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Modelling of the retention behaviour of solutes in
micellar liquid chromatography with organic modifiers

J.R. Torres-Lapasi6, R.M. Villanueva-Camaiias, J.M. Sanchis-Mallols,
M.J. Medina-Hernandez and M.e. Garcia-Alvarez-Coque*
Departamento de Quimica Analitica, Facultad de Quimica, Universitat de Valencia, 46100 Burjassot (Valencia) (Spain)

(First received November 16th, 1992; revised manuscript received February 2nd, 1993)

ABSTRACT

Most of the reported procedures for the determination of compounds by micellar liquid chromatography make use of micellar
mobile phases containing an alcohol. The retention of a solute in a purely micellar eluent has been adequately described by the
linear equation 11k' vs. micelle concentration. This equation seems also to be valid for mobile phases with the same alcohol
concentration and varying micelle concentrations. A model to describe the retention behaviour of solutes in any mobile phase of
surfactant and alcohol is proposed, which makes use of the elution data in five mobile phases of surfactant with different amounts
of alcohol. A function of the type 11k' = AJL+ B<p + CJL<P + D, where JL and <p are surfactant and alcohol concentration,
respectively, proved to be satisfactory for different solutes (catecholamines, amino acids, phenols and other aromatic
compounds).

where k' is the capacity factor, [M] is the total
concentration of surfactant in the mobile phase
minus the cmc, Vs the volume of the stationary
phase, VM the volume of the mobile phase in the
column, Psw the partition coefficient of the
solute between the stationary phase and water
and K A M the solute-micelle binding constant.
This equation has been verified experimentally
for a large number of solutes [6-9].

ing greatly on the nature of the solute. Three
models have been proposed to describe the re
tention of solutes at various micelle concen
trations: the three-phase model of Armstrong
and Nome [3], the equilibrium approach of
Arunyanart and Cline Love [4] and the model of
Foley [5], which considers the interactions with
the micelles as a secondary equilibrium. These
models lead to similar equations, which can be
written as

INTRODUCTION

Armstrong and Henry [1] indicated in 1980 the
feasibility of using mobile phases containing a
surfactant solution above the critical micelle
concentration (cmc) in reversed-phase liquid
chromatography (RPLC). The technique was
called micellar liquid chromatography (MLC).
The complexity of MLC is much greater than
that of conventional RPLC with aqueous
organic solvents, owing to the large number of
possible solute-micellar mobile phase-stationary
phase interactions, which affect the retention of
the solutes. Other factors to be considered are
micelle concentration, pH and ionic strength.
Almost any compound can be determined by
MLC [2].

The retention of a solute usually decreases
with increasing micelle concentration in the
mobile phase, the retention change depend-

* Corresponding author.

1
k' (1)
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The most serious problems with MLC are, on
the one hand, the weak solvent strength of
purely micellar eluents and, on the other, the
poor efficiency of the chromatographic peaks
compared with aqueous-organic mobile phases,
which has been related to a restricted mass
transfer of the solute towards the stationary
phase [10]. Dorsey et al. [11] recommended the
addition of an organic solvent, such as a short
chain alcohol, to the micellar eluent, to enhance
the chromatographic efficiency. The addition of
alcohols also causes an increase in solvent
strength, the effect being larger with more hy
drophobic solutes. Ternary surfactant-water-or
ganic modifier eluents have been called hybrid
micellar eluents [12]. It has been indicated that
eqn. 1 is also valid for these eluents [12,13].

When hybrid micellar eluents were first used,
they were severely criticized. However, most of
the papers published in the last 5 years on MLC
reported procedures with these eluents. Our own
experience with the determination of different
drugs (diuretics, narcotics, stimulants, anabolic
steroids and f3-blockers) has shown that in most
instances, the retention of the solutes with purely
micellar eluents is excessive, which forces one to
add a modifier to achieve adequate retention
times [9,14]. To predict the retention behaviour
of a solute in hybrid micellar eluents, it is
necessary to find an equation to describe the
change in capacity factor with varying concen
trations of surfactant and modifier.

Schoenmakers et al. [15] proposed in conven
tional RPLC the following relationship between
capacity factor and volume fraction of organic
modifier, q;:

where S is the solvent strength parameter. The
intercept log kh does not coincide with the
logarithm of the capacity factor of the solute in a

where A, Band C are constants which depend
on the solute. However, in the usual 1 < k' < 10
range and a small range of concentrations of
modifier, this equation may be approximated to

log k' = Aq;2 + Be: + C

log k' = -Sq; + log k~

(2)

(3)

purely aqueous mobile phase, being much small
er [16].

Khaledi et al. [17] reported that in hybrid
MLC and at a constant micelle concentration,
the linear relationship between log k' and q; is
valid. According to them, log k~ in eqn. 3 is the
logarithm of the capacity factor at a given
micelle concentration. However, in the same
paper, the plots of retention (log k') of several
amino acids and alkylbenzenes in mobile phases
of sodium dodecyl sulphate (SDS) and hexade
cyltrimethylammonium bromide (CTAB), re
spectively, against volume fraction of propanol
were not linear, and especially the experimental
point for the absence of modifier deviated from
linearity. We observed for other solutes that
linear log k' vs. q; relationships were only ob
tained with methanol as modifier [9,18].

Recently, Strasters et al. [19] proposed a
procedure to describe the change in capacity
factor of a solute in hybrid eluents, using the
retention data of only five mobile phases. In this
approach, linear relationships for log k' vs. total
concentration of surfactant, u; and volume frac
tion of organic modifier, q;, were assumed. The
retention in other mobile phases was calculated
by means of a simple linear interpolation. The
authors indicated that the agreement between
experimental and calculated data for several
amino acids and phenols was excellent. How
ever, we found important errors in the prediction
of the retention of other solutes when this
procedure was applied.

In this paper, a more suitable model is pro
posed for the description of the retention be
haviour in micellar eluents containing an alcohol.
In this study, the elution data for five catechol
amines in mobile phases of SDS and propanol
were used.

EXPERIMENTAL

Reagents
Sodium dodecyl sulphate (99%) was obtained

from Merck (Darmstadt, Germany) and pro
panol (analytical-reagent grade) from Panreac
(Barcelona, Spain). The mobile phases were
vacuum-filtered through 0.47-j.Lm nylon mern-
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is not explicitly indicated, a different equation of
the type

is fitted in each subspace. The calculation of the
k' values is made by interpolation in the sub
space where the coordinates belong. The scheme
of interpolation followed is not very simple from
a practical point of view.

The capacity factors of five catecholamines in
thirteen micellar mobile phases, containing SDS
and propanol at pH 6.8, are given in Table II.
The concentration ranges studied were JL =
0.035-0.15 M and cp = 0-0.10 (v/v). The high k'
values in mobile phases without propanol were
due to the strong electrostatic attraction between
the positively charged amine group and the
negatively charged surface of the stationary
phase. For the catecholamines, the same as with
aminochromes and diuretics, when the ex
perimental data were fitted according to eqn. 3
the value of the intercept log kh was smaller than
the experimental value in the absence of pro
panol.

With the procedure of Strasters et al. [19],
where five mobile phases are used for the calcu
lation of k', large errors were obtained for
catecholamines in the prediction of the k' values
for the other eight mobile phases assayed. The
errors were in the range 7-31% for norad
renaline, 11-37% for adrenaline, 0.4-39% for
adrenalone, 9.8-38% for dopamine and 7.6
44% for isoprenaline.

Table III shows some possible models (equa
tions) to describe the retention of the solutes. In
these models the reciprocal of the capacity factor
(eqns. a-e) and the logarithm of capacity factor
(eqns. f-j) are related to the total concentration
of surfactant and the volume fraction of modifier
through linear and quadratic expressions. In
some of them there is a term that includes both
variables. The retention of catecholamines was
used to evaluate the quality of the models. Five
mobile phases were taken according to different
experimental designs. Four of these designs are
represented in Fig. 2, as an example of those
examined. The data were fitted to each model
and the errors in the prediction of k' for the

organic modifier in MLC through the use of the
free-phase equilibrium model and in correlation
with the thermodynamic properties, concluded
that, in the presence of a modifier, the retention
mechanism is not the same as the mechanism
governing aqueous MLC.

The addition of an organic modifier would
change certain micellar properties, such as the
cmc and the aggregation number of the surfac
tant, which may influence the retention behav
iour of ionic compounds [17]. Also, the equilib
rium of the solute is displaced away from the
micelle towards the bulk aqueous phase, which
becomes more non-polar [13]. On the other
hand, the alcohol in the micellar mobile phase
solvates the hydro carbonaceous bonded phase
and reduces the amount of sorbed surfactant on
the stationary phase. This effect is larger with
increasing concentration and hydrophobicity of
the modifier [12,17,20]. With hybrid eluents,
solute binding constants to micelles and their
partitioning into the stationary phase both de
crease as a result of the addition of the modifier.
However, the KAMIPsw ratio increases and,
therefore, the elution power of the mobile phase
increases [13].

In the procedure of Strasters et al. [19] for
predicting retention in hybrid micellar eluents,
the retention is determined at five mobile phase
compositions (JL,CP), four measurements at the
corners of the selected two-dimensional parame
ter space and one measurement in the centre
(see Fig. 2, design I). The extreme values of the
parameters are dictated by the practical limita
tion of the chromatographic system: the lower
surfactant concentration must be well above the
cmc and must be strong enough to cause elution
of all components. The upper surfactant concen
tration is determined by a combination of the
solubility of the surfactant, the viscosity of the
resulting mobile phase and the degradation of
the efficiency at higher concentrations. The or
ganic modifier concentration is limited to a
maximum to ensure the integrity of the micelles.
The square parameter space consists of four
triangle subspaces. A separate linear model is
determined for each of the four subspaces de
fined by three of the five measurements, i.e., two
corner points and the central point. Although it

log k' = AJL + Bcp + C (4)
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Fig. 6. Calculated k' vs. experimental k' values according to eqn. b and design I (Fig. 2) for (a) five catecholamines and thirteen
mobile phases, (b) fifteen phenols and five mobile phases [19] (c) thirteen amino acids and five mobile phases [19] and (d) six
aromatic compounds and fifteen mobile phases [13].

Bip + CJ.LCp + D. This equation was valid for
different solutes (catecholamines, amino acids,
phenols and other aromatic compounds). The
modelling of the retention behaviour is useful for
the optimization of resolution in the separation
of several compounds, using the elution data for
a reduced number of mobile phases. However,
more work is necessary on the optimum ex
perimental design.
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ABSTRACT

The options in the implementation of gradient theory for optimization work are critically reviewed and evaluated for the case of
the reversed-phase liquid chromatography of peptides. Various models are covered together with methods for the determination
of model parameters. Approaches for calculating retention times and band widths from experimental data are discussed. Different
kinds of extrapolation are compared with interpolation. This study was aimed at finding the best compromise between number of
experiments, accuracy of predictions and simplicity of calculations. Implementation and the use of gradient predictions can be
simple, and practical recommendations are given.

INTRODUCTION

The retention of peptides in reversed-phase
liquid chromatography is extremely sensitive to
the concentration of organic modifier in the
mobile phase [1-5]. It is unusual that a peptide
sample can be separated with a reasonable range
of retention by isocratic elution. Separation of
peptides by reversed-phase liquid chromatog
raphy is performed almost exclusively by gra
dient elution.

The theory of gradient elution is well estab
lished [6-8]. From the theory it is clear that the
selectivity may vary with gradient slope. This is
also commonly the case for peptides and proteins
[4,9,10], and the general rule of thumb, that the

., Present address: PSQD, Bau 64/140, Hofmann-La Roche
AG, CH-4002 Baste, Switzerland.

resolution between all peaks will increase with
increased gradient time, is not valid. Retention
predictions based on gradient theory therefore
emerges as a powerful tool for optimization in
the reversed-phase chromatography of peptides,
requiring few experiments.

Predictions based on gradient theory are gen
erally highly accurate. In this work the relevant
options that exist in the implementation and
application of gradient theory are reviewed and
evaluated. Four aspects are considered: the
accuracy of predictions, the complexity of calcu
lations, the necessary knowledge of the sample
and the chromatographic system and the amount
of experimental work necessary for making pre
dictions. Gradient theory is regarded here as a
tool for optimization of the gradient profile,
hence only the accuracy of the predictions is
studied and not that of the model parameters
themselves.

0021-9673/93/$06.00 © 1993 Elsevier Science Publishers B.V. All rights reserved
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THEORY

Retention volume
Most expressions of retention volume in gra

dient elution in reversed-phase liquid chromatog
raphy are based on a linear relationship between
k' and concentration of organic modifier for
isocratic elution:

(2)

(3)

(4)

(5)

In this paper, the parameter B will mainly be
used and all gradients will be considered as
linear:

where k~ is k' at the starting concentration of
organic modifier;

only limited success [2-4,7,27-29]. In addition,
most samples contain solutes for which these
properties are unknown, making this approach
restricted in application. A correlation between a
and m has been sought, again with mixed results
[15,30]. In practice, a and m have to be de
termined experimentally for all solutes in a
sample.

Several ways to describe a linear gradient have
been given in the literature. The different terms
"slope", denoted B, used by Jandera and
Churacek, "steepness", b, used by Snyder's
group, and "rate", s, can be confusing; see Table
I for an explanation. This disparity has been
pointed out and discussed by Jandera and
Churacek [8,17]. These parameters are related to
one another as follows:

On the basis of eqns. 1 and 3, the following
expression for the retention volume can be
derived [6,8]:

1 , )Vg= mB . log (2.3VmmBko+ 1 + Vm

The only assumption for k~ in eqn. 6 is that it
should be larger than VdlVm, otherwise the solute

The gradient is inevitably preceded by an iso
cratic step, because it takes some time for the
gradient to reach the column. The following
expression includes migration during the passage
of the dwell volume [8,31]:

Vg= ~B 'log (2.3VmgmBk~+ 1) + Vm+ v, (6)

where Vmg is the part of the dead volume where
gradient elution occurs. Vmg is given by

v,
Vmg=Vm- k' (7)

o

(1)log k' = a - mcp

From theory based on various models of physical
chemistry of chromatography it has been argued
that a quadratic model is a more correct descrip
tion [11,12], and non-linear relationships have
also been observed [12-15]. Thorough discus
sions have resulted in the general opinion that
the function is non-linear but can be approxi
mated by a linear function in k' range where
most of the migration occurs (1 < k' < 10)
[13,15-18]. Several workers have also found that
they can obtain accurate predictions of retention
for peptides and amino acids using expressions
based on this assumption [2,19-23]. From a
practical point of view, a linear function is
advantageous as calculations based on a non
linear model are complex and require more
experiments [15,24-26].

Several attempts have been made to relate the
parameters a and m to solute properties such as
molecular mass and hydrophobicity, but with

The various formulations of gradient theory
that have been published are critically examined.
Practical recommendations for the implementa
tion of gradient predictions for "real samples"
are presented and discussed. The implementa
tion and use of these predictions can be simple
and this work will hopefully encourage more
peptide chromatographers to use gradient
theory.

A complete presentation of gradient theory
can be found in publications by Jandera and
Churacek [8] and Snyder and Stadalius [6,7].
Only the final expressions and the underlying
assumptions will be presented in this paper. The
notation of Jandera and Churacek has mainly
been followed and the symbols are listed at the
end of the paper.
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predictions are not very sensitive to errors in the
dead volume [24]. The most common methods
are (1) to measure the elution volume for a
non-retained solute, "markers" (e.g., refs. 45
and 46), (2) to measure the elution volume for a
deute rated mobile phase component, typically
DzO (e.g., refs. 42,46 and 47) or (3) to measure
the retention volume for a set of homologues
and then do the determination by a parameter fit
based on a thermodynamic model (e.g., refs.
46-49). For practical reasons the first method is
preferred, as a detector measuring refractive
index is needed in the second method and the
third method is too time consuming. The choice
of non-retained solute is not obvious, and both
inorganic salts and organic compounds have
been suggested. Anions have the disadvantage of
being excluded from parts of the mobile phase
by negatively charged silanol groups, whereas
cations are retained [45]. Neutral polar organic
solutes seem more promising and in this work
the often recommended uracil [44-46] was used.

It is also possible to determine the dead
volume by data fitting, as 'a parameter in the
model for retention volume. If the parameters a
and m are unknown, which is the usual case, this
means that at least three gradients have to be
run. As the dead volume can be determined in a
matter of minutes this is not a practical alter
native, and it is better to use extra gradients for
estimation of the dwell volume, as will be de
scribed below.

It has been indicated that the accessible vol
ume is reduced if the size of the peptide is close
to or larger than the pore size [2,37]. On the
other hand, in the work by Larmann et al. [50],
no difference in retention for large molecules
was seen when columns with various pore sizes
were used. This indicates that large molecules
can reach all parts of the mobile phase in the
column. By using columns with large pores
(>100 A) the potential difference is minimized
[2,10]. In addition, large pores also promote high
plate numbers [51-54] and recoveries of peptides
[51,55]. It would also be difficult to determine
individual dead volumes, so in practice the dead
volumes must be assumed to be equal.

The dead volume, Vm , is dependent on the
concentration of organic modifier [42,47,56]. In
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this work, Vm was determined at two concen
trations of organic modifier for comparison. It
has also been shown that the elution volume for
the non-retained solutes is affected by flow-rate,
temperature and amount of solute [45,46]. The
determination of Vm should therefore be done at
the same temperature and flow-rate as the
calibration gradients. The influence of the
amount of solute on the elution volume is not
very pronounced for uracil [45], which is one
reason for its popularity. To check this, the
elution volume of uracil was determined with
two different amounts of uracil, differing by a
factor of 100.

A rough estimate of Vm can be made by
assuming that Vm is a fixed proportion of the
column volume [57]. This option was not
evaluated as a meaningful test would have to
involve several columns and also the gain in time
is small, as Vm can be estimated within a few
minutes.

Dwell volume, Vct
An incorrect estimate of the dwell volume is a

common source of error in gradient predictions
[21,25,57,58]. There are two experimental meth
ods for estimation that can be regarded as
reliable. One approach is to run a slow gradient
of a UV-absorbing solution, without a column
[27,58]. The dwell volume is then calculated as

1
Vct =Vl/ Z - 2" Va (26)

where V1 / Z is the volume when the absorbance
has reached half its maximum value and Va is the
gradient volume. The other approach is to use
more than two calibration gradients, with differ
ent slopes. The dwell volume is determined,
together with the parameters a and m, by a
fitting routine [22,23,58]. In this work the two
methods are compared regarding the accuracy of
absolute retention and difference in retention
between two solutes.

Model parameters, a and m
The model parameters a and m can be de

termined from calibration gradients by some
kind of parameter fitting. The key question is
whether log (2.3VmmBk~ + 1) can be approxi-
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As peptides have low diffusion rates, the mass

mated by log (2.3VmmBk~), i.e., if eqn. 8 can be
us~d. The two cases lead to different parameter
fitting routines, as described in a later section. In
this work the parameter fitting was made for
both ~ases, at different values of 2.3VmgmBk~ to
estabhsh when the approximation is valid.

Plate number, N
The plate number is usually determined for a

small organic molecule, e.g., naphthalene eluted
isocratically with k' > 3 with a high conce~tration
of an organic modifier of low viscosity. The plate
number that the manufacturer sends with a new
column is typically determined in this way as the
method gives a high estimate of the plate
number. This method of estimating plate num
bers will below be referred to as "the conven
tional isocratic method".

It is important to realise that the plate number
is not a given constant for a specific column. It
depends on several variables, of which the fol
lowing are of interest in this context: diffusion
rate of the individual components; viscosity of
the mobile phase; capacity factor; and flow-rate.

