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

J.R. Torres-Lapasié, R.M. Villanueva-Camanas, J.M. Sanchis-Mallols,
M.J. Medina-Hernandez and M.C. 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 1/k’ 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 1/k' = Au + Be + Cup + D, where u and ¢ are surfactant and alcohol concentration,
respectively, proved to be satisfactory for different solutes (catecholamines, amino acids, phenols and other aromatic

compounds).

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.

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

Kaw
(VS/VM)PSW

1

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

logk'=Ap’+Be +C (2)

where A, B and 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' = =S¢ +log kj 3)

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

J.R. Torres-Lapasié et al. | J. Chromatogr. 639 (1993) 87-96

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 ¢ is
valid. According to them, log kg 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. ¢ 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 &’ vs. total
concentration of surfactant, u, and volume frac-
tion of organic modifier, ¢, 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-um nylon mem-
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branes from Micron-Scharlau
Spain).

Stock standard solutions of the following cat-
echolamines at a 2-10™> M concentration were
prepared in 0.1 M acetic acid from Probus
(Barcelona, Spain): L-adrenaline (biochemical),
pL-noradrenaline (pure), dopamine hydrochlo-
ride (very pure) and adrenalone hydrochloride
(pure) from Fluka (Buchs, Switzerland) and
isoprenaline, kindly donated by Boehringer-Ing-
elheim (Barcelona, Spain). Nanopure deionized
water (Barnstead Sybron, Boston, MA, USA)

was used throughout.

(Barcelona,

Apparatus

A Hewlett-Packard (Palo Alto, CA, USA) HP
1050 chromatograph with a UV-visible detector
(absorbance was measured at 280 nm) and an HP
3396A integrator were used. Data were acquired
by means of a PC and Peak-96 software from
Hewlett-Packard (Avondale, PA, USA). The
sample was injected through a Rheodyne
(Cotati, CA, USA) valve with a 20-ul loop. A
Spherisorb octadecylsilane ODS-2 (5 pm),
analytical column (12cm X 4.6 mm 1.D.) and a
precolumn, placed before the injector, of identi-
cal characteristics (3.5cm X 4.6 mm 1.D.) from
Scharlau were used. The mobile phase flow-rate
was 1ml min"'. The dead volume was deter-
mined by injecting water.

RESULTS AND DISCUSSION

The retention of aminochromes [18] and
diuretics [9] in SDS mobile phases containing
methanol followed eqn. 3, apparently owing to
its weak eluent strength. However, deviations
from linearity were observed with other alcohols
as modifiers (see Fig. 1). With the data plotted in
this figure, excluded the point for ¢ =0, the
value of k| was calculated from the intercept of
the fitted straight-line according to eqn. 3. This
value is compared in Table I with the experimen-
tal k' value for mobile phases without modifier.
The difference between the experimental and
calculated k| values is larger with an alcohol of
longer alkyl chain length. Curiously, a linear
relationship was found between this difference
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TABLE I
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THEORETICAL AND EXPERIMENTAL k; VALUES FOR 0.05 M SDS

Aminochrome kj exp k§ care

Methanol Ethanol Propanol
Noradrenochrome 1.87 1.92 1.10
Adrenochrome 5.21 4.95 2.29
Dopaminochrome 12.01 11.21 5.00
Isopropyinoradrenochrome 21.64 19.49 12.33 7.31

and the number of carbon atoms in the alcohol
[18].

The search for an equation that will permit the
prediction of the capacity factor of a solute in
any micellar eluent containing a given concen-
tration of surfactant and of modifier is not easy.
The dependence of the capacity factor on the
concentration of micelles seems to be different
from the dependence of the capacity factor on

the concentration of modifier. Eqn. 1 shows a
hyperbolic relationship between k' and [M], and
in conventional RPLC a quadratic relationship
between log k' and ¢ has been reported [15].
According to Khaledi et al. [12], LC with
hybrid micellar eluents is similar to that in purely
micellar eluents, based on the similar retention
characteristics of homologous series. In contrast,
Tomasella et al. [13], in a study on the role of the
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Fig. 2. Experimental designs used to check the retention equations in Table III.
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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 alcobol in the micellar mobile phase
solvates the hydrocarbonaceous 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 K,,,/Psw 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 (u,¢), 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
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is not explicitly indicated, a different equation of
the type

logk'=Ap +Be +C 4)

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 w =
0.035-0.15 M and ¢ = 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 k; 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
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TABLE II
CAPACITY FACTORS OF CATECHOLAMINES IN SEVERAL MOBILE PHASES OF SDS (1) AND PROPANOL (¢) AT
pH=6.8
Catecholamine Mobile phase composition
Component Concentration
SDS (M) 0.035 0.035 0.035 0.052 0.052
Propanol (v/v) 0 0.05 0.10 0.015 0.085
kl
Noradrenaline 20.26 11.66 8.50 10.47 6.18
Adrenaline 26.54 11.85 8.24 11.63 6.16
Adrenalone 40.63 22.51 13.00 18.56 10.01
Dopamine 51.38 20.62 12.53 20.86 9.66
Isoprenaline 53.05 18.95 11.42 20.22 8.84
SDS (M) 0.092 0.092 0.092 0.133
Propanol (v/v) 0 0.05 0.10 0.015
kl
Noradrenaline 6.87 4.25 3.12 3.78
Adrenaline 8.40 4.34 3.14 4.13
Adrenalone 12.68 7.36 5.86 6.42
Dopamine 15.86 7.07 4.82 7.14
Isoprenaline 16.56 6.75 4.40 6.97
SDS (M) 0.133 0.150 0.150 0.150
Propanol (v/v) 0.085 0 0.05 0.10
k!
Noradrenaline 2.23 3.98 2.56 1.88
Adrenaline 2.20 5.01 2.55 1.92
Adrenalone 3.99 7.68 3.91 3.08
Dopamine 3.41 9.33 4.08 2.92
Isoprenaline 3.23 9.82 3.75 2.64

thirteen mobile phases were calculated, compar-
ing the experimental and calculated k' values.
The global mean relative errors for the five
catecholamines and thirteen mobile phases are
indicated in Table III.

The smallest errors were achieved with eqns. b
and d with the experimental designs in Fig. 2 and
with a large number of other experimental de-
signs checked (more than 100). These equations
are similar and contain a term including & and ¢.
Equivalent coefficients (A-E) in both equations
had almost the same value. and the coefficient of

the ¢* term in eqn. d was negligible compared
with respect to the pe term. In addition, in-
dividual relative mean errors for each catechol-
amine were in most instances lower with eqn. b.
Previously, a linear relationship between the
reciprocal of k' and the concentration of
modifier at a fixed surfactant concentration was
suggested [21].

Fig. 3 shows the response surface k' vs. (1,9)
according to eqn. b for noradrenaline. This
surface is a slightly asymmetric hyperbolic sec-
tion, the maximum of the function being located
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DESCRIPTION OF THE RETENTION BEHAVIOUR AND GLOBAL MEAN ERRORS OBTAINED WITH THE FIVE

CATECHOLAMINES AND THIRTEEN MOBILE PHASES

Relationship Equation Relative error (%) (n = 65)°
I Il 11 v
Vk' = f(u,0) (@) Aw+Bo+C 50.6 65.3 56.2 74.3
(b) Aw+Be +Cup +D 3.7 4.1 3.7 4.2
() Ap+Be’+Co+D 52.2 25.7 55.2 34.2
(d) Au +Bo>+ Co + Dup +E 3.1 8.1 3.2 4.3
(e) Au’+Bu +Co*+Dp+E 1362 51.6 27.8 131.2
log k' = f(p,9) (f) Au+Be+C 17.3 16.8 17.5 13.1
(g) An+Bo+Cug +D 17.3 14.2 15.3 13.0
(h) Au+Bo*+Co+D 12.6 39.7 14.1 13.9
(i) Aw+Bp®+ Co+Dup +E 10.6 101.5 13.2 10.2
(j) A’ +Bu+Ce>+Dp +E 70.1 -t 8.6 -°

“ Roman numbers correspond to the experimental designs in Figure 2.

® No results could be obtained.

at the lower surfactant and propanol concen-
trations.

Fig. 4 shows plots of the reciprocal of the
capacity factor of noradrenaline vs. (a) SDS
concentration for a constant propanol concen-
tration and (b) propanol concentration for a
constant SDS concentration. In Fig. 4, the lines
correspond to the calculated data (eqn. b) and
the points are experimental data. Good agree-
ment between experimental and calculated data
was observed. The capacity factor of norad-
renaline decreased at increasing propanol vol-
ume fraction for each SDS concentration studied

Fig. 3. Response surface k' vs. (u,p) for noradrenaline
(according to equation b in Table III).

(Fig. 4b). However, this effect was attenuated as
the surfactant concentration was increased, that
is, the eluent strength of propanol decreased at
increasing surfactant concentration. A similar
observation was made previously for 2-ethyl-
anthraquinone in SDS and several alcohols [21].
The same behaviour was observed with the
surfactant (Fig. 4a), i.e., the eluent strength of
the surfactant decreased at increasing modifier
concentration.

For the five catecholamines, the addition of
10% propanol to a 0.035 M SDS mobile phase
led to relative diminution of the capacity factors
by 58~78%. On the other hand, for purely
micellar mobile phases, an increase in SDS
concentration from 0.035 to 0.15 M led to a
relative diminution of 81% for the five catechol-
amines studied. Consequently, it seems that in
contrast to the usual behaviour described in the
literature [13], for these compounds the eluent
strength of the surfactant is the same as or even
larger than that of the alcohol. This was due to
the high affinity of the positively charged solute
towards the negatively charged micelles at the
working pH.

Fig. 5 represents the k' vs. (u,¢) contour map
for noradrenaline, following the procedure of
Strasters et al. [19] and the proposed eqn. b.
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Obvious differences between the contour lines
for both models are observed for each k' value.

The calculated k' values according to eqn. b
and design I (Fig. 2) are plotted in Fig. 6 against
the experimental values for (a) the five catechol-
amines 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]. The equations of the fitted straight
lines (linear least squares) were k.,.=0.22+
0.98 k., (r=0.998) for catecholamines, k.=
0.05+1.00 k_,, (r=0.998) for phenols, k.=
—0.41+1.05 k,,, (r=0.9996) for amino acids
and k., =0.24+0.99 k., (r=0.99) for the
diverse aromatic compounds. The proximity of
the slope to unity and the low intercept revealed
the absence of systematic errors. The z value test

J.R. Torres-Lapasi6 et al. | J. Chromatogr. 639 (1993) 87-96

e

Propanol, v/iv

.15

SDS, M
Fig. 5. Contour map k' vs. (u,¢) for noradrenaline, (solid
lines) according to eqn. b and (dashed lines) according to
Strasters ef al. [19]. The k' values are indicated on the lines.

for comparing individual differences was also
applied [22]. No significant differences existed
between the calculated and experimental values.

CONCLUSIONS

The procedure developed by Strasters et al.
[19] for predicting retention in hybrid micellar
eluents requires four different eqns., one for
each established subspace. The retention behav-
jour of a solute in any micellar mobile phase (at
any concentration of surfactant and modifier)
should preferably be described by a single equa-
tion.

The studies performed with the elution data
for catecholamines, obtained by us and the
elution data for several aromatic compounds,
obtained by Tomasella et al. [13], indicated that
at least for these compounds the retention be-
haviour in a micellar mobile phase containing an
alcohol did not follow a linear log k' vs. (x,®)
model. It was not possible to check this be-
haviour with phenols and amino acids, as only
the elution data in five mobile phases were
available.

Several equations and different experimental
designs showed that the best results were ob-
tained with an equation of the type 1/k" = Ap +
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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].

By + Cup + 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 Basle, Switzerland.

0021-9673/93/$06.00

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.

© 1993 Elsevier Science Publishers B.V. All rights reserved
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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.

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.

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:

logk' =a —mg ¢y

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
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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:

b=V,mB=V,m(s/F) (2)

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

¢=¢,+BV (3)

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

1 .
V=B’ log (2.3V,mBk,+ 1) +V,_, (4)

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

ky=10°""% (5)

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]:
1 '
e~ mB log (2.3V,,;mBky+ 1) +V, +V;  (6)
where V,_ is the part of the dead volume where
gradient elution occurs. V,, is given by
Va
=V, -7 7
Vmg Vm k(,) ( )
The only assumption for k, in eqn. 6 is that it
should be larger than V,/V, , otherwise the solute
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SIMILAR TERMS DESCRIBING LINEAR GRADIENT

Meaning/advantage/disadvantage

Name Symbol Unit
Rate s % /min
Slope B %0 /ml
Steepness b -

Change in concentration of organic modifier per unit time. Constant rate
means constant gradient time if the starting and final concentration are
fixed. Most chromatographers find this measure most natural. Selectivity,
retention time and volume will change if the flow is altered, even if the
rate is constant

Change in concentration of organic modifier per unit volume. Constant
slope gives constant selectivity and retention volume (but not retention
time). A specified slope says nothing about gradient time

Apparent slope, the “acceleration” of a solute as it migrates through the

column. Band width and other separation characteristics are directly
related to this, more fundamental, parameter. The steepness is solute
dependent; it will not be the same for all solutes eluted with the same
gradient. This parameter is also conceptually difficult

will reach the detector before the gradient. If the
product 2.3V, mBk, is large, the following ap-
proximation can be made [2,7,9]

1 ’
V,= B o8 (2.3V,,;mBky) +V,, +V, (8)
The latter expression has the benefit of simplify-
ing the parameter fitting (see later description).
Note that migration during the dwell volume is
still acknowledged.

Band width

In isocratic elution, the band width is depen-
dent on plate number, capacity factor and dead
volume, leading to the following expression:

W—% k'+1
b_\/N'( +1) )]

In gradient elution it is generally assumed [6,32]
that the band width is dependent on the capacity
factor when the compound leaves the column,
k¢, apart from plate number and dead volume.
This gives

4V,
ng=7—13-(kf' +1) (10)

where W, is the band broadening arising from
the gradient elution. k{ is given by [6]

ki =1/[2.3V,mB + 1/(k})] (11)

As the migration of the tail of the peak is
faster than that of the centre, and vice versa for
the front, bands will be compressed. A peak
compression factor, G, has been introduced [33],
giving rise to a slightly different expression for
W,»> namely

v, .,
We =N (ke +1)G (12)

An explicit expression for this peak compression
has been derived [34]:

3

1+p+ %
P (13)
(1+p)
where the parameter p is given by
ky '
p=2.3V._ mB- o+ 1 (14)

In some papers, an expression based on the
capacity factor when the solute has migrated half
way through the column, k, is used [1,35],
leading to a different form of eqn. 10:

w, =%-(1€/2+ 1) (15)
¢ VN

Usually it is stated that [6,10,36]

k=1/1.15V_ mB (16)
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which is based on the assumption that 1/k, is
much smaller than 1.15V,_ mB. The full expres-
sion is [7,37]

k=1/[1.15V_mB + 1/(k)] (17)

Hence eqns. 10 and 15 are equivalent when 1/k
is much smaller than 1.15V, mB, k; then be-
comes equal to k/2 [36]. When this assumption is
not valid, eqn. 10 should be used [7].

When V, mB is <1, eqn. 13 can be simplified
[7):

G=(1+k)/(2+k) (18)

In some papers, an expression for W, is made
from eqns. 15 and 18, which lead to a simple
form [1,35]:

LY
W= (k) (19)

Note that eqns. 15-19 are all various approxi-
mations of the more general expressions seen in
eqns. 12-14.

It has been observed that the model for band
width gives an underestimate at high values of
V_mB [6,35,38]. Possible causes for this have
been thoroughly discussed, without any satisfac-
tory explanation [22]. To compensate for this
deviation, an empirical correction factor, J, has
been introduced [35]:

4V,
Woe=J" VN (ki + 1)G (20)
J has been presented as an empirical polynomial
based on experimental data [35]:
J=0.99 +1.70(V,, mB) — 1.35(V, mB)’
+0.48(V, mB)* — 0.062(V, mB)* (21)

In later work by Dolan et al. {39], the following
correction was used:

JG=11 (22)
Analogously to the retention volume, one can

include the band broadening that takes place
during the dwell volume. This leads to [§]

Vi 2 . Vme oo
W, = Tm'Wbi+V—-ng (23)
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where V,, is replaced by V, in eqns. 11, 14, 20
and 21. W,, the isocratic band broadening in the
starting mobile phase, is given by

Wai W kq 24
=2 (ky+ 1) 24)

where V_, is the part of the dead volume where
mlgratlon occurs isocratically and is given by

Vmi = Vm - Vmg (25)

The benefit of approximations

Long mathematical expressions are not practi-
cal as they obscure the basic relationships and
are tedious to calculate manually. Approxima-
tions make long expressions short, hence their
popularity. Today calculations are made by
computers, and the need for approximations is
smaller. Approximations are, however, still
meaningful if they can speed up numerical meth-
ods, or even better, allow the calculations to be
made by a non-iterative procedure. With the
assumption of a linear relationship between log
k' and ¢ (eqn. 1), the calculations of retention
and band broadening from the parameters of the
model are simple. The full expressions (eqns. 6
and 23) should therefore be used. The determi-
nation of a and m from gradient runs is more
difficult, but with the assumption that
2.3V, mBk, is large it is simple (see later discus-
510n) In contrast, there is no benefit in making
an approximation for band width, as the plate
number can be determined using eqn. 23, as will
be shown below.

PARAMETER ESTIMATION

Dead volume, V,,

In the literature, there are various opinions on
what exactly the dead volume is and how it
should be determined experimentally [40-42]. A
recent survey by Maliek and Jinno [43] revealed
both controversy and confusion. Several com-
prehensive reviews have also been published
(e.g., tef. 44). In the gradient optimization, the
method for determining V,, should be simple and
rapid and result in accurate predictions, and does
not necessarily have to give the “true” dead
volume. It has also been shown that gradient
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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
deuterated mobile phase component, typically
D,0 (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 ez 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, V,,, is dependent on the
concentration of organic modifier {42,47,56]. In
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this work, V, 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 V, 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 V, can be made by
assuming that V,_ 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 V_ can be estimated within a few
minutes.

Dwell volume, V,

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
Va=Vin— 2 Vs (26)

where V,,, is the volume when the absorbance
has reached half its maximum value and Vj 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 ¢ and m can be de-
termined from calibration gradients by some
kind of parameter fitting. The key question is
whether log (2.3V,mBk,+ 1) can be approxi-
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mated by log (2.3V, mBk,), i.e., if eqn. 8 can be
used. 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 cases, at different values of 2.3V, mBk, to
establish 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 concentration
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 is 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
plate number will vary among peptides [4]. The
diffusion rate is also dependent on the solvent.
In the reversed-phase liquid chromatography of
peptides, acetonitrile is the organic modifier
most 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'"” +Bv+Cy (27)

As peptides have low diffusion rates, the mass
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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 B and 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



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

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, V,, and band width, W,
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 V and V, 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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accuracy in the determination [57]. In peptide
separations the selectivity often changes with the
gradient slope. This makes it difficult to match
peaks as the retention order may be very differ-
ent in the calibration gradients [10]. In optimiza-
tion work it is practical to restrict oneself to a
narrower span of gradient slopes. The con-
sequence is that extrapolation is often unavoid-
able in predictions for optimization purposes.
The influence of extrapolation on the accuracy of
predictions was studied in this work.

The calibration gradients must have different
slopes, B, or s/F, and the question then arises of
whether one should vary the gradient rate
[19,20,39] or the flow-rate [10].

The purpose of using gradient theory for
optimization is to save experiments and time. It
has been shown that for a given gradient slope
(% /ml) the peak capacity is at its maximum at a
fairly low flow-rate [13,36,82], corresponding to
the maximum plate column. This might lead to
the conclusion that one should operate at a low
flow-rate. However, for a fixed gradient time the
maximum peak capacity is obtained at a high
flow-rate, as this will result in a gradient with a
smaller slope, i.e., resolving more peaks
[4,29,83]. The decrease in the plate number is
then counteracted by the decreased slope. In
other words, when time is important one should
work at a high flow-rate and vary the gradient
rate for the calibration gradients. The upper
limit of flow-rate is usually set by pressure
limitations, and many chromatographers find it
inconvenient to work at flow-rates higher than
1.0 ml/min for a column of I.D. 4-5 mm. A
constant flow-rate in the calibration gradients
also means that one source of variation in the
plate number is eliminated. It has further been
reported that short gradient times and high flow-
rates result in high recoveries [13,84,85]. Predic-
tions based on calibration gradients where the
gradient rate is varied lead to more accurate
results as opposed to variations in flow-rate [22].
The conclusion is, in contradiction to some
earlier statements [2,7,10], that the flow-rate
should be kept high and constant and that the
slope should be varied by alterations in the
gradient rate.
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METHODS FOR PARAMETER FITTING

Retention volume: the simple method

If V. and V, are known and 2.3V, mBk, is
large, the parameters a and m can be determined
from two calibration gradients [2,37] without
having to employ numerical methods (if ¢, is
constant):

B log(B,/B,) (28)
" Vngl - ngBz + (Vm + Vd)(Bz - Bl)
a=log (105~ "Vm) + 2 3mBV,)
+ meg, — log (2.3V,mBy) (29)

Note that 2.3V, ,mBk, does not have to be large
for the gradients that are to be predicted; eqn. 6
can then be used. The most effective way of
keeping 2.3VmgmBk('J large is to start the calibra-
tion gradients at a very low content of organic
modifier. It is advisable to verify that the as-
sumption is valid after a and m have been
estimated. (Obviously the value of 2.3V, mBk,
is dependent on the estimation of @ and m, but a
rough estimate of 2.3V, mBk, can be made as
long it is larger than about 5).

A third gradient, preferably with an inter-
mediate slope, can be used to verify the peak
matching. It is possible to improve a rough
estimate of V, by repeating the determination of
a and m with different dwell volumes and look
for the best fit of the predicted and actual
chromatograms for the third gradient [58]. How-
ever, the more general and “automatic” method
described below is more practical if one wants to
use the third gradient for V, determination.

Retention volume: the advanced method

A more advanced method for parameter fitting
is necessary when 2.3VmgmBk(') is small or if one
wants to determine V, by fitting and/or use all
three gradients to determine a and m. This calls
for a non-linear fitting method. Several methods
are well established and are published with
program codes [86]. The fitting is best done in
two steps, starting by estimating a, m and V; for
every solute. V, is then taken as an average of all
estimates, as it is not solute dependent, and a
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new estimate is made of a and m, now keeping
V, fixed. A non-linear fitting routine can, of
course, be used even if 2.3V, mBk, is large,
making this method more general.

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 { mi ’ 2
N=—5- —i-[Vmi(k +1)]
wi WV, °
mg ’ 2
v m f +
+5 [V (ks + 1)JG] } (30)

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

EXPERIMENTAL

Column

A 10-cm X4 mm L.D. Sephasil C;; column
(Pharmacia—-LKB  Biotechnology, Uppsala,
Sweden) was used. The column matrix consisted
of 5-um 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 1I
PEPTIDES USED IN THIS WORK
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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.

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).

Peptides

The synthetic peptides used were kindly do-
nated by Anders Winter at Pharmacia—LKB
Biotechnology and are listed in Table II. All
peptides 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. M, p! Sequence

1 589 3.1 Met—Val-Asn—-Pro-Glu

2 571 31 Tyr-Glu-Leu-Phe

3 626 8.4 Pro-Leu-Ile-His-Phe

4 1071 6.5 Thr—-Pro-Ile-Pro-Arg-Tyr-Pro-Leu-Asp

5 1858 3.9 His—Thr—Asp- Arg—Glu-His-Thr-Ile-Glu-Thr-Asp-Glu-Met-Glu-Asp

6 1729 9.5 Lys—-Tyr-Gly—Asn-Leu-Ser—His—-Glu-Lys-GIn—His-GIn—-Leu—Phe

7 1689 31 Gly-Asn—-Gly-Gin-Asp-Val-Met-Ala-Leu—Ala-Thr-Ile-Leu-Ser-Trp-Leu
8 1722 9.6 GIn-Leu-Ser-Leu-Ala—Ile-Phe-His—Ser—Thr-Tyr-Trp-Lys—Ala-Gly
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ammonia. Acetonitrile was used as organic
modifier for all peptides. Peptide 3 was also
eluted with 2-propanol gradients. The acetoni-
trile gradients started at 2 or 4% and the
2-propanol gradient at 1% of organic solvent.

RESULTS AND DISCUSSION

The retention data and estimates of a and m
are given in Table III.

Measures of error

The prediction error for retention volume and
difference in retention volume is expressed as a
percentage of the gradient volume (not the
retention volume!). The gradient volume refers
to an imagined gradient going from 0 to 50%
organic modifier, a common case in peptide
separations, with the relevant slope. This mea-
sure is rationalized by the fact that in gradient
elution the band width does not increase with
increase in retention volume. Consequently, an
error of for example 0.1 ml in the prediction of
retention volume is of equal concern for solutes
with small or large retention volumes. Absolute
retention volume is also inappropriate as a
measure of error as an error of, for example, 0.1
ml is more serious in a high slope gradient,

TABLE III
RETENTION DATA
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where peaks are narrow. For band widths the
relative error is used. The band width is roughly
the same for all peaks and decreases with in-
creasing slope, making a relative measure appro-
priate. In this paper the error is presented as the
median and the 90% percentile. The 90% per-
centile indicates an upper level of the error.

Determination of dead volume, V,,, and dwell
volume, V,

The dead volume was determined by elution
of uracil with two mobile phases containing 50%
and 30% of acetonitrile. The amounts injected
were 0.03 and 3.0 pg. From the results, given in
Table IV, it is clear that the elution volume of
uracil is lower with 50% of acetonitrile. This is
observed for most dead volume markers
[42,47,56]. Thus, the increase in elution volume
for uracil on going from 50% to 30% of acetoni-
trile is probably not due to retention but to an
actual change in dead volume. The effect of the
amount of uracil on the elution volume is very
small, although it is statistically significant (P =
0.05).

The determination of the dwell volume by
parameter fitting was compared with determina-
tion employing a gradient of a UV-absorbing
solution. The dwell volume was estimated to be

Gradients with acetonitrile. The model parameters a and m are given with the standard deviation in parentheses based on the
combination of calibration described under Results and Discussion.

Peptide Retention volume (ml). a m (%)

Starting concentration 2% Starting concentration 4%

Gradient slope (% /ml) Gradient slope (% /ml)

0.5 1.0 2.0 4.0 0.5 1.0 2.0 4.0

1 11.55 8.70 6.69 5.29 7.72 6.56 5.52 4.65 1.98(0.14) 0.211(0.022)
2 37.12 22.46 14.07 9.23 33.20 20.47 13.07 8.75 3.38(0.05) 0.130(0.003)
3 35.72 21.36 13.31 8.78 31.71 19.39 12.33 8.25 3.71(0.08) 0.158(0.004)
4 36.75 22.28 13.98 9.20 32.81 20.30 13.00 8.73 3.34(0.05) 0.130(0.003)
5 38.17 21.92 13.25 8.58 33.97 19.87 12.27 8.06 5.39(0.21) 0.244(0.010)
6 24.56 15.15 9.89 6.90 20.54 13.19 8.90 6.37 3.65(0.14) 0.237(0.010)
7 74.15 40.57 22.89 13.59 70.07 38.58 21.90 13.09 6.79(0.13) 0.159(0.003)
8 46.87 26.23 15.36 9.58 42.64 24.12 14.35 9.09 6.78(0.32) 0.259(0.013)
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TABLE 1V
DETERMINATION OF DEAD VOLUME

The mobile phase consisted of acetonitrile mixed with 50
mmol/1 phosphate buffer (pH 2.8). Each determination of V,
was repeated four times. The pooled standard deviation of V|
was 1.8 ul.

Concentration of acetonitrile Amount of uracil V.
(%) (ng) ()
30 0.03 808
30 3 809
50 0.03 750
50 3 754

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 V,; was first de-
termined together with a and m. As one estimate
is obtained for each solute, V; was taken as the
average for all solutes. The determination of a
and m was then repeated using this V, as fixed.
This procedure was carried out for all combina-
tions of calibration gradients. The average of all
V, estimates based on fitting was 2.47 ml, with
V., set at 0.809 ml.

To evaluate the effect on accuracy, V, 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 V, 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 V,, estimates indeed has only a
small influence on the prediction error. The best
result is obtained using the V, determined with a
mobile phase containing 30% of acetonitrile.
This isocratic mobile phase is closer to the
average mobile phase during gradient elution in
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TABLE V
ERROR IN PREDICTION OF V, FOR DIFFERENT

“ESTIMATES OF V,, AND V,

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.

V. Median error/90% percentile (% of V;)
(1)
V, by fit V, from UV-absorbing
eluent gradient

808 0.40/0.84 0.82/1.51

809 0.40/0.84 0.82/1.51

750 0.40/0.84 0.91/1.69

754 0.40/0.84 0.90/1.68

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

It is clear that a V; estimate based on fitting
will improve the accuracy, a result that has also
been obtained by others [22,23]. When estimat-
ing V, by parameter fitting, the predictions also
become less sensitive to small variations in the
V., estimate, as these variations are taken up by -
V,. It should be emphasized that the determina-
tion of V, by parameter fitting is sensitive to
errors in retention volumes in the calibration
gradients. However, .as one estimate of V, 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 V, 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 V; 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
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TABLE VI

ERROR IN PREDICTION OF DIFFERENCES IN V,
BETWEEN PEAK PAIRS FOR THE TWO METHODS
FOR ESTIMATION OF V,

Eqn. 6 was used for parameter fitting and prediction. The
dead volume was set at 809 ul. All combinations of three
calibration gradients and two starting concentration were
considered, as described in the text. The eight peptides were
divided into four pairs, i.e., each combination of gradients
resulted in four estimates of retention difference. The mea-
sure of error is explained in the text.

Method for determination Median error/90% percentile

of dwell volume (% of V)
Parameter fitting 0.31/0.68
UV-absorbing eluent 0.36/1.22

gradient

conclude that the method for the determination
of the dwell volume does not have a large effect
on the accuracy for prediction of resolution,
which is in agreement with statements made in
earlier work [22,25]. The median error is almost
the same for both methods but the 90% percen-
tile is higher for the estimation of V, by the use

TABLE VII
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of a gradient of a UV-absorbing solution. These
large errors corresponds to peak pairs that elute
early and gradients where ¢, is large. Under
these conditions, the migration during the dwell
volume, which is solute dependent, will be more
pronounced.

Limit of the 2.3V, ,mBk, approximation

The simple data fit method is based on the
assumption that 2.3VmgmBk(') is “large”. To es-
tablish the limit for this approximation, a and m
were determined, with and without this approxi-
mation. Predictions where made with eqn. 6, as
the approximation is only meaningful in the
parameter fitting. The difference between pre-
dictions based on fittings with the different
models are treated as the error, and the results
are presented in Table VII. Note that
2.3V, mBk, differs between different calibration
gradients, and that only the smallest value is
given in Table VIL.

In this study, the error is roughly 0.4% of the
gradient volume, which is about the same as
reported previously [20,22,24,57] (although the
error was then expressed as relative retention).
In that perspective, one can tolerate a 2.3

ERRORS IN PREDICTIONS OF V, DUE TO THE 2.3V, ,MBk>>1 APPROXIMATION IN THE PARAMETER FITTING

The dwell and dead volumes were set at 809 pl and 2.47 ml, respectively. The model parameters a and m were determined by
parameter fitting. All combinations of calibration gradients and starting concentration were considered. The error is taken as the
difference between predictions based on calibration with and without the approximation. The measure of error is explained in the

text.
Peptide Starting concentration
2% 4%
2.3V, mBk; Median error/90% 2.3V, ,mBk; Median error/90%
percentile percentile
(% of V) (% of V)
1 6 0.20/0.60 2 0.62/1.15
2 154 0.01/0.06 86 0.02/0.11
3 342 0.00/0.02 164 0.01/0.05
4 143 0.01/0.06 76 0.03/0.12
5 15900 0.00/0.00 3650 0.00/0.00
6 304 0.00/0.02 97 0.01/0.05
7 388000 0.00/0.00 159 600 0.00/0.00
8 403 000 0.00/0.00 75300 0.00/0.00
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V.emBk; value down to ca. 50, when using eqn.
8 for parameter fitting. Note that the error
decreases with increasing value of m, the
guideline given here is only valid for peptides
and other solutes with large values of m.

Interpolation versus extrapolation and number
of calibration gradients

When optimizing the gradient, it is likely that
one wants to predict the result for gradients that
are faster or slower than those used for calibra-
tion. The question is how far it is acceptable to
extrapolate, and whether there is any difference
in the accuracy for extrapolation to faster or
slower gradients. Extrapolation is compared with
interpolation for two and three calibration gra-
dients in Table VIII.

TABLE VIII
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Inherently, extrapolation gives rise to a larger
error than interpolation. This has also been
observed experimentally [25,39], but from Table
VIII it can be seen that extrapolation to faster
gradients yields a smaller error than extrapola-
tion to slower gradients. Three calibration gra-
dients give rise to a minor improvement and are
also less sensitive to an error in a single retention
volume. The practical consequence is that the
extrapolation from the calibration gradients is
acceptable if the calibration slopes are less than
the slopes of the gradients one expects to pre-
dict. Low gradient slopes for calibration also
simplify peak matching. However, it must be
noted that an increase in the experimental error
would have a much greater effect on extrapola-
tion than interpolation.

ERROR IN PREDICTION OF V, FOR INTERPOLATION AND EXTRAPOLATION WITH TWO AND THREE

CALIBRATION GRADIENTS

The dead and dwell volumes were set at 809 ul and 2.47 ml, respectively. The model parameters a and m were determined by
parameter fitting. Combinations of calibration and prediction gradients with the same starting concentration were considered.

Gradients are indicated with slope.

Calibration gradient (% /ml) Predicted gradient

Median error/90% percentile

(% of V)

Small extrapolation to slower gradients

1.0, 2.0 0.5 0.45/0.59

1.0, 4.0 0.5 0.27/0.44

2.0, 4.0 1.0 0.58/0.89

1.0, 2.0, 4.0 0.5 0.32/0.45
Large extrapolation to slower gradients

2.0,4.0 0.5 0.97/1.45
Small extrapolation to faster gradients

1.0, 2.0 4.0 0.29/0.47

0.5, 2.0 4.0 0.24/0.39

0.5, 1.0 2.0 0.34/0.45

0.5,1.0,2.0 4.0 0.20/0.35
Large extrapolation to faster gradients

05,1.0 4.0 0.27/0.49
Interpolation

0.5, 2.0 1.0 0.22/0.30

0.5, 4.0 1.0 0.18/0.32

0.5, 4.0 2.0 0.24/0.37

1.0, 4.0 2.0 0.22/0.35

0.5, 2.0, 4.0 1.0 0.21/0.27

0.5, 1.0, 4.0 2.0 0.26/0.35
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Correction factors for band width

The error in band width prediction is related
to the model and the plate number error. One
would also expect the influence of extrapolation
on the error to be different for different correc-
tion models.

Three different expressions for band width
were evaluated: (i) no correction factor; (ii) J
correction according to eqn. 21; and (iii) J
correction according to eqn. 22. The cases of
extrapolation and interpolation described above
were also evaluated. The results are summarized
in Table IX.

It is clear that a correction according to eqn.

TABLE IX
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22 gives the best accuracy. (Eqn. 21 will also fail
if the extrapolation is extended even further than
in this work, as the polynomial correction con-
tains terms of the fourth order.) However, as the
cause of unexpectedly large band broadening at
high gradient slopes is uncertain, this observa-
tion might be dependent on the instrumentation
as one potential reason for this effect is extra-
column band broadening.

Determination of plate number

The plate number was first determined by the
conventional isocratic method using naphthalene
as a test solute and an eluent of acetonitrile—

ERROR IN PREDICTION OF W, FOR DIFFERENT BAND WIDTH MODELS AND EXTRAPOLATION WITH TWO

AND THREE CALIBRATION GRADIENTS

The dead and dwell volumes were set at 809 ul and 2.47 ml, respectively. The plate number was determined from gradient runs.
The model parameters @ and m were determined by parameter fitting. All combinations of calibration and prediction gradients

with the same starting concentration were considered.

Calibration gradients Predicted Median/90% percentile of relative errors (%)
gradient
Correction method
None Eqn. 21 Eqn. 22

Small extrapolation to slower gradients

1.0, 2.0 0.5 29/41 16/27 10/19

1.0, 4.0 0.5 38/48 21/28 12/19

2.0, 4.0 1.0 35/39 17/19 8/11

1.0, 2.0, 4.0 0.5 42/56 22/34 13/22
Ldrge extrapolation to slower gradients

2.0, 4.0 0.5 53/63 26/36 14/24
Small extrapolation to faster gradients

1.0, 2.0 4.0 37/40 17/21 7/11

0.5, 2.0 4.0 47/52 22/26 10.15

0.5, 1.0 2.0 33/43 17.24 10.15

0.5, 1.0,2.0 4.0 47/51 21/26 8/13
Large extrapolation to faster gradients

0.5, 1.0 4.0 56/62 27/31 12/17
Interpolation

0.5, 2.0 1.0 2/8 217 3/7

0.5, 4.0 1.0 9/16 5/12 3/10

0.5, 4.0 2.0 15/27 8/16 5/11

1.0, 4.0 2.0 5/12 4/9 3/8

0.5, 2.0, 4.0 1.0 24/32 13/18 7/11

0.5, 1.0, 4.0 2.0 24/32 12/18 7/11
Overall 32/52 15/27 8/16
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water (60:40, v/v), k' = 4.5, resulting in a plate
number of 8610.

The use of calibration gradients for determina-
tions of plate number (eqn. 30) allows individual
plate numbers to be estimated for the organic
modifier actually used. Every calibration gra-
dient results in estimates of the individual plate
numbers. A median of VN from the calibration
is calculated for each solute. VN is chosen for
the median, instead of N, because VN is inverse-
ly proportional to the estimate of W, from which
a large part of the error arises. The median is
selected instead of the average as there is a risk
of gross error in the band width at extremely low
resolutions or signal-to-noise ratios. The results
are given in Table X. The disparity between the
isocratic and gradient method is large and will be
even greater for larger peptides.

The effect on the prediction of W, from plate
number estimates by the conventional method
and by parameter fitting is shown in Table XI.
As expected, the accuracy of the predictions is
greatly improved by using plate numbers de-
termined from the calibration gradients. The
gain will be larger for larger peptides.

TABLE X

PLATE NUMBERS FOR NINE PEPTIDES DETER-
MINED BY PARAMETER FITTING FROM FOUR
GRADIENTS FOR TWO DIFFERENT ORGANIC
MODIFIERS

Band width correction was made according to eqn. 22. The
dead and dwell volumes were set at 809 ul and 2.47 ml,
respectively. The model parameters @ and m were deter-
mined by parameter fitting. Only the lower starting concen-
tration for each organic modifier was considered. The plate
number estimated by the conventional isocratic methods was
8610.

Peptide Plate number

Acetonitrile 2-Propanol

3230
5780 3520
4500
5690
2100
1640
3100
1880

OO WU h WN -
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TABLE XI

ERROR IN PREDICTION OF W, BASED ON DIFFER-
ENT ESTIMATES OF PLATE NUMBER

Band width correction was made according to eqn. 22. The
dead and dwell volume were set at 809 ul and 2.47 ml,
respectively. The model parameters @ and m’ were deter-
mined by parameter fitting. All combinations of three
calibration gradients and one prediction gradient with the
same starting concentration were considered.

Method for determination of plate Median error/90%

number percentile (%)
Conventional, isocratic 43/72
Parameter fitting, individual 8/17

The error in the prediction of band width is
related to the choice of correction factor. This
evaluation of the method for determination of
plate number was done with correction according
to eqn. 22.

In the case of overlapping peaks, the band
widths and retention volumes have to be de-
termined after a deconvolution, as described
under Theory. Deconvolution is not an easy
task, and low signal-to-noise ratios, extremely
low resolutions or large area ratios can make the
task almost impossible. In addition, the neces-
sary software may not be available to all chroma-
tographers. For non-deconvoluted peaks, the
plate number can be taken as the average of the
plate number for the solutes in the sample that
are well separated. The inaccuracy in retention
prediction can be reduced by using more than
two calibration gradients.

Test peptides

The purpose of the eight peptides used in this
work was to represent possible variations that
one can find in peptides. These peptides are still
limited: none contains cysteine or methionine
and they are not longer than sixteen amino acids.
The consequence is that they do not exhibit any
higher structure and have fairly high diffusion
coefficients. They are chemically well behaved,
with no denaturation, rearrangement or oxida-
tion.

It is known that some peptides are not well
behaved; typically they undergo permanent
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TABLE XII
ERROR SOURCES
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Source

Comment

Incorrect gradient formation

Gradient rounding due to mixing volume

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]

Incomplete column equilibration

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

Solvent demixing

Small {20,24,57], and can be further minimized by not starting the gradient

with pure buffer, i.e., by having ¢, >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 trifluoro-
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 number is
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

¢  Concentration of organic modifier (%)
¢, Starting concentration of organic modifier
(%)

Reduced velocity

Model parameter

Gradient slope (% /ml)

Gradient steepness

Flow-rate (ml/min)

Peak compression factor

k' at the starting concentration of organic
modifier

k' when the solute leaves the column
Model parameter (% ')

Plate number

Gradient rate (% /min)

Time (min)

Pumped . volume (ml)

Retention volume, gradient elution (ml)
Gradient volume (ml)

Dwell volume (ml)

Dead volume (ml)

Peak width at base (ml)
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ABSTRACT

An optimization strategy for the separation of peptides from a complex matrix by reversed-phase liquid chromatography is
presented and illustrated with an example. The aim is to find the mobile phase system, i.e. buffer and organic modifier used for
gradient formation, that admits the steepest gradient with sufficient resolution. The result is a rapid separation where the
detection limits are low and the loading capacity is high. This strategy is a hybrid between experimental design used for optimizing
the selection of the mobile phase system and gradient theory used for gradient predictions.

INTRODUCTION

Reversed-phase liquid chromatography, which
was introduced in the mid-1970s, soon became
the most popular technique in liquid chromatog-
raphy. The first attempts to use this separation
mode for peptides were not very successful, as
low efficiencies and bad peak shapes were ob-
served [1,2]. These initial problems where later
solved by improved column technology and
reversed-phase liquid chromatography is now a
standard separation technique for peptides and
small proteins.

Reversed-phase separations of peptides and
proteins are still not trivial, however, and the life
sciences continue to present extremely demand-
ing applications for chromatography. Problems
such as denaturation [3-5], low recoveries [4,6—
9], ghost peaks [6,8], low column stability [10,11]
and highly complex samples [12,13] are common
problems for the bio-chromatographer. Conse-
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quently, method development tends to be highly
elaborate.

To aid in method development, several op-
timization strategies for liquid chromatography
have been presented; for an overview, see refs.
14-17. These strategies generally fall into two
categories, as follows.

Methods based on retention models. In this
category of strategies, the retention of all solutes
in the sample is modelled. This is attractive as
chromatograms can be simulated and the meth-
ods do not require that chromatograms are
directly graded by some response function (see
below). The models that are made can be either
empirical, simple polynomial, or have theoretical
foundations. The optimum is located either ac-
cording to some criteria, applied after the model-
ling, or the user chooses conditions after visual
inspection of simulated chromatograms. The
disadvantage is that these strategies demand that
the variations in retention times for the com-
ponents in the sample can be followed as the
separation conditions are altered. This so-called
peak tracking, illustrated in Fig. 1, can be
anything from trivial to impossible [18-25]. A
number of factors determine the extent to which

© 1993 Elsevier Science Publishers B.V. All rights reserved
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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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extent and complex matrices can therefore be
handled.

In the proposed optimization strategy, the
retention is modelled as a function of gradient
slope and response optimization is used for the
mobile phase systems. Retention models for
gradient elution that are based on chromato-
graphic theory have been found to be highly
accurate [42-47]. The input data that are needed
can easily be obtained from two or three experi-
ments. On the other hand, variables such as pH,
concentration of ion-pairing reagent and compo-
sition of organic modifier affect the chromatog-
raphy in such a way that modelling and peak
tracking become more difficult. In addition,
there are also experimental limitations on how
much these variables can be altered. A strategy
based on experimental design and the use of only
response values is necessary when these mobile
phase variables are used in complex peptide
separations. In this work, a mobile phase system
that allows variations of pH, concentration of
ion-pairing reagent and composition of organic
modifier is used.

EXPERIMENTAL

Column

A 10 cm X4 mm L.D. Sephasil C,; column
(Pharmacia—-LKB  Biotechnology, = Uppsala,
Sweden) was used. The column matrix consisted
of 5-um silica particles with a pore size of 125 A.
The dead volume was determined to be 809 wul
by injection of 3 ug of uracil. The column was
operated at a flow-rate of 1 ml/min in all
experiments.

Mobile phases

All buffers consisted of 50 mmol/l phosphoric
acid. The pH was adjusted with ammonia. When
trifluoroacetic acid (TFA) was used, it was added
before the pH adjustment. The TFA concen-
tration refers to the total volume, including the
organic solvent. Consequently, the amount of
TFA added to the buffer to be mixed with
organic solvent (eluent B or C) was larger than
the amount added to eluent A (pure buffer).
Gradients were made by mixing three eluents,
A, B and C, using the low-pressure mixing

facility of the gradient pump. Eluent A was neat
buffer and solutions B and C consisted of 50
vol.% of organic solvent in the buffer. The
organic solvent was pure acetonitrile for eluent C
and a 50:50 mixture of acetonitrile and
2-propanol for eluent B.

Instrumentation

A system consisting of a Model 2249 low-
pressure mixing gradient pump, a Model 2141
dual-wavelength detector (Pharmacia~LKB Bio-
technology) and a CMA autoinjector (CMA
Microdialysis, Stockholm, Sweden) was used.
The instrumentation was interfaced with an IBM
AT3 personal computer for gradient control and
data acquisition.

Software

Evaluation of chromatograms, determination
of the parameters in the gradient model and
predictions were all made with in-house written
software using the programming environment
ASYST (Asyst Software Technologies, Roches-
ter, NY, USA) running on an IBM PS/2 Model
558X computer. A modified Gauss—Newton
algorithm was used for the deconvolution of
overlapping peaks.

Chemicals

Acetonitrile and 2-propanol were of HPLC
gradient grade (Merck). Distilled water 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). Trifluoroacetic
acid was of spectroscopic grade (Uvasol; Merck)
and was distilled before use.

Sample preparation

A 50-mg amount of myoglobin from horse
heart (M-1882; Sigma, St. Louis, MO, USA)
was dissolved in 5 ml of a 0.1 mol/1 solution
of ammonium hydrogencarbonate. A 50-mg
amount of Trypsin (TPCK treated; Sigma, St.
Louis, MO, USA) was dissolved in 2.5 ml of 0.1
mol/l hydrochloric acid and 125 ul of this trypsin
solution was added to the myoglobin solution.
Digestion was carried out at 37°C for 3 h and was
stopped by addition of 1 ml of 30% (v/v) acetic
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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, ¢:

log k' =a—meg

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

v,
W, = LlTN. (k¢ +1)

where k; is given by

ki =1/[2.306 + 1/(k})]

kg is k' in the starting eluent, given by
ky=10""%0

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=V mB=V _m(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 —_
b,2 b,1
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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Fig. 2. Chromatogram obtained at 215 nm of an angiotensin II-spiked sample with various gradient slopes. Angiotensin II is the
largest peak. The peaks are labelled with numbers. 50 mmol/l phosphate (pH 2.8) was used as buffer and acetonitrile as organic

modifier.

The following example illustrates the method.
A sample containing angiotensin II as the pep-
tide of interest was eluted using three gradients
with different slopes. The angiotensin II peak
is shown in Fig. 2 with several interferences
at similar retention volumes. Peaks are then
matched and the parameters a, m and plate
number are determined by data fitting. The
resolutions between angiotensin II and the
potential interferences are then calculated as a
function of gradient slope (Fig. 3). The maxi-
mum gradient steepness, b, that gives the desired
resolution can then be determined. For example,
with a desired resolution of 1.5 the actual maxi-
mum gradient slope would be 1.8 ml/min;, corre-
sponding to a steepness of 0.26. This steepness is
the response for this particular mobile phase
system. The choice of response is a central part
of this strategy and it is important to understand
that the responses that are presented are pre-
dicted gradient steepnesses that give the desired
resolution, and not gradients that actually have
been used.

The size of the smallest interfering peaks that
should be taken into account, the limit of con-
cern, is an important issue. In this work, this
limit of concern was set to 2% of the analyte
peak area at 215 nm. The reasons for this limit
are that smaller peaks are difficult to detect and
to track in complex samples. It is possible, of
course, to optimize the gradient slope by a

method not based on gradient predictions, mak-
ing tracking unnecessary. Unfortunately, it
would then be extremely difficult to discover
co-elution of very small peaks, making this kind
of strategy both time consuming and unreliable.

Several alternative measures of resolution,
apart from the traditional one used in this work,
have been proposed. The alternative measures,

1.5 .."'-._.. AN

Resolution

0.5 1 1.5 2 2.5 3
Gradient slope, %/m!

Fig. 3. Resolution between angiotensin II and interferents,
numbered according to Fig. 2, as a function of gradient slope,
B. Note that gradient steepness, b, is given by V_mB. The
parameter m was estimated to be 0.190 for angiotensin II.
The resolution of angiotensin II and interferents 1, 5 and 7 is
>3.0 in the presented range of gradient slope.
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e.g., peak-to-valley ratio, P,, 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 sécondary 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
UV absorbance [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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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 6.5
""""""""" ACN
pH 28 ACN/IPA
No 10mM
TFA 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.

TABLE 1

MOBILE PHASE VARIABLES USED IN OPTIMI-
ZATION

Variable Lower value Upper value
pH 2.8 6.5
TFA concentration (mM) 0 10

Acetonitrile—
2-propanol
(60:40)

Organic modifier Acetonitrile

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 0.50-1.00%/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
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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/1 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)

<0.02————— 037
<0.02 {<)0.08
0.26 rorerecfeeeeee <0.02
023 —— <002

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.

Predicted

| |

MU

Angiotensin ||

Actual

6.5 7 7.5 8 8.5 9
ml

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
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Angiotensin Il

l

ml

Fig. 7. Actual chromatogram obtained with a gradient start-
ing at 10% of organic modifier.

obtained in separations of complex matrices. In
the optimization of a separation it is also mean-
ingless to seek separation from extremely small
interferences as there is a natural variation over
samples and the contents of these small interfer-
ences are likely to vary.

Number of experiments

The number of experiments needed in this
strategy is dependent on how many mobile phase
variables are considered. In the application pre-
sented, three variables were used and 25 experi-
ments were made (three gradient for each
mobile phase system and one run under the
optimum conditions). It was pointed out earlier
that the choice of mobile phase systems is related
to the specific application. The number of ex-
periments will be a function of the mobile phase
system that is. relevant and how many variables
one can, and wants to, use. A large number of
experiments might be discouraging, but working
with a structured strategy the experimental work
can usually be made very efficient. It is also our
experience that with automated instrumentation
the most time-consuming part is the evaluation
of the chromatograms and not the experimental
work.

Separation of several peptides
The proposed strategy is illustrated here with
the separation of one peptide from a complex

background. This can easily be extended to
several peptides and the aim will then be to
obtain a minimum resolution for all peptides of
interest with the fastest possible gradient. The
limitation of this strategy is that only non-seg-
mented gradients are used.

Extensive use of models

It is tempting to extend the use of retention
models, or to use response models, for the
prediction of the fastest gradient for an inter-
mediate mobile phase system. There are, how-
ever, several reasons for not following this ap-
proach. As been pointed out earlier, the pH
range is highly restricted. This exclusion of
significant variations in pH, which is the most
powerful variable, leaves concentration of TFA
and composition of organic modifier as quantita-
tive variables. It is possible to make response
models for these variables, but models of re-
sponse are often unsmooth, creating a need for
higher order terms and many experiments. The
other alternative, i.e., retention models, general-
ly needs quadratic terms, which will increase the
number of experiments. Peak tracking can also
be difficult when alterations are made to the
mobile phase. Finally, it is our experience that
with a set pH, the concentration of ion-pairing
reagent and the type of organic modifier have no
dramatic effect on selectivity, hence fine tuning
is rarely meaningful.

CONCLUSIONS

The proposed strategy for optimization of the
separation of one peptide from a complex,
unknown matrix has been proved to work with a
real example. The combination of the predictive
capability of gradient theory with experimental
design is shown to be extremely powerful. Peak
tracking, the weak point in many optimization
strategies, is performed to an extent that is
realistic for real samples. The selection of mobile
phase variables, the initial step in optimization,
is crucial in peptide separations by reversed-
phase liquid chromatography. This selection is
always a compromise, which is dependent on the
application. The compromise used in this work
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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

¢ Concentration of organic modifier (%)

@, Starting concentration of organic modifier
(%)

a Model parameter

B Gradient slope (%/ml)

b Gradient steepness

F  Flow-rate (ml/min)

ks k' at starting concentration of organic
modifier

k{ k' when the solute leaves the column

m  Model parameter (%)

N  Plate number

R, Resolution

s Gradient rate (% /min)

V,  Retention volume (ml)

V., Dead volume (ml)

W,, Peak width at base (ml)
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ABSTRACT

The high-performance liquid chromatographic separation of the buckminsterfullerenes C,, and C,, was studied using different
chromatographic systems. Normal-phase (silica), non-aqueous reversed-phase (C ,-bonded silica and graphitized carbon black)
and charge-transfer complexation with dinitrobenzoylphenylglycine (DNBPG) and 2-(2,4,5,7-tetranitro-9-fluorenylideneamino-
oxy)propionic acid (TAPA) were considered as retention mechanisms. Mobile phases of different compositions, but all based on
hydrocarbons (toluene, hexane, heptane) as the main solvent, were used. Although it was found that the adsorption of the
fullerenes on all the other phase systems is exothermic, their interactions with the charge-transfer phases exhibit an unusual
endothermic behavior. The retention times of Cg, and C,, on these phases increase with increasing temperature. The adsorption
enthalpy and entropy derived from the Van ’t Hoff plots confirm this rare temperature dependence. The adsorption enthalpy is
positive whereas the adsorption entropy is strongly positive.

INTRODUCTION separation is easy and straightforward. A large

number of chromatographic separation methods

The separation and purification of the buck-
minsterfullerenes by preparative high-perform-
ance liquid chromatography (HPLC) remain a
challenging proposition, although their analytical

* Corresponding author. Address for correspondence: De-
partment of Chemistry, University of Tennessee, Knoxville,
TN 37996-1501, USA.

0021-9673/93/$06.00

have been described previously. These methods
involve the use of gravity, HPLC or Soxhlet
extraction liquid chromatographic techniques

. and the use as stationary phases of silica [1],

alumina [2,3], reversed phases on C,s-bonded
silica [4] or graphite [5], multi-legged phenyl-
bonded phases [6] and separation on gel permea-
tion phases [7].

The applicability of these different approaches

© 1993 Elsevier Science Publishers B.V. All rights reserved
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for preparative purposes is limited, however, by
the low throughput generally observed. An effi-
cient separation on a conventional analytical
column can be maintained only with sub-milli-
gram amounts. The transposition of the opti-
mized techniques to the semi-preparative (ca.
10-mg injection) or preparative level on a wide
column (ca. 100-1000-mg injection on a ca. 5 cm
I.D. column) is rendered difficult by some seri-
ous limitations due to the complexity of the
matrix and the poor solubility of its components
in the usual solvents.

The two common techniques available for the
generation of fullerenes, laser vaporization and
electric discharge, produce a complex soot con-
taining Cy, and C,, in a ratio of approximately
9:1, and varying but small amounts of higher
mass fullerenes [4,8]. This is an unfavorable
concentration ratio for purification by prepara-
tive chromatography. In overloaded elution
chromatography, the two components of a bina-
ry mixture compete for access to the finite
number of adsorption sites on the surface of the
stationary phase during their migration along the
column. The ease of the separation of the
components of the mixture, their production
rates and their recoveries depend strongly on
their concentration ratio in the original mixture
or feed.

As shown theoretically [9] and later proven
experimentally [10], the purification of a 1:9
mixture is easier than that of a 9:1 mixture
because the displacement effect of the lesser
retained by the more retained component shar-
pens the boundary between the two component
bands, improves their resolution and thus in-
creases the recovery. At the same time, the
presence of a high concentration of the lesser
retained component decreases the adsorption of
the more strongly retained one by crowding its
molecules out of the surface. This is the “tag-
along” effect [9]. The intensity of the displace-
ment and tag-along effects depends on the con-
centration ratio of the two components and on
the column efficiency [9]. The former is greater
with a 1:9 mixture and the latter with a 9:1
mixture. Therefore, if one is interested in
producing both components in a single step, the
purification of a 9:1 mixture is much more
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difficult than that of a 1:9 mixture, because the
displacement effect is weak, and the intense tag-
along effect leads to & poor recovery [9]. With a
9:1 mixture, touching band separation is prefer-
able to more strongly overloaded conditions, as
it avoids recycling with only a small loss of
production [4,10,11]. Finally, it does not seem
possible to find a chromatographic system with
which the heavier and more polarizable C,,
would be eluted before Cg,.

The different members of the fullerene series
are insoluble in the most common solvents used
in liquid chromatography. They are only slightly
soluble in benzene (1.4 mg/ml Cg,) and toluene
(2.2 mg/ml C,,). For safety reasons, the latter is
the most common solvent used to dissolve them.
Some higher boiling solvents, such as mesitylene
or pyridine, have been suggested [12] for the
extraction of fullerenes from soot, but they are
inconvenient for use in routine analytical or
preparative chromatography because of their
viscosity or odor, and because of increased
difficulties in recovering the purified fractions.
As already proven [4], however, the use of
benzene or toluene as eluent results in very low
or nearly negligible retention factors on most
phases.

To overcome this limitation, a weaker solvent
(linear alkanes, dichloromethane, ethyl acetate,
acetonitrile or alcohols) is mixed with toluene to
insure an adequate retention, while the sample
solvent used is pure toluene or benzene in order
to permit the injection of narrow bands of
concentrated solutions, and insure an adequate
throughput. However, it has been demonstrated
both theoretically and practically [13,14] that
chromatographic abnormalities (e.g., band de-
formations, band splitting) can result from the
use of a sample solvent having a higher elution
strength than the mobile phase. The effect is
especially important under overloaded condi-
tions and when the sample solvent is the essen-
tial component of the feed. There is often no
noticeable effect under analytical conditions
because the sample solvent is quickly diluted in
the eluent. In contrast, in preparative applica-
tions this hinders the purification process and
decreases the recovery [13].

A remedy to the first limitation, that origina-
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ting from the composition of the feed, should be
found in a better understanding of the parame-
ters involved in the process of generation of the
fullerenes. The solution to the second is in the
development of new types of stationary phases,
more selective and more strongly retentive of the
fullerenes, thus allowing the use of a stronger
eluent compatible with the natural sample sol-
vent. Considerable progress has been made
along this line. Charge-transfer chromatography
[15] offers a logical and promising approach to
the separation of fullerenes.

It has been known for more than a century
that certain pairs of organic compounds can form
stable molecular complexes [16] by electron
transfer from a high electronic density center
(i.e., planar polyaromatic compounds) to an
electron-deficient  center.  Chromatographic
methods based on the formation of such com-
plexes between an immobilized selectant accep-
tor and a solute donor or vice versa have been
termed electron donor-acceptor (EDA) or
charge-transfer chromatography [15]. Aromatic
or heterocyclic compounds with strongly elec-
tron-attracting groups (i.e., NO,, Cl, Br) are
good r-electron acceptors, whereas electron-re-
leasing groups (i.e., CH,;, CH,O, NH,) enhance
the electron donor properties of the cycle.

For a given electron acceptor, the stability of
the EDA complex, and thus the retention time in
a given chromatographic system, depend on the
intensity of the electron-releasing property of the
donor. Consequently, the retention factors of the
two components and their separation factor for a
given mobile phase concentration should depend
on the difference in their respective electron-
donor abilities. Based on the evidence that the
magnetic susceptibility of C, is twice that of C,
[17] and that their second ionization potentials
are different [18], it is to be expected that these
two molecules should exhibit markedly different
electron-donor abilities and can be separated on
a suitable stationary phase. The only possible
limitation could be that charge-transfer adsor-
bents are known for their high degree of planar
recognition. Thus, strong retention cannot be
expected.

Cox et al. [19] were the first to separate Cg,
and C,, by charge-transfer chromatography
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using dinitroanilinopropyl-bonded silica as selec-
tant, and a linear gradient of hexane—dichloro-
methane. They showed that Cg, (which has
twenty aromatic rings, but is not planar) behaves
as triphenylene, a planar five-membered
aromatic compound, whereas C,, elutes some-
where between benzopyrene and coronene. This
illustrates the effect of the non-planarity of the
analyte on the retention mechanism. Other
selectants have also been proposed [20]. Recent-
ly a new family of charge-transfer stationary
phases, termed ‘“Buckyclutcher”, were synthe-
sized {21]. These phases use tripodal dinitro
derivatives as selectants. They are reported to
exhibit good retention and a high selectivity for
the C,, and C,, fullerenes, even when a 50:50
hexane—toluene solution or pure toluene is used
as the mobile phase.

In this paper we describe the chromatographic
behavior of the Cq, and C,, fullerenes on (R)-
(—)-2-(2,4,5,7-tetranitro-9-fluorenylideneamino-
oxy)propionic acid (TAPA), a chiral stationary
phase used earlier for the separation of car-
bohelicenes [22], and synthesized in our labora-
tory; we discuss the retention mechanism on this
selectant and the optimization of the separation
of Cy, and C,, in terms of mobile phase compo-
sition and temperature, and finally we compare
the behavior of the same compounds on dinitro-
benzoylphenylglycine (DNBPG), silica, ODS
and graphitized carbon black (GCB).

THEORY

The Gibbs free energy, AG, for the equilib-
rium of a solute in a chromatographic system is
related to the retention factor through the parti-
tion coefficient, K, by the following equations:

AG=—-RTInK (1)
k'=FK (2)

where R is the universal gas constant, T is the
absolute temperature, F is the phase ratio and k'
is the retention or column capacity factor.

The dependence of the retention factor on the
column temperature can be derived from the
following fundamental equations of thermody-
namics and the previous relationships:
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AG=AH-TAS 3)
AH AS

lnk’=—ﬁ+7+lnF (4)

where AH and AS are the molar enthalpy of
transfer from the selectant to the eluent and the
associated change of the molar standard entropy,
respectively.

Because the phase ratio is close to 1 in these
phase systems [F=(1—e€;)/e;, with the total
porosity of the column, e, being approximately
0.5), In F can be neglected in eqn. 4, and

AH AS
“RTTR )

Therefore, if the retention mechanism remains
the same over the temperature range considered
and the enthalpy is constant (i.e., if we neglect
the difference in molar heat capacity of the
fullerenes at infinite dilution in the two phases),
the enthalpy and entropy of transfer can be
derived from the slope and the intercept of a
semi-logarithmic plot of the experimental capaci-
ty factors versus the ratio 1/RT, commonly
referred to as the Van 't Hoff plot.

Ink' =

EXPERIMENTAL

Instrumentation

An HP1090 liquid chromatograph (Hewlett-
Packard, Palo Alto, CA, USA) equipped with a
multi-solvent-delivery system, an automatic sam-
ple-injection system, a photodiode-array detec-
tor, a temperature control system, and a data
station was used.

Preparative separations were conducted on a
Prochrom (Nancy, France) LD-50 axial compres-
sion column, with a ca. 20 cm X 5 cm L.D.
column, fitted to a Biotage (Charlotteville, VA,
USA) pumping system.

Columns

A 250X 4.6 mm I.D. and a 100 X 4.6 mm L.D. .

column were laboratory-packed with 17.8-um
IMPAQ RG2010 C,; silica (PQ, Conshohoken,
PA, USA) and with LiChrosorb Si60 silica (EM
Separations, Gibbstown, NJ, USA), respective-
ly. In both instances, we used the same standard
slurry packing method, with methanol at 6000
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p.s.i. (1 p.s.i. = 6894.76 Pa). The efficiencies of
these columns were 1900 and 2200 theoretical
plates, respectively.

