6 mm

column run at I  ml/min. 'We'l l  con-

sider the run of Figure 2a as the
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Figure 1: Schematics of (a) high-pressure-mixing and (b) low-pressure-mixing LC
sys tems,  h igh l igh t ing  d i f fe rences  in  dwe l l  vo lume.

Figure 2: The practical effect of differences in dwell volume for a'l0-40o/o B gradient
run over 15 min at 1 mL/min on a 100 mm x 4.6 mm column. Simulated chromato-
grams for systems with (a) 1-mL and (b) 3-mL dwell  volumes; an overlay of the effec-
t ive gradient is shown with each chromatogram.

reference case, where the LC system peaks are all separated to baseline

has a dwell volume of I mL. The with a separation time of approxi-
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mately 10 min. When the method

is transferred to another LC system

with a dwell volume of 3 mL, the

chromatogram of Figure 2b results.

You can see that all the peaks are

shifted to longer retention times and

the separation of the first two peaks

suffers. This occurs even though the

same gradient conditions are set in

the controller.

The practical difference between

the two methods is highlighted in

the gradient overlay above each chro-

matogram. Although the program

is set for lo-40o/o B.in 15 min, the

actual gradient that is delivered is

not the same in both cases. In the

first case (Figure 2a), the l-ml dwell

volume results in a l-min delay from

the time the gradient program starts

until the gradient reaches the head

of the column. In other words, the

injection takes place I min before the

gradient arrives at the column. This

means that the sample experiences

an isocratic hold for 1 min under the

starting conditions. In an analogous

manner, the 3-mL dwell volume of

the second system (Figure 2b) adds a

3-min isocratic hold at the beginning

of the gradient.

The result of the differences in

dwell volume is a shifting of retention

times in the chromatogram. Recall

from an earlier "LC Troubleshoot-

ing" discussion (4) our oversimpli-

fied description of gradient elution:

A compound sits at the top of the

column until a strong enough solvent

comes along to wash it off, then it

travels through the column at the

same rate as all other sample compo-

nents. If this is true, we would expect

the two chromatograms to be offset

by the differences in dwell time, ro.

(The dwell time is just the dwell vol-

ume, Zo, divided by the flow rate, F:

to = VplF.) In the current case, the

l-ml dwell volume system has a dwell

t ime of ro = 1 ml/ l  ml/min = 1 min,

whereas the 3-mL system has ro = l

ml-/l ml/min = 3 min. The differ-

ence in dwell times is 2 min, so we

would expect a 2-min offset between

chromatograms if  our assumptions are

true. This is what is seen for the later

peaks in the two runs, as highl ighted

by the arrows comparing retention

1-mL dwel l
100 mm x 4.5 mm column
1040o/o B in 15 min
1 mUmin

1 2 1 4

3-mL dwel l
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Figure 3: lllustration of howto measure system dwellvolume. See
text for details.

times between Figures 2a and 2b. However, it is a bit naive

to assume that the sample components are totally unaf-

fected by the init ial  condit ions. This is highl ighted by the

shift in peak spacing (selectivity) for the first two peaks,

in addition to the approximately 2-min offset. So the first

two peaks of Figure 2a experience a 1-min isocratic hold at

l0% B and then approximately 2 min of the gradient. In

contrast, the first two peaks of Figure 2b are subjected to

a 3-min isocratic hold before the gradient starts. This dif-
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Figure 4: Contributions of dwell volume and wash-out volume to
efiective dwell volume: (a) comparison of dwell volume measured
on a UHPLC and conventional LC system, adapted from reference
5; (b) comparison of same high-pressure-mixing system with two
different mixers. See text for details.

ference accounts for the change in selectivity that we see

for the first two peaks in each run. So the primary influ-

ence of dwell-volume differences is an offset in retention

time, with a secondary inf luence of potential changes in

selectivity. It is easy to see how such differences can make

it hard to transfer gradient methods between systems with

different dwell volumes.

How to Measure Dwell  Volume

It is important to know the dwell  volume of each LC

system so that we can avoid problems by compensating

for dif ferences in dwell  volume when gradient methods

are transferred. This measurement is i l lustrated in Figure

3. The setup is quite simple: Remove the column and

replace i t  with a piece of capi l lary tubing. A good choice

is  to  use  approx imate ly  1  m o f  0 .125-mm (0 .005- in ' )  i .d '

tubing, which provides enough back pressure to ensure

that the pump check valves wil l  work properly. Replace

the A-solvent with HPLC-grade water and the B-solvent

with HPLC-grade water spiked with 0.1% acetone . lJse

a UV detector set at 265 nm. Choose condit ions that are

typical of what you run in the laboratory. For examPle,

with conventional LC systems that run 10-30 min gra-

dients at 1-2 ml/min, a 20-min gradient at 2 mLlmin
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is a good choice. For a system dedi-
cated to liquid chromatography-mass
spectromerry (LC-MS) or ultrahigh-
pressure liquid chromatography
(UHPLC), a 5-min gradient at
0.5 ml/min may be more typical.  In
al l  cases, use a gradient of 0-1000/o
B. Most of us use the autosampler
in a mode that leaves the injection
loop in the flow srream during the
gradient, so leave the injector in the
"inject" posit ion for this test i f  rhis is
your practice. 

'Sfhen 
the gradient is

run, you should see a baseline trace
that looks similar to that of Figure 3,
rising from 0% B to l00o/o B over the
selected gradient time.