It has been pointed out that the plate number
generally i~ lower when working with peptides,
at. conventional flow-rates, than when working
with small organic molecules [1,4]. The reason
for this is the slow diffusion of macromolecules
such as peptides [1,36]. The diffusion rate is
related to the molecular mass and as peptides
can have a broad range of molecular masses, the
p~ate ~umber will vary among peptides [4]. The
diffusion rate is also dependent on the solvent.
In t~e reversed-phase liquid chromatography of
peptides, acetonitrile is the organic modifier
mo~t commonly used. The most popular alter
native, 2-propanol [59-61], has a much higher
viscosity, giving a lower plate number. The plate
number is also related to k' [1,62], which is
dependent on gradient slope and solute. In
addition, the plate number is also a function of
flow-rate, described by, for example, the Knox
equation [63]:

h = AV 1
/
3 + Bv + Cv (27)

transport term, the C term, in the Knox equa
tion will be large and the highest plate number
will be obtained at an unusually low flow-rate
[1,4] (the choice of flow-rate will be discussed
later).

Despite the differences in plate number, band
widths are usually comparable for solutes eluted
with the same gradient slope, because band
width is related both to the plate number and the
parameter m, the latter generally increase with
increasing molecular mass. This leads to the
impression that the variation in plate number is
smaller than it actually is. The prediction of band
width relies on the estimate of the plate number,
and it is therefore essential to consider as many
factors as possible in order to maximize the
accuracy of predictions.

Based on extensive approximations, expres
sions have been derived that relate the parame
ters Band C in the Knox equation to molecular
mass and the structural state of the peptide
(native/denatured), particle and pore size of the
packing material and viscosity of the mobile
phase [64]. This approach to the estimation of
plate number has the advantages that the vari
ation of plate number with flow-rate can be
predicted and that non-ideal band broadening
can be detected. Further, this model can aid in
the design and evaluation of column materials.
However, this model has limited applicability for
optimization of separation involving samples of
unknown composition as the solute characteris
tics and Knox parameter A have to be known.

The plate number can instead be determined
experimentally from the same gradient runs that
are used for estimating a and m. In comparison
with the conventional isocratic method for plate
number estimation, this method is superior as
the determination is made for the organic
modifier that its actually used and individual
plate numbers can be assigned to the solutes that
are separated. In addition, no information is
required about the solute or column characteris
tics and some degree of non-ideal band broaden
ing can be included, making this approach more
useful for optimization than the mechanistic
model discussed above. However, variations in
flow-rate and k' are not accounted for by this
approach. It must also be noted that this method
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requires that the band width can be measured for
all solutes in the sample (see next section).

It is possible that the overestimate of the
number of plates made by the conventional
isocratic method can be compensated for by a
certain correction factor for band width (see
Theory). This is a weak argument for the con
ventional isocratic method, as the difference
between the two methods can vary over a wide
range, and a correction factor can both over- and
under-compensate for an incorrect estimate of
plate number.

For comparison, the plate number was de
termined in this work both by the conventional
isocratic method and individually from calibra
tion gradients. For one peptide the plate number
was determined with two organic modifiers for a
further comparison.

Retention volume, Vg , and band width, Wb

Accurate measurements of the retention vol
umes for the peaks in the calibration gradients
are important in gradient modelling. To deter
mine plate number from calibration gradients, as
presented above, the band widths also have to be
measured. Determinations of retention volumes
and band widths are the initial and most crucial
steps in gradient predictions. This can be a
difficult problem [65] as evaluation by commer
cial integrators is often far from perfect [66,67].
Neither do all integrators measure band widths.
The problem is not so severe as long as the peaks
do not overlap. It is unusual, however, for all
solutes to be well separated in the calibration
gradients. The overlap of peaks will affect both
the determination of retention time (the peak
maxima are not equivalent to the retention
times), and band width. Incorrect measurements
of retention times are a source of significant
errors in gradient predictions [39,57].

The problem can be solved, however, by
deconvolution of the peaks. Deconvolution
means that the overlapping peaks are separated
into individual peaks by mathematical methods.
Deconvolution can be done without any assump
tion of peak shape if a diode-array detector is
used and the spectra of the non-resolved solutes
are different [68-70]. Diode-array detectors are
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not available in all laboratories and the very
advanced deconvolution software is even more
scarce. The alternative is to fit a mathematical
model to the peaks. Fitting routines for gaussian
models are available in many computer-based
evaluation programs or can easily be im
plemented, which was done in this work. Tailing,
non-gaussian peaks are sometimes observed
owing to secondary interactions [71,72], although
gradient elution promotes symmetrical peaks [6].
If tailing peaks are present, the first action
should be to alter the chromatographic condi
tions to prevent tailing, e.g., by increasing the
ionic strength [5,73-76] or by adding amines that
can block silanol groups [35,77-79] or by altering
the pH [5,61,74]. Unfortunately, the tailing can
persist. This situation is difficult to handle as
their is no simple model for the peak shape and
gradient theory does not include tailing. The
"brute force" method is to use a gaussian model
giving an overestimated band width. The solute
will then be predicted to give wide gaussian
peaks instead of tailing peaks. This is an incor
rect prediction, but still better than if a plate
number based on the conventional isocratic
method was used.

Choice of calibration gradients
From a small number of gradient runs the

parameters a and m can be estimated and results
predicted. If Vm and Vd are known, two calibra
tion gradients are sufficient [2,7,37]. To be able
to perform calibration it is crucial that the peaks
of each solute in the different calibration gra
dients are matched, so-called peak tracking. The
use of three calibration gradients makes this task
easier [10,80,81]. Apart from giving more in
formation in general, the use of three calibration
gradients also makes it possible to test whether a
peak match hypothesis is correct. This is done by
determining the parameters a and m from two
gradients, and then predicting the third gradient.
An incorrect peak match will show up as a large
error in the predicted chromatogram. Peak
matching is critical in calibration, as mismatched
peaks can lead to gross errors in the predictions.

It has been recommended that the slopes of
the calibration gradients used should differ by a
factor of three or four in order to obtain good
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new estimate is made of a and m, now keeping
Vd fixed. A non-linear fitting routine can, of
course, be used even if 2.3VmgmBk~ is large,
making this method more general.
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technology) and a CMA Model 200 autoinjector
(CMA Microdialysis, Stockholm, Sweden) was
used. The instrumentation was interfaced with
an IBM AT3 personal computer for gradient
control and data acquisition.

EXPERIMENTAL

Note that all necessary parameters on the right
hand side can be calculated from the parameters
given in the model of the retention volume.

Calculating plate number from calibration
gradients

Individual plate number for each solute can
easily be determined from eqn. (23) if band
widths have been measured. From eqn. 23, N
can be expressed as

16 {V. zN=-· ~. [V .(k' + 1)]w: V rm 0
b m

Vmg , z}+ V
m

. [Vmg(k f + 1)JG] (30)

Software
Evaluation of chromatograms, gradient model

ing and prediction were all made with in-house
software written in the programming environ
ment ASYST (Asyst Software Technologies,
Rochester, NY, USA). A modified Gauss-New
ton algorithm was used for fitting gaussian
models to the chromatograms. The data fitting
was done with a simplex algorithm.

Chemicals
Acetonitrile and 2-propanol were of HPLC

gradient grade (Merck). Distilled waster was
purified using a Milli-Q system (Millipore, Bed
ford, MA, USA) fitted with an Organex-Q
cartridge. Phosphoric acid and ammonia were of
analytical-reagent grade (Merck).

Column
A lO-cm x 4 mm I.D. Sephasil C18 column

(Pharmacia-LKB Biotechnology, Uppsala,
Sweden) was used. The column matrix consisted
of 5-/-Lm silica with a pore size of 125 A.

Instrumentation
A system consisting of a Model 2249 low

pressure mixing gradient pump, a Model 2141
dual-wavelength detector (Pharmacia LKB Bio-

TABLE II

PEPTIDES USED IN THIS WORK

Peptides
The synthetic peptides used were kindly do

nated by Anders Winter at Pharmacia-LKB
Biotechnology and are listed in Table II. All
pep tides were injected individually.

Gradients
Four gradient slopes, 0.5, 1.0, 2.0 and

4.0%/ml, were used. The buffer consisted of 50
mmol/l phosphoric acid adjusted to pH 2.8 with

No.

1
2
3
4
5
6
7
8

M,

589
571
626

1071
1858
1729
1689
1722

pI

3.1
3.1
8.4
6.5
3.9
9.5
3.1
9.6

Sequence

Met-Val-Asn-Pro-Glu
Tyr-Glu-Leu-Phe
Pro-Leu-I1e-His-Phe
Thr-Pro-I1e-Pro-Arg-Tyr-Pro-Leu-Asp
His-Thr-Asp-Arg-Glu-His-Thr-I1e-Glu-Thr-Asp-Glu-Met-Glu-Asp
Lys-Tyr-Gly-Asn-Leu-Ser-His-Glu-Lys-Gln-His-GIn-Leu-Phe
Gly-Asn-Gly-Gln-Asp-Val-Met-Ala-Leu-Ala-Thr-I1e-Leu-Ser-Trp-Leu
Gln-Leu-Ser-Leu-Ala-I1e-Phe-His-Ser-Thr-Tyr-Trp-Lys-Ala-Gly
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TABLE IV

DETERMINATION OF DEAD VOLUME

The mobile phase consisted of acetonitrile mixed with 50
mmol/l phosphate buffer (pH 2.8). Each determination of Vm

was repeated four times. The pooled standard deviation of Vm

was 1.8 JLI.

Concentration of acetonitrile
(%)

30
30
50
50

Amount of uracil
(JLg)

0.03
3
0.03
3

808
809
750
754

TABLE V

ERROR IN PREDICTION OF Vg FOR DIFFERENT
. ESTIMATES OF Vm AND Vd

Eqn. 6 was used for parameter fitting and prediction. The
dwell volume was determined, together with the model
parameters a and m, by parameter fitting. All combinations
of three calibration gradients and starting concentration were
considered. The measure of error is explained in the text.

Median error/90% percentile (% of Vo)

Vd from UV-absorbing
eluent gradient

the relevant range and a better estimate of Vm is
therefore to be expected.

It is clear that a Vd estimate based on fitting
will improve the accuracy, a result that has also
been obtained by others [22,23]. When estimat
ing Vd by parameter fitting, the predictions also
become less sensitive to small variations in the
Vm estimate, as these variations are taken up by .
Yd' It should be emphasized that the determina
tion of Vd by parameter fitting is sensitive to
errors in retention volumes in the calibration
gradients. However, .as one estimate of Vd is
obtained for each solute, the accuracy can be
improved by evaluating as many solutes as pos
sible.

Resolution is a more interesting parameter
than absolute retention. The error in prediction
of resolution is a function of the relative errors in
band widths and difference in retention. Sources
of prediction error that affect the retention of all
solutes in the same direction will therefore have
a minor effect on the predictions of resolution.
For example, an error in Vd affects the predicted
retentions in roughly the same way and the
influence on resolution should be small in com
parison with the influence on absolute retention.

To evaluate the effect of Vd on resolution, the
differences in retention of four peak pairs were
predicted and compared with actual values. The
results are summarized in Table VI. One can

2.10 ml from the gradient of a UV-absorbing
solution. To find the dwell volume by fitting
retention data to the model, more than two
calibration gradients have to be made. The
overall aim is to keep the number of experiments
small, hence the use of three calibration gra
dients is of most interest. In this work, four
different slopes were used, to allow predictions
to be made for a gradient not used for calibra
tion. To obtain a realistic situation a combina
tion of three out of four gradients was first
selected. For this combination Vd was first de
termined together with a and m. As one estimate
is obtained for each solute, Vd was taken as the
average for all solutes. The determination of a
and m was then repeated using this Vd as fixed.
This procedure was carried out for all combina
tions of calibration gradients. The average of all
Vd estimates based on fitting was 2.47 ml, with
Vm set at 0.809 ml.

To evaluate the effect on accuracy, Vg was
predicted for the peaks in the gradient not used
for calibration. This was repeated for all possible
combinations of calibration gradients. It has
been concluded by other workers that an error in
the estimation of Vm has very little effect on the
accuracy of the predictions of retention
[24,25,57] and it can be seen in Table V that the
variations in the Vm estimates indeed has only a
small influence on the prediction error. The best
result is obtained using the Vm determined with a
mobile phase containing 30% of acetonitrile.
This isocratic mobile phase is closer to the
average mobile phase during gradient elution in

808
809
750
754

0.4010.84
0.4010.84
0.4010.84
0.4010.84

0.82/1.51
0.82/1.51
0.91/1.69
0.9011.68
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TABLE XII

ERROR SOURCES

Source

Incorrect gradient formation

Gradient rounding due to mixing volume

Incomplete column equilibration

Solvent demixing

N. Lundell / J. Chromatogr. 639 (1993) 97-115

Comment

Should be checked by running a UV-absorbing gradient without column.
Generally small with modern equipment [57,58]

The mixer should have a volume that is less than 20% of the total volume
of the gradient. This is rarely a problem with ordinary instrumentation, but
can be serious with micro columns. In addition it can pose a difficulty when
multi-segmented gradients are used [58]

It has been found that 15 column volumes of initial solvent are needed to
wash the column completely between the gradients [24]. Incomplete column
equilibration will only affect early-eluting solutes

Small [20,24,57], and can be further minimized by not starting the gradient
with pure buffer, i.e., by having fPo > 0%

structural changes, their retention parameters
change or they undergo slow inverconversions
between two or more conformations [3,7,87-90].
This leads to excess band broadening or multiple
peaks and can cause deviations between pre
dicted and actual values. These cases can, how
ever, usually be recognized in the calibration
gradients. Very few cases of large deviations have
been reported [7].

Other sources of error
There are general sources of error that are not

related to the choice of the chromatographic
models and methods of determining the parame
ters. They are listed in Table XII together with a
judgement of their importance. It was not the
aim of this work to explore these issues, and
papers have already been published that treat
this topic [20,24,25,31,37,57,58].

In the reversed-phase liquid chromatography
of peptides, mobile phases containing triftuoro
acetic acid (TFA) are popular. It has been shown
that these mobile phases degrade the column
[91]. If TFA is used as a mobile phase additive it
is therefore important that the time between the
calibration and prediction gradient is small
[20,57].

CONCLUSIONS

It has been confirmed that highly accurate
predictions of retention volumes, band widths

and resolutions can be made from a small
number of calibration gradients if the right
precautions are taken. There are various ver
sions of the expressions for retention volume and
band width in the literature, most of them being
different approximations based on the same
fundamental theory. From a practical point of
view, considering the tools for calculation that
are available today, there is only one approxi
mation that is meaningful. By choosing the right
conditions for the calibration gradients, i.e., low
starting concentration of organic modifier, one
can ensure that this approximation is valid. The
determination of the model parameters then
becomes simple.

Determination of the dead volume as the
elution volume for uracil is simple and was found
to be adequate. The dwell volume can be esti
mated from a gradient run, without a column,
with UV-absorbing eluents. The alternative ap
proach is to estimate the dwell volume from
parameter fittings of retention data based on
three or more calibration gradients, if non-linear
fitting routines are available. In agreement with
earlier work, it has been shown that determina
tion of the dwell volume by fitting results in
more accurate predictions of absolute retention
times. The improvement in the accuracy of
prediction of differences in retention between
peak pairs is, however, minor.

The accuracy of band width prediction can be
greatly improved by assigning an individual plate
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number to each solute. This is especially im
portant in peptide work, as the plate numberis
generally much smaller than for small organic
compounds, and also varies between peptides.
Plate numbers can either be derived from ap
proximating mechanistic models or be deter
mined experimentally. The latter approach is
more appropriate for optimization purposes, as it
requires no knowledge about the solute or
column and can tolerate some non-ideal band
broadening. Deviations from the fundamental
band width model have been observed by other
workers. This was confirmed in this work and the
different empirical correction methods suggested
in the literature have been evaluated. The sim
plest approach gave the highest accuracy in this
study.

The initial step in making predictions is to
evaluate the calibration gradients. A correct
match of peaks between runs is crucial, and this
task is much simplified if three calibration gra
dients are run. Determinations of retention vol
umes and band widths (the latter is needed if
individual plate numbers are to be estimated) is
difficult in the case of overlapping peaks. Here a
simple deconvolution based on a gaussian model
is suggested. It is recommended that the calibra
tion gradients are run at a constant and high
flow-rate. This will not correspond to the maxi
mum plate number but to the highest peak
capacity per unit time. Predictions based on
calibration gradients with constant flow-rate are
also more accurate.

Gradient prediction is mainly a tool for op
timization of the gradient slope. Extrapolation is
then often inevitable. It is shown here that
extrapolations to faster gradients are associated
with smaller errors than extrapolations to slower
gradients, suggesting that slow calibration gra
dients should be preferred.

In summary, gradient prediction is accurate
and useful in peptide chromatography and, fol
lowing the guide-lines presented in this work, its
implementation is made simpler.
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SYMBOLS

cp Concentration of organic modifier (%)
'Po Starting concentration of organic modifier

(%)
v Reduced velocity
a Model parameter
B Gradient slope (% /ml)
b Gradient steepness
F Flow-rate (ml/rnin)
G Peak compression factor
k~ k' at the starting concentration of organic

modifier
k; k' when the solute leaves the column
m Model parameter (% -1)
N Plate number
s Gradient rate (%/min)
t Time (min)
V Pumped volume (ml)
Vg Retention volume, gradient elution (ml)
Va Gradient volume (ml)
Vd Dwell volume (ml)
Vm Dead volume (ml)
Wb Peak width at base (ml)
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Fig. 1. Peak tracking. The peaks in chromatograms obtained
under different conditions are matched.

peak tracking can be applied i.e., the complexity
of the sample, which variables are altered and
what detection method is selected.

Methods not based on retention models. These
methods are straightforward to use, but usually
require more experiments than the previous
category. No peak tracking is needed and any
quantitative variable can be optimized. A re
sponse can be seen as a grade or a quality
measure for specific separation conditions. This
measure is determined from the chromatogram
by some response function, e.g., the sum of all
resolutions. This response can then be optimized
with a search method such as the simplex meth
od [26,27] or by making an empirical model of
the response, a so-called response surface. Un
fortunately, both methods have significant draw
backs. The simplex method will find an op
timum, but it might only be a local optimum. An
empirical model of the response can be extreme
ly difficult to make from response values alone,
as the response surfaces are often unsmooth
[28-31]. A third possibility is to determine the
response at various conditions according to an
experimental design and then simply take the
conditions that result in the highest response as
the optimum, without making any model [32].
This last strategy is sometimes referred to as grid
searching. It must also be emphasized that it can
be difficult to formulate an adequate response
function or optimization criteria [33,34]. This
will be more of a problem in this category of
optimization methods as they rely heavily on a
response function.

The large number of optimization strategies
proposed in the literature may seem confusing
but they are complementary as they aim for

different situations. The chromatographer must
identify the separation problem and choose op
timization methods accordingly. A key question
is whether peak tracking is possible or not. The
most powerful instrumental tool for peak track
ing is multi-channel detection, usually diode
array detection, preferably combined with soft
ware that mathematically can resolve peaks [35
37], so-called deconvolution. The outcome is a
pure spectrum for every peak, which can support
peak tracking. Optimization strategies based on
peak tracking with diode-array detection have
therefore received considerable attention [38
41]. Unfortunately these strategies are only
guaranteed to work if the solutes have different
spectra and some degree of resolution. It is also
known that a UV spectrum is affected by pH and
solvent.

The optimization strategy presented in this
work mainly aims at a situation where a small
number of peptides are to be separated from an
unknown, complex matrix. Typically this means
analytical or preparative separation of peptides
in biological material such as body fluids, tissue,
food or beverages. The mobile phase system,
i.e., buffer and organic modifier, and the gra
dient slope are optimized. The aim is to find
separation conditions that allow the separation
to be made with a fast gradient. A fast gradient
means fast separation, low detection limits and
high load capacity.

