
Computer software that allows the simulation of any
chromatographic separation as a function of simultaneous changes
in any one or two variables that can affect sample separation
order (selectivity) is described. For one example, an application is
described for the simultaneous variation of the mobile phase pH
and gradient time in reversed-phase liquid chromatography. The
accuracy of such predictions is examined for a sample mixture of
17 substituted benzoic acids and anilines, and requirements for an
acceptable predictive accuracy are summarized. In a second
example, the separation of three peptides by capillary
electrophoresis is optimized.

Introduction

One major challenge in the separation of complex samples by
reversed-phase liquid chromatography (RP-LC) is the selection
of experimental conditions that can provide acceptable band
spacing and resolution. The simultaneous optimization of two
separation variables is especially effective but potentially
tedious in practice. However, this tediousness can be over-
come by the use of an appropriate experimental design with a
computer program that allows for the prediction of separation
for intermediate conditions. This approach was introduced by
Kirkland et al. in 1980 (1) for the use of mobile phases con-
taining methanol (MeOH), acetonitrile (ACN), tetrahydrofuran
(THF), and water. This general procedure has since been
extended to the use of other pairs of separation variables, exam-
ples of this are summarized in Table I. The commercial soft-
ware described in this study enables the use of this approach for
any pair of separation variables and for any chromatographic
procedure, such as liquid chromatography (LC), capillary elec-
trophoresis (CE), and supercritical fluid chromatography

(SFC). The experimental design for one such application—
optimization of mobile phase pH and the isocratic volume per-
centage of the organic solvent in mixtures of the water solvent
A and the organic solvent B (%B)—in RP-LC is illustrated in
Figure 1. A minimum of three different pH values (e.g., 3.0, 3.5,
and 4.0) are required, but additional experiments can be added
(for instance, pH 4.5) to allow for the predictions of separation
for a wider pH range.

With one exception, the procedures in Table I involved
isocratic separation; however, an almost identical approach
can be used for corresponding gradient separations (e.g.,
[7] versus [1], or [8] versus [6]). In this case, gradient time
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Table I. Examples of High-Performance Liquid
Chromatographic Method Development That Involve the
Simultaneous Variation of Two Experimental Conditions

Example Experimental conditions

1 Quaternary-solvent mobile phase using (MeOH), (THF), (ACN),
and water with solvent strength and run time held constant
(reference 1)

2 Ternary-solvent mobile phase using MeOH, ACN, and water or
MeOH, THF, and water with solvent strength allowed to vary
(reference 2)

3 Binary-solvent mobile phase with pH and ion-pairing reagent
concentration varied (reference 3)

4 Column type and mobile phase with percentage of organic
allowed to vary (reference 4)

5 Mobile phase pH and percentage organic allowed to vary
(reference 5)

6 Temperature and gradient steepness allowed to vary
(reference 6)
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(tG) replaces %B in the design of Figure 1. The theory of
gradient elution also allows for the use of gradient experi-
ments in the prediction of corresponding isocratic separa-
tions (9) such as separations in which all conditions are the
same except when values of %B replace tG and the initial
and final %B values for the gradient. For example, begin-
ning with an experimental design for the separation as a
function of pH and tG (as in Figure 1), it is possible to pre-
dict isocratic separation as a function of pH and %B

without the need for additional isocratic experiments.
There are significant advantages in using initial gradient

experiments for the prediction and optimization of isocratic
separations as opposed to beginning with isocratic experi-
ments. Thus, it is desirable that initial isocratic experiments
provide retention factors (k) for all bands in the sample that
fall within a certain range of values, for instance, 0.5 < k < 20
(10). Because retention varies with both the %B and the
second variable used to optimize the band spacing (e.g., pH
and temperature), choosing conditions for the initial exper-
iments of Figure 1 may not be straightforward. This is illus-
trated in Figure 2 with a mixture of eight substituted benzoic
acids. For separation at pH 3.0, appropriate values of %B can
be found by trial-and-error or other means. In this case,
mobile phases of 15 and 30 %B provide a suitable range in k
and partial separation (Rs > 0.6) of all bands. However, when
these same %B values are chosen for pH 6.0, there is exten-
sive overlap of most bands, especially for 30 %B. The latter
two separations (Figures 2C and 2D) are unsuitable for use in
a computer simulation because of the uncertainty in the
exact retention times of individual solutes. This problem can
be circumvented by decreasing %B for the two runs at pH 6.0,
but additional trial-and-error experiments would then be
required.