A 250 x 4.6 mm I.D. DNBPG column and a
100 X 4.6 mm I.D. GCB column were obtained
from J.T. Baker (Phillipsburg, NJ, USA) and
Shandon Scientific (Runcorn, UK), respectively.
The efficiency of the DNBPG column was 8000
plates and that of the GCB column 1000 plates.

The synthetic route for the preparation of the
chiral TAPA stationary phase is illustrated in
Fig. 1. This material was prepared in our labora-
tory by means of the two-step synthesis reported
previously [22]. A 100X 4.6 mm I.D. column

OC:Hs
° l
\
—— S1-OH + C,H 0 - 81 - (CH,))NH2
[ |
—'S1-OH ocaHs

OC,H s
o CH 3
N A
—s1 0 —Si—(cH ;) ,NK; 4 HO-COW C ™ N
7/ | N
0. H
—\si-oH OCaH 5 NO
peof@N
l 2 NO2 NO,
R(-)-TAPA
OCaH s
0. | CH;
AN
—S51 —0 —Si—(CH,;) ,NHCO f C ¥ O
7 N
o ! M
—"s1-0H OCaR s

peses

NO2 NO2z

Fig. 1. Synthetic route for the preparation of the chiral
(R)-(-)-2-(2,4,5,7 - tetranitro - - fluorenylideneaminooxy) -
propionic acid (TAPA) adsorbent. Step 1: 1 g of activated (4
h at 120°C) LiChrosorb Si60 was first coupled to 1.3 mM of
3-aminopropyltriethoxysilane. The reaction was conducted in
toluene, using a refluxing system at 120°C with stirring for 16
h. The aminated silica gel was washed with toluene, meth-
anol and acetone and then dried under vacuum (2 h at
120°C). Step 2: the asymmetric moiety, TAPA, was linked to
the aminated silica using dicyclohexylcarbodiimide (DCC) as
coupling agent [23]. The reaction was conducted in dry
chloroform for 8 h at room temperature. The resulting silica-
bonded phase was washed with chloroform, acetone and
methanol and dried (1 h at 110°C). The microanalysis of the
material gave a carbon content of 12.6%. A 100 X 4.6 mm
column was packed using the balanced-slurry technique.
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was packed with this phase. The column ef-
ficiency was 1600 plates.

Eluent and samples

The different solvents used were all of HPLC
grade and were used without further purification.

The samples of fullerenes were obtained from
the extraction of a laboratory-made soot using
boiling toluene [4]. The purified standard com-
pounds were obtained by preparative chromatog-
raphy, using a dual silica—alumina column
system in the gravity mode, with hexane—toluene
(95:5, v/v) as the mobile phase.

Chromatographic measurements

The eluent flow-rate was maintained at 1 ml/
min in all experiments. The column efficiencies
were measured at room temperature, using stan-
dard solutions of C,,. The columns void times
(t,) were determined by injecting a small plug of
pure toluene and recording the perturbation
signal. Under these conditions only very minor
variations of ¢, were observed in the temperature
range studied.

Determination of Van ’t Hoff plots

The Van °’t Hoff plots were determined by
measuring the capacity factors of the fullerenes
over the temperature range 25-95°C when
toluene, heptane or their mixtures were used as
the mobile phase and 25-70°C when methanol
was used. Two different standard solutions (10
g/1) of C,, and C,, were injected in duplicate for
each temperature point. When experiments were
completed at a given temperature, the column
was allowed to reach equilibrium at the next
temperature by flushing it with a constant stream
of mobile phase for 35 min prior to making an
injection.

RESULTS AND DISCUSSION

Because the retention and separation factors
and the column efficiency depend on the eluent
composition and the column temperature, we
need to optimize them both in order to obtain
the best resolution or the maximum production
rate. Accordingly, different mobile phase
compositions were studied, depending on the
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type of interaction involved (e.g., adsorption,
charge transfer). In all instances, one of our
principal goals was the achievement of a high
selectivity and a sufficient retention factor at the
highest possible toluene concentration in the
mobile phase. Heptane was preferred to hexane
as the weak solvent, because of the possibility of
conducting experiments in a wider temperature
range.

Normal- and reversed-phase adsorption
chromatography

The use of silica in either the gravity or the
HPLC mode has been advocated in the literature
for the purification of the fullerenes. With the
various stationary phases investigated in this
study, however, all the mobile phases used,
whatever their composition, resulted in very low
retention factors and a poor selectivity for Cg,
and C,,. Hence it seems that while silica can
purify fullerenes from the polycyclic aromatic
hydrocarbons present in the soot, it cannot
separate the fullerenes.

Conversely, nearly irreversible adsorption of
the fullerenes was observed on the GCB column,
even with pure toluene or chloroform as the
mobile phase. Heavier, more polarizable sol-
vents such as tetralin and xylene were not
considered because of the potential difficulties in
eliminating them from the mobile phase after the
separation has been achieved.

Fig. 2 shows a plot of the logarithm of the
retention factors of C,, and C,, versus the
volume fraction of toluene in methanol, on the
C,; column. Attempts to use heptane—toluene
solutions as the mobile phase resulted in a poor
selectivity and a low retention. As can be seen in
Fig. 2, the retention factors and the separation
factor of the two fullerenes decrease rapidly with
increasing toluene content of the mobile phase.
While the physico-chemical phenomena respon-
sible for retention on chemically bonded C,; are
not fully understood, this observation can be
explained by the solvophobic theory [24], or on
the basis of the solubility of fullerenes in the
mobile phase [25]. As far as analytical separa-
tions are concerned, the Cy, and C,; fullerenes
are easily resolved, with a separation factor up to
2.4, using binary mixtures of methanol and
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Fig. 2. Plots of the logarithmic retention factors of (®) C,
and (O) C,, fullerenes against the volume fraction of toluene
in methanol. + = Corresponding selectivity. Experimental
conditions: column, C,; (25X 0.46 cm 1.D.); temperature,
25°C; flow-rate, 1 ml/min; detection, UV at 384 nm; amount
injected, 20 u! (10 mg/ml solution in toluene).

toluene as the eluent and toluene as the sample
solvent. However, as will be shown later, com-
plications quickly arise when one increases the
amount injected.

Charge-transfer chromatography

In Figs. 3 and 4, we show the plots of the
logarithm of the retention and separation factors
of Cq, and C,, on the DNPBG and the TAPA
columns, versus the volume fraction of toluene in
heptane. As often reported in the literature,
quasi-linear plots were obtained in both in-
stances. For a given eluent composition (e.g.,
50:50), the retention factors of Cy, (k;) and C,
(k;), and their selectivity, «, are larger with the
TAPA column (k; =1.71, k; =3.43, a =2) than
with the DNBPG column (k; =0.26, k,=0.35,
a = 1.35). TAPA is a stronger electron acceptor
than DNBPG.

The chromatograms in Fig. 5 illustrate well the
retention behavior of C,y and C,, on the TAPA
column and the decrease in their resolution with
increasing toluene concentration in the mobile
phase.
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Fig. 3. Plots of the logarithmic retention factors of (®) Cg,
and (O) C,, fullerenes against the volume fraction of tolu-
ene in heptane. + = Corresponding selectivity. Column,
DNBPG (25 X 0.46 cm 1.D.); other conditions as Fig. 2.

Influence of temperature on the separation

Our main interest in studying preparative
separations of the fullerenes by charge-transfer
chromatography lies in the existence of a second
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Fig. 4. Plots of the logarithmic retention factors of (@) C,,
and (O) C,, fullerenes against the volume fraction of toluene
in heptane. + = Corresponding selectivity. Column, TAPA
(10 X 0.46 cm 1.D.); other conditions as in Fig. 2.
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Fig. 5. Chromatogram illustrating the variation in retention
time and the selectivity between C,, and C,, with the mobile
phase composition. 1= Pure toluene; 2 = toluene—heptane
(50:50); 3 = toluene—heptane (20:80). Conditions as in Fig.
4.

degree of freedom of the separation related to
their peculiar behavior when the column tem-
perature is changed. Figs. 6-8 show the Van 't
Hoff plots obtained for C, and C,, on the ODS
column with methanol-toluene (50:50) (Fig. 6),
the DNBPG column with heptane-toluene
(90:10) (Fig. 7), and the TAPA column with
heptane-toluene (50:50) (Fig. 8). Because of the
temperature limitations encountered in the use
of the different solutions, and owing to the
different boiling points of the solvents used, the
temperature range investigated was 25-75°C for
Fig. 6 and 25-95°C for Figs. 7 and 8.

The Van ’t Hoff plots are all linear in the
temperature range studied. The correlation co-
efficients for a linear fit of the experimental data
to the Van ’t Hoff plots (eqn. 5) were =0.989.
The same trends were observed for the different
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Fig. 6. Van 't Hoff plots of the retention factors for Cy, and
C,, [1000/RT in cal™' mol (1 cal =4.184 J)]. The retention
data were measured on a 16.7-um C,; column (25 X 0.46 cm
1.D.) at an eluent [toluene—methanol (50:50)] flow-rate of 1
ml/min. The detector setting was 360 nm for C,, and 384 nm
for C,,.
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Fig. 7. Van 't Hoff plots of the retention factors for Cg, and
C,, (1000/RT in cal™’ mol). The retention data were
measured on a commercial analytical DNBPG column (25 X
0.46 cm 1.D.) at an eluent {toluene—heptane (10:90)] flow-
rate of 1 ml/min. The detector setting was 360 nm for C,
and 384 nm for C,,.
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Fig. 8. Van ’t Hoff plots of the retention factors for C,, and
C,, (1000/RT in cal™' mol). The retention data were
measured on the laboratory-made TAPA column (25 X 0.46
cm 1.D.) at an eluent [toluene—heptane (50:50)] flow-rate of
1 ml/min. The detector setting was 360 nm for C, and 384
nm for C,,.

solvents, using pure or binary mixtures of vari-
ous compositions. This suggests that there is a
single, or at least a strongly predominant, reten-
tion mechanism [26] that does not depend on the
solvent composition for the series of solvents
studied. This conclusion is consistent with the
fact that C, and C,, have a single conformation,
but it has been shown that they exhibit different
phase transitions at low temperatures [27] and
one could have expected a non-linear Van ’t Hoff
plot due to solute—solvent association [28].

As usual in chromatography, the Van 't Hoff
plot for the system of ODS with methanol-
toluene (50:50) exhibits a positive slope (Fig. 6).
Both the adsorption enthalpy and entropy are
negative. The adsorption process is exothermic
and, as a consequence, the retention times of
both solutes decrease with increasing tempera-
ture. In contrast, a negative slope is observed for
the Van 't Hoff plots obtained with the two
charge-transfer systems investigated, DNBPG
(Fig. 7) and TAPA (Fig. 8). Therefore, in these
two instances the complexation enthalpy and the
associated entropy are positive and the heat of
complexation is negative. The retention times of
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Cqo and C,, on the two charge-transfer station-
ary phases increase with increasing column tem-
perature.

These results substantiate some earlier work
done on DNBPG with dichloromethane—hexane
(10:90) as the eluent [29]. This unusual tempera-
ture dependence was interpreted by assuming
that the analytes associate in solution. The
oligomers would dissociate when the column
temperature increases, allowing more interac-
tions between the selectant and the fullerene
members [30]. Indeed, C,, seems to undergo
some reorganization in an hexagonal close-
packed crystal conformation, but a similar
behavior has not yet been proven in the liquid
phase [27].

It is important to ascertain whether this pecu-
liar behavior is an intrinsic property of the
fullerenes, possibly related to their rigid three-
dimensional structure and their unique aromatic
character. In this connection, we measured the
temperature dependence of the retention factors
of different planar, non-planar and helicoidal
polycyclic aromatic compounds, including cis-
and trans-stilbene, anthracene, phenanthrene,
benzo[e]- and benzo[a]pyrene and hexacarbo-
helicenes, on the TAPA column. All their reten-
tion times decrease rapidly with increasing tem-
perature, suggesting that all these electron-donor
compounds undergo an exothermic complexation
process on TAPA, whereas the interaction of
TAPA with the fullerenes is endothermic. This
result suggests that, owing to their non-planar
structure and weak aromaticity, the fullerenes
are much weaker electron donors than polycyclic
aromatic hydrocarbons.

Another interesting feature of Figs. 7 and 8 is
that the separation factor of the fullerenes re-
mains virtually independent of the column tem-
perature. A temperature increase does not
modify the degree of non-planarity recognition
of the selectants. However, noticeable improve-
ments in the experimental band shapes were
observed. This can be explained by faster mass-
transfer kinetics at higher temperatures.

A negative heat of transfer or a non-linear Van
’t Hoff plot is generally related to the effects of
solvent or solvent additive [31], to the existence
of two different conformers or to a dual reten-
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tion mechanism [28,32] for a solute. The two
fullerenes C¢, and C,, have a unique conforma-
tion, and can behave as both electron acceptor
and electron donors. The electron affinity of Cg
is known to be 2.6 eV. It is improbable that, with
‘the high concentration of toluene in the mobile
phases used, a change in column temperature
can greatly affect its equilibrium concentration in
.the stationary phase. Thus, the negative slope of
the Van ’t Hoff plot can probably be attributed to
a high solvation of the solutes at low tempera-
tures.

Practical applications

To illustrate the above discussion, Fig. 9 shows
an analytical separation obtained with the injec-
tion of 20 w1 of a binary mixture of Cy, and C,,
(20 mg/ml in toluene) (top) and the chromato-

3 8 10 12 1%
time (min)

time (min)

Fig. 9. Separation of Cg, and C,, on a C;; bonded silica
stationary phase. (top) Analytical injection of a mixture (ca.
9:1) of C,, and C,, at ambient temperature. (bottom) Effect
of temperature on the overloaded chromatogram (200 i1 of a
20 mg/ml solution) of the same mixture. The temperatures
were 25°C (solid line) and 75°C (dashed line) and the
experimental conditions as in Fig. 6.
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gram obtained with an overloaded injection (200
pl of the same solution), in the same ODS
column, with methanol-toluene (50:50) as the
mobile phase (bottom). A temperature increase
of 50°C results in a decrease of ca. 5 min in the
retention time (dashed line). The profile ob-
tained at 25°C (solid line) is characterized by a
pronounced shoulder and a steep rear profile,
probably owing to the effect of the sample
solvent, as discussed previously [13].

Figs. 10 and 11 illustrate the effect of the
column temperature on the separation of the two
fullerenes, using DNBPG [injection volume 100
wl; solution 10 mg/ml; mobile phase heptane-
toluene (90:10)], and TAPA [same conditions,
except mobile phase composition heptane—
toluene (50:50)]. Increasing the temperature
from 25°C (solid line) to 95°C (dashed line)
results in an increase in the retention time. The
magnitude of the effect is more pronounced with
the TAPA column because of the higher donor
ability of the selectant and the higher retention
factors. With the DNBPG column, splitting of

I T T LIt

|

time (min)
Fig. 10. Effect of temperature on the experimental elution
profiles of a mixture (ca. 9:1 ratio) of C and C,,. Volume
injected, 100 ul1 (10 mg/ml solution). Column and conditions
as in Fig. 7, except for the temperature: solid line at 25°C and
dashed line at 95°C. Both C, and C,, are eluted as bimodal
peaks.
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Fig. 11. Effect of temperature on the experimental elution
profiles of a mixture (ca. 9:1 ratio) of C,, and C,,. Volume
injected, 100 x1 (10 mg/ml solution). Column and conditions
as in Fig. 8, except for the temperature: solid line at 25°C and
dashed line at 95°C.

the C,y and C,, peaks was observed. This can be
attributed to the incompatibility of the sample
solvent and the eluent and to the high efficiency
of the column [13]. This effect cannot be ex-
plained by a chemical reaction.

The enthalpy and entropy of the retention
mechanism derived from the Van ’t Hoff plots
are given in Table I. Our results are comparable
to those reported previously [29]. Both the heat

TABLE 1
ADSORPTION THERMODYNAMIC DATA
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of complexation and the related entropy increase
with increasing retention factor. The interaction
energy measured with TAPA is far greater than
that observed for DNBPG, despite the fact that
the former was used with a stronger solvent. This
confirms again the stronger electron-acceptor
ability of TAPA. The data show also that the
energy involved in the retention mechanism on
the ODS column (hydrophobic interaction) is
greater than that measured for the retention
mechanism involving a charge-transfer process,
although one should bear in mind that the
solvent used in the former instance is weaker.
Finally, an attempt was made to produce gram
amounts of the purified fullerenes by preparative
chromatography, using the conditions optimized
for their maximum resolution on the ODS
analytical column. Fig. 12 shows the chromato-
grams obtained with a 4-mg injection (top), on
the analytical column (250 X 4.5 mm I.D.) and a
100-mg injection (bottom) on the preparative
column. The cut-times for fraction collection
with the preparative column are also shown. The
two traces are very similar, and are both charac-
terized by a pronounced shoulder. The first
fraction contains Cg, ca. 94% pure and the third
fraction contains C,, ca. 90% pure. The inter-
mediate or second fraction contains both ful-
lerenes. This result suggests that an important
tag-along effect takes place while the self-dis-
placement effect is nearly absent [9]. The pro-

Stationary Movbile phase Compound AH AS
phase composition” (cal/mol) (cal/mol)
Silica A,B,C Cyo - -
Cr
TAPA A Cqo 1374.0 2.830
Cu 1385.0 3.559
DNBPG B Ceo 182.2 0.503
Cu 219.0 1.203
Cre C Ceo —4060.0 -5.790
C.o —4830.0 —6.590
GCB A,B,C,D Ce -° -°
C

~
=3

* A = toluene-heptane (50:50); B = toluene—heptane (10:90); C = toluene—methanol (50:50); D = chloroform.

® Nearly irreversible adsorption.
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Fig. 12. Comparative band profiles in overloaded mode using
the same conditions as in Fig. 6 except for detection at 384
nm. (A) Analytical column (25 X 0.46 cm 1.D.) with a flow-
rate of 1 ml/min and an injected amount of 4 mg. (B)
preparative column (Prochrom LC50, 50 X 5 cm 1.D.) with a
flow-rate of 90 ml/min and an injected amount of 100 mg.
The dotted lines correspond to the fraction collected.

duction rate achieved under such conditions is
very low for this poor degree of purification.
During the conclusion of this work, a new
method for the purification of C, was described,
using activated charcoal and toluene as the
mobile phase, in the flash chromatographic mode
[33]. This method seems to permit the rapid
purification of gram amounts of C,,, although

139

the fate of C,, and the higher fullerenes is
unknown. The large-scale production of the
buckminsterfullerenes on this type of stationary
phase and on related adsorbents in the HPLC
mode is under active investigation in our labora-
tory.

CONCLUSIONS

The retention of C,,, and to a greater extent
C,,, using most solvents available is quasi-ir-
reversible on GCB. Poor retention of these
compounds and very low selectivity is observed
on silica. On the other hand, analytical separa-
tions of the fullerenes on C,g-bonded silica
columns, using methanol-toluene mobile phases,
are straightforward.

TAPA, a chiral stationary phase, gives a
stronger retention, a higher resolution and a
better production rate than DNBPG, another
charge-transfer adsorbent, for the purification of
the C, and C,, fullerenes, with toluene—heptane
mobile phases. Because of the peculiar behavior
observed when the column temperature is in-
creased, the retention time of the fullerenes
increasing with increasing temperature while the
band shape improves, the application of this type
of stationary phase at high temperature for
purification purposes seems preferable.

Two major problems are encountered in the
preparative separation of fullerenes by HPLC:
their poor solubility in common solvents (e.g.,
alcohols, ethyl acetate, n-alkanes) and even in
toluene, which is the best solvent, and the poor
retention provided by the different stationary
phases available for their separation when
toluene is used as the mobile phase.

The combination of these two sources of
difficulties is what makes the purification of
fullerenes by preparative chromatography a most
inefficient process. For example, the solubility of
C, in n-hexane, which is the best mobile phase
to use with the different adsorbents suggested
(with regard to the retention factor and the
selectivity) is ca. 40 pg/ml. The injection of a
net amount of 1 mg of this cluster (i.e., the same
amount as used to obtain the chromatogram
shown in Fig. 10) would require the huge volume
of 25 ml of the saturated solution. To overcome
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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 1.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).

TABLE I
PHYSICAL CHARACTERISTICS OF SILICA GEL

Silicagel Poresize Specific Pore volume Particle
A) surface area  (ml/g) size
(m®/g) (um)
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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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
mi/min. The dead time of the columns was
determined by injection of 1,3,5-tri-fert.-
butylbenzene used as non-retained compound.
Typically, 10 ul 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), Troger base (TB), benzoin (Bz),
benzoin methyl ether (BME) and flavanone
(Fla).

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

(SO} (TB) (Fla)
(o} [}
i I
e e-c)
OCH3 OH
(BME) (Bz)

Fig. 1. Structures of test compounds.
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110 °C for 24 h. After cooling, 30 ml of methanol
are added and the resulting solution is poured
into 400 ml of methanol with stirring. The
precipitate is filtered and washed twice with
methanol. The product is dissolved in methylene
chloride and precipitated with 400 ml of methan-
ol. This process is repeated three times, at room
temperature, to give a brown solid.

IR (KBr): »(NH) 3400, 3300, 1530 cm™’;
»(CO) 1740 cm™'; »(C-0-C) 1030-1100 cm™*
(no adsorption at 3470 cm ™", hydroxyl groups of
polysaccharides). Elemental analyses were satis-
factory.

General procedure for the coating. A 3.2-g
amount of bonded silica gel is added to 0.8 g of
amylopectin carbamate dissolved in dioxane (30
ml). The mixture is stirred for 15 min, then the
solvent is removed with a rotary evaporator.

RESULTS AND DISCUSSION

Description of amylopectin

As for the cellulose CSPs, the polysaccharides
cannot be used as they are because their molecu-
lar mass is too high for them to be soluble.
Hence it is necessary to cut them into lower
molecular mass soluble moieties [18]. The same
applies to amylopectin but fortunately degraded
amylopectin is readily available under the trade
name Glucidex, used as a sugar food. Glucidex is
a mixture of “nutritive saccharides’ obtained by
a sparing hydrolysis of starch maize, followed by
purification and spray drying.

Starch maize is a mixture containing 78%
amylopectin and 22% amylose [19]. Amylose is
composed of about 250-300 glucose units linked
by 1,4-a-disaccharide bridges [20]. The
amylopectin chain composition is similar to that
of amylose, but the molecular structure is more
complex. Amylopectin is a branched structure
constituted of about 1000 glucose units. Several
hundred side-chains, having 20-25 glucose units
each, are linked to the major chain by 1,6-
a-disaccharide bridges (Fig. 2) [21].

During hydrolysis (acidic or enzymic) of
starch, amylose is degraded to maltose and then
to glucose [22,23] and amylopectin is slightly
degraded giving a lower molecular mass ramified
polysaccharide [21]. When the degradation of
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Fig. 2. (A) Structure of amylopectin; (B) snmphﬁed structure
~of amylopectm

starch is substantial, the breakdown products are
named dextrins. _

The final product (Glucidex) used here is a
mixture of glucose (1%), maltose (2%) and
higher polysaccharides (97%) having a polydis-
persity of 8500, a mass-average molecular mass
of 12 800 and a number-average molecular mass
of 1500 [24].

Preparation of the chiral agent

The Glucidex is easily converted into carba-
mates by adding isocyanate derivatives under the
usual conditions (Fig. 3). The crude carbamate is
purified by a series of precipitations followed by
solubilization to remove glucose, maltose and
oligosaccharide carbamates, giving a purer
amylopectin carbamate with a narrow molecular
distribution, measured by gel permeation chro-
matography. For- example, amylopectin tri-
phenylcarbamate has a polydispersity of 2550
and a mass-average molecular mass of 9000,
indicating loss of material. Then amylopectin
carbamate is coated on an amino-bonded silica,
packed in a 250 x 4.6 mm LD. stainless-steel

~
CHyOCONHPh-(X
] CHy0H i 2 {X)
° o o 0
HO (X)"PhNHCOO
OH (X)-PhNHCOO
o )
| (X)-PhNCO
e
0 O pyrdineA |
HO o 0
ol (X)-PhANHCOO
o (X)-PhNHCOO

o~

Fig. 3. Preparation of amylopectin carbamates.
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column by a slurry method [18] and used as
chiral support.

To have a large range of amylopectin CSPs,
several substituents listed in Table II were intro-
duced onto the phenyl group of derivatized
amylopectin.

Before discussing the chiral behaviour of the
different amylopectin CSPs, several achiral pa-
rameters such as the type of aminosilane, the
pore size of the bonded aminosilica and the
percentage of chiral agent coated have to be
studied in order to establish their influence on
chiral discrimination.

Influence of the aminosilane

Okamoto et al. [18] used vy-aminopropyltri-
methoxysilane to deactivate silica gel because
amino groups have the property of forming
hydrogen bonds with carbamate functions,
stabilizing the coating. In this way, to have a
more stable coating, it would be of interest to
increase the hydrogen bonds by using a di- or a
triaminosilane for silanization. However, it is not
certain that all amino groups form hydrogen
bonds and as a consequence they can have
undesirable effects on the elution.

Therefore, in order to establish the best
aminosilane, silica gel (N-1000-5) was deriva-
tized with 3-aminopropyltrimethoxysilane (IN),
N - aminoethyl - 3 - aminopropyltrimethoxysilane
(2N) and triaminosilane (3N) and coated with
amylopectin triphenylcarbamate (PhAMY) as
chiral agent using the procedure described Ex-
perimental. Their influences on chiral recogni-
tion are reported Fig. 4.

In general, the capacity factors are slightly
better with monoaminosilane derivatization and

TABLE 11
LIST OF DIFFERENT AMYLOPECTIN CSPs

Phase Substituent
pMeOPhAMY 4-OCH,
pMePhAMY 4-CH,
3,5MePhAMY 3,5-(CH,),
PhAMY H
pFPhAMY 4-F
3,4CIPhAMY 3,4-Cl,
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Fig. 4. Influence of the nature of aminosilane on the chiral
discrimination.

the a values are almost the same for the three
amino-bonded silicas, showing the weak influ-
ence of the type of amino chain on the discrimi-
nation power. However, for all racemates, the
resolution is higher with monoamino-bonded
silica gel and the decrease in chiral resolution is
comparatively greater with increase in the
number of amino groups and the longer the arm.
Therefore, silica gel was subsequently derivat-
ized with y-aminopropyltrimethoxysilane.

Influence of the silica gel pore size

To prepare cellulose phases, Okamoto et al.
[18] used large-pore silica gel with a diameter
=>1000 A because celluloses have a molecular
mass of about 32000. As amylopectins have a
lower molecular mass (about 10 000), the use of
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large-pore silica gel is not obvious. Hence, to
define the exact type of silica gel, PhAMY CSPs
were made with four silica gels having pore sizes
of 100, 300, 1000 and 4000 A. The studies under
the usual conditions are reported in Fig. 5.

All the CSPs show a chiral recognition power,
but silica gel of 100 A pore size has a poor
ability. It seems to be difficult for the macro-
molecules of substituted amylopectin to pene-
trate the pores, giving a heterogeneous coating
of the surface, closing more or less the pores.
Considering the changes in enantioselectivities,
resolutions and the specific surface -areas, it
appears that a 300 A pore-size silica gel is the
best compromise.

Percentage of chiral agent coated

The chiral ability of the CSP depends on the
thickness of the coating. Usually, the greater the
amount of chiral agent, the better is the chiral
discrimination. For the coated cellulose CSP,
Okamoto and co-workers [18,25,26] chose a rate
of coating of about 20-25% by mass.

To have an exact view of the amount of chiral
agent, several PhAMY CSPs coated with differ-

3 100A
3 300A
£ 1000A

- [J4000A

B

DY
TRl

\ o
VIIIIIIII I I TN IIEGEY,

DOLYOO

LYK
¥

TN

SO TB Fla BME Bz.

Fig. 5. Influence of silica gel pore size on the chiral discrimi-
nation.
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Fig. 6. Influence of percentage of PhAAMY coated on the
capacity factor.

ent percentages on a 300 A pore-size aminosilica
gel were studied (Figs. 6 and 7).

As the percentage of PhAMY coated on silica
gel increases, the capacity factors increase (Fig.
6) and do not affect the enantioselectivity (Fig.
7). This is a normal phenomenon in chromatog-
raphy. However, the resolution increases rapidly
with a coating rate between 20 and 25%, beyond
which the effect is small. It appears that res-
olution increases when the capacity factors in-
crease, but for values higher than 25% the
efficiency of the column decreases because the
substituted polysaccharides close the pores.
Hence a coating of 25% by mass appears to be
the best average.

Therefore, in subsequent work, a 25% coating
of substituted amylopectin on 300 A silica gel
derivatized with 3-aminopropyltrimethoxysilane
was used.

Influence of the substituent present on phenyl
group

As. for the other polysaccharide CSPs, the
chiral recognition ability depends largely on the
substituent attached to the phenyl moiety [11-
17,25,26]. In order to investigate the influence
on chiral discrimination, the racemates used
above were chromatographed on the substituted
amylopectin phenylcarbamates listed in Table II.
(No discrimination ability was observed with
benzolamylopectin like that for benzoylpullulan
{27]. Amylopectin 4-nitrophenylcarbamate and
4-chlorophenylcarbamate were also synthesized,
but they are soluble in hexane, as mobile phase,
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Fig. 7. Influence of the percentage of PhAMY coated on
enantioselectivity.

containing 2% of 2-propanol.) The results are
summarized in Table III.

With polysaccharide carbamate derivatives,
the polar interaction centre of the CSP is the
urethane group. The inductive effect of sub-
stituents on the phenyl group of the urethane
moiety depends on the nature, position and
number of substituents. Hence a chromatograph-
ic system with a non-polar eluent, hydrogen
bond and dipole—dipole interactions between the
urethane moiety of amylopectin triphenylcarba-
mate and the polar groups of racemic com-
pounds are considered to be the dominant forces
for chiral recognition. Both CO and NH of the
carbamate moiety can interact with the solute
through a hydrogen bond.

The introduction of an electron-withdrawing
substituent such as a halogen increases the acidi-

G. Félix and T. Zhang | J. Chromatogr. 639 (1993) 141-149

TABLE III

CAPACITY FACTORS OF THE LESS STRONGLY RE-
TAINED ENANTIOMER AND SELECTIVITIES

CSp Parameter Racemate
SO TB Fla BME Bz
pMeOPhAMY k; 0.72 1.60 2.82 195 5.87
a 1.18 1.00 1.08 1.18 1.19
pMePhAMY  k; 0.57 136 2.10 143 429
@ 1.30 1.00 1.18 147 1.19
3,5MePhAMY k; 0.67 1.00 1.82 464 1.33
a 1.46 1.38 1.33 1.18 2.47
PhAMY K} 0.72 144 284 194 5.68
a 1.31 122 127 134 1.23
pFPhAMY ' 062 1.64 2.68 2.08 5.70
a 1.13 1.14 122 1.11 1.00
3,4CIPhAMY  k; 061 2.70 3.50 3.20 7.11
a 1.00 1.00 1.27 1.00 1.00

ty of the NH proton [26]. On the one hand, the
increase in the acidity of the NH proton should
enhance the capability for hydrogen bond forma-
tion of this proton with an electron-donating
group such as carbonyl. On the other hand, an
electron-donating group such as an alkyl in-
creases the electron density of the carbonyl
group, strengthening the hydrogen bond. Hence
the introduction of an alkyl or halogen group is
expected to improve the chiral recognition ability
of cellulose or amylose triphenylcarbamates [11-
17,26].

This mechanism, well established for cellulose
and amylose CSP, is not completely valid for
amylopectin triphenylcarbamates. For example,
the 3,4CIPhAMY CSP shows no discriminating
power whereas the similar cellulose type exhibits
a high chiral recognition {26] and MeOPhAMY
CSP gives separations of the racemates (except
Troger base) whereas the cellulose type does not
improve chiral recognition [17]. The best separa-
tions are observed when the substituents
are weak electron donors (PhAMY and
3,5MePhAMY), giving similar results to those
obtained on the cellulose and amylose CSPs [11-
17,26]. The ramified structure of amylopectin is
probably responsible for the difference in be-
haviour, by increasing the inclusion phenomenon
and changing the environment of the glucose
unit. Examples of separations of racemic com-
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pounds on 3,5MePhAMY CSP are given in Fig.
8.

Comparison of the chiral recognition abilities of
cellulose, amylose and amylopectin CSPs

Capacity factors of the less strongly retained
enantiomers and selectivities for four racemates
(SO, TB, Fla and Bz) on cellulose, amylose and
amylopectin CSPs are listed in Table IV. The
data for cellulose and amylose CSPs were ob-
tained from the literature {11, 26]. For racemates
of trans-stilbene oxide and Troger base, amylose
and cellulose CSPs appear to have a better chiral
recognition ability. For flavanone and benzoin, it
is less evident. In general, AMY CSPs exhibit a
better discriminating power than cellulose CSPs
(Fla and Bz) and amylose CSPs (Bz). This ability
is particularly true when the substituents of the
phenyl group have a donor effect.

0
1]

(: }-c-c-( :>
day

il

Fig. 8. Examples of separation of racemic compounds on
3,5MePhAMY CSP. Mobile phase, hexane—2-propanol
(95:5); flow-rate, 0.5 ml/min.
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In fact, each polysaccharide CSP has its own
chiral properties; the discriminating power de-
pends largely on the structure of the polysac-
charide but also on the structure of the race-
mates.

Study of the separation mode

The cellulose CSP can be used in normal and
reversed modes [28]. Effectively, the carbamate
group gives polar interactions (hydrogen bonds
and dipole—dipole interactions) and the phenyl
moiety hydrophobic (apolar) and - interac-
tions. Hence, in the reversed-phase chromato-
graphic mode hydrophobic interactions occurred
and in the normal mode polar or 77 interac-
tions were responsible for the separations.

To examine the effect of the chromatographic
mode on chiral discrimination, 3,5MePhAMY
CSP was studied in normal and reversed modes.
The results are given in Table V.

In the normal mode, racemates were eluted in
the order Bz >Fla>BME > TB > SO, showing
the relationship between enantiomer structures
and polar strength intensities. trans-Stilbene
oxide enantiomers are the least retained owing
to the deficiency of polar interaction centres and
benzoin enantiomers are the most retained
because they have two polar groups (OH and
C=0), able to form strong hydrogen bonds.
However, the enantioselectivity values increase
in the opposite order (Bz<BME < Fla<TB <
SO), showing that a long retention time does not
lead to the best chiral separation. The solute
affinities for the CSP do not contribute to the
chiral discrimination.

With the reversed mode, the polar interactions
are destroyed and replaced by hydrophobic in-
teractions, giving the order SO>Fla>TB>
Bz >BME for capacity factors and Bz <BME <
SO<TB<Fla for enantioselectivities. The
AMY CSP can be used in both modes, but its
behaviour is different.

CONCLUSIONS

Preparations of substituted amylopectin CSPs
coated at 25% by mass on an achiral support of
300 A pore size and derivatized with 3-amino-
propyltrimethoxysilane were described. Chiral
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TABLE 1V
COMPARISON OF RECOGNITION ABILITIES OF CELLULOSE (Cel), AMYLOSE (Am) AND AMYLOPECTIN (AMY)
CSPs
CSp Racemate
SO TB Fla Bz
k; a ki a k; a ky a
p-MeO Cel 0.56 1.34 1.09 1.01 2.23 1.01 0.48 1.01
AMY 0.72 1.18 1.60 1.00 2.82 1.08 5.87 1.19
p-Me Cel 0.51 1.55 0.75 1.48 1.57 1.16 3.00 1.12
AMY 0.57 1.30 1.36 1.00 2.10 1.18 4.29 1.19
3,5-Me Cel 0.74 1.68 0.97 1.32 1.47 1.41 2.43 1.58
Am 0.42 3.04 0.53 1.58 0.93 1.12 3.14 1.21
AMY 0.67 1.46 1.00 1.38 1.82 1.33 1.33 2.47
H Cel 0.67 1.46 1.12 1.37 2.22 1.10 5.28 1.01
Am 0.39 1.46 0.77 1.28 2.21 1.51 3.72 1.00
AMY 0.72 1.31 1.44 1.22 2.84 1.27 5.68 1.23
p-F Cel 0.52 1.38 1.00 1.14 1.89 1.13 4.26 1.14
AMY 0.62 1.13 1.64 1.14 2.68 1.22 5.70 1.00
3,4-Cl Cel 0.38 1.93 0.79 1.47 1.29 1.04 3.24 1.10
AMY 0.61 1.00 2.70 1.00 3.50 1.27 7.11 1.00
TABLE V
EFFECT OF SEPARATION MODE WITH 3,5MePhAMY CSP
Mobile phase Parameter SO TB Fla BME BZ
Hexane-2-propanol (90:10), 1 ml/min k; 0.67 1.00 1.82 1.24 4.64
a 1.46 1.38 1.33 1.23 1.18
Ethanol-water (75:25), 1 ml/min k3 1.44 0.57 1.34 0.19 0.30
a 1.17 1.40 1.46 1.11 1.00
recognition of amylopectin triphenylcarbamate REFERENCES

derivatives depended greatly on the type, posi-
tion and number of substituents on the phenyl
groups. Racemic compounds considered in this
work are resolved with 3,5-dimethylphenylcarba-
mate; however, 3,4-dichlorophenylcarbamate
has a very low chiral recognition whereas
4-methoxyphenylcarbamate exhibits a real dis-
criminating power. The branched structure of
amylopectin induces different mechanisms to
those for cellulose or amylose, requiring further
studies to explain the retention mechanisms.
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ABSTRACT

A tandem supercritical fluid extraction-liquid chromatography system for determination of chlorinated phenols in various solid
matrices is described. The system permitted direct introduction of supercritical fluid extracts into the liquid chromatograph,
allowing quantitation down to the sub-parts per million (w/w) levels without any sample clean-up. The system performance
compared favorably with the traditional methodologies in terms of both the analysis speed and the selectivity.

INTRODUCTION

Supercritical fluids with the low viscosities and
relatively high densities are efficient solvents for
a number of compounds. These fluids can be
made selective solvents through change in den-
sity, brought about by relatively simple tempera-
ture and pressure manipulations. Due to rapid
equilibration periods and variable solvating
strength of these fluids, there has been consider-
able interest in the application of supercritical
fluid extraction (SFE) in analytical chemistry.
SFE has been used for rapid extraction of a
variety of xenobiotics and extraction efficiencies
ranging from 70-98% have been obtained for
non-polar and moderately polar analytes such as

* Corresponding author. Present address: Department of
Chemistry, 142 Schrenk Hall, University of Missouri—
Rolia, Rolla, MO 65401-0249, USA.

0021-9673/93/$06.00

polychlorinated biphenyls, chlorinated pesticides
and phenols [1-3]. The extractions can be ac-
complished in much shorter periods than the
liquid solvent-based extraction methods. In addi-
tion, SFE extracts are cleaner due to lower
concentrations of interfering co-extractants. This
last feature permits the direct introduction of
extracts into analytical systems such as gas chro-
matography (GC), supercritical fluid chromatog-
raphy (SFC), liquid chromatography (LC) and
mass spectrometry (MS) [4-10].

The coupling of SFE and LC results in an
integrated system which is suitable for a number
of moderately polar and polar chemicals and a
few applications of such systems have been
reported in literature. Nieass et al. [11,12] used a
coupled SFE-LC system for solubility assess-
ment of organic compounds. Evaluation of a
similar system for extraction and determination
of valtrate and didrovaltrate from Radix val-
erianae was reported by Unger and Roumeliotis

© 1993 Elsevier Science Publishers B.V. All rights reserved
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[13]. Schneiderman et al. [14] used a SFE-HPLC
system with electrochemical detector for the
determination of anthraquinone in paper and
wood. Direct coupling of SFE with microcolumn
LC has recently been described by Cortes et al.
[15]. In this system micro-LC was used as a clean
up (fractionation) step prior to GC separation
and analysis.

Solvation and extraction of chiorinated
phenols from solid matrices such as soil, wood
and biological tissue have been under investiga-
tion in our laboratory. These studies have been
facilitated by a tandem SFE-LC system. The
system also performed well in the determination
of phenols at trace levels, details of this applica-
tion are presented in this article.

EXPERIMENTAL

A schematic of the SFE-LC system is shown
in Fig. 1. The system consisted of a pneumatic
amplifier (Model AAD-30; Haskel Engineering,
Burbank, CA, USA), a pressure surge tank,
extraction vessels and a liquid chromatograph.
The pressure surge tank and extraction vessels
were placed in a thermostated water bath. Car-
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bon dioxide from the cylinder was compressed to
desired pressure with the pneumatic amplifier.
The compressed CO, was introduced into the
660-ml capacity surge tank. The surge tank acted
as a reservoir for compressed CO, and also
served to bring the CO, temperature down to
the operating level. Samples were loosely packed
into a glass wool lined wire mesh sample holder.
The sample holders were placed in the extraction
vessel and extraction vessel sealed. Extraction
vessels were pressured by opening the inlet
valve. The contents were allowed to equilibrate
for periods ranging from 30 min to 2 h. After a
set equilibration period on aliquate of equili-
brated CO, was transferred to LC by operating
the appropriate three-way valve and a vessel
selection valve (V-3) and the sampling loop valve
(V-2). Extraction vessels with internal volume of
150 ml were used. These vessels were designed
to operate at pressures up to 400 atm (1 atm =
101 325 Pa) and were fabricated at the Science
Instrument Shop, University of Missouri—
Columbia. Three-way stainless-steel valves were
purchased from High Pressure Equipment (Erie,
PA, USA). The vessel selection valve (V-3) and
sampling loop valves (V-1 and V-2) were ob-

HPLC sample injection valve

Needle port

Extraction
vessels

i Shut-off valve
X Quick-connect

Yent

cylinder

Fig. 1. A schematic of the on-line SFE-HPLC system.

Waste
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tained from Rheodyne (Cotati, CA, USA).
Incorporation of valve V-3 permitted sequential
sampling of up to six extraction vessels. The
details of sample preparation and SFE apparatus
have been presented elsewhere [16].

A 20-u1 loop (V-1) was used for introducing
samples during the routine LC mode of oper-
ation, whereas a 50-ul loop (V-2) was used for
introduction of the SFE extract. The LC system
consisted of a bonded C,; column, a LC pump
(Model series 4; Perkin-Elmer, Norwalk, CT,
USA) and a UV-Vis detector (Model LC-85,
Perkin-Elmer). To prevent formation of CO,
bubbles, two linear restrictors consisting of 8
cm X 25 um L.D. fused-silica tubing were at-
tached at the end of the detector and the vent
tube. The restrictor tubing was obtained from
Polymicro Technologies (Tucson, AZ, USA).
The selection of restrictors was based on the
pressure limit of the detector cell, mobile phase
flow-rate and composition. A low-volume pres-
sure transducer (void volume ca. 10 pnl) was
installed in the back of sample loop restrictor to
ascertain the pressure difference between the
extraction vessel and the sampling loop.

The separation of chlorinated phenols was
accomplished by reversed-phase chromatography
with a 250 x 4.6 mm 1.D. stainless-steel column
with 5 um C,, bonded silica packing (Supelcosil;
Supelco, Supelcopark, PA, USA). Water—ace-
tonitrile was used as the mobile phase, the
composition being changed from 100% A
(water—acetonitrile—acetic acid, 94:5:1) to 100%
B (acetonitrile~acetic acid, 99:1) in 35 min using
a linear solvent gradient. The absorbance of
separated components was measured at 275 nm.

The initial evaluation of the SFE-LC system
was carried out with a mixture of chlorinated
phenols spiked on glass beads. However, optimal
partition parameters were established for each
matrix separately. This optimization involved
selection of equilibration pressure, temperature,
modifier, modifier concentration. The minimum
detection limit (MDL) and linearity of response
were determined by spiking different matrices
with the phenol mixture over a concentration
range of 1-500 ppm (w/w). For comparative
purposes soil and wood shaving samples were
also extracted by conventional liquid solvent
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Fig. 2. Flow scheme for the determination of chlorinated
phenols in wood shavings.

based methods which entailed Soxhlet extraction
followed by partitioning of phenols and other
acidic components into a strong base, neutraliza-
tion of the base and back extraction of the
phenols into methylene chloride. The extraction
and clean-up schemes are outlined in the flow
schemes in Fig. 2.

RESULTS AND DISCUSSION

The optimization of the system involved selec-
tion of SFE and LC parameters. These parame-
ters were first selected independently through
off-line extraction experiments and collection of
extracts in methanol. Extracted phenols were
analyzed by introduction of methanol into the
liquid chromatograph through valve V-1. The
objective of optimization experiments as to es-
tablish conditions which permitted highest selec-
tivity, i.e., where recovery of components of
interest was highest and amount of coextractants
lowest. In earlier studies it was pointed that
optimal conditions are dependent not only on
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the analytes but also on the matrix. For instance,
while the non-polar analytes such as polychlori-
nated biphenyls (PCBs) and chlorinated bi-
phenyls can be readily removed from biological
matrices with carbon dioxide, recoveries of the
same analytes is much worse from soil or sedi-
ments. These differences arise from the fact that
these non-polar analytes are generally associated
with non-polar portions of the biological tissues
with which carbon dioxide exhibits better wetting
properties than polar humic portions of soil and
sediments. Distribution coefficients for a number
of non-polar and moderately polar organics in
different supercritical fluids and matrices have
been determined in our laboratory. Most of
these studies were conducted with an off-line
extraction set-up [17]. These experiments
showed that optimal extraction parameters for
all matrices were in the near critical region, i.e.,
the extraction temperature of 40°C and the
pressure of approximately 170 atm. Under these
conditions a minimum equilibration period of 30
min was required to reach steady state concen-
tration. As a result, in all experimental extrac-
tions, an equilibration period of 1 h was em-
ployed.

Under the optimized LC parameters separa-
tion of all phenols of interest was achieved in
approximately 25 min. The first step in the
evaluation of tandem SFE-LC was to monitor
the integrity of the chromatographic separation.
The introduction of pressurized carbon dioxide
led to considerable deterioration in the chro-
matographic performance. The primary cause of
this deterioration was bubble formation (entrap-
ment of CO,) at the exit end of the chromato-
graphic column and the detector cell. High
diffusivities of solutes molecules in the CO, band
also led to peak broadening (Fig. 3). The band
broadening problem was addressed through the
modification of solvent gradient which entailed a
longer initial hold and lowering of acetonitrile
concentration in the eluent A from 30% to 5%.
These changes allowed CO, band to elute away
from most solutes of interest. The overall effect
of these changes was an elongation of elution
time from 25 min to 35 min. The problem of
CO, bubble formation was eliminated by instal-
ling a restrictor at the outlet of the detector.
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Fig. 3. Output of UV-Vis detector in the integrated system
without outlet restrictor. y-Axis is reponse in arbitrary units.

Linear restrictors with 50 um I.D. were used for
the purpose. The back pressure was determined
by the length of the restrictor and the flow-rate.
In the present study an over pressure of 850
p.s.i. (1 p.s.i.=6894.76 Pa) was found to be
adequate for preventing bubble formation. The
chromatographic separation of phenols obtained
with the integrated SFE-LC is shown in Fig. 4.
This separation was achieved by introducing 250
wng of phenols on 10 g of glass beads. Spiked
glass beads were placed in extraction vessels and
equilibrated with CO, at 170 atm and 40°C for 1
h. A 50-ul aliquot of CO, extract was introduced
into the LC system through the sampling valve
(V-2). The chromatographic performance of the
system remained largely unchanged except for
peaks co-eluting of CO, or immediately after it.
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Fig. 4. Chromatogram of chlorinated phenols obtained with
SFE-HPLC system under optimized gradient conditions and
with outlet restrictors. y-Axis is reponse in arbitrary units.
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The performance of the system was evaluated
over a concentration range of 1-500 ppm with
two other solid matrices: soil and wood shavings.
A linear response was obtained over the entire
range for each analyte with all three matrices.
The calibration curves obtained with glass beads
are shown in Fig. 5. A high degree of precision
was obtained with the system. The standard
deviation for six replicate analyses was less than
2%. It should be pointed out that detection limit
and linear range in the system are interrelated
and are depended on a number of parameters
which include sample size, extraction vessel
volume and the sampling loop volume. These
parameters are in turn depended on partition
ratios of the analyte in the given matrix/super-
critical fluid system. The MDL of the system can
be calculated through the following expression.

Vex 1 1
MDL (Ppm)=d1'—‘%'f's—

where d, is the instrument detection limit (ug),
V, is the volume of sampling loop (ml), Vg is
the volume of the extraction vessel (ml), K is the
partition ratio of the analyte and Sy, is the
sample mass (g).
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20000

0- T T T T
0 1000 2000 3000 4000 5000

Phenols spiked on glass beads (pg)

Fig. 5. Calibration curves for chlorinated phenol. Lines:
1=phenol (y=499.62+3.4372x, R*=0.999); 2=2,4-di-
chlorophenol (y = —775.79 +15.790x, R*=0.995); 3=4-
chlorophenol (y = 95.502 + 16.680x, R*> = 0.995); 4 =2-chlo-
rophenol (y = —81.644 + 15.496x, R?=0.995); 5=3-chlo-
rophenol (y = —570.43 + 20.923x, R*= 0.999); 6=2,4,5-
trichlorophenol (y = —142.98 +21.288x, R*=0.999); 7=
tetrachlorophenol (y =227.97 + 14.250x,. R*=0.999); 8=
pentachlorophenol (y =253.30 + 75623x, R*>=1.000); 9=
2,6-dichlorophenol (y =279.73 + 3.6365x, R* = 0.999).
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While little difference in chromatographic per-
formance was observed in case of soil samples,
the recoveries were generally low, falling in 60—
65% range. To achieve better extraction efficien-
cies (=80%) a polar modifier such as methanol
had to be introduced into the extraction vessel,
and 5% (w/w) methanol was found to give
optimal results. Under these conditions the com-
plete analysis was performed in 1.5 h which
compared favorably to the ca. 15 h required for
traditional analytical methodologies.

System performance was found to be decided-
ly superior in case of complex matrices which
contain high levels of interfering compounds,
e.g., wood samples with high pigment content.
The analyses of chlorinated phenols in such
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Fig. 6. (a) Chromatogram of liquid solvent extract of a wood’
shaving sample. (b) Chromatogram of liquid solvent extract
of a wood shaving samples spiked with chlorinated phenols;
spike concentration 20 ppm. y-Axes represent response in
arbitrary units.
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Fig. 7. Chromatogram of supercritical fluid extract of a wood
shavings sample spiked with chlorinated phenols. Spike
concentration 20 ppm. y-Axis is response in arbitrary units.

matrices are exceedingly difficult due to the
presence of interferents. The chromatography of
a wood shaving extract obtained by Soxhlet
extraction, followed by extraction with a base,
neutralization and black extraction into
methylene chloride is shown in Fig. 6a. The
complexity of the chromatographic data is self
evident and prevented quantitation of spiked
phenols (Fig. 6b). By contrast, the supercritical
fluid extracts were decidedly cleaner with con-

TABLE 1

DETECTION OF PHENOLS BY SFE-HPLC IN WOOD
SAMPLE

Components Recovery (%)° Detection
limit (in 15 g
sample) (ppm)

Phenol 106.4 2.5

2-Chlorophenol 93.3 1.0

4-Chlorophenol 94.6 1.0

3-Chlorophenol 96.1 1.0

2,4-Dichlorophenol 100.7 1.0

2,6-Dichlorophenol 101.1 1.0

Trichlorophenol 85.2 1.0

Tetrachlorophenol 85.0 2.5

Pentachlorophenol 84.7 33

“Based on the reference standard spiked on the glass beads
for SFE.
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siderably less pigment load. Results obtained
with SFE-LC system for wood shaving samples
are shown in Fig. 7; all of the phenols could be
quantitatively determined to sub ppm level. A
summary of spike recoveries and detection limits
are given in Table I.

CONCLUSIONS

Quantitative recoveries for chlorinated
phenols can be obtained with CO, under near
critical conditions. The CO, extract can be easily
and directly introduced into a LC system for
rapid determination of these analytes.
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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—co-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 [n] =2.67-10™* M*", 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 (M,) 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.

0021-9673/93/$06.00

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-O-methyl-
D-glucuronoxylan in aprotic solvents (dimethyl
sulphoxide, dimethylformamide (DMF) by
HPSEC, using a poly(2-hydroxyethyl methac-
rylate—co-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,PO, and LiBr as eluent.
Further experiments demonstrated that the
Separon S HEMA 1000 packing is a stable in

© 1993 Elsevier Science Publishers BV. All rights reserved



160 T.E. Eremeeva and T.O. Bykova | J. Chromatogr. 639 (1993) 159-164

strongly alkaline media and it is possible to
determine the MMD of hemicelluloses using
cadoxen (pH=13) as eluent [14,15]. A disad-
vantage of this method is that large amounts of
cadoxen, an expensive and laborious way to
prepare eluent, are needed.

In this work, in order to develop a more
convenient and rapid method for the determina-
tion of the MMD of hemicelluloses by HPSEC,
the use of a prepacked Separon S HEMA 1000
column with 0.5 M NaOH as eluent was investi-
gated.

EXPERIMENTAL

Chemicals and materials

Analytical reagent-grade sodium hydroxide
(Lachema, Brno, Czech Republic) and doubly
distilled water were used. Dextran standards T
10, T 20, T 40, T 70, T 110, T 500 and T 2000
were obtained from Pharmacia (Uppsala,
Sweden). Oat husk xylans were obtained from
Sigma (St. Louis, MO, USA) and Serva (Heidel-
berg, Germany).

Isolation of the hemicelluloses

The preparation and characterization of the
xylan fractions were described elsewhere [13].
The isolation procedures for birch and beech
xylans and arabinogalactan were described previ-
ously [13,16,17]. Spruce glucomannan was iso-
lated from spruce chlorite holocellulose by the
usual procedure, as described for the glucoman-
nan [3].

Extraction of the hemicelluloses fractions

A 400-mg amount of milled pulp fibres or
holocellulose was placed in a 10-ml tube, 4 ml of
18% NaOH were added and the mixture was left
for 1 h at room temperature. The sample was
quickly squeezed and filtered through an N2
glass filter and then immediately analysed by
HPSEC.

Solution preparation

The solvent for all samples was 0.5 M NaOH,
except for larch arabinogalactan, for which water
was used as the solvent. The time for complete
dissolution was 10-20 min. To calibrate the

chromatographic system and to analyse isolated
hemicelluloses samples, 25 pl of 0.2% solutions
were injected. The hemicelluloses were found to
be stable in 0.5 M NaOH at least for 6 h; the
chromatograms after this time were virtually
identical with these obtained immediately after
the dissolution.

HPSEC

The analyses were performed on a size-exclu-
sion chromatograph from Laboratory Instru-
ments (Prague, Czech Republic) with a refrac-
tometric detector, equipped with a Rheodyne
Model 7125 fixed-loop (100 ul) injector. A
prepacked stainless-steel column (250 X8 mm
I.D.) containing Separon S HEMA 1000 (10 m)
(Tessek, Prague, Czech Republic) was used. The
eluent was 0.5 M NaOH and analyses were
carried out at the room temperature. The analy-
sis time was 20 min at a flow-rate 0.4 ml/min.

Intrinsic viscosity measurement

Viscosities were determined at 25 +0.05°C in
cadoxen using an Ubbelohde viscometer. The
DP, of the hemicelluloses samples was obtained
from viscometric measurements using the follow-
ing equation, established for xylan [4]; [n]=
9.2-107* DPY® dl/g.

RESULTS AND DISCUSSION

Calibration of column

A series of dextrans were used to obtain the
calibration graph and to check the range of
retention volume for chromatographic separa-
tion. The M, parameters of dextran standards
provided by the manufacturer are given in Table
I

Fig. 1 shows typical elution curves for dextran
standards under the conditions applied. The
fractionation of dextrans T 10, T 20, T 40, T 70
and T 110 is resulted in symmetrical curves;
dextrans T 500 and T 2000 were only partially
resolved since a portion of them have M, values
higher than the column exclusion limit. A plot of
0.5 log (M_M_) against retention volume (V)
gives a straight line over the range 3+ 10°-2-10°
(Fig. 2).
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TABLE 1
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MOLECULAR MASS AND ELUTION CHARACTERISTICS OF DEXTRAN STANDARDS AND XYLAN FRACTIONS

M, = mass-average molecular mass; M, = number-average molecular mass; M, = peak molecular mass calculated by 0.5 In

(M_M).

No. Sample M, M, M, V., (ml) Log M,[7]
1 Dextran T 2000 2 000 000 3.96 6.21
2 Dextran T 500 506 000 190 000 310000 4.08 5.24
3 Dextran T 110 116 000 56 000 81700 4.87 4.38
4 Dextran T 70 66 300 36 400 49100 5.25 4.05
5 Dextran T 40 39400 23400 30400 5.58 3.75
6 Dextran T 20 20900 14000 17100 6.00 3.38
7 Dextran T 10 9 500 4900 6 800 6.58 2.78
8 Xylan I 26200 20 800 23300 5.33 3.98
9 Xylan II 22 300 17 700 19900 5.47 3.87

10 Xylan HI 17 600 13100 15200 5.70 3.66

11 Xylan IV 13 000 9600 11170 5.94 3.43

12 Xylan V 11 000 7900 9300 6.09 3.29

13 Xylan VI 5800 4200 4900 6.62 2.81

14 Xylan 0 19 000 14 000 16 300 5.64 3.72

15 Raffinose 504 7.25

16 Cellobiose 342 7.40

17 Glucose 180 7.52

The xylan fractions were used to obtain a
calibration graph for evaluation the MMD of
hemicelluloses. The M, and retention volumes of
the fractions are given in Table I. As can be seen
from Fig. 2, the calibration graph for xylans is
linear over the range examined.

The investigation of the elution behaviour of
hemicelluloses showed that there are no non-
exclusion effects observed on the Separon S
HEMA 1000 column in 0.5 M NaOH.

The possibility of universal calibration applied
to the calculation of the MMD of hemicelluloses
was examined. For this purpose, the Mark—
Houwink constants for xylan fractions in 0.5 M
NaOH were calculated using combined SEC and
viscometric data according to the principle de-

!

25 458 a

10 15 min

Fig. 1. Experimental chromatograms of dextran standards
(numbers as in Table I).

scribed by Dobbin et al. [18]. The Mark-
Houwink equation was [] =2.67-10* M°*7* dl/
g, where M = molecular mass. It has been found
that when using for dextran the constants K =
13.2-107% and &« = 0.478 [19], and the evaluated
constants for xylan, the universal calibration {log

lo} M;
(o’ M[p
5 |
y -
2 i 1 1 1

1
3 5 Fd VP, m[
Fig. 2. Calibration graphs of log M =f(V,) for (1) dextran
and (2) xylan and (3) universal calibration of log M[n] =f(V,)
obtained on the Separon S HEMA 1000 column with 0.5 M
NaOH.
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M[n]=£(V,)} is valid, as shown in Fig. 2. Hence
the universal calibration procedure can be used
to calculate the M, parameters of hemicelluloses
if characterized hemicellulose fractions are un-
available.

Analysis of isolated hemicelluloses

In order to demonstrate the ability of the
column to fractionate hemicelluloses according
to M., the following hemicelluloses samples were
used: two wood xylans isolated from birch and
beech holocelluloses, two oat husk xylans sup-
plied by Sigma and Serva, glucomannan isolated
from spruce holocellulose, arabinogalactan from
larch and two hemicellulose fractions from
spruce sulphite and pine kraft viscose-grade
bleached celluloses isolated at the mercerization
stage.

As Fig. 3 shows, the chromatograms of the
investigated hemicelluloses are nearly symmetri-
cal. The M, parameters of these samples calcu-
lated by calibration of xylan fractions are given
in Table II. The xylans from oat husks have a
higher M, than those isolated from hardwood
holocelluloses. Thus, the mass-average molecu-
lar mass M, of the Sigma and Serva xylans are
ca. 25000, whereas those of beech and birch
xylans are ca. 20000 and 17000, respectively.
The pine kraft hemicelluloses differ from those
obtained from spruce sulphite cellulose. They
have a higher M, values and are less polydisper-

TABLE 11

|
10 12 14 16 min

Fig. 3. Experimental chromatograms of isolated hemicellu-
loses (numbers as in Table II).

sive: M, =8900, M_/M_ =1.30 and M, = 5900,
M, /M =1.42, respectively.

The M, data for reference xylans obtained by
SEC are in good agreement with M, (viscosity-
average molecular mass) estimated by viscometry
in cadoxen and are closely comparable to the
results obtained by the other investigators for the
corresponding hemicelluloses [1-3]. The data
obtained show that the calibration graph
evaluated for xylans is applicable to the M,
calculation of softwood glucomannan, giving
reliable results. Thus, the DP, values of sof-
twood glucomannan have been reported to be
from 60 to 90 and M, from 10000 to 15000,
respectively [1-3]; these results are in good
agreement with ours (Table II).

MOLECULAR MASS PARAMETERS OF ISOLATED HEMICELLULOSES

No. Sample i M, M, M,/M, Viscometry in cadoxen
M, DP,

1 Xylan, birch 17510 12 600 1.39 17 000 109
2 Xylan, beech 20650 14440 1.43 20000 133
3 Xylan, oat husks (Sigma) 27 500 20 500 1.34 26 100 174
4 Xylan, oat husks (Serva) 26270 17170 1.53 25000 166
5 Glucomannan, spruce 14 600 11 000 1.45 14 000 86
6 Arabinogalactan, larch 6 600 5500 1.21 - -
7 Hemicelluloses from spruce

sulphite cellulose 5900 4150 1.42 5350 33
8 Hemicelluloses from pine

sulphate cellulose 8900 6830 1.30 8500 53
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For the larch arabinogalactan M, data, it
should be noted that no reliable data have been
reported previously and the estimated earlier M,
values seems to be too high [11,20]. It is our
suggestion that these values for arabinogalactan
M, are high owing to the polyelectrolyte expan-
sion and the M, of arabinogalactan in fact does
not exceed 10000 [16].

Analysis of alkaline extracts

The species of hemicelluloses are traditionally
obtained by extraction with basic solutions; com-
monly 10-24% KOH or NaOH are used, fol-
lowed by precipitation and purification [1-3]. In
this work, the analysis of alkaline extracts from
wood pulps was performed without isolation of
the hemicelluloses from the solution; no sample
treatment other than extraction and filtration
was required. This procedure shortens the analy-
sis time considerably and minimizes any changes
in the hemicelluloses fractions due to sample
preparation.

Fig. 4 shows the SEC of the hemicelluloses
extracted with 18% NaOH from birch holocellu-
lose, spruce sulphite paper- and viscose-grade
pulps and beech and pine kraft viscose-grade
pulps. The volume injected for extracts from
holocellulose and paper-grade samples was 25 ul
and for viscose-grade samples 100 ul.

The M, parameters of the extracted hemicel-
luloses are given in Table III. These data are
compared with the corresponding values for
hemicelluloses presented in Table II. The aver-

TABLE III

Fig. 4. Experimental chromatograms of wood hemicelluloses
extracted with 18% NaOH from (1) birch holocellulose, (2)
beech sulphate viscose-grade, (3) spruce sulphite paper-
grade, (4) pine sulphate and (5) spruce sulphite viscose-grade
celluloses.

age M, and polydispersity of extracted birch
xylan and isolated by the usual procedure from
holocellulose are virtually identical. The
hemicelluloses extracted from pine kraft and
spruce sulphite viscose-grade bleached celluloses
have higher average M, values than the isolated
compounds. Obviously the extracted hemicellu-
loses suffer less extensive changes than those
isolated at the mercerization stage.

It should be pointed out that simultaneously
in addition to the determination of the MMD of
the hemicelluloses, it is also possible by HPSEC
to determine the hemicellulose content in the
extracts obtained from different wood celluloses.

