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LC
TROUBLESHOOTING

Liquid Chromatography
Pump Refinements

Twenty years of design refinements
have led to the improved performance
of today's LC pumps.

ast month’s “LC Troubleshooting™ (1) re-

viewed the basic operation of reciprocat-

ing-piston liquid chromatography (LC)
pumps, which are based on modifications of
the single-piston pump (Figure 1). Twenty
years ago, commercial pumps consisted of lit-
tle more than the parts shown in Figure 1.
Since then, however, many innovations have
improved the convenience and performance
of LC pumps. This month’s installment dis-
cusses three areas of improvement: on-line
mixing, compressibility compensation, and
pulse dampening.

ON-LINE MIXING

Today, the manual preparation of mobile
phase remains an operational inconvenience
and a common source of errors. Because
early LC pumps could pump only one solvent
or mobile-phase mixture, hand-mixed iso-
cratic mobile phases were the norm. Then
someone realized that two LC pumps, each
pumping from a different reservoir, could
feed solvent into a mixing tee to create a mo-
bile-phase mixture. The solvent ratios in the
mixture could be adjusted by varying the
flow rate of the two pumps relative to each
other. Because the mobile-phase components
were mixed on the high-pressure (outlet) side
of the pump. this technique was called high-
pressure mixing (Figure 2). Early innovators
built their own mixers from compression fit-
tings and custom-built mixing chambers. Wa-
ters Associates (Milford, Massachusetts) was
probably the first to sell a commercial appa-
ratus, and with it the company introduced a
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convenient way to generate gradients by vary-
ing the pump speed over time.
High-pressure mixing increased the con-
venience and precision of LC pump opera-
tion. The second pump was an added ex-
pense, but, with a few simple plumbing
changes. operators could use it to drive a sec-
ond LC system. The fact that solvents did not
mix until they were under pressure mini-
mized excess gas in the mobile phase and thus
ensured the reliability of pump operation.
One problem, especially common in ear-
lier pumps. was that delivery accuracy varied
with flow rate. Often. the pumps would be
less precise or less accurate when the flow
rate was reduced to =0.1 mL/min. For ex-
ample, to produce a 50:50 (v/v) methanol-
water mixture pumped at | mL/min, one
pump pumps methanol at a 0.5-mL/min rate
and the other pumps water at 4 0.5-mL/min
rate; the pumps perform well in this delivery
region. To produce a 99:1 (v/v) methanol—-
water mobile phase, however, the methanol
is pumped at a 990-p.L/min rate. and the
water is pumped at a rate of only 10 pL/min.
At such low flow rates. delivery precision
and accuracy are generally poor. making the
accuracy of the mobile-phase composition
questionable. To produce gradient mobile
phases, the pumps must change speeds dur-

FIGURE1: The reciprocating-piston pump.
A = cam, B = connecting rod, C = pis-
ton, D = outlet check valve, E = cylinder,
F = inlet check valve, (Reprinted with per-
mission from reference 2.)

ing the gradient — an additional potential
source of trouble. Newer LC pumps perform
better at low flow rates. so this problem is
less important today than it was in the past.

For many years. high-pressure mixing was
the only practical way to mix solvents on-
line, and it remains popular today. As chro-
matographers became interested in three- and
four-component mobile phases, however,
the attraction of high-pressure mixing dimin-
ished because each solvent required a sepa-
rate pump, drastically increasing equipment
costs. These considerations, along with tech-
nical innovations such as low-cost micro-
processors, paved the way for low-pressure
mixing.

In low-pressure mixing (Figure 3). a mani-
fold is used to combine two or more solvents
on the pump’s low-pressure side. Because
the solvents are premixed, only one pump is
required. The precision and accuracy of mo-
bile-phase preparation depend on the perform-
ance of the solenoid-controlled proportioning
valves and the corresponding controller. In
practice. to obtain a 35:15:50 (v/v/v) metha-
nol—acetonitrile—water mixture, first the
methanol proportioning valve is opened for
35% of the mixing cycle, then the acetonitrile
valve is opened for 15% of the cycle, and fi-
nally, the water valve is opened for the remain-
ing 50% of the cycle. Different manufactur-
ers use different valve times and sequences to
achieve the best proportioning possible for
their pumps. With today’s equipment, low-
pressure mixing can provide excellent
performance.