Peak tracking is difficult in these applications,
owing to the complexity of the sample and the
fact that spectra of peptides are often identical in
the short-wavelength UV range and the differ
ences in the 240-280-nm range are difficult to
detect as the absorbance is low. Diode-array
detectors are thus of limited use. In addition,
they are generally less sensitive than the conven
tional UV detectors and the deconvolution soft
ware is not yet widely available.

The optimization strategies that have been
developed so far have either been made for
simple matrices with small molecules separated
with isocratic elution or have been dedicated to
gradient optimization. In this paper, a strategy
for peptide separation that optimizes both the
mobile phase system and the gradient slope is
proposed. Peak tracking is applied to a limited
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acid. The digest was spiked with a solution of
angiotensin II resulting in a final concentration
of 0.14 mg/ml.

RESULT AND DISCUSSION

Gradient predictions
Using gradient theory, it is possible to predict

accurately, from two or more gradients, the
retention volume and band width at various
gradient slopes. The number of experiments for
optimization can then be greatly reduced. In this
work, gradient prediction was used to determine
an adequate gradient steepness for a given
mobile phase system, as will be described in the
next section.

The fundamental theory of gradient elution in
reversed-phase liquid chromatography is well
established; a complete presentation of the
methodology can be found in publications by
Snyder and Stadalius [48,49] and Jandera and
Churacek [50]. Most implementations of gra
dient theory, including this work, rely on a linear
relationship between the logarithm of the capac
ity factor of (k') and the percentage of organic
modifier, tp:

log k' = a - mcp

The band width is assumed to be related to k;,
the instantaneous value of k' as the solute leaves
the column [48,51];

4Vm ,
Wbg = 1.1 VN . (kf + 1)

where k; is given by

k; = 1/[2.30b + l/(k~)]

k~ is k' in the starting eluent, given by

The parameter b (gradient steepness) is a func
tion of both the gradient slope and the solute
dependent parameter m, and can be regarded as
the apparent slope or the acceleration of a solute
as it is exposed to the gradient. This measure is
conceptually more difficult (see the discussion by
Lundell [47]) than the slope (%/ml) or rate
(%/min), but both k; and band width are more

closely related to this parameter than the ordin
ary measures. The gradient steepness b is related
to the slope, B, and rate, s, as

b = VmmB = Vmm(s/F)

The options in the implementation and appli
cation of gradient theory have already been
presented and evaluated for the case of peptides
[47]. The recommendations made were followed
here, including the use of individual plate num
bers for each solute. Band widths for these
calculations were calculated by fitting gaussian
functions to the peaks. This method allows band
widths to be determined even if the peaks are
overlapping.

Aim of optimization
The choice of a quality measure, a so-called

response function, is crucial in optimization.
There is no universal response function as there
are different demands on different separations.
The strategy presented in this work is for an
optimization of the mobile phase system and the
gradient slope, where the gradient is linear and
non-segmented. These simple gradients are
adequate for the separation of a few peptides
from a complex sample. In this work, one
peptide is considered but extension to several
peptides can be discussed in a similar fashion.

With the proposed optimization strategy, a
minimum resolution is chosen. The resolution
for the peptide of interest is calculated as

v -VR = 2. g,2 g,l

s Wb ,2 + Wb ,l

and refers to its neighbouring peaks.
For a specific mobile phase system, it is

calculated, using gradient theory, how fast a
gradient can be run while still obtaining the
desired resolution. This limiting gradient steep
ness is the response. The aim of the optimization
is to find the mobile phase system that allows the
fastest gradient. A fast gradient means fast
separation, symmetrical peaks, low detection
limit and high loading capacity, and thus the
choice of response. In addition, it has been
observed that the recovery increases with de
creasing gradient time [52-54].
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e.g., peak-to-valley ratio, Pv ' account for overlap
which is dependent on relative areas [33]. R, was
chosen as the measure in this work as it does not
vary with the relative amount of the matrix and
it is easy to calculate from the gradient predic
tions.

Selection of mobile phase systems for peptide
chromatography

In peptide chromatography, the demands on
the mobile phase are high. The mobile phase
should allow detection in the 210-230-nm range
where the peptide bond absorbs and be highly
pure as gradient elution is sensitive towards
impurities. It is also essential that the mobile
phase minimizes secondary interactions, which
lead to bad peak shapes, low efficiency, adsorp
tion, memory effects, low recoveries and bad
reproducibility [55-59]. In addition, it is desir
able that the mobile phase is not aggressive
towards the column to prevent leakage of
stationary phase and a shortened column life
time. Finally, in preparative applications it is
convenient if the mobile phase is easy to desalt.

The first attempts at peptide separations by
reversed-phase liquid chromatography were not
successful owing to a lack of ionic strength in the
mobile phase. Addition of acid improved the
situation as the ionic strength increased and the
pH was lowered, which also reduced silanol
interactions [60,61]. Phosphoric acid soon
became a popular additive and in 1978 Rivier
[62] introduced phosphoric acid with the pH
adjusted with triethylamine as buffer. By adding
triethylamine, the silanol groups were effectively
blocked, which further reduced the silanol inter
action.

In 1980, Bennett et al. [63] described the use
of trifluoroacetic acid (TFA) as a mobile phase
additive. TFA is volatile and can be desalted by
freeze-drying, therefore making it extremely
convenient for preparative separations. TFA also
works as an ion-pairing reagent, giving increased
retention [64,65]. TFA soon became the stan
dard additive for peptide separations. In the late
1980s several papers appeared that reported
some disadvantages with TFA, such as low
column stability [10,11,66], significant stationary
phase leakage from the column [10], bad peak

shapes [6,56,67,68] and low recoveries [6,69].
More recently, formic acid has been suggested as
an alternative additive despite its relatively high
UVabsorbance [70].

The choice of mobile phase is also related to
column properties. The interaction with silanol
groups, which has been the cause of many
problems, is commonly reduced by end-capping
and deactivation of the packing material [71-73].
Improvements have also been made in the
stability of these silica-based reversed-phase
columns [74,75] and, in addition, polymer-based
reversed-phase columns with good chromato
graphic performance are being introduced
[11,76-78]. Despite column advances, problems
still exist and it is clear that there is no general
and perfect mobile phase for the reversed-phase
chromatography of peptides.

In this work, phosphoric acid was used as a
buffer with TFA added as ion-pairing reagent.
This buffer results in high column stability [66],
excellent reproducibility and low silanol interac
tions and, in addition, gives the possibility of
manipulating the selectivity by altering both the
pH and the TFA concentration. Desalting can
also be made with a solid-phase extraction
column. This choice of buffer is determined by
the practical restrictions put on mobile phase and
it spans most of the variations that are possible
within these restrictions. In addition, selectivity
changes have been observed with the proposed
variations in organic modifier [4,79,80], TFA
concentration [4,64,81,82] and pH [83,84]. Note
that in this work pH is limited to two discrete
values, namely 2.8 and 6.5. This is due to the
low column stability outside this range and the
low buffer capacity in the intermediate range.
Clearly, these limitations are not absolute, as
both column stability and buffer capacity change
gradually with pH. However, considering the
necessity for reproducibility, the consequence of
column leakage and the large sample loads
commonly utilized, only very small deviations
from these pH values can be recommended.

It should be stated that the buffer suggested in
this work is a compromise. The main disadvan
tage with this buffer is that it is more compli
cated to desalt than the more common mobile
phase systems with only TFA. The demands are
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TABLE I

MOBILE PHASE VARIABLES USED IN OPTIMI
ZATION

each mobile phase system, represented by the
corners of the cube in Fig. 4, three gradients
with different slopes are run. As explained
above, the three gradients are then used to
calculate how fast a gradient can be run, with the
specific mobile phase system, so that the desired
resolution is still obtained. The maximum steep
ness is called the response for this mobile phase
system.

The optimum mobile phase system is taken as
the one that allows the highest gradient slope. It
is important to note that no model is made of
either response or retention as a function of the
mobile phase variables. The optimization of the
mobile phase system is a primitive grid search,
based on reasons discussed in a later section.

An example
The strategy described above was applied to

the separation of angiotensin II, which was
added to a tryptic digest of myoglobin, serving as
the matrix. It is important to note that the matrix
was considered as unknown. The mobile phase
variables presented earlier, and illustrated in Fig.
4, were used. The range of slopes for the three
gradient runs was O.50-1.00%/ml, based on
scouting experiments. The gradient slopes were
kept low to ensure a high peak capacity which
simplifies peak tracking. It has also been shown
that extrapolation to faster gradients is more
accurate than the opposite [47]. Calibration
gradients can therefore be made with slopes
lower than the expected optimum. The narrow
range of gradient slopes also aids peak tracking
as no large selectivity change can be expected
over a small range. Extrapolation is, however,
inherently more sensitive to experimental error

Upper value

6.5
10
Acetonitrile
2-propanol
(60:40)

Lower value

2.8
o
Acetonitrile

Variable

pH
TFA concentration (mM)
Organic modifier

ACN

pH 6.5 ~--:---....

different for different situations, and the mobile
phase selection should always be determined by
the application. For example, in separations
prior to radioimmunological assay, formic acid
could well be used as buffer. UV detection is
then only used for the determination of the
retention volume for standards, making baseline
drift a minor problem.

The low UV absorbance and viscosity of ace
tonitrile make it the most commonly used or
ganic modifier for peptide separations. By using
other organic modifiers different selectivity can
be obtained, although the selection is strongly
limited by the detection wavelength. The most
popular alternative for acetonitrile is propanol,
owing to its low UV absorbance, high elution
strength and a different selectivity compared
with acetonitrile [6,9,81,85,86]. In this work, an
acetonitrile-2-propanol mixture was used as the
alternative to acetonitrile. This mixture was
chosen as a compromise between selectivity and
efficiency, as pure 2-propanol has a high viscosi
ty, giving low chromatographic efficiency [4].

The hybrid strategy
The strategy proposed in this work can be

described as a hybrid strategy, which means that
retention modelling is combined with direct
response optimization. An experimental design
is made for the mobile phase systems that are
considered. The experimental design is illus
trated in Fig. 4 and the set values are listed in
Table I. The design is a full factorial design,
where all combinations of variable settings are
considered. By adopting this design, possible
synergistic effects can be acknowledged. For

pH 2.8 #I-----¥
No
TFA

Fig. 4. Experimental design of the mobile phase system.
Each corner represents a combination of the set values of the
mobile phase variables in Table I. ACN = acetonitrile; IPA =
2-propanol.
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Angiotensin II

Predicted

98.5
ml

7.57

Actual

6.5

Fig. 6. Predicted and actual chromatograms with the fastest
gradient giving the desired resolution with the optimum
mobile phase system, i.e., pH 6.5, acetonitrile as organic
modifier and TFA added. Peaks that were considered are
marked with arrows.

shows the angiotensin II peak and its potential
interferences. The chromatograms match well,
despite a large degree of extrapolation of gra
dient slope. In Fig. 7 a larger portion of the
actual chromatogram is shown. The resolution is
slightly lower than the predicted value owing to
some tailing and interfering peaks smaller than
the 2% of the angiotensin II peak. It would, of
course, be desirable to have the peptides of
interest separated from all interfering peaks.
This is almost impossible as for any biological
sample there will be hundreds of small interfer
ing peaks. The number 'of interfering peaks
typically increases exponentially as the limit of
concern is lowered. The lowest possible limit of
concern is set by instrumental noise, but in
practice the limit has to be higher. The con
sequence is that totally pure peaks will never be

0.26 <0.02

/

<0.02--- 0.37

/' /'
<0.02 «)0.08

than interpolation, and care should be taken to
minimize those errors [47]. Detection was made
with a dual-wavelength detector, which combines
high sensitivity with the possibility of using
wavelength ratios for peak tracking.

For this application, the resolution required
was set to 1.5. The responses, gradient slopes in
%/min, are presented in Fig. 5, where the layout
of mobile phase systems is the same as in Fig. 4.
It is clear that large variations in response are
obtained, hence an optimization can result in a
major improvement in separation. It can also be
seen that the variables are synergistic, e.g., the
result at low pH is highly dependent on the
setting of the other variables. Using an ex
perimental design is necessary; varying one vari
able at a time can be misleading.

As can be seen from Fig. 5, the fastest gra
dient, b = 0.37, will be obtained at pH 6.5 with
10 mmol/l TFA and pure acetonitrile as organic
modifier. This steepness corresponds to a slope
of 2.4% /ml. This is surprisingly fast considering
the complexity of the sample. With one of the
mobile phases systems, all interferences could
not be tracked between the various gradients.
The response is then based on the interferences
that actually could be tracked. This is not a
problem as long as all peaks have been tracked
for the mobile phase system that yielded the
highest response. In addition, in cases where
peak tracking is difficult, there are usually a
large number of interferences, making it unlikely
that a high response can be obtained. An en
largement of the predicted and actual chromato
grams with this mobile phase system (Fig. 6)

0.23 <0.02,

Fig. 5. Responses or the fastest gradient steepness giving the
desired solution. The symbol < means that the required
resolution is obtained at a gradient steepness lower than that
shown. The symbol «) indicates that not all peaks were
tracked but with the peaks that were tracked the desired
resolution was obtained at the specified steepness.
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gave acceptable results in terms of peak shape,
reproducibility and column stability.

The strategy presented in this work is applic
able to a wide range of complex peptide samples.
It will hopefully make method development
more efficient and eliminate the common trial
and-error approach.

SYMBOLS

q; Concentration of organic modifier (%)
({)o Starting concentration of organic modifier

(%)
a Model parameter
B Gradient slope (% /ml)
b Gradient steepness
F Flow-rate (ml/min)
k~ k' at starting concentration of organic

modifier
k; k' when the solute leaves the column
m Model parameter (% -1)
N Plate number
s, Resolution
s Gradient rate (%/min)
Vg Retention volume (ml)
Vm Dead volume (ml)
Wb g Peak width at base (ml)
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this limitation, the poor experimental approach
consisting in the use of a stronger sample solvent
(e.g., pure toluene or benzene) to insure the
injection of a narrow band of concentrated
solution and an adequate throughput has been
adopted by different workers (e.g., [29]). As
explained above (cf., Fig. 10), the resulting
chromatogram exhibits severe abnormalities.
The complex band interaction pattern observed
at high loading [13] does not permit the achieve
ment of an adequate throughput. It is clear that,
in order to improve this situation, we need to
find more retentive stationary phases and better
solvents than toluene.
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ABSTRACT

The preparation of amylopectin-based chiral stationary phases coated on an achiral support, according to a process similar to
that reported for substituted cellulose or amylose carbamate derivatives, is reported. The influence of the different synthesis
parameters on chiral discrimination is discussed.

INTRODUCTION

Resolution of enantiomers by liquid chroma
tography on chiral stationary phases (CSPs) has
become a practically useful method for obtaining
optical isomers and determining their purities
[1]. Several different types of chiral stationary
phases have been developed and a wide range of
applications have been published during the last
decade [2].

Among the numerous chiral stationary phases
that have been investigated, polysaccharide
based phases have been identified as versatile
and useful chiral sorbents for the separation of
enantiomers [3]. Numerous applications have
been reported on microcrystalline cellulose tri
acetate used in the pure polymer form [2,3]. A
variety of cellulose and amylose derivatives have
been introduced for the same purpose by

* Corresponding author.

Okamoto and co-workers as a coating of poly
mer on large-pore silica gel [2,3]. Most of these
coated silica materials are commercially available
and they show different selectivities depending
on the type of polysaccharide and on the de
rivatizing groups on the polysaccharide. More
recently, benzoylcellulose beads in the pure
cellulosic form have been shown to have remark
able chiral recognition abilities [4,5].

All these polysaccharide CSPs are produced
from linear polysaccharides. No work has been
published on branched polysaccharides except
the use of pure starch to resolve atropoisomers
containing polar substituents [6-10] and soluble
starch derivatized with 3,5-dimethylphenyl iso
cyanate and supported on silica gel, which ex
hibited similar but slightly lower recognition
compared with amylose tris(3,5-dimethylphenyl
carbamate) [11]. However, starch is in reality a
mixture of polysaccharides containing, for exam
ple, 20% amylose and 80% amylopectin in the
case of maize starch. Of these two polysac
charides, amylose CSPs are well known [11-17],
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but amylopectin CSPs have not been described
and studied.

We report here the synthesis of and chromato
graphic studies on chiral discrimination of CSPs
based on substituted amylopectin triphenylcarba
mates.

EXPERIMENTAL

Chemicals and solvents
Amylopectins were commercially available

under the trade name Glucidex, from Roquette
(Lestrem, France). Silica gels were obtained
from Macherey-Nagel (Strasbourg, France).
The physical characteristics of the different silica
gels (data from manufacturer) are reported in
Table I.

Triaminosilane, N-aminoethyl-3-aminopropyl
trimethoxysilane and 3-aminopropyl trimethoxy
silane were obtained from Hiils (Paris, France).
Isocyanates and racemates were purchased from
Aldrich Chemicals (Strasbourg, France) and
HPLC solvents from CIL (Sainte-Foy la Grande,
France).

Apparatus
Separations were carried out on an HPLC

system composed of a Philips Model 4015 pump,
a Philips Model 4025 multi-wavelength UV de
tector (Philips Science .et Industrie, Bobigny,
France) and a Kipp & Zonen BD 40 recorder
(Enraf-Nonius, Gagny, France). The columns
(250 x 4.6 mm I.D.) were packed by Silichrom
(Pessac, France). The prepared bonded materi
als were sent for carbon content analysis to the
Service Central d'Analyses du CNRS (Ver
naison, France).

G. Felix and T. Zhang / J. Chromatogr. 639 (1993) 141-149

Chromatographic conditions
Chromatography was performed using the

same mobile phase composition [hexane-2-pro
panol (90:10, v/v)] at a constant flow-rate of 0.5
ml/min. The dead time of the columns was
determined by injection of 1,3,5-tri-tert.
butylbenzene used as non-retained compound.
Typically, 10 JLI of a 1% solution of racemate
dissolved in hexane were injected.

In order to investigate the influence of the
different parameters on the recognition ability,
five racemates having the structures presented in
Fig. 1 were chromatographed: trans-stilbene
oxide (SO), Trager base (TB), benzoin (Bz),
benzoin methyl ether (BME) and flavanone
(PIa).

Preparation of the chiral phases
General procedure for the silanization of silica

gel. A 10-g amount of silica gel, dried under
vacuum (0.1 Torr) (1 Torr = 133.322 Pa) at
180°C, is made to react with the silane in 80 ml
of xylene. The mixture is heated under reflux for
24 h and the product is filtered off and washed
successively with xylene (50 ml), tetrahydrofuran
(THF) (100 ml), THF-water (50:50) (50 ml),
water (100 ml), THF (200 ml) and hexane (50
ml). The bonded material is dried at 80°C under
vacuum (0.1 Torr).

General procedure for the preparation of sub
stituted amylopectin triphenylcarbamates. A 5-g
amount of amylopectin dissolved in freshly dis
tilled pyridine (50 ml) is dried by a Dean and
Stark procedure. After removing water, 0.28 mol
of isocyanate is added dropwise and refluxed at

Fig. 1. Structures of test compounds.

TABLE I

PHYSICAL CHARACTERISTICS OF SILICA GEL

Silica gel Pore size Specific Pore volume Particle
(A) surface area (ml/g) size

(m2/g) (/Lm)

N-100-5 100 350 1.0 5
N-300-5 300 100 0.8 5
N-1000-5 1000 25 0.8 5
N-4000-5 4000 10 0.7 5
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ABSTRACT

The determination of the molecular mass parameters of wood hemicelluloses by high-performance size-exclusion chromatog
raphy (HPSEC) using a poly(2-hydroxyethyl methacrylate-eo-ethylene dimethacrylate) (Separon S HEMA 1000) column and 0.5
M NaOH as solvent and eluent is described. It is shown that universal calibration between dextran and xylan is valid. The
Mark-Houwink equation for xylan in 0.5 M NaOH was found to be [11) = 2.67 .10-4 MOo 73

, where M = molecular mass. A direct
method of characterization of hemicelluloses extracted with 18% NaOH from different celluloses and pulps by HPSEC is
described.

