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SUMMARY

A solvent programmer for high-performance liquid chromatography is de-
scribed that consists of a dual-piston reciprocating pump equipped with displacement
transducers, and two synchronously switching two-way valves connected to the sol-
vent reservoirs. The system is controlled by a PDP 11/03 microcomputer. The soft-
ware includes correction for solvent compressibility, generation of gradients of widely
varying shape and delivery of binary mixtures between O and 100 9.

INTRODUCTION

The mobile phase is usually a mixture of two or more solvents in high-per-
formance liquid chromatography (HPLC) especially in the reversed-phase mode. If
the composition changes during the chromatographic run, we speak of gradient elu-
tion chromatography. More commonly, the mobile phase composition varies be-
tween chromatographic runs, because different samples require different mobile
phases for optimum separation. In either case it is desirable to make mixtures of
arbitrary composition from the parent solvents. To this end a variety of solvent
programmers has been developed that can be broadly divided into two categories:
dual-pump systems with a mixing chamber at the high-pressure side, and single-pump
systems with a switching valve at the low-pressure side. In a previous publication! the
two designs were compared and it was demonstrated that single~-pump programmers
can provide optimum performance, provided that the distributing valve between the
solvent reservoirs is switched synchronously with the stroke of the pump piston.
Specifically, it was shown experimentally that a single-pump system using synchronized
valve switching rapidly delivers a very stable mixture. On the other hand, the
accuracy of the solvent composition was less than desired. with deviations of up to
18 ¢{ between the imposed composition and the actual output. Also, the system was
not tested for gradient elution, because it was manually operated.

In the single-pump system to be described presently the principle of synchron-
1zed valve switching is maintained. The pump is interfaced with a microcomputer to
provide gradient elution facilities. The problem of obtaining high accuracy is ad-
dressed specifically, because other studies in this laboratory have shown that the
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composition of the mobile phase is critically important in reversed-phase liquid chro-
matography (RPLC)?:3. Accurate solvent composition has also been shown to be
essential for predictable gradient elution chromatography*->.

PRINCIPLE OF OPERATION

A single-pump solvent programmer operates on the principle that the composi-
tion of the mixture is determined by the periods during which the distributing valve
before the pump is open to either of the parent solvents. For example, if the valve is
open to either of two solvents for equal periods of time, then the delivered mixture
should contain equal fractions of the two solvents (50:50 composition). In our previ-
ous publication! we showed that this is indeed the case for the overall composition,
avaraged over a large number of pumping cycles, but not necessarily for each stroke
of the pump piston. In fact, if the switching sequence of the valve is unrelated to the
pumpstroke, successive strokes may yield quite different mixtures leading to a peri-
odically varying composition. To a certain extent, the problem can be overcome by
incorporating a large mixing chamber aiter the reciprocating pump, but this makes
the system rather sluggish.

It has been pointed out that constant delivery by successive pump strokes is
easily accomplished when the valve switching is synchronized with the stroke of the
moving piston. In our previous design this was realized with an optical encoder that
sent a switching command after a predetermined lapse-time during each refill period
of the pump. The delivered mixture was indeed very stable: better than 0.2 9] of the
actual composition. On the other hand, a certain ratio of the two time fractions in one
refill period does not produce the same ratio in the binary composition. The reason
for this inaccuracy can be explained as follows.

Understandably, pump manufacturers place great emphasis on the constani
flow of the solvent during the delivery period of the piston. Dual pistons with partial-
ly overlapping delivery periods, as well as acceleration and retardation of the pistons,
are used to provide nearly pulse-free delivery. Much less attention is given to the refill
stroke of the piston, with the result that the inflow of the solvent is far from uniform
during the refill period. As a result, partitioning of the refill period on a time basis
does not yield the expected solvent composition. This is illustrated in Fig. 1, where an
experimentally measured refill profile is presented, which is clearly not square-wave.
Consecuently, switching the distributing valve after 70 9} of the total refill time has
elapsed does not produce a 70:30 mixture, but in this case a 84:16 mixture. It should
be noted that this difficulty is inherent to the synchronization principle. If the valve
switching is not synchronized to the piston stroke, the switching' moment changes
from one stroke to another and the deviations average out to zero. This means that
the ouput of non-synchronized systems fluctuates, but on the average accurately
represents the value imposed by time partitioning.