For the case of initial gradient experiments, suitable gra-
dient retention factors (9) are predictably determined by the
choice of gradient conditions; thus, there is no need for trial-
and-error experiments as a means of adjusting k. As a result,
it suffices to carry out two gradients with different tG at each
pH value. This is illustrated in the corresponding gradient
separations in Figure 3. Although there is greater compres-
sion of the chromatogram at pH 6 versus 3 and some band
overlap, all four of the separations in Figure 3 would be suit-

able for use as input in a computer simu-
lation.

In the present study, we have examined
the simultaneous optimization of the pH
level and tG. It has been established else-
where (11) that isocratic predictions from
gradient data are generally less accurate
than gradient predictions. However, one
additional experiment can be used to cor-
rect errors in such isocratic predictions
(11).

Several reports describe the theory of RP-
LC retention as a function of mobile phase
pH (12–15). Three experiments in which
only pH was varied allowed for the predic-
tions of retention for other pH values based
on the applicability of the Hen-
derson–Hasselbach equation. However, this
relationship appears to be of marginal reli-
ability, especially for the separation of basic
solutes (14,15) that can be retained by ion
exchange onto ionized silanols as well as by
a reversed- phase process. The use of the Hen-
derson–Hasselbach equation for predicting
separation as a function of pH can be suc-

Figure 1. Illustration of an experimental design for optimizing pH and
either tG or %B. Individual circles represent conditions of pH and tG to be
used in experiments for computer simulation, and broken circles refer to
optional additional experiments.

Figure 2. Illustrations of the difficulty in choosing isocratic conditions for the experimental design of
Figure 1. The sample is the eight substituted benzoic acids of the Experimental section. The computer
simulations are also based on data from the Experimental section. Also indicated are instances of over-
lapped band-pairs (*) and triplet (**).



Journal of Chromatographic Science, Vol. 38, September 2000

388

cessful for interpolation within a narrow range of pH (12,13),
but the exploration of a wide pH range would then be pre-
cluded. An alternative approach (as in the present study) would
be to use a more general fitting expression (e.g., cubic spline)
for retention versus pH that would allow for the use of a larger
number of experiments in which pH is varied. This leads to the
experimental design illustrated in Figure 1 for the simulta-
neous optimization of pH and either tG or isocratic %B. A
minimum of three experiments with varying pH are required,
but a total of as many as 16 experiments are
allowed by the present software (eight dif-
ferent pH values, each with two different
values of tG).

Given that gradient retention can be pre-
dicted as a function of pH for each of the
two tGs in the experiments of Figure 1,
retention at any given pH can then be pre-
dicted as a function of tG (9). Isocratic
retention can likewise be predicted from a
well-known empirical relationship (16):

log k = log kw – Sφ Eq. 1

where kw refers to the extrapolated value of
k for water as mobile phase (φ = 0), φ is the
volume fraction of organic in the mobile
phase (equal to 0.01 %B), and S is virtually
constant for a given solute with only φ
varying. Therefore, the gradient experi-
ments of Figure 1 allow for the prediction
of values of kw and S as a function of pH,
which in turn allows isocratic predictions
of retention as a function of pH and %B.
Values of resolution (Rs) are calculated by
the computer program from predicted
retention times and experimental band-
widths. In the absence of (preferred) exper-
imental bandwidth data, the program can
estimate RP-LC bandwidths from the
experimental conditions.