MOLECULAR MASS PARAMETERS AND AMOUNTS OF HEMICELLULOSES EXTRACTED WITH 18% NaOH

FROM CELLULOSES

No. Cellulose sample Solubility in 18% NaOH (%) M, M, M,/M,
Standard HPSEC
method

1 Birch holocellulose 33.0° 30.0 17470 12 640 1.38

2 Spruce sulphite paper-grade cellulose 13.0 13.5 8240 5500 1.50

3 Beech sulphate viscose-grade cellulose 3.9 4.2 10120 6910 1.46

4 Spruce sulphite viscose-grade cellulose 5.0 5.1 9100 6250 1.46

5 Pine sulphate viscose-grade cellulose 4.2 4.3 9410 6580 1.43

“ Pentosan content determined according to ref. 3.
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For this purpose calibration graphs for the corre-
sponding hemicelluloses with known concentra-
tions vs. chromatographic peak area obtained by
refractive index detection were constructed. The
calculated amounts of hemicelluloses in the in-
vestigated wood celluloses are summarized in
Table III. The data obtained by HPSEC are in
good agreement with the hemicellulose content
determined by standard analytical methods [3].
Further investigations in this direction are in
progress, and more detailed information on the
HPSEC analysis of alkali-soluble fractions from
different wood celluloses will be published.

CONCLUSIONS

An HPSEC method for the determination of
the MMD of hemicelluloses, both isolated by a
commonly used procedure and directly extracted
with 18% NaOH, has been described. The
method suggested for the characterization of
wood hemicelluloses is very simple, because
stages such as neutralization, precipitation and
purification, which are usually required in
hemicellulose isolation procedures, are omitted.
All changes in and losses of hemicelluloses
connected with the traditional scheme of isola-
tion in this instance are eliminated.

Further, the HPSEC method can be used to
determine the hemicellulose content in different
wood celluloses and pulps when the corre-
sponding calibration graph has been obtained.
The method presented is useful for measure-
ments of numerous samples in routine work.

The Separon S HEMA 1000 column is particu-
larly suitable for the determination of the MMD
of different hemicelluloses. The possibility of
using this SEC technique for studies of any
alkali-soluble polymer is evident.
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ABSTRACT

Many kinds of authentic fatty acids, including hydroperoxy and hydroxy acids, were found to be not only detectable by liquid
chromatography-mass spectrometry (LC-MS) with an atmospheric pressure chemical ionization interface system, but also
measurable quantitatively by LC-MS installed with a spectrophotometer. We used LC-MS with spectrophotometry to analyse
fatty acids split from lecithins after phospholipase A, treatment. Thus, some hydroperoxy fatty acids split from photo-oxidized

lecithin could be identified.

INTRODUCTION

Recently, we reported the development of a
new method of analysing fatty acids [1,2]. With
this method the amide derivatives of hydroxy
and non-hydroxy fatty acids were sensitively de-
tected by liquid chromatography—mass spec-
trometry with an atmospheric pressure chemical
ionization interface system (LC-APCI-MS). The
method was applied to the simultaneous analysis
of hydroxy and non-hydroxy fatty acids in rat
brain [2] and to the analysis of fatty acids with a
wide range of carbon chain lengths (C,,-C,,) in
some mycobacteria [3].

We further attempted to quantitatively analyse
labile fatty acids such as polyunsaturated hy-
droxy and hydroperoxy fatty acids. As a result,

* Corresponding author.

0021-9673/93/$06.00

3-bromomethyl-7-methoxy-1,4-benzoxazin-2-one
(BrMB), known as a fluorescence labelling re-
agent for carboxylic acid, was found to be useful
for detecting hydroperoxy and hydroxy fatty
acids by LC-MS.

EXPERIMENTAL

Chemicals

Heptadecanoic acid (C,,.,), oleic acid (C;.,),
linoleic acid (C,4.,), a- and vy-linolenic acids
(C,q:3), eicosatetraenoic acid (C,,,), doco-
sadienoic acid (C,,.,) and docosahexaenoic acid
(C,.6) were purchased from Nu-Chek-Prep.
through Funakoshi Pharmaceutical (Tokyo,
Japan). 12-Hydroxystearic acid (12-OH-C,q.,)
was obtained from Serdary Research Labs., 2-
hydroxystearic acid (2-OH-C,,.,) was purchased
from Larodan Fine Chemicals, 15-hydroxy-
eicosatetraenoic acid (15-HETE or 15-OH-

© 1993 Elsevier Science Publishers B.V. All rights reserved



166

C,0.4), 15-hydroperoxyeicosatetraenoic acid (15-
HPETE or 15-O0H-C,,,) and 5-hydroperoxy-
eicosatetraenoic acid (5-HPETE or 5-OOH-
C,y.4) were obtained from Cascade Biochemistry
and 1-palmitoyl-2-arachidonoyl-sn-glycero-3-
phosphocholine and bovine liver lecithin were
purchased from Avanti Polar Lipids through
Funakoshi Pharmaceutical. A standard mixture
of eight kinds of fatty acids (Ci4.95 Ci6.05 Cig:15
Cis:00 Ciai1 Ciaizs ¥-Crgiss Coo0) Was purchased
from Funakoshi Pharmaceutical. High-perform-
ance liquid chromatography (HPLC) grades of
methanol and acetonitrile and N,N-
diisopropylethylamine (DPEA) were purchased
from Nakarai Tesque (Kyoto, Japan). Redis-
tilled water was used for HPLC. BrMB was
obtained from Tokyo Kasei (Tokyo, Japan). Bee
venom phospholipase (PLase) A, (E.C.3.1.1.4)
(Sigma, St. Louis, MO, USA) was further
purified by reversed-phase HPLC according to
the method of Hara et al. [4].

Equipment

A Hitachi (Tokyo, Japan) M-2000-type
double-focusing mass spectrometer—computer
system, equipped with a Hitachi L-6200-type
HPLC instrument through a Hitachi APCI inter-
face system, was used. HPLC was performed
using a reversed-phase Cosmosil 5C,,-packed
column with 5-pum particles (250 mm X 4.6 mm
I.D., Nakarai Tesque). The column temperature
was maintained at 37°C in the column oven. The
eluate from the LC column was conducted to the
mass spectrometer via a photometric cell and the
APCI interface system. Spectrophotometric
chromatograms at a wavelength (A) of 355 nm

T. Kusaka and M. lkeda | J. Chromatogr. 639 (1993) 165-173

methyl (MB) ester of fatty acid] were processed
with a 7000-B-type chromatogram processor
(System Instrument, Tokyo, Japan). The drift
voltage of APCI was 100 V and the temperatures
of the vaporizer and desolvator were 250 and
385°C, respectively. The multiplier voltage of the
mass spectrometer was 1700 V.

Derivatization of fatty acids with BrMB

Derivatization of fatty acids with BrMB was
performed according to a slight modification of
the method of Naganuma et al. [5] (Fig. 1). To
0.3 ml of acetonitrile containing 10-50 nmol of
fatty acids were added 0.2 ml of 2.0 mM BrMB
in acetonitrile and 30 nmol of DPEA as a catal-
yser. The reaction mixture was left at room
temperature for 30 min, and then evaporated to
dryness in vacuo. The residue was dissolved in
20-50 ul of acetonitrile. It was measured by the
LC-MS immediately or stored at —70°C until
use.

Photo-oxidation of unsaturated fatty acids and
lecithin

Photo-oxidation of unsaturated fatty acids and
lecithin was performed according to the method
of Terao et al. [6]. Briefly, 100-200 ug of each
authentic fatty acid (C,5.;, Ciz., @- and y-Ciq 4,
Cy0:25 Cy0.45 Cpazs Cyp.6) OF bovine liver lecithin
were dissolved in 0.5 m] of chloroform—methanol
(1:1, v/v) containing 20 g of methylene blue in
test tubes. Each tube was irradiated with a tung-
sten lamp (40 W) at a distance of 10 cm for 2-3
h. The temperature of the reaction mixture was
maintained at 20°C during the reaction. After
the irradiation, the methylene blue in the

[A,.., for the 7-methoxy-1,4-benzoxazin-2-one-3- medium was removed by column chromatog-
3-Bromomethyl- 7-methoxy- 1, 4-benzoxazin-2-one (Br-MB)
0]
I
N CH20C-R
N\ CH2Br '
R-COOH + - + HBr
CHs0 0 CHsO 0
(Br-MB) (Acyl-MB)

Fig. 1. Equation for the acyl MB preparation.
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raphy with silica gel G (Merck, Darmstadt, Ger-
many) using a mixture of chloroform and meth-
anol (1:1, v/v) as the elution system.

Splitting of fatty acids from lecithin with
PLase A,

Splitting of fatty acids from lecithin with PLase
A, was performed according to the method of
Hara et al. {4]" Briefly, 100-200 ug of lecithin
from bovine liver or 1-palmitoyl-2-arachidonoyl-
sn-glycero-3-phosphocholine  were incubated
with 10 units of purified PLase A, for 10 min at
room temperature in 1 ml of 10 mM Tris—HCI
(pH 8.9) containing 0.1 ml of diethyl ether, 0.1
mM EDTA, 2 mM calcium chloride and 20 mM

(Mass - chromatogram)
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sodium chloride. The split fatty acids were ex-
tracted with hexane—diethyl ether (1:1, v/v).

Reduction of hydroperoxy fatty acids with
sodium borohydride

Reduction of hydroperoxy fatty acids with so-
dium borohydride was performed according to
the method of Van Rollins and Murphy [7]. An
aliquot of 10-50 nmol of authentic 15-HPETE,
5-HPETE or photo-oxidized unsaturated fatty
acids prepared as described above was dissolved
in 1 ml of methanol, after which sodium
borohydride (1 mg) was added. The solutions
were incubated on ice for 15 min and at room
temperature for 10 min. Then 1 ml of water was

(Mass- Spectra)
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Fig. 2. LC-MS of the MB derivatives of standard fatty acids. A mixture of eight kinds of fatty acids (approximately 10 nmol each
of Cy4.05 Ciei0> Cigirs Cisior Cigirs Cugons Cls:3> Cao.0) Was the starting material. The mobile phase was acetonitrile~water (80:20,

v/v) with acetonitrile increasing linearly at the rate of 1%/min.
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1005
3 472 [M-H,0 + H]
q 23
—E 490 [M + H]*
207 -
-3 492 513 550
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Fig. 3. LC-MS spectrum of the MB-12-OH-C,,,,. Mobile phase, 100% acetonitrile.

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

RESULTS
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.

30ng

25
20

LI

T

L T T T
5 10

Fig. 4. Sensitivity of the MB derivative of palmitic acid. The

mass spectrometer—computer system was set to detect a

single ion [M+ H]" with the maximum sénsitivity for the
derivative.

15 min

m/z

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+ H]" in these
derivatives are the base peaks. Ions observed at

1

Optical Density at 355nm —_—
—

2

MB- 15HPETE

MB-Cir:00

L L) 1 T .
0.00 3.33 6.66 10.00 min

Fig. 5. HPLC of MB-15-HPETE and C,,,,. A mixture of 3
nmol each of 15-HPETE and C,,, was derivatized with
BrMB. Mobile phase, 100% acetonitrile.
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m/z 231 in these MB derivatives are assumed to
be ions of [7-methoxy-1,4-benzoxazin-2-one-3-
methyl + CH,CN]. No significant difference
could be observed between the spectra of satu-
rated and unsaturated fatty acids. Peaks in the
spectrophotometric chromatogram at 355 nm
synchronized with those in the mass chromato-
gram. The mass spectrum of the MB derivative
of authentic 12-OH-C,., was also observed (Flg
3). In this spectrum, an ion [M—H ,O+H]"

(base peak) accompanymg a smaller pseudo-
molecular ion [M + H]" was observed. The spec-
trum of the MB derivative of 2-OH-C,z,, Was
similar (data not shown).
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Sensitivity of MB derivative for detection by
LC-MS

The sensitivity of the MB derivative of pal-
mitic acid for detection by LC-MS was de-
termined by monitoring a single ion [M +H]"
(Fig. 4). Even 5 ng of palmitic acid could be
observed.

Derivatization of hydroperoxy fatty acids with
BrMB

Derivatization of 15-HPETE with BrMB was
examined. The MB derivative of a mixture of
15-HPETE and C,,., was prepared according to
the method described in the Experimental sec-

100

3 492 [M-H20-0 + H]*

3 (A) ‘

=

—i 426 508 [M-H20 + H]* N

—.:. 682

400 500 600 m/z
100

_E [B] 492 [M-H20 + H]

5 =

3 510 (M +H]*

—E 461 m 534 546
0 e e .,J i T

400 500 600 m/z

Fig. 6. LC-MS spectra of MB derivatives of 15-HPETE (A) and 15-HETE (B).
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tion. Then, LC-MS with spectrophotometry was
performed (Fig. 5). Fig. 6A shows a mass spec-
trum from peak 2 in Fig. 5. In the spectrum, no
pseudomolecular ion could be observed, but ions
[M—-—H,0+H]* and [M-H,0-O0O+H]"
(base peak) were noted. This spectrum was con-
firmed to be distinguishable from that of 15-
HETE representing a pseudomolecular ion {M +
H]" and an ion [M—H,O+H]" (base peak)
(Fig. 6B). The time courses for the preparation
of the MB derivatives of 15-HPETE and C,,,,
were examined by HPLC with spectrophotom-
etry (Fig. 7). C,,., was derivatized quantitatively
after 30 min, and derivatization of 15-HPETE
showed the best yield at 30 min. Therefore,
derivatization was thereafter carried out by incu-
bation for 30 min. The derivatization yield of
hydroperoxy fatty acids was determined using
various amounts (2—-8 nmol) of 15-HPETE and 3
nmol of C,,, as an internal standard. Then,
15-HPETE was found to be derivatized quantita-
tively (data not shown).

To confirm further MB derivatization of hy-
droperoxy fatty acids, several kinds of unsatu-
rated fatty acids (Cyq.q, Ciz.0, @-Cig3, ¥-Cigss
Cyo2: Cyo4, and C,,. ) were photo-oxidized
separately to prepare hydroperoxy fatty acids
and were derivatized after or without reduction
to hydroxy fatty acids with sodium borohydride
as described in the Experimental section. Then,

100 MB-C17:00
[}

x\{0o

MB- 15- HPETE

Optical Density at 355mn
w0
o
|

10 20 30 40 5'0 min
at room temperature

Fig. 7. Time course for MB derivatization. Aliquots of 20
nmol each of C,,, (O) and 15-HPETE (Xx) were used.
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LC-MS with spectrophotometry was performed.
Fig. 8 shows data thus obtained from C,,, and
C,g.4- Similar data were obtained from the other
acids (data not shown). Clusters of peaks ap-
peared in the spectrophotometric chromato-
grams of photo-oxidized and reduced photo-
oxidized fatty acids. These clusters of peaks
should be from the isomers of each hydroperoxy
or hydroxy fatty acid, because the LC-MS spec-
tra of individual peaks in the clusters were simi-
lar to each other. The spectra from the MB
derivatives of photo-oxidized fatty acids showed
a characteristic combination of ions [M — H,0 —
O+ H]" (base peak) and [M — H,O +H]". On
the other hand, spectra from the MB derivatives
of reduced photo-oxidized fatty acids showed
peaks of ions [M —H,O + H]" (base peak) and
[M+H]" which are characteristic of the MB
derivatives of hydroxy fatty acids.

Analysis of hydroperoxy fatty acids in photo-
oxidized lecithin

Fatty acids split from lecithin by PLase A,
with or without photo-oxidation were analysed
by the above method. The splitting yield of fatty
acids from the 2-position of authentic 1-
palmitoyl-2-arachidonoyl-sn-glycero-3-phospho-
choline was about 95 + 5% (mean = S.D., n=5)
(HPLC with spectrophotometry, C,,., as an in-
ternal standard). The MB derivatives of the fatty
acids were measured by LC-MS with spectro-
photometry and several kinds of hydroperoxy
fatty acids could be identified (Fig. 9).

DISCUSSION

We successfully analysed labile fatty acids such
as hydroperoxy and hydroxy polyunsaturated
fatty acids quantitatively and qualitatively by
LC-MS with spectrophotometry. However, the
sensitivity of MB derivatives of fatty acids for
detection by LC-MS was not as high as that of
the amide derivatives [1,2] (Fig. 4). Therefore, a
choice between the derivatization methods has to
be made depending on the purpose.

There have been numerous studies on lipid
hydroperoxides in relation to the possible cause
of ageing, adult diseases, etc. [8,9], but there
seem to have been only a few studies aimed at
improving the analysis of lipid hydroperoxides. It
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Fig. 8. HPLC profiles by spectrophotometric detection at 355 nm and LC-MS spectra of MB derivatives of photo-oxidized and
reduced photo-oxidized fatty acids. I-IV: Spectrophotometric chromatograms at 355 nm. I'-IV’: LC-MS spectra. The mobile
phase was acetonitrile—water (70:30, v/v) with acetonitrile increasing linearly at the rate of 1%/min.
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Fig. 9. Identification of fatty acids split from bovine liver
lecithin (A) without or (B) with 2.5 h photo-oxidation by
PLase A,. The numerals in parentheses in (A) indicate the
numbers of carbon atoms and unsaturated bonds in the fatty
acids. The HOO numerals in parentheses in (B) indicate
monohydroperoxy fatty acids and the numbers of their car-
bon atoms and unsaturated bonds. The mobile phase in (A)
was acetonitrile—water (85:15, v/v) with acetonitrile increas-
ing linearly at the rate of 0.5%/min. That of (B) was
acetonitrile-water (80:20, v/v) and it was fixed during the
first 15 min, then acetonitrile increased linearly at a rate of
2% /min.

is almost impossible to detect hydroperoxy fatty
acids by gas chromatography (GC) or GC-MS,
tools which are still very widely used in the
analysis of common fatty acids. Some studies on
the analysis of oxygenated products of
docosahexaenoic acid and other polyunsaturates
by LC-MS have been developed [10,11], but
these analyses are unquantitative or only useful
for a limited number of species of fatty acids.
Although other kinds of approach to the analysis
of lipid peroxides, such as HPLC with chemi-
luminescence detection [12,13] and HPLC with
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UV and electrochemical detection [14,15] are
highly specific and sensitive to hydroperoxy
phospholipids or hydroperoxy cholesterol esters,
they are not useful for the identification of in-
dividual hydroperoxy fatty acids in lipids.

This study was also concerned with analysis of
hydroperoxy fatty acids split from photo-
oxidized lecithin by PLase A,. Since polyenoic
fatty acids in the biomembrane are preferentially
located at the 2-position of the sn-glycero-3-
phosphor skeleton of phospholipids [16,17] and
are thought to be prominent targets of naturally
occurring radical or non-radical peroxidation,
the method in this paper may be useful for
experimental studies on lipid peroxidation in
biomembranes.
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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
dimethylaminonaphthalenesulfony! (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.

0021-9673/93/$06.00

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
phosphorimetry [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

© 1993 Elsevier Science Publishers B.V. All rights reserved
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spectrometer for quantitation or characterization
of molecular species.

In common analytical practice, derivatization
of PLs with fluorescent materials should allow
not only quantitative analyses of the products
with specific fluorescence detection, but also lead
to substantial enhancement in detection sensitivi-
ty. Few publications are available in the litera-
ture on the analysis of PL subclasses using fluo-
rescence-labeled derivatives. In several known
procedures [14-19], the PL structure is disrupted
for the removal of the polar head group prior to
HPLC analysis. Thus, fluorescent derivatives of
diradylglycerols prepared from treatment of PLs
with phospholipase C were the analyte fragments
produced by molecular cleavage at the glycerol
oxygen—phosphorus bond of PLs. Although a
few other papers [20-22] have dealt with fluores-
cent derivatives of PLs, quantitative analyses of
intact PL molecular species by HPLC-fluores-
cence detection have not been thoroughly inves-
tigated. This paper reports the RP-ion-pair
HPLC behavior of fluorescence-labeled PLs. Ex-
amples of utilizing the ion-pair HPLC-fluores-
cence detection (FL) technique for the quantita-
tive determination of molecular species composi-
tions are presented.

EXPERIMENTAL

Chemicals and reagents

Dansylated egg PE was purchased from Mo-
lecular Probes (Eugene, OR, USA). Dansyl-,
pyrenesulfonyl- and fluoresceinthiocarbamoyl-
PE obtained by transphosphatidylation of egg
PC were purchased from Avanti Polar Lipids
(Pelham, AL, USA). Dansylated brain PE
(mainly PE plasmalogen) and brain PS were also
products of Avanti. Dansylated plant PE was
prepared from plant PE (Avanti) by the proce-
dure described in the following paragraph.
Tetramethylammonium phosphate (TMAP) was
prepared by treating tetramethylammonium hy-
droxide (Aldrich, Milwaukee, WI, USA) with
phosphoric acid (Fisher, Fair Lawn, NJ, USA)
until reaching pH 6.5. Tetrabutylammonium
phosphate (TBAP), pentyltriethylammonium
phosphate (PTAP), heptyltriecthylammonium
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phosphate (HPTAP), octyltriethylammonium
phosphate (OTAP), and dodecyltriethylammo-
nium phosphate (DTAP) were purchased from
Regis Chemicals (Morton Grove, IL, USA).
HPLC solvents acetonitrile and methanol were
obtained from J.T. Baker (Phillipsburg, NIJ,
USA). HPLC water was obtained by filtering
distilled water through a Millipore (Bedford,
MA, USA) Milli-Q water purifier.

General procedure for the preparation of
dansylated phospholipids

A previously reported procedure [23] was
modified as follows: PE (10 mg) dissolved in 0.5
ml chloroform in a reacti-vial was treated with
dansyl chloride (4 mg) and triethylamine (50 wl)
in 0.5 ml chloroform. The mixture was stirred at
room temperature for two hours and then chro-
matographed onto a Varian (Sunnyvale, CA,
USA) Bond Elut-Si column for purification of
products. The column was extracted with meth-
anol—chloroform (1:1)." After evaporation, the
residue was dissolved in 1 ml methanol (or chlo-
roform) to exact volume for quantitative HPLC
analysis. For qualitative analysis, the residual
crude reaction mixture was streaked on a HP-
TLC plate coated with silica gel-60 (E.M. Sci-
ence, Gibbstown, NJ, USA) and developed in
ethyl acetate. The product band was scraped off
and extracted with methanol-chloroform (1:1)
to give samples suitable for analyses.

High-performance liquid chromatography

A Spectra-Physics (San Jose, CA, USA)
Model SP8800 liquid chromatograph coupled
with an Applied Biosystems (Foster City, CA,
USA) Model 980 programmable fluorescence de-
tector was used in all HPLC experiments. PL
analytes were detected at various wavelengths
depending on the type of fluorophores used:
dansyl-PL, excitation 338 nm, emission 470 nm;
fluorescein-PL, excitation 489 nm, emission 550
nm; pyrene-PL, excitation 342 nm, emission 389
nm. Mobile phases were prepared by mixing
desired amounts of tetraalkylammonium phos-
phates (TAAP) to acetonitrile—methanol-water.
The ternary solvents were adjusted to suit differ-
ent structural types of fluorescent PL. The
mobile phase solutions were filtered, degassed,
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and pumped through a RP column at a flow-rate
of 1 ml/min. All samples were freshly prepared
from frozen materials prior to analysis. Aliquots
(10 ul) of the samples containing 1-2 mg/ml of
PL analytes were injected onto the column via a
Rheodyne (Cotati, CA, USA) Model 7125 injec-
tor fitted with 10-ul loop. Two different RP
columns were used. These include (1) a Beck-
man Instruments (San - Ramon, CA, USA)
Ultrasphere ODS column, 150 X 4.6 mm 1.D., 5
uwm, and (2) a Waters (Milford, MA, USA)
NovaPak C18 column, 300 X 3.9 mm I.D., 4 pm.

In HPLC experiments where the analyte com-
ponents were well resolved, individual chromato-
graphic peaks were isolated, and converted to
fatty acid methyl esters by a published HCI-
methanol method [24]. Fatty aldehyde liberation
from PE plasmalogens were performed following
a known procedure-[25]. Both fatty aldehyde and
fatty acid determinations were carried out on a
Varian (Sugarland, TX, USA) Model 3400 gas
chromatograph interfaced with a flame ionization
detector. Fatty acid components were separated
on a 30 m x 0.25 mm I.D. fused-silica capillary
column coated with 0.2 um SP 2330 (Supelco,
Bellefonte, PA, USA), using helium as the car-
rier gas. The column temperature was pro-
grammed by holding initially at 200°C then in-
creasing to 220°C at 10°C/min. Peak areas were
automatically integrated by a built-in data pro-
Cessor.

RESULTS AND DISCUSSION

In RP-HPLC with mobile phases containing
TAAP quaternary ammonium salts, subcompo-
nents of neutrally charged PLs (PC and PE)
were presumably separated via an ion-suppres-
sion mechanism [10]. Derivatization of the
amino group in PE with fluorescent materials
(fluoresceinthiocarbamoyl, pyrenesulfonyl, and
dansyl compounds) yielded the corresponding
fluorescent labeled PE as shown in Fig. 1. Each
of the derivatized polar lipids was consequently
left with a negative charge in the molecule. As
expected, the retention behavior of these fluores-
cent compounds was different from that of the
parent PE, but was very similar to that of nega-
tively charged PLs [phosphatidylinositol (PI),
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Fig. 1. Structures of investigated fluorescent derivatives of
phosphatidyl ethanolamine (PE).

phosphatidic acid (PA), phosphatidylserine (PS),
phosphatidylglycerol (PG) and diphosphatidyl-
glycerol (DPG)] reported previously [6-9].

The purpose of introducing three fluorescent
groups (dansyl, fluorescein, and pyrene) to the
underivatized parent polar lipids was to see if
these fluorescent substituents would contribute
some degrees of differential selectivity for PL
subcomponents. Although hydrophobicity of the
parent PL was enhanced as a result of derivatiza-
tion, HPLC without the use of the TAAP elec-
trolytes in mobile phases normally led to little
retention of PL solutes on octadecylsilica.

It was of interest to note that HPLC separa-
tions of subcomponents of PLs were dramatically
influenced by the nature of fluorophores at-
tached to the head groups. As illustrated in Fig.
2A and B, only three major egg PC species were
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Pyrene-PE

Dansyl-PE
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Fluorescein-PE

5 6

8@ 9% 112 128 144
min
Fig. 2. RP-ion pair-HPLC separations of fluorescence-
labeled PE derived from egg PC. Column, NovaPak C18;
mobile phases, 5 mM DTAP in acetonitrile—methanol-water
[(A) and (B) 70:28:2; (C) 70:22:8]. For peak identification,
see footnote to Table 1.

resolved on a NovaPak C18 phase, when the PE
amino group was derivatized with either pyrene-
or dansyl-fluorophores. However, upon conver-
sion of the parent PE to the fluoresceinthiocar-
bamoyl derivative, each of the three components
was further split into two subcomponents as
shown in Fig. 2C. The chromatograms shown in
Fig. 2 are obtained under optimized HPLC con-
ditions where the mobile phase for Fig. 2A and
B is different from that for Fig. 2C. When the
HPLC experiments for all three derivatives of
PE were carried out under the same conditions
as for Fig. 2C (fluorescein-PE), separations of
subcomponents of pyrene- and dansyl-PE (reten-
tion times were too long to be of any practical
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value) were not improved. Thus, the observed
differences in component resolution among the
three PE derivatives investigated were not sim-
ply due to the use of a different mobile phase
containing a high percentage of water (Fig. 2C
vs. Fig. 2A and B). This is the first example of
substituent effects of the PL head group on the
RP separation processes. The results of the pres-
ent study appeared to contradict earlier findings
that hydrophobic interactions of analyte solutes
with a hydrocarbonaceous stationary phase were
confined to the tail groups of perbenzoylated PI
[6], which is also a negatively charged PL. In a
PE molecule, the fluorescein substituent on the
amino group is situated two carbons remote from
the phosphorus center where the inositol group
of PI is attached.

Inspection of the retention data in Table I and
II revealed a decreasing order of retention
characteristics of analyte components: k'(pyrene-
PE) > k’(dansyl-PE) > k'(fluorescein-PE). This
follows the reverse order of polarity of the
fluorescent moieties: pyrenesulfonyl <dansyl <
fluoresceinthiocarbamoyl irrespective of that of
the total number of carbon atoms of the fluores-
cent ring systems.

Three sets of plots were selected to show
linear relationships between In k' of fluorescent-
labeled PL and the total number (N) of carbon
atoms in TAAP and are presented in Fig. 3.
Solvophobic interactions in RP-ion pair-HPLC
of the compounds of interest were found to
discriminate different structure types (i.e. sym-
metrically substituted TAAP vs. unsymmetrically
substituted TAAP) of TAAP employed. As
noted in the figure, a deviant of each set of linear
correlation lines is located at N =16 where
TBAP was used as the counter ion. This is due
to the fact that TBAP is in a different structural
series from the primary alkyltriethylammonium
phosphate series investigated (Table III). The
observations are parallel to earlier results [7-9]
from HPLC studies of PA, PS, and DPG. How-
ever, the results of the present study are in
contrast with the linear correlation data for P1
and PG [6,9] that showed independence of In k’
values on TAAP structural types. It is not clear
whether the hydroxy functionalities of PI and PG
at the close proximity to the phosphorus center
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TABLE 1
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HPLC SEPARATION OF SUBCOMPONENTS OF FLUORESCEIN-LABELED PE DERIVED FROM EGG PC (ON A
BECKMAN ULTRASPHERE ODS, 150 x 4.6 mm 1.D. COLUMN)

Mobile phase

Capacity factor (k') of component”

Ratio” TAAP Concentra- 1 2 ., 3 4 a, , 5 6 g
tion (mM)
70:28:2 TMAP 10.0 0.0 0.0 1.0 0.0 0.0 1.0 0.1 0.1 1.0
70:28:2 PTAP 5.0 0.1 0.1 1.0 0.1 0.1 1.0 0.2 0.2 1.0
70:28:2 HPTAP 10.0 0.3 0.3 1.0 0.5 05. 1.0 1.1 1.1 1.0
70:22:8 PTAP 10.0 0.5 0.5 1.0 1.2 1.2 1.0 2.2 2.2 1.0
70:22:8 OTAP 10.0 3.8 3.8 1.0 6.7 6.7 1.0 11.7 11.7 1.0
20.0 150 152 1.01 175 178 1.02 287 296 1.03
70:22:8 DTAP 2.5 0.2 0.2 1.0 0.5 0.5 1.0 1.1 1.1 1.0
5.0 4.5 4.8 1.07 7.1 8.2 1.07 13.8 14.7 1.07
7.5 17.2 18.0 1.05 28.5 30.2 1.06 54.8 63.5 1.16
10.0 39.0 41.5 1.06 71.3 76.2 1.07 139 159 1.15

“ Ratio acetonitrile—-methanol-water.

® Component identification: (1) + (2) 16:0-18:2, (3) + (4) 16:0-18:1, and (5) + (6) 18:0-18:2 corresponding to f.atty acid chai.nS
with R, and R, groups in PE derivatives (Fig. 1). Fatty acid designations: 16:0 = palmitic; 18:0 = stearic; 18:1 = oleic;
18:2 = linoleic. Exact structures within component pairs 1-2, 3-4, and 5-6 were not determined.

TABLE II

HPLC SEPARATIONS OF SUBCOMPONENTS OF DANSYLATED AND PYRENE-LABELED PE DERIVED FROM
EGG PC (ON A BECKMAN ULTRASPHERE ODS, 150 X 4.6 mm 1.D. COLUMN)

Mobile phase conditions”

Capacity factor (k') of component”

TAAP Concentra- 1 2 3 4 5 6
tion (mM)
Dansylated PE
TMAP 10.0 2.2 2.2 3.8 3.8 6.5 6.5
HPTAP 5.0 1.2 1.2 2.0 2.0 2.7 2.7
10.0 4.5 4.5 7.2 7.2 11.6 11.6
Pyrene-labeled PE
TMAP 10.0 3.0 3.0 4.8 4.8 7.9 7.9
HPTAP 5.0 2.2 2.2 2.3 2.3 6.3 6.3
10.0 5.3 5.3 8.2 8.2 13.2 13.2

“ Mobile phase: TAAP in acetonitrile—methanol-water (70:28:2).
® All component pairs 1-2, 3-4, and 5-6 were not resolved (a =1.0). For component identification, see footnote to Table I.

have any bearing on the availability of the total
area of tetraalkyl groups in TAAP for sol-
vophobic interactions [26,27]. The linear plots
are useful for the prediction of k' values of PL
components analyzed under HPLC conditions
where an unknown member of TAAP within the
same structural series is present in a mobile
phase.

As previously observed in HPLC work involv-
ing negatively charged PL, retention times or
capacity factors (k') values of subcomponents of
fluorescent-labeled PE derived from egg PC
(Table I and II) were invariably longer in HPLC
with mobile phases containing TAAP of larger
size and higher concentration (positive concen-
tration effects). Evidently, the RP separation
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Fig. 3. Linear correlation between the total number (N) of carbon atoms in TAAP and In &’ of fluorescence-labeled PE derived
from egg PC. HPLC conditions are same as in Fig. 2 except various TAAP were used. The deviant points for TBAP are shown
for components 1, 2, 3, 4, and 5 of the three different derivatives studied.

TABLE III

EFFECTS OF TAAP STRUCTURES ON CAPACITY FACTORS, k', OF SUBCOMPONENTS OF FLUORESCENT
DERIVATIVES OF PE DERIVED FROM EGG PC (ON A NOVAPAK C,,, 300 X 3.9 mm 1.D. COLUMN)

TAAP* Capacity factor (k') of component
1 . 2 3 4 5 6
Fluorescein-labeled PE [acetonitrile—methanol-water (70:22:8)]
TBAP 0.4 0.4 0.4 0.4 04 0.4
PTAP 0.6 0.6 1.2 12 2.0 2.0
OTAP 31 31 5.4 5.4 9.0 9.0
DTAP’ 21.8 . 22.6 36.0 37.2 61.5 65.3 -
Dansyl-labeled PE [acetonitrile—methanol-water (70:28:2)]
TBAP 4.2 42 7.0 7.0 11.0 11.0
PTAP 32 32 5.0 5.0 8.0 8.0
OTAP 5.2 52 8.2 82 12.6 12.6
DTAP 9.8 9.8 15.6 15.6 25.0 25.0
Pyrene-labeled PE [acetonitrile—methanol—-water (70:28:2)]
TBAP 5.6 5.6 7.6 7.6 14.1 14.1
PTAP 52 5.2 8.2 8.2 13.4 13.4
OTAP 7.2 7.2 11.5 11.5 33.6 33.6
DTAP 11.5 11.5 18.0 18.0 29.3 293

“ Concentration of TAAP is 5 mM.
* The a values of component pairs 1-2, 3-4, and 5-6 are 1.04, 1.03 and 1.06, respectively. All other component pairs 1-2, 3-4,
and 5-6 shown in this table were not resolved (@ = 1.0 ). For component identification, see footnote to Tablie 1.
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processes were typical of an ion-pair retention
mechanism. Interestingly, fluorescein-labeled PE
complex was inadequately resolved into three
major components, when a low member of
TAAP in the series was present at a low concen-
tration in the mobile phase of relatively low
water content (e.g. 2% water shown in Table I).
Examples of the poor resolution of the PE mix-
ture can also be seen in the table where 2.50 mM
of DTAP or 10 mM of PTAP (or OTAP) was
used in mobile phases containing 8% of water.
Separation factors (a) for the unresolved com-
ponent pairs 1-2, 3-4, and 5-6 were 1.00. How-
ever, a total of six major components (three sets
of doublets each having « values greater than
1.00) were obtained with mobile phases contain-
ing either 20 mM of OTAP or DTAP at concen-
trations greater than S mM in acetonitrile-meth-
anol-water (70:22:8). For dansyl- and pyrene-
labeled PE, resolution of subcomponents was
apparently incomplete because only three major
components (each unresolved pair has an « value
of 1.00) are visible from the HPLC data in Table
II.

Table IV shows the positive concentration ef-
fects of TAAP on the k' values of the subcompo-

TABLE 1V

A B Cc
1. M
—r————r—y —————
8 16 24 »32 40 48 0 8 16 24 2 40 0 B t6 24 32
min min min
| | J\L
0 8 16 24 32 0 8 15 24 SE (') 8 16 24 3‘2
min min min

Fig. 4. Comparisons of HPLC-UV chromatograms of unde-
rivatized parent phospholipids (PLs) [(A) Egg-PE; (B) soy-
bean-PE; (C) brain-PS] with HPLC—fluorescence chromato-
grams of the corresponding dansylated PLs (D, E, F). Col-
umns, (A, B, C) NovaPak C18; (D, E, F) Beckman Ultra-
sphere ODS. Mobile phases, acetonitrile-methanol-water
[(A, B, D, E) 70:28:2; (C, F) 70:22:8] containing (A, B) 25
mM TMAP; (C) 5 mM TMAP; (D, E, F) 10 mM HPTAP.

HPLC SEPARATIONS OF SUBCOMPONENTS OF DANSYLATED EGG PE AND BRAIN PS (ON A BECKMAN
ULTRASPHERE ODS COLUMN, 150 X 4.6 mm [.D. COLUMN)

Mobile phase conditions

Capacity factor (k') of component

TAAP Concentration 1 2 3 4 5 6
(mM)
Dansylated egg PE
TMAP* 10.0 1.8 22 2.7 3.8 4.6 7.5
HPTAP’ 5.0 1.2 1.3 1.7 25 3.1 5.0
10.0 2.2 2.8 33 4.6 5.7 9.1
Dansylated brain PS
HPTAP? 5.0 2.5 33 3.7 4.5 7.8 9.8
7.5 9.0 11.5 13.6 16.3 20.2 25.7
10.0 21.0 26.3 31.8 39.2 48.5 79.2

“ Mobile phase TAAP in acetonitrile-methanol-water (70:28:2).
* Mobile phase: HPTAP in acetonitrile—methanol-water (70:22:8).

“ Component identification: PE, (1) 18:2-18:2, (2) 16:0-20:4, (3) 16:0-18:2, (4) 18:0-20:4, (5) 16:0-18:1 + 18:0-18:2, (6)
18:0-18:1. PS, (1) 16:0-20:4, (2) 18:0-20:4, (3) 16:0-18:1, (4) 18:0-18:2, (5) 18:0-18:1, (6) 18:0-20:1. Fatty acid designations:
20:1 = eicosenoic, 20:4 = arachidonic; for others, see footnote to Table I.
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nents of dansylated egg PE and brain PS. Nega-
tive concentration effects have been observed in
HPLC of the underivatized parent PE or PC
[10], in which the charge is internally neutral-
ized. Conversion of the parent neutral PL to
negatively charged fluorescent derivatives led to
‘a corresponding change in a retention mecha-
nism from ion-suppression to an ion-pair separa-
tion processes. Such a mechanistic change re-
flected opposite effects of the counter ion con-
concentrations. Comparisons of HPLC-UV
chromatograms of underivatized parent egg PE,
soybean PE, and brain PS shown in respective
Fig. 4A, B, and C with corresponding HPLC-FL
chromatograms of their dansylated derivatives
(Fig. 4D, E, and F) indicated that generally the
component peak patterns are fairly simple and
quite similar despite obvious differences in peak

TABLE V
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intensities. On the other hand, the HPLC-FL
chromatogram of dansylated brain PE (Fig. 5B)
is much more complex than the HPLC-UV
chromatogram of the parent brain PE (Fig. 5A).
In Fig. 5, the later-eluting peaks of both the
parent and dansylated materials correspond to
the subcomponents of PE plasmalogen as con-
firmed by the characterization of the major com-
ponents (Table V). Interestingly, the retention
behavior of PE plasmalogens exhibiting in-
creased retention times relative to the corre-
sponding diacyl PE is similar to that of
alkenylacyl acetylglycerols relative to the diacyl
analogues [28]. Most of the peaks attributable to
the dansylated brain PE are significantly more
intense than those of corresponding underiva-
tized components. Apparently the UV absorp-
tions of the ether lipids having large alkyl mem-

COMPOSITION DATA FOR COMPONENTS OF DANSYLATED PHOSPHOLIPIDS DERIVED FROM NATURAL

SOURCES

A Beckman Ultrasphere ODS (150 X 4.6 mm [.D.) was used; mobile phases varied depending on the PL structural type. Values in
parentheses are coefficients of variation. Major component identification: brain PE plasmalogen, (3) 18:1-22:6, (4) 18:1-20:4,
(5) 18:0-22:6, (7) 18:0-20:1, (9) 18:1-18:1, (10) 16:0-18:1; egg PE, (3) 18:2-18:2, (4) 16:0-20:4, (5) 16:0-18:2, (7) 18:0-20:4,
(8) 16:0-18:1, (9) 18:0-18:2, (16) 18:0-18:1; soybean PE, (1) 18:2-18:2, (3) 16:0-18:2, (6) 16:0-18:1, (10) 18:0-18:2; egg PC,
(1) 16:0-20:4, (2) 16:0-18:3, (3) 18:1-18:2, (4) 16:0-18:2, (5) 16:0-18:1, (6) 18:0-18:2, (10) 18:0-18:1; for PS components, see
footnote to Table IV. Fatty acid designation: 22:6 = docosahexaenoic; for others, see footnotes to Table I and IV.

Component Composition (%)°
Brain PS Brain PE Egg PE Soybean PE Egg PC

1 11.9(1.5) 2.9(6.0) 0.1(9.5) 29.3(2.0) 3.0(5.5)
2 12.8(5.0) 3.8(4.5) 0.3(9.0) 1.8(9.0) 4.2(5.0)
3 12.3(3.0) 8.7 (4.0) 4.2(7.0) 37.7(1.0) 26.3(0.5)
4 9.6(1.5) 10.6 (4.0) 7.6 (6.0) 1.1(9.5) 7.5(5.0)
5 47.8(0.5) 13.4(3.5) 14.3 (4.0) 1.8(9.0) 41.3(0.5)
6 1.7 (9.0) 4.8(5.0) 4.2(8.0) 17.6 (2.5) 6.2(4.5)
7 3.9(5.5) 8.2(5.0) 22.5(1.5) 6.0(5.0) 0.8(8.0)
8 6.5(5.0) 24.5(1.0) 0.1(9.5) 0.1(9.5)
9 10.8(3.5) 6.1(3.0) 0.1(9.5) 0.3(9.5)

10 11.1(4.0) 0.6 (8.5) 4.2(5.0) 10.4 (3.0)

11 4.3(6.5) 2.5(6.0)

12 2.8(8.0) 0.6 (7.5)

13 3.1(6.5) 0.3(9.5)

14 3.6(7.0) 0.7 (9.0)

15 1.2(9.5) 1.0(9.5)

16 1.7(9.5) 10.2(3.0)

17 2.7(8.5) 0.2(9.0)

18 0.3(9.0)

“ Mean values of triplicate determinations.
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Fig. 5. Comparison of (A) HPLC-UV chromatogram of
underivatized parent brain PE and (B) HPLC-fluorescence
chromatogram of the dansylated brain PE. Columns, (A)
NovaPak C18; (B) Beckman. Mobile phases, acetonitrile—
methanol-water (70:28:2) containing (A) 25 mM TMAP;
(B) 5 mM TMAP.

bers of the non-polar tail groups (Fig. 1) were
relatively weak.

Compositions of subcomponents of fluores-
cent-labeled PL were determined directly by
computer. data processing of the FL detector
signals as shown in Table V and Table VI. This
is the first report on sensitive, reliable quantita-
tive analyses of intact molecular species of nega-
tively charged PLs. The analytical data for peak
integration gave coefficients of variation ranging
from 0.5 to 9.5%. On the contrary, direct com-
putation of UV detector responses has proved
futile because of variations in absorbance of
different molecular species at a given UV wave-
length. In HPLC with FL detection, peak areas
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TABLE VI

COMPARISONS OF COMPOSITION DATA FOR
SUBCOMPONENTS OF VARIOUS FLUORESCENT
LLABELED PE DERIVED FROM EGG PC

A Beckman Ultrasphere ODS column (150 X 4.6 mm 1.D.)
was used; mobile phases varied depending on the PL struc-
tural type. Values in parentheses are coefficients of variation.
Major component identification: pyrene-PE, (1) 16:0-20:4,
(2) 16:0-18:3, (3) 16:0-18:2, (6) 16:0-18:1, (9) 18:0-18:2;
fluorescein-PE, (3) 16:0-20:4, (4) 16:0-18:2, (5) 16:0-18:2,
(8) 16:0-18:1, (9) 16:0-18:1, (10) 18:0-18:2; dansyl-PE, (1)
16:0-20:4, (2) 16:0-18:3, (3) 16:0-18:2, (5) 16:0-18:1, (8)
18:0-18:2. For fatty acid designations, see footnotes to Table
I and IV.

Com- Composition {%)”
ponent -
Pyrene- Fluorescein- Dansyl-
PE PE PE
1 2.5(5.5) 0.8(7.5) 3.3(5.0)
2 2.5(5.5) 0.9(7.0) 4.5(5.5)
3 27.7(1.5) 3.1(5.0) 26.8(2.0)
4 1.1(9.0) 15.3 (4.0) 6.2(5.0)
5 2.2(6.0) 21.9(2.0) 48.2(1.0)
6 50.5(0.5) 0.7 (8.5) 0.6 (8.5)
7 4.8(4.5) 0.3(9.0) 0.4(9.0)
8 0.6 (8.0) 20.0(2.0) 10.1 (4.0)
9 7.9(5.0) 23.1(1.5)
10 3.9(6.0)
11 4.4(5.5)
12 2.5(1.5)
13 3.1(6.0)

““ Mean values of triplicate determinations.

of individual lipid subcomponents were linearly
correlatable within the normal range 5 ng—-50 ng
of analytical samples assayed. The fluorophores
of individual analytes were solely responsible for
the linearity of peak integrals with the amounts
injected as well as for the detection specificity
and sensitivity. The minimum FL detection limit
at a signal-to-noise ratio of 4/1 was 4 ng, which
was substantially lower than that of UV detec-
tion (100 ug).

CONCLUSION

In conclusion, the FL detection techniques
developed in this study facilitate a convenient
means for the analysis of a variety of PL struc-
tures. In addition to PE, subcomponents (or
molecular species) of PC may be quantified in
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the forms of PA, PG, and PS via sequential
transphosphatidylation and derivatization with a
suitable fluorigenic compound. If a high degree
of component resolution is required, fluorescein
is the preferred derivatizing agent because of its
unusual tendency to resolve structurally similar
subcomponents. In view of the abundant occur-
rence of PC and PE in the nature, the RP-ion
pair-HPLC-FL detection method may provide a
useful alternative approach to the analysis of
these compounds with high reproducibility, sen-
sitivity, and specificity.

REFERENCES

1 W.W. Christie, J. Lipid Res., 26 (1985) 507.

2 H.A. Norman and I.B. St. John, J. Lipid Res., 27 (1986)
1104.

3 L. Breton, B. Serkiz, J.P. Volland and J. Lepagnol, J.
Chromatogr., 497 (1989) 243.

4 M.D. Grieser and J.N. Geske, J. Am. Oil Chem. Soc., 66
(1989) 1484.

5 T.L. Mounts, S.L. Abidi and K.A. Rennick, J. Am. Oil
Chem. Soc., 69 (1992) 438..

6 S.L. Abidi, T.L. Mounts, and K.A. Rennick, J. Lig.
Chromatogr., 14 (1991) 573.

7 S.L. Abidi, J. Chromatogr., 587 (1991) 193.

8 S.L. Abidi and T.L. Mounts, J. Lig. Chromatogr., 15
(14) 2487.

9 S.L. Abidi and T.L. Mounts, J. Chromatogr. Sci., (1993)
in press.

S.L. Abidi et al. | J. Chromatogr. 639 (1993) 175-184

10 S.L. Abidi and T.L. Mounts, J. Chromatogr., 598 (1992)
209.

11 N. Sotirhos, C.T. Ho and S.S. Chang, Fette Seifen
Anstrichm., 88 (1986) 6.

12 G.M. Patton, J.M. Fasulo and S.J. Robins, J. Lipid Res.,
23 (1982) 190.

13 M. Seewald and H.M. Eichinger, J. Chromatogr., 469
(1989) 271.

14 J. Kruger, H. Rabe, G. Reichmann and B. Rustow, J.
Chromatogr., 307 (1984) 384.

15 H. Takamura and M. Kito, J. Biochem., 109 (1991) 436.

16 PJ. Ryan, K. McGoldrick, D. Stickney and T.W.
Honeyman, J. Chromatogr., 320 (1985) 421.

17 P.J. Ryan and T.W. Honeyman, J. Chromatogr., 331
(1985) 177.

18 H. Mita, H. Yasueda, T. Hayakawa and T. Shida, Anal.
Biochem., 180 (1989) 131.

19 A. Rastegar, A. Pelletier, G. Duportail, L. Freysz and C.
Leray, J. Chromatogr., 518 (1990) 157.

20 O.C. Martin and R.E. Pangano, Anal. Biochem., 159
(1986) 101.

21 A.D. Postle, J. Chromatogr., 415 (1987) 241.

22 M. Kitsos, C. Gandini, G. Massolini, E. De Lorenzi and
G. Caccialanza, J. Chromatogr., 553 (1991) 1.

23 A.S. Waggoner and L. Stryer, Proc. Natl. Acad. Sci.
USA, 67 (1970) 579.

24 WW. Christie, Lipid Analysis, Pergamon, New York,
1973, p. 85.

25 W.J. Ferrell, D.M. Radloff and J.E. Radloff, Anal. Bio-
chem., 37 (1970) 227.

26 H. Colin and G. Guiochon, J. Chromatogr., 141 (1977)
289.

27 M.C. Hennion, C. Picard and M. Cande, J. Chromatogr.,
166 (1978) 21.

28 Y. Nakagawa and L.A. Horrocks, J. Lipid. Res., 24
(1983) 1268.



Journal of Chromatography, 639 (1993) 185-191
Elsevier Science Publishers B.V., Amsterdam

CHROM. 25 015

Liquid chromatography—thermospray mass
spectrometric assay for trenbolone in bovine bile and
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ABSTRACT

A liquid chromatography—thermospray mass spectrometric assay was developed and validated to confirm the presence of illegal
residues of the synthetic androgenic growth promoter, trenbolone acetate, in cattle. The assay was specific for 17a-trenbolone,
the major bovine metabolite of trenbolone acetate. Methods were developed for the determination of 17a-trenbolone in both bile
and faeces, the most appropriate matrices for the control of trenbolone acetate abuse. The clean-up procedure developed relied
on enzymatic hydrolysis, followed by sequential liquid-liquid and liquid-solid extraction. The extracts were then subjected to
immunoaffinity chromatography. 17a-Trenbolone was detected by selected ion monitoring at m/z 271 using positive ion

thermospray ionisation. The limit of detection was approximately 0.5 ng/g in faeces and 0.5 ng/ml in bile.

INTRODUCTION

17B-Trenbolone (178-TBOH) is a synthetic
androgen which has important anabolic activity.
In the form of trenbolone acetate (173-TBOAC)
it has been used as a solid implant to promote
growth, usually in combination with 178-
estradiol, in steers, heifers and veal calves [1].
Although the use of 178-TBOAc has been
banned in the European Community [2], it is still
legally used in many other parts of the world.

Previous studies on the metabolism of 178-
TBOAC in cattle [3-5] have demonstrated that it
is rapidly hydrolysed to the active compound
178-TBOH. Free trenbolone can bind to both
testosterone and estrogen receptors, altering the
rates of protein synthesis and degradation. The
net result of these interactions in an increase in

* Corresponding author.

0021-9673/93/$06.00

skeletal muscle mass [6]. The 173-TBOH under-
goes oxidation to trendione leading to reduction
to epi-TBOH (17¢-TBOH) which, in the form
of a glucuronide or sulphate conjugate, is the
major biliary metabolite of trenbolone [5].

To control the illegal use of 17B-TBOAc,
analytical methods must be sensitive and specific
for the determination of 17a«-TBOH in biological
samples. Bile is the sample of choice in animals
presented for slaughter in abattoirs, since it is in
bile that the highest levels of 17¢-TBOH have
been found [5]. However, in follow-up investiga-
tions on farms, faeces are frequently the only
samples which are readily available.

A number of analytical methods for the de-
termination of trenbolone in urine and tissue
have been described which employ HPLC [7],
enzyme immunoassay [8], GC-MS [9] and LC-
MS-MS [10]. Other workers have reported the
use of immunoaffinity chromatography as one of
the clean-up steps in the analysis of 17«-TBOH

© 1993 Elsevier Science Publishers BV. All rights reserved



186

in urine and tissue [11]. However, none of these
assays have described the quantitative determi-
nation of 17a-TBOH in either bile or faeces.

We wish to report a procedure which uses
immunoaffinity chromatography coupled with
liquid chromatography-thermospray mass spec-
trometry (LC-MS) for the specific detection of
trenbolone residues in bile and faeces. LC-MS
offers several advantages to the determination of
polar drugs in biological matrices. Firstly, de-
rivatization is not necessary. Secondly, the sen-
sitivity of LC-MS is highly compound dependent
enhancing the response from a sensitive analyte
over that obtained from matrix effects.

EXPERIMENTAL

Chemicals and equipment

Acetonitrile, diethyl ether and methanol were
HPLC grade, other reagents were analytical-re-
agent grade. B-Glucuronidase/aryl sulphatase
(type H2 from Helix pomatia was purchased
from Sigma (Poole, UK). This was used without
dilution for - the enzymatic hydrolysis of
glucuronide conjugates in faeces and bile sam-
ples. [’H]178-TBOH was prepared by Amer-
sham International (Amersham, UK). 17a-
TBOH was obtained from RIVM (Bilthoven,
Netherlands). A stock standard (1 mg/ml) in
methanol was prepared. The stock standard was
stored at 4°C and was stable for several months.
Working standards were prepared daily as de-
scribed below by dilution of the stock standard in
mobile phase.

Immunoaffinity columns

The antiserum used was a polyclonal an-
tiserum (titre 1:60 000 by radioimmunoassay)
which was produced in this laboratory (by W.J.
McC.) by immunising a New Zealand White
rabbit with a conjugate of 178-TBOH hemisuc-
cinyl ester and bovine serum albumin. The
specificity of the antisera was investigated by
measuring the crossreactivity of other, structural-
ly related compounds. Crossreactivity was de-
fined as 100 times the amount of 178-TBOH
required to displace 50% of a tracer quantity of
[*H]17B-TBOH from a fixed amount of antibody
divided by the amount of competitor required to
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produce the same displacement. The antibodies
showed 85% crossreactivity with 17a-TBOH and
15% crossreactivity with 19-nortestosterone. The
antibody exhibited <0.01% crossreactivity with
a wide range of other compounds including
testosterone, 17a- and 178-oestradiol, progester-
one, zeranol, hexoestrol, diethylstilboestrol, cor-
tisol, corticosterone and hydroxyprogesterone.
The immunoglobulin G (IgG) fraction was iso-
lated from the antiserum by precipitation with
caprylic acid [12]. The protein content of the IgG
fraction was estimated using the method of
Lowry et al. [13], and was then adjusted to 2
mg/ml with 0.1 mol/l sodium hydrogencarbo-
nate buffer pH 8.3 containing 0.5 mol/l sodium
chloride. The antibodies were coupled to
cyanogen bromide-activated Sepharose (Phar-
macia, Uppsala, Sweden) according to the sup-
pliers’ instructions to give a matrix containing 1
mg IgG per ml of swollen gel. Aliquots of the
immunoaffinity matrix (1 ml) were placed in
open glass columns (10X 0.7 cm) in isotonic
phosphate-buffered saline (PBS) and washed
with 5 ml of the same solvent. Columns were
stored at 4°C in the presence of PBS containing
merthiolate (50 pg/ml). Before use, the columns
were washed with 0.1 mol/l sodium acetate
buffer, pH 4.0, containing 0.5 mol/l sodium
chloride (5 ml) followed by 1.0 mol/l sodium
carbonate (5 ml). They were then rinsed with
PBS (5 ml), and the samples were applied. After

100
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Fig. 1. Capacity of a typical immunoaffinity column for
17a-trenbolone.
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use, the columns were rinsed with ethanol-water
(70:30, v/v) (10 ml), water (5 ml) and stored
with PBS—merthiolate as described above.

The immunoaffinity columns are stable, when
stored as described above, for at least 4 months.
During a 4-month period a column was spiked
on 12 separate occasions with 10 ng 17«¢-TBOH.
The recovery of 17a-TBOH did not alter during
this period, being 73.7% on the first occasion
and 71.1% on the last.

The capacity of the immunoaffinity columns
was measured by applying a trace quantity of
[*H]178-TBOH, along with varying amounts of
non-radioactive 178-TBOH, to a column and
irrigating it as described below. The capacity of
the columns varied somewhat from batch to
batch. Fig. 1 shows a typical result obtained for
one preparation.

Biological samples

Known trenbolone-free samples of bile and
faeces were collected from animals born and
fattened on a farm owned and maintained by the
Department of Agriculture for Northern Ireland.
Incurred material was obtained by implanting 15
pellets, containing a total of 300 mg 178-TBA
into the base of the left ear of a six-month old
calf. Faeces and bile samples were taken 6 weeks
after implantation.

Extraction procedure

The procedures developed to hydrolyse the
samples and to perform the liquid-liquid extrac-
tion differed for bile and faeces. These are
described separately. Thereafter all samples
were treated identically.

Hydrolysis and liquid—liquid extraction: faeces.
A series of negative and fortified samples (10 g
each) were prepared by adding between 0 and 50
ng of 17¢-TBOH to a known negative faeces
sample. These, along with a series of test sam-
ples (10 g -each) were incubated with
B-glucuronidase (100 ul) and 0.2 mol/l sodium
phosphate buffer, pH 5.5 (25 ml) either over-
night at ambient temperature or for 4 h at 37°C.

Methanol (60 ml) was added to the hydro-
lysates which were then shaken on a reciprocat-
ing mixer for 1 h. The sample was centrifuged at
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2000 g for 10 min at 4°C and an aliquot of the
supernatant (50 ml) removed. The methanol was
evaporated under vacuum in a rotary evaporator
at 40°C and 0.1 mol/l glycine—sodium hydroxide
buffer, pH 12.5, containing 0.1 mol/l sodium
chloride (10 ml) added. The extract was then
shaken vigorously for 1 min each with two
portions (10 ml) of tert.-butyl methyl ether (t-
BME) and then centrifuged at 2000 X g for 10
min at 4°C to enhance separation of the layers.
The pooled t-BME extracts were then taken to
dryness under a stream of nitrogen at 40°C.

Hydrolysis and liquid-liquid extraction: bile.
A series of negative and fortified samples (5 ml
each) were prepared by adding between 0 and
100 ng of 17a-TBOH to a known negative bile
sample. These, along with a series of test sam-
ples (5 ml each) were incubated with
B-glucuronidase (50 ul) and 0.2 mol/l sodium
phosphate buffer, pH 7.0 (12.5 ml) either over-
night at ambient temperature or for 4 h at 37°C.

The hydrolysates were loaded onto Extrelut 20
columns (Merck, Poole, UK) and allowed to
stand for 20 min. The columns were irrigated
with diethyl ether (2xX20 ml) and the eluates
were collected in round-bottomed flasks. It was
found beneficial to allow the column to run dry
between each addition of diethyl ether. The
diethyl ether was removed under vacuum at
30°C.

Liquid—solid extraction: faeces and bile. The
residues in the flasks were dissolved in diethyl
ether (3 ml) with the aid of ultrasonication and
aliquots of petroleum spirit (3 ml, 40-60°C) were
added to each. These solutions were then loaded
onto a Bond-Elut CN cartridge (Analytichem
International, Harbor City, CA, USA) which
had been preconditioned by washing with chloro-
form (4 ml) followed by petroleum spirit (5 ml).
The flasks were then washed with aliquots (1 ml)
of petroleum spirit—diethyl ether (50:50, v/v).
These washings were also applied to the Bond-
Elut cartridges. The cartridges were then washed
with petroleum spirit (3 ml), and petroleum
spirit—chloroform (50:50, v/v) (4 ml). The car-
tridges were then irrigated with chloroform (4
ml) to elute the 17a-TBOH. The solvent was
concentrated to dryness under a gentle stream of
nitrogen at 40°C and dissolved in methanol (500
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pl) with the aid of ultrasonication. Finally,
isotonic PBS (2 ml) was added with vortexing.

Immunoaffinity chromatography: faeces and
bile. The sample solutions derived from the
liquid—solid extraction were then applied to the
immunoaffinity columns, which were then
washed with water (3 ml). The adsorbed 17a-
TBOH was eluted with ethanol-water (70:30,
v/v) (3 ml). The eluate was concentrated to
dryness under a gentle stream of nitrogen at
70°C. The columns were washed and stored as
described above.

LC-MS system

The LC-MS system consisted of a Merck—
Hitachi (BDH, Dagenham, UK) Model 1L-6000
pump, a Rheodyne (Rheodyne, Cotati, CA,
USA) Model 7125 injector fitted with a 50-ul
sample loop and a LiChrosorb (Merck, Poole,
UK) RP-18, endcapped, 125 X 4 mm reversed-
phase cartridge with holder. The mobile phase
consisted of acetonitrile-0.1 mol/l ammonium
acetate (45:55, v/v). It was degassed and filtered
under vacuum through a 0.45-um filter using a
solvent filtration system (Millipore—Waters, Har-
row, UK). The mobile phase was pumped at a
rate of 1.0 ml/min. This system was directly
coupled to a Vestec (Houston, TX, USA) Model
201A thermospray LC-MS system complete with
a Technivent workstation.

The instrument was operated in two modes,
the positive ion pure thermospray mode and the
negative ion chemical ionisation (CI) mode using
filament-assisted ionisation with a electron beam
current of 250 pA. The electron multiplier
voltage was 1600 V. The temperatures of the
source block, tip heater and lens assembly were
260, 260 and 135°C, respectively. The vaporizer
probe was operated at about 15°C below the
take-off point. This was optimized for each
probe used, but was typically in the region of
190°C. The instrument was operated either in the
full scan mode to collect spectra, or in the
selected ion monitoring mode (SIM) for maxi-
mum sensitivity. For the former, a dwell time of
3 ms was used, and for the latter the dwell time
was 100 ms. In each case the sweep window was
set at 0.5 u. The tuning parameters were checked
daily according to the manufacturers instructions
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using a 50 mg/l solution of polyethylene glycol
300 in acetonitrile—water (50:50, v/v), containing
0.1 mol/l ammonium acetate.

LC-MS confirmation: faeces and bile

The residues from the immunoaffinity chroma-
tography step were dissolved in acetonitrile (100
pl) with the aid of ultrasonication (10 min).
Water (100 ul) was added with vortexing.
Aliquots (50 ul) were then injected onto the
LC-MS system. Both identification and quantifi-
cation were carried out by SIM of ions charac-
teristic of 17a¢-TBOH in the positive and nega-
tive ionisation modes. The positive mode was
operated in pure thermospray and the [M + 1]
ion (m/z 271) monitored. This was the normal
mode of operation for trenbolone analyses.
However, negative mode, filament-assisted ioni-
zation was also sensitive when the [M] ion (m/z
270) was monitored. Calibration curves were
constructed using least-squares linear regression
analysis. For quantification of 17¢-TBOH, the
area of either the [M + 1] or the [M] peak was
compared to a range of calibration standards
equivalent to 0, 0.4, 2, 4, 10, 20, 30 and 40
ng/ml 17«¢-TBOH.

RESULTS AND DISCUSSION
LC-MS analysis of 170-TBOH

Full-scan spectra were easily achievable using
100 ng 17a-TBOH. In the negative ion mode,
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Fig. 2. Full scan spectra of 17a-trenbolone using either
negative ion filament-assisted ionisation (A) or positive ion
thermospray ionisation (B).
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filament-assisted ionisation gave as base peak,
the molecular ion at m/z 270 (Fig. 2A), while in
the positive ion mode, in pure thermospray, the
base peak was the protonated molecular ion at
m/z 271 (Fig. 2B). No observable fragmentation
was found in either mode. On SIM of m/z 270 or
m/z 271, 500 pg 17«-TBOH injected onto the
column were readily detectable.