The remedy for this problem seems trivial. Once the refill profile is known, it is
easy to draw up a conversion table connecting the desired composition to the switch-
ing moment during the refill period. In the example of Fig. 1 a desired composition of
70:30 could be obtained by switching the valve after 599 of the refill period has
elapsed. This can easily be programmed into a computer provided that the refill
profile of the pump remains unaltered.
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Fig. 1. Inaccuracy of synchronized valve switching based on time partitioning. The lower graph illustrates
the non-linear relationship between the delivered binary composition and the fractional periods of the
switching valve, if the inlet profile of the reciprocating pump piston is not square-wave as exemplified by

the upper graph.

In practice, this condition is not always fulfilled. Certainly, the refill profile
varies from one pump to another, requiring calibration for each individual specimen.
Also, the refill profile is neither square-wave nor symmetrical, so that the conversion
must probably be put in tabular form. More important is the fact that some reci-
procating pumps incorporate a pressure feed-back device that again ensures constant-
delivery flow independent of column resistance or solvent viscosity. As a result, how-
ever, the refill profile of such pumps varies in shape and duration with the pressure
after the pump. This makes synchronized valve switching on a time basis quite im-
possible and, consequently, this principle would lose its general applicability.

‘ It must be realized that the integrated refill profile at the top of Fig. 1 actually
represents the non-linear movement of the piston in the pump chamber. Consequent-
ly, the switching command to the valve should not be based on the time elapsed since
the turning moment of the piston, but on the displacement of the piston since its
turning point. In that case, the correct solvent composition will always be delivered.
independent of any variation in the speed of the piston either during its refill stroke or
during an entire chromatogram. The only condition is that the position of the pump
piston is monitored continuously, so that the total length of the piston stroke can be
determined and switching commands to the valve can be issued at the appropriate



86 C. LAURENT er al.

position. A possible solution will be presented in the next section. Here we note only
that it appears to be rather difficult to impose switching commands close to the
turning points of the moving piston. Therefore, if the valve is switched only once
during each refill stroke, binary mixtures containing only a few percent of one com-
ponent become rather irreproducible. The precision is significantly enhanced if the
valve is switched twice, so that the minor component is bracketed in between the
major component. In other words, a switching cycle A/B/A is recommended over a
switching cycle A/B. The two switching points should be positioned symmetrically to
the midpoint of the piston stroke. The A/B/A switching cycle offers the further ad-
vantages of requiring less supervision time from the computer and improved mixing
inside the pump chamber. This removes the need for an additional mixing chamber
after the pump, so that the solvent delivery system responds rapidly to changes in
imposed composition.

CONSTRUCTION

The equipment consists of two Angar Scientific two-way switching valves (368-
NO-24-30 Z), and a Pye Unicam LCX-3 dual-piston reciprocating pump equipped
with two EMI Labs. SE 373115 displacement transducers. The latter convert the 9-mm
stroke of a piston into a voltage varying by about 2 V. The signal from the transducer
is sampled every millisecond by a 12-bit analogue-to-digital converter (ADC) and the
digitized signal is processed by a DEC Model PDP 11/03 microcomputer supplied
with 8 K memory. The configuration is shown in Fig. 2 and will be discussed with
reference to Fig. 3, which shows schematically the movement of the two pistons.
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Fig. 2. Schematic picture of the microcomputer contrelled single-pump solvent programmer using syn-
chronized valve switching based on position partitioning. Two simultaneously switching two-way valves
allow either of two solvents. A or B, to enter the chambers of a dual-piston pump. The position of each
piston is detected by a displacement transducer, the digitized signal of which is processed by the micro-
computer, indicated in the figure as Central Processing Unit (CPU), to derive the switching commands for
the valves.
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Let us consider piston 1 just before it ends its delivery stroke. The digitized
signal from its displacement transducer is smoothed by a running eight-point averag-
g routine and the minimum value is stored in the memory. At the end of the refill
period the process is repeated to detect the maximum position of piston 1. Because
the pistons take more time to deliver the solvent than for refilling there is now a void
period. where both pistons 1 and 2 are delivering. This period is used by the computer
to calculate the positions of piston | where thevalve will be ordered to switch from
solvent A to B and back again. As discussed in the preceding section, these positions
are located symmetrically around the midpoint. Their separation, of course, is deter-
mined by the desired composition of the minor component B present with the excess
of A. Well before piston 2 reaches the end of its delivery stroke the computer is ready
to accept the signals from the displacement transducer of piston 2, whereupon its
minimum and maximum position are also stored in the computer memory. In the
next void period the computer calculates the switching positions for piston 2.
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Fig. 3. Sequence of computer operations. The vertical scale represents the transducer signal. indicative of
the piston position. Thick line segments represent periods during which the computer supervises the piston
movement, thin line segments the void periods reserved for data processing. The sequence of computer
operations in the horizontal scale at the top refers to piston 1 and is explained in the text.