The range in pH for which predictions
are possible is limited to the values chosen
initially (as in Figure 1); for example, no
extrapolation is allowed for outside of the
original pH range. The increments in pH
(increments of 0.5 in Figure 1) must be
small enough for accurate interpolations.
Previous isocratic studies (12,13) in which
only the pH level was varied and the sample
consisted of either acidic or basic compo-
nents suggest that acceptable predictive
accuracy results for increments in pH are as
large as 1.0. However, it can be anticipated
that when both acids and bases are present
as the sample components and both pH and
either tG or %B are varied, smaller incre-
ments in pH may be necessary. This was
found true for the present sample.

Experimental

Equipment and procedures
High-performance liquid chromatographic separation

The high-performance liquid chromatographic (HPLC)
system was an LC Model 1 (Waters Associates, Milford, MA)
with a dwell volume of 4.3 mL. Conditions were as follows: a
15- × 0.46-cm Inertsil C18 column (GL Sciences, Tokyo, Japan),
solvent A consisted of potassium citrate adjusted with citric

Figure 3. Illustrations of the ease in choosing gradient conditions for the experimental design in
Figure 1. The sample is the eight substituted benzoic acids of the Experimental section. The computer
simulations are also based on data from the Experimental section. Indicated are instances of overlapped
band pairs (*).

Figure 4. Initial experimental runs for the optimization of mobile phase pH and tG or %B. Indicated are
instances of overlapped band pairs (*).
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acid to required pH (25mM), and solvent B consisted of ACN
(35°C, 2 mL/min). Gradients were 5–100 %B in 20 and 60 min.

CE separation
A BioFocus 3000 CE system (BioRad, Richmond, CA) was

used with a 24-cm × 50-mm-i.d. capillary and ultraviolet detec-
tion at 200 nm. Sodium phosphate was used as buffer, with the
pH and buffer concentration varied as described when variation
occurred. The capillary temperature was controlled at 20°C
with an applied voltage of 5 kV. Sample introduction was for 3
s at 5 psi.

Samples
HPLC separation

The sample contained the following 17 components: 3-
methylaniline (compound 1), 4-methylaniline (compound 2),
4-chloroaniline (compound 3), 3,4-dichloroaniline (compound
4), 3-chloroaniline (compound 5), 3,5-dichloroaniline (com-
pound 6), N-ethylaniline (compound 7), 3,5-dimethylaniline
(compound 8), 2-chloroaniline (compound 9), 2-nitrobenzoic
acid (compound 10), 3-cyanobenzoic acid (compound 11), 2-
fluorobenzoic acid (compound 12), 3-nitrobenzoic acid
(compound 13), 2-chlorobenzoic acid (compound 14), 3-fluo-
robenzoic acid (compound 15), 2,6-dimethylbenzoic acid (com-
pound 16), and phthalic acid (compound 17).

CE separation
This sample consisted of three peptides: bradykinin, a thy-

rotropin-releasing hormone, and leu-enkephalin.

Computer simulation
DryLab 2000 software (LC Resources, Walnut Creek, CA)

was used for the predictions of separation as a function of pH
and either tG or %B. This general-purpose program allowed for
the simultaneous variation of any two separation variables for
any chromatographic or electrophoretic procedure (e.g., LC,
CE, and SFC). When one of the starting variables was tG, pre-
dictions of either isocratic or gradient separation were possible.
The simultaneous optimization of temperature and either tG or
%B has been reported (8).

For predictions of CE separation, band migration times and
bandwidths for each band were entered
manually into the DryLab 2000 software;
however, it was also possible to transfer this
data automatically from some data systems
into DryLab 2000. For applications in which
retention or bandwidth models or both were
not assumed, both retention times and
bandwidths were interpolated using a cubic
spline fit.

Results and Discussion

HPLC separation
Gradient predictions from gradient data

Two different sets of starting experiments
were investigated using pH increments of

Figure 5. Resolution map for the sample and conditions of Figure 2.

Figure 6. Predicted and actual optimum separations from the resolution
map of Figure 3. Conditions are the same as in the Experimental section,
except tG = 30 min and the pH is 3.97. The actual separation is recon-
structed from experimental retention data.