The signals obtained in both modes were
consistent during a run but were variable from
day to day. One explanation may be the altera-
tion of the spray characteristics of the probe as a
result, perhaps, of contamination. This did not
present a problem if standards were carried
through with each set of samples. This could
have been overcome by the use of an internal
standard. However, we did not have access to
deuterated trenbolone. Another possibility
would have been to have employed 19-nortestos-
terone (19-NT). However, this was found not to
be practical for two reasons. Firstly, the response
produced by 19-NT on LC-MS is only approxi-
mately 10% of that produced by 17«-TBOH.
Consequently, high concentrations of 19-NT
would have had to be carried through the assay.
Secondly, the crossreactivity of our antibody
with 19-NT was only 15%, which would also
have required the use of high concentrations of
19-NT. These two factors would thus have sub-
stantially reduced the capacity of the immuno-
affinity columns for 17¢-TBOH.

Assay development and validation

To enhance the specificity of the procedure for
the isolation of 17a¢-TBOH from the complex
matrices of bile and faeces, immunoaffinity chro-
matography was combined with the orthodox

TABLE I
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procedures of solvent extraction and solid-phase
extraction.

In the case of faeces, adjustment of the pH to
12.5 ensured that unwanted acidic compounds
were ionised and extracted into the aqueous
phase while 17a¢-TBOH remained in the neutral
form and was retained in the t-BME fraction.
The use of a Bond-Elut CN cartridge in the
normal phase mode, separated 17a-TBOH from
any non-polar matrix components. The cleanli-
ness of the sample after the final immunoaffinity
chromatography step removed any variability
caused by matrix components altering the ef-
ficiency of the thermospray ionisation mecha-
nism.

Although 17a-TBOH produced a sensitive
signal in both the positive and negative modes,
positive ion thermospray was the method chosen
for use throughout this study. The calibration
graphs relating the peak areas of m/z 271 with
the concentration of 17«¢-TBOH in prepared
standards were linear in the range 0-40 ng/ml.
The regression characteristics were, typically,
y =209x + 33.6, (correlation coefficient 0.9998).
The accuracy and precision of this method were
evaluated by analysis of fortified bile and faeces
samples at concentrations of 5 and 20 ng/ml bile,
and 2 and 5 ng/g faeces. Table I shows that the
R.S.D. of the assay is between 4 and 8.5% for
bile and between 10 and 11% for faeces. The
recovery of 17a-TBOH from fortified bile or
faeces ranged from 60-75%.

Sample analysis
This assay has been used to provide evidence
of the illegal use in cattle of 178-TBA-containing

RECOVERY OF 17a-TRENBOLONE FROM FORTIFIED SAMPLES (n =5) OF BILE AND FAECES

Matrix 17a-TBOH 17a-TBOH Recovery R.S.D.
added recovered (%) (%)
(mean +S.D.) (mean + S§.D.)
(ng/m! or ng/g) (ng/ml or ng/g)
Bile 5.00 3.12+0.26 62.4 8.3
Bile 20.00 14.50 = 0.60 72.5 4.1
Faeces 2.00 1.50+0.16 75.0 10.7
Faeces 5.00 3.10=0.30 62.0 9.7
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Fig. 3. Selected ion monitoring (m/z 271) for the detection
of 17a-trenbolone in a standard solution containing the
equivalent of 3.6 ng 17a-TBOH per g (A), a known negative
faeces sample (B) and an incurred faeces sample (C) using
positive ion thermospray LC-MS.

implant pellets to promote growth. Typical SIM
chromatograms of standard, negative and in-
curred faeces samples are shown in Fig. 3. There
were no co-eluting components in the negative
faeces samples which could have caused interfer-
ence in the assay. This shows the power of
immunoaffinity chromatography as a clean-up
procedure in the analysis of faeces, a particularly
dirty matrix. The 17a-TBOH concentration in
the faeces sample shown in Fig. 3 was 2.5 ng/g.
The SIM chromatograms obtained for bile were
similar to those of faeces (data not shown). In
bile the limit of detection of the assay was
approximately 0.5 ng/ml, and in faeces 0.5 ng/g,
based on a signal to noise ratio of 3:1.

The Commission of the European Com-
munities (EC) has produced criteria to deter-
mine the suitability of various analytical tech-
niques for the chemical confirmation of veteri-
nary drug residues [14]. However, the EC
criteria have not, as yet, drafted specific criteria
for the suitability of LC-MS. An alternative
approach was adopted by an EC panel of experts
which undertook a desk-top evaluation of the
components of an analytical method [15]. They
assigned partial selectivity indices to each step of
a procedure and concluded that a confirmatory
assay should have a minimum selectivity index of
7. The described assay consists of a liquid-liquid
extraction (score 0), a liquid—solid extraction
(score 2), immunoaffinity chromatography (score
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3) and detection of a pseudomolecular ion (score
4). Thus, the described assay has a selectivity
index of 9, making it suitable for use as a
confirmatory assay. We believe that this is prob-
ably an underestimate of the selectivity of LC-
MS because of the very marked compound-de-
pendent sensitivity of this technique. For exam-
ple, as mentioned above, 19-NT gives very poor
responses on LC-MS. Thus, although the de-
scribed assay does not measure 4 diagnostic ions,
the approach advocated by the EC for low-
resolution GC-MS [14], the selectivity achieved
by the combination of immunoaffinity chroma-
tography and LC-MS makes this method emi-
nently suitable for the confirmation of 17«a-
TBOH residues in bile and faeces.

In conclusion, the described assay is reproduc-
ible and is sufficiently sensitive to be useful as a
method for the independent chemical confirma-
tion of trenbolone in bile and faeces, which are
of most value in controlling the illegal use of this
compound. Bile samples are preferred from dead
animals, because bile is a cleaner matrix and
because analysis is faster and more economical,
with up to 10 samples being processed in one
working day. The equivalent figure for faeces is 5
samples in 2 working days. The described assay
has now been used in this laboratory for over 2
years to confirm the presence of 17¢-TBOH in
bile and faeces taken from cattle in Northern
Ireland, following screening by enzyme immuno-
assay.
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ABSTRACT

A silica-bonded chiral stationary phase, containing the N,N’-3,5-dinitrobenzoyl derivative of 1R,2R-diaminocyclohexane, was
used to separate the enantiomers of some amino alcohols with 8-blocking activity after their conversion to oxazolidin-2-ones. The
influence of mobile phase composition (mixtures of hexane with dichloromethane, chloroform, dioxane and isopropanol) on the
enantioselectivity and efficiency of the column was evaluated. Furthermore, a tandem arrangement of the chiral column and its
racemic version was used to resolve all the stereoisomers of one amino alcohol containing two stereogenic centres.

INTRODUCTION

The development of adrenergic blocking
agents {B-blockers) has been one of the most
important pharmacological and therapeutic inno-
vations in recent years. These drugs are widely
used in the treatment of angina, cardiac arrhyth-
mias, hypertension [1] and anxiety [2].

The stereoisomerism of B-blockers is due to
the presence of a stereogenic centre in the
arylpropanolamine side-chain. Owing to the dif-
ferent pharmacological activity of the enantio-
mers (S-propranolol is about 100 times more
active than the R enantiomer [2]), there is an
increasing need to separate racemic mixtures of
such compounds at analytical and preparative
levels.

* Corresponding author.

Resolution by HPLC of racemic B-blockers
has been achieved, after cyclization to
oxazolidin-2-ones, using Pirkle-type chiral
stationary phases (CSPs) [3,4]. Microbore and
standard analytical columns packed with a CSP
derived from trans-1,2-diaminocyclohexane have
been employed in the resolution of a large series
of B-blockers and related compounds after con-
version to oxazolidin-2-ones with phosgene or
1,1-carbonyldiimidazole [5,6]. Underivatized
enantiomers of B-blockers have been separated
on columns packed with tris(3,5-dimethyl-
phenylcarbamate) cellulose supported on silica
gel [7], immobilized bovine serum albumin [8],
a;-acid glycoprotein [9] and ovomucoid [10];
recently, a CSP derived from a 3,5-dinitroben-
zoyl-aminophosphonate has been developed for
the direct separation of underivatized B-blockers
[11].

In the present communication we describe the
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results obtained in the direct HPLC resolution of
the enantiomers of two B-blocking agents using a
m-acid CSP containing the N,N’-3,5-dinitroben-
zoyl derivatives of trans-1,2-diaminocyclohexane
covalently bonded to a silica matrix (DACH-
DNB CSP). This kind of stationary phase is
obtained by a three-step modification of silica
microparticles consisting of covalent binding of
chiral (or racemic) trans-1,2-diaminocyclohexane
via reactive epoxy groups and subsequent de-
rivatization with 3,5-dinitrobenzoyl chloride. A
large number of racemic compounds have been
separated on this CSP, including sulphoxides,
selenoxides, phosphinates, phosphinoxides, de-
rivatized acids, amines and amino acids contain-
ing at least one wr-basic function in their struc-
ture [12].

EXPERIMENTAL

Apparatus

Chromatography was performed using a Wa-
ters M510 HPLC pump, a U6K injector, and an
M490 programmable multi-wavelength detector
and temperature control module; chromato-
graphic data were collected and processed on a
Waters 840 data and chromatography control
station.

The following columns were used: R,R-
DACH-DNB CSP (250 x4 mm I.D.) and its
racemic version (150 x 4 mm 1.D.) at a flow-rate
of 1 ml/min at 25°C; the wavelength used was
275 nm. Synthesis, column packing and Kkinetic
evaluation are described elsewhere [5,6,12].

Chemicals

HPLC-grade solvents were obtained from
Merck (Darmstadt, Germany); 1,1’-carbonyl-
diimidazole and 20% phosgene solution in
toluene were from Fluka (Buchs, Switzerland);
the racemic analytes were supplied by the follow-
ing manufacturers: (2RS, 3RS)-1-(2,3-dihydro-
7-methyl - 1H-inden-4-yl)oxy - 3- (1 - methylethyl)-
amino-butan-2-ol  hydrochloride from ICI-
Pharma (Milan, Italy) and (2RS)-1-(2-(1-
pyrrolyl)-phenoxy)-3-isopropylamino  propan-
2-ol hydrochloride from Ciba-Geigy (Basle,
Switzerland). Conversion of racemic amino al-
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cohols into oxazolidin-2-ones was accomplished
as previously described [6] with 90% yield.

RESULTS AND DISCUSSION

All the racemic mixtures of amino alcohols
(compounds 1-3) could be efficiently separated
after their conversion to oxazolidin-2-ones; chro-
matographic data pertinent to these resolutions
are listed in Table I. No separations were ob-
served when chromatography of the underivat-
ized amino alcohols was attempted because of
the strong interaction between the amino group
and the stationary phase. Cyclization to the

oﬂ;:.LNH{ s! o™~ w—

\© &

compound 1 : erythro compound 3

compound 2: threo

TABLE I

CHROMATOGRAPHIC DATA FOR THE RESOLU-
TION OF COMPOUNDS 1-3 AS OXAZOLIDIN-2-ONES
ON THE R,R-DACH-DNB CSP

Eluents employed are: (A) n-hexane-dioxane (50:50); (B)
n-hexane—dichloromethane (40:60); (C) n-hexane—chloro-
form (25:75); (D) n-hexane~2-propanol (40:60).

Entry Compound ki ¢ a’ R.° Eluent
1 1 7.69 1.30 2.6 A
2 1 7.69 1.20 1.6 B
3 1 8.12 1.22 1.2 C
4 1 10.15 1.20 1.1 D
5 2 8.19 1.57 5.2 A
6 2 8.12 1.36 3.9 B
7 2 8.63 1.40 2.8 C
8 2 10.51 1.38 2.2 D
9 3 9.93 1.29 2.2 A

10 3 8.30 1.26 1.6 B

11 3 8.56 1.27 1.5 C

12 3 8.95 1.30 1.4 D

“The capacity factor of the first eluted enantiomer.
® The enantioselectivity factor.
° The resolution factor.
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oxazolidin-2-ones reduces both the basicity of
the analytes and their conformational flexibility,
thus leading to good values of enantioselectivity
and chromatographic efficiency. The enantio-
selectivity factors (a) for compounds 1 and 2
show a significant dependence on eluent compo-
sition, higher values being observed when 1,4-
dioxane is used as polar modifier in the mobile
phase (Fig. 1); for compound 3 the degree of
enantioselectivity observed is almost constant
with the four eluents used. Resolution factors
(R,) show a greater dependence on the nature of
the mobile phase as a consequence of variations
in both « and efficiency of separation: the lowest
R, values are obtained using 2-propanol as a
polar modifier, because of the higher viscosity of
the eluent and thus lower diffusion coefficients of
the analytes: passing from dichloromethane to
chloroform or 2-propanol results in a loss of
resolution in spite of similar & and k; values
(Table 1, entries 2, 3, 4; 6, 7, 8; 10, 11, 12).
Of the two diastereoisomers of compounds 1
and 2, only the erythro form is active: it is
therefore desirable to have a stereoselective
method able to separate and quantify all four
possible isomers, e.g. to check the stereochemi-
cal stability (in vitro and/or in vivo) of both
stereogenic centres of the drug. From the data
listed in Table I it is clearly seen that the chiral
column does not afford the required dia-

5 1'0 15 20

MINUTES

5 10 15 20
MINUTES

Fig. 1. Chromatographic analysis of compounds 1 (top) and
2 (bottom) using eluent A. See Table 1 for other conditions.
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stereoselectivity: in fact, the separation factors
between the first eluted enantiomers of the
erythro and threo forms (ratio of the k' values
listed in Table I) are always smaller than 1.10,
leading to incomplete resolution of the four
stereoisomers (overlapping of the first two elut-
ing peaks); a common practice to improve global
selectivity in such situations is to connect in
series columns with different, complementary
selectivities and similar mobile phase require-
ments [12,13]: by using two columns in series,
one packed with the R,R-DACH-DNB CSP and
the other with its racemic analogue, the com-
plete separation of the four stereoisomers of
compounds 1 and 2 is achieved using a ternary
mobile phase (chromatogram C, Fig. 2). The
composition of the mobile phase was chosen in
order to obtain the highest values of enan-
tioselectivity together with a good chromato-
graphic efficiency.

It is worth noting that the tandem arrange-
ment between the chiral column DACH-DNB
CSP and a silica column (LiChrosorb Si 60),
successfully employed to resolve the four
stereoisomers of the racemic ephedrine and -
ephedrine [6], it is not feasible in the present

l A
‘ B
N
{ ‘C
5

MINUTES

Fig. 2. Chromatographic analysis of the four stereoisomers
of compounds 1 and 2. Eluent: n-hexane—dioxane—dichloro-
methane (60:30:10); (A) R,R-DACH-DNB CSP; (B)
Racemic version of the CSP; (C) tandem arrangement: R,R-
DACH-DNB and the racemic version coupled in series.
Arrows indicate peaks relative to the threo isomer.



196

case because of the opposite diastereoselec-
tivities afforded by the two phases (the erythro
isomer is most retained on the silica column).

CONCLUSIONS

In conclusion, a method for the separation and
quantization of the optical isomers of B-blocking
agents is reported. The separation of the enan-
tiomers of chiral drugs having more than one
stereogenic centre is, in principle, not signifi-
cantly different from that for compounds with a
single stereogenic centre. However a coupled
achiral—-chiral system is often necessary to com-
pensate for the weak diastereoselectivity of a
chiral column.
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ABSTRACT

A high-performance ion chromatography system using chelating dye coated columns for the determination of trace metals in
high-ionic-strength media is described. All the preconcentration and separation studies of metal ions were carried out using a
single chelating column. Spectrophotometric detection using 4-(2-pyridylazo)resorcinol and Pyrocatechol. Violet post-column
reagént was employed to investigate divalent and trivalent metal ions. A number of metal ion determinations in 1 M laboratory
salt solutions, concentrated brines and sea waters were achieved under isocratic and step gradient elution conditions, where up to
nine metal ions could be separated in a single injection. Standard addition was used for calibration and good linearity was

obtained in the low ug 17" range.

INTRODUCTION

Present ion chromatography techniques for the
determination of trace metals work well if the
sample is relatively low in ionic strength. If the
ionic strength is too high, the salt ions may
“swamp”’ the ion-exchange sites, seriously affect-
ing .any separation. Thus, direct analysis of
important samples such as concentrated brines
and sea waters is extremely difficult by conven-
tional ion chromatography. This problem can be
overcome by using chelating exchange groups
instead of ion exchange groups on the stationary
phase substrate. Metal ion separations will then
be dependent on the conditional stability con-
stants of each metal chelate, and are much less
affected by the ionic strength of the sample.

Chelating resins have been used for some time
for preconcentration of metal ions. One of the
first to demonstrate this for preconcentrating

* Corresponding author.
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trace metals from sea waters were Riley and
Taylor in 1968 [1]. They used Chelex 100 which
contains covalently bonded chelating groups to
the surface of the substrate. Since then, many
chelating groups have been synthesized
beforehand and covalently bonded to the sub-
strate. However, they have predominantly been
used for matrix elimination and preconcentration
before determination by another technique.
Siriraks et al. [2] used a chelating column for
trace metal preconcentration in trace elemental
analysis in various environmental and biological
samples before separation by conventional ion
chromatography, but the ion chromatography
system used was rather complex. Fritz et al. [3]
prepared a number of chemically bonded chelat-
ing substrates and demonstrated their use for
separation of trace metals, however efficiency
was low. Toei [4] has used a covalently bonded
chelating column employing iminodiacetic acid
functional groups for the analytical separation of
magnesium and calcium in sea water with high
efficiency. A recent review highlights many

© 1993 Elsevier Science Publishers B.V. All rights reserved
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bonded chelating polymers suitable for trace
metal separation and preconcentration of en-
vironmental samples [5].

An alternative approach to chemical bonding
is to coat the substrate with a chelating dye. This
avoids the need to synthesise and bond the
chelating group onto the substrate, which can be
a very time-consuming and difficult procedure.
Most chelation exchange coatings have been on
anion exchange resins with very few on neutral
resins as shown in a review of this area by
Marina et al. [6]. Again the majority of these
coated resins have been used for preconcen-
tration and matrix elimination. For example,
recently a Xylenol Orange column coated onto
Dowex 1-X8 anion-exchange resin has been used
as a preconcentration column as part of an
automated HPLC system for trace metal de-
terminations in concentrated brines [7]. How-
ever, little work has been carried out using
coated chelating columns to investigate trace
metal separations on high performance grade
substrates. Jones and Schwedt [8] investigated a
dyestuff-coated HPLC resin for chelation ex-
change separation of metal ions. Although a
range of chelating dyes were initially examined
for their depth of coating and chemical stability,
Chrome Azurol S was chosen for further study
and coated onto a neutral Benson BPI-10 resin.
Separations of divalent and trivalent metals in 1
M potassium nitrate was achieved, though the
efficiency was relatively low.

Recently, we have reported [9] a more de-
tailed investigation into dyestuff-coated columns
using a range of chelating dyes coated onto a
number of resins of varying particle size. The
chelating performance was found to vary mark-
edly depending on the type of substrate and
chelating dye employed. Xylenol Orange was
then chosen to coat onto a neutral small-particle-
size HPLC-grade resin, and a separation of all
four alkaline earth metals in 1 M potassium
nitrate was achieved. Further work using these
columns enabled separations of other divalent
metals, and separations from high concentrations
of alkaline earth metals using gradient elution
[10].

This paper reports on further developments in
combined preconcentration and high-perform-
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ance separations of trace metals in various high-
ionic-strength matrices, using a single dye-coated
HPLC grade chelation exchange column. The
application of this column for the determination
of trace metals in concentrated brines and sea
waters is also reported.

EXPERIMENTAL

Instrumentation

The chelation ion chromatography post-
column reaction system employed is shown in
Fig. 1. Two injection valves were used to enable
either preconcentration or a direct injection onto
the column.

The instrumentation used consisted of two
ConstaMetric Model III pumps (Laboratory
Data Control, Riviera Beach, FL, USA) for the
eluent and post-column reagent. Injector 1 was a
stainless-steel injector with 100-u] sample loop
(Rheodyne, Cotati, CA, USA) and used for
direct injections. The preconcentration system
was composed of entirely inert materials which
comprised an Eldex Labs. (Menlo Park, CA,
USA) Model AA pump with PTFE-lined pump
heads and check valves, and titanium injector
(number 2) (Valco, Schenkon, Switzerland). All
connecting tubing and junctions were composed
of PTFE. The UV-visible detector was a Spec-
troflow Monitor SF770 (Schoeffel, Westwood,
NJ, USA).

Sample Loop

COLUMN LI
pUMP N

=

Plastic

i INJECTOR 1 Syfinge
CHELATION

£luent COLUMN

PRECONCENTRATION
PUMP

M

INJECTOR 2 W25 j:]

REAGENT Sample

PUMP DETECTCOR
Reaction
Coil

Post-Lolumn
Reagent

Fig. 1. Chelation ion chromatography post-column reaction
system.
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Chelating columns

Two dye-coated columns were investigated.
These were Xylenol Orange (5,5'-bis-NN-
bis(carboxymethyl)Jaminomethyl-4'-hydroxy-3,3’-
dimethylfuchsone-2"-sulphonic acid (tetrasodium
salt)] (BDH, Poole, UK), and Chrome Azurol S
[2",6”-Dichloro-4’-hydroxy-3,3’-dimethyl-3"-sul-
phofuchsone-5,5-dicarboxylic acid (Trisodium
salt), (Sigma, St. Louis, MO, USA) coated onto
8 wm, 100 A polystyrene—divinylbenzene neutral
PLRP-S resin (Polymer Labs., Church Stretton,
UK). These columns were 10 cm X 4.6 mm L.D.,
metal free and inert, being made of poly ether
ether ketone (PEEK), (Alltech, Carnforth,
UK). These columns were coated by pumping a
0.2% solution of the dye through a packed
PLRP-S column.

Materials

All chemicals were obtained from BDH except
4-(2-pyridylazo)resorcinol (PAR), ZnEDTA and
sodium sulphate which were obtained from
Fluka (Buchs, Switzerland). Metal stock solu-
tions were Spectrosol atomic absorption stan-
dards obtained from BDH. All reagents and
working standards were prepared using distilled
deionized water obtained from a Milli-Q system
(Millipore, Bedford, MA, USA).

To reduce the levels of metal impurities, the
eluents and buffers were pumped through a
Xylenol Orange coated XAD-2 (BDH) chelating
column (10 cm X 4.6 mm I.D.). This off-line
clean up process considerably reduced levels of
metal ions which are likely to build up on the
analytical column during preconcentration and
step gradient elution processes.

Eluents and post-column reagents

Divalent metal ion determinations. The eluent
used in all cases was 1 M potassium nitrate
containing 0.05 M lactic acid, adjusted to the
appropriate pH with dilute nitric acid or dilute
ammonia. The post-column reagent employed
was 1.2-10™* M PAR-2-10"* M ZnEDTA in 2
M ammonia for all samples except sea water
where 1.2:10™* M PAR in 2 M ammonia with-
out the ZnEDTA was used. Absorbance was
monitored at 490 nm.
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Trivalent metal ion determinations. The eluent
used here was 1 M potassium nitrate, and the
post-column reagent employed was 0.004%
Pyrocatechol Violet in 0.5 M hexamine adjusted
to pH 6. Absorbance was monitored at 580 nm.

Samples and sample treatment

Samples. Sodium chloride and potassium
chloride brines were obtained from ICI Chemi-
cals and Polymers, Runcorn, UK. The sea water
sample was obtained from Plymouth Sound.
Laboratory chemicals were made up as 1 M
solutions. A pH meter was used to monitor all
pH adjustments as detailed below. Blank de-
terminations showed negligible contamination
from the small volumes of acid or alkali used to
adjust the pH.

Sample analysis

Direct injection. The pH of the sample was
adjusted to the same pH as the eluent using
dilute nitric acid or dilute ammonia before injec-
tion. A 100-u1 volume of sample was then
injected using injector 1.

Preconcentration. The sample was adjusted to
an appropriate pH using dilute nitric acid or
dilute ammonia, depending on the metals of
interest. Before preconcentration it was neces-
sary to equilibrate the column to the same pH as
the sample by pumping 10 ml of the appropriate
buffer (0.1 M borate for pH 10 or pH 11, and 0.1
M hexamine for pH 6). This was followed by 10
ml of the sample, and finally 3 ml of distilled
deionized water. This was all carried out with the
potassium nitrate eluent bypassing the column as
shown in Fig. 1. The gradient program was
initiated by switching the titanium injector to
allow the potassium nitrate eluent to pass
through the preconcentration column. The pH of
the 1 M potassium nitrate eluent was then
changed in a series of steps at specified times as
described in the Results and Discussion section.

RESULTS AND DISCUSSION

The stability of the columns after coating
proved to be very good. There was an initial
bleed of the dye during the cleaning process
directly after coating the column, but only a
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large sudden change in ionic strength would
produce any further slight bleeding of the dye.
To illustrate the different chelating strengths of
the two dyes, the pH required to completely
retain various metal ions on small particle size
coated columns was investigated. Initial studies
showed that these two columns were distinctly
different (Table I), the Chrome Azurol S show-
ing much weaker chelation than Xylenol Orange,
not retaining alkaline earth metals until pH 11 or
above.

Since pH is a major controlling factor on
chelating strength, various groups of metal ions
can be selectively eluted in the order of increas-
ing stability constants. However, under isocratic
conditions the peaks become quite broad after a
relatively short time and therefore only three or
four metal species can reasonably be determined
this way. To separate a greater number of metals
a pH gradient is necessary. Peak compression
occurs and even the last eluting peaks are rela-
tively sharp. We found that step gradients gave
better results than a continuous gradient, though
in some cases this caused steps in the chromato-
gram baseline. An example of a nine metal
separation on a Xylenol Orange coated column
using three step gradients is shown in Fig. 2. The
metal mixture was directly injected at pH 10

TABLE 1

MINIMUM pH REQUIRED FOR COMPLETE RETEN-
TION OF 5 mg 1”' METAL STANDARDS (10 mg I FOR
BARIUM), ON SMALL-PARTICLE-SIZE DYE-COATED
COLUMNS, USING 1 M POTASSIUM NITRATE
MOBILE PHASE

Standard Xylenol Chrome
Orange-coated Azuro] S-coated
PLRP-S PLRP-S
Ba’* 10 >11
Mg?* 9 11
Sr* 9 >11
Ca™* 8 >11
Mn** 6 8
Co™ 4 7
Zn** 4 7
cd* 5 7
Pb’* 4 6
Ni?* 3 6
Cu** 2 5
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Fig. 2. Chromatogram showing separation of nine metals on
a Xylenol Orange-coated PLRP-S dye-coated column, using
three step gradients. Sample conditions were direct injection
of 100 pl of 1 M KNO, containing 0.05 M lactic acid
adjusted to pH 10, spiked with the following concentrations
of metal ions: 5 mg 17" Mg?*, Ca**, Mn*", Ni*”, Cu?, 10
mg 1" Cd** and Zn®*, and 20 mg 17 Ba®” and Sr*”.

where every metal would be retained on the
column. By stepping the eluent to pH 6.5 the
alkaline earth metals were eluted, then a change
to pH 3 after 15 min eluted manganese, cad-
mium and zinc, and a final step to pH 0.5 after
30 min to elute nickel and copper which form the
strongest chelates.

Preconcentration and separation of trace metals
As described above, many metal ions can be
separated in a single injection using pH step
gradients. However, in order to investigate sam-
ples containing metals at low parts per billion
levels, a preconcentration step was needed prior
to the analytical separation. In the following
work the preconcentration and separation is
carried out on the same column. Because of the
much lower concentration of metals, it is im-
portant that the preconcentration system is com-
posed of inert materials as described in the
Experimental section. No observable contamina-
tion was found from the steel pumps pumping 1
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M potassium nitrate eluent, even in acidic
media. However, the major contamination
occurred with impurities in the potassium nitrate
itself and the buffer solutions. This necessitated
clean-up with a Xylenol Orange-coated XAD-2
column as described in the Experimental. In all
cases blank runs were carried out using the same
step gradient program, but omitting the sample.
All quantitative data was blank corrected if
necessary.

Concentrated brines

Actual industrial samples of concentrated sodi-
um and potassium chloride brines used in the
chloralkali industry, obtained from ICI, were
analyzed for trace metal content using the
Xylenol Orange column. The actual concentra-
tions of these samples determined by titration
was 2.4 M for KCI and 5.1 M for NaCl brine.

Fig. 3 shows a typical separation of alkaline
earth metals in KCl brine, using a single-step
gradient from pH 11 to pH 6. Some degree of
selectivity is possible by changing the starting pH
of the gradient. Thus, by starting at a lower pH
the separation of some transition metals is pos-
sible while the alkaline earth metals pass straight

b
a Ca 0-004
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0-004
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A )
8 S
3 0
g R Mg
8
8 A Sr
A N
N Ca C
¢ E
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Sr
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Bs
| oo a—] T
0 S 10 Min 0 S 10 15 Min

Fig. 3. Chromatograms showing preconcentration and sepa-
ration of alkaline earth metals in KCl brine using the Xylenol
Orange coated column. (a) KCl brine sample, (b) KCI brine
spiked with 25 ug 17! Mg®*, 50 ug 17} Ca®*, Sr** and Ba™".
Sample volumes were 10 ml adjusted to pH 11.
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through on the solvent front. A calibration series
for alkaline earth and some transition metals in
KCl brine was carried out by the method of
standard addition. Good linear results were
obtained with the correlation coefficient, r, rang-
ing from 0.991 to 0.999.

If the full range of metal species need to be
studied in a single determination then a more
complex step gradient programme can be used.
The chromatogram in Fig. 4 shows the separa-
tion of nine metals in 2.4 M KCIl brine achieved
with a three-step gradient. A step gradient from
pH 10 to pH 6 eluted the alkaline earth metals,
followed by a step to pH 3 after 7 min to elute
manganese, cadmium and zinc, then a final step
to pH 0.7 after 15 min to elute nickel and
copper. '

A calibration series for alkaline earth metals in
saturated NaCl brine (5.1 M ) was also carried
out and the results compared to those obtained
for KCl brine (Table II). It can be seen that the
KCl brine contains higher levels of calcium, but
the NaCl brine as expected, contains much
higher levels of strontium, due to the high levels
naturally occurring in rock salt. For comparison
a separation of alkaline earth metals in a NaCl
brine sample using the same step gradient as
KCl, is shown in Fig. 5.

Mg

td " Io-m
Zn N
Ca MA

¥

Cu

MAOAZP>ODDOND >

0 S 10 15 20 25Min
Fig. 4. Chromatogram showing preconcentration and separa-
tion of nine metal ions in 2.4 M KCI brine using the Xylenol
Orange-coated column with a three-step gradlent Spiked.
metal concentrations were 50 pg 17 Mg®*, Ca®*, Zn®",
Ni**, Cu®* and 0.1 mg 1" Sr**, Ba®*, Mn®* and Cd**.
Sample volume was 10 ml adjusted to pH 10.
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TABLE II

CONCENTRATION OF TRACE METALS IN KCI AND
NaCl BRINES

ND = Not determined. Reproducibilities were determined on
samples spiked at the midpoint of each calibration range. The
relative standard deviations on six replicates all ranged
between 2 and 5%.

Concentration (ug17")

NaCl KCl Approx.
detection
limit*

Mg>* 3 1 0.5
Ca** 6 18 2
Sr** 95 28 4
Ba®" 9 3 2
Mn?** ND 8 0.5
Zn** ND 17 1
Ni** ND 4 2
Cu®* ND <1 1

“ Detection limits are for a 10-ml preconcentration volume
and for 2X baseline noise level.

A
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Ca
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T
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Fig. 5. Chromatogram showing preconcentration and separa-
tion of alkaline earth metals in a saturated (5.1 M) NaCl

brine sample using the Xylenol Orange-coated column.
Sample volume was 10 ml adjusted to pH 11.
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Impurities in laboratory chemicals

The successful use of these columns in the
determination of trace metals in concentrated
brines encouraged further work with other ma-
trices. One such area is the investigation of trace
metal impurity levels in laboratory reagents.
Three laboratory chemicals were selected, these
were potassium nitrate, sodium sulphate and
caesium iodide. These were made up as 1 M
solutions for analysis. Using a step gradient from
pH 6 to pH 3.7, then pH 2 after 1 min and pH
0.7 after 6 min, six metal species could be
separated, namely manganese, cadmium, zinc,
lead, nickel and copper. A typical example of
the separation achieved by this gradient pro-
gramme on a spiked sample is shown in Fig. 6
and Fig. 7 shows the actual trace metal impurity
profiles obtained for the three laboratory chemi-
cals. It can be seen that the potassium nitrate
used as our eluent contains relatively high levels
of zinc, and shows the necessity for clean-up of
this reagent as described in the experimental
section. There were some problems in quantify-
ing copper in caesium iodide, probably due to

MAOAZ>@ODONTO>

T

0 S5 10 15 20Min

Fig. 6. Chromatogram showing preconcentration and separa-
tion of trace metals in 1 M Na,SO, sample spiked with 10 pg
17" Mn?*, 25 g 17! Zn** and 0.1 mg 17" Cd**, Pb*", Ni**
and Cu®*. Sample volume was 10 ml adjusted to pH 6.
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Fig. 7. Chromatograms showing preconcentration and sepa-
ration of trace metal jons in laboratory chemical samples
using the Xylenol Orange-coated column. (a) 1 M KNO,
sample, (b) 1 M Na,SO, sample and (c).1 M CsI sample.
Sample volumes were 10 ml adjusted to pH 6.

interference of iodide which is known to reduce
Cu®* to Cu*. Approximate impurity levels in all
three chemicals are shown in Table III.

Analysis of trace metals in sea waters

The Chrome Azurol S-coated column although
more suitable for sea waters because of its weak
affinity for calcium and magnesium, was not as
efficient as the Xylenol Orange-coated column
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TABLE III

APPROXIMATE IMPURITY LEVELS IN THREE LAB-
ORATORY CHEMICALS

X = Not quantified (see text).

Concentration (ugl1™")

1M KNO, 1M Na,SO, 1M Csl
Mn** 5 28 4
cd** - - -
Zn** 60 21 2
Pb>* 10 10 15
Ni** - 5 -
Cu®* 3 12 X

and could not separate all of the metals investi-
gated. However, it was still possible to use the
Xylenol Orange-coated column by adjusting the
sea water to pH 6 when most of the magnesium
and calcium present will not be retained. Also by
using PAR alone, which does not react well with
alkaline earth metals, as the post-column re-
agent, the magnesium/calcium peak can be
further reduced.

Sea water from Plymouth Sound, filtered be-
fore use to remove particulate matter, was in-
vestigated for traces of cadmium, zinc, lead,
nickel and copper. This separation was achieved
with a step gradient from pH 6 to pH 3.7, then
to pH 2 after 5 min and pH 0.7 after 10 min. Fig.
8a shows Plymouth Sound sea water, whilst Fig.
8b shows a spiked sample. A large peak due to
magnesium and calcium still occurs at the solvent
front as PAR does react slightly with these ions
[11]. Zinc and copper were shown to be present
at 1 ug 17! and 3 wg 17", respectively, with a
slight hint that lead may be present in the sea
water. Higher preconcentration volumes will be
needed to quantify this. The level of copper
present is significantly higher than would normal-
ly be expected as several rivers feeding into
Plymouth Sound are enriched with copper due to
the local geology.

Trivalent metal ion separation

The work so far demonstrates the suitability of
the chelation chromatography approach for the
determination of divalent metal ions. However,
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Fig. 8. Chromatograms of trace metals in Plymouth Sound
sea water preconcentrated and separated using the Xylenol
Orange-coated column. (a) Plymouth Sound sea water show-
ing Zn>* (1 wg 1™') and Cu®* (3 pg I7') present in the
sample, (b) Plymouth Sound sea water spiked with 5 ug 17"
Zn**, 20 pg 17" Cu** and 50 wg 17' Cd**, Pb** and Ni**
Sample volumes were 10 ml adjusted to pH 6.

trivalent metal ions in general form much
stronger chelates than divalent metal ions. The
Xylenol Orange-coated column would require
much more acidic eluents for desorption, there-
fore it was decided to investigate these ions using
the weaker chelating Chrome Azurol S column.

Fig. 9 shows an isocratic separation of alu-
minium, gallium and indium in 1 M potassium
nitrate achieved at pH 2.2. Because the ex-
change kinetics are slow, the column was oper-
ated at an elevated temperature of 60°C. The
separation profile is similar to previous work [8],
but the elution order is different, gallium eluting
before indium. Further studies are underway
including other trivalent metal ions such as iron
and bismuth.
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Fig. 9. Chromatogram showing isocratic separation of 2 mg
1”7 AP*, 10 mg 17" Ga** and 20 mg 17" In** in 1 M KNO,,
at pH 2.2, using the Chrome Azurol S-coated column at
60°C. Direct injection of 100 ul sample.

CONCLUSIONS

This work shows that chelation ion chromatog-
raphy using dye-coated columns shows clear
potential for the determination of trace metals in
high-ionic-strength media. They give high ef-
ficiencies and can be used to separate selective
groups of metal ions, or a larger range using a
series of step gradients.

Combined preconcentration and separation of
trace metals in various high-ionic-strength media
including concentrated brines, sea waters and
laboratory chemicals can be achieved using a
single chelating column. A separation of nine
metal ions in 1 M potassium nitrate and concen-
trated KCl brine has also been successfully
achieved.

These chelating dye-coated columns are much
easier to prepare than chemically bonded chelat-
ing columns, and so far the Xylenol Orange-
coated column has proved to be very stable,
having been used for over 1.5 years without any
apparent loss of efficiency.

Chelation ion chromatography can only de-
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velop further in the future as a relatively simple
and inexpensive method of directly determining
trace metals in various high-ionic-strength
media.
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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 2" — 1
periods of which 7=2""" injections (n being a
positive integer). Theoretically the detection
limit can be reduced by V(I/2) 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.
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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

© 1993 Elsevier Science Publishers BV. All rights reserved
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arrived at the detector. In CGC, however, sam-
ple is injected semi-continuously. A disturbance
of the gas flow with every injection is unaccept-
able, as it disrupts the stationary state of the
system. For an optimally performing CC system,
a stationary state is an important requirement.

In this paper, an injection device that does not
disturb the stationary state of the system is
described, being intermediate between the direct
introduction of liquid samples and the intro-
duction of gaseous samples. First the sample is
(partly) evaporated, then the vapour of this
sample is injected without disturbing the gas
flow.

Liquid injection system

Fig. 1 shows a system for the indirect intro-
duction of liquid samples in CGC. The important
parts for CGC are the sample compartment
located outside the gas chromatograph, the
evaporation compartment and the injector. The
evaporation compartment and the injector are
located in an injector oven separated from the
column oven. The sample and evaporation com-
partments are connected with a capillary used to
introduce a liquid sample into the evaporation
compartment. When' the sample compartment is
pressurized, liquid will be transported through
the capillary from the sample compartment to
the evaporation compartment. The temperature
and the heat capacity of the evaporation com-
partment have to be high enough to evaporate
the sample. completely and immediately. The
pressure of the evaporation compartment rises
owing to the evaporation of the sample until an
equilibrium is reached. When vapour is injected
into the column, the pressure of the evaporation
compartment falls. Liquid is transported through

Nitrogen

Fig. 1. Correlation gas chromatograph equipped with an
indirect asymmetric device for liquid sample introduction.

the capillary and evaporates owing to the high
temperature until equilibrium is reached again.
Only very small volumes of liquid need to be
evaporated to replace a certain volume of gas
because of the large difference in density be-
tween the liquid and gas phases.

As mentioned before, for CGC a constant gas
flow through the GC column is required. It
should not make any difference whether sample
is injected or not. For this reason, it is necessary
to tune the pressure of the nitrogen gas supply in
such a way that the pressure in the evaporation
compartment is, equal to the pressure of the
nitrogen carrier gas.

In the system described here, large amounts of
vapour are injected (up to half of the time
vapour may be injected). It can be expected that
the separation conditions will be influenced and
non-linearities will arise owing to the large
differences in concentration of carrier gas and
vapour, especially at the top of the column.

Mainly for reasons of pressure tuning and
changes in separation, first a more symmetrical
system was developed, which is outlined in Fig.
2. In this system both the sample and reference
compartments contain liquid; the reference com-
partment contains, e.g., pure solvent and the
other compartment contains the sample. Nitro-
gen as a carrier gas is replaced with solvent
vapour. Nitrogen is only used to maintain an
adjustable pressure. After equilibrium, both
evaporation compartments will have the same
pressure.

The system under consideration can easily be
used in a differential CC mode, as described by
Laeven et al. [14] for liquid chromatography.

injector oven

Fig. 2. Correlation gas chromatograph equipped with an
indirect symmetrical device for liquid sample introduction.
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When instead of pure solvent a known (stan-
dard) sample is used as a reference, only differ-
ences between the “unknown” sample and the
other sample are measured.

A constant and equal pressure in both evapo-
ration compartments can only be achieved when
there is no significant pressure drop in one of the
compartments when it starts to deliver gas to the
chromatographic column. Assuming the evapo-
ration of liquid is fast and a pressure drop due to
a time consuming evaporation can be neglected,
the pressure drop is negligible when the mass
flow resistance of the capillary supplying the
liquid is small compared with the mass flow
resistance of the chromatographic column. The
pressure drop over this liquid-supplying capillary
can be described by the Hagen—Poiseuille law.
This law is applicable for a laminar flow profile
and an incompressible fluid:

8,0l

4
Trp

AP (1)

where:
AP = pressure difference (N m™?%)
@, =mass flow (kg s™')
n = viscosity (kg m™"' s7")
I = capillary length (m)
r = capillary radius (m)
p =density (kg m~?)

For gases eqn. 1 is not valid as they are
compressible, the density p being dependent on
pressure. However, to obtain a rough impres-
sion, eqn. 1 can be of limited use. When capillary
GC columns are used, preferably the column
inside diameter should not be larger than the
diameter of the capillary supplying the liquid, as
the pressure drop and the inside diameter are
related to the fourth power. The length of the
capillary supplying the liquid under normal
conditions can easily be at least a factor of 100
smaller than that of a capillary GC column
(which is usually 20 m or longer). The difference
in density between liquids and gases is at least a
factor of 100 when the pressure is low. Finally,
the difference in viscosity can be a factor of
10-50 (28 for CS, liquid at 20°C and CS, vapour
at 114°C [15]) between liquids and their vapour,

depending on pressure and temperature. In most
common cases the pressure drop over the capil-
lary supplying the liquid can be small or neglig-
ible.

Separation/ detection

In both systems described the separation
conditions will change compared with conven-
tional chromatography. In the first, asymmetric,
system (Fig. 1), a large number of injections also
introduce substantial amounts of solvent vapour.
Depending on the actual amounts injected, up to
50% of the mobile phase is solvent vapour. This
may give rise to non-linear chromatographic
behaviour because of very large differences in
concentration between sample, containing sol-
vent vapour, and reference, containing carrier
gas. The changed mobile phase composition of
CGC compared with GC may also cause a
separation difference between a single injection
chromatogram and a correlogram. When the
detector is sensitive to the solvent vapour, a very
large solvent peak in the correlogram appears,
which may cause so called correlation noise in
the correlogram [14]. Correlation noise can be
defined as noise present in the correlogram that
does not originate from detector noise. This
correlation noise caused by the solvent peak may
disturb the determination of the other peaks,
especially when the other peaks are small com-
pared with the solvent peak.

The second, symmetrical, system (Fig. 2)
differs even more from a conventional chromato-
graphic system. The mobile phase only consists
of liquid vapour. Instead of, e.g., nitrogen,
solvent vapour is used as the carrier gas. The use
of solvent vapour as a carrier gas has been
reported previously [16-21]. Large concentration
differences between solvent vapour and mobile
phase are eliminated. Therefore, non-linear
chromatographic behaviour will not appear as
quickly in this symmetrical system as in the other
asymmetric system.

The detector must be able to cope with the
large amounts of vapour involved. Therefore, if
possible, a solvent is used that gives only a very
small detector signal or does not respond at all.
Another possibility is to use a differential detec-
tor, such as a heat conductivity detector.
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EXPERIMENTAL

An existing CGC system, developed and test-
ed for CC [22] in our laboratory, was used for
the experiments. This system was modified to an
indirect symmetrical liquid injection system as
outlined in Fig. 2. Table I lists the equipment.
As the injection device a pair of MOVPT-1/100
pneumatic needle valves (Scientific Glass En-
gineering) were used, controlled by a computer
with an optocoupler as a circuit breaker. The
valves were connected to the column by a 0.8-
mm T-piece (Valco). The evaporation compart-
ments, laboratory-made 300-cm® glass vessels,
were connected to the needle valves by a 3 cm X
1.6 mm O.D. steel capillary. Glass vessels, as
described above, were also used as sample and
reference compartments. A piece of steel capil-
lary connected the inlet of the sample and
reference compartment to the nitrogen gas sup-
ply, without a significant pressure drop.

Fused-silica capillaries (50 cm X 0.2 mm 1.D.)
were connected between the sample compart-
ment and its evaporation compartment and the
reference compartment and its evaporation com-
partment. The injector oven, containing the
injection device and the evaporation compart-
ments, was a rebuilt temperature-controlled PV
4000 GC oven (Philips). The separations were
performed on a 50 m X0.32 mm L[.D. open-
tubular GC column, coated with 1.13-pm CP-Sil
5 CB (Chrompack). Table 1T gives the separation
conditions.

Three samples were prepared; Table III gives
the volume fractions of the compounds in carbon

TABLE 1
LIST OF EQUIPMENT

Apparatus Type

GC Packard Becker Model 421 with
flame ionization detector

Injector Laboratory-made
i-v converter Atlas MAT DC60CH
Filter 24-dB low-pass filter, laboratory made

CC computer Tulip dc386 with DAS-16 DAC/ADC
controlled by Assyst
Data-handling HP-9000/350

computer

TABLE I1
CHROMATOGRAPHIC CONDITIONS

Gas Pressure Temperature Temperature
(10° kPa) control °C)

H, 0.6 Injector 118
N, 1.9 Column 110
Air 1.4 Detector 180
TABLE III
VOLUME FRACTION OF COMPOUNDS
Compound Volume fraction

(mli™)

1 2 3
Ethanol 0.5 0.5 0.5
2-Propanol 0.5 0.6 0.5
1-Propanol 0.5 0.5 0.5
2-Butanone 0.5 0.5 0.6
2-Methyl-2-butanol 0.5 0.5 0.5

disulphide. 2-Methyl-2-butanol was purchased
from BDH and other chemicals from Merck.

The CC experiments were carried out with a
PRBS of 511 elements and a clock period (the
time length of one element) of 0.3 s. The data
were collected with equal sampling time periods.
A filter frequency of 1.2 Hz was chosen to avoid
aliasing. To produce a correlogram at least two
PRBSs were injected and the data collected
during the last injection sequence were used to
calculate the correlogram. For single-injection
experiments, the data sampling period and filter
frequency were chosen to be equal to those in
the CC experiments.

RESULTS AND DISCUSSION

As already mentioned, the experiments were
performed with the indirect symmetrical liquid
injection system. A single-injection chromato-
gram (Fig. 3), a normal correlogram (Fig. 4a),
an inverse-bit correlogram (Fig. 4b) and the
inverse-bit subtracted from the normal correlo-
gram (Fig. 4c) are shown for sample mixture 1
against a reference of pure carbon disulphide.
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0 40 80 120 160

TIME (95)

Fig. 3. Single-injection chromatogram obtained with the
symmetrical system. A mixture of ethanol, 2-propanol,
1-propanol, 2-butanone and 2-methyl-2-butanol in carbon
disulphide was analysed with carbon disulphide functioning
as the carrier gas.

Carbon disulphide vapour functions as a carrier
gas and has a low detector (flame ionization
detector) response. The inverse-bit correlogram
is obtained by inverting the injection-bits of the
PRBS. A “1” represents ‘“‘no injection” instead
of an “injection” in case of a normal correlo-
gram, and a “0” represents an “injection” in-
stead of “no injection” [22].

The small peaks at 143, 147, 153, 6 and 16 s in
the correlogram and the inverse-bit correlogram
(Fig. 4a and b) are ghost peaks of the five main
eluting components. The average time difference
between a component peak and its corre-
sponding ghost peak is 236.2 clock periods or
70.9 s. This corresponds very well with a theoret-
ical expected value of 237 clock periods (71.1 s)
for a first-order non-complementary ghost peak
[22], also known as a A3 ghost peak. This A3
ghost peak may appear when a memory effect is
present in the injection sequence. Comparing the
normal correlogram with the inverse-bit cor-
relogram, the sign of the ghost peaks with
respect to the main peaks has changed. Theoret-
ically, this is expected for first-order non-com-
plementary ghost peaks. The ghost peaks dis-
appear when the inverse-bit correlogram is sub-

tracted from the normal correlogram in Fig. 4c..

The noise level in Fig. 4c has been considerably
reduced. Probably other small non-complemen-

r T T T N

0 40 80 120 160

TIME (S)

Fig. 4. (a) Correlogram, (b) inverse-bit correlogram and (c)
the correlogram subtracted from the inverse-bit correlogram.
The system used and the mixture analysed are identical with
those in Fig. 3.

tary effects are also present, as they are neutral-
ized with subtraction [22,23]. Reproducible small
pressure variations and injection errors due to
the small clock period (the injector could not
cope with smaller clock periods) might have
caused these reproducible effects.

Comparing the retention times of the single-
injection chromatogram with the correlogram,
the components of the single injection elute on
average 2.1 s later. This phenomenon has been
observed and explained before in CC [23].
Owing to the many injections, the concentration
level of the components is relatively high all over
the column during a CC experiment, whereas
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during a single injection this is not the case.
These high concentrations act as a modifier of
the mobile phase, making the components elute
sooner. In this instance, however, it cannot
explain the retention time shift, as exactly the
same shift is also observed in the experiments
below, where high component concentrations are
present both in the sample and in the reference.

An undesired pressure drop in the evaporation
compartments can explain this phenomenon and
it is assumed that this causes the retention shift.
When a pressure drop in the evaporation com-
partments is caused by the supply of gas to the
column, during a CC experiment the pressure
drop will be approximately the same in both the
sample and reference compartments, as the
injector often switches from sample to reference
and both evaporation compartments supply gas
to the column for an equal amount of time. In a
single-injection experiment, most of the time the
gas is supplied by the reference evaporation
compartment. Assuming the pressure drop in
this compartment is small compared with the
total pressure over the column, it can be esti-
mated to be approximately. double the pressure
drop in the CC experiments. The observed time
shift was 2.1 s (this equals a time shift of
+2.5%). When the preceding assumptions are
correct, and it is also assumed that within a small

0 40 80 120 160

TIME (S)

Fig. 5. Differential single-injection chromatogram obtained
with the symmetrical system. A mixture of ethanol,
2-propanol, 1-propanol, 2-butanone and 2-methyl-2-butanol
in carbon disulphide was analysed (sample). A mixture with
the same components present in equal or changed amounts
was used as the carrier gas (reference).

pressure range the column pressure is inversely
related to the retention time, a pressure drop of
+2.5% is expected for CC experiments and
*+5% for a single-injection chromatogram.
Differential CC experiments are shown in
Figs. 5 and 6. Sample mixture 2 was measured
against reference mixture 3. A single-injection
chromatogram (Fig. 5), a normal correlogram
(Fig. 6a), an inverse-bit correlogram (Fig. 6b)
and the inverse-bit subtracted from the normal
correlogram (Fig. 6¢) are shown. The same ghost
peaks appear as described before at exactly the
same places relative to the main components.
They also are identified as first-order non-com-

a
- A
b
c
0 40 80 120 160

TIME (S)

Fig. 6. Differential correlograms. (a) Correlogram, (b) in-
verse-bit correlogram and (c) the correlogram subtracted
from the inverse-bit correlogram. The system used and the
mixtures analysed are identical with those in Fig. 5.
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plementary (A3) ghost peaks; the ghost peaks
disappear when the inverse-bit correlogram is
subtracted from the normal correlogram (Fig.
6¢c). The positive peak in Figs. 5 and 6 relates to
the extra 0.1 ml 17" of 2-propanol in mixture 2
relative to mixture 3. The opposite is valid for
butanone: mixture 2 contains 0.1 ml 1™ less than
mixture 3, so a negative peak appears in the
chromatogram and correlogram. The other three
components are hardly present in the correlo-
gram, except possibly for ethanol. Taking the
peak heights in Figs. 3—6 concerning ethanol and
2-propanol into consideration, the ethanol con-
tent in mixture 2 is estimated to be 0.01 ml 17}
higher compared with mixture 3.

CONCLUSIONS

The results demonstrate that the indirect intro-
duction of liquid samples in CGC is not only
possible in theory but also in practice. An
existing CGC system can be extended without
much difficulty to the use of indirect liquid
injection. For this purpose the injector together
with the evaporation compartments have to be
placed in an injector oven apart from the column
oven in order to maintain separate temperature
control. Experiments show that even if a small
pressure drop in the evaporation compartments
is present during the CC process, still very
reasonable results can be obtained with CGC.
Both evaporation compartments will have ap-
proximately the same pressure drop, as there is a
continuous switching due to the PRBS injection
pattern. If needed, the pressure drop can be
decreased by using a capillary with a larger
diameter to supply the liquid to the evaporation
compartment. When an injection device is de-
veloped especially dedicated for indirect liquid
sample introduction in CGC, special attention
has to be paid to preventing a significant pres-
sure drop.

Compared with conventional GC, the system
has been changed. The carrier gas consists com-
pletely of solvent vapour when a symmetrical
system is used. One should be aware of the fact
that the separation may change, which might
complicate the analyses. On the other hand, an
extra dimension is added when the content of a

solvent (mixture) is used to optimize the separa-
tion. A solvent (mixture), however, always has
to be chosen in agreement with the detector in
order to avoid a non-linear detector response or
an overloaded detector.

One of the main advantages of the symmetri-
cal system is the possibility of determining differ-
ences in concentration that are small with respect
to the total concentration between two samples
using differential CC. It can therefore be a
powerful tool for monitoring the concentrations
of various components in process control. A
process sample can be measured against an
“optimum” reference sample. The level of the
components present in this reference sample can
be chosen in such a way that it represents the
optimum process conditions. The resulting cor-
relogram will only show the components of the
process sample that have a different concen-
tration level with respect to the reference sam-
ple, and only differential peaks (positive or
negative) appear in the correlogram. Because of
the multiplex advantage of CC, more accurate
results may be obtained compared with conven-
tional chromatography. Differences between a
sample and an (optimum) reference sample that
can hardly be distinguished or not at all by
conventional chromatography can be determined
accurately using differential CC. Therefore, the
introduction of an indirect liquid injection
system for CGC opens up a new field of applica-
tions in CC, which could not previously be
achieved.
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ABSTRACT

Dual-isotope methods for special quantitative comparisons using GC-MS are evaluated for assessing interferences in reaction
experiments. The procedure is suitable for detecting interferences from impurities in reactants, errors due to isotope exchange
and effects of kinetic differences between labeled and non-labeled forms. Combined reaction of both isotopic forms of test
compounds in the same reaction system, followed by concurrent pretreatment and GC-MS measurements, allow for special ratios
to be tested statistically to determine if the interferences are significant.

The comparisons may be relatively unaffected by large uncertainties in pretreatment and measurement steps and thus may yield
greatly improved results relative to corresponding conventional assessments. Moreover, concentrations of the individual eluates
need not be known and eluate identfifications may not be required for proper use of this approach.

INTRODUCTION

Dual-isotope methods can be used for quan-
titative analyses or comparisons [1-4]. Radioac-
tive isotopes are used in dual-label studies to
take advantage of the good selectivity and high
sensitivity of radiometric measurements, but are
typically restricted to only special procedures,
partly due to potential health hazards or regula-
tions. Alternatively, non-radioactive isotopic
labels may be preferred, and mass spectrometry
(MS) measurements may be useful with them if
sufficient mass discrimination and sensitivities
may be attained.

Dual-isotope MS methods which mimic iso-
tope dilution, using equilibrated mixtures of
isotopically labeled target compounds have been
used for years [5] and have been adapted to
important environmental determinations [6]. A

* Corresponding author.
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known amount of that analyte’s selected isotopi-
cally labeled form is added to samples before
pretreatment and measurement and the two
analyte forms thereby undergo identical treat-
ment. An appropriate subsample is then ana-
lyzed by GC-MS with each analyte and its
corresponding isotopically labeled form mea-
sured via characteristic m/z values.

GC-MS measurements are especially helpful
in experiments involving many analytes, partly
because GC-MS can provide excellent selectivity
and high sensitivity. Resulting low limits of
detection and freedom from many interferences
can thus make GC-MS procedures powerful
quantitative methods. The use of GC-MS for
complicated analyses is well-established, and a
variety of versatile commercial instruments are
available. However, several factors plague GC-
MS procedures for analyte measurements from
complex sample matrices, predominantly in pre-
treatment steps [7]. Variations in extraction ef-
ficiencies, variable losses during solvent volume

© 1993 Elsevier Science Publishers BV. All rights reserved
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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].
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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 radioactive 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-labeled) 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.,
Ey,=Ey, Thus, if V, is the volume of the
pretreated sample solution derived from the
reaction mixture, V,  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 Ay, =(V,/
VOMy Ey Sx; and Ay, = (V,/V)My Ey .Sy ;,
where Ax, and Ay, are measured GC-MS
areas, respectively, for the X-labeled and un-
labeled forms of eluate component i from vol-
ume V,,, and Sy, 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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For this, V, and V,; are respectively identical for
both labeled and unlabeled forms of each reac-
tion product taken together from the same
sample solution. "Accordingly, as Ey ,=Ey ;, a
ratio of respective masses can be calculated and
Mx,iMs_{,li = (AX,iSY,i)(AY,;'SX,i)_l for any com-
ponent i. Furthermore, separated reaction prod-
ucts, { vs. j, derived from the same reaction
experiment can then be compared.

Qij = (MX,iM;,li)(MX,jM;,lj)_l
= (AX,iAY,j)(AY,iAX,j)_l(SY,i/SX,i)
X (SY,j/SX,j)_l

If relative integrated response factors for com-
ponents i and j are known, then Q, may be
calculated from GC-MS area data in combina-
tion with those appropriate Sy,/Sy; and Sy ,/
Sx,; Tatios. Moreover, if the relative integrated
response factors for both i and j are directly
proportional to their relative injected amounts
[11], i.e., fulfill a basic assumption for common
internal standard procedures, then Q=
(Ax,,.AY,i)(AY,iAX‘j)_l. Thus, Q, may be com-
puted from measured GC-MS area data of the
dual-isotope chromatograms only.

If there has been neither isotope exchange nor
differences in Kkinetics, nor contributions to the
specific components due to impurities and the
data used are sufficiently precise, then Q, =1,
that is, the relative isotopic composition for the
components is the same. If isotope effects or
impurities cause interferences, then Q, may be
significantly different than unity, and one may
test O, statistically for each i,j pair through
replications and a null hypothesis that the mea-
sured reaction products are unaffected by im-
purities or isotope effects: If, statistically, O, # 1
one may not accept the null hypothesis.

Intersample comparisons

Similarly, one may compare intersample
Q-ratios to ascertain intersample differences due
to impurities or isotope effects; for compound i,
Q1, = (Mx,i,lM‘;,li,l)(Mx,i,ZM;,li,Z)—1 for com-
parisons for samples 1 vs. 2, both resulting from
reactions of identical aliquots of the same test
solution containing both X- and Y-labeled reac-
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tant. Conveniently, if the relative integrated
response factors do not vary, i.e., (Sx ; 1/Sy,;1) =
(Sx.i.2/Sy,i ), for those intersample comparisons,
then Q,,,= (AX,i,lAY,i,z)(AX,i,ZAY,i,l)_19 which
can be readily calculated from GC-MS area data
only and can be tested statistically for Q,, =1,
as above.

Likewise, intrasample comparisons can be
extended to comparisons of two or more com-
ponent concentration ratios relative to the same
components in intersample sets of measure-
ments, e.g., Q.. ,/Q;; , = Q;; 1,- This might corre-
spond to comparing products of two reaction
pathways and O, ;, =1 if the reaction product
profiles are unaffected by impurities or isotope
effects. Again, the Q-ratio can be calculated
from GC-MS area data only and replications can
be tested statistically.

EXPERIMENTAL

Reagents

Anthracene and decadeuterated anthracene
were purchased from Aldrich, both at >99%
purity. All solvents used were of ChromAR
grade from Mallinckrodt and helium carrier gas
was >99.9995% pure.

Apparatus

A Hewlett-Packard Model 5971 A mass-selec-
tive detector interfaced to a Hewlett-Packard
Model 5890 Series II gas chromatograph was
used, controlled and monitored by a Hewlett-
Packard Model QS-20 Vectra computer. Auto-
mated MS optimizations were performed daily
using provided algorithms. Helium was used as
the carrier gas at 50 kPa pressure in the split-
splitless inlet, yielding a 1.0 m! min~" flow-rate
out of the 12 m x 0.2 mm LD. (0.33-um film
thickness) cross-linked methylsilicone fused-silica
capillary column at 25°C. A splitting ratio of 60:1
was used, with a 1.0-min splitless period after
each injection. Injection volumes of 1.0 ul were
used, as indicated below.

Procedures

Solutions of anthracene and [°H,,]anthracene
were prepared in methanol, 4.1-107* M and
3.8-107* M, respectively. Measured volumes of
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the two solutions were mixed to 10 ml total
volume, yielding relative concentrations,
[anthracene]/[[°H,,]anthracene], varying be-
tween 107> and 10°. The mixed solutions were
exposed to sunlight through window glass for 35
days and then stored at 0°C in darkness until
used.

Four subsamples for each dilution of the
methanolic reactants and their photolysis prod-
ucts were measured via GC-MS. Over several
days’ duration, 1-pl subsamples were injected
into the 325°C injector, in splitless mode, with
oven temperature at 60°C. The 60°C initial
temperature was maintained for 5 min, then
raised to 120°C at 10°C min ™', held at 120°C for
2 min, raised to 160°C at 2°C min~’, held at
160°C for 2 min, raised to 250°C at 5°C min™"
and maintained at 250°C for 2 min. The GC-MS
transfer line was isothermal at 285°C.

Eluates were measured by selected-ion
monitoring (SIM) unless stated otherwise. Be-
tween retention times of 15 min and 30 min, ions
at m/z =178, 180, 188, 190, 208 and 216 were
monitored every 0.81 s with 100 ms measure-
ment times for each. Between retention times of
30 min and 45 min, ions at m/z = 194, 202, 203,
208, 216 and 217 were monitored every 0.69 s
with 100 ms measurement times for each. Select-
ed ion chromatograms were produced and inte-
grated via provided algorithms, and statistical
calculations were made by conventional tech-
niques. For tentative eluate identifications using
full m/z scanning detector currents for m/z
values between 50 and 250 were measured at a
rate of 2.4 scans s~ ', between retention times of
15 min and 45 min.

RESULTS AND DISCUSSION

Several subsamples of anthracene—[*H,/]an-
thracene mixtures and their respective photolysis
products were separated by GC-MS with m/z
scanning. Anthracene (parent ion =178 m/z)
and [°H,,]anthracene (parent ion=188 m/z)
were identified by their mass spectra at elution
times of 27.2 min and 27.1 min, respectively.
Similarly, 9,10-anthracenedione (anthraquinone,
parent ion=208 m/z) and its corresponding
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octadeuterated species (parent ion =216 m/z)
were tentatively identified at elution times of
35.9 min and 35.7 min, respectively. None of the
identifications were confirmed by supplemental
methods, as true identities need not be known
for Q-ratio evaluations. Other eluates were pres-
ent but showed significant peak overlaps or
insufficient ion currents for reliable measure-
ments.