INTRODUCTION

Hemicelluloses are a type of polysaccharide
that is widespread together with cellulose in land
plants. Large amounts are present in wood
tissues, and some of them remain in the wood
pulp, therefore influencing the pulp properties.

The degree of polymerization (DP) and poly
dispersity of wood hemicelluloses have been
investigated by numerous workers over many
years [1-3]. The molecular mass (Mr ) parameters
of wood hemicelluloses have been studied by
viscometry [4-6], osmometry [1,4-7] and ultra
centrifugation [1,4]. Hemicelluloses are estab
lished to have a DP of 300-30, and polydisper
sity values are quoted from monodisperse to
highly polydisperse [1-6].

Size-exclusion chromatography has been the
most popular method for determining the molec-

* Corresponding author.

ular mass distribution (MMD) of hemicelluloses,
traditionally carried out using soft organic gels as
column packing materials [8-12]' Today for the
determination of the MMD of polymers the
time-consuming gel permeation chromatography
has generally been replaced by high-performance
size-exclusion chromatography (HPSEC). How
ever, the determination of the MMD of hemicel
luloses utilising HPSEC columns is still very
limited.

In a previous paper [13], the feasibility of
determining the MMD of the 4-0-methyl
D-glucuronoxylan in aprotic solvents (dimethyl
sulphoxide, dimethylformamide (DMF) by
HPSEC, using a poly(2-hydroxyethyl methac
rylate-eo-ethylene dimethacrylate) (Separon S
HEMA 1000) column, was investigated. The
results showed that fractionation according to
MM was achieved, using DMF containing appro
priate amounts of H 3PO4 and LiBr as eluent.
Further experiments demonstrated that the
Separon S HEMA 1000 packing is a stable in

0021-9673/93/$06.00 © 1993 Elsevier Science Publishers B.Y. All rights reserved
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Fig. 3. LC-MS spectrum of the MB-12-0H-C18 ,O' Mobile phase, 100% acetonitrile.

Fig. 5. HPLC of MB-15-HPETE and C17 ,o' A mixture of 3
nmol each of 15-HPETE and e i7 ,o was derivatized with
BrMB. Mobile phase, 100% acetonitrile.

The MB derivatives of a mixture of eight kinds
of authentic fatty acids were measured by the
LC-MS with spectrophotometry. As shown in
Fig. 2, we observed the mass spectra and mass
chromatograms of MB derivatives of fatty acids.
The pseudomolecular ions [M + Hr in these
derivatives are the base peaks. Ions observed at
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Fig. 4. Sensitivity of the MB derivative of palmitic acid. The
mass spectrometer-computer system was set to detect a
single ion [M + Hr with the maximum sensitivity for the
derivative.
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LC-MS of MB derivatives of authentic fatty
acids

First, we examined whether the MB deriva
tives of fatty acids could be detected by LC-MS.

RESULTS

added and the solutions were adjusted to pH 4
with 5% hydrochloric acid. The fatty acids in the
solutions were extracted with methylene
chloride.
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ABSTRACT

Reversed-phase high-performance liquid chromatographic (HPLC) behavior of fluorescent labeled phospholipids (PLs) was
studied. Molecular species of phosphatidylethanolamine (PE) derivatized with fluorescein-, thiocarbamoyl-, pyrenesulfonyl-, and
dimethylaminonaphthalenesulfonyl (dansyl)-fluorophores were separated on octadecylsilica with a mobile phase of acetonitrile
methanol-water in the presence of tetraalkylammonium phosphates (TAAPs). Under similar HPLC conditions, dansylated
phosphatidylserines and PE plasmalogens (ether-linked PLs) were also resolved. Incorporation of the fluorescein moiety to the
parent PE appeared to facilitate further resolution of its subcomponents. Subcomponents of dansylated PE derived from egg
phosphatidylcholines were quantifiable. Effects of the type and concentration of TAAP on capacity factors of PL solutes were
indicative of an ion-pair separation processes. HPLC with high-molecular-mass TAAPs favored the separation of the components
that remained unresolved with mobile phases containing low-molecular-mass TAAPs. The HPLC-fluorescence detection method
provided a useful approach to quantitative analyses of various PL structures. Compositions of PL subcomponents were
determined directly from peak areas.

INTRODUCTION

Separations and quantitative measurements of
phospholipids (PLs) in crude and degummed
soybean oil are important analytical procedures
in studying effects of oil storage on the polar
lipid compositions. Normal-phase high-perform
ance liquid chromatography (HPLC)-evapora
tive light scattering detection techniques (ELSD)
have been used to monitor the changes in all
soybean PL classes as well as in molecular
species subclasses of phosphatidylcholine (PC)
and phosphatidylethanolamine (PE) [1-5]. For
negatively charged PLs, molecular species have
been separated by reversed-phase (RP) ion-pair
HPLC with UV detection [6-9].

• Corresponding author.

As demonstrated in a recent study [10], detec
tion of neutral PLs (e.g. PE and PC) by normal
phase HPLC-ELSD was considerably less effi
cient and less sensitive than by RP-HPLC-UV
with mobile phases containing tetraalkylam
monium phosphate (TAAP) additives. However,
limitations inherent with the RP-HPLC-UV de
tection systems are: (a) its inability to quantify
molecular species simultaneously from the UV
detector signals [11], (b) its requirement of frac
tion collection of individual molecular species,
and (c) quantitative analysis of each fraction by
phosphorime try [12,13]. In other words, compo
sitions of PL subcomponents can not be de
termined by direct computer integration of in
dividual peak areas on chromatograms. An addi
tional drawback of the RP-HPLC system with
mobile phase electrolytes is the incompatibility
of the mobile phases with an ELSD or a mass

0021-9673/93/$06.00 © 1993 Elsevier Science Publishers B.Y. All rights reserved
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ABSTRACT

An injection device, indirectly introducing liquid samples, for gas correlation chromatography is described. It introduces the
liquid sample without disturbing the constant gas flow necessary for correlation chromatography. This is achieved by separation of
the evaporation from the actual injection. An interesting feature of this system is the ease of performing correlation
chromatography in a differential mode.

INTRODUCTION

Correlation chromatography (CC) or multi
plex chromatography has been known for several
decades. Compared with conventional chroma
tography, a lower detection limit can be achieved
without preconcentration of the sample. Injec
tions are performed according to a pseudo-ran
dom binary sequence (PRBS), containing Zn - 1
periods of which 1= Zn-l injections (n being a
positive integer). Theoretically the detection
limit can be reduced by V(l/Z) when the injec
tion time of a single injection is equal to the
PRBS period time at the cost of a doubled
analysis time. The reason is that the sequence
time length has to be equal to or larger than the
chromatogram time length, and at least two
sequences have to be injected successively. After
the first sequence, called the presequence, the
detector signal becomes circular, and the detec
tor signal of the second sequence can be used to
calculate the so-called correlogram with e.g., a
cross-correlation procedure.

* Corresponding author.

Much effort has been applied to develop these
techniques for determining (very) low concen
trations [1-13]. Most applications were pub
lished in the field of correlation gas chromatog
raphy (CGC) [1-3,6-9,13]. All CGC applica
tions, however, concern gaseous samples, head
space samples or liquid samples that were made
gaseous first. This is in contrast to the common
practice in gas chromatography (GC), where in
most methods liquid samples are injected as
such. Up to now this direct introduction of liquid
samples has not been used in CGC, as specific
problems arise.

Apart from the large amount of solvent intro
duced by the semi-continuous injections, probab
ly the most important problem is the appearance
of a pressure pulse caused by the evaporation of
the liquid. This evaporation pulse disturbs the
constant gas flow for a certain period of time. In
conventional GC an evaporation pulse occurs
only once, at the start of the chromatogram. The
detector may give a response and a few moments
after the injection the GC system stabilizes
again. The separation process itself is hardly
disturbed, and a detector response, if present, is
of no value because components had not yet
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reductions and other factors can be partially
compensated by traditional recovery standard
and internal standard techniques [8], sometimes
using added compounds which are isotopically
labeled but otherwise identical to target analytes
[5,6]. Consequently, those techniques require
both availability and careful characterization of
appropriate reference materials for every mea
sured component. Unfortunately, for complex
systems such as studies of metabolisms or en
vironmental exposures, several reaction product
analytes may be measured for each sample,
which exacerbates difficulties associated with use
of internal standard methods, especially if pure
reference materials are not available for every
analyte. Moreover, identities of the reaction
product analytes are not always known, which
precludes use of conventional internal or exter
nal standard methods [2-4].

In previous work, compounds labeled with two
different radioactive isotopes were used with
high performance liquid chromatography
(HPLC) for special dual-label procedures which
mimic multiple internal standard methods [1
4,9,10]. The dual-label approaches allow for
compensation for: (a) variations in extraction
efficiencies, (b) variable losses during concen
tration of extracts, (c) imprecisions of volume
measurements, and (d) uncertainties in specific
activities of reactant compounds and reaction
products. Moreover, the procedures may greatly
obviate difficulties caused by unavailability of
pure reference compounds. For special cases
[3,10] dual-isotope GC-MS procedures may be
used for quantitative comparisons to evaluate:
(a) effects of impurities on reaction product
formation experiments, (b) effects of isotope
exchange upon those experiments, and (c) effects
of kinetic differences between the forms which
may be caused by their different respective
masses. Moreover, theoretically valid compari
sons which may be tested statistically are allowed
by those methods and show dramatic increases in
quality of results when compared to conventional
procedures [4,10]. The dual-label techniques are
powerful for comparing reaction efficiencies for
multiple pathway reactions [2,4] and for asses
sing complications caused by impurities or iso
tope effects [3,10].

t:c. Thomas et al. I J. Chromatogr. 639 (1993) 215-220

Dual-isotope GC-MS procedures reported in
this study show many of the advantages of dual
label radiometric methods described above, but
avoid use of raciioactive materials.

THEORY

A main advantage of the dual-isotope proce
dures for GC-MS measurements for assessing
isotope and impurity effects is that special ratios
may yield well-defined, theoretically predictable
results which can be tested statistically [2-4,10]:
one may concurrently react in the same solution
both an isotopically labeled (X-labeled) test
compound and the same compound which is
unlabeled, (herein called Y-Iabeled) with per
haps one or both being of unknown concen
tration. If the two differently labeled reactant
compounds are chemically identical, their re
spective reaction products also typically will be
identical, except for their respective molecular
masses; this equivalence is a reasonable assump
tion unless isotope exchange occurs during reac
tion, or if kinetics are affected as a result of
differences in isotopic masses. Moreover, if the
reaction products are pretreated together in the
same solution prior to measurement, the pre
treatments will typically have equivalent extrac
tion/concentration/dilution efficiencies, E, for
the two forms of each reaction product i, i.e.,
Ex,; = Ey,;. Thus, if Va is the volume of the
pretreated sample solution derived from the
reaction mixture, Vss is the volume of the pre
pared subsample used for chromatographic sepa
ration, and M is the mass of specified analyte
in the original sample, then A X,i = (Vs.!
Va)MX,iEX,;Sx,; and A y,;= (Vss/Va)My,;Ey,;Sy,;,
where Ax; and A y; are measured GC-MS
areas, respectively, for the X-labeled and un
labeled forms of eluate component i from vol
ume -v.s' and Sx,; and Sy,; are the integrated
response factors for GC-MS measurement of the
m/z values characteristic for the respective mea
sured species [11].

Intrasample comparisons
To evaluate isotope or impurity effects for

reaction systems, special intrasample ratios can
be defined for X vs. unlabeled reaction products.
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the configurations of a set of valves for manip
ulating a liquid phase from the reaction chamber
of the GLS rig. The movement of a valve is
given as either "0" or "1" in the table, repre
senting the valve configurations shown in Fig. 3.
A similar sequence of operations was required
for manipulation of samples from the gas phase.
As indicated in Fig. 1, valves AI' A 2 , and A 3

control all the operations on the liquid phase and
C p C2 , and C3 , on the gas phase.

The movements of the valves were computer
synchronized. Fig. 4 shows the combined move
ments of the valves during the filling of the
sampling loop from the liquid phase (top) and
the simultaneous evacuation of the transfer lines
and the VVS just before the expansion of the
compressed sample (bottom). One or more val
ves can be switched during an operation.

Evacuation of the syringes and transfer lines
was actuated by switching the appropriate valves
in-line with the pump that was left on throughout
the experiment.

Operating conditions for M200-D gas
chromatograph

The M200-D GC system can be operated
isothermally only and therefore required two
separate columns for complete separation of all
the hydrocarbon components in the LPG-NG
mixtures. GC analysis under isothermal condi
tions gives a faster turnaround time than tem
perature programming since no column tempera
ture re-equilibration is required. On entering the
GC system, the sample is split for analysis on the

Q'0' Configuration

Q'1' Configuration

Fig. 3. "0" and "1" configurations representing position of
switching valves are referred in Table I.

231

a

8,

~
.

'.. t

•
".." t

• • •

Fig. 4. Combined movements (top) of valves for filling of
sampling loop (connecting ports 1 and 4 of A,) from the
liquid phase and (bottom) evacuation of transfer lines and
syringe before the expansion of the trapped sample in the
loop. Line connectors in the figure, "b" and "d", are
connections from liquid and gas phases. Connector "c"
comes from the GC system and "a" from the transfer line
joining V6 •

two columns. Channel A of the M200-D has a
4-m MS-5 column which was operated at 100°C
with column head pressure of 14.5 p.s.i. (1
p.s.i. = 6894.75 Pa), and channel B, an 8-m
PoraPlot Q column operated at 135°C and a
column head pressure of 27.5 p.s.i. The analysis
times for channel A and B were 60 and 80 s,
respectively, and the sampling time (equivalent
to the amount injected to the microchamber) was
5 ms.

A 2-11,1 A315 precolumn filter (Upchurch Sci
entific, Oak Harbor, WA, USA) was placed
between the GC inlet switching valve and the
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ABSTRACT

A dual-column gas chromatography (GC) procedure was developed for speciated analysis of hydrocarbons in automobile
exhaust emissions. Light hydrocarbons (C1-C3 ) are analyzed using a 30 m x 0.53 mm GS-Q column; heavier hydrocarbons
(C3-C1Z ) are analyzed using a 60 m x 0.32 mm DB-1 column. The two columns are operated simultaneously within a single GC
oven. Variable temperature adsorption traps (VTATs) are used to concentrate samples prior to GC analysis. The detection limits
for individual hydrocarbon species are approximately 5-10 ppb (v/v) C. The GC procedure was used to analyze exhaust emissions
from both gasoline- and methanol-fueled vehicles. Sample instability was shown to be a problem for diene species in exhaust
mixtures -including 1,3-butadiene.

INTRODUCTION

In recent years, increasingly sophisticated
analytical techniques have been employed to
measure hydrocarbon emissions from motor ve
hicles. In part, this has been driven by regula
tions which consider the propensity of hydro
carbons to contribute to the formation of tropo
spheric ozone [1,2]. Since hydrocarbon com
pounds vary in their ozone-formation reactivity,
highly detailed, speciated analyses are necessary
to assess the overall impact of an emissions
mixture.

We recently reported the use of a relatively
simple, single-column GC procedure for speciat
ing hydrocarbon compounds from C1 to C12 [3].
Similar procedures have been reported by others
[4-6]. While advantageous in terms of simplicity
and speed, such single-column techniques lack
the degree of resolution which is necessary to
adequately characterize all hydrocarbon species
of interest.

This report describes the development and
application of a dual-column GC procedure for

hydrocarbon speciation. Multiple-column proce
dures have also been used by others [7-14], but
none incorporates all three advantages offered
by our approach: (1) use of "built-in" sample
concentration devices, (2) simultaneous analysis
on two columns contained within a single GC
instrument, and (3) automation of the sampling
and analysis procedures.

EXPERIMENTAL

GC equipment
All chromatographic analyses were performed

using a Varian Model 3600 GC (Varian, Sunny
vale, CA, USA). The instrument was equipped
with an automatic gas sampling valve, two
heated sample loops, two variable temperature
adsorption traps (VTATs), two analytical col
umns, and two flame ionization detection (FID)
systems. A simple schematic drawing showing all
these components is given in Fig. 1. Control of
instrument parameters was accomplished by an
on-board microprocessor. Data collection and
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tion of CO from N2' as the MS subsystem will
not be able to perform direct determination of
CO because of the presence of large amounts of
N2 , the main atmospheric component, and
because of the limited mass resolution of the
instrument.

To achieve such a separation, we have carried
out studies in two complementary directions:
small and short columns packed with microparti
cles and wide-bore capillary columns, both using
a molecular sieve. This packing material has
been widely used in the GC analysis of perma
nent gases with conventional packed columns,
including GC devoted to space instrumentation
[6,7]. A molecular sieve has also been used
recently as a coating material in wide-bore fused
silica capillary columns, such as the Molsieve 5A
column (Chrompack, Middelburg, Netherlands).
The characteristics and chromatographic per
formance of this capillary column have already
been published [8].

A wide-bore Molsieve 5A column seems to
offer the advantages of both capillary columns,
i.e., combining the possibility of high resolution
and relatively fast analysis, and those of conven
tional packed columns, with a high charge
capacity [8]. However, no detailed studies of this
column, including Van Deemter curves, have
been reported. In addition, no data were avail
able on the separation limit of CO in N2 or on
the possible effect of the injection of non-eluted
compounds such as nitriles on the behaviour of
this column. To obtain such crucial information
(in particular in terms of reproducibility of the
chromatograms, and eventual degradation of its
performance due to the injection of compounds
of high polarity), we have systematically studied
a Molsieve 5A capillary column and the results
are reported in this paper.

EXPERIMENTAL

Column and gas chromatograph
The Molsieve 5A column was a 10 m x 0.53

mm J.D. PLOT fused-silica capillary column
coated with a 50-JLm film of molecular sieve 5A.
It was mounted on a Hewlett-Packard Model HP
5890 Series II gas chromatograph equipped with
a micro thermal conductivity detector, an elec-
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tro-pneumatic six-port gas sampling valve
(Valco) with a 0.25- or 2-ml sample loop and a
Spectra-Physics Model SP 4100 integrator-recor
der.

The GC column was operated isothermally at
temperatures in the range 30-130aC. The tem
peratures of the detector, injector and gas sam
ple valve were chosen as a function of the
column temperature. Hydrogen was used as the
carrier gas because for equivalent HETP values
it can provide faster analyses. In addition, it is
more convenient for GC-MS instrumentation in
space, as it is much more easily pumped out than
other carrier gases. Its flow-rate was adjusted
around 2 mll min (except when determining
HETP values).

In most of the studies, the gas chromatograph
was used in the split mode (splitting ratio from
10:1 to 100:1). For studying the effect of the
dilution of CO in N2 , the splitless mode was
chosen. In that case, to obviate any effect of the
injector dead volume, a purge septum flow of
hydrogen was maintained at 1 mllmin.

Sampling
Standard gas mixtures of known composition,

including CO, N2' CH 4 , C2H6 and noble gases
(He, Ne, Ar, Kr and Xe), were prepared and
stored in a sampling glass reservoir connected to
a vacuum line and equipped with a high-vacuum
stopcock (SVT, Ris Orangis, France). This reser
voir was initially evacuated, then a commercial
CH 4-Ar mixture and each component were
successively introduced by expanding a known
volume at a known and precalculated pressure,
as described previously [1]. A similar method
was used for preparing the samples used to study
the effect of CO dilution. The loop of the gas
sampling valve was also connected to the vacuum
line. It was directly sampled, at a known pres
sure, by expanding the contents of the reservoir
to the loop, initially evacuated.