Table II. Summary of Errors in the Prediction of Separation as a Function of
Mobile Phase pH and tG

Average error in Rs for indicated pH values of input runs

pH tG (min) pH levels 3.0, 3.5, and 4.0 (good*) pH levels 3.0, 4.0, 5.0, and 6.0 (poor )

3.25 20 0.2 1.0
60 0.3 1.3

3.50 40 0.2 1.5
45 0.2 1.3

3.60 40 0.4 1.6
45 0.3 1.4

3.75 20 0.2 1.4
60 0.4 1.5

Average 0.3 1.4

* Good input conditions signify runs with pH values that do not change by more than 0.5.
† Bad runs change by at least 1.0 pH level.
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either 0.5 or 1.0. Figure 4 shows the starting experiments for
three pH values (3.0, 3.5, and 4.0) with increments of 0.5. Entry
of these data (experimental conditions, retention times, and
band widths) into the DryLab program allowed for the predic-
tion of separation as a function of pH and gradient time. The
choice of optimum conditions was readily made on the basis of
a resolution map for these separations, as shown in Figure 5.
Maximum resolution was indicated for a pH of 3.97 and tG of 30
min (Rs = 1.4). Although Figure 5 shows a narrow range in pH
and tG for acceptable resolution, little difficulty was experi-
enced in matching the predicted separation, as shown in Figure
6 (all peaks in Figures 6A and B have the same retention order).
There was reasonable agreement between these two chro-

matograms; however, this was not a critical test of the accuracy
of the computer simulation because the optimum pH of 3.97
was quite close to one of the experimental input values (pH 4.0).

Further predictions were made for values of pH and tG other
than those of Figure 4 for the six input runs. These results are
summarized in the third column of Table II. The average error
for all predictions of resolution was 0.3 for Rs, which is con-
sidered acceptable for the purposes of method development
(11). Figure 7 compares actual and predicted separations for
one of the examples of Table II (pH 3.25, tG = 60 min).

In a second set of experiments, initial experiments were car-
ried out for pH 3, 4, 5, and 6, and predictions for the same con-
ditions as in Table II were repeated. Figure 8 compares actual

Figure 7. Predicted and actual separations based on the experiments of
Figure 2 (pH levels of 3.0, 3.5, and 4.0; tG = 20 and 60 min). Conditions
are the same as in the Experimental section, except pH is 3.25 and tG = 60
min. The actual separation is reconstructed from experimental retention
data. Indicated are instances of overlapped band pairs (*).

Figure 8. Predicted and actual separations based on experiments similar to
those of Figure 2 (pH is 3.0, 4.0, 5.0, and 6.0; tG= 20 and 60 min). Con-
ditions are the same as in the Experimental section, except pH is 3.5 and
tG = 40 min. The actual separation is reconstructed from experimental
retention data. Indicated are instances of overlapped band pairs (*).

Figure 9. Isocratic predictions of separation as a function of pH and %B based on the gradient experiments of Figure 4. The samples used were compounds
3, 5, 9, 11, and 13–16. Resolution map, A, and the predicted separation for maximum resolution, B (Rs = 3.1, 25 %B, and pH 3.35).

A

B



Journal of Chromatographic Science, Vol. 38, September 2000

391

and predicted separations for one of the examples in Table II
(pH 3.50, tG = 40 min) based on these initial four pH values. As
seen in the last column in Table II, errors in Rs were now
much larger (the average error in Rs was 1.4, which is un-
acceptably large). The “extra” peaks (marked by arrows in Figure
8) should also be noted. The error for these predictions of Table
II was approximately the same, whether the value of tG was the
same as in the initial experiments (20 and 60 min) or not (40 and
45 min). This suggests that error arises mainly from the pre-
diction of retention as a function of pH rather than tG. This
agrees with other studies (11), which show that predictive errors
associated with a change in tG are usually small.