The selected eluate pairs measured by SIM
(see Fig. 1) fulfilled the basic relative sensitivity
assumption for use with Q-ratios. They showed
linear relative response vs. relative initial reac-
tant concentration relations, i.e., linear log/log
relations with slope=1, over approximately
three orders of magnitude (see Fig. 2). These’
individual GC-MS measurements had good rela-
tive precisions of approximately +10% with non-
linearities at extremes due to one of the amounts
being near its limit of reliable measurement and
hence showing Poisson data distributions for
non-zero entries. Although the initial reactant
concentrations were controlled, none of the
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Fig. 1. Selected-ion (SIM) chromatograms for m/z values
178, 188, 208, 216 for 1-ul subsample of a photolyzed
solution with [[sz]anthracene]/[anthracen;] =2.0. Time in
min.
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Fig. 2. Relative GC-MS areas log (Area 2y, jannracene product
AT€a,,acene produc) ¥S- 10g of relative concentrations of
reactants prior to reaction, pretreatment and measure-
ments: (a) [’H,]anthracene/anthracene, (b) probable
[*H,]anthraquinone/anthraquinone.

postreaction concentrations were known. How-
ever, the relative integrated responses for corre-
sponding labeled and non-labeled species varied
directly (see Fig. 2) with initial reactant concen-
trations, which indicates compatibility with the
use of the Q-ratios described above.

Q-ratios for anthracenes vs. tentatively iden-
tified anthraquinones were not statistically differ-
ent than unity (Fig. 3) over the 2 1/2 orders
of magnitude, 107>° to 10°°, spanning reliable
measurements for all included components. Re-
sults in that range were consistent with the
theoretical prediction, i.e., acceptance of the null
hypothesis, for reactions in the absence of im-
purity interferences or isotope effects.

The Q-ratio methods for GC-MS described
herein are compatible with eluates of unknown

-1.0
-2.0
-3.0

-4.0 T T T v T v
-3.5 -2.5 -1.5 -0.5 0.5 1.5 2.5 3.5

LOG (CONC. D/CONC. H)
Fig. 3. Q-ratios vs. log of relative concentrations of reactants
prior to reaction, pretreatment and measurements. Q-
f:tio here is (A[2Hs]amhraquinone/Aamhraquinone)/(A[ZHw]amhracene/

anth raccne) "

concentrations and perhaps of unknown iden-
tities and therefore may be used when conven-
tional techniques such as standard additions and
isotope dilution are not feasible. They use well-
accepted statistical tests and are useful for com-
paring relative concentrations, especially for
evaluating interferences in dual-isotope reaction
systems. The required GC-MS assumptions are
similar to those accepted for dual-isotope GC-
MS procedures which mimic isotope dilution.
However, use with eluates of unknown identities
has the risk of improper pairing of eluates and
improper selection of appropriate m/z values for
measurements.
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ABSTRACT

The determination of carbon monoxide is demonstrated trapping CO on preconditioned molecular sieve and thermal
desorption. Analysis in this case is performed by gas chromatography—mass spectrometry, although the trapping technique is
applicable to other suitable GC techniques. Storage of the trapped sample for an indefinite time is possible with no degradation,
even at several tenths of mg m™> . Detection limits of 100 ug m™* are reported with a linear dynamic range that permits analysis
in the mg m™ range. Balance gas interferences are reduced, but not eliminated.

INTRODUCTION

Carbon monoxide is one of many common
pollutants that has come under increasing
scrutiny in the last several years [1,2]. Carbon
monoxide is most often produced from incom-
plete combustion of carbonaceous fuels such as
coal, natural gas, and gasoline. Carbon monox-
ide is also suspected of contributing to ozone
production [3]. To understand the total contribu-
tion of carbon monoxide to the environment, it
is important to be capable of determining the
high (mg m™>) concentration associated with
combustion emissions as well as the lower (ug
m ) concentration associated with ambient or
indoor measurements. Often it is necessary to
determine instantaneous pollutant concentration
to correlate with specific events, as well as an aver-
age measurement over a defined time period.

Carbon monoxide is often determined in
source sampling using remote optical sensing [4],
but this method is inconvenient for ambient or
indoor sampling. Fourier transform infrared

* Corresponding author. Present address: Texas Instruments,
Inc., P.O. Box 655012, M/S 301, Dallas, TX 75265, USA.

0021-9673/93/$06.00

spectroscopy has been used to determine carbon
monoxide concentrations in air [5], as well as
CO-specific sensors of SnO, and other materials
[6-10], but these usually require a continuous
sample stream. Direct analysis of air using
bombs or bags is often used to determine carbon
monoxide in air. Gas chromatography has been
used in many instances to determine carbon
monoxide [11-14], but the most universal
stationary phases for this type application are
porous polymer materials such as the Porapak
series (Waters Assoc.) and the Chromosorb
“Century Series” (Johns-Manville) [15]. This
separation technique cannot be used directly for
air samples since at ambient temperature, carbon
monoxide coelutes with air, making quantitation
with a universal detector extremely difficult even
at subambient GC temperatures. Carbon monox-
ide can be separated from air on molecular
sieves, but the carbon dioxide and water content
of most air samples makes frequent thermal
conditioning necessary. A flame ionization detec-
tor in conjunction with a methanizer is capable
of detecting carbon monoxide at low levels.
Unfortunately, the metal catalysts used in
methanizers are poisoned by exposure to large

© 1993 Elsevier Science Publishers B.V. All rights reserved
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quantities of oxygen, making them impractical
for repeated air analysis. Also, percent level
quantities of oxygen have been known to
produce positive responses with a flame ioniza-
tion detector, making quantitation of a coeluting
carbon monoxide impossible. Carbon monoxide
is also reactive with many materials including
metals and plastics, making the storage of air
samples with trace amounts of carbon monoxide
in any container suspect.

Trapping of carbon monoxide may offer a
solution to chromatographic interferences men-
tioned above, as well as potentially offering a
stable method of storing samples while in transit
to the laboratory for analysis. A passive sampler
utilizing the trapping of carbon monoxide on
specially treated zeolites has demonstrated quan-
titative recoveries [16]. Short-term immobiliza-
tion has also been demonstrated on a molecular
sieve porous-layer open tubular (PLOT) column
[17]. It is possible that a suitable trap could be
constructed to allow remote sampling by trap-
ping, and subsequent laboratory analysis.

Detection by mass spectrometry offers a pos-
sible solution to coelution problems mentioned
above. Operation of a mass spectrometer in the
selective ion monitoring (SIM) mode may offer
sufficient sensitivity for ambient air analysis.
However, most gas analysis applications require
relatively high carrier flow-rates necessary for
packed columns and gas sampling valves. Typi-
cally, the pressure reduction required for the
high vacuum of the mass spectrometer source is
achieved by one of several interface types [18-
32]. Unfortunately, none of these interfaces
provide the desired sensitivity with low-molecu-
lar-mass compounds (m/z <50), either due to
poor discrimination or dilution in the interface.
Direct interfacing of capillary columns to the ion
source [33,34] was one of the first methods
developed for sample introduction into the
mass spectrometer, however smaller-diameter
columns are incompatible with typical sample
volumes (>0.1 ml) and flow-rates (ca. 10-30 ml
min~") associated with the use of gas sampling
valves, requiring sample splitting [35] and se-
verely limiting sensitivity. Also the loss of
column efficiency due to the “vacuum effect” is
well documented [36,37].

The advent of fused-silica PLOT columns [38]
with the porous polymer and molecular sieve
stationary phases typically used in the analysis of
low-molecular-mass gases [39—-42] offers a pos-
sible compromise to a number of these prob-
lems. Wide-bore (0.53 mm) PLOT columns oper-
ate well at carrier flows compatible with gas
sampling valves. By using a deactivated fused
silica interface of sufficiently small internal diam-
eter (0.2 mm) and sufficient length, the analyti-
cal column can be maintained at near atmos-
pheric pressure, thereby preventing the loss of
column efficiency mentioned above. This ap-
proach requires a differentially pumped mass
spectrometer with sufficient pumping capacity to
prevent high-pressure ionization effects such as
chemical ionization. Two approaches that
provide an appropriate combination of chroma-
tography with mass-selective detection to achieve
this determination are described here.

EXPERIMENTAL

A Hewlett-Packard (Avondale, CA, USA)
5988A quadrupole mass spectrometer equipped
with a 5890A gas chromatograph was used for
this study. This mass spectrometer is differential- -
ly pumped with an electron impact (EI) ion
source. While pumping capacity in this configura-
tion is more than adequate for typical narrow-
bore capillary carrier flows, it is marginal for a
minimum carrier flow of ca. 10 ml min~' neces-
sary for flushing a sample loop of sufficient
volume in a short enough time to prevent severe
band broadening. By separating the forelines of
the two diffusion pumps, and using a separate
400 1 min~' foreline pump for the source diffu-
sion pump, pumping capacity was increased
significantly. This modified vacuum system is
capable of maintaining a nominal source vacuum
pressure of 2-10~° Torr (1 Torr = 133.322 Pa) at
carrier flows of 10-15 ml min~'. Carrier flows
were calculated from averaged linear velocity
measurements and column volume, since actual
flow-rates are expected to be significantly differ-
ent with the column end at atmospheric pressure
and high vacuum. Average linear velocity was
determined from the retention time of neon,
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which is virtually unretained on these column
materials.

A PoraPLOT Q (Chrompack, Raritan, NIJ,
USA) column 25 m X 0.53 mm was utilized for
this application. A 5 mx 0.2 mm L.D. deacti-
vated fused-silica capillary was used to directly
interface the PLOT column to the mass spec-
trometer source and maintain the PLOT column
at atmospheric pressure or above throughout the
column, thereby avoiding loss of column ef-
ficiency. The butt connection was achieved with
a zero dead volume union using special fused-
silica adapter fittings (Valco Instruments). The
typical chromatographic configuration used for
gas samples was modified by inserting an addi-
tional 4-port valve between the injection valve
and the column (Fig. 1). This configuration
allows the trap to be inserted in the chromato-
graphic flow, purged with carrier gas, heated
independently of the gas chromatograph to de-
sorb the carbon monoxide, and injected onto the
column through appropriate sequencing of valves
and heaters. Timing of valve switching was
controlled by a digital valve sequence pro-
grammer combined with digital valve interfaces
for each valve (Valco Instruments, Houston, TX,
USA). The programmer also controlled the start
of the mass spectrometer and chromatograph
programs. Carrier gas was purified with a rare
earth metal getter (SAES Getters, Colorado

M/S BA

PORAPLOT Q

Fig. 1. Plumbing configuration for chromatographic utiliza-
tion of molecular sieve (M/S) trap.

Springs, CO, USA) to reduce air impurities
below detectable levels.

The trap was constructed from a Valco 4-port
valve and fittings, and 1/16 in. O.D. X 0.03 in.
I.D. (1 in. = 2.54 cm) 316L stainless-steel tubing.
The empty trap volume in each case was approx-
imately 1 ml. The tubing was packed with 180—
220-mesh molecular sieves 3A, 4A, 5A and 13X
(Alltech, Deerfield, IL, USA), and wrapped
around a temperature-controlled column man-
drel (Valco). Air samples were drawn through
the sampler with a PAS-3000 battery-operated
variable volume sampling personal air sampler
(Supelco, Bellefonte, PA, USA). Fig. 2
schematically illustrates the trapping device.

Detection limit and linearity evaluations were
conducted using a single stage dynamic blender
using mass flow controllers to dilute NIST trace-
able standards [100 ppm (v/v) CO in nitrogen]
(Scott Specialty Gas, Houston, TX, USA). The
dilution gas was air.

Mass tuning and signal optimization for the
most common GC-EI-MS applications (organic
mixture analysis) are typically performed with a
compound such as perfluorotri-n-butylamine
(PFTBA), often utilizing a computerized optimi-
zation routine. These routines are typically de-
signed to optimize performance at m/z values
significantly larger than those of interest for this
application. While mass calibration is usually still
adequate, a significant gain in sensitivity was
obtained by manually optimizing tuning parame-
ters using molecular ions of air components (m/z

TRAP

(@)

SAMPLE PUMP

Fig. 2. Molecular sieve trap.
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18, 28, 32). This is only possible with a system in
which extreme care has been taken to maintain
the air background at a sufficiently low level by
minimizing leaks and maintaining sufficient car-
rier purity. A decrease in electron energy from
70 to 60 eV served to increase the molecular ion
with respect to other fragments in all cases.
Filament current was also increased from 300 to
400 pA to produce the maximum number of
ions. Lens voltages were adjusted to attain
maximum responses at these masses.

RESULTS AND DISCUSSION

The properties of molecular sieves when used
as chromatographic stationary phases can be
modified significantly by varying the water con-
tent of the media [43,44]. By modifying the
conditioning temperature, carrier gas, and mois-
ture content of the carrier gas, water content and
therefore retention properties of the media can
be drastically modified. Similar effects would be
expected when molecular sieve is being used as a
trapping media. Trapping efficiencies were
evaluated for molecular sieves 3A, 4A, SA and
13X. All materials were conditioned under flow-
ing gettered helium for 24 h at 350°C to remove
as much water as possible without affecting the
molecular sieve structure. Recoveries were de-
termined for each trap as a function of desorp-
tion temperature for a 1 mg m~> concentration
of carbon monoxide flowed over the trap for 1
min at 10 ml min~'. Analysis was performed
using the chromatographic configuration de-
scribed earlier, and the timing sequence shown
in Table 1. The results are shown in Fig. 3. Both
3A and 13X show little propensity to act as
effective trapping media. This was not unex-
pected, since carbon monoxide (3.12 A molecu-
lar diameter) is larger than the effective diameter
of 3A, and much smaller than 13X. Molecular
sieve 4A shows a definite tendency to trap
carbon monoxide, however adequate recoveries
are never reached, indicating that perhaps car-
bon monoxide is too strongly bound. Only mo-
lecular sieve S5A shows reasonable recovery,
therefore it was selected as the trapping media.

One of the improvements desired from this
method is the elimination of the matrix gas (air

TABLE 1

VALVE SEQUENCE AND TEMPERATURE PROGRAM
FOR DESORPTION AND ANALYSIS FOR PLUMBING
CONFIGURATION IN FIG. 1

Time Trap temperature Valve position
(min)
Vi V2 V3
0.0 Ambient 1 2 1
0.1 Ambient 1 1 1
0.5 Ambient 1 1 2
2.0 Ambient 1 1 1
10.0 200°C 1 1 1
10.1 200°C 1 1 2
15 200°C 1 1 1
30 Ambient 1 1 1

in the case of environmental samples) from the
trapped sample. Fig. 4 shows the SIM chromato-
grams at m/z 12, 28 and 32 for the molecular
sieve 5A sample at 200°C from the above evalua-
tion. Unfortunately, significant levels of oxygen
and nitrogen apparently remain adsorbed to the
trapping material. While the matrix is drastically
reduced, it is not eliminated, thereby precluding
the use of this method with universal detectors
without adequate chromatographic separation.
Also, m/z 28 (the molecular ion for CO, which
occurs in the mass spectra at higher abundance
than any other ion) cannot be used for quantita-
tion by GC-MS, limiting the sensitivity of the

120
-4 %A
-4 —
%01 |- sA
—— 13X
% EFFICIENCY
0
30
) 4 + T * 4 A
0 5 100 15 200 250 300
TEMPERATURE
0

Fig. 3. Trapping performance for several common molecular
sieves.
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Fig. 4. Selected ion chromatograms for m/z 12, 28 and 32.

technique. The technique still provides accept-
able results by monitoring m/z 12, and provides
approximately a 100-fold improvement over di-
rect analysis of CO in air using m/z 12. Other
selective detectors, such as flame ionization
detector-methanizer, should be applicable,
although this was not evaluated here.

Since it was suspected that the trapping
process was not totally irreversible at ambient
temperature, the trapping efficiency was studied

120
A AT
90
% EFFICENCY
60
m 4
1] + + —
/] 30 60 80 120 150
VOLUME TRAPPED
)

Fig. 5. Trapping efficiency vs. sample volume for molecular
sieve SA trap.
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Fig. 6. Trapping efficiency vs. carbon monoxide concen-
tration for molecular sieve 5A trap.

as a function of total air volume passed through
the trap. The results are shown in Fig. 5. Non-
linearity was observed at approximately 100
times the volume of the trapping material for
180-220-mesh SA at ambient temperature. Mesh
size, flow-rate and temperature are all expected
to affect maximum trapping volume, but were
not explored further. An evaluation of efficiency
over four orders of magnitude of concentration
of carbon monoxide using a constant volume of
air demonstrated linear response with a negative
deviation observed below about 100 ug m~> as
shown in Fig. 6. Sample stability over time was
also a concern. To evaluated the stability of
trapped samples, 1 mg m ™ of carbon monoxide
in air was sampled with the SA trap for 1 min
and allowed to sit for 1-7 days. The trap was
desorbed and analyzed by GC-MS. All results
were found to be within 10% of the mean of the
group.

CONCLUSIONS

The results summarized here demonstrate that
trapping carbon monoxide on molecular sieve
allows the collection of the analyte with elimina-
tion of most of the sample matrix, in the case of
air. Carbon monoxide can be concentrated on
the molecular sieve to achieve approximately a
100-fold increase in sensitivity with compatible
techniques. Samples can be collected remotely
and stored for an adequate period of time to
allow transportation to a laboratory. '
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ABSTRACT

An automated system was constructed for the on-line monitoring of the mixing of natural gas with liquefied petroleum gases
under different temperature (10-45°C) and pressure (5-20 MPa) regimes. After the system was equilibrated, compressed samples
from gas and liquid phases were isolated into high-pressure sampling loops through a series of switching valves before their
expansion into variable-volumes syringes. The expanded samples were then analysed by a rapid-scanning, dual-channel gas
chromatograph to give the distribution of hydrocarbon components in the respective phases.

The system was devised to overcome the problems associated with on-line sampling and GC monitoring of mixtures from
reactions of low-molecular-mass hydrocarbons under high pressure where phase changes can occur. This system features rapid
sampling under pressure from the phases; accurate sampling of small volumes (50-500 1) from these phases without disturbing
the reaction equilibrium; volume expansion of the compressed samples (maximum pressure at 20 MPa) so they are amendable to
GC analysis; transport of the expanded gases to GC with minimum peak broadening; and finally, very rapid GC analysis (<1
min).

The system is computer-controlled to enable fully automatic operation. Data points from the respective phases of a mixture

under a temperature and pressure regime can be obtained in a fraction of time required with conventional procedures.

INTRODUCTION

The phase behaviour of a hydrocarbon mix-
ture depends on the temperature and/or pres-
sure of the system. The mixture can exist in a
single phase as a liquid or a gas, or a gas-liquid
binary phase, or even a single supercritical fluid
phase when the operating temperature and pres-
sure is greater than the critical point of the
mixture [1]. Therefore in examining a mixture of
hydrocarbons under different temperature—pres-
sure regimes it is important to know how many
phases are present and the distribution of the
components in these phases.

The automation of on-line GC monitoring of
reaction of hydrocarbons under high pressure
has always been a difficult area in that a number

0021-9673/93/$06.00

of obstacles have to be overcome: rapid and
accurate sampling from different phases from the
system under pressure; in situ volume expansion
of the compressed samples without selectively
precipitating the heavier components from the
mixture in a phase (caused by the Joule—-Thom-
son effect [2]); transport of expanded gases for
GC analysis without loss of separation efficiency
(due to large dead volume along the chromato-
graphic circuit); and rapid GC analyses.
Previous studies [3,4] on gas mixtures under
pressure usually involved separate manual oper-
ations of sampling, expansion and analysis. A
preferred method was to trap the sample from a
phase into a gas bag that resided inside a water-
filled container [5]. The amount of sample taken
was then estimated from the mass of the water

© 1993 Elsevier Science Publishers B.V. All rights reserved
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displaced from the container after its expansion.
The gas bag was then removed and an aliquot of
the expanded gas was analysed by GC. This
procedure, while it gave accurate results, was
still cumbersome and time-consuming, some-
times requiring large volumes being sampled
from the phases. The reaction equilibrium was
often disturbed which prevented subsequent
samples being taken from the same experiment.
To obtain a complete reaction profile within a tem-
perature—pressure range, it was necessary some-
times to run several parallel experiments that
could be curtailed at different reaction intervals.

In the past, studies [6,7] on mixtures of hydro-
carbons at different temperature and pressure
regimes mostly have been confined to the phe-
nomena of vapour-liquid equilibria. Recently,
O’Brien et al. [8] have reported that the solubili-
ty of methane in low-molecular-mass hydrocar-
bons can be increased at moderately elevated
pressure (<8 MPa). An implication to this find-
ing is the possible enhancement of storage of
natural gas (NG) in liquefied petroleum gases
(LPG).

In Australia about 5% of vehicles are already
fuelled by LPG comparing to the relatively fewer
vehicles that are using NG (as compressed NG).
The reasons for this are largely due to the low
amounts of the fuel which can be carried on-
board and the danger perceived by the public of
carrying a highly pressurised gas in a vehicle. An
increase in the usage of NG will only come when
both the storage capacity and onboard transport
safety can be improved. Australia has one of the
largest reserves of NG in the world. An increase
in its usage for transport purposes will not only
reduce the expenditure for imported oils, but
also will have positive impact to the environment

“since NG-powered vehicles emit lower hydro-
carbons, carbon oxides, and smokes.

LPG is well-suited as a storage solvent for
NG. It is abundant, being a cheap offcut in oil
refining and also as an “‘impurity”’ from natural
gas wells, Under moderate pressure and at
normal temperature, LPG can be transported in
a liquid form, and when released at atmospheric
pressures at relatively low temperature it vapor-
ises and can be handled as a gas. It is therefore
far safer to store NG in LPG at relatively low

G.K.-C. Low [/ J. Chromatogr. 639 (1993) 227-238

pressure than the pressure required in compres-
sed NG. Further, instead of using LPG only as a
storage solvent, LPG-NG mixtures may be used
as an alternative transport fuel. This would
overcome the costly operation of having to
separate the NG from the storage medium be-
fore its use. In using these mixtures it is envis-
aged that only minor modifications would be
required to the existing technology for LPG and
NG. As a combined fuel, LPG-NG mixtures
would also have higher energy densities than NG
or LPG alone [9].

This project at CSIRO is a study on the
storage capacity of NG in LPG at different
temperatures and pressures. The work will also
examine whether LPG-NG mixtures can be used
as vehicular fuels, in particular the phase and
composition changes during the emptying of the
storage tank! This is the first of a series of papers
on the storage of NG in LPG. This paper
concentrates on the construction of an auto-
mated system that can monitor the changes in
distribution of hydrocarbons in the different
phases of mixtures in a reaction vessel under
varying temperature and pressure regimes. The
work reports the obstacles involved in interfacing
of a rapid-scan GC to a high-pressure gas mixing
system. In situ GC is an integral part of the
automated system.

EXPERIMENTAL

Materials

Propane (>99% purity) and a standard gas
mixture consisting of carbon monoxide (4.5
mol%), carbon dioxide (8.99%), methane
(28.28%), ethane (5.11%), propane (29.0%),
propene (9.42%) and butane (14.7%) were
obtained from Matheson (CA, USA). The NG
was obtained from AGL Sydney (Sydney, Aus-
tralia) and was compressed in the laboratory to
20 MPa. LPG was purchased from Elgas
(Sydney, Australia).

Two other gas standards were used: an n-
alkane mixture (C,-C,, 1 ppm (v/v) of each in
helium), and a mixture containing carbon diox-
ide, carbon monoxide, oxygen and, hydrogen.
Both were purchased from Alltech (Sydney,
Australia).
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Fig. 1. The schematic of the GLS rig used for this work. Two sets of two way switching valves (A1/A2/A3 and C1/C2/C3) are
used for manipulating samples from the liquid and gas phase of the mixture. S1 and S2 are variable-volume syringes. For gas
discharge experiments the gas collection system is connected to V, as showed by the broken circle in the figure.

Equipment

The schematic of the apparatus constructed for
this study is shown in Fig. 1. The storage solvent
such as propane, butane or LPG was introduced
first into the reaction vessel (316 stainless steel
300 ml packless autoclave from Autoclave En-
gineers, Erie, PA, USA). To ensure that only the
liquid phase was used, the hydrocarbon was
metered into the reaction chamber through a
valve from an inverted cylinder sitting on a
Mettler PM 34 Delta Range balance (Mettler
Instrument Co., NJ, USA). NG or methane was
then used to fill the reaction vessel to a preset
pressure via a Brooks Mass Flow Meter (5850E
1-1 CH,/min, Brooks Instrumental Division,
Hatfield, PA, USA). The exact mass (M = ftd) of
the latter gas used was calculated from its flow
rate at the set pressure (f), the duration of filling
(t), and density (d). The temperature of the
autoclave was maintained at a constant tempera-
ture by recirculating water from a Model SPE.
TBC Thermoline waterbath (Thermoline Scien-
tifics Equipments, Sydney, Australia) through a
water jacket surrounding the autoclave. A 1.5-

mm diameter type “T” thermocouple was used
to monitor the temperature.

The mixture in the reaction vessel was stirred
to equilibrate the reaction. The stirrer in the
autoclave was driven by a 1/2 Hp DC shunt
motor (Aust. Balder, Sydney, Australia) with a
Multi-Driver speed controller (K. B. Electronics,
NY, USA). Changes in pressure were monitored
during stirring and the reaction is equilibrated
when there is no further change in pressure. Fig.
2 shows a typical pressure-time profile. Al-
though the reaction was equilibrated in few
minutes, stirring was maintained throughout the
duration of the experiment to ensure that there
was no phase change.

Samples from the phases were trapped separ-
ately into fixed-volume loops (250 and 500 1) of
switching valves (Rheodyne 7000ARV with ac-
tuator, Rheodyne, Cotati, CA, USA). The sam-
pling lines and loops were flushed twice before
actual sampling. The samples in the loops then
were expanded into previously evacuated vari-
able-volume syringes (VVSs) after equilibration.
Aliquot of the expanded phases was then inject-
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Fig. 2. Pressure—time profile of LPG-NG mixture during
stirring (473 rpm) at 15 MPa and 20°C. The masses of LPG
and NG are 40.2 and 34.54 g, respectively.

ed into the rapid-scan M200-D gas chromato-
graph (MTI, Fremont, CA, USA). Separate
transfer lines and expansion syringes were used
for the two phases to avoid cross contamination.

The VVSs were laboratory-made for expand-
ing compressed samples from the two phases.
Glass airtight syringes (SGE, Australia) of 50
and 100 ml were used respectively for expanding
samples from the gas and liquid phase. The
movement of the syringes was controlled by
stepmotor drivers (200 steps/revolution) via lead
screws. A set of two “‘safety” microswitches were

TABLE 1
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positioned at the upper and lower expansion
limits of the syringe. The first limit was the
software control of syringe movement and the
second was connected to the interlock of the
motor that cuts off the motor once the mi-
croswitch has been activated. This double safety
feature was necessary to ensure that the plunger
of either syringe does not travel beyond the
extreme limits.

Venting experiment

For the gas discharge experiment the gas
collection system (showed by the broken circle in
Fig. 1) was connected to valve V4 of the rig
(hence referred as the gas—liquid solubility rig
(GLS) in Figure 1). As the gas was discharged
from the reaction chamber into the gas bag an
equal volume of waster was displaced from the
Perspex box.

Operation of the switching valves
Venting/flushing of the transfer lines and sam-
ple loops, evacuation, filling and emptying of
syringes, and transport of expanded samples for
GC analyses were controlled by two separate
sets of serially linked 2-way switching valves.
Each set of three valves controlled all the oper-
ations on a phase. Table I gives an example of

COMBINED VALVE CONFIGURATIONS FOR SAMPLING FROM THE LIQUID PHASE OF THE GAS-LIQUID
SOLUBILITY RIG AND INJECTION OF ALIQUOT ONTO THE GC SYSTEM

Operation Switching valve configuration Syringe GC inlet Function
sequence movement valve
Al A2 A3 C1 C2 C3

1° 1 0 0 0 0 1 None Flush Fill sampling loop

2° 0 0 0 0 0 1 None Flush Expel sampling loop

3 1 1 1 0 0 1 Up Flush Fill loop and devacuate syringe
and sampling line

4 1 1 0 0 0 1 None Flush Isolate syringe from pump

5 0 1 0 0 0 1 None Flush Expand liquid from loop to syringe

6 0 0 0 0 0 1 Down Inject’ Inject expanded gas to GC system

7 0 0 0 0 0 0 None Flush Reset valve configuration and
flush GC system

8 0 0 0 0 0 0 Up Flush Reset syringe to maximum

volume

“ The combined operation of sequences 1 and 2 is used for flushing the sampling loop.

*The GC inlet is switched to “Inject” after the sampling lines have been flushed with expanded gas.
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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 A, A,, and A,
control all the operations on the liquid phase and
C,, C,, and C,, 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

"0" Configuration

" "1" Configuration

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

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

o)

connections from liquid and gas phases. Connector “c
comes from the GC system and “a” from the transfer line
joining Vj.

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 8m
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-pl A315 precolumn filter (Upchurch Sci-
entific, Oak Harbor, WA, USA) was placed
between the GC inlet switching valve and the
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inlet of the M200-D GC system. This is im-
portant in preventing the blockage of the fine
orifice of the columns by particulate matter.

No special setting of the detector condition
was needed for the M200-D; the only require-
ment was the switching on of the detector with
the sensitivity set on low, medium, or high level.
These functions are controlled through the EZ-
Chrom software.

Sampling of expanded gases from VVSs to the
M200-D GC system

The M200-D GC system has a built-in 8-ul
microchamber which is filled by drawing sample
from the flowing stream by the built-in micro
vacuum pump only when the GC is activated. In
the GLS rig, the expanded gas from either of the
two VVSs was expelled to waste through an
adjustable needle valve via a 2-way switching
valve (Fig. 5). In the “inject” mode (top) the
GC inlet was positioned in-line with the flowing
stream of the expelling gas and an aliquot was
then extracted into the GC system for analysis.
Otherwise, the GC inlet valve was left in the
“flush” mode where the expanded gas was ven-
ted to waste continuously out the needle valve
(bottom). The switching of the GC inlet valve to
the GC system was computer synchronised with

GC INJECT MODE

needle valve

GC FLUSH MODE

to air

GC [not actuated]
from

syringe

needle valve

Fig. 5. The configuration of the GC inlet valve can be either
in “inject” or “flush” mode. In the “inject” mode, the GC
was connected directly to the flowing stream whereas in the
“flush” mode it was diverted away.
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4 Seconae TOTAL TIME FOR EMPTYING SYRINGE
OF EXPANDED GAS

30 Seconds

FLUSHING TRANSFER LINE WITH GC INLET
-

SWITCH TO "FLUSH"”

12 $econds

GC INLET SWITCH TO "INJECT" AND
FLUSH GC INLET LINE

|

EXPANDED GAS, GENERALLY 5.10

T GC ACTUATED TO TAKE AN ALIQUOT OF
MILLISECONDS

Fig. 6. Segmentation of events during the emptying of the
expanded gas from the syringe.

the opening/closing of the microchamber of the
M200-D. As shown in Fig. 6 the switching of the
GC inlet valve to the “inject” mode occurs only
after both the transfer line to.the GC system and
the GC inlet valve have been flushed with the
incoming gas. The volume of expanded gas
injected onto the GC columns depends on sam-
pling time into the sample chamber of the M200-
D and this is usually 5-10 ms.

Sampling from the expelling stream of the
expanded gas at the immediate entrance of the
GC system minimises peak broadening arisen
from extra column effects.

Computer control

A software package (referred here as GLS
software) was developed to synchronise switch-
ing of valves and for controlling various func-
tions of the phases on the GLS rig. Fig. 7
summarizes the functions of the software. Manu-

1. Instantaneous plots of 1. LPG weight.
fiowrate, temperature and 2. NG flowrats / time during
pressure va.time. filfing.
2. Piot of pressure - time 3. Pressure / time during
profile during stiming.
equilibration. 4, Discreta pressure / temp at
2. Integration (u interval.
Simpson's rule) 5. Fiis on the history of
fiowrate - time profile to syringe and vaive
give of movements for the
sesslon.

Fig. 7. GLS software used for controlling various functions
on the GLS rig. *Commerical software from MTI, Freemont,
CA, USA.
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al operation of the system was automated
through the instrument control section of the
GLS software. In-build macros in the software
allow considerable flexibility (point 5 under
Instrumental Control in Fig. 7) in manipulating
the action sequences during an automated run.
Each macro is equivalent to a unique action and
entails a line of valve operations such as that
showed in Table 1. These operations are carried
out simultaneously. Macros can be sequenced in
any order in a block to allow different combina-
tions of actions in an automated run. For exam-
ple, a sequence of eight actions listed in Table I
can be programmed in macros and placed into a
single block which then can be actuated by a
single keystroke in the GLS software. Typically,
for an automated run the program can be struc-
tured similarly to the flowchart given in Fig. 8.

Under the automatic mode the progress of a
run can be viewed from a single screen. The
experiment can be paused, stopped or even
skipped to other sections of the program.

The GLS software provides an additional
facility for low level testing of the interface
boards. It was rarely used and employed mainly
for fault finding and correction. The GLS soft-
ware also provides a manual “screen” which
shows the status of various parts of the GLS rig
and allows the operator to interrupt the oper-
ation of the rig by pressing keystrokes on the
computer.

A 640K XT computer (HYPEC, Sydney,
Australia) was used to run the GLS software
with special commercially available boards (1/0

to transle GC Inst line;
' uln!sl 1t line;
“EZ ummf&mm

Fig. 8. The flowchart for the GLS software.
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and ACD cards) for the controlling of the valves,
stepping motors, and for data gathering. A
separate computer (HPEC 386) was used for the
gathering and analysis of GC data. The EZ-
CHROM 200 version 3.1 (MTI) software was
used for processing the GC data.

GC for analysing gas samples manually trapped
in gas bags

A stand-alone GC system (Shimadzu 9C-9A)
was used for analysing samples of gas mixtures
which were trapped manually from the vapour
and liquid phases. The GC system is a dual-
injection system with both thermal conductivity
and flame ionization detectors. For hydrocar-
bons, a 3-m alumina column (Alumina F-1, 80—
100 mesh) was used with following GC condi-
tions: helium carrier gas flow-rate at 25 ml/min,
oven temperature 85°C and flame ionization
detector at 280°C. For carbon dioxide, a 3-m
Carbosphere (80-100 mesh) was used with the
thermal conductivity detector with the following
GC conditions: helium carrier gas flow-rate at 40
ml/min, oven temperature at 80°C and detector
temperature 150°C (bridge current 150 mA).

RESULTS AND DISCUSSION

System automation

A number of obstacles have to be overcome to
automate the system. Sampling from phases
under pressure was carried out using fixed vol-
ume loops on high-pressure switching valves that
have been used for HPLC. Since only a rela-
tively small amount of sample was taken, there
was no perceptible change of pressure in the
reaction chamber during sampling and therefore
there was a minimal disturbance of reaction
equilibrium. Samples from phases were taken
from different points in the reaction chamber,
with the liquid phase drawn from the bottom and
the gas phase from the top of the chamber.
Separate sampling loops and switching valves
were used for the two phases to minimise pos-
sible cross contamination. There was a notable
drop of temperature of 4—6°C during the flushing
of the sampling loops. An elapsing time of 3 min
therefore was included in the automated cycle
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for reestablishing the loop temperature before
the actual sampling from the phases.

The compressed samples in the sampling loops
were expanded in separate VVSs. The volumes
of those syringes were fixed with respect to the
sizes of the loops used. There was no notable
change of temperature in the VVS during expan-
sion, but a waiting period was included in the
automated cycle to allow temperature equilibra-
tion.

Samples for GC were taken during the expel-
ling mode of the VVSs. The actual sampling
occurred immediately at the inlet orifice of the
M200-D GC system after it had been switched
in-line with the outgoing stream of the expanded
gas from either of the VVSs. Sampling at this
point minimised peak broadening since there was
little or no dead volume along the chromato-
graphic circuit.

Fig. 6 shows the actual sampling of the GC
system from the expelling stream occurred dur-
ing the emptying of the last 20% of the expanded
gas from the syringe. The early portion of the
expanded gas in the syringe was mainly to flush
the GC inlet valve and transfer lines to the GC
system. To gauge how representative was the
sample taken from this segment of the syringe,
samples were taken at the beginning, the middle,
and near the end portion of the syringe during
emptying. The peak area of these samples were
compared and a maximum deviation of 2% was
found. There was no evidence for the selective
precipitation of the heavier components from the
hydrocarbon mixtures. However, sampling from
the early portion of the syringe did indicate that
cross contamination occasionally occurred, espe-
cially when concentrations were varied widely
between successive samples. Flushing was re-
quired to avoid this. Fig. 9 clearly illustrates the
decrease of ghost peaks in the chromatograms
after the system has been repeatedly flushed.

Finally, the M200-D rapid-scan GC system
was used to provide rapid analysis. Samples from
different phases of the reaction mixture in the
GLS rig have to be analysed almost instanta-
neously once they have been sampled into the
loops since prolonged waiting could cause phase
separation [3]. Using two columns under isother-
mal condition, the M200-D GC system can
analyse a mixture typically containing N,, O,,
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Fig. 9. Chromatograms illustrate the contamination problem:
(A) is an injection of sample from the liquid phase of the
reaction mixture; (B) shows ghost peaks from previous
injection; and (C) after flushing the GC system with air.

co, co,, CH,, C,H,, C,H,, C;H,, n-C,H,,
and iso-C,H , in less than 80 s. This compares
with a 50-60-min cycle time (reconditioning time
for next run) required for the separation of the
same gas mixture using conventional gas chroma-
tographs. Fig. 10 shows a typical separation of a
sample from the gas phase of the LPG-NG
mixture. The column in channel A of the M200-
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Fig. 10. Separation of sample from the gas phase of a
LPG-NG mixture. The conditions of mixing was 12 MPa and
10°C using 59.9 g LPG and 22.21 g NG. a=Methane;
b = carbon dioxide; ¢ = ethane; d = propane; e = n-butane;
f = isobutane; g=oxygen; h=nitrogen. The insets to the
bottom figure show disproportionally small peaks that can be
adequately handled by the EZ-CHROM software.

D was used for mainly detecting N,, O, and CO.
The CO peak, if present in the mixture, eluted
immediately after the methane peak in channel
A, and propene before propane in channel B.
The EZ-CHROM software used with the M200-
D gave a good dynamic range that allowed the
detection of peaks of vastly different concen-
trations. This again is well illustrated in Fig. 10
where the concentration of n-butane and iso-
butane is approximately 100 times less than
propane.

Automated cycle for determination of phase
compositions

After mixing, samples from the respective
phases of the reaction chamber were analysed.
An automated cycle was then set up entailing the
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following actions: flushing of the sample loops
and transfer lines; sampling from the phases;
fixing the volumes of the VVSs; evacuation of
the syringes; expansion of the samples in the
loops into the VVSs; flushing of the GC inlet
lines; transporting samples for GC analysis; and
resetting of the switching valves and VVSs for
the next run. Successive runs of a standard
hydrocarbon mixture gave a maximum deviation
of 3% for the smallest peak in the mixture.

Each cycle consisted of the actual GC analyses
of the samples from the two phases plus flushing
of the GC system after each analysis. For flush-
ing, a sample of air was run through the system.
Fig. 11 shows four sets of chromatograms re-
sulted from each automated cycle. The complete
cycle takes only 14 min.

The components of gases in the final mixture
(using both phases) were mass balanced against
those in the initial mixtures before mixing.
Typically, in mixing NG with LPG at 10 MPa
and 20°C, mass balances >99% was found for
methane and propane, and >95% for ethane,
n-butane and isobutane, and carbon dioxide.
The good mass balances obtained here were
mainly due to the closed nature of the automated
GLS system, where losses were minimised, and
the precise manipulations of the samples during
its operation.

Results from the automated setup were also
compared with those obtained using the conven-
tional procedure where the gases from the
phases were trapped into gas bags and analysed
by a stand-alone GC system. A maximum devia-
tion of 2% was found for the major components
(methane and propane) and 4% for minor com-
ponents of the mixture.

NG solubility in LPG

The reaction chamber of the GLS rig was
never filled completely with liquid phase. Most
of the time two phases existed in the chamber,
with a liquid at the bottom and a vapour phase
that occupies the space above the liquid. When
the chamber is vented, some vapour leaves the
chamber and immediately a certain amount of
the liquid is evaporated to replace the lost
vapour. However, the mixture in the chamber
can become a single gas phase by reducing the
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Fig. 11. Chromatograms from an automated cycle run: Al and B1 are chromatograms of the liquid phase from channels A and B
of the M200-D GC systems; A3 and B3 from the vapour phase; and A2, B2, A4 and B4 are chromatograms after the GC system

has been flushed after each analysis.
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pressure and/or increasing the temperature of
the reaction chamber.

The dissolution of NG in LPG was calculated
using the differential pressure profile of the
stirring NG-LPG mixture similar to the one
shown in Fig. 2. The formula used was:

f _ (PO B Ps)(Vls) _ (Pe - Psm)(V_ VZ)
Z.RT,

i

Mg ™= Z RT,

where P, and P, are pressures of reaction
chamber before and after mixing; V is the
volume of the vessel; V. and V! are volumes of
liquid phase before and after mixing; P, and P,
are vapour pressure of the solvent before and
after mixing; Z, and Z; are compressibility
factors before and after stirring; T, and T; are
temperature before and after stirring; n, and ng
are the moles of the mixture in the gas phase
before and after mixing; and R is the universal
gas constant.

The above equation was further simplified to

Co [(1‘;])]{[ (szg)g] —273.15(P, - P,.)

(va)

22.414zf.Tf)}

where (M,), and (M,), are the mean molecular
masses of the gas and solvent mixtures; W, and
W, are the masses of gas and solvent used
initially; d, is the density of the final solvent; and
C is the dissolution concentration expressed in
mol/mol. '

The derivation of these formulae and a more
detailed discussion on the solubility results will
be the subject of a later publication. The second
equation was used to calculate the solubility of
NG in LPG with a given NG-LPG ratio (w/w)
at a particular temperature and pressure. The
saturated solubility was obtained by increasing
the NG-LPG ratio until no more gas dissolved.
Generally, the dissolution of NG at 20°C in LPG
in a pressure range of 4 to 20 MPa increased the
amount of gas stored. Enhancement factors were
generally in the range of 1.4 to 1.65. That is, the
amount of NG in a given volume could increase
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by half as much again when dissolved in a
hydrocarbon solvent under the conditions
specified. The increase in NG storage found here
is less than that obtained when activated carbon
was used as a storage medium [10]. An enhance-
ment factor of 3 was obtained at 4 MPa using the
best available activated carbon.

An example of solution of NG in LPG is
demonstrated in Table II. At the equilibrium
pressure of 3.31 MPa, the ratio of phase concen-
tration of methane ([CH,],,,/[CH,];;;) was 2.43
but decreased to 1 at 11.49 MPa. While the ratio
of phase concentration of propane ([C;Hg],,,/
[C,H,)y;,) was 0.58 at the low pressure but
increased to 1 at the higher pressure. Therefore,
at pressure greater than 10.0 MPa the distribu-
tion of the components in both phases is the
same. The finding here has important implication
for how the stored mixture could be used. If the
total mixture was to be used as a fuel then it
would be preferable to mechanically maintain
the system under high pressure (>10 MPa) so
that the major components of the mixtures were
evenly distributed in both liquid and gas phases.
However, if the aim was to use the methane only
and to cycle the hydrocarbon solvent as the
storage medium then the operating pressure

TABLE 11

DISTRIBUTION OF MAIN COMPONENTS IN RESPEC-
TIVE PHASES OF MIXTURES AT DIFFERENT PRES-
SURE

Mixtures Main components (in mol%)
CH, Cco, C,H,.C,H,

NG (Initial) 90 1.6 8.2 0.2
LPG (Initial) - - 5.3 94
NG-LPG mixture at 3.31 MPa and 20°C

Liquid phase 20.2 0.6 2.38 76.79

Vapour phase 49.1 1.2 2.4 47.31
NG-LPG mixture at 8.06 MPa and 20°C

Liquid phase 47.78 1.16 4.45 46.62

Vapour phase 65.95 1.29 4.09 28.66
LPG-NG mixture at 11.49 MPa and 20°C

Liquid phase 55.06 1.27 5.06 38.61

Vapour phase 56.78 1.34 5.37 36.38
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Fig. 12. Discharging profile of a NG-LPG mixture. The
mixture was equilibrated at 8 MPa and 20°C using 60 g of
LPG and 29 g of NG. The shaded area represents a change
from a binary to single phase. B = CH,(liq); + = C,H,(liq);
& =CH,(vap); A =C,Hy(vap).

should be lower than the convergence pressure
of the mixture. '

Venting gas from the various two phase
systems generally resulted in large variations in
the vent gas molar composition until pressure fell
to a point where a single gas phase existed. Fig.
12 shows a typical example. After gas was vented
from the system there was a decrease of lighter
hydrocarbon, CH,, and an increase of the
heavier gas, C,H,, in the remaining mixture.
Both phases behaved similarly. A phase change
occurred when 70% of the mixture had been
vented and this is indicated in Fig. 12 by the
abrupt coincidence of methane and propane
concentrations for the two phases.

CONCLUSIONS

Studies on the dissolution of gases in hydro-
carbon solvents must consider phase changes.
Automation of in situ GC monitoring of the
distribution of hydrocarbons in the different
phases entailed the compressed samples from
both phases to be in gaseous form at ambient
temperature and pressure before they can be
handled by GC. The use of rapid-scan GC and
sampling at strategic locations in the system

G.K.-C. Low / J. Chromatogr. 639 (1993) 227-238

ensured rapid analysis with good sensitivity and
minimum peak diffusion from reduced extra
chromatographic effects. The automated system
allowed the solubility of NG in LPG to be
studied in one tenth of the time as that required
with conventional procedures.

At equivalent temperature—pressure regimes
the storage of NG was shown to be enhanced by
more than 50% by dissolving it in LPG than
when it was stored alone. However, NG was
found to separate out the solvent during dis-
charge when the system is continuously de-
pressurised.
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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 (C,—C,) are analyzed using a 30 m X 0.53 mm GS-Q column; heavier hydrocarbons
(C,;-C,,) 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 C, to C,, [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

0021-9673/93/$06.00

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 (VTATSs), 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

© 1993 Elsevier Science Publishers B.V. All rights reserved
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Fig. 1. Plumbing diagram of Varian Model 3600 GC used for
speciated hydrocarbon measurements. Configuration shown
is for start of run (filling sample loops).

manipulation were done with a Varian Model
.DS651 data station.

One analytical column was a 60 m X 0.32 mm
DB-1 fused-silica capillary column, having a film
thickness of 1.0 um (J & W Scientific, Folsom,
CA, USA). This column was used to measure
most of the hydrocarbon species in emissions
samples (C,—C,,). The other column was a 30
m X 0.53 mm GS-Q Megabore column (J & W
Scientific). This was used to measure only a few
light hydrocarbons (C,-C,).

Vehicle exhaust samples

Vehicle exhaust samples were obtained during
standard emissions testing —generally using the
1975 Federal Test Procedure (FTP) {15]. Diluted
vehicle exhaust was collected during each of
three phases: cold start, stabilized, and hot start
(bag 1, bag 2, and bag 3, respectively). A sam-
pling system was used whereby 3-1 Tedlar bags
for speciated GC analysis were filled simulta-
neously with the 100-1 bags which are generally
used for criteria pollutant measurements. This
represents an improvement over our previous
sampling techniques in which the GC Tedlar
bags were filled by transferring samples from the
larger bags [3].

Background air samples were routinely ob-
tained during each phase of the FTP emissions
test, but only the bag 2 background sample was
analyzed by GC. The background composition
determined from this sample was assumed to
apply for all three FTP bag samples. The pre-

S.K. Hoekman | J. Chromatogr. 639 (1993) 239-253

dominant hydrocarbon constituent in back-
ground air is methane, which is generally ob-
served at concentrations of 2-3 ppm (v/v). In
our testing facility, trace levels (0.01-0.10 ppm
C) of major gasoline constituents are also
seen. These include n-butane,'2-methylbutane,
methylpentanes, toluene and xylenes.

House vacuum was used to draw diluted
exhaust from the Tedlar bags through two 5.0-ml
sample loops that were heated at 125°C (see
sampling conditions listed in Table I). Larger
sample loops could be used to further improve
sensitivity, but 5.0 ml is the largest size that
could conveniently fit in the temperature-
controlled zones of the GC instrument.

VTAT operation

VTATs were used to concentrate diluted emis-
sions samples prior to injection onto the GC
columns. They consisted of 3 ft. X 1/16 in. (1
ft.=30.48 cm; 1 in. =2.54 cm) stainless-steel
tubing in which the middle 2-ft. section was
packed with a polymeric adsorbent material,
Hayesep D (60-80 mesh). This adsorbent is
preferred over Chromosorb 106 which was used
previously [3], since it could be subjected to a
higher desorption temperature without releasing
objectionable amounts of contaminants.

Operating conditions for the VTATS are sum-
marized in Table II. Although the two VTATS
were loaded simultaneously, they were desorbed
and injected onto the two analytical columns at
different times —injection onto the DB-1 col-
umn occurred at 7.0 min; injection onto the
GS-Q column occurred at 32.0 min. This was
done to coordinate injection timing with op-
timum temperature conditions for each column.

Chromatographic conditions

The chromatographic conditions used for
speciation of emissions samples are summarized
in Table I. The initial column temperature of
—40°C provided optimal separation of propane
and propene on the DB-1 column. The multiple-
gradient column temperature conditions were
empirically selected- as a compromise between
maximum peak resolution and minimum analysis
time. The entire analysis time —including sam-
pling, VTAT operation, chromatographic sepa-
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TABLE 1
CONDITIONS FOR SPECIATED ANALYSIS OF HYDROCARBON EMISSIONS
Sampling conditions
Sample draw: house vacuum
Sampling rate:  40-50 ml/min
Sampling time:  4-6 min
Sample loops: 5.0 ml; heated at 125°C
Sampling valve: Valco Model Al6 automatic gas sampling valve
GC conditions Side A Side B
Column type DB-1 GS-Q
Column dimensions 60 m X 0.32 mm 30m x 0.53 mm
Film thickness 1.0 pm -
Carrier gas type Helium Helium
Carrier gas flow-rate” 4 ml/min 8 ml/min
Makeup gas type Nitrogen Nitrogen
Makeup gas flow-rate 26 ml/min 22 ml/min
Detector type FID FID
Detector temperature 275°C 275°C
Switching valve temperature 125°C 125°C
Column oven temperature program
Initial temperature of —40°C (hold 12 min)
Increase 3°C/min to 125°C (no hold)
Increase 6°C/min to 185°C (no hold)
Increase 20°C/min to 220°C (hold 2 min)
* Flow controllers were used to maintain a constant flow-rate throughout chromatographic runs.
TABLE II )
OPERATION OF VARIABLE TEMPERATURE ADSORPTION TRAPS (VTATSs)
Time (min) Function VTAT A (DB-1 column) VTAT B (GS-Q column)
Temp. (°C). Direction " Temp. (°C) Direction
of flow of flow
through VTAT through VTAT
0.0-0.2 Equilibrate pressure —60 Normal -99 Normal
in sample loops
0.2-4.0 Load VTATs —60 Normal -99 Normal
4.0-5.0 Desorb VTAT A —60— 180 No flow -99 No flow
5.0-7.0 Equilibrate VTAT A 180 No flow -99 No flow
7.0-28.0 Inject VTAT A 180 Reverse -99 No flow
28.0-30.0 Desorb VTAT B 180 Reverse —99— 180 No flow
30.0-32.0 Equilibrate VTAT B 180 Reverse 180 No flow
32.0-81.0 Inject VTAT B 180 Reverse ‘180 Reverse
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ration, and cool down period —was about 90
min.

Compound identification

Hydrocarbon identifications were assigned by
comparing retention times of chromatographic

TABLE III
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peaks from emissions samples with those from
known standard mixtures. A peak library, con-
sisting of 164 compounds, is shown in Table III.
The peak numbers given in this table are based
upon an in-house nomenclature system which
was developed to characterize gasolines. Gaso-

GC PEAK LIBRARY FOR SPECIATED HYDROCARBON ANALYSES

GC conditions are given in Table I.

Peak Compound name CAS No. Retention Retention
D time (min)” index”
1 Methane 00074-82-8 3291 100.0
300 Ethylene 00074-85-1 34.16 163.5
550 Ethyne 00074-86-2 34.80 195.0
2 Ethane 00074-84-0 34.90 200.0
301 Propylene 00115-07-1 11.68 290.0
3 Propane 00074-98-6 11.89 300.0
500 Propadiene 00463-49-0 13.36 326.0
551 Propyne 00074-99-7 13.50 328.3
5 2-Methylpropane 00075-28-5 15.73 362.3
305 2-Methylpropene 00115-11-7 17.85 390.6
302 1-Butene 00106-98-9 17.93 391.6
502 1,3-Butadiene 00106-99-0 18.22 395.1
4 n-Butane 00106-97-8 18.62 400.0
1000 Methanol 00067-56-1 18.80 402.5
304 trans-2-Butene 00624-64-6 19.63 413.6
552 1-Butyne 00107-00-6 20.43 423.9
303 cis-2-Butene 00590-18-1 20.88 429.5
310 3-Methyl-1-butene 00563-45-1 23.65 461.5
1003 Ethanol 00064-17-5 25.05 476.4
7 2-Methylbutane 00078-78-4 25.14 477.3
554 2-Butyne 00503-17-3 26.37 489.5
306 1-Pentene 00109-67-1 26.52 491.0
309 2-Methyl-1-butene 00563-46-2 27.15 497.1
6 n-Pentane 00109-66-0 27.46 500.0
509 2-Methyl-1,3-butadiene 00078-79-5 27.78 504.5
308 trans-2-Pentene 00646-04-8 28.22 510.5
327 3,3-Dimethyl-1-butene 00558-37-2 28.55 514.9
307 cis-2-Pentene 00627-20-3 28.82 518.6
31 2-Methyl-2-butene 00513-35-9 29.19 523.4
505 trans-1,3-Pentadiene 02004-70-8 29.35 525.6
530 Cyclopentadiene 00542-92-7 29.95 533.3
12 2,2-Dimethylbutane 00075-83-2 30.25 537.2
450 Cyclopentene 00142-29-0 31.50 552.6
319 4-Methyl-1-pentene 00691-37-2 32.10 559.9
800 Cyclopentane 00287-92-3 32.33 562.6
13 2,3-Dimethylbutane 00079-29-8 32.69 566.9
1412 2-Methoxy-2-methylpropane (MTBE) 01634-04-4 32.80 568.2
326 2,3-Dimethyl-1-butene 00563-78-0 32.88 569.1
10 2-Methylpentane 00107-83-5 33.17 572.4
324 4-Methyl-trans-2-pentene 00674-76-0 33.36 574.6




S.K. Hoekman | J. Chromatogr. 639 (1993) 239-253

TABLE 111 (continued)
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Peak Compound name CAS No. Retention Retention
ID time (min)* index®
11 3-Methylpentane 00096-14-0 34.22 584.4
317 2-Methyl-1-pentene 00763-29-1 34.69 589.6
312 1-Hexene 00592-41-6 34.77 590.5
9 n-Hexane 00110-54-3 35.64 600.0
315 cis-3-Hexene/ trans-3-Hexene 07642-09-3 35.88 603.6
314 trans-2-Hexene 04050-45-7 36.05 606.1
320 2-Methyl-2-pentene 00625-27-4 36.22 608.7
321 3-Methyl-cis-2-pentene 00922-62-3 36.37 610.8
313 cis-2-Hexene 07688-21-3 36.70 615.6
322 3-Methyl-trans-2-pentene 00616-12-6 37.17 622.4
1450 2-Ethoxy-2-methylpropane (ETBE) 00637-92-3 37.27 623.9
801 Methylcyclopentane 00096-37-7 37.38 625.4
18 2,2-Dimethylpentane 00590-35-2 37.55 627.7
20 2,4-Dimethylpentane 00108-08-7 37.91 632.8
600 Benzene 00071-43-2 39.09 649.3
451 1-Methylcyclopentene 00693-89-0 39.09 649.3
2006 2,3-Dimethyl-2-pentene 10574-37-5 39.38 653.2
2004 2,4-Dimethyl-1-pentene 02213-32-3 39.59 656.0
825 Cyclohexane 00110-82-7 39.73 657.9
2033 2-Methyl-trans-3-hexene 00692-24-0 40.21 664.3
2031 5-Methyl-trans-2-hexene 07385-82-2 40.55 668.7
15 2-Methylhexane 00591-76-4 40.69 670.6
19 2,3-Dimethylpentane 00565-59-3 40.71 671.0
460 Cyclohexene 00110-83-8 40.90 673.4
1413 2-Methoxy-2-methylbutane (TAME) 00994-05-8 40.92 673.6
16 3-Methylhexane 00589-34-4 41.27 678.1
806 cis-1,3-Dimethylcyclopentane 02532-58-3 41.59 682.2
807 trans-1,3-Dimethylcyclopentane 01759-58-6 41.78 684.6
805 trans-1,2-Dimethylcyclopentane 00822-50-4 41.97 687.1
- 37 2,2,4-Trimethylpentane 00540-84-1 42.13 689.2
2038 1-Heptene 00592-76-7 42.61 695.2
2042 trans-3-Heptene 14686-14-7 42.90 698.7
14 n-Heptane 00142-82-5 43.00 700.0
2034 3-Methyl-cis-3-hexene 04914-89-0 43.34 705.4
2040 trans-2-Heptene 14686-13-6 43.57 709.1
2008 2,3-Dimethyl-2-pentene 10574-37-5 43.88 714.0
826 Methylcyclohexane 00108-87-2 44.18 718.8
811 1,1,3-Trimethylcyclopentane 04516-69-2 44.45 723.0
802 Ethylcyclopentane 01640-89-7 45.02 731.9
31 2,5-Dimethylhexane 00592-13-2 45.20 734.6
30 2,4-Dimethylhexane 00589-43-5 45.31 736.4
817 1,2,4-Trimethylcyclopentane 02815-58-9 45.63 741.3
814 1,2,3-Trimethylcyclopentane 15890-40-1 46.12 748.7
39 2,3,4-Trimethylpentane 00565-75-3 46.32 751.6
38 2,3,3-Trimethylpentane 00560-21-4 46.52 754.6
601 Toluene 00108-88-3 46.52 754.6
815 1,2,4-Trimethylcyclopentane 02815-58-9 46.88 759.9
1414 2-Methoxy-2-methylpentane (THEME) 38772-53-1 47.06 762.7
29 2,3-Dimethylhexane 00584-94-1 47.13 763.7
24 2-Methylheptane 00592-27-8 47.47 768.8
26 4-Methylheptane 00589-53-7 47.57 770.2
25 3-Methylheptane 00589-81-1 47.96 775.9

(Continued on p. 244)
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TABLE HI (continued)

Peak Compound name CAS No. Retention Retention
ID time (min)* index”
831 cis-1,3-Dimethylcyclohexane 00638-04-0 48.14 778.4
828 1,1-Dimethylcyclohexane 00590-66-9 48.49 783.4
42 2,2,5-Trimethylhexane 03522-94-9 48.66 786.0
861 1-Ethyi-1-methylcyclopentane 16747-50-5 48.90 789.4
2193 1-Octene 00590-66-9 48.95 790.0
830 trans-1,2-Dimethylcyclohexane 06876-23-9 49.26 794.5
832 trans-1,3-Dimethylcyclohexane 02207-03-6 49.48 797.5
23 n-Octane 00111-65-9 49.66 800.0
2198 cis-4-Octene 07642-15-1 50.02 806.3
2194 cis-2-Octene 07642-04-8 50.39 812.6
43 2,3,5-Trimethylhexane 01069-53-0 50.69 817.8
829 cis-1,2-Dimethylcyclohexane 02207-01-4 50.82 820.0
52 2,4-Dimethylheptane 02213-23-2 51.17 825.8
827 Ethylcyclohexane 01678-91-7 51.53 831.9
53 2,3-Dimethylheptane 01072-05-5 51.74 835.4
55 3,5-Dimethylheptane 00926-82-9 51.96 839.0
602 Ethylbenzene 00100-41-4 52.60 849.6
956 1,3,5-Trimethylcyclohexane 01839-63-0 52.80 852.8
604 m-Xylene 00108-38-3 53.13 858.2
605 p-Xylene 00106-42-3 53.19 859.3
62 4-Methyloctane 02216-34-4 53.72 867.7
60 2-Methyloctane 03221-61-2 53.73 867.9
61 3-Methyloctane 02216-33-3 54.13 874.3
712 Styrene 00100-42-5 54.20 875.4
603 0-Xylene 00095-47-6 54.49 880.0
405 1-Nonene 00124-11-8 54.62 882.1
4651 2,2,4-Trimethylheptane 14720-74-2 55.03 888.6
41 n-Nonane 00111-84-2 55.77 900.0
607 Isopropylbenzene 00098-82-8 56.45 912.5
151 2,2-Dimethyloctane 15869-87-1 56.80 919.0
835 n-Propylcyclohexane 01678-92-8 57.31 928.2
161 4,4-Dimethyloctane 15869-95-1 57.42 930.2
155 2,6-Dimethyloctane 02051-30-1 57.82 937.4
644 n-Propylbenzene 00103-65-1 58.16 943.4
609 1-Ethyl-3-methylbenzene 00620-14-4 58.58 951.0
610 1-Ethyl-4-methylbenzene 00622-96-8 58.70 953.1
613 1,3,5-Trimethylbenzene 00108-67-8 59.02 958.7
86 4-Methylnonane 17301-94-9 59.47 966.6
608 1-Ethyl-2-methylbenzene 00611-14-3 59.57 968.4
84 2-Methylnonane 00871-83-0 59.87 973.5
85 3-Methylnonane 05911-04-6 60.16 978.6
612 1,2,4-Trimethylbenzene 00095-63-6 60.42 982.9
960 1-Methyl-2-propylcyclohexane 04291-79-6 60.78 989.2
615 Isobutylbenzene 00538-93-2 60.93 991.6
616 sec-Butylbenzene 00135-98-8 61.15 995.4
100 n-Decane 00124-18-5 61.42 1000.0
611 1,2,3-Trimethylbenzene 00576-73-8 61.93 1010.0
650 Indan 00496-11-7 62.55 1022.2
658 Indene 00095-13-6 62.95 1029.9
646 1,3-Diethylbenzene 00141-93-5 63.42 1038.9
647 1-Methyl-3-propylbenzene 01074-43-7 63.57 1041.8
648 1-Methyl-4-propylbenzene 01074-55-1 63.79 1045.8

651 1,2-Diethylbenzene 00135-01-3 63.92 1048.4
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TABLE III (continued)
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Peak Compound name CAS No. Retention Retention
ID time (min)” index”
653 1-Methyl-2-propylbenzene 01074-17-5 64.39 1057.4
654 1,4-Dimethyl-2-ethylbenzene 01758-88-9 64.92 1067.2
655 1,3-Dimethyl-4-ethylbenzene 00874-41-9 65.03 1069.2
163 2-Methyldecane 06975-98-0 65.23 1073.0
656 1,2-Dimethyl-4-ethylbenzene 00934-80-5 65.34 1075.0
657 1,3-Dimethyl-2-ethylbenzene 02870-04-4 65.71 1082.0
659 1,2-Dimethyl-3-ethylbenzene 00933-98-2 66.38 1094.3
101 n-Undecane 01120-21-4 66.69 1100.0
635 1,2,4,5-Tetramethylbenzene 00095-93-2 67.01 1107.5
634 1,2,3,5-Tetramethylbenzene 00527-53-7 67.19 1111.7
7800 Methylindan A 27133-93-3 68.03 1131.4
7801 Methylindan B 27133-93-3 68.50 1142.4
633 1,2,3,4-Tetramethylbenzene 00488-23-3 68.70 1146.8
755 1-Methyl-3-butylbenzene 01595-04-6 68.11 1133.2
714 Naphthalene 00091-20-3 69.81 1172.1
102 n-Dodecane 00112-40-3 71.05 1200.0
796 2-Methylnaphthalene 00091-57-6 73.89 1285.4
795 1-Methylnaphthalene 00090-12-0 74.39 1299.5
103 n-Tridecane 00629-50-5 74.40 1300.0

* The first four compounds listed were measured from GS-Q column; all other compounds were measured from DB-1 column.