The dwell volume can be deter-
mined in one of rwo ways illustrated
in Figure 3. You can print rhe chro-
matogram, then draw a best-fit line
through the rising baseline, as shown
by the dashed l ine. In a similar
manner, extend the initial baseline
until ii intersecrs the diagonal. This
intersection should correspond to the
dwell time, ro. Alternatively, perform
the measurement on the computer
monitor. Determine the difference
in signal (offset) between the initial
(0% B) and final (100o/o B) baselines;
divide this by two to find the signal
correspondingto 50o/o B and locate
this point on rhe curve. Find the cor-
responding "rerention" time, t*; this
should occur halfway through the
gradient, so subtracr half this value
(t*12) and the remaining "retention"

time will be equal ro tD. For example,
i f  a 0-100% B gradient in run in
20 min at 2 mLlmin, the midpoint
should be reached at l0 min into the
gradient. If the midpoint of the gradi-
ent is measured as 11.2 min, then to
= l l .2 - 2012 = 1.2 min. Convert this
to the dwell volume, Vo = 1.2 min X
2 mLlmin = 2.4 mL.

As mentioned in the introduc-
tion, the dwell volume as well as the
wash-out characteristics of a given
LC system can influence the resulting
chromatogram. These differences are
illustrated in Figure 4a, where mea-
surements similar to those of Figure

3 are compared for a conventional
LC system and a UHPLC system. In
this case, rather than a sloping gradi-
ent, a vertical step from 0 to 100% B

was used. You can see that the offset
between the UHPLC and LC curves
is different at the beginning of the
step and the end of the step. The
authors (5) argue that the beginning
difference corresponds to the dwell
volume and the additional offset at
the end represents the mixer wash-out
characterist ics. Thus, the wash-in and
wash-out curvature is differenr in this
case.'S?'hich measurement represents
the proper dwell volume you should
use when transferring a method? The
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choice is somewhat arbitrary, and I
think that the midpoint technique
used in Figure 3 is probably as good
as any, unless complicated conversion
procedures are used, The illustration
of Figure 4b shows that dwell differ-
ences also can occur when a single
system is reconfigured. Each trace
represents two consecutive gradient
steps in a stair-step gradient program.
The same high-pressure-mixing LC
system was used in each case. The
upper trace represenrs the performance
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of the conventional LC system using

the factory-installed mixer, generat-

ing a dwell volume measured as 2.2

mL. \7e modified the system for

use with LC-MS by removing the

original mixer and replacing it with

an after-market mixer that reduced

the dwell volume to 0.5 mL, with the

resulting trace at the bottom of Fig-

ure 4b (the difference in line widths

is'an artifact ofscaling to overlay the

two traces). As with the two examples

ofFigure 4a, we see that both traces

show a more rapid wash-in than

wash-out and that the smaller-dwell-

volume system responds much more

quickly to changes in mobile-phase

composit ion.

Compensating for

Dwell-Volume Differences
'We've 

seen how differences in dwell

volume can result in differences in

the appearance of gradient chromato-

grams and how to measure the dwell

volume. Next, let's consider how to

compensate for differences in dwell

volume, using the example of Figure
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2. Switching from a larger-dwell to a

smaller-dwell system is very simple.

Just add a gradient delay (isocratic

hold) corresponding to the desired

additional offset. For the transfer

of the method of Figure 2b to the

system of Figure 2a, it would mean

adding 2 min of isocratic hold to the

beginning of the program. Now the

program of l0ll0l50o/o B at 012117

min should give the same chromato-

gram as in Figure 2b with the system

of Figure 2a. Of course, you could

add 2 mL of volume to the system

by adding a mixing coil or other

modification, but this is much less

convenient than adding a hold. (And

it can be shown experimentally that

rhere are slightly different results

when adding an isocratic hold or a

mixing coi l ,  but these are minor in

most cases.)

Transferring a gradient method

from a low-dwell system to a larger-

dwell system is not as simple. There

are several options. First, if you are

developing a new method and know

that it will be used on a larger-dwell

system, use the same technique men-

tioned above by adding an isocratic

hold to the gradient program that

corresponds to the additional dwell

volume likely to be encountered.

Then when the method is set up on

a new system, the isocratic hold time

(volume) can be adjusted so that the

combination of the isocratic hold and

the dwell volume remain unchanged

between the two systems. A second

technique to compensate for dwell-

volume differences may or may not

be available on your LC system.

Many of the newer LC systems allow

you to program the autosampler to

inject after the gradient starts. For

the present example of Figure 2b' you

would program the system to inject

2 min after the gradient program is

started. This would mean that the

injection would take place at the

same point in the gradient as it did

in Figure 2a. A third technique to

overcome dwell-volume differences

is to over-engineer the initial separa-

tion sp that a dwell-volume change

is unlikely to cause problems. In the

pfesenr case, the method of Figure

2a might be developed so that the
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first two peaks had enough excess
resolut ion that some loss of resolu,
tion when the method is transferred
will not make any difference in rhe
analyt ical results. Remember that the
early peaks in the chromatogram are
the ones that will be most affected
by dwell differences; later peaks usu-
ally are offset in time, but resolution
changes are less likely. Some addi-
t ional, more complex techniques are
described in the l i terature (6), such as
changing the start ing o/oB.

Summary
Ve have seen that dif ferences in sys-
tem dwell  volume can account for
much of the difficulty encountered
when transferring a gradient LC
method from one sysrem to another.
A technique to measure the dwell vol-
ume of an LC system was presented.
This procedure should be performed
at least once on every gradient LC
system so that you know its dwell vol-
ume. Several oprions were presented
to compensate for dwell volume dif-
ferences when transferring gradient
methods. Because the dwell volume
can be so important in gradient meth-
ods and their transfer, it should be
obvious that you should list the dwell
volume of the LC system as part of
the method description. This will
give the next user knowledge to aid in
adjusting the method ro get rhe same
results on a different LC system.

Next  month ,  we ' l l  con t inue our
series on gradients with a look at
other common gradient elution prob-
lems.
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