Returning to piston 1, the first task of the computer is to update the minimum
position of this piston at its turning from delivery to refill. After a brief void period the
computer picks up the signal from the displacement transducer of piston 1 again to
compare this with the first switching value calculated from the previous refill stroke.
At the appropriate position a switching command is sent simultaneously to both two-
way valves so that component B is allowed to enter the pump chamber. At the second
command position the two-way valves are switched back to let solvent A enter the
pump chamber again. Once again the computer is momentarily relieved of its super-
vising task. It then updates the value for the maximum position of piston 1. recal-
culates the switching positions. returns to piston 2, etc.

The continuous updating of the turning positions of the pistons corrects for
dnift in the transducer signal, but this drift is small enough to allow extrapolation
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from one refill stroke of a piston to the next one. Possible differences between the two
pistons are taken into account by using two displacement transducers.

Ascan beseen in Fig. 3 the total cycle time of a piston is divided into four equal
parts. The first quarter is taken up by the refill stroke, the second quarter is free for
calculating the switching positions and in the final two quarters these processes are
repeated for the other piston. The actual duration of the periods obviously depends
upon the imposed flow-rate of the solvent. The present pump is designed for flow-
rates up to 10 ml/min, at which rate the piston cycle time is 1200 msec and each
quarter takes 300 msec.

Because the-transducer signal is sampled every millisecond, the switching points
and hence the solvent composition can be determined to better than 1 9. This could
be improved by increasing the sampling fréequency from the present value of 1 kHz to
a few kHz. Obviously, however, the sampling error is already quite insignificant at
more common flow-rates of about 2 ml/min.

' Similarly, at the highest flow-rate at least 300 msec are available for the com-
puter to calculate the switching positions needed in the next refill stroke. As is clear
from Fig. 3, the actual time is even longer if we take into account the two additional
void times during each refill stroke. Clearly, 300 msec are abundant for the straight-
forward calculation of switching positions when the pump is operating in a constant
delivery mode, say 309, B and 709, A.

In the case of gradient elution the desired solvent composition varies continu-
ously according to an imposed time function. Linear gradients are the most widely
used®. but in order to test the system more fully, two subroutines that generate more
complex gradient shapes have been written in assembler language. The first subrou-
tine permits gradients with the general shape

() = @(0) + Sr* 1)

where ¢(?) is the volume fraction of solvent B at time ¢ and S the speed of the gra-
dient. The shape of the gradient is determined by the exponent 2, which can be selected
between 1/9 (convex) through n = 1 (linear) and 9 (concave). The second subroutine
generates gradients according to

o) = (g [1 — (1 — gy )

where ¢, is the total gradient time and ¢ has values from 0 (linear gradient) to 0.9
(convex gradient). The shape expressed by eqn. 2 has been proposed by Schoenma-
kers et al.>.

Even at the highest flow-rates the calculation of either gradient did not inter-
fere with the data processing of the transducer signals.

We conciude, therefore, that the proposed system is sufficiently versatile for
practical HPLC.

RESULTS ANL : 'SCUSSION

Valve swirching
The system described differs in several respects from the design proposed in our
previous publication’. The changes will be discussed first.
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The changeover from time partitioning of the refill period to position parti-
tioning of the piston displacement is essential for pumps using pressure feed-back.
The feed-back option is designed to ensure constant solvent delivery against variable
column pressure. This is realized by adjusting the piston speed at the start of the
delivery stroke. As a result, the refill period of the other piston varies. depending on
solvent viscosity. column deterioration. etc. Indeed. the calibration curve relating the
bmary composition to the switching moment is not only non-linear (Fig. 1), but also
varies significantly from one solvent to another. By contrast, a similar calibration
curve based on piston position is perfectly linear and independent of solvent or of
column pressure.