The vacuum line through the primary pump
was able to reach a vacuum as good as 10-2

mbar, checked with a Pirani vacuum gauge
(MKS, Andover, MA, USA). Absolute
pressures were measured with a pressure gauge
(Schlumberger, Montrouge, France) with a rela
tive precision of better than 1%.
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amount of nitrile adsorbed in the column will
still be one to two orders of magnitude below the
currently tested conditions. Hence it can be
assumed that such a column will not be affected
by the chemical conditions of Titan's environ
ment. In addition, the chromatographic condi
tions, in terms of temperature (about 100°C),
flow-rate (less than about 2 ml/min) and inlet
relative pressure (0.5 bar), are fully compatible
with the constraints of MS coupling and space
instrumentation.

However, the mechanical resistance of this
column has not yet been tested under the accele
ration and vibration conditions of a rocket
launch. If such a test shows that it cannot
withstand these intense vibrations, as has recent
ly been observed for other PLOT columns [3],
then one should consider the other option, viz.,
the use of a short capillary column packed with a
molecular sieve. The study of such packed
columns (similar to the present one) is in pro
gress.

co
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of cyanogen was systematically increased from
the first to the last injection. The column was
then conditioned at 270°C for 16 h, before
carrying out a new series of experiments. The
results show that the retention times of the
eluted solutes are not modified by the presence
of cyanogen in the sample, even after several
injections of large amounts (several micromoles)
of nitrile. Further, the HETP is not affected by
the irreversible adsorption of these amounts in
the column, as shown in Fig. 3.

Injected C2N2 (nmoles)

Fig. 3. Plot of the height equivalent to a theoretical plate
(HETP) versus the amount of cyanogen (C2N 2 ) injected for
CO and N2 at 100°C. Carrier gas, H2 ; column, 10 m x 0.53
mm 1.0. Molsieve 5A (film thickness 50 ILm) fused-silica
PLOT.

The Molsieve 5A wide-bore capillary column
allows a good and rapid separation of permanent
gases, including CO, N2 and noble gases, in the
presence of hydrocarbons and nitriles. It is
important to note that the injection of relatively
large amounts (several micromoles) of cyanogen
does not degrade or modify markedly the per
formance and behaviour of the column. The
maximum mole fraction of nitriles in the low
atmosphere of Titan is less than about 10-4

[10,11]. The sampling volume of the GC sub
system of the GC-MS set-up in the Cassini
Huygens mission will be less than 1 ml. Hence
the absolute amount of nitrile in one sample
(even at the maximum Titan atmosphere pres
sure of 1.5 bar) will be less than about 10-8 mol.
Even after ten injections (which will peak during
the descent of the probe), clearly the total
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ABSTRACT

The simultaneous analysis of 25 pesticides in soy beans and rices was performed by gas chromatography with dual
electron-capture detection and nitrogen-phosphorus detection. The pesticides were extracted from the samples with solvent and
the Bio-Beads S-X3 clean-up procedure was used. Recovery studies were performed at the l-ppm level of pesticides added to
each crop. Their recoveries ranged between 83 and 105% with coefficient of variations of 0.5-8.2%. The gas chromatographic
properties of the 25 pesticides were also investigated. Conformation analysis was achieved by the retention time and characteristic
fragment ions using the technique of gas chromatography-mass spectrometry-selected-ion monitoring.

INTRODUCTION

The monitoring of pesticides in crops is of
importance in public health, because of the
inherent toxicity of pesticides. Many analysts
have contributed to the methodological develop
ment for analysis of pesticide residues in crops.
Several chromatographic methods have been
reported for the separation, detection and quan
titative measurement of pesticides in food [1,2],
water [3-5] and soil [6,7]. Published methods
include those based on gas-liquid chromatog
raphy [8,9], gas chromatography (GC)-mass
spectrometry (MS) [10-12], high-performance
liquid chromatography (HPLC) [13,14] and liq
uid chromatography (LC)-MS [15-17].

• Corresponding author.

GC methods have been based on the chemical
structure of pesticides containing nitrogen, phos
phorus or chlorine atoms, and so high sensitivity
has been obtained with electron-capture detec
tion (ECD) and nitrogen-phosphorus detection
(NPD). LC systems have been applied to ther
mally unstable and non-volatile pesticides, which
have proved to be difficult to quantify by GC.
Many procedures for sample preparation prior to
GC analysis have been reported using extraction
by organic solvents [18,19], distillation systems
[20,21] on column chromatography [22,23]. Re
cently, Bio-Beads have been widely used in
column chromatography for the analysis of sam
ples containing fat and oil [24,25]. Mattern et al.
[26] described a GC-MS method for detection
and quantitation of twelve pesticides in fruits and
vegetables. And Roach and Carson [12] reported
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the MS behaviour of organopesticides in food
using the collisionally activated decomposition
mode.

In this paper, we describe a GC-ECD-NPD
procedure for the simultaneous separation and
determination of 25 pesticides regulated in our
country [27]. Each pesticide was confirmed
using GC-MS-selected-ion monitoring (SIM)
mode.

J. Hong et al. I J, Chromatogr. 639 (1993) 261-271

EXPERIMENTAL

Chemicals
All reagents were of residual pesticide grade.

Acetone,methanol, ethylacetate, hexane and
methylene chloride purchased from J.T. Baker
(Phillisburg, NJ, USA). Bio-Beads S-X3 (200
400 mesh) for chromatography was from Bio
Rad (Richmond, CA, USA). Purified water was
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Fig, 1. Chemical structures of pesticides.
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ABSTRACT

The monofluorinated analogues of 2-aminocarboxylic acids up to C7 were efficiently separated into the diastereomers on glass
capillary columns coated with achiral phases BP-1, BP-lO and OV-330. In addition, some difluoro and trifluoro analogues were
also measured. Chiral resolution was achieved on capillary well-coated open tubular fused-silica columns coated with chiral phases
XE-60-L-Val-L-(1-phenylethyl)amide, Chirasil-L-Val and Behenoyl-L-Val-tert.-butylamide. The separation factors and the
Kovats indices of the fluorinated amino acids were determined and compared. The erythro racemates display a higher degree of
resolution than the threo ones. The order of elution was found to be the L- after the D-solute on all L-phases.

INTRODUCTION

Gas chromatographic methods using chiral
stationary phases have been used for efficient
separations of a number of racemic substances.
A large body of work has been reported since
the first studies describing a direct resolution of
amino acid enantiomers on chiral phases by Gil
Av and co-workers [1-5]. Bayer and co-workers
[6-10] have introduced polymeric siloxane
phases of low volatility and high thermal stabili
ty, such as Chirasil-L-Val, formed by coupling
of the L-Val-tert.-butylamide moiety to a co
polymer of dimethylsiloxane and carboxy alkyl
methylsiloxane units. Analogously, Konig
and co-workers [11-14] have prepared a
chiral phase by connecting L-Val-L-(I-phenyl
ethyl)amide to a methylcyanoethyl-polysiloxane

* Corresponding author.

XE-60 and obtained a highly heat-resistant poly
meric phase with high enantioselectivity that was
used to resolve amines, amino alcohols, amino
acids, hydroxy acids, carbohydrates and other
substances. Also, some monoamine phases, such
as N-Iauroyl-D-[I-(I'-naphthyl)ethyl]amine, are
conveniently used for the resolution of
2-halogenocarboxylic acids and other compounds
[15].

There is a rapidly increasing demand from
many scientific branches for analytical methods
capable of a rapid and efficient enantiomeric
separation of diverse compounds. These meth
ods are indispensable for the resolution of drugs
whose individual enantiomers exhibit different
pharmacological properties and have a consider
able clinical importance. A wide group of chiral
compounds with biological and/or pharmaceuti
cal importance is constituted by many fluorinated
analogues of amino acids. The GC study of some
of them is the subject of this paper.

The analysed fluoro derivatives of amino acids
are divided into three groups. The first group is
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ABSTRACT

In order to improve the application of reversed-phase thin-layer chromatography (RP-TLC) for the chromatographic
estimation of drug lipophilicity, some aspects of measuring true R M values [log (l/RF-l)] are considered in the present
investigation:

(1) An optimization of experimental conditions, including the .importance of temperature and humidity, as well as
densitometric evaluation of spots is presented.

(2) The estimation of thermodynamically true RM values is described; it is shown that in case of high modifier contents
pre loading effects induce pronounced deviations of R F from R~ values. Only the latter allow the calculation of true R M values.

(3) The influence of solvent pH on R M values is negligible for pure partition chromatography in the case of low modifier
contents; with increasing modifier contents polar adsorption becomes more prominent; under these conditions an influence of pH
on R M in the case of strong bases is detected.

INTRODUCTION

Chromatographic estimation of drug lipo
philicity is predominantly undertaken by means
of RP-18 HPLC, while reversed-phase TLC is
less frequently used. This reduced acceptance of
the latter [1] may be because of improperly
designed experimental protocols. To the authors'
knowledge, investigators almost always neglect
relevant experimental factors such as tempera
ture and humidity despite their well-known im
portance for chromatographic behaviour [2].
Most often running distances are measured "by

* Corresponding author.

hand" under UV light and corresponding R F

values -related to the observed visible front
are used to calculate R M values. In the present
investigation densitometric estimation of spot
positioning is used, as also applied by Dingenen
and Pluym [3], and, in addition, a procedure for
estimating the "thermodynamically true" front is
presented for RP-18 TLC.

The pH dependence of chromatographic data
in normal-phase TLC was demonstrated by Stahl
and Dumont [4] a long time ago. It deserves
mention here that Stahl and Dumont varied the
pH of the stationary phase and not that of the
solvent. Several authors assume that this pH
dependence is equally valid in reversed-phase
chromatography [2,5-7]. This is in contrast to
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ABSTRACT

A routine method for the analysis of limonoids and limonoid glucosides in citrus seeds, which utilizes thin-layer chromatog
raphy (TLC) and high-performance liquid chromatography (HPLC), is described. Seed meals were washed with n-hexane to
remove oily materials, after which limonoids and limonoid glucosides were extracted with acetone and then methanol. The
methanol extract contains the remainder of the Iimonoid aglycones and all limonoid glucosides. After the methanol was
evaporated off, the residue was extracted with methylene chloride-water (1:1). The limonoids of both the acetone and methylene
chloride fractions were separated and quantified by HPLC. The total limonoid glucoside content of the water fraction was
determined by silica gel TLC. Each of the limonoid glucosides was then eluted from the reversed-phase HPLC column by a linear
gradient system starting at 15% acetonitrile in 3 mM phosphoric acid and ending with 26% acetonitrile after 35 min, and
quantitated by spectrophotometric detection at 210 nm. The limonoid aglycones and limonoid glucosides in two kinds of citrus
seeds, Shiikuwasha (Citrus depressa) and Iyo (Citrus iyo), were determined. The content of limonoid glucosides in Shiikuwasha
was found to be approximately two-fold higher than that of Iyo.

INTRODUCTION

The limonoids are a group of chemically
related triterpenoid derivatives present in the
Rutaceae and Meliaceae families. Limonoids are
one of two major bitter principles in citrus
juices. Among the 37 limonoids isolated from
Citrus and its hybrids, limonin is the major cause
of the bitterness in a variety of citrus juices.
Recently, limonoids have been shown to be also
present as glucoside derivatives in Citrus [1].

• Corresponding author.

Nineteen limonoid glucosides have been isolated
from Citrus and, significantly, they are all non
bitter in taste.

Limonoids possess important biological ac
tivities such as the inhibition of the growth of
cancerous tumours in laboratory animals [2-4]
and antifeedant activity against insects and ter
mites [5,6]. The demand for limonoids has in
creased significantly in recent years. Citrus seeds
are major sources of both limonoid aglycones
and their glucosides and could be utilized as a
source of these important compounds.

Methods for the determination of limonoid
aglycones, such as limonin and nomilin, using

0021-9673/93/$06.00 © 1993 Elsevier Science Publishers B.Y. All rights reserved
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EXPERIMENTAL

Chemicals
Silica gel HLF plates were purchased from

Analtech (Newark, DE, USA). A preparative
HPLC column, CIS reversed-phase, Partisil
ODS-3, 25 em x 2.2 em, particle size 10 JLm
(Whatman, Hillsboro, OR, USA) was used.
DEAE-Sephacel, Amberlite XAD-2 resin (20
60 mesh), hesperidinase and naringinase were
obtained from Sigma (St. Louis, MO, USA).
Sep-Pak silica cartridges, used for sample clean
up, were obtained from Waters (Milford, MA,
USA).

Standards of limonoids and limonoid glucosides
Limonoid aglycones such as limonin, nomilin,

deacetylnomilin and obacunone, and 17-f3-D
glucopyranosides of limonin, deacetylnomilin,
nomilin, nomilinic acid and obacunone, which
were isolated and characterized by NMR at the
Fruit and Vegetable Chemistry Laboratory, US
Department of Agriculture, Agricultural Re
search Service, Pasadena, CA, USA, were used
as standards in this study.

HPLC. For this study, the seeds of Shiikuwasha
(Citrus depressa Hayata) and Iyo (Citrus iyo
hort. Tanaka) were examined. The structures of
major limonoids and limonoid glucosides are
shown in Fig. 1.

Materials
Shiikuwasha (Citrus depressa Hayata) was har

vested in November, 1991, from trees grown at
the Agricultural Product Processing Factory,
Agricultural Cooperative Association of
Okinawa, Japan. Iyo (Citrus iyo hort. ex
Tanaka) was sampled in October, 1991, at the
Tree Research Station of Saga Prefecture,
Japan. The seeds were ground with a Retsch mill
(Brinkmann, Westbury, NY, USA) after drying
at 60°C for 3 days.

Apparatus for HPLC
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thin-layer chromatography (TLC) and high-per
formance liquid chromatography (HPLC) have
been reported [7-14]' In particular, Van Beek
and Blaakmeer [14] performed a detailed
analytical investigation of limonin in citrus juice.
In this HPLC method the combination of re
versed-phase columns and spectrometric detec
tion was successfully applied to Iimonoid
aglycone assays. Recently, limonoid glucosides
in citrus juices have been also analysed using
TLC [15] and HPLC [16].

The objective of this study was to establish a
routine procedure for the extraction, isolation
and characterization of limonoid aglycones and
limonoid glucosides in citrus seeds by TLC and

Noniilinicacid 17-6-D-glucopyranoside

Fig. 1. Structures of major limonoids and Iimonoid gluco
sides.

The system consisted of two Waters 510 LC
pumps, a Waters Automated Gradient Control-
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ler, a CI8 reversed-phase analytical HPLC col
umn (250 mm x 4.6 mm, 5 JLm particle size,
Alltech Associates, Deerfield, IL, USA), a Per
kin Elmer LC-75 spectrophotometric detector
and a Shimadzu C-R3A integrator (Shimadzu,
Kyoto, Japan).

Extraction of limonoid aglycones and glucosides
Aliquots of 100 g of each seed meal obtained

from the dried seeds were placed in a Soxhlet
extractor and washed thoroughly with n-hexane
to remove oily materials, then extracted sequen
tially with acetone and methanol. The acetone
extract (fraction 1) contained approximately
50% of total limonoid aglycones. The methanol
extract (fraction 2) contained the remainder of
li monoid aglycones and all the limonoid
glucosides. This fraction was evaporated to dry
ness and the residue was re-extracted with
methylene chloride-water (1:1). The methylene
chloride fraction (fraction 3) contained agly
cones, and the water fraction (fraction 4) con
tained glucosides.

TLC identification and HPLC analysis of
limonoid aglycones

Both the acetone (fraction 1) and methylene
chloride (fraction 3) fractions were combined
and evaporated to analyse the limonoid
aglycones. The dried material was resuspended
in methanol and a portion was spotted onto silica
gel TLC plates, which were developed in one
dimension. The following three solvent systems
were used in saturated chambers: cyclohexane
ethyl acetate (2:3), methylene chloride-meth
anol (49:1) and ethyl acetate-methylene chloride
(2:3). The developed plate was sprayed with
Ehrlich's reagent and colour was developed in a
hydrochloric acid chamber [9]. Rp values were
compared with those of standards for identifica
tion purposes. Another portion of the resuspend
ed sample was injected into a CI8 reversed-phase
HPLC column, the column being eluted isocrati
cally with acetonitrile-methanol-water (10:41:
49). The limonoid aglycones were separated and
identified by monitoring UV absorption at 210
nm.
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HPLC and TLC analyses of the limonoid
glucosides

The content of limonoid glucosides in the
seeds was determined by both TLC and HPLC
methods.

For the TLC, the water extract (fraction 4)
was evaporated, dissolved in a measured volume
of methanol and spotted on a plate, which was
developed in one dimension with an ethyl
acetate-methyl ethyl ketone-formic acid-water
(5:3:3:1) system. Limonoid glucosides were vis
ualized by spraying with Ehrlich's reagent fol
lowed by exposure to hydrogen chloride gas [17].
The spots were compared with those of a stan
dard compound, and the total limonoid
glucosides were determined by the relative in
tensity of the colour. This analysis was done in
duplicate and average values were reported.
Limonin glucose standards ranging from 1 to 5
JLg at increments of 0.2 JLg were used [15]. A
preliminary analysis was needed to determine
the approximate concentration of the sample to
be used on TLC.

For the HPLC, a portion of the water extract
(fraction 4) was treated with hesperidinase
[0.010 units mg -1 solid: one unit was defined as
1.0 JLmol of reducing sugar (as glucose) from
hesperidin per min at pH 3.8 at 40°C] and
naringinase [365 units g-1 solid: one unit was
defined as 1.0 JLmol of reducing sugar (as glu
cose) from naringin per min at pH 4.0 at 40°C] in
a 0.1 M sodium formate buffer at pH 3.8 for 20 h
at room temperature. This treatment was neces
sary to obtain good peak resolution by cleaving
the sugars from interfering flavonoids. The sam
ple was then loaded onto a Sep-Pak column,
washed with water and eluted with methanol.
This methanol fraction was evaporated in a test
tube; 250 JLI of 15% acetonitrile in 3 mM
phosphoric acid were added and analysed by
HPLC. For each sample extracted, duplicate
100-JLI injections were made on a CIS reversed
phase analytical HPLC column. The flow-rate
was 1 ml min -1 with a linear gradient system,
starting with 15% acetonitrile in 3 mM phos
phoric acid and ending with 26% at 35 min. The
elution was monitored by UV absorption at 210
nm and a standard curve was run for each of the
limonoid glucosides.
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TABLE II

LIMONOID AND LIMONOID GLUCOSIDES IN SEEDS
OF SHIIKUWASHA (CITRUS DEPRESSA HAYATA)
AND IYO (CITRUS IYO HORT. EX TANAKA)

glucoside, 95% for nomilinic acid glucoside and
98% for obacunone glucoside. Several experi
ments gave recoveries in the range 93-100%.
These recoveries were certainly within accept
able limits.

Limonids Content" (mg per g dried seed)

III

v

Fig. 4. High-performance liquid chromatogram of water
extract from Shiikuwasha (Citrus depressa) seeds. 17-{3-D
G1ucopyranosides of limonin (I), deacetylnomilin (II),
nomilin (III), nomilinic acid (IV) and obacunone (V).

4.57
0.72
2.53
0.91
8.73

0.53
0.48
2.24
0.34
0.87
4.46
4.41

1.87

0.96
0.45
3.28

Shiikuwasha Iyo

1.16
0.18
7.59
1.85
1.96

12.74
11.82

chromatogram of limonoid glucosides in the
seeds of Shiikuwasha. Table II gives the results
expressed as mg g -1 (dried seeds). As expected,
nomilin 17-{3-0-glucopyranoside was the pre
dominant limonoid glucoside, followed 'by
obacunone 17-{3-o-glucopyranoside, nomilinic
acid 17-{3-0-glucopyranoside, limonin 17-{3-0
glucopyranoside and deacetylnomilin 17-{3-0
glucopyranoside in order of decreasing concen
tration. This order is very common in many
Citrus species [20].