Two obvious advantages of this technique
are reduced equipment costs (only one pump
is required) and better flow precision (the
flow rate is constant, and only the mobile-
phase composition changes). On the other
hand, low-pressure mixing systems are prone
to bubble problems. Because the mobile-
phase components are mixed at or below at-
mospheric pressure, any gas released during
mixing can cause check-valve or flow prob-
lems in the pump. For this reason, you must
thoroughly degas the mobile-phase compo-
nents before use. Another, more insidious
problem involves the partial blockage of the
inlet-line sinker frits, which trap unwanted par-
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FIGURE 2: Schematic of high-pressure
mixing apparatus. (Reprinted with permis-
sion from reference 2.)
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ticles in the reservoir and prevent them from
entering the rest of the system. If one of
these frits becomes partially blocked, deliv-
ery from its reservoir may be reduced, thus
creating a partial vacuum in the mixer when
that reservoir is selected. The delivery short-
age is compensated for when the next (free-
flowing) reservoir is selected. Thus, when
one or more inlet-line frits become blocked.
the mobile-phase mixture may be inaccurate.

The choice between high- and low-pres-
sure mixing is determined largely by the
user's personal preference and the manufac-
turer’s specifications. Manufacturers design
their mixing systems to match their pumping
systems. Many variations exist, such as the
coupling of low-pressure proportioning with
high-pressure mixing and the use of low-pres-
sure pumps to supply solvents to the mixer.
All of these techniques can be used success-
fully when the equipment is working prop-
erly. No matter which technique your system
uses, mobile-phase degassing will improve
pumping reliability.

SOLVENT COMPRESSIBILITY

All solvents are compressed when subjected
to increased pressure. The degree of com-
pressibility depends on the solvent or mixture
used and the amount of dissolved gas. Obvi-
ously, solvent compression can reduce the
flow rates generated by LC pumps. Further-
more, the true volumetric flow may vary,
depending on the solvent type or the mobile-
phase composition. This variation can be
especially worrisome during gradient elu-
tion runs.

Manufacturers design their
mixing systems to match
their pumping systems.

Pump manufacturers have devised ways to
correct for solvent compressibility. Two com-
pressibility compensation techniques are com-
mon. The simplest is to adjust the pump
speed for an average solvent so that the ad-
justed flow setting actually delivers the de-
sired flow rate. This method works fairly
well because most LC solvents have a simi-
lar degree of compressibility, and the result-
ing small differences in flow are constant and
seldom noticed. A more sophisticated tech-
nique involves measuring the compressibility
and dynamically adjusting the pump; this
method also is widely used.

PRESSURE PULSATIONS
Reciprocating-piston pumps have inherent
pressure cycles (illustrated in Figure 4a for a
single-piston pump). In pumps with a round
cam (Figure 1), half of the pump cycle is de-
livery and half is fill, so half of the time no
solvent is flowing and the pressure is essen-
tially zero. During the delivery cycle, the
speed of the piston varies, producing the
flow—pressure profile shown in Figure 4a. In
the early days of LC. when columns were un-
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FIGURE 3: Schematic of low-pressure
mixing apparatus. (Reprinted with permis-
sion from reference 2.)

FIGURE 4: Output of (a) normal and (b)
shaped-cam single-piston pumps. Inset
shows cam rotation and direction of pis-
ton travel. (Reprinted with permission
from reference 2.)

stable and unable to accommodate pressure
fluctuations. such pulses could ruin a column
in short order. Consequently, most systems
used some type of pulse dampener to mini-
mize pump pulsations. Most dampeners re-
lied on a Bourdon tube, gas ballast, or pres-
sure gauge to provide a spring that made the
final pressure more even. Several pump-
design modifications have minimized pres-
sure-pulsation problems.