® Retention index (I) is defined as follows:

log X, —log X,

I=100- m -100z

where:

z = Number of carbon atoms in n-alkane which immediately precedes peak i.

X, =Retention time of peak i.

X,., = Retention time of n-alkane (having z carbon atoms) which precedes peak i.
X,.., = Retention time of n-alkane (having z + 1 carbon atoms) which. follows peak i.

line analysis —using conventional GC as well as
GC-MS— was also used to confirm the identities
of compounds detected in emissions samples. A
DB-1 chromatogram of a reference gasoline sam-
ple is shown in Fig. 2.

Another material used for compound identifi-
cation was a gas standard from the Auto/Oil Air
Quality Improvement Research Program [6].
This standard (CLM 3218) contained 21 hydro-
carbon species, most at concentrations near 5
ppm C (Scott Specialty Gases, Troy, MI, USA).
Chromatograms of this material are shown in
Fig. 2 (DB-1 column) and Fig. 3 (GS-Q column).
The GS-Q column provided good resolution of
C,—C, hydrocarbons, but was not able to resolve
completely the C, and higher compounds.

Compound quantification
Both GC detectors were calibrated daily using
a propane standard with an approximate concen-

tration of 5 ppm C. This standard is traceable to

one prepared by the National Institute for Stan-
dards and Technology (NIST) and has an accura- -
cy within 2% of the stated concentration. All
hydrocarbons (other than oxygenated com-
pounds) were assumed to give a detector re-
sponse equivalent to that of propane (on a per-
carbon basis). This assumption is typically used
for speciated emissions measurements, and is
implicitly used in the routine measurement of
total hydrocarbon emissions.

Oxygenated compounds give lower detector
response than hydrocarbons. Based upon analy-



246

S.K. Hoekman | J. Chromatogr. 639 (1993) 239-253

Reference Gasoline

H 33
Bs2] & ..5\
3 EME] salgh
saglIhe) | | Bga ke N |
N l\l [}
LA NN Y L
[N Loy gy ol 1 Ly Ll N P I N sl ) a1 P B B |
0 5 10 15 20 25 30 35 .40 45 50 55 60 65 70 75
Minutes Scott Calibration
Gas Mixture CLM 3218
- i3, - - § [¥ § ” §8s & &
5
K
— JUL \_ . L L L L
L PN EPUPE S UPETUT BT NPT RN AP B B 1 Lty L Lt N il ]
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
Minutes

Fig. 2. Capillary column analyses of reference gasoline and calibration gas mixture. GC conditions are given in Table I. Peak

identifications are given in Table III.

sis of known liquid samples (gasoline blends)
detector responses were determined for several
oxygenated compounds. Relative to a propane
response of 1.00, a response of 0.87 was mea-
sured for methyl tert.-butyl ether (MTBE), 0.89
for tert.-amyl methyl ether (TAME), and 0.91
for tert.-hexyl methyl ethers (THEME). These

lower response factors were used when quantify-
ing the corresponding oxygenates in emissions
samples.

Detector response variability was determined
by repetitive analysis of the 21-component gas
standard. Fig. 4 shows representative control
charts generated from 29 analyses of this stan-
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Fig. 3. GS-Q megabore column analysis of Scott calibration gas mixture CLM 3218. GC conditions are given in Table 1. Peak

identifications are given in Table III.
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Fig. 4. Detector response control charts for analysis of Scott
calibration gas mixture CLM 3218. Dashed lines represent
average values.

dard over a 4-month period. These data illustrate
that the detector response variability was largely
systematic —that is, similar profiles were ob-
served for all compounds. (Slight exceptions are
apparent in the control charts for decane and
ethylene.) This is attributed in large part to
variability in preparing and sampling the Tedlar
bags each day, rather than to actual changes in
response of the detectors. When analyzing vehi-
cle emissions samples, the effect of these varia-
tions was minimized by using a running weighted
average response factor, comprising 3/4 of the
historical response factor and 1/4 of the current
day’s factor.

Variability results for all 21 components are
summarized in Table IV. For most compounds,
the relative standard deviation (R.S.D.) was less
than 5% on an absolute basis, and 1-3% when
normalized to the propane response. The higher
variability measured for ethane was due to the
close retention times for acetylene and ethane,
and the atypical composition of this standard gas
mixture. (In emissions samples from modern
vehicles, ethane is generally present at compar-
able or higher concentrations than acetylene,
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while 'in this standard mixture, ethane’s concen-
tration is only about 25% of acetylene’s.) The
higher variability for the heaviest alkanes (=C,,)
is not surprising due to difficulties in sampling
and analysis of such materials at low concen-
tration.

Given uncertainties in the composition of this
standard mixture, these results also confirm that
most compounds give equivalent detector re-
sponses. The significantly higher responses mea-
sured for the heaviest alkanes (=C,,) are sur-
prising, and remain unexplained. However, this
finding is of little consequence since emissions
samples generally contain only trace amourits of
hydrocarbons in this range.

Detection limit

The GC detection limit was estimated from
the same set of replicate analyses described
above. Although this gas standard contained
only 21 intentionally added hydrocarbons, trace
levels of several other compounds were also
present. Three of these impurities [cis-2-butene
(peak 303; retention time of 20.9 min), 2-methyl-
2-butene (peak 311; retention time of 29.2 min),
and methylcyclopentane (peak 801; retention
time of 37.4 min)] were used to calculate the
Method Detection Limit (MDL) as defined by
the US- EPA [16]. The MDLs for these three
compounds varied from 0.004 to 0.007 ppm C.
Using the upper value of 0.007 ppm C and our
normal emissions testing conditions, this trans-
lates to an emission rate detection limit of ap-
proximately 0.10 mg/mile for FTP bags 1 and 3,
and 0.17 mg/mile for FTP bag 2.

Co-eluting compounds

Co-elution of some compounds is unavoidable
with samples as complex as vehicle emissions. As
was demonstrated by GC-MS analyses, many of
the heavier hydrocarbons (=C,) co-elute from
the DB-1 column with others. The compounds
listed in Table III represent our best estimate of
the predominant constituents in most emissions
samples.

For several important cases, calculational pro-
cedures are used to resolve co-eluting pairs. As
described previously [3] the basis for these res-
olutions is a separate, completely resolved analy-
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sis of the fuels used to generate the emissions
samples. In three cases where the co-eluting
pairs are chemically similar, the ratio of the two.
in the fuel is applied directly to the emissions:
(1) 2-methylhexane/2,3-dimethylpentane (peaks
15/19; retention time of 40.7 min), (2) m-xylene/
p-xylene (peaks 604/605; retention time of 53.1
min), and (3) 4-methyloctane/2-methyloctane
(peaks 62/60; retention time of 53.7 min).

In two other cases, the co-eluting pairs are not
chemically similar: benzene/1-methylcyclopen-
tene (peaks 600/451; retention time of 39.1 min)
and toluene/2,3,3-trimethylpentane (peaks 601/
38; retention time of 46.5 min). In these cases,
the measurement of a third compound is used to
apportion the co-eluting peak into two parts. For
instance, the ratio of 2,3,4-trimethylpentane/
2,3,3-trimethylpentane measured in the fuel is
assumed to be the same in emissions. Thus, from
analysis of 2,3,4-trimethylpentane in emissions

RSN NN L_
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samples, the amount of 2,3,3-trimethylpentane is
calculated, and toluene is computed by dif-
ference.

APPLICATIONS

Gasoline vehicle emissions

Representative chromatograms from analysis
of a bag 1 exhaust emissions sample from a 1989
gasoline vehicle are shown in Fig. 5. As is typical
of emissions from catalyst-equipped vehicles, the
bag 1 sample contained a much higher concen-
tration of total hydrocarbons (70 ppm C) than
did the bag 2 or bag 3 samples (11 and 17 ppm
C, respectively).

The GS-Q chromatogram (bottom of Fig. 5)
shows excellent resolution of all C,—C; hydro-
carbons. In addition, a small peak attributed to
CO, is seen at 33.4 min. The DB-1 capillary
chromatogram (top of Fig. 5) shows all major
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Fig. 5. GC analysis of bag 1 exhaust emissions sample from a gasoline vehicle. Total hydrocarbon concentration of 71.2 ppm C.
Top: DB-1 capillary column. Bottom: GS-Q Megabore column. Peak identifications are given in Table IIL.
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fuel constituents as well as a number of combus-
tion-produced hydrocarbons. Of particular note
is 1,3-butadiene (peak 502; retention time of
18.2 min) which previously was difficult to re-
solve [3], but is now baseline-separated.
Resolution of 2-methylpropene and 1-butene
(peaks 305 and 302; retention time of 17.9 min)
from the DB-1 capillary column is problematic.
The graphical capabilities of the chromatography
data station are used to magnify this region,
thereby permitting the two peaks to be dis-
tinguished. In cases where significant levels of
MTBE are present in the fuel (as in Fig. 5),
2-methylpropene generally predominates over 1-
butene. Use of MTBE in fuels is known to
increase emissions of 2-methylpropene [3,17,18].
MTBE itself is seen in the DB-1 chromato-
gram of Fig. 5 (peak 1412; retention time of 32.8
min). Although the fuel contained approximately
10% MTBE, the relative concentration in the
emissions sample was much lower. This prefer-
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ential removal of MTBE has also been docu-
mented before [3,19].

Methanol vehicle emissions

Fig. 6 presents typical chromatograms of a bag
1 exhaust emissions sample produced from a
1989 flexible-fueled vehicle operating on M-85
[methanol-gasoline (85:15, v/v)]. In addition to
the major species found in gasoline vehicle
exhaust, these chromatograms each show a
dominant peak due to methanol. On both the
DB-1 and GS-Q columns, methanol elutes very
near to n-butane, thereby making the quantifica-
tion of n-butane difficult. This is normally a
problem only with bag 1 samples, where the
methanol concentrations are high. Significantly,
methanol does not interfere with measurement
of 1,3-butadiene.

The DB-1 chromatogram in Fig. 6 shows a
peak with retention time of 24.5 minutes that is
attributed to acetonitrile. This is not an emis-
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Fig. 6. GC analysis of bag 1 exhaust emissions sample from M-85 vehicle. Total hydrocarbon concentration of 140 ppm C. Top:
DB-1 capillary column. Bottom: GS-Q Megabore column. Peak identifications are given in Table III.
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sions species, but is a contaminant that arises
from impinger techniques that are used to collect
aldehydes during vehicle emissions testing.

Stability of emissions species

In recent years, there has been concern about
the stability of certain exhaust emissions species
when stored in Tedlar bags —particularly 1,3-
butadiene. Lipari [4] reported a 25% loss of
1,3-butadiene in a bag 1 emissions sample after
storing 24 h, and 70% loss after 48 h. Dempster
and Shore [20] reported that “1,3-butadiene de-
teriorates rapidly when stored in dilute exhaust”.
Kaiser et al. [21] have recently observed degra-
dation of 1,3-butadiene in exhaust samples from
a single-cylinder engine [21].

This issue was investigated by generating and
repeatedly analyzing a bag 1 exhaust emissions
sample. To provide high initial concentrations of
the unstable species, the vehicle that was used
(1987 Chevrolet Celebrity; 2.8-1 engine, 6-cylin-
der, port fuel injection) had its catalyst removed.
This high concentration sample (270 ppm C)
enabled accurate monitoring of degradation of
several dienes (including 1,3-butadiene) which
are normally present at only trace levels.

The exhaust emissions sample was attached to
the automatic gas sampling valve on the GC
instrument and was analyzed at approximately
90-min intervals until the Tedlar bag was empty.
The concentrations of 20 selected compounds
were measured at each analysis time. These com-
pounds included all five dienes which are
routinely measured in vehicle emissions, as well
as representative n-alkanes, isoalkanes, alkenes,
and aromatics in the range of C,-C,.

The results summarized in Table V are ex-
pressed as concentrations relative to the concen-
tration of propylene. Propylene is a convenient
choice for internal normalization since it can be
measured reliably from both GC columns. This
normalization eliminates sampling variability and
compensates for sample dilution which was un-
avoidable using our automatic sampling tech-
nique. It has been reported that propylene itself
is stable in such emissions samples for up to 1
day [4,21]. We independently established pro-
pylene’s stability in samples aged for 3 days [22].

Clear differences in stability among the emis-
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Fig. 7. Degradation of species in bag 1 exhaust emissions
sample from non-catalyst gasoline vehicle.

sions species were seen. The 20 compounds can
be broadly categorized as stable (n-alkanes, iso-
alkanes, propylene, acetylene, aromatics and
most alkenes), moderately unstable (styrene and
1,3-butadiene), and highly unstable (C;, dienes).
Degradation of the unstable species is further
illustrated in Fig. 7, with n-butane included as a
point of reference.

In theory, such degradation curves could be
used to adjust the measured concentrations of
these unstable compounds in aged samples.
However, similar analyses of other emissions
samples showed the rates of degradation to be
quite variable —although the relative ranking of
stability was always similar to that shown in Fig.
7. In particular, lower degradation rates were
observed in emissions from catalyst-equipped
vehicles. It is not known whether this is due to
lower levels of total hydrocarbons, lower NO,,
or other factors. Varying degradation rates for
1,3-butadiene and cyclopentadiene have been re-
ported by others as well [21].

SUMMARY AND CONCLUSIONS

An improved GC methodology has been de-
veloped for speciated analysis of C,-C,, hydro-
carbons in vehicle exhaust emissions. The simul-
taneous use of two columns allows for complete
analysis of emissions samples using a single GC
instrument. Detection limits for individual hy-
drocarbons are <10 ppb C, which corresponds to
an' emission rate of approximately 0.1 mg/mile
for a typical FTP bag sample. While this is
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adequate to provide thorough characterization of
exhaust emissions from current vehicles, addi-
tional sensitivity may be necessary for future,
low-emitting vehicles.

This improved GC procedure has been satis-
factorily used to analyze exhaust emissions from
both gasoline- and methanol-fueled vehicles. The
presence of methanol in emissions samples does
not seriously hinder measurement of hydrocar-
bons. Sample instability was found to be a gener-
al problem for diene compounds in exhaust mix-
tures. The rates of degradation are sample de-
pendent, and may be influenced by the amount
of other components in emissions. To minimize
concerns about sample integrity, exhaust emis-
sions should be analyzed promptly after col-
lection.
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ABSTRACT

A Molsieve 5A wide-bore capillary column was systematically studied for the separation of CO and N, in the presence of other
permanent gases, including noble gases, light hydrocarbons and nitriles, which are all plausible constituents of Titan’s
atmosphere. This column has a chromatographic behaviour similar to that of a molecular sieve SA packed column. The efficiency
of the column, the detection limit of CO in N, and the effect of the presence of nitriles in the injected samples on the
chromatographic performance of the column were characterized by determining Van Deemter curves for CO, N, and noble gases
at different temperatures. This column offers a rapid separation of the selected solutes under isothermal conditions, with about

1000 theoretical plates/m at 60°C for most of the solutes.

INTRODUCTION

As reported in previous papers in this series
[1-3], we are systematically studying GC
columns that could provide the separation of

most of the constituents of Titan’s atmosphere

and of the pyrolytic products of its organic
aerosols, for integration in the GC-MS instru-
ment of the Cassini~Huygens mission. One of
the objectives with this instrument is to deter-
mine the vertical concentration profile of several
of the organic and inorganic species present in
the atmosphere, including hydrocarbons, nitriles,
CO, N,, CH,, Ar and other noble gases. The
GC subsystem should be able to achieve the

* Corresponding author.

0021-9673/93/$06.00

separation of these compounds in a relatively
short time (i.e., within less than, say, 10 min),
under conditions fully compatible with the con-
straints of space instrumentation. These include
the constraints induced by GC-MS coupling
such as low carrier gas inlet pressure, low flow-
rate and simple column temperature cycle (the
easiest being isothermal conditions). The previ-
ous papers reported studies of GC columns for
analysing organic compounds. This present
paper deals with the analysis of CO and perma-
nent gases. Such an analysis is of paramount
importance, as the GC-MS instrument will have
to confirm and determine the depletion of CO in
Titan’s stratosphere, relative to the troposphere
[4], the origin of which is still not clearly under-
stood [5]. To achieve such an objective, it is
crucial that the GC stage provides a good separa-

© 1993 Elsevier Science Publishers B.V. All rights reserved
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tion of CO from N,, as the MS subsystem will
not be able to perform direct determination of
CO because of the presence of large amounts of
N,, 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 SA
column (Chrompack, Middelburg, Netherlands).
The characteristics and chromatographic per-
formance of this capillary column have already
been published [8].

A wide-bore Molsieve SA 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 N, 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 I.D. PLOT fused-silica capillary column
coated with a 50-um film of molecular sieve SA.
It was mounted on a Hewlett-Packard Model HP
5890 Series II gas chromatograph equipped with
a micro thermal conductivity detector, an elec-

E. de Vanssay et al. | J. Chromatogr. 639 (1993) 255-259

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 30-130°C. 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 ml/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 N,, 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 ml/min.

Sampling

Standard gas mixtures of known composition,
including CO, N,, CH,, C,H, 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,-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 1072
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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Reagents

Cyanogen was obtained from Matheson (East
Rutheford, NJ, USA) and helium (grade C)
from AGA (Toulouse, France). All other gases,
i.e., argon—-methane mixture (90:10, pure), ni-
trogen, neon and ethané (grade N30), krypton
(grade N35), xenon, carbon monoxide and
methane (grade N45), were purchased from
Alphagaz—-L’Air Liquide (Bois d’Arcy, France).

Determination of Van Deemter curves

To determine experimentally the height equiv-
alent to a theoretical plate (HETP), H, versus
the mean linear velocity of the carrier gas, u, the
different selected solutes were injected with
helium at different inlet pressures of the carrier
gas and different column temperatures. The
outlet flow-rate was measured with a bubble flow
meter.

The value of & was calculated from the rela-
tionship u = L/t,,, where L is the length of the
column and ¢ is the retention time of helium.
For the selected solutes, H was calculated from
the classical relationship:

2
Lw;

H= e -y @

where ¢, is the retention time of the solute and
w,, is the peak (assumed to be Gaussian) width at
half-height.

The fitting of the Van Deemter curve with the
experimental data was performed by using a
polynomial regression program based on an
extended Golay-Giddings equation:

H=Bli+ Ci+Di’ (2)

where the term D’ represents the apparatus
contribution [9].

To verify the influence of these coefficients on
the fitting, we studied two other polynomial
regression programs. The first uses the classical
Golay equation:

H=Bli+Ca 3)

and the second, because of the small effect of C,
uses the equation

H=B/i+ Dii’ (4)
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Optimization of detector response

In preliminary work, we studied and optimized
the response of the thermal eonductivity detec-
tor, particularly for CO. This response can be
characterized by R =(A/w)P, where A is the
integrated area of the chromatographic peak, w
its half-width and P the pressure of the injected
solute. R was studied as a function of the ratio of
the detector to column temperature, 7,/T,, and
as a function of the duration of the splitless
mode for various sample pressures. The highest
responses were obtained for a splitless duration
of about 30 s and a T,/T_ value of about 2.

RESULTS AND DISCUSSION

The Molsieve column provides a good separa-
tion of most of the selected solutes within a
relatively short time. For instance, at 90°C, as
shown in Fig. 1, with the exception of He and Ne
which are co-eluted, all the permanent gases and
CH, are measured in about 8 min. Under these
conditions, the higher molecular mass organic
compounds are not eluted before 22 min
(ethane).

In order to characterize quantitatively the
performance of the column and its behaviour
after injection of nitriles, we determined Van
Deemter curves at different temperatures with
and without injection of nitriles. Fig. 2 presents

A

He| N2

+

Ne

' co Xe
Kr
CHy
CaHg

i 1 L i 4 N
T 1 ¥ ¥ T Al
4] 5 10 15 20 TIME (min)

Fig. 1. Gas chromatogram of a gaseous mixture of He, Ne,
Ar, N,, Kr, CH,, CO, Xe and C,H, on a 10 m X 0.53 mm
1.D. Molsieve SA (film thickness 50 wm) fused-silica PLOT
column at 90°C. Carrier gas, H,; outlet flow-rate, 2 ml/min;
amount injected, ca. 3 nmol of each constituent; splitting
ratio, 40:1; thermal conductivity detector.
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Fig. 2. Plots for (a) CO, (b) CH,, (c) Kr and (d) N, of the height equivalent to a theoretical plate (HETP) versus the mean linear
velocity (i) of the carrier gas (H,) at 60, 100 and 120°C on a 10 m X 0.53 mm I.D. Molsieve 5A (film thickness 50 wm)
fused-silica PLOT column. The points correspond to experimental data and the curves to the best theoretical fit based on the

extended Golay-Giddings’ equation: H = B/i + Cit + Dit’.

the results relating to N,, CH,, Kr and CO (Fig.
2A, B, C and D, respectively), for three column
temperatures. They were obtained by injection
of about 3 nmol of each solute in the injector.
There is a satisfactory fit between the experimen-
tal results (points) and the extended theoretical
fitting curves H = B/ + Cit + Diz’. For all these
solutes, the minimum HETP (H,) is reached for
an optimum & (u,,) of about 20 cm/s at 60°C and
15 ecm/s at 120°C, corresponding to 1.9 and 1.4
ml/min, respectively. This H,, ranges between 1
mm (CO at 60°C) and 8 mm (N, at 120°C) and it
increases with temperature, as is usually ob-
served. The part of the curve corresponding to i
values higher than &, has a slope that also
increases with increasing temperature. This can

be easily explained by an increase in the diffu-
sion coefficient of the solute with temperature.

The HETP values thus determined are of the
same order of magnitude (1.4 mm at 60°C for
methane) as those indicated by Chrompack, the
column manufacturer (1.3 mm at 30°C for
methane). These values are high probably
because of the relatively large film thickness (50
pm).

The possible influence of the presence of
nitriles in the injected samples on the behaviour
of this column was studied by injecting various
amounts of cyanogen, simultaneously with con-
stant amounts (about 3 nmol) of CO and N,, and
by measuring the HETP for the two permanent
gases. In each series of experiments, the amount
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Fig. 3. Plot of the height equivalent to a theoretical plate
(HETP) versus the amount of cyanogen (C,N,) injected for
CO and N, at 100°C. Carrier gas, H,; column, 10 m X 0.53
mm I.D. Molsieve SA (film thickness 50 um) fused-silica
PLOT.

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.

CONCLUSIONS

The Molsieve SA wide-bore capillary column
allows a good and rapid separation of permanent
gases, including CO, N, 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 107*
[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~ mol.
Even after ten injections (which will peak during
the descent of the probe), clearly the total
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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.
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ABSTRACT

The simultanecous 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 1-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 lig-
uid chromatography (LC)-MS [15-17].

* Corresponding author.

0021-9673/93/$06.00

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

© 1993 Elsevier Science Publishers B.V. All rights reserved
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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)

J. Hong et al. | 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-

mode.
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obtained with a Milli-Q system (Millipore,
USA). Twenty-five pesticide standards were ob-
tained from Chem. Service (West Chester, PA,
USA) and from Aldrich (Milwaukee, WI, USA).
Standard stock solutions in hexane and acetone
were stored at 4°C. Triphenyl phosphate (TPP)
and 24,-dichloronitrobenzene (DCNB) from
Merck (Darmstadt, Germany) werc used as
internal standards and dissolved in hexane. The
chemical structures of the pesticides tested in this
study are shown in Fig. 1.

Gas chromatography

The gas chromatographic analysis was carried
out on a Varian Vista 6000/6500 gas chromato-
graph (Sunnyvale, CA, USA) equipped with a
dual nitrogen—phosphorus detector and ®Ni
electron-capture detector. A Varian Vista 402
chromatograph data system was used for the
data processing. All extracts were injected onto
an on-column capillary inlet designed for fused-
silica columns. Separation was achieved with
an HP-1 capillary column with cross-linked
methylsilicone (SE-30, 50 m x0.32 mm ILD.,
0.32 pum film thickness). The capillary column
was installed and connected to both detectors via
the variable effluent splitter from Varian. The
chromatographic conditions were as follows:
detector temperature, 280°C, column tempera-
ture, 150°C at 6°C/min to 260°C, held for 10
min; carrier gas, nitrogen at a flow of 0.4 ml/min
for ECD and 4.0 ml/min for NPD.

Gas chromatography—mass spectrometry

The Hewlett-Packard GC-MS system con-
sisted of a Model 5890A gas chromatograph, a
Model 5970B mass-selective detector, an HP
5970C MS Chemstation and an HP 7946 disc
drive. A fused-silica capillary column coated
with HP-1 cross-linked metylsilicone (SE-30, 25
m X 0.25 mm 1.D., 0.17 pm film thickness) was
also used. The GC temperature programme was
as follows: initial temperature was 100°C, held
for 4 min, increased by 8°C/min to 280°C, and
held for 5 mins. Samples were injected in the
split mode with a splitting ratio of 1:10. The
carrier gas was helium (99.999%) at 0.9 mi/min.
Injector temperature was 250°C, transfer line
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temperature was 270°C and ion source tempera-
ture was 200°C. The mass spectrometer was
operated at 70 €V in the electron-impact (EI)
mode using scan or SIM. The selected ion groups
for the identification of 25 pesticides in SIM
mode are listed in Table I. The dwell time for
each ion was set at 50 ms.

Extraction and partitioning

Samples of 25 g were ground and extracted
with a mixed solvent of 100 ml of acetone and 50
ml of methanol in a blender jar for 10 min at
high speed. The mixture was filtered with suction
through a 12-cm Biichner funnel. The filtrate was
transferred to a 500-ml round-bottomed flask.
The volume of this solution was reduced to
about 100 ml by a rotary evaporator and then 50
ml of water and 30 ml of saturated sodium
chloride solution added. To this mixture, 100 ml
of methylene chloride were added, followed by
vigorous shaking in a separatory funnel. The

TABLE I

FOUR ION GROUPS ACCORDING TO RETENTION
TIME IN THE SIM MODE

Ion groups Selected ions

Group A (6 min to 12.5 min)

Isoprocarb 121, 136
BHC isomers 181, 183, 219
Dimethoate 93, 125
Diazinon 137, 179
Group B (12.5 min to 15 min)
Carbaryl 144, 115
Fenitrothion 125, 109
Aldrin 66, 263
Malathion 125, 173
Fenthion 278
Parathion 291, 97
Captan 79, 149
Group C (15 min to 17.4 min)
Phenthoate 274, 121
DDE isomer 246, 248
Endrin, dieldrin 261, 263, 265
DDD 235, 237
Group D (17.4 min to 22 min)
DDT isomers 235, 237
Captafol 79, 311, 313
EPN 157
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extracted organic phase was collected in a 200-ml
round-bottomed flask. The aqueous phase was
re-extracted with 50 ml of methylene chloride in
the same way. The organic phase was combined
with the first extract in a 200-ml round-bottomed
flask. The organic phase was evaporated to
dryness by a rotary evaporator.

Clean-up

Bio-Bead S-X3 was slurried into a 30 cm X 1
cm L.D. column to ca. 15 cm height and was
washed with 5 ml of methylene chloride—
cyclohexane (1:1). Extracted residue was dis-
solved in methylene chloride—cyclohexane (1:1)
and then placed on the column. Methylene
chloride—cyclohexane was used as eluent solvent
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at a flow-rate of 2 ml/min. The eluate was
collected in two fractions: the first fraction (9 ml)
containing lipids was discarded, while the second
fraction (11 ml) was collected and then evapo-
rated under a nitrogen stream. The dried residue
was dissolved with 2 ml of hexane.

RESULTS AND DISCUSSION

Analysis by GC-NPD-ECD

GC with dual NPD and ECD in parallel is able
to identify residual pesticides and achieve the
simultaneous determination of compounds con-
taining chlorine, phosphorus or nitrogen atoms.
The GLC separation of 25 standard pesticides on
an SE-30 fused-silica capillary column using dual

|

s 10 15 20 25
RETENTION TIME(MIN)

30

Fig. 2. Dual ECD (I) and NPD (II) chromatograms of 25 standard pesticides. Peaks: 1= isoprocarb; 2 = dimethoate; 3 =
a-BHC; 4=8-BHC; 5=v-BHC; 6= diazinon; 7 = carbaryl; 8= fenitrothion; 9= malathion; 10 = fenthion; 11 = parathion;
12 = aldrin; 13 = captan; 14 = phenthoate; 15=o0,p’-DDE; 16 =p,p'-DDE; 17 =o0,p'-DDD; 18 = dieldrin; 19 =m,p'-DDD;
20 = endrin; 21 =p,p'-DDD; 22 =0,p'-DDT; 23 = p,p'-DDT; 24 = captafol; 25 = EPN.
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NPD and ECD is shown in Fig. 2. As shown in
Fig. 2, 25 pesticides were successfully separated
within 30 min. Noticeably, each peak exhibited
no significant peak tailing. Baseline separation
was achieved for each pesticide in the standard
mixture. In general, N-methylcarbamates are
thermally unstable at the temperatures required
for GC analysis. For example, carbaryl and
isoprocarb underwent thermal decomposition
and lost their carbamates in the hot insert liner,
which contained glass beads or OV-101. Typical-
ly, 75% of carbaryl and 15% of isoprocarb were
converted into naphthol and o-isopropylphenol,
respectively. So it was difficult to quantify by GC
with a hot packed injector. To circumvent this
problem, we used the cold on-column injector

TABLE 1I
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instead of the hot packed injector in GC and
used the split liner which contained only the
silanized glass wool in GC-MS analysis.

The relative retention time (RRT) and relative
molar response (RMR) of pesticide with respect
to internal standard DCNB and TPP are listed in
Table II. As indicated in Table II, excellent
precision in RRT and RMR of each pesticide
was observed. The retention times of dimethoate
and «-BHC were very close (12.992 and 12.993
min, respectively). Nevertheless, these com-
pounds could still- be analysed, because di-
methoate and a-benzene hexachloride (BHC)
should be detected by NPD and ECD, respec-
tively.

In the RMR study, captan and captafol

RELATIVE RETENTION TIME (RRT) AND RELATIVE MOLAR RESPONSE (RMR) OF PESTICIDES IN RICE AND

SOY BEANS USING GC-NPD-ECD (n =3)

Pesticide ECD

NPD

RRT (R.S.D., %)

RMR (R.S.D., %)

RRT (R.S.D., %) RMR (R.S.D, %)

DCNB (I1.S.)* 1.000 (0.98) 1.00
Isoprocarb - -
Dimethoate - -
a-BHC 1.780 (0.18) 4.45 (4.8)
B-BHC 1.925 (0.13) 1.11 (4.5)
y-BHC 1.945 (0.13) 4.09 (4.6)
Diazinon - -
Carbaryl - -
Fenitrothion - =
Malathion - -
Fenthion - -
Parathion - -

Aldrin 2.495 (0.03) 3.79 (4.1)
Captan 2.733 (0.02) 0.53 (6.4)
Phenthoate - -
o,p'-DDE 2.821 (0.01) 1.52 (376)
p,p’-DDE 2.995 (0.01) 2.64 (3.7)
o,p'-DDD 3.058 (0.01) 1.40 (3.9)
Dieldrin 3.011 (0.01) 3.69 (3.8)
m,p'-DDD 3.170 (0.01) 1.46 (4.0)
Endrin 3.208 (0.01) 2.28 (5.1)
p,p'-DDD 3.279 (0.01) 2.17 (3.9)
o,p'-DDT 3.306 (0.01) 1.35 (3.9)
p,p'-DDT 3.561 (0.01) 2.08 (3.8)
TPP(1.S.)* - -
Captafol 3.789 (0.01) 0.87 (6.5)
EPN - -

0.356 (0.46) 0.13 (3.9)
0.494 (0.15) 1.01 (4.6)
0.527 (0.09) 1.92 (8.6)
0.623 (0.06) 0.12 (4.4)
0.641 (0.03) 1.50 (2.0)
0.648 (0.02) 1.26 (3.1)
0.666 (0.02) 1.22 (3.4)
0.670 (0.02) 1.88 (6.1)
0.730 (0.01) 0.80 (3.6)
1.000 (0.01) 1.00
1.089 (0.02) 1.52(0.7)

“ Retention times of DCNB and TPP are 6.687 and 25.123 min, respectively.
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showed a slightly lower response than other
chlorinated pesticides. In particular, 8-BHC of
the BHC isomers showed a significantly lower
response on ECD than a- or y-BHC. It is
suggested that the six chlorine atoms on the
cyclohexane ring are located in an equatorial
position in B-BHC, whereas in a- and y-BHC
three and four of the six chlorine atoms, respec-
tively, are positioned axially. Presumably, the
different response of BHC isomers on ECD is
caused by the difference in stereochemical struc-
ture. DDE, DDD and DDT isomers also showed
different responses depending on the position of
the chlorine atoms on the benzene ring.

The NPD response of pesticides is also depen-
dent on the structure and is particularly affected
by substituents bonded at the nitrogen atom.
Isoprocarb and carbaryl showed slightly lower
sensitivity than other nitrogen-containing com-
pounds because the nitrogen of carbamates
bonded to a carbonyl group is known to be less
effective in NPD response [28]. Although, of
chlorinated pesticides, captan and captafol con-
tain a nitrogen atom, these compounds exhibited
very low sensitivity in the NPD chromatogram.
This could be attributed to the fact that the
nitrogen atom in captan and captafol is bonded
to two carbonyl groups. Some pesticides, such as
carbaryl, fenitrothion, malathion, fenthion,
phenthoate and O-ethyl O,4-nitrophenyl
phenylphosphonothioate (EPN), could be de-
tected with both ECD and NPD. These results
can be used to identify pesticide peaks.

Extraction and clean-up

It is necessary to pretreat the specimens in
order to extract the pesticide of interest and to
remove inferences from the fatty sample. There-
fore, clean-up including solvent partitioning and
column chromatography were required to re-
move the fatty materials.

In this study, methylene chloride was chosen
in the solvent partitioning and Bio-Beads S-X3
was used for column chromatography. In gener-
al, Florisil clean-up in column chromatography is
known to be unsuitable for the elution of polar
pesticides and the removal of fatty materials.
However, Bio-Bead S-X3 clean-up removes in-
terfering lipids from the initial methylene
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chloride extract, so it is particularly valuable for
the analysis of the residual pesticides in fatty
samples. The methylene chloride extracts con-
taining pesticides and lipids were chromato-
graphed on a 15-cm Bio-Beads S-X3 column to
determine the pesticide recovery. The elution
curves of pesticides and rice oils with Bio-Beads
S-X3 are shown in Fig. 3. The effluent from 11 to
20 ml was collected, concentrated and analysed
for pesticide contents by gas chromatography.
As shown in Fig. 3, more than 75% of lipid was
removed through this column, whereas most
pesticides were recovered.

Typical chromatograms obtained from the
control rice and soy bean extracts using the
methylene chloride partition and Bio-Beads
S-X3 are shown in Fig 4. No interferences were
detected in the dual chromatograms.

Recovery studies were performed three times
at the 1-ppm (w/w) level for each pesticide
spiked in rices and soy beans. These samples
were prepared by adding 0.5 ml of 50 wg/ml
pesticide stock solutions to 25 g of ground rices
or by adding 0.1 ml of 50 ug/ml stock solution to
5 g of ground soy beans before extraction. The
extracts were analysed as previously described.
Fig. 5 shows the chromatograms obtained from
the spiked rices and soy beans. The ratios of
peak area obtained from extracted pesticides
were compared with those of standard solutions
containing the same concentration of pesticide
and internal standards.

The recoveries of pesticide in crops are listed
in Table III. Recoveries for rices were between
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Fig. 3. Elution curves of (1) pesticides and (2} rice oil with a
Bio-Beads S-X3 column.
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Fig. 4. Dual ECD (I) and NPD (II) chromatograms of (A) control rices and (B) control soy bean extract.
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Fig. 5. Dual ECD (I) and NPD (II) chromatograms of (A) rice extract and (B) soy bean extract (peaks same as in Fig. 2).

83 and 105%, and the coefficients of variation
were 0.5-7.2%, with an average of 94%, and for
soy beans were between 63 and 102% with
coefficients of variation of 0.9-8.2%, with an
average of 88%.

The limits of detection of all pesticides in the
crops tested are also listed in Table III. Of the 25
pesticides, isoprocarb and carbaryl had a limit of
detection of 0.3 ppm in soy beans. The other
pesticides had a limit of detection between 0.002
and 0.05 ppm in soy beans and rices.

In view of their recoveries and removal of
interference peaks, methylene chloride partition

and Bio-Beads S-X3 column clean-up was good

for the reliable conformation and quantitation
analysis of pesticides.

Analysis by GC-MS

In principle, the analysis of pesticides by GC-
NPD-ECD may be falsified by a compound with
the same retention time as one of the pesticides.
In this case, the reliability of analysis can be
greatly improved by GC-MS.

In Fig. 6, the total-ion chromatogram of the
mixture of pesticides is shown, demonstrating
good GC separation of 25 pesticides. Under the
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TABLE III
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RECOVERIES (%) AND LIMIT OF DETECTION OF PESTICIDES IN RICE AND SOY BEANS USING GC-NPD-ECD

(n=3)

R.S.D.s are given in parentheses.

Pesticide Rice Soy beans
Recovery Limit of Recovery Limit of
detection (ppm) detection (ppm)
Isoprocarb 95.4 (3.7) 0.05 81.8 (3.6) 0.3
Dimethoate 101-2 (2.8) 0.01 100.5 (2.1) 0.03
a-BHC 101.8 (2.7) 0.002 88.4 (1.4) 0.01
B-BHC 91.3(0.8) 0.009 91.9 (1.8) 0.04
y-BHC 95.6 (2.5) 0.002 96.2 (2.8) 0.01
Diazinon 83.4 (1.5) 0.01 62.7 (8.6) 0.05
Carbaryl 99.8 (2.6) 0.05 101.7 (4.4) 0.3
Fenitrothion 95.3 (2.2) 0.005 96.1 (3.3) 0.03
Malathion 91.4 (3.8) 0.02 79.5 (7.2) 0.08
- Fenthion 89.6 (4.1) 0.008 98.7 (3.0) 0.04
Parathion 86.8 (1.2) 0.007 91.3 (1.2) 0.04
Aldrin 87.4 (4.3) 0.006 84.8 (2.0) 0.03
Captan 84.9 (3.7) 0.02 85.2 (0.6) 0.07
Phenthoate 100.4 (4.6) 0.03 86.1 (3.6) 0.1
0,p’-DDE 99.6 (7.2) 0.007 89.7 (4.4) 0.04
p,p'-DDE 97.6 (2.7) 0.007 84.3 (0.9) 0.04
0,p’-DDD 97.0 (5.0) 0.01 91.2 (1.9) 0.05
Dieldrin 96.7 (3.3) 0.006 89.2 (1.5) 0.03
m,p'-DDD 97.4 (2.6) 0.01 91.9 (3.2) 0.05
Endrin 99.1 (2.4) 0.01 91.7 (2.3) 0.05
p,p'-DDD 97.3 (2.6) 0.01 90.2 (3.2) 0.05
0,p’-DDT 92.9 (0.5) 0.01 90.1 (8.2) 0.05
p,p'-DDT 91.7 (2:2) 0.01 87.4 (1.6) 0.05
Captafol 83.4 (0.7) 0.03 77.2 (1.6) 0.1
EPN 96.2 (1.8) 0.02 91.2 (1.0) 0.08

GC-MS conditions specified in the experimental
section, the mass spectra of pesticides were
obtained in the electron-impact mode. Table IV
summarizes the retention times, the molecular
weights, base peak and characteristic ions of the
mass spectra. For organochlorinated pesticides,
their mass fragment [M] ions are accompanied
by [M + 2] and/or [M + 4] ions, because of the
isotopic effect of chlorine. For example, the
isomers of DDD and DDT yielded a base peak
m/z 235 from the loss of the -CHCI, and -CCl,
group, respectively, and this fragment is accom-
panied by two isotopic peaks, m/z 237 and m/z
239. Of the pesticides containing six chlorine
atoms, BHC isomers, aldrin, endrin and dieldrin
show a weak intensity of molecular ion. The

fragmentation of these compounds exhibited the
loss of HCI and Cl in stepwise pattern from the
molecular ion. In particular, aldrin, endrin and
dieldrin containing a cyclohexene ring produced
the jon cluster m/z 261, 263 and 265 by the
retro-Diels—Alder (RDA) fragment. Captan and
captafol showed the very weak intensity of
molecular ion and also produced the base peak,
m/z 79 (cyclohexadiene) by the RDA fragment.

For organophosphorus pesticides, the typical
fragmentation patterns of phosphorus groups are
explained in most part by Fig. 7. This fragmenta-
tion patterns are in good agreement with those
represented by Pritchard [29]. These fragments
appeared with strong intensity in the mass spec-
tra of organophosphorus pesticides. In the case
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Fig. 6. Total-ion chromatogram of standard pesticides using
SIM mode. Peaks: 1=isoprocarb; 2=a-BHC; 3=
dimethoate; 4 =B-BHC; 5=9-BHC; 6=diazinon; 7=
carbaryl; 8 = fenitrothion; 9 = aldrin; 10 = malathion; 11=
fenthion; 12 = parathion; 13—captan 14 = phenthoate; 15 =

o0,p'-DDE; 16 = dieldrin; 17=p,p'-DDE; 18=0,p -DDD;
19 = endrin; 20=m,p'-DDD; 21=p,p-DDD; 22=0,p’
DDT; 23=p,p'-DDT; 24=captafol; 25=EPN. y-Axis:
abundance; x-axis: retention time (min).

of N-methylcarbamate pesticides, isoprocarb and
carbaryl, the base peak of carbaryl was produced
by the loss of N-methyl carbamate group from
the molecular ion and that of isoprocarb was
formed by the loss of the methyl group from
(M—O=C=N=CH,) ion. On the basis of this
fragment information, various pesticides could
be identified and complementary structural in-
formation would be obtained.

In this study, the determination of the pes-
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RO RO ~c,u4o H

R, R" = CHy or CoHsg

RO ﬁ (_3) CH;0 o CH30 CHyO H
P-0-x Seas S D0 Heeo
RO @ F=TH ey CHy CHy
(s) | R = CaMs
-ox
CoHs0 ¢ ,H, C2HsO “CH.
> Caa > pes 2He > p=5s
C,Hs0

Fig. 7. Basic fragmentation patterns.of organophosphorus
compounds.
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Fig. 8. Selected-ion chromatograms of some co-eluting pes-
ticides. y-Axis: abundance.

ticides at trace level in crops was achieved by
GC-MS using selected-ion monitoring (SIM)
model with two or three ions. The SIM mode
may be used to improve the detection limit by
producing the strongest intensity and to improve
the specificity for the compound of interest by
reducing the interference peaks. As shown in
Fig. 6, although some pesticides were co-eluted,
they could still be analysed because of the
specificity of SIM, as typically demonstrated in
Fig. 8 for B-BHC (m/z 181 or 183) and di-
methoate (m/z 93) co-eluting at 10.5 min and
p,p-DDT (m/z 235) and captafol (m/z 79) at
18.4 min. The ion m/z 93 instead of m/z 87 for
dimethoate was selected to obtain the precise
analysis by SIM mode because the ion m/z 87
also appeared in the mass spectrum of 8-BHC.

The detection limits of some pesticides were
around 10 ng as an injection amount in the scan
mode. However, the detection limits in the SIM
mode using only the base peak of each pesticide
were about 0.05 ng, except for dieldrin and
endrin, whose detection limits were about 0.2 ng
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TABLE 1V
RETENTION TIMES (1) AND CHARACTERISTIC MASS FRAGMENT IONS FOR PESTICIDES

Relative abundance (%) is given in parentheses.

Compound tz (min) Molecular mass Mass fragment ion (m/z)
mass
Isoprocarb 7.929 193 121 136 91 77 193
(100) (57) (17) (11) (2)
a-BHC 10.119 291 181 183 217 219 109 111
(100) 94 (52) (74) (60) 57
Dimethoate 10.518 229 87 93 125 63 79 229
(100) () (43) (17) (16) (12)
B-BHC 10.520 291 183 181 217 219 109 111
(100) (95) (44) (65) (36) (40)
v-BHC 10.989 291 181 183 109 11 217 219
(100) 94) (92) 91) (52) (62)
Diazinon 12.289 304 137 179 152 93 66 304
(100) (74) (56) (44) (28) €2y
Carbaryl 13.021 201 144 115 89 63 201
(100) (48) (12) (6) (5)
Fenitrothion 13.747 277 125 109 277 93 79
(100) (93) (34) (31) (28)
Aldrin 14.175 365 66 261 263 265 91
(100) (40) (58) (54) (38)
Malathion 14.225 330 125 93 173 158 9 79
(100) (76) &1 (42) (32) (18)
Fenthion 14.287 278 278 109 125 93 169 79
(100) (92) (86) (51) (40) (10)
Parathion 14.369 291 109 97 139 153 291
(100) (93) (41) 34 32)
Captan 14.830 - 300 79 149 117 119 77
(100) (26) (20) (19) (14)
Phenthoate 15.432 320 125 93 121 274 246
(100) (76) (64) (55) (24)
o,p’-DDE 15.896 318 246 248 316 318 320 176
(100) (72) (45) (55) (48) (38)
Dieldrin 16.509 380 79 261 263 265 279
(100) (28) (45) (24) (18)
p,p’-DDE 16.673 316 246 248 316 318 320 176
(100) (68) (42) (53) (48) (45)
o,p’-DDD 16.740 320 235 237 165 199 318 320
(100) (59) (38) (13) (5) (6)
Endrin 16.899 380 81 261 263 265 289
(100) (41) (59) (38) 25)
m,p'-DDD 17.154 320 235 237 165 199 318 320
(100) (71) (48) (15) 4 (5)
p,p'-DDD 17.491 320 235 237 165 199 318 320
(100) (59) (42) (18) (2) (3)
0,p’-DDT 17.665 354 235 237 165 199 136
(100) (58) (38) (12) (7)
p,p'-DDT 18.425 354 235 237 165 199 136
(100) (70) (31) ) (%)
Captafol 18.426 349 79 311 313 183 149
(100) (18) (23) (10) )
EPN 19.491 323 157 169 141 185 63 323

(100) (51) (32) 7 (25) (15)
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at a signal-to-nose ratio of 5. But the detection
limits by GC-ECD, for dieldrin and endrin,
were noticeably lower than those by SIM. The
base peak m/z 79 of dieldrin and m/z 81 of
endrin could not be distinguished at times be-
tween 15 and 17.4 min (group C) in the SIM
mode because these ions were subject to inter-
ference from fatty species likely to be present in
the sample matrix. The ion cluster m/z 261, 263
and 265, instead of m/z 79 and 81, could be
monitored to enhance specificity for endrin and
dieldrin but with a reduction in sensitivity. For
most pesticides, the detection limits with the
GC-MS-SIM method were similar to those with
GC-NPD-ECD. However, the GC-MS-SIM
method provided much higher sensitivity for
carbamates, which was shown by the low sen-
sitivity of the NPD response. The detection
limits using SIM were seven times lower for
isoprocarb and 12.5 times lower for carbaryl than
those using NPD. In many cases of GC analysis,
the detection limits could also be decreased by
adjusting the sample volume and splitless mode.

CONCLUSIONS

The screening of 25 pesticides in rice and soy
beans with GC-NPD-ECD has been achieved
within 30 min using an SE-30 capillary column.
For the simultaneous determination of 25 pes-
ticides, the solvent partition and Bio-Beads S-X3
column method appears to be suitable for re-
moval of the interferences from the fatty matrix
components. The present method for the analy-
sis of various pesticides in the fatty crops gave
good recoveries with reasonable precision and
seemed to be suitable for multiresidue analysis.
Each pesticide was identified by its retention
time and characteristic mass fragment ions using
GC-MS-SIM. The GC-MS-SIM was proved to
be a reliable means of identification and con-
firmation of a variety of pesticide residues.
Although the response of dual detection alone
does not give enough evidence of the presence of
the pesticides, the appearance of two or three
ions at a specific retention time using the GC-
MS-SIM technique can be a good evidence that
a specific pesticide is present.
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ABSTRACT

The monofluorinated analogues of 2-aminocarboxylic acids up to C, were efficiently separated into the diastereomers on glass
capillary columns coated with achiral phases BP-1, BP-10 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-fert.-butylamide moiety to a co-
polymer of dimethylsiloxane and carboxyalkyl-
methylsiloxane units.  Analogously, Koénig
and co-workers [11-14] have prepared a
chiral phase by connecting L-Val-L-(1-phenyl-
ethyl)amide to a methylcyanoethyl-polysiloxane

* Corresponding author.

0021-9673/93/$06.00

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-lauroyl-D-[1-(1'-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

© 1993 Elsevier Science Publishers B.V. All rights reserved
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formed by five linear-chain amino acids with one
fluorine atom at C-3, which form a homologous
series: 3-fluoroalanine, 2-amino-3-fluorobutyric
acid, 3-fluoronorvaline, 3-fluoronorleucine and
2-amino-3-fluoroheptanoic acid. The second
group consists of three amino acids containing a
terminal trifluoromethyl: 3,3,3-trifluoroalanine,
4,4 4-trifluorovaline and 35,5,5-trifluoroleucine.
In addition, three other amino acids were mea-
sured separately: 3-fluorovaline, S5-fluoronor-
leucine and 5,5-difluoronorleucine.

EXPERIMENTAL

Chemicals

The standards of fluorinated amino acids were
received from the authors who described their
syntheses: 3-fluoroalanine, 2-amino-3-fluorobu-
tyric acid, 3-fluoronorvaline, 3-fluoronorleucine,
2-amino-3-fluoroheptanoic acid and 3-fluoro-
valine [16] were kindly provided by H. Gershon,
S-fluoronorleucine [17] and 5,5-difluoronor-
leucine [18] by M. Hudlicky, 3,3,3-trifluoro-
alanine [19] by A. Uskert, 4,4,4-trifluorovaline
[20,21] and 5,5,5-trifluoroleucine [21] by H.M.
Walborsky. Methanol and other organic solvents
were of analytical grade and were supplied by
Lachema (Brno, Czech Republic).

Gas chromatographic analysis

The fluorinated amino acids were converted
into the N-trifluoroacetylated methyl esters ac-
cording to Darbre and Islam [22]. A Varian
Model 3700 (Palo Alto, CA, USA) gas
chromatograph equipped with a flame ionization
detector was used. All achiral measurements
were performed on glass capillary columns (12
m X 0.32 mm) coated with phases BP-1 (phase
I), d;=0.25 uwm; BP-10 (phase II), d,=0.25
pm; and OV-330 (phase III), d;=0.20 wm.
Chiral separations were carried out on capillary
wall-coated open tubular fused-silica columns
coated with XE-60-L-Val-L-(1-phenylethyl)-
amide (phase IV), 50 m x 0.25 mm, d;=0.12
pm; Chirasil-L-Val (phase V), 25 m x 0.25 mm,
d;=0.12 pum; and with Behenoyl-L-Val-tert.-
butylamide (phase VI), 25 m X 0.25 mm, d; =
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0.20 wm. Phases I and II were manufactured by
SGE, Sydney, Australia, phases III and VI by
Serva, Heidelberg, Germany, and phases IV and
V by Chrompack, Middelburg, Netherlands.
Nitrogen was used as carrier gas. Sample vol-
umes of 1 pl were injected onto the columns
using the splitting technique; the split ratio was
1:100. The retention times ¢; are corrected for
the dead column volume. Separation factors are
defined as a =ty /tz , where R, refers to the
first peak and R, to the second one. The Kovats
indices I were calculated for the separation
temperatures indicated; for the temperatures,
the optimal values were chosen, taking into
account the measured temperature dependence
of separation factors, the time of analysis and the
peak width. Chromatograms were quantitatively
evaluated using a Varian integrator CDS 111.

RESULTS AND DISCUSSION

GC separation of diastereoisomers

The presence of two chiral centres in the
2-amino-3-fluoro carboxylic acids (with the ex-
ception of 3-fluoroalanine and 3-fluorovaline)
gives rise to two racemic diastereoisomers. Sepa-
ration of the diastereoisomers was performed on
glass capillary columns coated with achiral-
phases of different polarity, i.e. phases I-III.
The highest values of the separation factors a
were found on phase II at 110°C (a =1.22-
1.24), lower on III at 150°C (a = 1.16-1.18) and
the lowest on phase I at 90°C (a = 1.07-1.10).

The elution sequence of the erythro and threo
forms was deduced partly from analogy with
4-fluoroglutamic acid diastereoisomers [23], part-
ly from their chromatographic behaviour. The
erythro forms of all compounds within this study
exhibited shorter retention times than the corre-
sponding threo forms on all phases. The same
sequence of diastereoisomers was described, for
example, by Rose et al. [24] in the separation of
diastereoisomeric esters and by Abalain et al.
[25] for the diastereomers of alkane-2,3-diols.
The separation mechanism was deduced from
the conformation immobility along the C-C
bond bearing the asymmetric centres. In addi-
tion, the threo isomers of monofluorinated
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aliphatic amino acids present a greater spatial
bulk than the erythro forms.

The retention characteristics of the individual
diastereoisomers, i.e. the retention times and
Kovats indices (I), along with the values of the
separation factors on phases I-1I1 are summa-
rized in Table I. The logarithms of retention
times of both the erythro and threo forms in the
homologous series were plotted against the
number of carbon atoms, yielding two parallel
lines that confirmed the linear relationship be-
tween these two quantities. This relationship was
found on all three phases (Fig. 1).

TABLE 1
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A comparison of the separation factor values
in the homologous series of 2-amino-3-fluoro
carboxylic acids reveals that these values are
nearly identical for all members of the series on
each one of the phases used. On the other hand,
comparison of the separation factors of
3-fluoronorleucine and 5-fluoronorleucine under
the same chromatographic conditions shows the
value of the latter to be much lower than that of
the former (Table I). This is in accordance with
the concept of Karger and co-workers [24,26]
concerning the effect of the distance between the
two chiral centres on the separation of a dia-

GC SEPARATION OF FLUORINATED AMINO ACIDS ON ACHIRAL PHASES

Compound Isomer Phase 1 Phase II Phase III
BP-1 (90°C) BP-10 (110°C) 0OV-330 (150°C)
Iy a Iy Ir o I 14 4 Iiso
3-Fluoroalanine - 1.01 - 922 1.56 - 1187 3.63 - 1398
2- Amino-3-fluoro- erythro 1.36 966 1.57 1187 2.83 1344
butyric acid 1.07 1.24 1.17
threo 1.46 977 1.94 1224 3.31 ) 1378
3-Fluoronorvaline erythro 241 1054 2.46 1267 3.78 1408
1.07 1.22 1.16
threo 2.59 1064 3.01 1300 4.40 1441
3-Fluoronorleucine erythro 4.27 1140 4.00 1351 522 1477
1.10 1.24 1.17
threo 4.68 1152 4.95 1388 6.13 1511
2-Amino-3-fluoro- erythro 7.98 1236 6.92 1444 7.80 1563
heptanoic acid 1.10 1.24 1.18
threo 8.79 1251 8.57 1481 9.18 1598
3-Fluorovaline - 1.95 -~ 1021 2.00 - 1229 2.64 - 1330
5-Fluoronorleucine erythro 6.50 8.52 12.97
1.07 ¢ 1.11 ¢ . 1.07 4
threo 6.97 9.45 13.92
5,5-Difluoro-
norleucine - 5.54 - i 8.50 - ‘ 12.79 - ‘
3,3,3-Trifluoro-
alanine - 0.27 - 840 0.45 - 966 0.50 - 974
4.,4,4-Trifluoro-
valine - 1.34 - 979 1.92 - 1224 2.10 - 1282
5,5,5-Trifluoro-
leucine - 2.77 - 1042 4.70 - 1378 4.88 - 1463

“ For 5-fluoronorleucine and 5,5-difluoronorleucine the I values were not estimated.
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Fig. 1. Homologous 2-amino-3-fluoro carboxylic acids:

logarithms of retention times (t;) on achiral phases I-III
plotted against the number of carbon atoms (n). Solid lines =
threo forms; dashed lines = erythro forms.

V. Viasdkovi et al. | J. Chromatogr. 639 (1993) 273-279

stereoisomeric pair. According to the proposed
separation mechanism the distance between the
chiral centres affects the conformational mobility
of groups along the C-C bond; the lower the
distance the higher the immobility of the groups
and the higher the chromatographic difference
between the diastereoisomers. The constant dis-
tance between the chiral centres in a homologous
series is reflected in the constant values of
separation factors, whereas the larger distance in
5-fluoronorleucine lowers the separation factor
(1.11 as compared with 1.24 for 3-fluoronor-
leucine on phase II).

TABLE II
GC RESOLUTION OF THE HOMOLOGOUS SERIES OF 2-AMINO-3-FLUORO CARBOXYLIC ACIDS ON CHIRAL
PHASES
Compound Isomer Phase IV (140°C) Phase V (100°C) Phase VI (110°C)
XE-60-S-Val-S-PEA Chirasil-L-Val Behenoyl-L-Val
159 a Iy I a Lo Iy a Lo
3-Fluoroalanine D 2.90 1412 1.80 1146 1.20 1010
1.03 1.00 1.13
L 3.00 1419 1.80 1146 1.35 1027
2-Amino-3-fluoro- erythro-D 2.35 1368 1.80 1146 1.15 1004
butyric acid 1.04 1.08 1.22
erythro-L 2.45 1377 1.94 1161 1.40 1032
threo-D 2.87 1410 2.55 1199 1.62 1051
1.06 1.00 1.06
threo-L 3.05 1422 2.55 1199 1.71 1060
3-Fluoronorvaline erythro-D 3.23 1434 2.92 1225 2.01 1084
1.04 1.07 1.15
erythro-L 3.37 1443 3.11 1234 2.31 1104
threo-D 4.09 1483 4.21 1284 3.00 1142
1.04 1.00 1.05
threo-L 4.25 1491 4.21 1284 3.15 1149
3-Fluoronorleucine erythro-D 4.72 1513 4.92 1312 3.49 1164
1.05 1.08 1.17
erythro-L 4.95 1523 5.29 1322 4.08 1187
threo-D 6.00 1562 6.99 1368 5.25 1222
1.04 1.01 1.06
threo-L 6.25 1571 7.09 1378 5.55 1230
2-Amino-3-fluoro- erythro-Dp 7.35 1605 8.80 1405 6.56 1254
heptanoic acid 1.05 1.08 1.16
erythro-L 7.70 1614 9.47 1417 7.60 1275
threo-p 9.40 1656 12.58 1463 9.95 1314
1.04 1.02 1.06
threo-L 1664 12.78 1466 1322

9.80

10.55
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The effect of length of the aliphatic chain
is perceptible in the separation only by
slightly higher o values of 3-fluoronorleucine
and  2-amino-3-fluoroheptanoic  acid, this
being found only on the non-polar phase I
(Table I).

GC resolution of enantiomers

Separation of enantiomers of the fluorinated
amino acids under study was investigated on
three types of chiral phases, IV-VI. The values
of separation factors were determinated and the
Kovats indices calculated (Tables II and III).
The complete separation of all measured enan-
tiomeric pairs was observed on phase IV under
isothermal conditions at 140°C (Fig. 2) and on
phase VI at 110°C. Phase V failed to resolve

TABLE III

277

3-fluoroalanine and the threo isomers of
2-amino-3-fluorobutyric acid and 3-fluoronor-
valine at 100°C. However, the resolution of all
erythro enantiomeric pairs was complete also on
this phase (Fig. 3).

We also investigated the effect of various
chiral phases on the resolution of racemic erythro
and threo forms of the 2-amino-3-fluoro carbox-
ylic acids. The results, summarized in Table II,
clearly show larger a values for enantiomers of
the erythro forms than for those of the threo
forms. Separation factors were nearly identical
for all members of the homologous series with
each type of chiral phase.

Optical isomers of the trifluoro derivatives of
alanine, valine and leucine were separated on all
three phases, IV-VI. In all cases the a values
increased from 3,3,3-trifluoroalanine to 5,5,5-tri-

GC RESOLUTION OF MISCELLANEOUS FLUORINATED AMINO ACIDS ON CHIRAL PHASES

Compound Isomer Phase IV (140°C) Phase V (100°C) Phase VI (110°C)
XE-60-S-Val-S-PEA Chirasil-L-Val Behenoyl-L-Val
129 a Ly Ig a Ly, Iy a 1,
3,3,3-Trifluoro- D 0.72 1123 0.76 1002 0.36 837
alanine 1.04 1.07 1.03
0.75 1131 0.81 1017 0.37 841
4,4 4-Trifluoro- D 2.38 1371 2.80 1215 1.47 1039
valine 1.08 1.09 1.11 :
2.56 1386 3.04 1232 1.63 1054
5,5,5-Trifluoro- D 6.11 1566 8.48 . 1398 3.75 1174
leucine 1.10 1.14 1.21
L 6.70 1585 9.66 1420 4.54 1201
3-Fluorovaline D 2.30 1364 1.55 1047 1.55 1047
1.03 1.05 1.05
L 2.38 1371 1.63 1054 1.63 1054
5-Fluoronorleucine erythro-D 11.03 11.51 7.44
1.09 ¢ 1.16 ‘ 1.13 i
erythro-L 12.01 13.40 8.37
threo-p 12.00 13.38 9.61
1.08 “ 1.08 “ 1.12 ‘
threo-L 12.93 14.50 10.81
5,5-Difluoro- D 10.84 12.01 7.06
norleucine 1.09 i 1.13 “ 1.30 ‘
L 11.86 13.57 9.19

“ Not estimated (see footnote in Table I).
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Fig. 2. Homologous 2-amino-3-fluoro carboxylic acids: GC separation of the four enantiomers on chiral phase IV at 140°C. (A)
2-Amino-3-fluorobutyric acid; (B) 3-fluoronorvaline; (C) 3-flucronorleucine; (D) 2-amino-3-fluoroheptanoic acid. The erythro
forms are indexed by 1, the threo forms by 2. In each pair of peaks the left one represents the D-antipode.
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Fig. 3. Homologous 2-amino-3-fluoro carboxylic acids: GC separation of the four enantiomers on chiral phase V at 100°C. Legend
as at Fig. 2; A, and B, are unresolved threo-D,L-2-amino-3-fluorobutyric acid and threo-D,L-3-fluoronorvaline, respectively.
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was observed for the esters of 3-fluoroalanine on S L N
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The linear relationship between the logarithms Fig. 4. The four individual enantiomers of homologous

£ ti . f the individual . 2-amino-3-fluoro carboxylic acids: logarithms of retention
of retention times of the individual enantiomers times on chiral phases IV-VI plotted against the number of

and the number of carbon atoms in both the carbon atoms. Solid lines = threo forms; dashed lines=
erythro and threo series was documented (Fig. erythro forms; X =L; O=D.
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4). This relationship was confirmed on all three
phases, IV-VI.
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ABSTRACT

The use of boronic ester derivatives for the recognition of ecdysteroids possessing a 20,22-diol group in supercritical fluid
chromatography is demonstrated for some model systems and for insect and plant extracts. Derivative formation with methyl-,
butyl- and phenyl-boronic acids occurs rapidly under mild conditions with excess boronic acid to give products of significantly
shorter retention than the parent ecdysteroids with supercritical CO,-methanol mobile phase.

INTRODUCTION

The importance of ecdysteroids (insect moult-
ing hormones) in insect development, and their
identification and quantification is a matter of
great interest to insect physiologists and bio-
chemists looking for new ways to control insect
pests.

Ecdysteroids are found in insect tissues and
eggs in pg/g to pg/g quantities [1]. Such small
amounts of ecdysteroids require either selective
methods of extraction providing sufficient ma-
terial with high purity for analysis or a method of
analysis with sensitive and selective detection [2].
Some of these same compounds and others,
known as phytoecdysteroids are found in plants
scattered throughout the plant kingdom [3]. The
development of sensitive and specific analytical
methods for the ecdysteroids, was of fundamen-
tal importance in the advance of ecdysteroid
research [4].