The accurate determination of the total length of the piston stroke is an es-
sential requirement in the present system. Initial attempts to detect the turning points
of the pistons by analogue devices failed, because the derivative circuitry is very sen-
sitive to noise in the transducer signal. The use of a microprocessor allows all soft-
ware functions to be executed in the digital domain. A simple smoothing rcutine
readily overcomes the noise problem and guarantees precise determination of the
piston stroke length.

Changing the valve switching routine from A/B to A/B/A improves the mixing
of the two solvents inside the pump chamber. It also decreases the period during
which the transducer signal must be supervised to execute the valve switching com-
mands. The resulting additional void time can be utilized for composition calcula-
tions or other tasks.

Either valve switching routine may be realized by a single three-way valve.
However. moderately priced valves take non-negligible time to open or close. In fact.
the two lag times are unequal, so that the amount of the interspaced component, B,
differs somewhat from its intended value. For example, a typical three-way valve used
by us switches in 8 msec to one solvent by applying a 24-V pulse, but takes 43 msec to
switch to the other solvent due to a slow spring release. The difference of 35 msec is
significant in relation to the total refill time varying between 300 and 3000 msec.

This problem was overcome by replacing the single three-way valve by two
symmetrical two-way valves, both of the normally open type. At the start of the refill
cycle valve A is open to solvent A and valve B is closed. At the first switching
command valve A is closed after 8 msec. whereas valve B is opened only after 43 msec.
There is thus a period of 35 msec during which both valves are closed. At the second
switching command the situation is reversed: valve B closes rapidly and valve A
opens more slowly, again leaving a period of 35 msec with both valves closed. This
arrangement gave satisfactory results. A 50:50 mixture could be produced by either
sequence A/B/A or B/A/B, provided no chromatographic column is connected.

Compressibility correction

With a chromatographic column present the delivered binary composition
differs systematically from the imposed composition, as shown in Fig. 4a. Appar-
ently, when operating against column pressure. the contribution of the interspaced
minor component is larger than anticipated on the basis of the switching commands.
The deviation is proportional to the concentration of the minor component, being
larger for more compressible solvents. and increases with the pressure exerted by the
pump during delivery.
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Fig. 4. Influence of the compressibility correction upon the delivered composition. a, Binary composition
of a mixture of water (A) and 0.1 % acetone in water (B) as a function of the fractional separation between
the two switching positions of the valves; the pump is operating against a pressure of 15 MPa. — — —.
Without compressibility correction; , with compressibility correction after eqn. 4; the same straight
lines are observed when the pump is operating at 100 kPa, i.e., without a chromatographic column. b,
Generation of a mixture of 50 % methanol and 50 %, water against a pressure of 30 MPa, without and with
correction for solvent compressibility.

The obvious explanation is that the true refill stroke experienced by the piston
is less than derived from the turning positions of the piston. The influences of solvent
compressibility and back pressure seem to indicate that the pump piston upon re-
tracting from its delivery stroke does not start to refill the pump chamber immedia-
tely. Rather, the release of the pressure induces some back flow of solvent through the
outlet valve of the pump chamber. Also, the decompression of the dead volume in the
pump chamber and the connection tubes to the outlet and inlet valves will reduce the
actual refill stroke length.

The latter effect can easily be expressed mathematically as

L* =L —[BP (3)

where L* is the true refill displacement, L is the stroke length derived from the turning
points of the piston, / is the equivalent length of the pump dead volume, § is the
compressibility of the liquid in the pump chamber and P is the pressure. With this
correction the separation between the two positions for the switching commands to
the distributing valves becomes

D=oL*=9L(l —IB P|L) 4)
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where ¢ is the desired volume fraction of the minor component. Experimentally, the
correction factor varies from about 1% for pure water to 3 % for pure methanol at
15 MPa. This is in the ratio of the compressibilities of the two solvents. Quantita-
tively, however, the correction expressed by eqn. 4 can only be reconciled if //L is
taken to be as large as 3. Although the dead volume of the pump is certainly less than
the volume of the pump chamber (100 pl), it appears that eqn. 4 approximately
corrects for both solvent compressibility and back-flush through the closing outlet
valves (Fig. 4a).

The correction expressed by eqn. 4 can readily be incorporated in the computer
program even for mixed solvents, provided that we know the compressibility of
mixtures of variable composition. Unfortunately, such information is not available.
However, crude interpolation between data for pure liquids appears to yield accept-
able results. With the compressibility correction, the calibration curve becomes very
accurate, as shown in Fig. 4a. This is also confirmed by the recorder trace of
methanol-water (50:50) with and without the correction (Fig. 4b).