Modified cam: One way of compensating
for pressure fluctuations is to use a cam that
is not round. This compensation can be accom-
plished by using a shaped cam or by chang-
ing the pump control software to vary the pis-
ton speed during the pump cycle. The effect
of modifying the pump cycle is illustrated in
Figure 4b. First. the fill stroke (when the pres-
sure is zero) is drastically shortened. Such
pumps are referred to as rapid-refill pumps.
In Figure 4b, the fill cycle has been reduced
from 50% to ~20% of the total pump cycle.

The second way to compensate for pres-
sure fluctuations is to adjust the piston speed
during the delivery stroke so that the flow is
as constant as possible. After the rapid-fill cy-
cle, the piston rapidly moves forward to com-
press the solvent and begin delivery. The pis-
ton then slows to produce the desired flow
rate. After the piston has emptied the pump
chamber, the pump enters the next rapid-fill
cycle, The resultant flow is much more pulse-
free than before. When coupled with a pulse
dampener. this type of pump produces satis-
factory output. Commercial pumps of this de-
sign are in widespread use today.

FIGURE 5: Dual-piston pump output, in-
cluding (a) output from piston 1, (b) out-
put from piston 2, and (c) the combined
output of pistons 1 and 2. Insets show
cam rotation and direction of piston
travel. (Reprinted with permission from
reference 2.)

Dual-piston pumps: Another way to reduce
pressure pulses is to use a dual-piston pump.
In this case. one motor drives both pistons,
but, as Figures 5a and 5b show, the pistons
are 180° out of phase: one pump head deliv-
ers solvent while the other fills. The com-
bined output is shown schematically in Fig-
ure Sc. Manufacturers can further improve
the performance of a dual-piston pump by us-
ing the shaped-cam techniques discussed
above.

Dual-piston pumps are in widespread use to-
day. From time to time, three-piston pumps
have been produced commercially, but ac-
ceptance has been limited because, although
the third piston improves the pump’s pressure
and flow stability, mechanical problems result-
ing from an additional set of check valves
and other hardware tend to reduce opera-
tional reliability.

Tandem-piston pumps: A modification of
the dual-piston pump has led to a third popu-
lar pump design — the tandem-piston pump,
in which two pistons work in tandem rather
than in parallel. This pump’s operation is
shown in Figure 6. During the first phase (Fig-
ure 6a), the top piston delivers mobile phase
to the column in the normal manner while the
bottom chamber fills. This portion of the cy-
cle is identical to that of the dual-piston
pump. During the second phase, the top cham-
ber fills, and the bottom piston delivers sol-
vent at twice the nominal flow rate. As a re-
sult, solvent is fed to the column while the
pump fills the top chamber. This is accom-
plished in practice by using pistons with dif-
fering diameters or stroke lengths.

This pump design reduces pressure pulsa-
tions because solvent flows from the pump
continuously. If you program the movement
of the two pistons properly, the flow rate and
pressure should remain constant. An addi-
tional advantage of this design is that it in-
cludes three check valves instead of the four
used by dual-piston pumps; because check
valves are the most troublesome pump com-
ponent, using a pump that has fewer check
valves should improve pump reliability.

Manufacturers have included many other
design innovations in commercially available
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FIGURE 6: Operation of a tandem-piston
pump in which (a) the top piston delivers
solvent to the column while the bottom
chamber fills and (b) the bottom piston de-
livers solvent to the column and simulta-
neously fills the top chamber. (Reprinted
with permission from reference 2.)

pumps, such as syringe pumps, diaphragm
pumps, and pumps with mechanically driven
check valves. Although you face many
choices when selecting a pump, you can take
comfort in knowing that the vears spent in re-
fining pump design mean that nearly every
pump on the market should provide years of
reliable operation.
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ing peak. If the splitting appears only on
carly peaks and is clean-looking, then the auto-
sampler is the likely cause. Make sure the in-
jection speeds are high enough to deliver sam-
ple in less time than about one-fourth of the
peak width at the base. Slow injection speeds
can split peaks when the plunger is not de-
pressed immediately upon entering the inlet.
A small amount of sample evaporates from
the needle before the plunger action ejects the
major portion; if the injection occurs too long
after the evaporation, the events can appear
as two distinct peaks. Jagged peak edges usu-

If splitting appears only
on early peaks and is
clean-looking, then the
autosampler is the likely
cause.