* Corresponding author.
*On leave from Department of Agricultural Chemistry,
Chonnam National University, Kwangju, South Korea.
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The ecdysteroids are a family of polyhydroxy-
lated sterols. They are interesting for chromato-
graphic studies because they all have the same
rigid 58-cholestane skeleton, with a 7-ene-6-one
UV chromophore and a variety of other sub-
stituent groups. We have already demonstrated
the advantages of supercritical fluid chromatog-
raphy (SFC) with CO,-methanol for the analysis
of ecdysteroids [5,6].

Boronic acids can react selectively with 1,2-
and 1,3-diols, enediols, 2-hydroxy acids and
other such groups to form cyclic derivatives.
Brooks and co-workers [7,8] have thoroughly
explored the use of boronic acids, including
phenylboronic acid to give volatile cyclic boro-
nate derivatives of steroids for gas chromatog-
raphy. Poole and Morgan [9] explored the use of
cyclic phenylboronates as gas chromatographic
derivatives for ecdysteroids coupled with the use
of the nitrogen-specific detector for selective
detection of the boron. Poole et al. [10] also
suggested phenanthreneboronic acid as a fluores-
cence label in the HPLC and TLC analysis of
ecdysteroids. More recently, we have used
phenylboronic acid immobilized on silica gel for
the solid-phase extraction of - ecdysteroids

© 1993 Elsevier Science Publishers B.V. All rights reserved
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[11,12]. Phenylboronic acid has also been used as
derivatization agent in HPLC and TLC [13,14].
These boronic esters have selective mass spectral
fragmentations that are helpful in structure
identification [13]. The appearance of a
chromatogram before and after treatment with a
boronic acid spotlights the presence of
ecdysteroids with the side-chain diol group.
Because of the constant demand to determine
sensitive and specific analytical methods for the
ecdysteroids, we have investigated here a
number of boronate esters which are formed
exclusively from the diol in the side chain of
ecdysteroids (Fig. 1), even if an excess of re-
agent is present in the reaction mixture. The
reaction is quantitative and ecdysteroid boro-
nates are stable in supercritical carbon dioxide—
methanol mobile phase. The derivatization reac-
tion results in a decrease in polarity of the
ecdysteroids. This property can be utilized for
simple checking of the presence of the 20,22-diol
system in the ecdysteroid molecule and might be
extended to SFC—-electron-capture detection.

EXPERIMENTAL

Ecdysteroids are obtained from the collection
of I.D. Wilson or were purchased from Simes
(Milan, Italy). The samples of plant extracts of
Silene otites and Ajuga (tentatively identified as
A. iva) were gifts of R. Lafont. Ecdysteroids and
boronic acids were prepared as dilute solutions
in methanol. Varying amounts of methyl, butyl or
phenylboronic acid were added to a methanol
solution of an ecdysteroid and the reaction
mixture was left for 3 min at room temperature
before chromatography.

SFC experiments were performed on a pur-
pose-built system (LDC Analytical, Stone, UK)
containing guard and analytical columns (LDC
Analytical, 150 X 4.6 mm I.D. packed with 5 um
cyanopropyl silica) with carbon dioxide—meth-
anol (9:1) as mobile phase at a flow-rate of 1.8
ml/min and a pressure of 320 bar and tempera-
ture of 55°C.

Samples (10 ul) were injected into the system
through a Rheodyne 7125 injection valve with a
20-pl injection loop (Anachem, Leek, UK). UV
detection was set to monitor at 240 nm.

J.-H. Shim et al. | J. Chromatogr. 639 (1993) 281-285
RESULTS AND DISCUSSION

The formation of boronic esters was explored
with four representative ecdysteroids. 20-Hy-
droxyecdysone (I) (for structures, see Fig. 1),
20-hydroxyecdysone-2-cinnamate (IT) and cya-
sterone (III) all possess 20,22-diols and all
formed cyclic boronates. Ecdysone (IV) which
possesses a 2,3-diol but not a 20,22-diol showed
no evidence of formation of a cyclic ester under
mild conditions even with a large excess of
reagent. This is consistent with our earlier find-
ing in a study of the use of immobilized boronic
acids for solid-phase extraction of ecdysteroids
[11] (see also refs. 13 and 14). Only those
ecdysteroids with a 20,22-diol were selectively
retained on the boronic acid column through
cyclic ester formation [11,12]. The distance be-
tween the hydroxyl groups on C-20 and C-22 is
suitable for formation of the cyclic boronate

20-hydroxyeodysone-2-cinnamate
n

Cyasterone
o am

o [4/]

[¢] vip

Fig. 1. Structures of ecdysteroids studied here.
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ester, however cis fusion of the A and B rings of
ecdysteroids causes the C-2 and C-3 B-hydroxyl
groups to be too far apart for easy formation of a
cyclic boronate, so, for example, ecdysone was
not absorbed onto the immobilized boronic acid
column [11]. The same effect appears to be
operating here. Ecdysteroid 2,3-cis-diols do not
give cyclic boronates under the conditions ex-
plored.

Addition of an excess of 1% solution of
methyl-, butyl- or phenyl-boronic acid to a dilute
(micromolar) solution of an ecdvsteroid posses-
sing a 20,22-diol gave rapid formation of a stable
cyclic boronate ester (Fig. 2) which had a shorter
retention time than the parent ecdysteroid. The
excess of boronic acid required to convert a
known quantity of ecdysteroid to its cyclic ester
in 3 min at room temperature was explored with
the three boronic acids and 20-hydroxyecdysone.
Plots of extent of conversion to boronic ester
against quantity of boronic acid added are given
in Fig. 3. The formation of the phenylboronic
ester occurred much more readily than either the
methyl or butyl esters (Fig. 4), which required a
ten-fold greater excess of reagent for complete
conversion. The electron-donating effect of the
phenyl ring evidently assisted ester formation.

Raising the.temperature of reaction had little
effect on the rate of reaction, but leaving the
mixture together for a longer time at room
temperature before chromatography gave more
complete reaction with amounts of boronic acid
below the optimum (Table I).

20-hydroxyecdysone

R = methyl
butyl or
phenyl

o

20-hydroxyecdysone boronate

Fig. 2. Formation of a cyclic boronic ester of 20-hydroxy-
ecdysone.
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Time scale in min.
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TABLE 1

EFFECT OF TIME AND TEMPERATURE ON EXTENT
OF REACTION BETWEEN 20-HYDROXYECDYSONE
(4.2-107"° mol) AND METHYLBORONIC ACID (4.17-
107° mol) OR PHENYLBORONIC ACID (4.0-10~° mol)
IN DILUTE SOLUTION IN METHANOL

Boronic  Molar  Temperature  Time Conversion
acid excess  (°C) (min) (%)
Methyl 993 Room 3 67

Room 5 75

Room 12 87

50 3 78
Phenyl 9.5 Room 3 71

Room 5 78

Room 30 100

50 3 74

The three ecdysteroids of varying structure
were chosen to observe the change in retention
on conversion to the boronic esters. Their rela-
tive retentions are shown in Table II. Conversion
to a particular boronic ester had very similar
effects upon each of the ecdysteroids. For exam-
ple, the methylboronic esters of all three
ecdysteroids (I to III) had retention times 24%
shorter than the corresponding free ecdysteroids
in the chromatographic system chosen. The butyl
esters had shortest retentions and the phenyl
esters were the closest to the parent ecdysteroids
(Fig. 4).

TABLE II
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To test the use of these boronic esters with
natural materials, we have examined crude ex-
tracts of desert locust (Schistocerca gregaria)
eggs, which, after enzymic hydrolysis, contain
ecdysone (IV) and 2-deoxyecdysone (V), and
extracts of Ajuga iva (tentative identification)
which contains 20-hydroxyecdysone (I), 2-deoxy-
20-hydroxyecdysone (VI) and polypodine B
(VII) and an extract of Silene otites which we
have already examined by SFC [6] and which
contains polypodine B (VII), and 20-hydroxy-
ecdysone (I). The Schistocerca eggs contain
ecdysteroids which do not form boronic esters,
however, although the main peaks were unaf-
fected on addition of boronic acid, a small new
peak appeared at 5.5 min, which suggested there
was a small amount of complex-forming
ecdysteroid in the mixture (Fig. SA). In the case
of the Ajuga and Silene plant extracts, all the
components were shifted to shorter retention
times when sufficient boronic acid was added
(Fig. 5B, C) showing that all the components in
the extract contained the 20,22-diol structure,
although compounds VI and VII eluted as one
unresolved peak, as did their boronic esters,
under the conditions used (Fig. 5B).

These experiments demonstrate that boronic
esters can be formed in neutral media without
catalysis and with impure mixtures. These less
polar esters can give a rapid indication of 20,22-
diol ecdysteroids in crude plant or animal ex-

RELATIVE RETENTION TIMES OF ECDYSTEROIDS AND THEIR CYCLIC BORONATE ESTERS ON A CYANO-
PROPYL SILICA COLUMN USING SUPERCRITICAL CARBON DIOXIDE-METHANOL (9:1) AS MOBILE PHASE

Ecdysteroid Boronic acid t, t t, ester/
(Fig. 1) ecdysteroid” ester t, ecdysteroid
I Methyl 7.45 5.66 0.76
Butyl 7.63 5.52 0.72
Phenyl 7.65 6.48 0.85
11 Methyl 6.51 4.97 0.76
Butyl 6.51 4.88 0.75
Phenyl 6.77 5.86 0.87
111 Methyl 8.75 6.64 0.76
Butyl 8.83 6.50 0.74
Pheny} 8.87 7.84 0.88

“ Retention times vary slightly with time, therefore relative retentions are quoted.
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Fig. 5. SFC chromatograms of (A) Schistocerca eggs, (B)
Ajuga (iva?) extract and (C) Silene otites plant extracts,
before (above) and after treatment with butylboronic acid
(below). (B) shows incomplete conversion, when using a
larger excess of butylboronic acid the residual peaks at 8 and
10 min disappeared. Roman numerals correspond to those in
Fig. 1. Roman numerals with double prime indicate the
corresponding butylboronate esters. Time scale in min.

tracts and can be a useful guide in the screening
of plant materials. For rapid formation, the
phenylboronic esters is preferred, but if a larger
shift in retention is required, the butylboronic
ester is recommended.
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ABSTRACT

In order to improve the application of reversed-phase thin-layer chromatography (RP-TLC) for the chromatograpﬁic
estimation of drug lipophilicity, some aspects of measuring true R,, values [log (1/R;~—1)] 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 R,, values is described; it is shown that in case of high modifier contents
preloading effects induce pronounced deviations of R, from R} values. Only the latter allow the calculation of true R,, values.
(3) The influence of solvent pH on R,, 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,, 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.

0021-9673/93/$06.00

hand” under UV light and corresponding R,
values —related to the observed visible front—
are used to calculate R,, 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

© 1993 Elsevier Science Publishers B.V. All rights reserved
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reports [8-10] that indicate a lack of influence of
solvent pH in RP-18 TLC on R, or R,, in which
pH varied between 2 and 11. In a recéntly
published paper Dross et al. [11] reported on
investigations using silanized silica gel plates, in
which application of the commonly used pK
correction {5] yielded poorly plausible results.
Accordingly, it was concluded that no, or a
different pH/pK correction seems necessary. In
continuation of such experiments we investigated
the pH dependence of “‘thermodynamically true”
R,, values using RP-18 silica gel.

EXPERIMENTAL

For the chromatographic experiments de-
scribed here, we used precoated TLC plates RP-
18 Fs4s, 10X 20 cm in size, purchased from
Merck (Darmstadt, Germany). A 0.5-ul volume
of an ethanolic solution of the test compounds (1
mg/ml) was applied to the plates with the aid of
a Nanomat II (Camag, Muttenz, Switzerland).
Before use, plates were preconditioned by heat-
ing on a Thermoplate S (Desaga, Heidelberg,
Germany) for 15 min at 120°C. The starting
points of the test compounds were positioned 10
mm from the bottom edge of the plate and at
least 25 mm from the side of the plate with 5 mm

Procainamide Lidocaine

[o]

NH-e-cH,-cr-N ot
HaN TN N enycn,

Atenolol

0-CH,~CH=CH,
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CH,
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between. As front markers we used potassium
bromide, potassium iodide and sodium nitrate;
50 mg of these front markers were dissolved in
10 ml of a water—ethanol mixture (25:75, v/v),
0.5 ul of which were applied to the plate in the
middle and at the two lateral positions. The
Nanomat II does not allow an exact positioning
of starting points; accordingly they were exactly
evaluated with the aid of a CD50 densitometer
(Desaga, Heidelberg, Germany) in remission
mode. Compounds were measured at appropri-
ate wavelengths.

Running of the plates was performed in twin
trough chambers (Camag) which were lined with
blotting paper in order to guarantee a saturation
of the gas phase. Chambers were placed in an
incubator adjusted to 30°C; the incubator con-
tained a water-filled glass to ensure constant
humidity. In some cases horizontal sandwich
chambers (Camag) were used.

As solvent we used methanol-buffer mixtures
of varying composition. For preparation of Tris
buffer pH 7.4, purest water from a Milli-Q plus
water system (Millipore, Bedford, MA, USA)
was used; in some cases commercially available
buffers (pH 3, 10 and 12) from Riedel-de Haen
(Seelze, Germany) were applied. Plates were
run up to 1 cm below the upper end of the plate,

Disopyramide
CH(CH;)
_-CH,CH, 728\ (;-CHZ—CH;—N<
CH,CH; = & g CH(CH;):
o “NH,
Propranolol

Q o-cu,—gu—cu,—m{
O

Alizapride Alpiropride Supirde
=N
N~ . 0 H,CHNO ° H,;NO;, o
N P NH— M Y
W C~NH cu,@ HN C-NH‘CH;'Q C—NH—CHZ-(j
OCH { N N
3 CHy OCH;, &y OCH; J,:Hz
ﬁH éH CH,
CH, CH,

Fig. 1. Structural formulae of tested drug molecules.
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which corresponds to a start—front distance of
about 8 cm. After the run the plates were dried
in a cold stream of air; afterwards the runs were
evaluated densitometrically as described above.

Test compounds

Benzoic acid, 4-iodobenzoic acid, biphenyl
and 2,6,2',6'-tetramethylbenzophenone  were
kindly provided by R.F. Rekker (Department of
Pharmacochemistry, Vrije Universiteit, Amster-
dam, Netherlands). Resorcin, naphthoresorcin,
diphenylamine and N-phenylnaphthylamine were
obtained from Aldrich (Milwaukee, WI, USA).
The following drugs were kindly supplied by
pharmaceutical companies: procainamide, lido-
caine, disopyramide, atenolol, oxprenolol, pro-
pranolol, alizapride, alpiropride and sulpiride.
Their structural formulae are given in Fig. 1. All
other chemical compounds, if not indicated
otherwise, were analytical-reagent grade and
were obtained from Merck.

RESULTS AND DISCUSSION

The importance of the densitometric evaluation
of starting and running points

In the case of manual estimations of R val-
ues, some error (up to =1 mm) is unavoidable;
in contrast, a densitometer is accurate to about
+0.01 mm. Correspondingly, in the range of Ry
values lower than 0.1 a significant improvement
in the accuracy of R,, calculations is achieved.
Nevertheless, this improvement is only valid if at
the same time an exact estimation of the starting
point position is performed densitometrically.
For technical reasons, the Nanomat II is only
adjustable to within about 0.5 mm; in addition,
the support for the microcapillary pipette contri-
butes position uncertainty of up to 0.3 mm (see
Table I).

The experimental conditions described here
prevent, in the case of low R, values resulting in
high R,, values, errors in calculating R,, of up to
+0.5.

The estimation of the “thermodynamically true”
RM

“Thermodynamically true” R,, values in TLC
can only be obtained if it is possible to determine
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TABLE 1
MEAN POSITION (mm) OF SPOTS ON FOURTEEN RP-
TLC PLATES

The second column gives the maximum deviation of 30 spots,
applied to each of the fourteen plates with the aid of a

‘Nanomat II applicator, adjusted to about 10 mm.

9.80+0.20 10.46 = 0.28
10.09 = 0.15 10.00 = 0.20
9.95%+0.20 9.98 +0.16
9.92+0.16 10.07 £0.10
9.59+0.20 9.56 +0.16
9.83+0.13 9.88+0.30
9.88+0.25 9.86 +0.30

the thermodynamically true position of the front.
It is known [2,12,13] that the visible front is not
identical to the “true front”. According to Geiss
[2,12] two factors in particular have to be consid-
ered for correction in conventional TLC: the
“preloading effect” and the “front gradient”.
The “preloading effect” causes the stationary
phase to adsorb volatile mobile phase molecules

CONTENT

K I

10 50 95

DISTANCE 2z [mm]

Fig. 2. Densitogram of a TLC plate which runs with buffer—
methanol (30:70, v/v) and 0.05% potassium iodide in the
buffer. Marked are the visible front (v.f.), the position until
which stationary phase is solvent saturated (Z)) and the
mobile phase front of unsaturated flow (Z;). Half-way be-
tween Z, and Z, the front of idealized saturated flow (Z,) is
also indicated. According to Bolotov [13] Z, is the position
of the thermodynamically true front. The distance between
Z, and v.f. is the area of preloading.
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OBSERVED AR, VALUES OF THE THREE FRONT MARKERS POTASSIUM BROMIDE, POTASSIUM IODIDE AND
SODIUM NITRATE, ON RP-18 TLC USING VARIABLE MIXTURES OF METHANOL AND BUFFER, pH 7.4.

The higher the methanol content, the lower the AR due to larger preloading of stationary phase with increasing methanol content
in the solvent. Above 65% methanol the AR, of potassium iodide is the highest of the markers tested.

Methanol concentration (%)

60 65 70 75 80 85
hR; ,KBr 93.8 92.6 91.6 90.6 89.6 88.6
hR,., KI 93.6 93.0 92.9 91.6 91.1 90.8
hR,..,NaNO, 93.7 923 91.0 89.9 88.9 87.7

(e.g. methanol molecules from methanol-buffer
mixtures) from the gas phase in the chamber
before or during chromatographic runs. On the
other hand, the mobile phase moves through the
porous thin layer as an unsaturated flow, the
mobile phase content in the layer varying along
the distance from the source to the front and
producing in the front region a gradient from
fully saturated mobile phase content to zero
content (see Fig. 2).

Almost all previous investigators [2,12,13]
have tested the importance of these factors on
silica gel or aluminium oxide layers. According-
ly, front markers used in these cases were rather
lipophilic dyes such as Sudan Red with an
anticipated R of 1.0.

The “front” in TLC is approximately equiva-
lent to the “dead volume” (¢,) in HPLC. There-
fore we investigated inorganic salts such as
potassium bromide, potassium iodide and sodi-
um nitrate as putative front markers, which were
proposed by Braumann [14] as probes for es-
timating the dead volume in RP-HPLC. In a
horizontal sandwich chamber, with and without
water saturation, the three above-mentioned
front markers were run in a methanol-buffer
mixture of 1:1 (v/v) as well as in pure methanol.
In all cases the front markers ran almost identi-
cally with the front; the difference amounted to
less than 0.3 mm at a running distance of 80 mm
(Rr>0.996).

In the case of chamber saturation with meth-
anol instead of water, the difference between the
visible front and the marker position increased
by up to 4 mm (R-=0.95). This observation

might indicate that in RP-TLC correction of the
“front gradient” is of marginal importance, while
the “preloading effect” demands correction.

In a further series of experiments performed
under the above-described conditions, i.e. twin
trough chambers with solvent saturation and a
temperature of 30°C, the apparent R, values of
the three front markers were estimated. Because
of some residual free silanol groups in the
stationary phase one has to consider a limited
adsorption, which explains the lack of identity of
front and marker positioning. As can be seen
from Table II, of the three investigated com-
pounds, potassium iodide exhibits the highest R,
values, at high methanol concentrations; thus we
consider this salt to be the most convenient
marker of the salts tested.

To further characterize the “front gradient’-
related corrections, we performed investigations
under standard conditions; potassium iodide
(0.05%, w/v) was added to the buffers which
were used as solvent in varying mixtures with
methanol. Fig. 2 exemplifies typical results of
such chromatograms.

For calculating the position of Z,, (idealized
solvent front, see also Fig. 2) in the gradient a
modification of the procedure of Bolotov [13]
was used. On standard silica gel plates Bolotov
observed a gradient curve that could be de-
scribed by an elliptical equation, while in case of
RP-TLC, as shown in Fig. 2, the gradient ex-
hibits a sigmoidal shape. Therefore, the thermo-
dynamically true front position that equals Z; is
exactly half-way between Z, and Z, and can be
calculated with the equation
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TABLE III

291

OBSERVED R, VALUES, RELATED TO THE VISIBLE FRONT, OF POTASSIUM IODIDE AND OF THE FRONT OF

IDEALIZED SATURATED FLOW, Z,

i

.. (SEE FIG. 2)

From the last row it can be seen that their ratio varies only slightly around 0.99.

Methanol concentration (%)

60 65 70 75 80 85
RFobs’ KI 0.940 0 926 0.912 0.901 0.889 0.873
oy Zig 0.950 0.936 0.921 0.910 0.897 0.884
RoKUR,,Z,, 0.989 0.989 0.990 0.990 0.991 0.988
Ziy=(Z,+ Z)/2 (1) RKx,x=(Zx_zo)/(ZK1_Zo) (3)

In Table III the apparent R, values as related
to the visible front, of the front gradient (R ,
Z,) and of potassium iodide (R , KI) are
listed for varying methanol contents. As can be
seen from the data, the front gradient always
surmounts the potassium iodide peak. The most
accurate estimation of the thermodynamically
true R, —and thereby of R,,— would obviously
be represented by adding potassium iodide to all
modifier mixtures and a direct estimation of the
values with the thermodynamically true front.
However, orientating experiments revealed some
limitations in this respect. Many compounds,
namely amines, exhibit a rather different chro-
matographic behaviour in iodide-containing
modifiers as compared with iodide-free condi-
tions. This is presumably due to the formation of
adducts with iodide. Thus, we used a simplified
procedure to calculate the thermodynamically
true R,, values. As can be derived from Table III
(third row) the ratio of potassium iodide peak to
thermodynamically true front amounts to 0.99.
Accordingly, using potassium iodide as a front
marker, one has to divide the observed potas-
sium iodide migration distance by 0.99. Formal-
ly, the observed apparent R, of the compound X
is:
RFobs,xz(Zx—zo)/(zf_zo) (2)

The R value of the compound X when the
potassium iodide peak is considered to indicate
the front is:

The “thermodynamically true” R value is
then given by:

Ri x =[(2x = 20)/(zis = 20)] X 0.99 4

R,, values have been calculated according to
Bate-Smith and Westall [15]:

Ryx= lOg(l/R;:,x —-1) (5)

All R,, values have been calculated in this
manner. R,, calculation with and without front
correction causes differences of up to +0.25,
especially at high modifier contents. The differ-
ences between estimated true R,, values (i.e.
related to the idealized solvent front) and un-
corrected, apparent R,, values (i.e. related to the
visible front) can be seen in Fig. 3. True R,
values are always lower than apparent R,, val-
ues; this difference increases with increasing
modifier content, as also shown in Tables II and
III. Consequently, linear regression is improved
(see Fig. 3A).

The influence of solvent pH on R, values

In recent investigations [11] it was shown that
the commonly applied pH/pK correction of R,,
leads to poorly plausible results. The above-
mentioned investigations were performed on
silanized silica gel plates and acetonitrile was
used as modifier. We felt it necessary to prove
the importance of these corrections also under
the experimental conditions used in the present
paper. For this purpose, investigations were
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Fig. 3. Plots of linear regression analyses of true (O) and
apparent (0J) R,, values versus methanol concentration (v/v,
%); buffer pH is 7.4.

carried out with a constant methanol:buffer ratio
of 60:40; buffer pH was varied between 1 and 12.

The following ten test compounds were in-
cluded: the non-polar biphenyl; the polar, non-
ionizable tetramethylbenzophenone; the weak
acids resorcin and naphthoresorcin (pK, ca. 9.5);
the strong acids benzoic and iodobenzoic acid
(pK, 4.2 and 4.0, respectively); the two weak
bases diphenylamine and naphthylphenylamine
(pK, ca. 0.85) and the two strong bases
procainamide (pK, 9.4) and atenolol (pK, 9.6).

The results, shown in Fig. 4, allow the conclu-
sion that there is no need for a pK correction
except for the strong bases. For example, for
benzoic acid the above-described commonly used
scheme for correction [5] leaves the measured
value at pH 1 unaltered, while at pH 12 the
measured value is to be corrected by +7.7 units.
In contrast, the difference in the values obtained
at pH 1 and 12 amounts to only 0.02 units. With
a total of four hydroxybenzoic acids (pK, about
3.0) Wilson [8] also did not detect variations in
R,, within a pH range of 2-11. Similarly, for
strong bases corrections that are far too high are
calculated with the commonly used correction
procedure. In this case, corrections at pH 12
should be negligible, while for atenolol at ex-
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Fig. 4. Plot of R,, versus pH of some compounds on RP-18
silica gel plates using buffer-methanol mixtures (40:60, v/v).
Only stronger amines such as atenolol (k, <) and
procainamide (i, + ) show variation between pH 1 and pH
10, but no further increase to pH 12. All other compounds
show no variation: biphenyl (b, M), tetramethylben-
zophenone (a, X ), resorcin (d, #), naphthoresorcin (c, O),
benzoic acid (e, O0), iodobenzoic acid (f, A), diphenylamine
(g, A), N-phenylnapthylamine (h, @).

perimental pH 1, for example, as much as 8.6
units should be added for correction. In contrast
to this theoretical consideration, the measured
difference amounts to 0.81 units. The corre-
sponding values for procainamide are 8.4
(theoretical) and 0.74 (experimentally obtained).

From our point of view, these examples con-
vincingly prove the failure of the commonly used
pK correction procedure. On the other hand,
reasons for the observed weak pH dependence
of strong bases remain to be clarified. One might
speculate that R,, variation in these cases is a
function of the modifier concentration. As shown
by Horvath and co-workers [16-18] in RP-
HPLC, the so-called silanophilic effect becomes
prominent in cases of high modifier content. El
Tayar et al. [19] have demonstrated the pH
dependence of this silanophilic effect.

With these data in mind, we performed in-
vestigations with nine strong bases (pK, values
between 8.0 and 10.7) including procainamide
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Fig. 5. Plot of R,, versus pH using solvent buffer-methanol
(75:25, v/v) on RP-18 TLC plates showing the absence of any
variation of the stronger organic bases (pK,: 8.0-10.7) in low
modifier- mixtures. Key: lidocaine (a, O0), disopyramide (b,
W), procainamide (¢, A), propranolol (d, ©), oxprenolol (e,
A), atenolol (f, #), alizapride (g, O), sulpiride (h, @),
alpiropride (i, X).

and atenolol; modifier content was reduced to
25%.

As shown in Fig. 5, at this modifier concen-
tration pH dependence of R,, is no longer
observed; data differ only within the range of
experimental variance. At this modifier content
the chromatographic process is almost exclusive-
ly determined by partitioning. Obviously, the
dissociation of solutes plays a negligible role in
the partitioning process in RP-TLC. From simi-
lar observations in RPLC [20], Taylor [1] con-
cluded that dissociated organic molecules will
also be distributed into the stationary lipid
phase. In our opinion this is because the dis-
sociation velocity is much higher than compared
to the distribution velocity (it takes time to reach
a steady-state equilibrium in the shake-flask
method).

With increasing methanol content the chro-
matographic process is, beyond lipophilic parti-
tioning, increasingly due to polar adsorption,
when the importance of ionization becomes
more prominent. The pH dependence of this
process was shown by Cserhati and Szogyi [21],
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while Dingenen and Pluym [3] speculated on the
influence of silanol dissociation in this context.
Our data with respect to atenolol and
procainamide (Fig. 4) are not in conflict with this
view. The small but continuous increase in R,, of
these two amines between pH 1 and pH 10 and
the lack of further increase to pH 12 may well
reflect dissociation of silicon hydroxide. On the
other hand the lack of pH dependence of ben-
zoic acids (pK, 4-4.2), as shown in Fig. 4, and
salicylic acid [8] (pK, 3.0), even at high modifier
content, may well substantiate our interpreta-
tion. As mentioned above, the classic study of
Stahl and Dumont [4] was performed by varying
the pH of the stationary phase. Thus, our find-
ings and those of Dingenen and Pluym [3] closely
correspond to those in ref. 4.
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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 limonoid 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, Shitkuwasha (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.

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

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.

0021-9673/93/$06.00

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

© 1993 Elsevier Science Publishers B.V. All rights reserved
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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 HPL.C method the combination of re-
versed-phase columns and spectrometric detec-
tion was successfully applied to limonoid
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
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Fig. 1. Structures of major limonoids and limonoid gluco-
sides.
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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.

EXPERIMENTAL

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 drymg
at 60°C for 3 days.

Chemicals

Silica gel HLF plates were purchased from
Analtech (Newark, DE, USA). A preparative
HPLC column, C,; reversed-phase, Partisil
ODS-3, 25 ¢cm X 2.2 cm, particle size 10 pm
(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 17-8-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.

Apparatus for HPLC

The system consisted of two Waters 510 LC
pumps, a Waters Automated Gradient Control-



H. Ohta et al. | J. Chromatogr. 639 (1993) 295-302

ler, a C,; reversed-phase analytical HPLC col-
umn (250 mm X 4.6 mm, 5 pum 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
limonoid 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]. Ry values were
compared with those of standards for identifica-
tion purposes. Another portion of the resuspend-
ed sample was injected into a C,, 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
png at increments of 0.2 ug 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 ™" solid: one unit was defined as
1.0 pwmol of reducing sugar (as glucose) from
hesperidin per min at pH 3.8 at 40°C] and
naringinase [365 units g~' solid: one unit was
defined as 1.0 pmol 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 ul of 15% acetonitrile in 3 mM
phosphoric acid were added and analysed by
HPLC. For each sample extracted, duplicate
100-u1 injections were made on a C,, reversed-
phase analytical HPLC column. The flow-rate
was 1 ml min~" 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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Isolation and characterization of limonoid
glucosides

The water fraction of a seed meal extraction
(fraction 4) (pH 6.5) was transferred on to a
DEAE-Sephacel column (25 cm X 2.5 cm 1.D.),
followed by a thorough washing with water. The
limonoid glucosides were eluted by an increasing
linear gradient of sodium chloride in water.
Fractions containing glucosides were combined,
desalted by passing through a Dowex 50 column
(H" form, 20 cm X 1.5 cm 1.D.), and refraction-
ated on an XAD-2 column (75 cm X 2.5 cm
I.D.). The column was eluted with methanol.
After the solvent was evaporated, the residue
was dissolved in water and fractionated on a C,,
reversed-phase preparative HPLC column. The
column was eluted at 6 ml min~' with a linear
gradient starting with 15% and ending with 55%
methanol in water over 75 min [18]. Fractions
containing each limonoid glucoside were charac-
terized by NMR [1,19] and analytical HPLC.
NMR spectra were recorded on a JEOL GSX-
270 NMR spectrometer in [*H¢] dimethyl sulph-
oxide at 90°C, at 270 MHz for 'H and 67.8 MHz
for >C. NMR spectral assignments were made
on the basis of '"H-'"H COSY (correlation spec-
troscopy) and NOESY (nuclear Overhauser en-
hancement and exchange spectroscopy), DEPT
(distortionless enhancement by polarization
transfer) and °C-'"H COSY spectra [1,19].

RESULTS AND DISCUSSION

Determination of limonoid aglycones

Identification of limonoid aglycones by silica
gel TLC. Limonoids in citrus tissue and juice
have been customarily detected by TLC [7]. For
identification purposes, we first examined R,
values of the major standard limonoids by TLC,
using the three solvent systems described above.
Table I lists the R, values of major limonoids,
including limonin, nomilin, deacetylnomilin and
obacunone. Although these R, values are a
useful indicator with which to identify each of
the limonoids, it is recommended that standard
compounds be co-chromatographed on the same
TLC plate.

Qualitative and quantitative analyses of
limonoid aglycones by HPLC. The individual
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TABLE 1

R, VALUES OF LIMONOID AGLYCONES ANALYSED
BY TLC

Limonoid aglycone R, value

Solvent system

la 2b 3c
Limonin 0.32 0.53 0.55
Deacetylnomilin 0.12 0.33 0.36
Nomilin 0.23 0.60 0.58
Obacunone 0.57 0.74 0.81

“ Cyclohexane—ethyl acetate (2:3).
* Methylene chloride—methanol (49:1).
° Ethyl acetate—methylene chloride (2:3).

limonoid aglycones in the acetone and methylene
chloride extracts were separated and quantified
by HPLC. We used a C,, reversed-phase column
and the column was eluted isocratically with
acetonitrile—methanol-water (10:41:49). A typi-
cal chromatogram of standard limonoids is
shown in Fig. 2, the retention times for limonin,
deacetylnomilin, nomilin and obacunone being
15.1, 18.8, 26.3 and 43.2 min, respectively.

0 10 20 30 40 50
Min ==

Fig. 2. High-performance liquid chromatogram of limonoid

aglycones. Peaks: A = limonin (5 pg); B = deacetylnomilin

(2.5 pg); C=nomilin (5 pg); D =obacunone (5 ug). See

text for the HPLC conditions.
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These retention times are also useful indicators
for the identification of each limonoid.

In order to check the linearity of the relation-
ship between the limonoid levels and peak area
using the above separation and detection system,
various amounts of dissolved limonoid standards
were injected into the HPLC column in the
concentration range of 0-4 ug. Except for
obacunone, all the graphs exhibited good lineari-
ty and obeyed Beer’s law. For the regression
equation y =ax + b, where x is the amount of
limonoid (mg) and y is the peak area, the
correlation coefficients (r) of the limonoids were
as follows. for limonin, y=(4.814-10%)x —
2.174-10* (r =0.999); for deacetylnomilin, y =
(4.216-10°)x — 1. 221 - 10* (r=0.999); for nomi-
lin, y=(4 209 10°)x — 4570 (r=1. 000) for
obacunone, y = (1.372-10%x +1.661-10* (r=
0.999). These results suggest that these HPLC
conditions are sufficiently sensitive to detect the
levels of the major limonoids.

Determination of limonoid glucosides

Estimation of total limonoid glucosides by
TLC. A portion of the water extract (fraction 4)
described above was spotted on TLC plates and
developed with ethyl acetate-methyl ethyl
ketone—formic acid (88%)-water (5:3:3:1). The
plate was then developed in the same manner
mentioned above. The R values were compared
with standards run in most cases on the same
plate.

R, values of the major 17-B-p-glucopyrano-
51des of limonin, deacetylnomilin, nomilin and
obacunone were 0.34, 0.26, 0.37 and 0.54, re-
spectively. In the determination of the total
limonoid glucosides, two judges provided esti-
mates of the glucosides by comparing the size
and colour intensity of spots with those of the
standards as described above.

Qualitative and quantitative analyses  of
limonoid glucosides by HPLC. The standard
limonoid glucosides were separated by a Csg
reversed-phase HPLC column. The column was
eluted at 1 ml min~' using a linear gradient
starting with 15% acetonitrile in 3 mM phos-
phoric acid and concluding with 26% after 35
min. A typical HPLC chromatogram is shown in
Fig. 3, retention times for the 17-B8-p-
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Fig. 3. High-performance liquid chromatogram of limonoid
glucosides. 17-B-p-Glucopyranosides of limonin (I, 2.4 ug),
deacetylnomilin (1L, 1.6 pg), nomilin (III, 1.6 p.g), nomilinic
acid (IV, 1.6 pg) and obacunone (V, 1.6 pg).

glucopyranosides of limonin, deacetylnomilin,
nomilin, nomilinic acid and obacunone being
16.2, 23.4, 29.6, 30.5 and 33.8 min, respectively.

The calibration curves for the 17-8-D-
glucopyranosides of limonin, deacetylnomilin,
nomilinic acid and obacunone showed good
linearity in the concentrations range 0-4 pug,
except for obacunone glucosides. For the regres-
sion equation y = ax + b, where x is the amount
of limonoid glucosides (ung) and y is the peak
area, the correlation coefficients (r) of the
limonoid glucosides were as follows: for limonin
glucoside, y = (1.675-10%)x —289.2 (r=0. 999)
for deacetylnomilin glucoside, y =(1.378- 10°)x
- 7794 (r =0.999); for nomilin glucoside, y =
(1.963-10°)x — 1121 (r=0. 999) for nomilinic
acid glucoside, y=(1.515-10")x+7795 (r=
0.999); for obacunone glucoside, y = (6.042-
10°)x — 1677 (r = 0.999). These results indicated
that this HPLC condition was sufficiently sensi-
tive to detect the limonoid glucosides.

Recovery of limonoid glucosides. Five limo-
noid glucosides, limonin glucoside, deacetyl-
nomilin glucoside, nomilin glucoside, nomilinic
acid glucoside and obacunone glucoside, were
added at 100 mg 1™’ to a sample water fraction
(fraction 4) of Iyo containing known levels of the
compounds (see Table II), followed by analysis
by the HPLC method described in the Ex-
perimental section after Sep-Pak clean-up. The
recoveries were 97% for limonin glucoside, 98%
for deacetyl nomilin glucoside, 97% for nomilin
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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.

Application

Seeds of Shitkuwasha (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 17-8-p-glucopyrano-
sides of limonin, deacetylnomilin, nomilin,
nomilinic acid and obacunone. Fig. 4 shows a
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Fig. 4. High-performance liquid chromatogram of water
extract from Shiikuwasha (Citrus depressa) seeds. 17-B-D-
Glucopyranosides of limonin (I), deacetylnomilin (II),
nomilin (IIT), nomilinic acid (IV) and obacunone (V).
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TABLE II

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

Limonids Content” (mg per g dried seed)
Shiikuwasha Iyo
Limonin 1.87 4.57
Deacetylnomilin - 0.72
Nomilin 0.96 2.53
Obacunone 0.45 0.91
Total 3.28 8.73
17-B-p-glucopyranoside of
Limonin 1.16 0.53
Deacetylnomilin 0.18 0.48
Nomilin 7.59 2.24
Nomilinic acid 1.85 0.34
Obacunone 1.96 0.87
Total® 12.74 4.46
Total® 11.82 441

¢ Average values of duplicate measurements.
* Determined by HPLC.
¢ Determined by TLC.

chromatogram of limonoid glucosides in the
seeds of Shiikuwasha. Table II gives the results
expressed as mg g~ (dried seeds). As expected,
nomilin 17-B-D-glucopyranoside was the pre-
dominant limonoid glucoside, followed ‘by
obacunone 17-B-p-glucopyranoside, nomilinic
acid 17-B-p-glucopyranoside, limonin 17-8-D-
glucopyranoside and deacetylnomilin 17-8-p-
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 -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-
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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 limonoid 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
IT). 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-B-p-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
I1, 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 17-8-p-
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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Fig. 5. High-performance liquid chromatogram of water
extract from Iyo (Citrus iyo) seeds. 17-8-D-Glucopyranosides
of limonin (I), deacetylnomilin (IT), nomilin (III), nomilinic
acid (IV) and obacunone (V).

for the analysis of the limonoid aglycones and
limonoid glucosides in citrus seeds. We also
expect that this method will be a useful in any
chemotaxonomic analysis of Rutaceae and
Meliaceae families and as a method for the
purification of limonoids and limonoid glucosides
from citrus seeds.
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ABSTRACT

On-line capillary zone electrophoresis—electrospray mass spectrometry (CZE-ES-MS) has been used to investigate the purity
of laser dyes. A CZE-ES-MS interface linking a Dionex CE System I and a Vestec 201 electrospray mass spectrometer was
constructed and employed for this purpose. Interface optimization studies revealed that maximum sensitivity conditions are
significantly different from maximum stability conditions. Use of a cationic surfactant, cetyltrimethylammonium chloride, proved
effective at reducing the interaction between the cationic laser dye, Rhodamine 6G, and the wall of the silica capillary, a problem
which can otherwise persist even at low pH. To direct electroosmotic flow towards the detector, negative voltages were applied to
the CZE source vial. This enabled efficient separation of Rhodamine 6G from low level isomeric and analogue impurities which
were detected using positive voltages at the mass spectrometer ion source. Despite intrinsic difficulties associated with
negative-ion ES-MS, negative-ion detection was used in combination with positive CZE potentials to separate and characterize
analogue impurities found in the anionic laser dye Eosin Y. Impurities present in such laser dyes can have profound effects on the

operating efficiencies of dye lasers and the usable lifetime of the dye.

INTRODUCTION

Interest in capillary electrophoresis (CE) from
both the research and commercial standpoints
has increased dramatically within the last five
years. Capillary electrophoresis may be sub-
divided into several categories including capillary
zone electrophoresis (CZE) [1], micellar elec-
trokinetic capillary chromatography (MECC)
[2], gel CE [3], isotachophoresis [4] and isoelec-
tric focusing [5]. These techniques can provide
separation of closely related structures in a
relatively short time period [6] as compared to

* Corresponding author.

0021-9673/93/$06.00

conventional liquid separation techniques such as
high-performance liquid chromatography [7].
Information regarding the structures of un-
known analytes present in sample mixtures can
be obtained with highest specificity when a mass
spectrometer is used as the detector. Coupling of
capillary electrophoresis with mass spectrometry
(MS) is aided by the prerequisite of both tech-
niques that analytes be present in ionic form.
From a mass spectrometry perspective, CE-MS
interfacing has relied upon electrospray (ES) (8],
“ion-spray” [9], and fast atom bombardment
(FAB) [10,11] ionization techmiques which have
been adapted to allow efficient on-line transfer
of materials eluting from an electrophoretic
column into the gas phase. The “spray” ioniza-
tion techniques, in particular electrospray and
ion-spray, have been utilized in the liquid sheath

© 1993 Elsevier Science Publishers B.V. All rights reserved
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electrode [8] and the liquid-junction [9] inter-
faces. These approaches offer the capability to
interface a variety of capillary types to mass
spectrometers, thus accommodating a wide range
of samples.

The challenge of CE-MS interfacing is to
maintain proper operating conditions on both
sides of the interface, e.g., fixed potentials of
sufficient magnitude at the CZE source vial and
the electrospray needle to permit reproducible,
high-efficiency CE separations, and allow high
ion currents at the mass spectrometer. The
incorporation of a make-up flow just prior to MS
analysis has allowed stable ionization of the
column eluent. In the case of electrospray [8] or
“ion-spray” [9] techniques, typically methanol
and acetonitrile are used, whereas glycerol or
other liquid matrix materials are essential in
flow-FAB [10,11} experiments.

Olivares et al. [12] reported the first successful
coupling of CZE and MS. This initial work
evolved into the liquid sheath electrode interface
[8] where electrical contact is made at the capil-
lary terminus via a steady liquid flow. Proper
mixing of the sheath liquid and the CZE eluent
allows the use of aqueous buffers of relatively
high ionic strength which cannot be used in the
absence of sheath flow. The operation of the
interface was found to be relatively unaffected
by variations in CZE flow-rates. The CZE capil-
lary was placed in the interior of the stainless-
steel electrospray needle such that the capillary
terminus protruded approximately 0.1 to 0.2
mm, in order to minimize zone broadening. At
the needle voltage corresponding to the onset of
electrospray, the liquid sheath enables formation
-of the characteristic “Taylor cone” [13] at the tip
of the protruding capillary. This arrangement
allows adequate mixing of the CZE eluent and
the sheath flow, permitting a stable electrospray
current.

This paper describes the in-house construc-
tion, optimization, and application of a CZE-
MS interface linking two commercially available
- instruments, i.e., a capillary electrophoresis
System I (Dionex, Sunnyvale, CA, USA) and a
201 electrospray mass spectrometer (Vestec,
Houston, TX, USA). The combined in-
strumentation has been used to investigate the
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purity of selected cationic and anionic laser dyes.
Solutions of such organic dyes are used in laser
sources to offer both pulsed and continuous laser
operation over a continuum of wavelengths from
the near-UV to the near-IR [14]. Such dye lasers
not only offer tunability of wavelength, but also
a facility in cooling (largely due to the fact that
the dyes are present in solution) that permits
intense laser pumping at high pulse repetition
rates [15]. The purity of such laser dyes can
profoundly affect the laser efficiency and the
usable lifetime of the dye. Secondary products
generated in the manufacture of laser dyes are
quite likely to be of inferior efficiency for laser
operation. Furthermore, impurities may quench
laser activity at variable rates, leading to a
deterioration of laser power. For these reasons,
assessment of laser dye purity can be of high
importance to the large constituency of dye laser
users.

EXPERIMENTAL

Chemicals

Rhodamine 6G (95% and 99% purity levels)
was purchased from Eastman Kodak (Rochester,
NY, USA) and Aldrich (St. Louis, MO, USA).
Eosin Y (92%) was also purchased from Aldrich,
as was cetyltrimethyl ammonium chloride
(CTAC). CZE buffers utilized ammonium ace-
tate and ammonium hydroxide from J.T. Baker
(Phillipsburg, NJ, USA); sodium chloride was
purchased from EM Industries (Gibbstown, NJ,
USA). All solvents used (i.e., water and meth-
anol from EM Industries) were HPLC grade.

Capillary zone electrophoresis

Both CZE-UV and on-line CZE-ES-MS were
performed using the Dionex CE System I. For
all applications reported, the constant-voltage
CE mode was employed. For off-line work, UV-
Vis absorbance detection was used. Flexibility
was provided by the three modes of sample
introduction: electrokinetic, gravity and pres-
sure. Vitreous silica capillaries were employed in
all analyses; 50 um I.D., 220 um O.D. were
purchased from SGE (Austin, TX, USA); 100
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pum LD., 235 um O.D. from Polymicro
(Phoenix, AZ, USA).

Electrospray mass spectrometry

A Vestec 201 electrospray mass spectrometer
was employed for all mass spectral analyses [16].
Collisionally induced dissociations were minim-
ized in all experiments by maintaining a low
skimmer—collimator voltage difference. A Sage
syringe pump (Orion Research, Boston, MA,
USA) was used for direct infusion of solutions
during off-line ES-MS work and for the delivery
of the sheath flow of liquid during CZE-ES-MS.

CZE-ES-MS interface

The manufacturer’s electrospray probe was
replaced by a CZE-ES-MS interface probe con-
structed in-house at the University of New Or-
leans (Fig. 1) which allowed for delivery of a
“make-up” fluid and an electrical contact at the
capillary exit, in an analogous fashion to the
sheath flow set-up described previously by Smith
et al. [8]. In order to introduce the sheath flow
(typically 100% methanol at 2.9 wl/min), a
portion of the CZE capillary (17 cm) was placed
inside a stainless-steel capillary via a 1/16 in. (1
in. = 2.54 c¢m) stainless-steel make-up “tee”. To
avoid terminology confusion, stainless-steel
capillaries used for ES-MS are hereafter referred
to as “needles”, in order to distinguish them
from silica capillaries. The electrospray voltage
(+2.45 to 2.85 kV for cation analysis) was
applied directly to this tee rather than to the

0.6 1.0
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CZE capillary  Sheath flow delivery El chamber
Electrospray voltage contact Kermnal for needh 1 de distance adj

Fig. 1. Schematic diagram of the interface constructed to
couple the Dionex CE System I to the Vestec 201 elec-
trospray mass spectrometer. All dimensions are given in
centimetres. For all applications reported, the CZE capillary
tip was held (ca. 1.0 mm) inside the stainless-steel (S.S.)
needle. During operation the platform supporting the tee is
covered by a plexiglass case for safety purposes.
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needle tip. For cation analysis, the counter
electrode (nozzle), skimmer and collimator were
maintained at 200 to 300 V, 9 to 14 V, and 10 V,
respectively. Negative voltages of similar mag-
nitude were used during analyses of anions. The
Dionex CE System I was directly coupled to the
MS system without additional modifications. The
dual polarity power supply can deliver a constant
voltage to the source vial (up to =30 kV) with
the CZE capillary removed from the destination
vial. The CZE source vial was typically main-
tained between 20 and 25 kV (—20 and —25 kV
for reversed-polarity work) while ensuring that
the CZE current drawn from the power supply
did not exceed 10-15 wA, to maintain elec-
trospray stability. Cleaning (with 0.1 M NaOH)
and filling of the capillaries (with fresh buffers)
were made easy by the pressure inject facility on
the CE instrument. The problem of continuous
siphoning during sample introduction or CZE
operation was avoided by maintaining the source
buffer and the capillary exit at approximately the
same levels.

RESULTS AND DISCUSSION

Construction of the liquid sheath electrode
interface

The liquid sheath flow [8] type CZE-MS
coupling was chosen for the Vestec electrospray
mass spectrometer mainly due to design and
positioning constraints of the electrospray
chamber. The theory of CZE, as first described
by Jorgenson and Luckacs [1], proposes that
column efficiencies are not dependent upon
capillary length. Rapid, high-resolution separa-
tions are thus possible using rather short capil-
laries. Since the electrospray source has a 16.5
cm probe shaft leading to the nozzle (counter
electrode), the terminal end of the CZE—sheath
flow system had to be fitted with a retractable
probe of this length (Fig. 1) which was con-
structed in-house at the University of New Or-
leans. The probe dimensions and the physical
geometry of the CZE instrument necessitated
the use of capillaries of at least 100 cm in length
for on-line CZE-MS analysis. Although non-
ideal for CZE purposes, the use of longer
capillaries reduced the problem of voltage fluc-
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tuations at the electrospray needle because of
the greater resistance between the CZE source
vial and the ES-MS needle.

Optimization of the CZE-MS interface

Placement of the CZE silica capillary relative
to the ES needle has a large effect on ES-MS
signal characteristics. Smith et al. [8] reported
that when the exit of the CZE capillary was
pulled back inside of the stainless-steel needle
tip, a loss of analyte signal resulted, possibly due
to electrochemical processes taking place on the
metallic needle surface. In order to systematical-
ly investigate the manner in which electrospray
signals are affected by changes in the CZE
capillary size and position within a given stain-
less-steel needle, two CZE capillaries (50 and
100 pm I.D.; both 220 to 235 um O.D.) were
tested in conjunction with three different needle
sizes (250, 300, and 350 wm 1.D.; all 500 um
0.D.). For each combination of stainless-steel
needle and silica capillary, several arrangements
were adopted: silica capillary tip approximately 1
mm inside the needle, silica capillary tip adjacent
with the stainless-steel needle exit, and silica
capillary tip approximately 0.2 mm outside the
stainless-steel needle exit.

Rhodamine 6G, the most widely used laser
dye in the world as of 1990 [14], was selected as
the test compound. A 100 ng/ul solution was
electroosmotically infused through the vitreous
silica capillary, and a sheath flow of methanol
(100%) was introduced at a flow-rate of 2.9
nl/min. Application of CZE voltage initiated
electroosmotic flow and movement of Rho-
damine 6G towards the detector end. Electro-
spray parameters were optimized to obtain the
maximum stable current for the “parent” cation
(m/z 443). Successful mixing of the CZE eluent
and sheath flow, hence, the establishment of a
stable potential gradient along the capillary, was
verified by monitoring the electrospray current
measured at the nozzle. At the onset of CZE
voltage the electrospray current was observed to
increase.

Plots of m/z 443 ion current at the detector vs.
capillary position appear in Fig. 2. Each data
point represents the integrated ion current ob-
tained over 118 s. Data for the 100 wm and 50
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Fig. 2. Plots of m/z 443 abundance from Rhodamine 6G vs.
CZE capillary tip position relative to the fixed stainless-steel
needle having an 1.D. of: (A) 250 um, (B) 300 pm, and (C)
350 wm. The laser dye (100 ng/ul) was electroosmotically
infused (— 20 kV) through vitreous silica capillaries [S0 um
(®) and 100 pm (O) 1.D., both 100 cm in length] in the
presence of cetyltrimethylammonium chloride.

pm ID. silica capillaries were acquired on
consecutive days. For a particular capillary and
stainless-steel needle size, data for the various
capillary positions were acquired in rapid se-
quence. This procedure was repeated at the next
needle size. The use of unconventionally large
I.D. electrospray needles was necessitated by the
requirement of “housing” fused-silica capillaries
having O.D.s near 240 um. Blockage of the
silica capillary prevented the acquisition of the
final data points for the 300 ym L.D. stainless-
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steel needle in combination with the 50 um 1.D.
capillary.

From Fig. 2, certain conclusions can be drawn
regarding the stability and ease of generating
high ES-MS signals. In all cases, the higher
throughput of the larger (100 wm) silica capillary
resulted in a higher m/z 443 ion current.
Furthermore, for all the needles tested, as the
silica tip was moved from inside the stainless-
steel needle to outside, the ion current at the
detector was observed to increase. When the tip
extended beyond the needle by 0.1 to 0.2 mm,
optimum sensitivity was obtained. At more ex-
treme extensions (e.g., 1 mm outside, for the 50
pm LD. capillaries in combination with 250 or
350 wm needles, Fig. 2), signal intensity was
observed to decrease.

The initial increase in ion current observed
when the silica capillary begins to protrude from
the stainless-steel needle can be attributed to a
decrease in mixing volume leading to less dilu-
tion by the sheath liquid. Furthermore, with the
silica protruding slightly, it is likely that finer
droplets will be formed via the electrospray
process, leading to more efficient ion production,
as compared to the case where electrospray
occurs directly from the tip of a wide-bore
needle. Beyond a certain point, however, the
silica tip protrudes too far to enable adequate
mixing.

Although optimum sensitivities could be ob-
tained with the tip protruding 0.1 to 0.2 mm
outside the capillary, certain disadvantages ex-
isted for this configuration. When the CZE
buffer exceeded a critical concentration, con-
ductance down the CZE capillary created excess
charging at the electrospray needle tip, resulting
in inherent instability and a tendency toward
electric discharge. This effect became more
pronounced as the silica capillary was moved
further outside the stainless-steel needle or when
larger 1.D. capillaries were used. In addition,
after approximately one hour of constant oper-
ation, the silica tip invariably experienced de-
terioration causing loss of signal and necessita-
ting removal of the affected region of the capil-
lary. In coupling a CZE system to a Vestec
electrospray source, Parker et al. [17] used silica
capillaries having larger outer diameters (360
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pwm O.D., 75 um 1.D.) than those used in this
investigation. This necessitated the use of wide-
diameter stainless-steel needles (700 um O.D.,
425 pm 1.D.) to house the large-diameter capil-
laries and provide a make-up flow. In their set-
up, the silica tip was always placed outside of the
stainless-steel needle and degradation of the
silica was not observed, presumably due to the
greater material thickness of the larger silica
capillaries.

In order to characterize the relationship be-
tween CZE voltage and generated electrospray
current, a capillary (100 wm I.D., total length
100 cm) filled with an electrolyte (5 mM NaCl)
was placed in a 300 pm L.D. stainless-steel
needle. A series of voltages (0 to 30 kV) was
then applied to the anodic (source) reservoir also
containing the electrolyte. As before, a sheath
flow of methanol (100%) was introduced at the
interface. Using a constant electrospray voltage,
the total ion current (measured at the nozzle)
due purely to liquid sheath flow was recorded.
The CZE voltage was then increased by incre-
ments of 4 kV while the generated electrospray
currents were recorded. The complete operation
was repeated using three different silica capillary
tip positions (1 mm inside, adjacent, and 0.2 mm
outside, relative to the stainless-steel needle);
findings are plotted in Fig. 3. This figure shows
that regardless of capillary tip position, elec-
trospray current increases with CZE voltage.
Optimal operating conditions of the electrospray
mass spectrometer, however, necessitate a low
contribution to electrospray current from corona
discharge processes [18,19]. The manufacturer
recommends that current at the counter elec-
trode should be maintained below 250 nA, to
avoid electric discharge conditions. One can
conclude that placement of the capillary tip
inside the stainless-steel needle allows operation
at higher CZE voltages before discharge condi-
tions are reached. Of course the electrospray
needle voltage can be lowered somewhat to
alleviate the electric discharge problem, but this
often has adverse effects upon electrospray sen-
sitivity and stability.

Despite some loss in ultimate sensitivity,
placement of the capillary inside the needle
afforded ruggedness to the interface, hence, this
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Fig. 3. Plot of total electrospray current (measured at the
“nozzle” counterelectrode) as a function of applied CZE
voltage for a CZE-MS interface employing a 300 pm 1.D.
stainless-steel needle with a 100 wm L.D. silica column whose
exit tip was placed within (ca. 1 mm), adjacent to, and
outside (0.2 mm) the needle. Aqueous NaCl (5 mM) was
employed as the buffer with a sheath flow (2.9 w1/min) of
methanol (100%). The dashed line signifies the manufactur-
er’s suggested current limit at the counterelectrode, such that
electric discharge processes are minor.

configuration was adopted for analyses where
sensitivity was not the limiting issue. Under
these conditions, fluctuations in the applied
voltages or variation in buffer properties (includ-
ing uneven liquid sheath flow-rates) did not
degrade electrical contact at the interface.
Furthermore, long periods of analysis were pos-
sible with no loss in stability. Although dilution
of the buffer and the potential for zone broaden-
ing are greater with the silica capillary inside, the
ability to use high ionic strength buffers (e.g., 10
mM) is improved (electrospray stability is main-
tained). Presumably the current due to capillary
conductance is dissipated more efficiently when
the silica capillary is within the stainless-steel
needle.

Normal-polarity CZE-MS of Rhodamine 6G
Displayed in Fig. 4 is the ES-MS spectrum
(parent ion region only) of Rhodamine 6G,
obtained by electroosmotically infusing a 100
ng/ul solution through the CZE-ES-MS inter-
face. The Rhodamine 6G cation (structure
shown in Fig. 4) appears at m/z 443; in addi-
tion, under minimal fragmentation conditions,
ions were also noted at m/z 415. In ex-
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Fig. 4. Electrospray mass spectrum of Rhodamine 6G in the
presence of cetyltrimethylammonium chloride, obtained by
electroosmotic infusion employing CZE and MS conditions
typically used during on-line CZE-ES-MS (see Fig. 6).

amining Rhodamine 6G of various grades avail-
able from different manufacturers, it became
clear that contaminants were prevalent even
among “high-purity”” products. From direct MS
measurements alone, it is not possible to
evaluate whether isomeric impurities are pre-
sent, hence, the development of on-line CE-MS
methodology was pursued to clarify the purity
issue.

A common problem encountered in CZE
analysis is that of adsorption of cationic mole-
cules (e.g., polypeptides [20]) onto the wall of
the fused-silica capillary. An attempt was made
to reduce this effect by employing acetic acid
(1% glacial, pH 2.9) to selectively protonate
fixed anionic sites on the capillary. However,
direct CZE using this approach (Fig. 5a) was
found to be unsuccessful due to a failure to
achieve complete wall deactivation. Although
wall adsorption is an anticipated problem when
switching to a borate buffer (pH adjusted to
alkaline), peak tailing can be alleviated by the
presence of electroosmotic flow. Despite signifi-
cant tailing, in addition to the main component
at m/z 443 (peak 1, Fig. 5b), the selected-ion
electropherogram reveals that a second m/z 443
component (peak 2, presumably an isomer of the
main component, Fig. 5b) appeared in four
scans. It is possible that the shape of peak 2 was
narrowed by the presence of other cationic
species in the sample solution, i.e., those com-
prising the tailing portion of the major peak.
Operation at pH 8.9, of course, did not permit
deactivation of anionic sites on the silica capil-
lary, hence, alternative buffer systems were
investigated.
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Fig. 5. Selected-ion electropherogram (m/z 443) from the CZE-ES-MS analysis of Rhodamine 6G (100 ng/ul), employing: (A)
buffer: glacial acetic acid (1%, v/v), pH 2.9; capillary: 50 um I.D., 220 wm O.D., 100 cm in length; sample injection: 10 kV/10s;
CZE voltage: 25 kV; ES voltage: 2.44 kV; MS scan rate: 1.16 s/scan (m/z 100 to 500). (B) Conditions as for (A) except, buffer:
sodium borate (10 mM), pH 8.9; MS scan rate: 3.03 s/scan (m/z 100 to 600). Both electropherograms display raw data.

Reversed-polarity CZE-ES-MS of Rhodamine
6G

Minimization of the interaction between
cationic analytes and the silica wall is best
achieved by chemically deactivating fixed anionic
sites on the wall, or by creating a positively
charged layer on the inner surface of the wall.
However, electroosmotic flow towards the detec-
tor is only possible if CZE is performed in the
reversed-polarity mode [21] (negative polarity at
the source vial). Recently, the utilization of
aminopropyl-silylated (APS) fused-silica capil-
laries for on-line CZE-MS analysis has been

reported by Mosely and co-workers [22,23]. In
that reversed-polarity work, with the bonded
phase positively charged at or below pH 3.4
(corresponding to the pK, value of APS), the
electroosmotic flow was reversed in direction and
increased in velocity relative to normal-polarity
fused-silica capillaries. Efficient peptide separa-
tions were reported utilizing these columns in
conjunction with low pH buffers and a coaxial
interface.

Other studies have shown that certain elec-
trolytes can alter the rate of electroosmotic flow
and even reverse the direction of flow in fused-
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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 ef 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
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electropherograms for the analysis of a solution
of Rhodamine 6G (100 ng/ul), 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 pwg/ul, 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 (m/z 443) showing raw data from the CZE-ES-MS analysis of Rhodamine 6G (100 ng/ul
solution/6.41 pmoles on column). Buffer: CTAC (0.5 mM) and NaCl (5 mM), pH 6.2; capillary: 100 um L.D.; 235 um O.D.; 100
cm in length; sample injection: 100 mm/10 s; CZE voltage: 20 kV; ES voltage: 2.8 kV; MS scan rate: 0.07 s/scan (m/z 442 to
445). Inset shows magnified view of response between 10 and 15 min.
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Fig. 7. Selected-ion electropherograms of m/z 443 (top) and m/z 415 (bottom) from the CZE-ES-MS analysis of Rhodamine 6G.
Conditions as for Fig. 6, except concentration of Rhodamine 6G is now 1000 ng/u1 (64.1 pmoles on column) and MS scan rate is
1.21 s/scan (m/z 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
min.

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 C,H,; this may arise via deficiency of an
ethyl substituent (replaced by a hydrogen atom)
at either nitrogen site.
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The high level of reproducibility of all data
with minor variations in retention times, and the
evidence of adequate separations were sufficient
to validate the analysis. Rhodamine 6G must be
prepared in solutions containing the same con-
centration of CTAC as the buffer. This insures
that the silica sites will retain positively charged
cetyltrimethylammonium cations, thus minimiz-
ing adsorption of analyte onto the capillary
walls. It should be noted that a large bulk flow of
any reagent into the ES ion source will often
degrade sensitivity for analytes. Furthermore,
adsorption of reagents onto the nozzle and other
electrospray source components contribute to
the degradation of all signals at the MS detector,
necessitating cleaning of the ES counter elec-
trode after each full day of use. The CTAC
cation has a molecular mass of 284. Under the
employed conditions, the abundance of m/z 284
ions is high enough to saturate the detector,
thus, MS scanning over this background peak
was avoided.

Normal-polarity CZE-ES-MS of Eosin Y

Certain commercially important laser dyes
such as Eosin Y contain anionic functional
groups, hence, ES-MS in the negative ion mode
can best be used to optimize detection of im-
purities which may be present. On-line normal-
mode CZE-negative ion-MS has already been
applied to the analysis of negatively charged
species using a liquid-junction interface [26]. The
physical gap of 10 to 20 wm which comprises the
liquid junction effectively decoupled the CZE
from the MS and allowed the use of a positive
voltage at the CZE source vial and a negative
voltage at the electrospray needle.

CZE-UV analysis revealed the reproducible
presence of two major components of the Eosin
Y laser dye (Fig. 8). Off-line negative-ion ES-
MS (Fig. 9) offered more information concern-
ing the composition of the mixture. In the mass
spectrum, singly charged (m/z 647) and doubly
charged (m/z 323) species representative of
Eosin Y were apparent (Fig. 9A and B, respec-
tively). A clear isotope distribution pattern re-
veals the presence of four bromines in both the
singly and doubly charged species. Also present
in the low fragmentation mass spectrum of Eosin
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Fig. 8. CZE-UV trace displaying the presence of two
components in Eosin Y (100 ng/ul). Column: 75 um 1.D., 65
cm in length; buffer: sodium borate (5 mM), pH 9.05;
sample injection: 100 mm/7 s; CZE voltage: 25 kV; detec-
tion: 254 nm.