Table II also shows the limonoid glucoside
content as analysed by TLC. The values for total
amount of limonoid glucosides determined by
TLC and HPLC correlated very closely. A
paired-sample t-test gave no significant variance
at the p = 0.05 confidence level. Quantitative
analyses by TLC and HPLC showed that the
contents of limonoid glucosides in the seeds of
Shiikuwasha are approximately twofold higher
than that of other citrus seeds [20], whereas the
content of limonoid aglycones analysed by
HPLC is lower than that of others. The conver
sion of limonoid aglycones to their corre-

a Average values of duplicate measurements.
b Determined by HPLC.
C Determined by TLC.

Limonin
Deacetylnomilin
Nomilin
Obacunone
Total

17-{3-D-glucopyranoside of
Limonin
Deacetylnomilin
Nomilin
Nomilinic acid
Obacunone

Total b

Total C

40

IV

3020o 10
Min_

Application
Seeds of Shiikuwasha (Citrus depressa

Hayata). TLC analysis with the three solvent
systems described in Experimental section
showed that Shiikuwasha contains three limo
noid aglycones. They were identified as limonin,
nomilin and obacunone. These are the major
limonoid constituents in Citrus and its hybrids,
and are widely spread in many species [20]. Like
many other species, limonin is the predominant
limonoid in the seeds of Shiikuwasha, followed
by nomilin and obacunone. Limonin, which is
the major cause of limonoid bitterness in a
variety of citrus juices, has been shown to be
biosynthesized from nomilin via obacunone,
obacunoate and ichangin [21,22].

NMR analysis of the isolates showed that
Shiikuwasha contains the 17-{3-0-glucopyrano
sides of limonin, deacetylnomilin, nomilin,
nomilinic acid and obacunone. Fig. 4 shows a
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sponding glucosides occurs in Citrus during late
stages of fruit growth and maturation [23]. This
conversion may continue until fruit is harvested.
The Shiikuwasha fruits used in this study were
harvested at the early season of November.
Thus, fruit harvested in the late season should
have higher concentrations of Iimonoid gluco
sides.

Citrus limonoids have been shown to possess
biological activities such as anticancer activity in
laboratory animals [2"-4] and antifeedant activity
against insects and termites [5,6]. Thus the
demand for seeds as a source of limonoids has
increased significantly in recent years.
Shiikuwasha is mainly grown in Okinawa, the
most southern part of Japan, and is used mainly
as a flavour enhancer. This work shows that its
seeds are also excellent sources of limonoids,
particularly their glucoside derivatives.

Seeds of Iyo (Citrus iyo hort. ex Tanaka). Four
limonoid aglycones were identified. They were
limonin, nomilin, obacunone and deacetylnomi
lin in order of decreasing concentration (Table
II). As in many other Citrus species, limonin was
the predominant limonoid aglycone in the seed
of Iyo.

Analyses of the isolates by NMR spectra
resulted in the identification of five limonoid
glucosides from the seeds of Iyo. They are the
17-f3-D-glucopyranosides of nomilin, obacunone,
limonin, deacetylnomilin and nomilinic acid. Fig.
5 presents a typical chromatogram of limonoid
glucosides in the seeds of Iyo. As shown in Table
II, data on the total limonoid glucoside contents
obtained from the two methods, TLC and
HPLC, also agreed very well.

The composition and relative concentrations
of limonoid aglycones and their glucosides are
very similar to those of the common Citrus
species [20]. Like the others, the ratio of
aglycones to glucosides was about 2. The 17-f3-D
glucopyranoside of nomilin is the predominant
limonoid glucoside. This supports the previous
suggestion [24] that limonoids and limonoid
glucosides in seeds are biosynthesized there,
independent from the biosynthesis occurring the
fruit tissue.

From these results, we recommend this TLC
and HPLC procedure as a convenient method
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silica capillaries. In particular, quaternary am
monium surfactants have been shown to be
effective in this regard. Terabe et al. [21] first
reported the utilization of cetyltrimethylam
monium bromide (CTAB) to reverse electro
osmotic flow via formation of a positively
charged layer on the inner surface of the silica
capillary. Altria and Simpson [24] showed that
under equivalent conditions, an increase in flow
rate by one order of magnitude occurred for
capillaries filled with CTAB (2 mM) as com
pared to bare silica capillaries containing phos
phate buffers (2 mM). A homologue of CTAB,
tetradecyltrimethylammonium bromide (TTAB),
was also used by Huang et al. [25] to separate a
series of low-molecular mass carboxylic acids.
Again, reversed-polarity conditions were em
ployed allowing separation of six acids within 3.5
min. In that study, reversal of flow was initiated
at a minimum TTAB concentration of 0.4 mM.

In an effort to improve upon electrophero
grams shown in Fig. 5, the cationic surfactant,
cetyltrimethylammonium chloride (CTAC) was
added to the CZE buffer (0.5 mM). Selected-ion

electropherograms for the analysis of a solution
of Rhodamine 6G (100 ng/rz.l), corresponding to
6.41 pmol loaded on column, appear in Fig. 6.
The mass spectrometer was scanned from m/z
442 to 445. Close inspection of the "blow-up" of
the m/z 443 electropherogram (inset in Fig. 6)
reveals that a minimum of three, maybe four,
peaks were present in addition to the main
component. These impurities were estimated to
represent approximately 3 to 4% of the total
observed ion current. Most likely, these later
eluting peaks correspond to isomers of
Rhodamine 6G. To improve the signal-to-noise
ratio for the minor components, the concen
tration of Rhodamine 6G was increased by a
factor of ten (to 1 f-tg/,..d, representing 64.1 pmol
on column). The analysis was repeated under the
same conditions, except that the mass spec
trometer was scanned over a larger range (from
m/z 300 to 600) in order to detect other (non
isomeric) contaminants. "Overloading" of the
column for the main component, resulted in a
baseline width of 1 min (Fig. 7, top), compared
to 20 s for the more dilute sample (Fig. 6).
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Fig. 6. Selected-ion electropherogram (mlz 443) showing raw data from the CZE-ES-MS analysis of Rhodamine 6G (100 nglJLI
solution/6.41 pmoles on column). Buffer: CTAC (0.5 mM) and NaCI (5 mM), pH 6.2; capillary: 100 JLm I.D.; 235 JLm D.D.; 100
cm in length; sample injection: 100 mm/lO s; CZE voltage: 20 kV; ES voltage: 2.8 kV; MS scan rate: 0.07 s/scan (mlz 442 to
445). Inset shows magnified view of response between 10 and 15 min.



J. Varghese and R.B. Cole I J. Chromatogr. 639 (1993) 303-316 311

...500

4000

Iol :>SQQu

i 3000

~ 2500

...
2000......

to 15400
<,

:£
1000

El
8 9 Ie!> 11 12 13 I" 15 1& 17 18 19 20 21 22

TINE (lUN)

:J000

2800

2&00

Iol 24400
U

~
2200

2000

~ 1-
~ 1&00

III 1_
....... 1200

to 1000

'":B

TINE (MIN)

Fig. 7. Selected-ion electropherograms of mlz 443 (top) and mlz 415 (bottom) from the CZE-ES-MS analysis of Rhodamine 6G.
Conditions as for Fig. 6, except concentration of Rhodamine 6G is now 1000 nglJLI (64.1 pmoles on column) and MS scan rate is
1.21 s/scan (mlz 300 to 600). Both electropherograms display raw data.

However, this exercise did have the desired
effect of pulling the minor peaks out of the noise
background. Four definite, reproducible peaks
consisting of several (1.2 s) mass spectrometer
scans each, clearly appear between 10.5 and 12.5
mm.

The increase in sample concentration and scan
range also enabled detection of peaks at m/z 415
which have heights similar to the m/z 443
impurities. Two components at m/z 415, sepa
rated by approximately 6 min appeared in the
electropherogram (Fig. 7, bottom) of Rho
damine 6G purchased from one manufacturer.
Other Rhodamine 6G from different manufac-

turers showed only one impurity at m/z 415,
eluting at approximately 15.5 min. It is plausible
that the early eluting m/z 415 impurity corre
sponds to a hydrolyzed form of Rhodamine 6G,
where the ethyl ester has been converted to a
carboxylic acid. Appearance of the carboxylate
anion (zwitterionic) form could cause the m/z
415 peak to elute in front of Rhodamine 6G, as
was indeed observed in Fig. 7. The empirical
formula of the later eluting m/z 415 impurity is
also likely to be the same as that of Rhodamine
6G less CzH 4 ; this may arise via deficiency of an
ethyl substituent (replaced by a hydrogen atom)
at either nitrogen site.
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concentration of the buffer was already too low
(5 mM) to consider dilution.

The most effective and practical option to
increase the resistance between the two operat
ing voltages was via reduction of the capillary
I.D. The utilization of a 50 JLm I.D. capillary
instead of the 100 JLm I.D. capillary (same
length) added considerable stability to the
negative-ion electrospray current. As was done
for Rhodamine 6G, the capillary exit was placed
within the electrospray needle to allow greater
mixing with the sheath liquid. After examining
various buffers, an ammonium acetate-am
monium hydroxide combination was found to be
the best suited volatile alkaline buffer (pH 10.3).
Under the conditions employed, formation of
doubly charged ions occurred in preference to
singly charged ions. In the single-ion monitoring
(SIM) mode, signals corresponding to the four
species viewed in Fig. 9 were acquired as func
tions of time.

The SIM electropherograms for the doubly
charged ions (m/z 323 and 283) are displayed in
Fig. 10. Although the electrophoretic peak shape
for the m/z 323 ion was poor, separation of the
two components was achieved with near baseline
resolution. The peak shape for m/z 283 was
much better due to a combination of factors.
Since this peak corresponds to a minor sample
component in the mixture, overloading was
avoided. Secondly, as expected, the smaller
molecule eluted after the major zone, hence,
fronting of the zone was avoided due to the
mobility effects of the preceding zone. Fronting
of the first zone was probably due to an incom
patibility of the buffer wherein the mobility of
the analyte was too high in comparison to the
mobility of the carrier [27].

The reproducibility of the on-line analysis was
found to be quite satisfactory, including the peak
distortion for the main zone. Alternative buffers,
e.g., sodium borate, were found to be unsuccess
ful in improving the shape of the main zone.
Nevertheless, the separation was adequate to
distinguish the two components (their different
peak shape was further evidence of heterogene
ity). Normal-polarity CZE with negative ion ES
MS detection thus allowed confirmation of the
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presence of an analogous compound containing
three bromine atoms as the main impurity in
Eosin Y, where the fourth bromine atom has
been replaced by a' hydrogen atom.
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Fig. 1. Structures of inorganic phosphate (P;), 2-ethylhexyl
dihydrogenphosphate (HDEHP) and bis(2-ethylhexyl) hy
drogenphosphate (H2DEHP).

[7] were found to be inapplicable for our pur
poses. Analytical capillary anionic isotacho
phoresis (ITP) has been shown to be an excellent
analytical tool for the determination of inorganic
and organic phosphates [8]. In this paper, an
anionic ITP method for the determination of
H2DEHP and HDEHP in organic and aqueous
solution is described. For the sensitive determi
nation of H2DEHP in aqueous buffered solu
tions, an ion-pair extraction procedure using the
phase-transfer catalyst tetrabutylammonium hy
drogensulphate (TBAHS) in chloroform was
developed.

EXPERIMENTAL

Apparatus and materials
Anionic ITP analyses were performed on a

Model 2127 Tachophor (LKB, Bromma,
Sweden) using the conditions given in Table I.
Isotachopherograms were recorded with an LKB
Model 2120 line recorder at a chart speed of 0.5
mm/s. The terminator passed the detector at a
potential of about 5 kv. H2DEHP and TBAHS
were obtained from Serva (Heidelberg, Ger-

R. Velasquez et al. I J. Chromatogr. 639 (1993) 317-321

many). A mixture of HDEHP and H2DEHP
(45:55, w/w) was obtained from Merck-Schuch
ardt (Hohenbrunn, Germany). These and all
other chemicals were of the highest quality
available and used as received. Because of the
low water solubility of H2DEHP and HDEHP,
methanol was used to prepare stock solutions.

Ion-pair extraction procedure
H2DEHP was ion-pair extracted from potas

sium phosphate-buffered aqueous solutions (10
100 mmol/l, pH 7.4) as follows: TBAHS (0.8 g
in the main experiments) was added to a 45-ml
sample of a potassium phosphate-buffered aque
ous solution of H2DEHP. After shaking with 5
ml of chloroform for 5 min the layers were
allowed to separate for 15 min and a 4.5-ml
aliquot of the organic phase was transferred into
a conical centrifuge tube. The solvent was com
pletely evaporated under reduced pressure and
the residue was dissolved in 100 ILl of methanol.
Up to 5 ILl of this solution were injected into the
Tachophor instrument.

Hollow-fibre experiments
A liquid membrane preparation that contained

paraffin oil, n-dodecanol and H2DEHP (75:20:5,
w/w/w) was supported on polysulphone hollow
fibres (Fresenius, Bad Homburg, Germany) by a
similar procedure to that described elsewhere
[9]. A potassium phosphate-buffered (10 mmol/
I, pH 7.4) solution of histamine (100 ml small
scale; 5000 ml large scale) was circulated in the
internal compartment and a potassium phos
phate-buffered (100 mmol/l, pH 7.4) solution

TABLE I

ITP CONDITIONS FOR THE DETERMINATION OF BIS(2-ETHYLHEXYL) HYDROGENPHOSPHATE AND 2
ETHYLHEXYL DIHYDROGENPHOSPHATE

Tachophor
Capillary
Leading electrolyte

Terminating electrolyte
Detector
Driving current
Solvent
Sample volume
Temperature

LKB, Model 2127
Polytetrafluoroethylene, 20 em x 0.5 mm I.D.
10 mmol/l HCl, pH 3.3 ({3-alanine)
0.25% (wIw) hydroxypropylmethylcellulose
10 mmolll hexanoic acid
UV (254 nm) and conductivity
50 J.tA
Water
3-5 J.tl
Ambient
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0.240 mg/ml for berberine and 0.006-0.240 mg/
ml for palmatine. The regression equations of
these curves and their correlation coefficients
were calculated as follows:

Coptisine y = 30.84x + 0.01 (r = 0.9998)
Berberine y = 32.14x - 0.03 (r = 0.9999)
Palmatine y = 33.4lx - 0.01 (r = 0.9999)

System suitability test
The reproducibility (relative standard devia

tion) of this proposed method, on the basis of
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peak-area ratios for six replicate injections, was
0.96% (intraday) and 2.56% (interday) for cop
tisine, 1.50% (intraday) and 2.68% (interday)
for berberine and 1.12% (intraday) and 2.22%
(interday) for palmatine.

The results of standard addition recovery
studies of coptisine, berberine and palmatine
from sample composites of Chinese medicinal
preparations are calculated. The recovery was
98.1-101.9% for coptisine, 98.0-100.4% for
berberine and 99.7-101.0% for palmatine. All

TABLE I

CONTENTS OF COPTISINE, BERBERINE AND PALMATINE IN COPTIDIS RHIZOMA-CONTAINING CHINESE
MEDICAL PREPARATIONS (mg/g)

Sample" Coptisine Berberine Palmatine Total

1 0.71 2.45 0.80 3.96
2 0.90 3.43 1.02 5.35
3 0.52 2.18 0.58 3.28
4 1.81 6.52 1.69 10.02
5 2.84 8.80 2.77 14.41
6 0.56 1.84 0.41 2.81
7 1.32 4.10 1.17 6.59
8 0.95 3.60 1.06 5.61
9 2.21 8.99 3.06 14.26

10 0.81 3.57 0.95 5.33
11 0.61 2.19 0.62 3.42
12 0.85 3.15 0.80 4.80

"Names and compositions of the Coptidis Rhizoma-containing Chinese medicinal formulas: 1 = Chai-hsien-tang: Pinelliae Tuber,
Trichosanthis Fructus, Bupleuri Radix, Coptidis Rhizoma, Scutellariae Radix, Ginseng Radix, Glycyrrhizae Radix, Zingiberis
Rhizoma, Zizyphi Fructus; 2 = Ching-wei-tang: Moutan Radicis Cortex, Angelicae Radix, Rehmanniae Radix, Coptidis
Rhizoma, Cimicifugae Rhizoma; 3 = Ching-yin-li-ke-tang: Lonicerae Flos, Forsythiae Fructus, Schizonepetae Herba, Menthae
Herba, Ledebouriellae Radix, Scrophulariae Radix, Coptidis Rhizoma, Platycodi Radix, Scutellariae Radix, Niter, Rhei
Rhizoma, Gardeniae Fructus, Arctii Fructus, Glycyrrhizae Radix; 4 = Huang-lien-tang: Coptidis Rhizoma, Glycyrrhizae Radix,
Zingiberis Siccatum Rhizoma, Ginseng Radix, Cinnamomi Ramulus, Zizyphi Fructus, Pinelliae Tuber; 5 = Ko-ken-huang-lien
huang-chin-tang: Puerariae Radix, Coptidis Rhizoma, Scutellariae Radix, Glycyrrhizae Radix; 6 = Pan-hsia-hsieh-hsin-tang:
Pinelliae Tuber, Scutellariae Radix, Coptidis Rhizoma, Zingiberis Siccatum Rhizoma, Ginseng Radix, GlycyrrhizaeRadix,
Zizyphi Fructus; 7 = Pan-hsieh-liu-chun-tzu-tang: Pinelliae Tuber, Zingiberis Siccatum Rhizoma, Scutellariae Radix, Atrac
tylodis Rhizoma, Coptidis Rhizoma, Citri Leiocarpae Exocarpium, Ginseng Radix, Glycyrrhizae Radix, Poria, Ostreae Testa;
8 = Pu-chi-hsiao-tu-yin: Scutellariae Radix, Coptidis Rhizoma, Baphicacanthis Rhizoma et Radix, Forsythiae Fructus, Arctii
Fructus, Scrophulariae Radix, Glycyrrhizae Radix, Platycodi Radix, Cimicifugae Rhizoma, Bupleuri Radix, Lashiosphaera,
Citri Leiocarpae Exocarpium, Menthae Herba, Bombyx Batryticatus; 9 = San-huang-hsieh-hsin-tang: Rhei Rhizoma, Scutel
lariae Radix, Coptidis Rhizoma; 10 = Shao-yao-tang: Paeoniae Radix, Cinnamomi Cortex, Saussureae Radix, Scutellariae
Radix, Glycyrrhizae Radix, Angelicae Radix, Rhei Rhizoma, Arecae Semen, Coptidis Rhizoma; 11 = Tien-wang-pu-hsin-tan:
Rehmanniae Radix, Ginseng Radix, Poria, Polygalae Radix, Scrophulariae Radix, Salviae Miltiorrhizae Radix, Platycodi Radix,
Thujae Orientalis Semen; Asparagi Radix, Ophiopogonis Tuber, Zizyphi Spinosi Semen, Angelicae Radix, Schizandrae
Fructus, Cinnabaris, Acori Rhizoma, Coptidis Rhizoma; 12 = Tzu-sheng-ming-mu-tang: Angelicae Radix, Paeoniae Radix,
Ligustici Rhizoma, Rehmanniae Radix, Platycodi Radix, Ginseng Radix, Gardeniae Fructus, Coptidis Rhizoma, Angelicae
Dahuricae Radix, Viticis Fructus, Chrysanthemi Flos, Glycyrrhizae Radix, Junci Caulis Medulla, Camelliae Folium.



YOM. Liu and s-t. Sheu / f. Chromatogr. 639 (1993) 323-328

the tailing factors of the four peaks (internal
standard, coptisine, berberine and palmatine)
are very close to 1.

