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Tioubleshooting

lonathan L Gilroy and
lohn W. Dolan

Just how good are your
gradients?
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Gradient Performance
Checks

radient elution is used widely
both in research and producrion
Iiquid chromatography (LC) sep-

arations. For routine analyses ofdrugs in
biological matrices, our laboratory prefers
to use gradient elution rather than isocratic
separations. A built-in cleaning step is part
of every gradient method that finishes at a
high percentage ofstrong solvent and gives
longer column life with "dirry' 

samples.
Modern equipment provides a precision
and accurary ofgradient control that was
not possible with previous generations of
equipment. However, even the best equip-
ment can malfunction occasiona-lly and
parts can fail, so it is wise to test the perfor-
mance of the gradient periodically to be
sure it meets your expectations. Of particu-
lar interest are gradient lineariry and accu-
rary. These parameters can affect gradient
reproducibiliry and are critical for smooth
transfer of gradient methods from one sys-
tem to another.

In our laboratory we perform a semian-
nual instrument performance check on
each LC system to ensure that it is working
properly and to identi$' any early warning
signs ofpending trouble. Although a sys-
tem-suitabiliry check is made before run-
ning any set of samples, it is possible for
the system suitabiliry to pass ifthe instru-
ment is reproducibie even though it might
not be accurare. Consider the simple case
of on-line blending of mobile phase for an
isocratic run. The percenr composition of
the mixture could be in error by a few per-
cent and still generate very reproducible
retention rimes so that the system-suitabil-
iry check passed. However. rhe accuracy
would still be in error. The same can hold
for a gradient that is reproducible, but not
accurate. This can be of minor concern for
a method that is run on a single instru-
ment, but if the same results are expected
on another instrument, accuracy is also
essential.

This montht "LC 
Tioubleshooting" will

take a case study format. tWe'll iook at a
couple oftests that we perform during our
semiannual instrument check and examine
errors that were discovered for one instru-
ment that uses low-pressure mixing. These
will illustrate the need for periodic perfor-
mance checks of LC instrumenrarion.

The Test

Our semiannual check includes measure-
ments of flow rate, pressure decay, retention
reproducibiliry and autosampler precision.
The core of the performance rest, however,
is a check of the system's abiliry to generare
accurate linear gradients. The test is quite
simple. HPLC-grade water is placed in the
A-solvent reservoir,  and warer containing
0.17o acetone is placed in the B reservoir.
The column is removed and replaced with
approximately I m of 0.005-in. i.d. tubing.
The detector wavelength is set to 265 nm,
and the fow rate to 1-2 ml/min ro creare
sufficient back pressure for reliable check
valve operation.

For high-pressure mixing systems, there
are just two tesrs. First, a series of 4-min
steps is run in 10% increments (0% B,
10% B, 20o/o B. .  .  100o/o B) plus an exrra
step at 45o/o B and 55o/o B. Second, a 1 5-
min linear gradient of 0-100% B is run.
For low-pressure mixing sysrems, an addi-
tional gradient proportioning-valve (GPV)
test is added. This tests all combinations of
the proportioning valves for accurate deliv-
ery. For example, with a four-solvent sys-
tem, the test would place inlet lines for A
and B in the water reservoir and C and D
in the water-acetone reservoir. A series of
2-min steps is run from 50:50 A-B to
90:10 A-C to 50:50 A-B to 90:10 A-D to
50:50 A-B to 90:10 B-C and so forth,
until all valve combinations have been run.
The 50:50 A-B (water only) serves as a
baseline, with rhe 90:10 mixtures generar-
ing steps containing t-IV-absorbing solvenr.
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Figure 1: GPV test results for the fai led test of
Test 2. Baseline is generated by 50:50 A-8, and
the  remain ing  p la teau va lues  are  90 : i0  A-C,
A-D, B-C, and B-D from left to riqht. See text
for detai ls.

GPV Results
\il/hen low-pressure mixing sysrems are
tested, it usually is easiest to run the pro-
portioning-valve tesr before the other gradi-
ent performance rests. The results of the
GPV test are shown graphically in Figure 1
and Table I, Test 2. Vsual examination of
Figure 1 shows that the first step (A-C) is
lower than the remaining steps, and the
second step (A-D) is higher. To pass the
test, the difference between the maximum
and minimum plateau heights must be less
than 5o/o ofthe average height. Thble I, Test
2 shows that the limit is exceeded. In our
experience, the 5o/o limit is liberal; passing
results generally arc { 1o/o.