R AT R

ally are caused by component overloading
(injecting too much sample) or by solvent
flooding the beginning of the column in on-
column or splitless injection. You can rem-
edy solvent flooding by installing a retention
gap between the inlet and the column.

Tailing peaks: Peak tailing is often present.
Autosamplers are rarely a source of peak tail-
ing, but under certain conditions they can
cause this problem. If vou observe the same
tailing with manual injection, then the auto-
sampler is not at fault. Instead, the column
may be too active for the component, or a con-
nection at the inlet or detector may be poor.
The detector make-up gas, if needed. may
have been turned off or set too low. The col-
umn entrance may be incorrectly positioned
in the inlet. Other causes of peak tailing in-
clude injections that are too slow and, at high
speeds, injections that are too large. In the sec-
ond case, rapid sample vaporization forces
sample vapors up into cooler inlet areas: car-
rier gas flow then slowly sweeps the vapors
back into the column.

Poor precision: Users often report that auto-
sampler injections are not repeatable. This is
a subjective area because the observed-result
standard deviations represent the sum of the
deviations from injection, separation, detec-
tion, peak integration, and report generation.
The best way to evaluate systematic repeatabil-
ity is to use a synthetic test mixture that con-
tains only hydrocarbons. For a system using
a flame ionization detector, 50100 ng/com-
ponent should enter the column from injec-
tion. Using such a test mixture prevents the
occurrence of too-large or too-small peaks.
and the peaks will be free from column adsorp-
tion or activity. If you are concerned about re-
peatability, keep a mixture of pure hydrocar-
bons on hand for packed-column work, and
dilute it as necessary for capillary split,
splitless. or on-column injection. Choose com-
ponents that are eluted under the same condi-
tions as your sample analysis and make sure
that you can obtain satisfactory results with-
out peak tailing or splitting. Finally, fill the

sample vials with enough liquid for all of the
injections that you programmed.

Using the autosampler, make 10 injections
and determine the standard deviations of the
peak areas. Values << 3% relative standard de-
viation (RSD) are good: values = 5% RSD are
not. If the results are good. then the problem
is caused by the analytical sample in combi-
nation with the inlet, column. detector. or
data-handling system — not the autosampler.
If you obtain poor results, then the autosam-
pler is the likely culprit. Before blaming the
autosampler, however, repeat the experiment
using your best manual injection technique.
If the RSD values you obtain manually are
considerably better than those produced using
the autosampler. then the autosampler is defi-
nitely at fault. If not, then the problem may
lie in the inlet or data-handling system.
Check the split-vent flow rate and the split ra-
tio or the splitless injection timing. Make
sure that the data-handling system is correctly
set up and that no obvious problems exist,
such as integrating peaks on a rising baseline
or incompletely resolved peaks. Are the
flame ionization detector’s combustion gases
well regulated?

If you are convinced that the autosampler
is at fault, look for a partially blocked syringe
or air bubbles in the syringe as injection oc-
curs. Is there enough solvent in the solvent res-
ervoirs and enough sample in the sample
vials? In a back-loading system, make sure
that the solvent and sample can flow freely
through the syringe and needle. Remove the
syringe temporarily and make sure the
plunger moves smoothly and easily. Make
any necessary replacements, and try again.

CONCLUSION

Autosamplers are complex mechanical de-
vices. Although designed to last a long time
and to operate under diverse conditions, they
contain moving parts that are repeatedly cy-
cled and narrow passages through which sam-
ple must flow. The best way to keep an auto-
sampler running well is to keep it clean and
maintain it regularly.

Autosampler parameters cover a wide
range of conditions and must be set correctly
for the best results. When evaluating the
source of a problem, remember that the auto-
sampler is used for the first of several steps
in the separation and detection process — it
may only appear to be the cause of injection.
separation, detection, or data-handling prob-
lems. You can often identify the true problem
source by isolating individual GC compo-
nents for evaluation.
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