For previous studies (12,13) in which only pH was varied, it
is indicated that predictive errors of 0.4 Rs units or less can be
expected, even for a pH increment as large as 1.0 unit. The
present sample (composed of approximately an equal number of

acidic and basic solutes) may represent a worst-case situation.
Thus, as pH is varied, acidic and basic solutes move in opposite
directions within the chromatogram, which leads to rapid
changes in resolution for small changes in pH. The practical
conclusion we draw from Figure 8 and the latter example is that
accurate predictions of the effect of varying pH require narrow
pH increments in the input runs (no more than 0.5 pH units if
both acids and bases are present in the sample, but possibly as
large as 1.0 pH units if only acids or bases are present).

Isocratic predictions from gradient data
The use of gradient data to optimize pH and %B for isocratic

separation is illustrated in Figure 9. Isocratic separation of
the entire sample (compounds 1–17) was not possible because
of the wide range in retention of these compounds. Therefore,
compounds 3, 5, 9, 11, and 13–16 (which elute within a nar-

rower range of k values) were selected as
example. Experimental data for pH 3, 3.5,
and 4 and tG = 20 and 60 min were used as
inputs for the computer simulation, which
resulted in the resolution map of Figure 9A.
Maximum resolution occurred for 25 %B
and pH 3.35 (shown by the crosshairs in
Figure 9A). The predicted separation (Rs =
3.1) is shown in Figure 9B. This result was
not confirmed experimentally, but the pre-
diction can be expected to be less reliable
than in the example in Figure 7; some other
related examples can also be observed (11).
However, such predictions of isocratic sep-
aration from the gradient data for when pH
and %B varies can be improved using one
additional experiment whose conditions can
be predicted by computer simulation, as
described previously (11).

CE separation
The three peptides described in the

Experimental section were separated at
three different pH values and three different
buffer concentrations. Migration times and
bandwidths from these nine experiments
were entered into the DryLab 2000 software
for subsequent predictions of separation as
a function of the conditions. A resolution
map as a function of pH and buffer concen-
tration is shown in Figure 10A. Maximum
resolution (Rs = 6.1) occurred for buffer
concentrations at 8mM and pH 6.2 (shown
by the arrow). The predicted separation is
shown in Figure 10B. Because the latter
separation provided greater resolution than
needed, it was possible to choose other con-
ditions that gave acceptable resolution with
a shorter time. An example of this is shown
in Figure 10C for a 8mM buffer concentra-
tion and pH 1.8 (Rs = 3.4). In this case, the
run time was approximately half that of

Figure 10. Separation of a mixture of three peptides (bradykinin, thyrotropin-releasing hormone, and
leu-enkephalin) by CE. Resolution map as a function of pH and buffer concentration, A; separation for
conditions giving maximum resolution, B; separation for conditions giving a shorter run time, C; and
separation for conditions that give poor separation, D.

A
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Figure 10B. A final example of the predicted separation is
shown in Figure 10D for conditions that give poor separation
(52mM, pH 4.4). None of these predictions were verified exper-
imentally. This example was intended only to illustrate the
application of the software for separations other than those by
HPLC. However, because the latter predictions were based on
simple interpolation of retention and bandwidth data, accept-
able accurate predictions would necessarily result if condi-
tions (e.g., pH and buffer concentration) for the starting
experiments were spaced closely enough (this was not the case
for the example in Figure 10).

Conclusion

It is generally recognized that the simultaneous optimization
of two different separation conditions can be effective for the
separation of many samples by means of HPLC or other chro-
matographic methods. The efficient application of this
approach requires a good experimental design and the use of
computer software that can predict separation on the basis of
a relatively small number of initial experiments. It is also
advantageous to have an unrestricted choice of the chromato-
graphic procedure (e.g., HPLC, CE, or SFC) and the two vari-
ables that are to be optimized. Software was described that
meets these requirements.

Two examples of this approach for chromatographic method
development were shown. In the first illustration, the separa-
tion of a 17-component mixture (substituted anilines and ben-
zoic acids) was optimized as a function of mobile phase pH and
tG. Six initial calibration experiments varying in pH and tG
were used for subsequent computer simulations. It was found
for these samples that acceptable predictions of separation
required a pH spacing of the calibration runs that were less
than or equal to pH increments of 0.5.

In a second example, a sample containing three peptides
was separated by CE as a function of buffer concentration
and pH.
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