\7hen a failed test is observed, trou-
bleshooting should be undertaken to iden-
tify and correct the roor cause. Three areas
are most likely to cause problems: general
pump performance, blockage of inlet line
frits, and proportioning-valve failure. Gen-
eral pump reliabilicy problems can be the
result of improper degassing of mobile
phase components, check-valve problems,
or pump seals. 

'We 
degassed the mobile

phase again using helium sparging. The
check valves were removed from the system
and sonicated in methanol, a technique
thar usually will remove particulate marter
that might cause check-valve leakage. The
pump seals had been replaced recently, so
this was not a likely failure point. The test
was rerun, and the results showed no signif-
icant improvement.

If an inlet line frit were blocked partially,
it could restrict the fow ofsolvent from the
mobiie phase reservoir to the proportioning
valves and result in poor proporrioning per-

formance. The easiest way to check the
inlet line valves is to remove the connection
at the proporrioning valve and observe if
solvent freely siphons through the tube
from the reservoir. tVe like to see at least
10 ml/min fowing by siphon action to
ensure thar adequate solvent is available at
the proportioning valves. There was no
indication of restriction in the test instru-
ment, so this was dismissed as a cause.

The remaining porenrial problem area
was the proportioning-valve assembly. Faii-
ure ofproport ioning valves can occur in
two major ways. The failure of a seal or
other mechanical failure will require valve
replacement. If, on the other hand, the fail-
ure is related to improper control of the
valve cycles, it might be possible ro correcr
the problem. The part icular insrrument

used in the current discussion has a calibra-
tion routine that can be run to aid in cor-
rection of errors in valve timing. We ran
the calibration routine and obtained the
results shown in Table I, Test 3. The per-
formance definitely improved, but it did
not pass the < 5% acceptance criteria. An
additional four calibrations were Der-
formed. and the resulr ing changes *ere
inconsistent. In no case did the GPV test
pass after recalibrating the valves.

The data showed us rhat part of the ini-
tial proportioning-valve performance prob-
lem was due to calibration because a dra-
matic improvement was shown after the
first recalibration. However, the inabiliry of
the calibration routine to further imorove
performance indicared thar the ,emaining
problem was nor related to control or cali-
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Figure 2: Plot of step test using faulty proport ioning valves; condit ions of Test 2.
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Figure 3: Plot of l inear gradient with faulty proport ioning valves; condit ions of Test 2. Arrows
indicate deviat ions from l inear behavior
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Figure 4: Step test similar to Figure 2, but for
1% steps between 45% and 55% B. Note small
step at the 50-51% interval.

bration. At this point, the entire propor-
tioning-valve assembly was replaced and
the calibration routine was repeated one
more time. The results of the GPV rest are
shown as Test 4 in Thbie L It can be seen
that the variabiliry berween the different
valve combinations improved dramatica-lly
when compared with the earlier tests (Tests

2 and 3). The results also compare favor-
ably with the proportioning-valve perfor-
mance of the prior semiannual test shown
as Test 1 in Thble I.

Step-Test Results
A graphical representation ofthe gradient
step-test results is shown in Figure 2 (cor-
responding to the GPV results of Test 2).
Visually, the steps look good. They should
appear as fat steps with a siight rounding
at the edge of each step. The step size was
calculated for each step and compared to
the theoretical (programmed) value. The
largest error was 0.4o/o, which is less than
the 1olo allowable maximum, so the step
test passed under the initial (Test 2)
conditions.

Gradient Linearity Results
The results for the linear gradient plot are
shown in Figure 3. The plot should appear
as a straight ramp berween the initial and
final plateaus. Note the offsets in the plot
(arrows in Figure 3) at approximately 25o/o,

50o/o, and 75o/o B. Some low-pressure mix-
ing systems change the mobile phase pro-
portioning algorithm in different parts of
the gradient to optimize mixing of different
proportions of mobile phase components.
For the test system used here, it appears that
the changes occur at the noted points on the
curve. It is interesting ro note that although
the step test passed the acceprance crireria,
the resulting linear gradient is not satisfac-
tory. This required further investigarion.

Step Test Revisited
The suspect region of the gradient plot of
Figure 3 was examined more closely. The
system was programmed to produce 17o
steps bewveen 45o/o and 55o/o B. The plot
of the resulting run is shown in Figure 4. It
is obvious that the srep from 50o/o to 57o/o
is in error by about half. Although this
would pass the + lolo acceprance cri teria
for step accuracy, there is definitely some-
thing wrong. The evenness of the step sizes
is as importanr as rhe absolute accuracy.
Following replacement of the proportion-
ing-valve assembly, the step sizes evened
out and the extra bumps in the linear gra-
dient plot disappeared.