Determination of coptisine, berberine and
palmatine in Chinese medicinal preparations

When the test solutions of Chinese medicinal
preparations extracts were analysed by CE under
the selected conditions, the calculated contents
of coptisine, berberine and palmatine as shown
in Tables I-III were obtained. There was no
interference with any peak of the extracts in
various Chinese medicinal preparations (includ
ing Coptidis Rhizoma containing, Phellodendri

TABLE II

CONTENTS OF COPTISINE, BERBERINE AND PAL
MATINE IN PHELLODENDRI CORTEX-CONTAINING
CHINESE MEDICINAL PREPARATIONS (mg/g)

Sample" Berberine Palmatine Total

13 0.42 0.24 0.66
14 0.61 0.35 0.96
15 0.25 0.15 0.40
16 0.25 0.11 0.36
17 0.51 0.24 0.75

"Names and compositions of the Phellodendri Cortex-con
taining Chinese medicinal formulas: 13 = Chih-po-pa-wei
wan: Anemarrhenae Rhizoma, Phellodendri Cortex, Reh
manniae Radix, Batatatis Rhizoma, Corni Fructus, Poria,
Alismatis Rhizoma, Moutan Radicis Cortex; 14 = I-chi
chung-ming-tang: Astragali Radix, Ginseng Radix,
Puerariae Radix, Viticis Fructus, Paeoniae Radix, Phel
lodendri Cortex, Cimicifugae Rhizoma, Glycyrrhizae
Radix; 15 = Pai-tu-san: Rehmanniae Radix, Platycodi
Radix, Forsythiae Fructus, Moutan Radicis Cortex, Tri
chosanthis Radix, Scrophulariae Radix, Lonicerae Flos,
Bupleuri Radix, Glycyrrhizae Radix, Phellodendri Cortex,
Menthae Herba, Paeoniae Radix, Gypsum Fibrosum, Arctii
Fructus; 16 = Pan-hsia-pai-chu-tien-ma-tang: Pinelliae
Tuber, Atractylodis Rhizoma, Poria, Citri Leiocarpae Ex
ocarpium, Atractylodis Lanceae Rhizoma, Hordei Ger
minatus Fructus, Gastrodiae Rhizoma, Monasco Cum
Oryzae Semen, Astragali Radix, Ginseng Radix, Alismatis
Rhizoma, Phellodendri Cortex, Zingiberis Siccatum
Rhizoma, Zingiberis Rhizoma;17 = Tzu-yin-chiang-huo
tang: Angelicae Radix, Paeoniae Radix, Asparagi Radix,
Ophiopogonis Tuber, Atractylodis Rhizoma, Rehmanniae
Radix, Citri Leiocarpae Exocarpium, Phellodendri Cortex,
Anemarrhenae Rhizoma, Glycyrrhizae Radix.
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Cortex contammg as well as Coptidis Rhizoma
and Phellodendri Cortex containing). These data
indicate that the proposed CE method is rela
tively suitable for the determination of coptisine,
berberine and palmatine in Chinese medicinal
preparations. Moreover, this analytical method
not only needs no pretreatment, but also offers
autosampling. In addition to its rapid and accu
rate performance, it allows the next injection to
be given within 8 min with a thoroughly cleaned
capillary too. Therefore, it should be especially
useful for bulky samples and also quality control
in pharamaceutical plants.

TABLE III

CONTENTS OF COPTISINE, BERBERINE AND PAL
MATINE IN COPTIDIS RHIZOMA AND PHELLODEN
DRI CORTEX-CONTAINING CHINESE MEDICAL
PREPARATIONS (mg/g)

Sample" Coptisine Berberine Palmatine Total

18 0.62 2.92 0.91 4.45
19 1.03 5.51 1.43 7.97
20 1.44 3.38 2.19 7.01
21 4.42 17.79 5.30 27.51
22 1.32 4.16 1.34 6.82
23 0.85 3.39 0.86 5.10

"Names and compositions of the Coptidis Rhizoma and
Phellodendri Cortex-containing Chinese medicinal for
mulas: 18 = Chai-hu-ching-kan-tang: Bupleuri Radix,
Angelicae Radix,Paeoniae Radix, Ligustici Rhizoma, Reh
manniae Radix, Coptidis Rhizoma, Scutellariae Radix,
Phellodendri Cortex, Gardeniae Fructus, Forsythiae Fruc
tus, Platycodi Radix, Arctii Fructus, Trichosanthis Radix,
Menthae Herba, Glycyrrhizae Radix; 19 = Chih-cho-ku
pen-wan: Nelumbinis Stamen, Coptidis Rhizoma, Phel
lodendri Cortex, Alpiniae Oxyphyllae Fructus, Amomi
Semen, Pinelliae Tuber, Poria, Polyporus, Glycyrrhizae
Radix; 20 = Huang-lien-chieh-tu-tang: Coptidis Rhizoma,
Phellodendri Cortex, Scutellariae Radix, Gardeniae Fruc
tus; 21 = Pai-tou-weng-tang: Pulsatillae Radix, Coptidis
Rhizoma, Phellodendri Cortex, Fraxini Cortex; 22 = San
huang-shih-kao-tang: Gypsum Fibrosum, Scutellariae
Radix, Coptidis Rhizoma, .Phellodendri Cortex, Gardeniae
Fructus, Ephedrae Herba, Sojae Semen Praeparatum,
Zingiberis Rhizoma, Zizyphi Fructus, Camelliae Folium;
23 = Wen-ching-yin: Angelicae Radix, Rehmanniae Radix,
Paeoniae Radix, Ligustici Rhizoma, Coptidis Rhizoma,
Scutellariae Radix, Phellodendri Cortex, Gardeniae Fruc
tus.
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affords but a single, scarcely retained peak.
Epoxide 8 affords two peaks of comparable area
on both CSP 6 and CSP 7. However, one of the
peaks stems from an impurity since the same two
peaks are noted on an achiral nitrile column. A
trace of the more strongly UV absorbing
4-chlorostilbene, a logical precursor for 8, was
suspected to be present. However, gas chroma
tography-mass spectrometry shows the chlorine
containing impurity to have a molecular mass of
216/218 rather than the expected 214/216. The
expected value of 230/232 was obtained for the
epoxide. When epoxide 8 is chromatographed on
a 1T-acidic CSP which is capable of separating its
enantiomers [5], three peaks are observed: one
giving a strong positive response from a
polarimetric detector, one giving no response,
and the last giving a strong negative response.
No polarimetric response is noted when 8 is
similarly chromatographed on CSP 6 or CSP 7.

Although we realize that preparation of the
same CSP in two different laboratories will result
in non-identical products, it seems likely that the
separation factors of 3.55 and 4.20 reported for
the enantiomers of nitrile 7 and the values 1.70
and 1.50 reported for epoxide 8 on CSPs 3 and 6
are erroneous. It seems likely that Oliveros et at.
misinterpreted peaks arising from impurities as
an indication of enantiomer separation when, in
fact, no such separations were occurring.

One additional set of observations supports
the view that the reported separations of the
enantiomers of 7 are erroneous. On the strength
of the large separation factors (e.g. 14.86, 23.00)
they believed they were encountering on CSP 1
and CSP 2, Oliveros et at. prepared CSP 5 with
the expectation that this reciprocal CSP would
afford significant levels of enantioselectivity. In
fact, in the series of analytes 1-8, CSP 5 is
reported to separate only the enantiomers of
epoxide 8. Since our sample of 8 (obtained from
the same vendor as that of Oliveros et at.) is
contaminated with an impurity, we suspect the
claimed resolution of 8 by CSP 5 is also incor
rect. The poor performance of CSP 5 was noted
but no inference was drawn by Oliveros et at.
from this observation.

Apparent separations of enantiomers are fre
quently encountered in chromatographic enan-
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tioseparation, particularly when multicomponent
samples are investigated. Determining whether
two chromatographic peaks arise from enantio
mers can be facilitated by a variety of methods
including:

(i) Use of a chiroptic detector. Many enan
tiomers can be detected using a polarimetric or
circular dichroism detector, neither of which
afford a response for a nonresolved racemate or
an achiral sample.

(ii) Use of a racemic version of the CSP: the
two peaks corresponding to the separated enan
tiomers typically show up as a single peak on a
racemic version of the CSP [6]. In several in
stances [7,8] enantiofractionation has been ob
served during chromatography of enantioen
riched analytes on an achiral CSP. However, this
phenomenon is rarely encountered in practice.
Chromatography of the sample on an achiral
stationary phase (e.g. silica, amino, nitrile) af
fords a minimum estimate of the number of
components in the sample, information relevant
to the number of peaks to be expected with the
CSP is used.

(iii) Use of a CSP of the opposite absolute
configuration: this will invert the order of elution
of the enantiomers, an event easily detected if
the analyte is enantioenriched. This method is of
no value for a racemic analyte unless used in
conjuction with some other technique which is
sensitive to stereochemistry (e.g. a chiroptic
detector).

(iv) Use of a variable-wavelength detector:
enantiomers have identical absorbtion spectra
and must give identical detector responses. Rela
tive peak heights of two supposed enantiomer
peaks are therefore unaffected by changes in
detector wavelength provided that an achiral
mobile phase is used. The availability of modern
full-spectrum diode array detectors makes this
method especially useful.
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ABSTRACT

The method for the numerical analysis of the substituent effect on the retention times of substituted benzoate anions in ion
chromatography was applied to that of substituted naphthoate anions in order to determine the dissociation constants of several
aromatic carboxylic acids. The C-5-C-8 part of naphthalene was postulated as a substituent of benzoate, and the steric effect index
and the positional effect correction index of the substituent were determined. Finally, the dissociation constants of substituted
naphthoic acids were determined.

INTRODUCTION

The determination of the dissociation con
stants of large aromatic carboxylic acids, such as
substituted naphthoic acids, by using titrimetric
or electrochemical methods is very difficult
because these acids have a hydrophobic
naphthalene structure and low solubility in
water.

In high-performance liquid chromatography
(HPLC), it is well known that the elution be
haviours of monoprotic acidic or basic sample
species can be expressed as functions of the
dissociation constants (K a) of the respective
species [1-5], and this relationship is often used
for the optimization of chromatographic condi
tions or the determination of the pKa values of
sample species [2,5-8]. In ion chromatography

• Corresponding author.

(IC), similar relationships and applications have
been reported [9,10]. However, in these meth
ods, the pKa values cannot be determined with
out many chromatographic measurements using
different eluent pH conditions.

In a previous paper [11], we investigated
numerically the elution behaviours of substituted
benzoate anions in Ie. It was found that the
analysis of the substituent effect on the retention
times of these anions can be performed by
dividing the effect into three terms: an "LFER
applicable effect term", a "steric effect term"
and a "positional effect correction term". The
first is expressed as a function of pKa , the second
as a function of the kind and number of sub
stituents and the third as a function of the
position of the substituents.

In this work, the numerical analysis method
was applied to the interpretation of the elution
behaviours of substituted naphthoate anions in
IC by postulating -(CH)c, which is shown in

0021-9673/93/$06.00 © 1993 Elsevier Science Publishers B.V. All rights reserved
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Fig. 1. Definition of -(CH).-. (a) 2-Naphthoic acid [m
{-(CH).-}); (b) 1-naphthoic acid [o-{ -(CH).-}).

Fig. 1, as a substituent of benzoate. Also, the
dissociation constants of substituted naphthoic
acids and anthracene-9-carboxylic acid were de
termined by the numerical analysis methods and
by measurement under only a single eluent
condition.
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EXPERIMENTAL

Apparatus
A Tosoh HLC-601 ion chromatography system

was used. For the retentions of the anions, a
column (50 mm x 4.6 mm J.D.) packed with
Tosoh TSKgel IC-Anion-PW (polymethacrylate
gel base, particle size 10 jLm, capacity 0.03
mequiv./g) or Tosoh TSKgel IC-Anion-SW (sil
ica gel base, particle size 5 jLm, capacity 0.4
mequiv. /g) was used. The flow-rate was main
tained at 1.0 mllmin under a pressure of 20-50
kg/ ern". The column was placed in an oven set at
30°C. The peaks were detected with a Tosoh
UV-8 Model II ultraviolet detector at a wave
length of 254 nm and recorded with a Shimadzu
Chromatopack C-R1A recorder.

Eluents
A stock solution of 1 M hydrochloric acid was

prepared by diluting the concentrated acid and a
stock solution of 1 M tris(hydroxymethyl)
aminomethane (Tris) was prepared by dissolving

TABLE I

SUBSTITUTED BENZOIC AND NAPHTHOIC ACIDS USED IN THIS STUDY AND THEIR RETENTION TIMES

Eluent: 100 mM Tris-HCI (pH 7.0).

No. Compound

1 Benzoic acid
2 o-Chlorobenzoic acid
3 m-Chlorobenzoic acid
4 p-Chlorobenzoic acid
5 2,4-Dichlorobenzoic acid
6 2,5-Dichlorobenzoic acid
7 2,6-Dichlorobenzoic acid
8 3,4-Dichlorobenzoic acid
9 1-Naphthoic acid

10 2-Naphthoic acid
11 Anthracene-9-carboxylic acid
12 2-Hydroxy-1-naphthoic acid
13 1-Hydroxy-2-naphthoic acid
14 3-Hydroxy-2-naphthoic acid
15 3-Amino-2-naphthoic acid

pKa IC-Anion-PW column IC-Anion-SW column
(25°C)
[12) t~ (min) Logt~ t~ (min) Logt~

4.20 1.35 0.130 3.28 0.516
2.88 1.16 0.064 2.45 0.389
3.83 5.30 0.724 6.79 0.832
3.99 5.13 0.710 5.91 0.772
2.68 a 3.89 0.590 4.20 0.623
2.47" 3.66 0.563 4.13 0.616
1.59a 1.46 0.164 2.47 0.393
3.64 b 18.81 1.274 12.37 1.092
3.70 5.40 0.732 9.59 0.982
4.16 16.14 1.208 27.34 1.437
3.65 25.54 1.407 40.17 1.604
3.29 96.88 1.986 72.41 1.860

169.52 2.229 129.07 2.111
2.71 c 124.40 2.095 88.56 1.947

19.11 1.281 27.91 1.446

a Ref. 13.
b Ref. 14.
c Ref. 15.
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TABLE I

RESULTS OF ISOCYANURIC ACID, AMMELIDE,
AMMELINE AND MELAMINE IN A CRUDE ISO
CYANURIC ACID SAMPLE

Compound Concentration" R.S.D.
(%, w/w) (%)

Isocyanuric acid 70.4 2.6
Ammelide 23.9 2.1
Ammeline 4.2 1.2
Melamine 0.1 5.0

Total 98.6

a Mean of five determinations.

determining the total amounts present. The re
coveries varied between 100 and 102%, which
indicated that the accuracy of this method was
satisfactory.

The isocyanuric acid, ammelide, ammeline
and melamine content of a typical crude iso
cyanuric acid sample is presented in Table 1. A
typical chromatogram of this sample is shown in
Fig. 1.

As shown in Table I the total content is 98.6%
(w/w). The balance of 1.4% can be related to

the unidentified impurities clearly visible in Fig.
1.

It was also found that trichloroisocyanuric acid
(TCICA) and dichloroisocyanuric acid sodium
salt (DCICA) elute at the same time as iso
cyanuric acid. This can be explained by the
conversion of all isocyanuric acid chloro deriva
tives into isocyanuric acid itself under existing
chromatographic conditions (100 mM hydrochlo
ric acid) [6]. The detection limits for isocyanuric
acid, ammelide, ammeline and melamine were
50, 1.5, 0.6 and 0.3 ng, respectively.
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ABSTRACT

The elution profiles of cyanogen bromide fragments A (299-585), B (1-123), C (124-298) and D (1-298) of unreduced human
serum albumin (HSA) on Cibacron Blue F3G-A immobilized on Sepharose CL-6B are reported. The binding properties of
fragments C and D are similar to those of HSA, whereas fragment A shows a slightly lower retention time. Fragment B, in
contrast, does not interact with the dye. The different chromatographic behaviour of fragments Band C allows their fast
separation by combined use of gel permeation and dye-protein affinity chromatography.

INTRODUCTION

Dye-protein affinity chromatography has
gained considerable importance for purification
of proteins because of the advantages of using
textile dyes as "pseudo-specific" ligands in place
of natural biological molecules [1]. Cibacron
Blue F3G-A is most commonly used in dye
protein affinity chromatography because of its
ability to bind with apparent specificity to several
proteins [2]. The interaction of Cibacron Blue
F3G-A with proteins containing the dinucleotide
fold has been explained by assuming that the dye
resembles the NAD structure. However, Ciba
cron Blue F3G-A is also able to bind strongly to

* Corresponding author.

proteins that are known not to possess the
dinucleotide fold [1].

Synthetic dyes commonly possess ionic groups
and apolar aromatic ring systems in the same
molecule, so that they can interact with the
protein by ionic, hydrophobic or charge transfer
forces. Presently, it is generally accepted that
any protein that possesses clusters of apolar and/
or ionic groups can interact with an apparent
specificity with a dye molecule having appropri
ately spaced apolar and ionic groups [1-5]. The
specificity of Cibacron Blue F3G-A for the
nucleotide binding site thus appears to be a
special case of the above-mentioned require
ments. Human serum albumin (HSA) interacts
strongly with Cibacron Blue F3G-A [6], and this
property has been largely used for isolating HSA
from human plasma.

We describe here the behaviour of four large

0021-9673/93/$06.00 © 1993 Elsevier Science Publishers B.V. All rights reserved
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cyanogen bromide fragments of unreduced HSA
with respect to Cibacron Blue F3G-A immobil
ized on Sepharose CL-6B in comparison with
that of the intact HSA molecule.

EXPERIMENTAL

Materials and apparatus
Cibacron Blue F3G-A immmobilized on

Sepharose CL-6B was obtained from Fluka
(Buchs, Switzerland). Sephadex G-100 was
provided by Pharmacia LKB (Uppsala, Sweden),
HSA (Cohn Fraction V), iodoacetamide, and
cyanogen bromide were purchased from Sigma
(Milan, Italy). Carboxymethyl Cellulose (CM32)
was obtained from Whatman (Maidstone, UK).
Spectra/Por 6 dialysis membrane was obtained
from Roth (Karlsruhe, Germany). All other
chemicals were of the highest purity commercial
ly available and were used without further purifi-

..
N
N

c(

/

/
/

/
/

/
_..J

A. Compagnini et at. / J. Chromatogr. 639 (1993) 341-345

cation. All column chromatographies were per
formed using Amicon glass columns. Eluates
were monitored by an HP 1050 UV detector
equipped with a preparative cell and coupled
with an HP 3396A integrator (Hewlett-Packard).
Sodium dodecyl sulphate-polyacrylamide gel
electrophoresis was performed using the discon
tinuous method of Laemmli [7] on 12.5% (w/v)
gels on a Bio-Rad instrument. Amino acid analy
ses were performed on a Beckman Model 119
CL amino acid analyser after acidic hydrolysis
with 6 M hydrochloric acid for 24 h at 105°C.
Circular dichroic (CD) spectra in the far-ultra
violet region of albumin solutions and isolated
fragments were measured on a Jasco J-600 in
strument, in the wavelength region 200-250 nm,
at a protein concentration of 2.1 JJ-M in 0.025 M
phosphate buffer pH 7.0, using a path length of
0.5 ern.

~

o..
z
~

3

2

o

o 10 20 30 40 50 60 m I

Fig. 1. Dye-protein affinity chromatography of HSA (e) and A (A), B (-), C (6) and D (0) fragments on Cibacron Blue
F3G-A-Sepharose CL·6B. The column (1.2 cm x 1 ern I.D.) was equilibrated with 0.01 M phosphate buffer, pH 7.5. After
application of each sample the column was eluted at room temperature and at a flow-rate of 0.25 ml/min with equilibration buffer
(19 ml), then with a linear gradient (----) of 0-3 M NaCI in phosphate buffer 0.01 M (8 ml) and finally with 3 M NaCl in
phosphate buffer 0.01 M (35 mI).
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waters, lagoons and drinking water at concen
trations varying from 20 ngll up to 127 JLgll
[3-7]. There is an increasing need for rapid,
reliable methods to measure pesticide concen
trations in waters.