Performance

Fig. 5 shows a stepwise and linear variation of a binary mixture of water and
methanol. Perfectly linear gradients have been obtained for flow-rates up to 4 ml/min.
When the correction for compressibility is applied the accuracy of the delivered
binary mixture is better than 1 9, and over a period of several hours no drift in the
composition is noticeable. When the pressure filter of 1.5 ml supplied with the pump
is removed, the response of the system to a stepwise variation takes only 0.71 ml,
which compares favourably to existing commercial solvent programmers’.

On the other hand, removal of the pressure filter gave rise to small rapid
fluctuations in the delivered binary composition, synchronous to the piston movement
(Fig. 6a). The amplitude of the oscillations is proportional to the concentration of the
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Fig. 5. Generation of linear gradient (left) and isocratic mixtures (right) against 15 MPa with compres-
sibility correction. Flow-rate: | ml/min. The dashed line shows the imposed gradient and the solid curve
represents the delivered gradient measured at the top of the chromatographic column. Isocratic composi-
tions are varied in steps of 109, and the numbers represent the experimentally obtained binary composi-
tions.
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minor component and rarely exceeds 0.1 9. Apparently, the effect is due to a slight
mismatch of the two transducer units. As is clear from Fig. 6b, it is readily overcome
by including the pressure filter, which acts as a mixing chamber, but obviously this
lengthens the response time of the system.
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Fig. 6. Stability of the delivered composition intended to be 50 9% methanol and 50 9, water (worst case). a,
Without pressure filter; b, with pressure filter added to the pump; ¢, with strong analogue filtering of the
transducer signals.

Unfortunately, the displacement transducers used in our system produce a
rather noisy signal. Consequently, the location of the turning points of the pistons
and the switching commands becomes somewhat imprecise. Therefore, the stability of
the delivered binary composition is less than aimed for. Under scale expansion, slow
(1 min) variations with amplitude up to 0.39 can be observed (Fig. 6b), which
cannot be removed with the pressure filter. When the output of the transducer is
passed through an analogue filter before it is fed into the ADC, the solvent compo-
sition becomes more stable (Fig. 6c), but also inaccurate because the analogue filter
retards the detection of the turning points of the pistons too much. (For improved
performance, see Note added in proof.)

Finally, the system was tested under true chromatographic conditions by sub-
Jecting a sample with six solutes to eight consecutive isocratic and gradient elution
runs. Under isocratic conditions (acetonitrile-water, 35:65) the average standard



SOLVENT PROGRAMMER FOR HPLC 93

deviation of the solute retention times was 0.4 9. When a mixture of the mobile phase
was pumped continuously no improvement in precision was observed. Under gra-
dient elution conditions (15 min from pure water to pure methanol}, the solute reten-
tion times showed a standard deviation of 0.4 or less.

CONCLUSIONS

The equipment described has been used to demonstrate that a single-pump
solvent programmer can be constructed that fulfils all current needs of HPLC. The
programmer provides a rapid response and yields binary mixtures that are stable and
accurate to within 19;. With improved displacement transducers the specifications
could be improved to better than 0.1 %{. This is considered to be adequate for current
chromatcgraphic requirements.

It should be emphasized that the present design is largely dictated by the
features of the dual-piston reciprocating pump available to us. Specifically, the pres-
sure feed-back option necessitates the use of displacement transducers. For other
pumps this need not be true. For example, pumps operating at constant motor speed
could be instructed on the basis of time partitioning provided that the non-uniform
inlet profile (Fig. 1) is taken into account by the computer software. Alternatively, the
presently employed linear displacement transducer can be replaced by more sophis-
ticated revolution encoders coupled directly to the rotating shaft that drives the pump
pistons.

Whatever solution is adopted, the present investigation has shown that single-
pump solvent programmers can be highly competitive for liquid chromatographic
practice.
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NOTE ADDED IN PROOF

After completion of the manuscript, the low frequency noise of the transducer
signal has been significantly reduced by:

(i) Using separate power supplies for both displacement transducers.

(ii) Maximizing the transducer sensitivity with an increased impedance (20
kOhm).

As a result, the stability of the delivered binary composition has been improved
from 0.3 9, (Fig. 6b) to 0.19;.
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