Dwell  Volume Determination
The dwell volume of the LC system is the
volume from the points at which the sol-
vents are mixed until they reach the head
oFthe column. For a low-pressure mixing
system. rhis includes rhe proport ioning-
valve assembly, the mixer (if separate), and
all connecting tubing berween rhe propor-
tioning valves and the head of the column,
the pump head volume, and the in.jector
loop volume. The presence of system dwell
volume results in the appearance of an iso-
cratic hold step at the beginning ofevery
gradient. Because the dwell volume can
vary from one LC system to the next and
can influence retention times, particularly

of early-etuted #;J;,ff ?;;:
to know the dwell volume of every gradi-
ent LC system. Differences in dwell vol-
ume are a primary source of difficulry in
transferring gradient merhods from one
system to another.

#eryw mmmryfu #' #6s#sffefl$s?
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System dwell volume is determined eas-
ily from the linear gradient plot obtained
during the gradienr resrs, so we measure i t
with each semiannual calibration check.
Measure the dwell volume as follows. First,
find the point on the gradient curve (the
linear portion of Figure 3) at which the
gradient has reached 50olo of the maximum
deflection. From the "retention" 

time at
500/o, subtract half the gradient time. The
remaining time is the dwell time, which
can be converted to the dwell volume by
multiplying by the fow rate. For the test
system, the 50o/o point was reached at 8.43
min. Half the gradient time was 15 minl2
:7.5 min, so the dwell time was 8.34 *

7.50 : 0.93 min. This converts to 0.93
mL at a flow rate of 1.0 ml/min. This
value is fairly rypical for a well-plumbed,
modern, low-pressure mixing LC system.

Conclusions
Let's examine the results obtained from the
various tests and see what we can learn
from this process. In the present case, rhe
proportioning-valve test plus visual inspec-
tion ofthe linear gradient pointed to a
problem with gradient formation. The
obvious easy fixes were examined (dirry

check valves, blocked frits, or calibration
errors) and eliminated. A closer look at the
problem region of the step resr revealed a
step error, giving further evidence of a pro-
portioning problem. Once the easy fixes
were tried unsuccessfully, the proportion-
ing-valve assembly was replaced and recali,
brated. All the tests were repeated and

ffi ffi ffi fin::ll1li:il::l:'is,l:1i
Test 1 Test 2 Test 3 Test 4

A a n d C
A a n d D
B a n d C
B a n d D
Maximum difference

16,681 264,06s 15,964 11,927
16,75s 298,911 15,774 12,040
16,712 278,4A5 15,221 12,040
16,667 279,949 15,147 12,019
0.50/o 12.4o/o 5.3% 0.9%
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passed successfuily.

One might question the value of the

step test, which in the present case passed

specifications, even though the system was

not operating properly. \7e have noted

with other systems, particularly high-pres-

sure mixing systems, that a failing pump
seal or check valve can be picked up by

failures in the step test. The additional tool

ofthe proportioning-valve test is not avail-

able For high-pressure mixing systems, so

the step tesl takes on more imporrance.

However, it is the combination of test

results from all the tests that determines
whether or not the system passes its cali-

bration check. In the present case,
although the step test passed, the propor-

tioning and gradient lineariry tests failed.

Finally, what does a proportioning-valve
failure imply in terms of reliability of data
collected just before the tests? A system-

suitability test run before each set of sam-
ples should determine if the system is suit-

able foi use. In addition, qualiry control

samples that contain known quantities of
the analJte should be run intermixed with

samples to ensure that the expected results

are obtained. If these tests pass during
analysis, they are considered evidence that

the system is working adequately to pro-

duce results at the necessary level ofpreci-
sion and accuracy. Truly errat ic propor-

tioning-valve performance would be

expecred to resulr in rerention t ime varia-

tions larger than expected for a series of
runs. This was not the case for the results

obtained for the current system. Problems

would be more likely to be observed if a
method developed and validated on a
faulry system were then transferred to a

properly working one.
Spending the time and money to test

each LC system twice a year might seem a

bit extreme for some labs. However, the
present example shows how such tests can

identify potential problems before they
reach the point that they compromise ana-

l1'tical results.
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For an ongoing discussion of LC trouble-
shooting with John Dolan and other chro-
matographers, visit the Chromatography
Forum discussion group at http:llwvwv.
chromforum.com.