Determinations of OPPs are generally carried
out by gas chromatography (GC) with nitrogen
phosphorus detection (NPD) [3,8,9] or flame
photometric detection (FPD) [10,11]. However,
these methods are inapplicable to carbamates,
which are too thermally labile. Azinphos-methyl,
parathion and some polar OPPs are also difficult
to determine by GC [12]. The use of liquid
chromatographic (LC) methods is suitable for
thermally labile and polar pesticides. Neverthe
less, it should be taken into account that UV
detection in LC is usually at least 2.5 orders of
magnitude less sensitive than GC-FPD and GC
NPD [13]. This has led to the development of
postcolumn reactions to enhance detection in
LC. The great potential of postcolumn LC
systems has recently been demonstrated [2,14
16]. Postcolumn reaction detection has been
used for the trace determination of N
methylcarbamates in surface water samples [17].
Moreover, the monitoring of these compounds
and OPPs at concentrations lower than the ppb
(JLgll) level requires a trace enrichment step.
Sample preconcentration based on solid-phase
extraction (SPE) has been shown to be a good
alternative to time-consuming liquid-liquid ex
traction and can be used in both off-line and
on-line GC and LC methodologies. Several
methods using off-line SPE have been developed
for the LC-UV determination of selected carba
mates and OPPs in aqueous samples [18-23].
However, disadvantages and problems still re
main, such as sample/analyte dilution, possible
contamination and lengthy sample preparation
procedures. Many of these drawbacks can be
avoided by using on-line enrichment on a pre
column packed with a suitable sorbent. In this
case, the adsorbed analytes are then eluted
directly from the precolumn into the analytical
column. This technique has been used in the
determination of many organic pollutants in
aqueous samples [24,25], such as chlorophenoxy
acid [26,27], chlorotriazine [28-30] and or
ganochlorine [31], carbamate [32] and OP [33]
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pesticides. In the last instance, the pre column
used was packed with XAD-2 resin. However,
the disadvantage of XAD resins is the generation
of artifacts that are subsequently laborious to
eliminate.

In this paper, we report the development of an
HPLC method using on-line enrichment for the
determination of carbaryl and seven OPPs in
drinking water samples. The parameters investi
gated included analytical LC separation, the
optimum wavelength for the simultaneous de
termination of these pesticides, the rate of sam
ple loading on to the precolumn, the nature of
the sorbent used in the precolumn and the
dependence of the recovery on the sample vol
ume. The eight pesticides chosen are of concern
for the Tunisian environment [34-36].

EXPERIMENTAL

Solvents
HPLC-grade acetonitrile was purchased from

Rathburn (Walkerburn, UK) and methanol from
Prolabo (Paris, France). LC-quality water was
prepared by purifying demineralized water with
a Milli-Q filtration system (Millipore, Bedford,
MA, USA).

Pesticides
The pesticide standards (Fig. 1) were pur

chased from several suppliers: parathion,
parathion-methyl and azinphos-ethyl from Fluka
(Buchs, Switzerland), azinphos-methyl and car
baryl from Serva (Heidelberg, Germany),
diazinon from Supelco (Bellefonte, PA, USA)
and phosmet and fenitrothion from Societe
Tunisienne des Engrais Chimiques (Megrine,
Tunisia). The purities of the individual standards
ranged from 97.5 to 99.5%.

Standard preparation
Stock solutions of selected pesticides were

prepared by weighting and dissolution in meth
anol. Milli-Q-purified water samples were spiked
with these solutions at the ppb (JLgll) level. The
final standard solutions did not contain more
than 0.5% of methanol.
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packed with 7-/Lm PRP polystyrene-divinylben
zene copolymer (Brownlee Columns, Applied
Biosystems) .

Preconcentration step
The sample loop of the injection valve (Fig. 2)

was replaced with the RP-18 or PRP-1 pre
column. An auxiliary pump was used to deliver
the sample solution to the precolumn via the
waste vent line in the injection valve. The
sample amount delivered was calculated as out
lined previously. As the injector is in the "Load"
position (Fig. 2), the effluent passes directly out
of the valve into a waste container. Simulta
neously, eluent from the reservoirs is being
delivered via the other loop path to the analyti
cal column and maintains this column in an
equilibrated condition. Before each preconce
ntration, the pre column was equilibrated with 10
ml of pure acetonitrile and 10 ml of LC-grade
water at pH 7.

Fig. 1. Structures of the selected pesticides.

Apparatus
Pre column elution and analysis were carried

out with a Varian (Palo Alto, CA, USA) Model
5000 liquid chromatograph equipped with an
Applied Biosystems (Ramsey, NJ, USA) Spec
troflow 757 variable-wavelength UV detector.
An auxiliary Varian Model 2010 pump was used
to deliver the sample to the precolumn. Pre
column and analytical column switching was
effected via a Rheodyne (Berkeley, CA, USA)
Model 7010 valve. Chromatograms were re
corded with a Servotrace recorder (Sefram,
Paris, France).

Stationary phases and columns
The analytical column was a 150 x 4.6 mm

LD. stainless-steel column prepacked with 5-/Lm
nucleosil CI 8 octadecylsilica (Macherey-Nagel,
Duren, Germany). Samples were preconcen
trated on a 10 x 2.1 mm LD. stainless-steel
precolumn prepacked with 5-/Lm RP-18 oc
tadecylsilica (Merck, Darmstadt, Germany) or a
15 x 3.2 mm LD. stainless-steel precolumn pre-

Separation step
Once the desired sample volume has been

enriched, the injection valve is switched to
"inject" and, simultaneously, the selected gra
dient is initiated, directing the eluent flow
through the precolumn in a back-flush elution
model. As the sample is eluted from the pre
column it enters the analytical column for com
pletion of the separation step.

U V Detectim

To
'-----------ooIwib-te

Fig. 2. Experimental set-up for the on-line preconcentration
and analysis of water samples. P" P2 = pumps; and V = valve;
Anal. Col. = analytical column; Pre-col. = precolumn. Dur
ing the preconcentration step V is in the "Load" position and
P2 delivers samples. During the analysis V is in the "Inject"
position and P, delivers mobile phase.
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and of aldicarb were reduced to about 25%
within the same period. However, in the last two
instances, the characteristics of the curves are
significantly different; in particular, the position
of the maxima and the slope are dissimilar. The
signal responses of most compounds investigated
exhibit characteristics comparable to one of the
three substances displayed in Fig. 1; the curves
for propazine, simazine, terbuthylazine, cy
cloate, pirimicarb, propham, propoxur, ftam
prop-methyl, linuron and terbutryne are compar
able to that of atrazine, the curve for anilazine is
comparable to that of aldicarb and the charac
teristics of the organophosphates resemble those
of tri-n-butyl phosphate. Only the response of
4-chloroaniline shows a fourth characteristic de
viating significantly from the other three curves.

At first glance, chemicals of the same class
seem to cause similar responses to the detector.
On the other hand, a comparison of the graphs
for atrazine and anilazine shows that this ob
servation should not be generalized. These re
sults imply that caution must be exercised when

atrazine

o
II

CH.CH.CH.CH.-O-r-o- CH.CH.CH.CH.

0- CH.CH.CH.CH.

tr!-n-buty!-phoaphate

Cll3 0
I II

HaC- S-y -CHcN-o-C-NH-eHa

CH3

a!dlcarb

Fig. 2. Structures of atrazine, tri-n-butyl phosphate and
aldicarb.

using AFID for the determination of nitrogen- or
phosphorus-containing compounds. The choice
of an appropriate standard is obviously a crucial
aspect. A necessary condition appears to be that
the standard should belong to the same chemical
class as the analyte, because it is difficult, if not
impossible, to find one internal standard that
shows the same detector responses as several
phosphorus- and nitrogen-containing chemicals.

The present data can be generalized insofar as
they reveal a potential problem with all AFID
sensors, regardless of their specific performance
characteristics such as within-day or day-to-day
reproducibility. However, it will be impossible to
determine a time function of the detector re
sponse for each analyte that is generally valid for
more than one manufacturer. Therefore, it is
recommended that recalibration with external
standards should be performed every few days at
least.
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with saturated substances, nor the dienes gera
niol and citral. This monoene affinity is sup
ported by the a- to {3-phase increase of the two
terpineols, which are greater than for the other
monocyclics (Table I). However, the monoenes
pulegone and piperitone gave only 25% in
creases at 150°C, compared to the 40% for the
saturated 4-one menthone, and for menthol.

Three different dienes, cyclic and acyclic, gave
exactly 28% increases (a- to {3-phase) in relative
relention times at 150°C. These were linalol,
carvone and perillal. Thus the Chiraldex-B-DA
can indicate the degree of unsaturation or
bicyclic nature of solutes, compared to the oxy
genation position selectivity of the A-DA phase.
The latter phase appears to exhibit constant
relative retention of monoterpenoid 3-01s and a
3-one, despite temperature increase. Possibly
their polar groups fit about midway into the
a-ring molecules, unlike 1-, 4-, and other oxyge
nated position terpenoids? Other mechanisms
like simple partition and adsorption may influ
ence various solutes to show alterations in rela
tive retention. Nevertheless, some distinctive
features can be noted for both compared to
conventional phases. On Chiraldex-DA borneol
is retained more strongly than carvone, and
menthol more than pulegone -a preference for
saturated alcohols is exhibited rather than un
saturated ketones.

In summary, the relative retention time effects

T.J. Betts I J. Chromatogr. 639 (1993) 366-370

to undecane observed for a limited number (18)
of monoterpenoids are as follows.

(1) Chiraldex-A-DA, with temperature in
crease: fall in values suggest 1- or 4-01 or alde
hyde; "constant" values suggest 3-01 or 3-one; or
rise in values suggest 4-, 5- or 6-one. (Note:
Some solutes behave atypically to their obvious
polar group position).

(2) Chiraldex-B-DA results compared to
above at 150°C: over 80% increase suggests
bicyclic; below 80% to about 25% increase
suggests monocyclic, with higher values possibly
monoene; 28% increase suggests diene; or below
25% increase (or fall) suggests acyclic.
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Cu Ni

vo

Fig. 5. HPLC separation of oxovanadium, copper, nickel
and palladium chelates of H 2TFIVA2pn on a Microsorb C's
(150 x 4.6 mm) column. Elution: water-methanol (15:85).
Flow-rate 1 crrr'rrnin. Detection: UVat 260 nm.

palladium from copper, nickel and oxovanadium
is achieved. Calibration curves are linear at the
microgram level and detection limits are 4-40 ng
of metal chelate. Reversed-phase HPLC with
UV detection not only provided ease of separa
tion, but also resulted in considerable improve
ment in the detection limits to 0.4-4.0 ng of
metal chelates. The separation of copper, nickel,
palladium and oxovanadium chelates of
HzTFIVAzpn on a Microsorb CI 8 column within
10 min may be considered as highly promising
for the quantitative determination using pre
column derivatization as reported for related
compounds [10-12].

8 min

5

o

of HzTFIVAzpn were investigated on a Mi
erosorb C I 8 column. Complete separation of
oxovanadium, copper, nickel and palladium was
obtained when the complexes were eluted iso
cratically with a binary mixture of 15% water in
methanol (Fig. 5). The order of elution observed
was oxovanadium, copper, nickel and palladium,
and retention volumes were 2.92, 6.5, 8.1 and
9.34 em", respectively.

The linear calibration ranges at optimized
conditions of separation were also checked and
were found to be in the range 10-1200 ng of
metal chelates. The detection limits were found
to be 0.4-4.0 ng of metal chelates, corre
sponding to 44-764 pg of metal ions. Thus an
improvement in detection limits has been ob
served as compared with related compounds [10
12].

CONCLUSIONS

The metal chelates are volatile and on elution
from GC columns only complete separation of
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corresponding tartaric acid (mono)amides using a
procedure similar to that described in ref. 17: 10
mM tryptophan was dissolved in 25 ml of ace
tonitrile, and water was removed by distillation
under water-jacket vacuum at 40°C for 1 min.
After cooling, 20 mM (+ )-diacetyl-L-tartaric
anhydride was added and the reaction mixture
was kept at 50°C for 20 h. Then acetonitrile was
removed by distillation, and to the residue a 3%
aqueous solution of NH 40H was added, fol
lowed by redistillation. The final product was
dried in a desiccator.

Suppression of electroosmosis was controlled
by the mobility values measured from at least
day-to-day injections of a reference compound
(benzene-1,3-disulphonic acid) and comparison
of the obtained values with the literature [18].
The constancy of this value and its agreement
with the literature values allowed the conclusion
that electroosmotic flow was negligible.

RESULTS AND DISCUSSION

The influence of the concentration of PVP on
the migration times of the diastereomers of n
and i.-tryptophan and of the reference compound
benzene-1,3-disulphonate can be seen from
Table I. All migration times increase with in
creasing concentration of PVP. The variation in
the migration time of the reference component
reflects, at least in part, the change in viscosity of

377

the solution due to the addition of the polymer.
The most important effect, however, is the
induced difference in the migration behaviour of
the diastereomers at PVP concentrations higher
than 1%: the t.-isomer migrates more slowly than
the n-isomer. This leads to selectivity coeffi
cients, 'ii' for the diastereomeric compounds i
and j, larger than 1.

These selectivity coefficients (Table I) continu
ously increase from 1.00 at 0% PVP to 1.018 at
6% PVP. The value of 1.00 (0% PVP) is ob
tained within the measuring error at the pH of
the separation electrolyte system; under this
condition the diastereoisomers could not be
separated. As the separation efficiency changes
only moderately upon the addition of PVP
(about a 30% decrease in the plate numbers was
measured for the higher PVP concentrations),
the increase in selectivity results in the separa
tion of the analytes. It can clearly be observed
from Fig. 1 that the resolution continuously
increases with increasing concentration of PVP,
leading finally to baseline separation of the two
diastereomeric derivatives at 6% PVP.

The diastereomers, which have equal effective
mobilities at 0% PVP under the given condi
tions, are separated by the different strength of
their interaction with the polymer chains. This
kind of .mechanism, demonstrated here with
tryptophan derivatives as analytes and PVP as a
physical network, is supposed to be of wide

TABLE I

MIGRATION TIMES, tR P AND SELECTIVITY COEFFICIENTS, r LD , OF THE DIASTEREOMERIC D- AND
L-TRYPTOPHAN DERIVATIVES DEPENDING ON THE CONCENTRATION OF POLYVINYLPYRROLIDONE (PVP)

Concentration of PVP tR i r L D

(%, w/v)
D-Derivative L-Derivative Benzene-l,3-disulphonate

0 1O.8 b 5.61 1.00
1 1O.9 b 5.90 1.00
2 12.08 12.18 7.14 1.008
3 11.52 11.65 6.68 1.011
4 12.11 12.27 6.85 1.013
5 13.50 13.72 7.35 1.016
6 13.67 13.91 7.81 1.018

a The selectivity coefficients are defined as the ratios of the effective mobilities of the separands.
b The migration times of the diastereomers cannot be distinguished within the measuring error.
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Book Review

Chemical analysis in complex matrices, edited by M.R. Smyth, Ellis Horwood-P'TR Prentice Hall, New
York, London, Toronto, 1992, 295 pp., price US$ 90.00, ISBN 0-13-127671-9.

The great interest in solving analytical prob
lems with complex samples is clearly reflected by
the number of papers published in this area. The
analytical problems are to a great extent solved
by sample-handling techniques in combination
with selective detection principles in chromato
graphic separations. The present book on this
subject is written by six Irish scientists. It con
tains 295 pages, divided into six chapters that
cover five different fields. The parts are as
follows: Chapter 1,an introduction to chemical
analysis in complex matrices, by Malcolm R.
Smyth; Chapter 2, drug analysis in biological
fluids, by Mary T. Kelly; Chapter 3, analysis in
the brewing industry, by Ian McMurrough;
Chapter 4, the analytical laboratory in the
speciality sealants /adhesives industry, by
Raymond G. Leonard; Chapter 5, air pollution
analysis, by Imelda Shanahan; and Chapter 6,
chemical analysis of animal feed and human
food, by Michael O'Keeffe.

On reading this book it is not clear until page
17 that there are several authors of the book.
There are no authors' names on the cover or in
the list of contents and there is no list of
contributing authors. In order to find the author
of each chapter, one has to go to the beginning
of each part.

The first chapter contains a brief introduction
to the field of "analytical science" and its defini
tions by the Editor. The second chapter gives
numerous examples of separation techniques
applied in the pharmaceutical industry. This
chapter gives the largest overview of sample
preparation techniques covering those most com
monly used, with 271 references. Solid-phase
extraction methods are addressed by both off
and on-line coupling to liquid chromatographic

separation systems. When coupled column
systems are discussed, the work of several lead
ing groups in this area is not mentioned. This
part could have been more extended in the
chapter, especially since the sample preparation
prior to analytical separation is of vital impor
tance in all applications to biological samples.
This extension would certainly have provided
valuable information, as these coupled column
systems have proved to be highly selective and
sensitive in the determination of pharmaceutical
components present in biological samples.

Two of the chapters deal with analytical appli
cations in industry. In Chapter 3, an extensive
insight is given into the analytical problems and
the composition and complexity of beer.
Spectroscopic methods in analyses for carbo
hydrates, organic acids, phenolic substances,
flavanols, inorganic anions, lipid alcohols and
esters, among others, are described. Separation
techniques such as liquid and gas chromatog
raphy are presented. The various liquid chro
matographic separation principles such as ion
exchange and reversed-phase separation meth
ods are discussed separately and in combination
with several spectroscopic detection principles.
In Chapter 4, the analytical laboratory in the
speciality sealant/ adhesive industry is the second
industrial area presented. NMR, Ff-IR, MS and
various separation techniques are described for
the analysis of polymerizable monomers and
polymers.

The last two chapters deal with air pollution
analysis and the analysis of feeds and foodstuffs.
In Chapter 5, air pollution systems with prob
lems involving the ozone layer and halogen-con
taining, sulphur-containing and nitrogen-contain
ing compounds are described in a clear and
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techniques and the problems with interfacing
these techniques is not mentioned at all. What I
think is also missing is a better overview and
discussion of where the problems in the analyti
cal procedures lies, e.g., the detectability of
solutes in these matrices today and what detect
able levels can be expected in the future.

Some of the various sample handling tech
niques that are of vital importance in chromato
graphic separation techniques today for the en
hancement of both selectivity and sensitivity are
mentioned in several parts in the book. Spread
ing this information in the various chapters
makes it difficult for the reader to appreciate the
usability and connection between the application
fields described, especially as analyses of air
borne, liquid and solid samples are dealt with.

The book can be recommended for all of those
who are interested in modern analytical tech
niques in these types of applications, and also to
academic workers involved in teaching in
strumental analysis.

logical way. Sampling procedures and methods
of analysis are given for a large number of
volatile airborne contaminants. In Chapter 6, the
profiles of fatty acids, amino acids, starch,
sugars, pesticides and' toxic contaminants in
animal and human feeds and foods are de
scribed. The major natural contaminants such as
mycotoxins and toxic chemicals produced by
microorganisms are discussed. Appropriate im
munoaffinity assays for some of these com
pounds are also presented.

The contents of the book provide an insight
into the measurement of various compounds of
interest in several complex fields rather than
giving a critical perspective of the problems
encountered therein. It also gives a lot of in
formation about analytical techniques commonly
used for qualitative and quantitative analyses in
complex matrices. What is missing is a presenta
tion of newly developed and improved well
known analytical techniques, e.g., capillary elec
trophoresis, supercritical fluid chromatography
and supercritical fluid extraction, and a broader
insight into mass spectrometric techniques. The
coupling of well known separation and detection

Lund (Sweden) Gyorgy Marko-Varga
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