Y were ions yielding an isotope distribution
pattern characteristic of an impurity containing
three bromine atoms. These signals appeared at
m/z 567 and m/z 283 (Fig. 9C and D) corre-
sponding to singly and doubly charged mole-
cules, respectively.

In developing a normal-polarity CZE method
to analyze negatively charged compounds, the
use of normal bare silica columns is highly suited
for creating a satisfactory electroosmotic flow
and allowing minimal wall interaction. This ar-
rangement again demands the use of opposite
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Fig. 9. Negative-ion electrospray mass spectrum of 100 ng/u1 Eosin Y (dianion M, = 646) sample generated by direct infusion. (A)
Singly charged Eosin Y wherein one anionic site has been protonated. (Inset shows the natural isotopic distribution pattern for a
compound containing four bromine atoms [28].) (B) Doubly charged Eosin Y. (C) Singly charged impurity of Eosin Y. (Inset

shows the natural isotopic distribution pattern for a compound containing three bromine atoms [28].) (D) Doubly charged
impurity of Eosin Y.
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polarities for CZE separation (positive) and
electrospray ionization (negative). Even with
direct infusion of sample, negative-ion electro-
spray mass spectrometry of aqueous solutions
can be wrought with instability problems created
by a high tendency toward electric discharge.
The corona discharge problem is most severe in
the negative-ion mode because electrons can
emanate from the edges of the stainless-steel
needle held at high negative potentials [19].
Stability of operation at each juncture, of course,
is crucial to the success of CZE-MS. The electri-
cal contact established between the source vial at
positive potential and the electrospray needle at
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negative potential during sheath flow CZE-MS
can aggravate an already tenuous situation.
Employing the same type of silica capillary
(100 pm 1.D.) as for the Rhodamine 6G applica-
tion, no signals were observed for Eosin Y when
electroosmotic infusion of the compound was
conducted. This situation was found to be in-
dependent of the position of the silica capillary
tip in the electrospray needle. Apparently, con-
ductance in the capillary was too great to permit
the electrospray needie to sustain a stable nega-
tive voltage. Since the capillary was already 100
cm long, increasing the capillary length would
lead to unacceptably long analysis times. The
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Fig. 10. Single-ion monitoring electropherograms of m/z 323 (top) and m/z 283 (bottom) from 600 ng/sul Eosin Y sample. Buffer:
ammonium acetate (5 mM) and ammonium hydroxide (1%, v/v), pH 10.3; capillary: 50 um 1.D., 220 um O.D., 100 c¢m in
length; sample injection: 10 kV/10 s; CZE voltage: 20 kV; ES voltage: 2.75 kV; MS scan speed: 0.12 s/scan. The data in this figure
only have been taken through a “de-spiking” routine.
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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 um I.D. capillary
instead of the 100 um 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 celectropherograms 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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ABSTRACT

Bis(2-ethylhexyl) hydrogenphosphate (H2DEHP) and 2-cthylhexyl dihydrogenphosphate (HDEHP) are widely used liquid
cation exchangers. An analytical capillary anionic isotachophoretic method was developed for the determination of HZDEHP and
HDEHP in methanolic and aqueous phosphate-buffered solutions. The detection limit of the method was 3 nmol for H2DEHP
and 0.16 nmol for HDEHP. H2DEHP was determined in aqueous phases at concentrations down to 15 pwmol/l when it was
previously ion-pair extracted by use of tetrabutylammonium hydrogensulphate. The recovery and the intraassay relative standard

deviation of the method including the ion-pair extraction procedure were 78% and 6.8%, respectively.

INTRODUCTION

Organic phosphates such as bis(2-ethylhexyl)
hydrogenphosphate (H2DEHP) and 2-ethylhexyl
dihydrogenphosphate (HDEHP) (Fig. 1) are
widely used liquid ion exchangers for selective
ion-pair extraction of inorganic cations such as
zinc, uranium and trace rare-earth elements [1-
4]. Also, H2DEHP has been shown to be re-
markably selective with respect to organic cat-

* Corresponding author.
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jons such as various biogenic amines [5] includ-
ing histamine [6], a potent mediator of allergy
and hypersensitivity. The high selectivity of
H2DEHP with respect to histamine is utilized in
our laboratory for the selective extracorporeal
removal of histamine from blood of patients with
acute hepatic failure by means of hollow-fibre-
supported liquid membranes (HFSLM) which
contain H2DEHP.

In order to study quantitatively the stability of
H2DEHP-containing HFSLM, an accurate and
sensitive analytical method is required. Both the
acidimetric and the photometric picrate method

© 1993 Elsevier Science Publishers B.V. All rights reserved
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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 H2ZDEHP in aqueous buffered solu-
tions, an jon-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-

TABLE 1
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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 HZDEHP 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 ul of methanol.
Up to 5 ul 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/
1, pH 7.4) solution of histamine (100 m] 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

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

ETHYLHEXYL DIHYDROGENPHOSPHATE

Tachophor
Capillary
Leading electrolyte

LKB, Model 2127

Polytetrafluoroethylene, 20 cm X 0.5 mm L.D.
10 mmol/1 HCI, pH 3.3 (B-alanine)

0.25% (w/w) hydroxypropylmethylcellulose

Terminating electrolyte 10 mmol/l hexanoic acid

Detector UV (254 nm) and conductivity
Driving current 50 nA

Solvent Water

Sample volume 3-5 pl

Temperature Ambient
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(20 ml small scale; 1000 ml large scale) in the
external compartment of the HFSLM reactor.
Samples (20 or 45 ml) were taken from both
compartments of the HFSLM reactor after 5 h
and H2DEHP was ion-pair extracted and ana-
lysed by ITP as described above.

RESULTS AND DISCUSSION

Fig. 2 shows an isotachopherogram from the
analysis of the commercially available mixture of
H2DEHP and HDEHP. In Table II the recipro-
cal reference unit (RRU) values and the specific
zone lengths of inorganic phosphate (P,),
H2DEHP and HDEHP are summarized. RRU
values were calculated from the relative step
heights of the conductivity signal relative to the
terminating ion applying the following expres-
sion:

Rrel = (hT - hL)/(hC - hL)

where R, is the RRU value of a compound C,
relative to that of the terminating ion; A, #, and
h are the heights of the conductivity signals for
terminating, leading ion and compounds C,
respectively.

As can be seen in Fig. 2, P, H2DEHP and
HDEHP were completely separated from one
another. These compounds appear as non-UV-
absorbing zones resolved by UV-absorbing peaks
from impurities. The UV-absorbing zone from

conductivity

UV absorbance (254nm)

H20EH HDEHP
| |

time

Fig. 2. Isotachopherogram from the analysis of 5 ul of a
commercially available mixture of H2DEHP and HDEHP
(55:45, w/w) in methanol (16 mg/ml). ITP conditions as
described in Table I.
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TABLE 11

SPECIFIC ZONE LENGTHS AND RECIPROCAL REF-
ERENCE UNIT (RRU) VALUES FOR INORGANIC
PHOSPHATE (P,), HDEHP AND H2DEHP USING THE
CONDITIONS GIVEN IN TABLE I

Substance Specific zone length RRU

(s/nmot) (mean =S.D., n=06)
P, 5.37 6.24 £0.21
H2DEHP  0.29 4.60+0.41
HDEHP 5.93 3.79+0.13

an unknown compound that migrated behind
HDEHP was always obtained when methanol
was injected into the system. The specific zone
lengths were obtained from the slopes of the
calibration graphs obtained by injection of stan-
dard solutions of H2DEHP and HDEHP in
methanol. The calibration graphs were linear in
the range 5-50 mmol/l for HZ2DEHP and 0.3-
3.0 mmol/l for HDEHP. From the calibration
graphs the detection limit of the method was
calculated to be 3 nmol for HZDEHP and 0.16
nmol for HDEHP. The precision of the method
was determined by analysing monthly within a
time of period of 6 months 100 nmol of
H2DEHP. The mean specific zone length was
0.285 = 0.008 (S.D.) s/nmol, and the interassay
R.S.D. was 2.9%. The within-day (n = 6) R.S.D.
was 1.8%.

Very low concentrations of HZEDHP and the
presence of large amounts of phosphate in phos-
phate-buffered solutions used in HFSLM experi-
ments make direct determination difficult and
result in extremely long analysis times. These
problems could be overcome by ion-pair extrac-
tion of H2ZDEHP from potassium phosphate-
buffered aqueous solutions into chloroform by
using TBAHS as ion-pairing agent. This proce-
dure eliminates the interference by P, (Fig. 3) as
P, is not extractable by TBAHS into chloroform.
Also, the preconcentration effect significantly
decreases the detection limit of the method. The
recovery of H2DEHP and HDEHP from their
phosphate-buffered solutions (250 and 15 pwmol/
1, respectively) was found to depend on the
concentration of TBAHS in the buffer (Fig. 4).
Sufficient recovery (75%) for H2ZDEHP was
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Fig. 3. Isotachopherograms from the separate analysis of
H2DEHP following ion-pair extraction with TBAHS (a) from
a standard solution (200 pmol/l) in phosphate-buffered
solution and (b) from the internal compartment solution of a
small-scale HFSLM experiment.

achieved by using 0.8 g of TBAHS in a 45-ml
sample volume (final concentration 50 mmol/1).
When H2DEHP (24-240 pmol/l) was ion-pair
extracted using 50 mmol/1 TBAHS, a straight
line was observed with the regression equation
y=0.777x —3.702, r>0.997, where y is the
measured and x the initial concentration of

R. Velasquez et al. | J. Chromatogr. 639 (1993) 317-321
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Fig. 4. Effect of the concentration of TBAHS on the
recovery of (O) H2DEHP and (@) HDEHP (15 and 250
umol/l, respectively) from potassium phosphate-buffer solu-
tions (10 mmol/t, pH 7.4). The ion-pair extraction procedure
is described under Experimental.

H2DEHP in the buffer. The slope of this line
gives the recovery of the ion-pair extraction for
H2DEHP, which amounted to 77.7%. Under
these conditions, up to a 300-fold preconcentra-
tion of H2ZDEHP was achieved. The ion-pair
extraction enables H2ZDEHP to be determined in
aqueous solutions at concentrations down to 15
wmol/l. The intra-assay R.S.D. of the overall
procedure was determined by analysing six sam-
ples of HZDEHP in buffer (100 pmol/l) and was
found to be 6.8%.

In HFSLM experiments on both small and
large scales, no H2DEHP was detectable in the
external compartment of the reactor after 5 h.
At this time the concentrations of H2ZDEHP in
the internal compartment of the reactor were
55 + 10 pwmol/l for the small-scale and 180 = 17
pmol/l for the large-scale experiments (mean *
S.D., n =3). These values correspond to about
10% of the initial amount of H2DEHP in the
HFSLM in both experiments. The release of
H2DEHP from the HFSLM may be due to shear
forces rather than physical solubility. Preliminary
results show that the stability of the liquid
membrane mainly depends on the composition
of the liquid membrane, especially on its
n-dodecanol content, and on other experimental
conditions such as pores size and membrane
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thickness of the hollow fibres and flow-rate
through the hollow fibres.

The ITP method described here is currently
used in our laboratory for stability studies on
HFSLM in order to find the optimum composi-
tion of the liquid membrane and the experimen-
tal conditions for in vivo application. This ITP
method should also be equally suitable in other
fields in which H2DEHP, HDEHP and other
related organic phosphates are involved, e.g., in
determining formation/dissociation constants of
ion pairs between H2DEHP and inorganic or
organic cations in two-phase systems [5].
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ABSTRACT

A capillary electrophoresis method for the determination of coptisine, berberine and palmatine in traditional Chinese medicinal
preparations was established. The buffer solution used in this method was 0.2 M sodium acetate solution—acetonitrile (1:1). The
linear calibration range was 0.003-0.128 mg/ml (r = 0.9998) for coptisine, 0.016-0.640 mg/ml (r = 0.9999) for berberine and
0.006-0.240 mg/ml (r =0.9999) for palmatine. The recovery was 98.1-101.9% for coptisine, 98.0-100.4% for berberine and
99.7-101.0% for palmatine. The relative standard deviation was 0.96% (intraday) and 2.56% (interday) for coptisine, 1.50%
(intraday) and 2.68% (interday) for berberine and 1.12% (intraday) and 2.22% (interday) for palmatine. This method is simple,
rapid and reproducible. The contents of these three alkaloids in 23 Coptidis Rhizoma- and/or Phellodendri Cortex-containing
Chinese medicinal preparations could easily be determined within 8 min without any pretreatment or any inference.

INTRODUCTION

Coptidis Rhizoma and Phellodendri Cortex
are commonly used Chinese herbal drugs with
the effects of clearing heat, drying up dampness,
purging toxicosis and detoxification [1]. The
former is known to contain coptisine, berberine
and palmatine (Fig. 1) [2] and the latter contains
mainly berberine and palmatine [3]. They may
combine with other herbs to form tonic, surface-
internal, coordinative, blood regulating, fire
purging and astringent formulas [4]. At present,
the best method of evaluating the quality of
Coptidis Rhizoma- and/or Phellodendri Cortex-
containing Chinese medicinal preparations is to
determine the contents of coptisine, berberine

* Corresponding author.
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and palmatine by HPLC [5]. However, owing to
complicated components in Chinese medicinal
formulas, the use of HPLC is restricted by its
lengthy analysis time (at least 30 min until the
next injection) and the presence of potentially
interfering alkaloidal peaks and because the
chromatographic column is easily to contami-
nated and hard to clean. CE is a recently
developed technique that requires a short analy-
sis time, uses a small amount of sample, and can
be used for autosampling; in addition, the capil-
lary can easily be thoroughly cleaned. Used in
the analysis of Chinese herbs, it gives very good
results [6-9]. This study has also found that the
use of the CE to analyse various Coptidis
Rhizoma- and/or Phellodendri Cortex-contain-
ing formulas can offer very satisfactory results.
Hence, it is a suitable method for analyses of
Chinese medicinal preparations, especially when -
large numbers of samples are involved and for
quality control in pharmaceutical plants.

© 1993 Elsevier Science Publishers B.V. All rights reserved



324 Y.-M. Liu and S.-J. Sheu / J. Chromatogr. 639 (1993) 323-328

CH30

coptisine berberine

Fig. 1. Structures of marker substances.

EXPERIMENTAL

Reagents and materials

Berberine chloride was purchased from Sigma
(St. Louis, MO, USA), coptisine chloride from
Nacalai (Kyoto, Japan) and sodium acetate from
Osaka (Osaka, Japan). Palmatine was isolated
from  Phellodendron amurense Pupr. [3].
Methyltriphenylphosphonium iodide was pre-
pared from triphenyl phosphine and methyl
iodide [10]. Deionized water from a Milli-Q
system (Millipore, Bedford, MA, USA) was
used to prepare all buffer and sample solutions.
Methanol and acetonitrile were HPLC grade.
Coptidis Rhizoma- and/or Phellodendri Cortex-
containing Chinese medicinal preparations were
provided by a Chinese pharmaceutical company
in Taipei, Taiwan.

Preparation of Chinese medicinal preparations
extracts

A 0.5-g sample of Chinese medicinal prepara-
tion was extracted with 70% aqueous methanol
(3 ml) by stirring at room temperature for 30
min, then centrifuged at 1500 g for 5 min.
Extraction was repeated three times. The ex-
tracts were combined and filtered through a No.
1 filter paper. After the addition of a 1.0 ml of
internal standard solution (6.0 mg of methyl-
triphenylphosphonium iodide in 1 ml of 70%
aqueous methanol), the Chinese medicinal prep-
aration extract was diluted to 10 ml with 70%
aqueous methanol. This solution was passed
through a 0.45-um filter and ca. 1.7 nl (10-s
hydrostatic sampling) of the filtrate were injected
into the capillary electrophoresis system directly.

Apparatus and conditions
All analyses were carried out on a Waters
Quanta 4000 capillary electrophoresis system

palmatine

equipped with a UV detector set at 254 nm and a
80 cm X 75 um I.D. uncoated capillary (Milli-
pore, USA) with the detection window placed at
72.5 cm. The conditions were as follows: sam-
pling time, 10 s hydrostatic; run time, 8 min;
applied voltage, 25 kV (constant voltage, positive
to negative polarity); temperature, 24.5-25.0°C.
The electrolyte was a buffer solution consisting
of 0.2 M sodium acetate solution—acetonitrile

(1:1).

Solution for linearity response

Seven solutions of coptisine, berberine and
palmatine, which ranged from 0.003 to 0.128
mg/ml for coptisine, 0.016 to 0.640 mg/ml for
berberine and 0.006 to 0.240 mg/ml for pal-
matine, were prepared. Each concentration was
analysed three times.

Solution for recovery studies

Different amounts of coptisine, berberine and
palmatine standard were added to two samples
of Chinese medicinal preparations of known
alkaloid content and the mixtures were extracted
and analysed using the proposed procedure.

RESULTS AND DISCUSSION

Analytical conditions

In the studies of Coptidis Rhizoma and Phel-
lodendri Cortex crude drugs [7,8], we found that
a mixture of sodium acetate solution and organic
solvent (methanol or acetonitrile) could give a
good resolution of the quaternary alkaloids (for
Coptidis Rhizoma, they were coptisine, ber-
berine, epiberberine, palmatine, columbamine,
berberastine, jatrorrhizine and magnoflorine; for
Phellodendri Cortex, they were berberine, pal-
matine, jatrorrhizine, magnoflorine and phel-
lodendrine). However, surveys of a number of
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commercial Coptidis Rhizoma- and/or Phel-
lodendri Cortex-containing Chinese medicinal
preparations, showed that usually only ber-
berine, palmatine and coptisine existed in the
text solutions. Actually, one of these three
compounds is now used as the marker substance
for the evaluation of different Chinese medicinal
preparations by HPLC [5]. Therefore, it would
be desirable to find a far simpler method that
will lead to a shorter analysis time and could be
applied to many various Coptidis Rhizoma- and/
or Phellodendri Cortex-containing formulas,
though it may only be able to separate coptisine,
berberine and palmatine well.

From the analysis of quaternary alkaloids
[7,8], we knew that carboxylate was a good
counter ion for the positively charged nitrogen of
the alkaloids, and organic solvent (methanol or
acetonitrile) could make the peaks sharper.
Hence, we tried to prepare buffer solutions with
sodium acetate solutions and methanol (or ace-
tonitrile). After a series of experiments, it was
found that 0.2 M sodium acetate solution—ace-
tonitrile (1:1) could resolve coptisine, berberine
and palmatine within 8 min. At a lower concen-

0.8

volts (x 10)

4

(f ek A 1 J
)

0.0 50 60 70 80

time (min)

Fig. 2. Capillary electropherogram of authentic compounds
of coptisine, berberine and palmatine. Peaks: 1= internal
standard (methyltriphenylphosphonium iodide), 0.600 mg/
ml; 2 = coptisine, 0.048 mg/ml; 3 = berberine, 0.240 mg/ml;
4 = palmatine, 0.090 mg/ml.
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tration of sodium acetate (0.1 M), the peaks
were found to be partially overlapped. At lower
concentrations of acetonitrile (40, 30, 20 and
10%), the resolution was not good, Acetonitrile
was found to be better than methanol in this
experiment.

An electrolyte consisting of 0.2 M sodium
acetate solution—acetonitrile (1:1) was chosen as
the buffer solution of this study. Fig. 2 is an
electropherogram showing the separation of the
authentic compounds with migration times of 6.2
min for the internal standard (methyltriphenyl-
phosphonium iodide), 6.4 min for coptisine, 6.6
min for berberine and 7.0 min for palmatine. As
the methanol-water extracts of Chinese medici-
nal preparations were injected directly and ana-
lysed, the results were as good as those obtained
with pure chemical samples without interference
with each peak and the analysis could also be
completed within 8 min, as shown in Fig. 3.

Calibration graphs for coptisine, berberine and
palmatine

Calibration graphs (peak-area ratio, y, vs.
concentration, x, mg/ml) were constructed in the
range 0.003-0.128 mg/ml for coptisine, 0.006—
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° °
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Fig. 3. Capillary electropherograms of Chinese medicinal
preparations: (A) Huang-lien-tang; (B) Pu-chi-hsiao-tu-yin.
Peaks as in Fig. 2.
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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 =33.41x — 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 1

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 2.17 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, Ledebouriellac 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, Pinelliac Tuber; § = 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, Glycyrrhizae Radix,
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, Ostreac 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, Angelicac
Dahuricae Radix, Viticis Fructus, Chrysanthemi Flos, Glycyrrhizae Radix, Junci Caulis Medulla, Camelliae Folium.
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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 11

CONTENTS OF COPTISINE, BERBERINE AND PAL-
MATINE IN PHELLODENDRI CORTEX-CONTAINING
CHINESE MEDICINAL PREPARATIONS (mg/g)
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Cortex containing 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 111

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

Sample® Berberine Palmatine Total Sample”  Coptisine  Berberine  Palmatine  Total
13 0.42 0.24 0.66 18 0.62 2.92 0.91 4.45
14 0.61 0.35 0.96 19 1.03 5.51 1.43 7.97
15 0.25 0.15 0.40 20 1.44 3.38 2.19 7.01
16 0.25 0.11 0.36 21 4.42 17.79 5.30 27.51
17 0.51 0.24 0.75 22 1.32 4.16 1.34 6.82

23 0.85 3.39 0.86 5.10

“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.

“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, Scuteliariae
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,
Scutellariac Radix, Phellodendri Cortex, Gardeniae Fruc-
tus.
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ABSTRACT

A report by Oliveros et al. [J. Chromatogr., 589 (1992) 53] concerning the separation of the enantiomers of several m-basic

analytes on w-basic chiral stationary phases was investigate

d. Claims for the separation of the enantiomers of two of these .

analytes are believed to be erroneous, the confusion in one instance presumably arising from the presence of an impurity in the
commercially available material. Several methods for verifying the assignment of two chromatographic peaks as arising from

enantiomers are also presented.

INTRODUCTION

A recent report by Oliveros et al. [1] concerns
the separation of the enantiomers of compounds
1-8 (Fig. 1) using a series of 7-donor chiral
stationary phases (CSPs). Most of these CSPs
are similar to analytes whose enantiomers are
separable on N-(3,5-dinitrobenzoyl)amino acid-
derived CSPs [2]. The reported separations of
the enantiomers of the N-(3,5-dinitroben-
zoyl)amino acid derivatives 1-3 (Fig. 1) on these
CSPs comes as no great surprise given the
reciprocal nature of chiral recognition. However,
in our experience, w-donor CSPs typically show

* Corresponding author.
* Present address: Regis Chemical Company, 8210 Austin
Avenue, Morton Grove, IL 60053, USA.

0021-9673/93/$06.00

little or no ability to separate the enantiomers of
mr-donor analytes (unless the latter contain func-
tionality capable of serving as hydrogen bond
donors). It was thus with considerable interest
that we read of the rather large separation
factors (a > 20 in one case) which were reported
for the enantiomers of nitrile 7 and epoxide 8,
analytes which possess neither 7-acidic function-
ality nor hydrogen bond donor groups. Such
enantioselectivities suggested that some as yet
undiscovered chiral recognition principle might
be operative, and prompted us to further investi-
gate some of these separations.

RESULTS AND DISCUSSION
From previous studies, we have available a

column containing the naproxen-derived CSP
first reported by Doyle et al. [3,4] and designated

© 1993 Elsevier Science Publishers B:V. All rights reserved
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Fig. 1. (a) Analytes and (b) CSPs utilized in the study by Oliveros et al. [1].

as CSP 6 by Oliveros et al. We also have a
column containing CSP 7, which is similar to
CSP 3, the major differences being that CSP 7 is
derived from leucine, whereas CSP 3 is derived
from phenylalanine, and that CSP 7 is bonded to
silica using a rather less complicated tether.

CH,

In our hands, the enantiomers of the ethyl
ester of N-(3,5-dinitrobenzoyl)phenylalanine are
separated on our CSP 6 (a =1.94, k; = 0.85) and
CSP 7 (a=2.46, k;=0.79) using the mobile

phase described. These values compare favor-
ably with the values reported for CSP 6 (a =
1.51, k{=1.37) and for CSP 3 (a« =2.10, k; =
0.65) for the enantiomers of the methyl ester of
N-(3,5-dinitrobenzoyl)phenylalanine, suggesting
that our CSP 6 and CSP 7 are reasonable
approximations of CSP 6 and CSP 3 used by
Oliveros et al.

When samples of racemic nitrile 7 and racemic
epoxide 8 were obtained from the vendor cited
in the work by Oliveros et al. [1] and chromato-
graphed on columns containing our CSP 6 and
CSP 7, the results were inconsistent with the
findings reported in the original study. Using the
mobile phase reported by Oliveros et al. [1] (and
several other mobile phases as well) nitrile 7
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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 mr-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 al.
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 al. 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 al.) 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 ef al.
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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EDITORIAL NOTE

Dr. Laureano Oliveros, who is a co-author of
ref. 1, has read the present paper and agrees that
an experimental error was made in the study that
is the subject of ref. 1. He has since been in
contact with Dr. Pirkle in an effort to further
clarify this situation.
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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,) of the respective
species [1-5], and this relationship is often used
for the optimization of chromatographic condi-
tions or the determination of the pK, values of
sample species [2,5-8]. In ion chromatography

* Corresponding author.

0021-9673/93/%06.00

(IC), similar relationships and applications have
been reported [9,10]. However, in these meth-
ods, the pK, 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 IC. 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 pK,, 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),—, which is shown in

© 1993 Elsevier Science Publishers BV. All rights reserved
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Fig. 1. Definition of -(CH),~. (a) 2-Naphthoic acid [m-
{~(CH),-}]; (b) 1-naphthoic acid fo-{-(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.

TABLE 1

SUBSTITUTED BENZOIC AND NAPHTHOIC ACIDS USED

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

N. Hirayama et al. | J. Chromatogr. 639 (1993) 333-337
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 I.D.) packed with
Tosoh TSKgel IC-Anion-PW (polymethacrylate
gel base, particle size 10 um, capacity 0.03
mequiv./g) or Tosoh TSKgel IC-Anion-SW (sil-
ica gel base, particle size 5 um, capacity 0.4
mequiv./g) was used. The flow-rate was main-
tained at 1.0 ml/min under a pressure of 20-50
kg/cm®. 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

IN THIS STUDY AND THEIR RETENTION TIMES

No. Compound pK, IC-Anion-PW column IC-Anion-SW column
(25°C)
[12] t; (min) Logry t}, (min) Logtg
1 Benzoic acid 4.20 1.35 0.130 3.28 0.516
2 o-Chlorobenzoic acid 2.88 1.16 0.064 2.45 0.389
3 m-Chlorobenzoic acid 3.83 5.30 0.724 6.79 0.832
4 p-Chlorobenzoic acid 3.99 5.13 0.710 5.91 0.772
5 2,4-Dichlorobenzoic acid 2.68° 3.89 0.590 4.20 0.623
6 2,5-Dichlorobenzoic acid 2.47¢ 3.66 0.563 4.13 0.616
7 2,6-Dichlorobenzoic acid 1.59° 1.46 0.164 2.47 0.393
8 3,4-Dichlorobenzoic acid 3.64" 18.81 1.274 12.37 1.092
9 1-Naphthoic acid 3.70 5.40 0.732 9.59 0.982
10 2-Naphthoic acid 4.16 16.14 1.208 27.34 1.437
11 Anthracene-9-carboxylic acid 3.65 25.54 1.407 40.17 1.604
12 2-Hydroxy-1-naphthoic acid 3.29 96.88 1.986 72.41 1.860
13 1-Hydroxy-2-naphthoic acid - 169.52 2.229 129.07 2.111
14 3-Hydroxy-2-naphthoic acid 2.71° 124.40 2.095 88.56 1.947
15 3-Amino-2-naphthoic acid - 19.11 1.281 27.91 1.446
*Ref. 13.
® Ref. 14.

“Ref. 15.
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the reagent in distilled water. The eluent (100
mM Tris—HCI, pH 7.0) was prepared by mixing
these stock solutions with distilled water and
deaerating the mixture.

Sample solutions

The substituted . benzoates and naphthoates
used in this study are shown in Table I [12-15].
Each stock solution (20 mM) of these sodium
salts was prepared by dissolving the compound in
distilled water or by neutralizing the acid with
aqueous sodium hydroxide solution. Working
solutions (0.2 mM) were prepared by diluting
the stock solutions with distilled water.

Calculation of retention indices and
determination of dissociation constants

In a previous paper [11], we reported that the
retention times [t4(R)] of substituted benzoates
(RCOQO7) can be expressed as follows:

log tg(R) = A + (=p")pK,(R)

o7 -1
(S it + 2 il
j 7 ) j N ] ]

+ E nl"xii;‘xi + z nxi'x}il’l‘i'x}>
j i
=A+(-p")PK,(R)

+ ié:](E ”xlj%j + 2 nmxlj:;-x,.
j j
+ ; np-le;;-X/ + ; an-X;j,),(i-X}) 1

where

A = a constant determined by the experimen-
tal conditions;

—p’' =an “LFER-applicable effect constant”;

i;(j = an “adjusted steric effect factor” of sub-
stituent X;

fo.x» ipxp ix.x; = “adjusted positional effect
correction factors” of ortho-X;, para-X; and
neighbouring X, -and X; substituent(s), re-
spectively;

x> Mox s Mpx s Pxx; = the number of respec-
tive substituent(s);
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jg(j(= i;(j/i'C,) = a “steric effect index” of X;

«t ot <t -1 -1 1 -7 I3/

Jo-xp Jp-xp» ]xj-x;(= lo-Xj/lCl’ lp-X]»/lCl’ lx,—x;/

ic)) = “positional effect correction indices”
of the respective substituent(s).

We consider that this equation should also be
applicable to the determination of the retention
times of substituted naphthoates by using
i:(CH)4—’ igv{-(cn)r): ji(CH)‘,— and fZ-(—(CH),,—)-

The values of A, —p’ and i, were regressively
calculated from the retention times of Cl-substi-
tuted benzoate by using eqn. 1 and by neglecting

o .

in.ci iy and ig_¢. The values of il (chy s

i ety y» Jo(ciy,- @4 Jo (_cmy,-y Were calcu-
lated from the retention times of 2- and 1-
naphthoates by substituting the above-calculated
values into eqn. 1. The method of calculation is
detailed under Experimental in ref. 11. The pK,
values of substituted naphthoates were deter-
mined by substituting these indices into eqn. 1.

RESULTS AND DISCUSSION

Calculation of j' cn),- and jo.¢_ccn),-)
Table 1 shows the retention times of the

TABLE 11

THE CALCULATED VALUES OF THE FACTORS AND
INDICES

Eluent: 100 mM Tris-HC! (pH 7.0).

Factor or 1C-Anion-PW IC-Anion-SW
index column® column”
il 0.705 0.363
i,’cﬂ,d_ 1.087 0.932
-

fo-(~(ere) -0.217 —-0.293
ja 1.000° 1.000°
Jocem,- 1.542 2.567
Jo-t-emn —0.308d —0.8074
Jou 0.265 0.446d
jf;_OH 1.9453 2.185d
Jxm, —0.700 —-0.723
Jonmy 0.345° 0.257¢

“A=-2217, —p' =0.562.
b A=-0959, —p'=0.352.
“ Defined as unity.

“Ref. 11.
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TABLE III
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COMPARISON BETWEEN THE pK, VALUES OF THE SUBSTITUTED NAPHTHOIC ACIDS DETERMINED BY

THIS METHOD AND THOSE IN THE LITERATURE

No. Compound This method Literature
IC-Anion-PW IC-Anion-SW Mean value
column column
11 Anthracene-9-carboxylic acid 3.35 3.65 3.50+0.15 3.65 [12]
12 2-Hydroxy-1-naphthoic acid 3.16 3.48 3.32+0.16 3.29 [12]
13 1-Hydroxy-2-naphthoic acid 3.20 3.36 3.28+0.08 -
14 3-Hydroxy-2-naphthoic acid 2.97 2.89 2.93+0.04 2.71 [15)
15 3-Amino-2-naphthoic acid 4.74 4.67 4.71+0.04 4.56 [10}°

“ Determined by ion chromatography with change of eluent pH [10]. Eluent: 50 mM Tris—-HBr (pH 3.00-7.00). Column:
IC-Anion-SW. Standard sample: y-resorcylic acid (pK, = 1.30 [12]).

substitution benzoate and naphthoate anions. By
using the data for entries 1-8 in Table I, the
values of A, —p’' and i, were regressively
calculated as —2.217, 0.562 and 0.705, respec-
tively, on IC-Anion-PW and —0.959, 0.352 and
0.363, respectively, on IC-Anion-SW. By using
these values and the data for entries 9 and 10 in
Table I, the values of ilcy),, i5 ((cry,-)»
ilcemy,- and j, ((cu,-, were calculated and are
given in Table II with several previously re-
ported indices [11].

Determination of the dissociation constants

By substituting the constants and indices
shown in Table II into eqn. 1, the dissociation
constants of several substituted naphthoic acids
were calculated. Table III compares the dissocia-
tion constants of the acids determined by this
method and those in the literature [10,12,15].
The pK, values were similar to each other. Some
discrepancies between the values obtained from
the indices for IC-Anion-PW and those for IC-
Anion-SW seem to be due to errors caused by
the regressive calculations. From the results, it
was concluded that this method is very effective
for determining the pK, values of large aromatic
carboxylic acids, such as substituted naphthoic
acids. The pK, values of 1-hydroxy-2-naphthoic
acid and 3-amino-2-naphthoic acid were deter-
mined as 3.28 = 0.08 and 4.71 = 0.04, respective-

ly.

This method is very useful because the pK,
values can be determined by measuring the 3
values under any eluent conditions, and it is
effective for the simultaneous determination of
the pK, values of many compounds having
similar structures.
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ABSTRACT

A reliable method for the determination of isocyanuric acid, ammelide, ammeline and melamine in crude isocyanuric acid is
presented. The method involves using an ion chromatograph with an Omnipac PCX 500 column, 100 mM potassium chloride—200
mM hydrochloric acid-5% acetonitile solution as mobile phase and a UV detector at 215 nm.

INTRODUCTION

Isocyanuric acid is used mainly as a swimming
pool stabilizer and as an intermediate in the
preparation of its chloro derivatives. A reliable
analytical method was required to determine the
isocyanuric acid content and the impurities, am-
melide, ammeline and melamine in crude iso-
cyanuric acid. The structures of these com-
pounds are shown opposite.

There are only a few reports relating to this
problem. Although the thin-layer chromatog-
raphy method [1,2] is satisfactory for qualitative
analyses, the method is not entirely suitable for
quantitative purposes. A gas chromatography
method [3] required a preliminary derivatization
procedure, which is considered a disadvantage
because of the longer time required for sample

* Corresponding author.
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preparation and the concomitant source of
analytical errors.

Two HPLC methods [4,5] were also found to

© 1993 Elsevier Science Publishers BV. All rights reserved
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be unsuitable for this particular application. The
first one [4] (using a Lichrosorb RP-18 column,
potassium phosphate buffer-methanol gradient,
and a temperature of 2°C) produced broad, tail-
ing peaks that were not completely separated.
Although the second one [5] (using a Zorbax
NH, column and acetonitrile—phosphate buffer
solution) gave improved separations, the chro-
matograms were difficult to reproduce. This was
possibly due to batch differences in Zorbax NH,.
Similar problems were also experienced with a
method developed on a Diol column, which
failed after replacing the column with one from'a
different batch. This implies that the above
methods are very sensitive to small changes in
stationary phase and are therefore unsuitable for
routine use.

The method presented here is based on strong
interaction between amines and cation-
exchanger stationary phase and is considered to
be an improvement upon existing procedures.

EXPERIMENTAL

Instrumentation

A Dionex 4500i ion chromatograph system
equipped with a Dionex variable-wavelength de-
tector VDM-2 at 215 nm, a Spectrophysics 4270
integrator, a manual-pneumatic injector with 10-
ul sample loop, a Dionex Omnipac PCX-500
guard column (50 X 4.0 mm I.D.) and a Dionex
Omnipac PCX-500 analytical column (250 x 4.0
1.D.) was used.

Chemicals and reagents

The isocyanuric acid, ammelide, ammeline
and melamine were analytical-grade quality.

The mobile phase components, hydrochloric
acid and potassium chloride, were analytical re-
agent grade, acetonitrile was HPLC grade and
the water was purified through a Milli-R04/Milli-
Q plus Millipore water purification system. The
mobile phase was prepared to contain 100 mM
potassium chloride, 200 mM hydrochloric acid
and 5% acetonitrile in deionized water.

Procedure
Samples were dissolved in the mobile phase
and filtered through a 0.45-um nylon filter prior

qu\;__

Y 5 10 15
Time (min)

Fig. 1. Ion chromatogram of crude isocyanuric acid. Peaks:
1 =Isocyanuric acid; 2=ammelide; 3 =amrnieline, 4=
melamine; U = unknowns. Conditions: column, Omnipac
PCX-500; injection, 10 ul; mobile phase, 100 mM potassium
chloride-200 mM hydrochloric acid-5% acetonitrile. Flow-
rate, 1.0 ml/min; UV detection at 215 nm.

to injections. The conditions for the determina-
tion are shown in Fig. 1.

The calibration graphs for isocyanuric acid,
ammelide, ammeline and melamine were found
to be linear within the following analytical
ranges: 50-500 mg/l, 10-200 mg/l, 2-70 mg/l
and 0.3-10 mg/1, respectively. The correlation
coefficients were 0.99996, 0.99993, 0.99996 and
0.99998, respectively.

RESULTS AND DISCUSSIONS

The accuracy of the method was tested by
adding known concentrations of isocyanuric acid,
ammelide, ammeline and melamine to a typical
crude isocyanuric sample dissolved in eluent and
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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.

(%, wiw) (%)
Isocyanuric acid 70.4 2.6
Ammelide 23.9 2.1
Ammeline 4.2 1.2
Melamine 0.1 5.0
Total 98.6

? 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 I. 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 B and 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.
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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

© 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-

A. Compagnini et al. | 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 uM in 0.025 M
phosphate buffer pH 7.0, using a path length of
0.5 cm.
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Fig. 1. Dye-protein affinity chromatography of HSA (@) and A (4), B (—), C (A) and D (O) fragments on Cibacron Blue
F3G-A—-Sepharose CL-6B. The column (1.2 cm X 1 cm 1.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 NaCl in phosphate buffer 0.01 M (8 ml) and finally with 3 M NaCl in

phosphate buffer 0.01 M (35 ml).
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Preparation of A, B, C and D cyanogen
bromide fragments of unreduced HSA

A modification of previously described meth-
ods [8,9] was used to prepare A, B, C and D
cyanogen bromide fragments of unreduced HSA.
In a typical procedure the free thiol group
(cysteine 34) of HSA was blocked adding 1.7 mg
(six-fold molar excess) of iodoacetamide to a
solution of 100 mg of HSA in 2 ml of Tris buffer
0.1 M, pH 8.5. The mixture was reacted for 1 h
at room temperature in the dark, keeping the pH
above 8 during the reaction. The solution was
then dialysed against water, freeze-dried and
redissolved in 1 ml of 70% formic acid. A
solution of 140 mg of cyanogen bromide dis-
solved in 1.7 ml of 70% formic acid was added
and the mixture allowed to react for 25 h at 4°C
in the dark, then diluted by adding 25 ml of
water, cooled in liquid nitrogen and freeze-dried.
The residue, dissolved in 10 ml of 0.1 M NaCl in
5% propionic acid, was applied to a Sephadex
G-100 column (100 cm X 3.2 cm 1.D.) previously
equilibrated with 0.1 M NaCl in 5% propionic
acid. The column was eluted at room tempera-
ture using the same buffer at a flow-rate of 1
ml/min. Two fractions (peaks I and II) were
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collected separately and further resolved on a
Whatman CM32 column. Peak I was diluted
twice by water, the pH raised to 3.2, applied on
a Whatman CM32 column (9 ¢cm x 1.6 cm 1.D.)
and eluted at a flow-rate of 1 ml/min with a
linear gradient of 0.075 M-0.3 M NaCl in
phosphate buffer 0.01 M, pH 2.7, over 20 h.
Fragments A and D were thus obtained. Peak II
was fractionated in the same way, except that the
starting buffer was 0.05 M NaCl in phosphate
buffer 0.01- M, to give fragments B and C.
Pooled peaks A, B, C and D were dialysed
against water and freeze-dried. The identity of
the isolated fractions was confirmed by poly-
acrylamide gel electrophoresis and amino acid
analysis.

Column chromatography of HSA and fragments
A, B, C and D on Cibacron Blue F3G-A-
Sepharose CL-6B

About 3 mg of HSA and of each fragment
were individually applied on the column packed
with Cibacron Blue F3G-A-Sepharose CL-6B.
The column was eluted according to the condi-
tions described in Fig. 1.
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Fig. 2. Dye-protein affinity chromatography of peak II from G-100 on Cibacron Blue F3G-A-Sepharose CL-6B. Elution

conditions were identical to those described in Fig. 1.
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Column chromatography of peak II from
Sephadex G-100 on Cibacron Blue F3G-A—
Sepharose CL-6B

Peak II collected from the Sephadex G-100
column was dialysed against water and freeze-
dried. About 10 mg of the sample were re-
dissolved in 500 u! of 0.01 M phosphate buffer
and applied on a column packed with Cibacron
Blue F3G-A-Sepharose CL-6B. The column was
eluted according to the conditions described in
Fig. 2.

RESULTS AND DISCUSSION

The cleavage of unreduced HSA by cyanogen
bromide gives rise to three large fragments
which, according to the naming convention of
McMenamy et al. [8], are called A, B and C
(Table I).

Fragment C consists of a single polypeptide
chain. Fragments A and B are composed of
four and two subfragments, respectively, held
together by disulphide bonds. Furthermore, in-
complete cleavage at methionine 123 originates
fragment D, which consists of fragments B and C
linked through the uncleaved methionine [10].

To determine to what extent the secondary
structure of the isolated A, B and C fragments
used in this work was preserved, the CD spectra
in the far-UV region were recorded. The CD

TABLE I

CYANOGEN BROMIDE FRAGMENTS OF UNRE-
DUCED HSA

Fragment Sequence M. “ Subfragments
A 299-585 32391 299-329
330--446
447-548
549-585
B 1-123 14040° 1-87
88-123
C 124-298 19990 -
D 1-298 34042 1-87
88-298

¢ Homoserine is considered to be the C-terminal amino acid.
® Cysteine 34 blocked with iodoacetamide.
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Fig. 3. Circular dichroic spectra of HSA and HSA fragments
A, B and C in the far-ultraviolet region. (a) 1 = Fragment A;
2 =fragment B; 3 = fragment C; (b} 1= equimolar mixture
of A, B and C fragments; 2 = HSA.



A. Compagnini et al. | J. Chromatogr. 639 (1993) 341-345

spectra of the isolated fragments are reported in
Fig. 3a. In Fig. 3b the spectra of albumin and of
the equimolar mixture of the three fragments are
compared. According to an earlier report [11],
the spectra in Fig. 3 indicate that the secondary
structure of isolated fragments is not basically
impaired and that the slight decrease in the helix
content observed is probably the result of disrup-
tion of bonds stabilizing the albumin tertiary
structure rather than irreversible denaturation of
the fragments [11].

The chromatographic pattern of HSA and A,
B, C and D fragments on the Cibacron Blue
F3G-A-Sepharose CL-6B column is reported in
Fig. 1. Fragment B is eluted by 0.01 M phos-
phate buffer with the void column volume. The
elution profile of fragments C and D is similar to
that of HSA, whereas fragment A shows a slight
lower retention time.

From these results it appears clearly that
fragment B does not show any interaction with
immobilized -Cibacron Blue F3G-A, whereas
fragments C and D, and to a lesser extent
fragment A, interact with the dye similarly to
HSA.

Since the CD spectra indicate that the sec-
ondary structure of fragments A, B and C
remains essentially unchanged after cyanogen
bromide cleavage, the absence of interaction for
fragment B does not seem to be attributable to
its denaturation. Therefore, it is very likely that
the intact HSA molecule also does not present
interaction sites for the immobilized dye in the
sequence 1-123. The same considerations sug-
gest, instead, that one or more interaction sites
are present in each of the sequences 124-298 and
299-585 of HSA.

The different chromatographic behaviour of
fragments B and C on Cibacron Blue F3G-
A-Sepharose CL-6B allows their easy separation
by combined use of gel permeation and dye-
protein affinity chromatography.

As described in the Experimental -section,
peak II obtained from the Sephadex G-100
column contains unresolved fragments B and C.
When peak II is applied to a Cibacron Blue
F3G-A-Sepharose CL-6B column and eluted as
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described in Fig. 2, two peak are obtained (Fig.
2), one eluted very early by phosphate buffer
and the second by 3 M NaCl. Gel electrophore-
sis and amino acid analysis identify the two
peaks as highly purified fragments B and C.

As can be seen from Fig. 2, dye—protein
affinity chromatography allows the separation of
these two fragments in a considerably shorter
time than conventional ion-exchange chromatog-
raphy.

CONCLUSIONS

The three large cyanogen bromide fragments,
A, C and D, interact with Cibacron Blue F3G-A
immobilized on Sepharose CL-6B in a similar
way to HSA, whereas fragment B does not
interact with the dye. The different chromato-
graphic behaviour of fragments B and C allows
their fast separation by combined use of gel
permeation and dye-protein affinity chromatog-
raphy.
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ABSTRACT

A simple and effective method for purification of proteinases from Aspergillus terreus is described. A combination of three
chromatographic techniques is proposed, starting with affinity chromatography on bacitracin—silochrome. This first stage is crucial
for the enzyme separation and leads to almost full removal of contaminating proteins. It is followed by gel permeation and
ion-exchange chromatography. Using this method, two extracellular proteinases (I and II) were purified from the culture filtrate
of A. terreus. They had molecular masses of approximately 37000 and 21000 as determined by sodium dodecyl sulphate—
polyacrylamide gel electrophoresis. The inhibitory analysis revealed that proteinase I is a serine thiol-dependent enzyme and
proteinase II is a metalloproteinase. The latter was activated by the addition of magnesium and cobalt ions.

INTRODUCTION

Proteolytic enzymes have been attractive for
many years because of their key role in cell
metabolism as well as their practical application.
Their capacity for selective protein modification
(e.g. of enzymes and hormones) by means of
limited cleavage suggests that some proteinases
have regulatory functions in cellular processes
[1]. Various methods of purification of protein-
ases from different sources have been proposed
in the literature, including ammonium sulphate,
ethanol and acetone precipitation, a variety of
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conventional chromatographic techniques (e.g.
ion exchange, gel filtration) and preparative
electrophoretic techniques [2,3]. Most of them
are time and labour consuming because they
include too many steps. The application of
affinity sorbents, especially at earlier stages of
separation, considerably simplifies the procedure
and increases its effectiveness. In the present

‘paper we report the development of a simple

three-step scheme for purification of two ex-
tracellular proteinases from Aspergillus terreus
using affinity chromatography and describe some
properties of these enzymes.

EXPERIMENTAL
Chemicals

Materials were obtained from the following
sources: bacitracin—silochrome was a generous

© 1993 Elsevier Science Publishers B.V. All rights reserved
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gift from Dr. G. Rudenskaya (Faculty of
Chemistry, Lomonosov Moscow State Universi-
ty, Moscow, Russian Federation); Sephadex
G-25, ribonuclease A and chymotrypsinogen A
were from Pharmacia (Sweden); ovalbumin,
Coomassie  brilliant blue (CBB) R-250,
phenylmethylsulphonyl fluoride (PMSF), 1,4-di-
thiothreitol (DTT), sodium dodecyl sulphate
(SDS) and CM-cellulose, sodium salt, with de-
gree of polymerization (DP) 500, were pur-
chased from Serva (Germany); DEAE-Spheron
1000 and 4-hydroxymercuribenzoic acid, sodium
salt (PHMB), were from Chemapol (Czecho-
slovakia). All other chemicals were of reagent
grade.

Organism and culture conditions

The strain Aspergillus terreus VKM F-2200 D
was grown in a medium with the following
composition (in %, w/v): peptone (0.05),
KH,PO, (0.14), CaCl, (0.03), MgSO, - 7H,0
(0.03), urea (0.01), CM-cellulose, sodium-salt
(1), FeSO, (0.0005), MnSO, (0.00016), ZnSO,
(0.00014), CuSO, (0.00014). Fermentation was
carried out at 28°C for 48 h with an agitation
speed of 240 rpm.

Enzyme purification

Buffers used were as follows: (A) 0.1 M
sodium acetate pH 5.0; (A;) 0.05 M sodium
acetate pH 5.0; (B) 0.025 M Tris—HCI pH 9.3.
All purification steps were carried out at 4°C.
Cells were removed by centrifugation (1800 g,
30 min). The pH of the cell-free medium was
adjusted to 5.0, and 2600 ml were applied to a
chromatographic column (10 X 1.4 c¢m) contain-
ing bacitracin—silochrome equilibrated with buf-
fer A. The elution was performed with 1 M
sodium chloride in 25% isopropanol. Fractions
containing proteinase activity were pooled (total
volume 95 ml). A 190-ml volume of eluate from
two chromatographic runs was concentrated by
ultrafiltration (Amicon UM 2 membrane). The
concentrate thus obtained was dialysed on a
Sephadex G-25 column (25 X 5 cm) equilibrated
with buffer B, at a flow-rate of 120 ml/h.
Fractions of 5.8 ml were collected. The protein
fraction was collected and loaded onto a column
of DEAE-Spheron equilibrated with the same
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buffer. The elution was performed using a linear
gradient of 0-0.3 M sodium chloride in buffer B.
The active fractions were pooled and stored at
—10°C for several months without any loss of
activity.

Enzyme and protein assays

Protein was determined by the method of
Bradford [4] with bovine serum albumin as a
standard. Protein concentrations in the column
eluates were monitored by measuring the ab-
sorbance at 280 nm.

Proteinase activity was measured by the re-
lease of tyrosine from 1% casein. A 1-ml aliquot
of enzyme was incubated with 1 ml of casein
(prepared according to the procedure of Ham-
marsten [16] 1% in 0.1 M Tris-HCI pH 7.0) at
40°C for 20 min. The enzyme reaction was
stopped with 1 ml of 10% trichloroacetic acid.
Samples were filtered and the absorbance in
filtrates was measured at 280 nm against an
appropriate blank. One unit of enzyme activity
was defined as the amount of enzyme required to
catalyse the liberation of 1 uM tyrosine for 1
min at 40°C and pH 7.0.

Sodium dodecyl sulphate—polyacrylamide gel
electrophoresis (SDS-PAGE)

SDS-disc PAGE was performed according to
Laemmli [5] after boiling the samples with
B-mercaptoethanol and SDS using 15%
acrylamide (separating gel) and 6% stacking gel.
A Pharmacia electrophoresis system (EPS 500/
400, GE-2/4) was used. The electrophoresis was
done at 150 V, 2 mA per gel rod. Gels were
stained for proteins with CBB R-250. Ovalbumin
(M, 43000), chymotrypsinogen A (25000) and
ribonuclease A (13 700) were used as molecular
mass marker proteins.

RESULTS AND DISCUSSION

Separation and purification of proteinase
components

The results of a typical purification procedure
are presented in Table 1. The crucial purification
stage was the affinity chromatography on baci-
tracin—silochrome. The pH of the supernatant
fluid had to be adjusted to 5.0 beforehand so
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TABLE I
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PURIFICATION OF ASPERGILLUS TERREUS PROTEINASES

Step Total Total Specific Yield Purification
volume activity activity (%) (n-fold)
(ml) (Ux107%) (U x107*/mg)
Culture
supernatant 5200 41340 72 100 1
Bacitracin—silochrome 190 32656 1814 79 25
Sephadex G-25 142 20708 5597 50 78
DEAE-Spheron
Proteinase I 25 8138 5425 20 75
Proteinase I1 45 2344 1116 6 15

that the proteinases could completely adsorb on
the affinity sorbent. At the original pH (6.5-7.0)
the enzymes were easily washed out of the
column with acetate buffer. Except for protein-
ases, peptides and some endoglucanase activity
(measured by the decrease in the viscosity of
CM-cellulose) were retained on bacitracin—
silochrome .at pH 5.0 too. The latter was re-
moved by extensive washing of the column with
diluted acetate buffer (0.05 M) before perform-
ing the elution. Qur attempts to desorb the
proteinases with 1 M sodium chloride only failed
(data not shown). This suggested that lowering
the dielectric constant of the medium could
perhaps increase the electrostatic interaction of
the proteins with the eluent and thus facilitate
the elution. Indeed proteinases were eluted with
isopropanol solution of high ionic strength (Fig.
1). The enzyme preparation thus obtained was
almost completely free from contaminating pro-
teins, as indicated by the considerable increase
(25-fold) in the specific proteinase activity
(Table I).

Bacitracin-based affinity sorbents (Sepharose
and silochrome) have been described previously
as suitable matrices for purification of protein-
ases of different type and origin [6]. They
provide both a high purification factor and a high
yield of activity [7,8]. In our case bacitracin—
Sepharose was unsuitable because of the pres-
ence of cellulases secreted by the fungus. First,
they would adsorb on Sepharose, thus complicat-
ing the purincation procedure and, second, could
degrade it. But when the affinity ligand was
coupled to silochrome (macroporous silica com-

pound) it proved to be very effective in purifica-
tion of A. terreus proteinases, providing a 79%
recovery. This high effectiveness is due to the
specific interaction between the peptide anti-
biotic bacitracin and the substrate-binding site of
proteinases [9].

Further proteinases were concentrated by ul-
trafiltration and desalted on a Sephadex G-25
column. This was accompanied by the removal
of the peptides from the enzyme preparation.
The protein fraction (void volume of the column)
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Fig. 1. Chromatography on the affinity sorbent of A. terreus
proteinases. The column (10 X 1.4 c¢m) was prepacked with
bacitracin-silochrome and equilibrated with buffer A. The
supernatant fluid at pH 5.0 was applied to the column at a
flow-rate of 40 ml/h. After washing the column with 200 ml
of buffer A, the enzymes were eluted with 1 M sodium
chloride in 25% isopropanol at the same flow-rate. Fractions
of 4 ml were collected. The arrow indicates the beginning of
the elution.



M.E. Stefanova | J. Chromatogr. 639 (1993) 346-351

was fully adsorbed on an anion exchanger,
DEAE-Spheron, at pH 9.3 and eluted with a
linear sodium chloride gradient as two proteinase
peaks (I and II) at 0.11 M and 0.22 M sodium
chloride concentration, respectively (Fig. 2).

On SDS-PAGE proteinase II migrated as a
homogeneous band (Fig. 3) with a molecular
mass of 21 000, while proteinase I was purified to
near homogeneity. It contained a major protein
with molecular mass of 37000 and a minor one
with lower molecular mass.

Thus, two proteinases, I and II, were sepa-
rated and purified from the culture filtrate of A.
terreus with purification factors of 75 and 15 and
recoveries of 20% and 6%, respectively. A
considerable loss of activity of proteinase II after
ion-exchange chromatography was observed.
Most probably this is caused by chelating of the
co-factor (see below) by the resin (Spheron is
based on polymethacrylic acid) under the ex-
perimental conditions.

In most cases procedures for obtaining
homogeneous and highly purified proteins in-
clude at least 4-5 different steps. In this paper
we propose a simple and effective purification
scheme of three stages which produces two
purified proteinases by means of affinity ligand.
Usually, starting the separation with a biospecific
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Fig. 2. Ion-exchange chromatography of proteinases from A.
terreus. The protein fraction obtained after gel-permeation
chromatography was loaded onto a column (10X 1.4 cm)
containing DEAE-Spheron previously equilibrated with buf-
fer B. The column was washed with three bed volumes of the
same buffer. Chromatography conditions were as follows:
flow-rate, 25 ml/h; fraction volume, 2.5 ml; eluent, linear
gradient 0-0.3 M sodium chloride in the equilibrating buffer.
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1 2

Fig. 3. SDS-PAGE pattern of the purified proteinases from
A. terreus after chromatography on DEAE-Spheron. Ex-
perimental conditions are described in the text. 1= Pro-
teinase 1; 2 = proteinase II.

adsorbent considerably simplifies the procedure
while at the same time keeping yield high.
Mosolova et al. [8] acquired homogeneous Glu,
Asp-specific proteinase from Actinomyces sp. in
three stages using chromatography on bacitracin-
silochrome. Homogeneous carboxylic proteinase
from Aspergillus niger was obtained in three
steps by chromatography on pepstatin-Sepha-
rose [10].

Effect of some reagents on proteinase activity
Proteinase 1 was fully inhibited by PMSF
(Table II), which indicates the presence of serine
residues in the active centre. Like most serine
proteinases, it was insensitive to the chelating
agents EDTA and 1,10-phenanthroline. The
cysteine-binding inhibitor PHMB reduced the
enzyme activity to zero, while in the presence of
the reducing agent DTT a 30% increase in
activity was observed. These findings indicated
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TABLE 11

EFFECT OF SOME REAGENTS ON PROTEINASE
ACTIVITY

Aliquots of 1 ml of the enzyme were incubated with 50 ul of
each reagent solution (final concentration 10 mM) for 1 h at
room temperature. After that the enzyme reaction was
carried out according to the standard assay procedure and the
residual enzyme activity was determined. The activity of
unireated enzyme was taken as 100%.

Reagent Residual activity (%)
Proteinase | Proteinase 11

EDTA 95 6
1,10-Phenanthroline 98 66
PMSF 0 73
PHMB 0 32
DTT 130 60
Ca*' 72 98
Ccd* 12 16
Co’" 44 140
Cu? 37 35
Mg** 81 142
Mn?** 62 92
Zn** 0 27

activity and that proteinase I may be related to
the subfamily of thiol-dependent serine protein-
ases described by Stepanov et al. [11]. The only
enzyme of this group from Aspergillus fungi
reported until now seems to be the intracellular
proteinase from A. niger [12]. Cd** and Zn**
almost completely inhibited enzyme activity,
while the other metal ions tested were less
effective —28-63% inhibition.

The inhibitory analysis of proteinase Il showed
more complicated results (Table II). The re-
sidual activity after EDTA treatment was 6%,
suggesting that proteinase II is a metalloprotein-
ase. At the same time 1,10-phenanthroline
caused only 44% loss of activity.

Some authors have reported inhibitory effect
of reducing agents (DTT, cysteine, B-mer-
captoethanol) on neutral metalloproteinases
because of their ability to chelate metal ions [13].
The metalloproteinase Il from A. terreus was
inhibited by DTT (Table II).

Proteinase II was activated by Mg®" and Co**
and strongly inhibited by Cd**, Cu®* and Zn’".
The enzyme activity was not influenced by Ca’".
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The same effect of metal ions tested was ob-
served with the “acid” metalloproteinase from
A. oryzae [14]. The metalloproteinase from
Penicillium roqueforti was activated twice in the
presence of 10 mM Co’* [15]. This and some
other properties of the A. terreus enzyme —low
M, (about 20000) and pH optimum about 6-7
(data not shown)— are characteristic of the
“acid” fungal metalloproteinases from Aspergil-
lus and Penicillium [14,15].

Bearing in mind the effect of chelating agents
and metal ions mentioned above, it is quite
possible that the present (and the others de-
scribed as ‘“acid” in the literature) metallo-
proteinase may contain Mg®>* or Co’" as a co-
factor since both these ions increase enzyme
activity to an equal extent and, in contrast to
EDTA, are very weakly (if at all) chelated by
1,10-phenanthroline.

To summarize, in present communication we
report on the purification of two novel protein-
ases, first identified in a strain of Aspergillus
terreus. Further biochemical and enzymological
characterization of these enzymes will be the
subject of a subsequent paper.
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ABSTRACT

Reversed-phase high-performance liquid chromatography (HPLC) was adapted for the determination of trace concentrations of
carbaryl and seven organophosphorus pesticides in drinking water. Between 100 and 300 ml of water sample is passed through a
1.5-cm precolumn, packed with C ,-bonded silica or styrene-divinylbenzene copolymer (PRP-1) sorbent at a flow-rate of 3
ml/min. The HPLC system is then switched to an acetonitrile—water gradient elution programme. The analytes that have been
concentrated on the precolumn are eluted and separated on a 15-cm C,, analytical column and are determined by measuring their
UV absorption at 254 nm. This wavelength was selected as the optimum for the simultaneous determination of these pesticides.
The preconcentration yields of the examined solutes obtained with the two types of precolumn are almost identical. Band
broadening is avoided by a suitable choice of the C,, precolumn and the analytical column. With 200 ml of tap water, the
recoveries for most of the examined pesticides were ca. 90%, except for carbaryl (54%). The detection limits are in the range
0.03-0.2 pg/l.

INTRODUCTION for crop protection and control of ectoparasites.
However, although the OPPs are generally used

Organophosphorus pesticides (OPPs) are cur- alone, they may also be applied in conjunction
rently used in agriculture and animal husbandry with the carbamate insecticide carbaryl for the

control of pests showing resistance to OP com-
- pounds [1,2]. Because of their widespread use,
* Corresponding author. they have been found in groundwaters, surface

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



M.R. Driss et al. / J. Chromatogr. 639 (1993) 352-358

waters, lagoons and drinking water at concen-
trations varying from 20 ng/l up to 127 ug/l
[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
(ng/1) 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-UYV 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 precolumn
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 Supeico (Bellefonte, PA, USA)
and phosmet and fenitrothion from Société
Tunisienne des Engrais Chimiques (Mégrine,
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 (ng/l) level. The
final standard solutions did not contain more
than 0.5% of methanol.



354
: o H s
O 0=p N ON o—p Q
ocky oon,on,
parathion-methy! Parathion
i o O N 5 /00t
ON o—p / Y o-p N
\w' OCH.CHy
4 N
HC
My
Fenitrothion Diazinon
§ /o i

[
9 CH,-S-P
Ry 4 N
| ?’ Nocrur CEK T ocky
N
e N

Azinphos-ethyl  Azinphos-methyl

OCONHCHy

0
Ol
N-CH,-S-P
¢ Noo,
n
0
Carbaryl

Phosmet

Fig. 1. Structures of the selected pesticides.

Apparatus

Precolumn 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
L.D. stainless-steel column prepacked with 5-um
nucleosil C,; octadecylsilica (Macherey—Nagel,
Diiren, Germany). Samples were preconcen-
trated on a 10x2.1 mm LD. stainless-steel
precolumn prepacked with 5-um RP-18 oc-
tadecylsilica (Merck, Darmstadt, Germany) or a
15X 3.2 mm I.D. stainless-steel precolumn pre-
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packed with 7-um 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 precolumn was equilibrated with 10
ml of pure acetonitrile and 10 ml of LC-grade
water at pH 7.

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.

PT&Cd‘ To
waste

Fig. 2. Experimental set-up for the on-line preconcentration
and analysis of water samples. P,, P, = pumps; and V= valve;
Anal. Col. = analytical column; Pre-col. = precolumn. Dur-
ing the preconcentration step V is in the “Load” position and
P, delivers samples. During the analysis V is in the “Inject”
position and P, delivers mobile phase.
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RESULTS AND DISCUSSION

Analytical separation and detection

The pesticides studied (Fig. 1) included a
carbamate and two OP groups, namely phos-
phorothionates and phosphorodithioates. The
reversed-phase LC analysis of these compounds
is usually performed using Cg- or C,g-bonded
silicas [1,2,21,32,37,38]. When using a water—
acetonitrile eluent, the OP pesticide separation is
achieved in a reasonable time and without peak
broadening if the acetonitrile concentration is
greater than 50%. However, the retention of
carbaryl is low.

This work started with the setting of a mobile
phase gradient suitable for both the carbaryl and
the OP pesticides previously sorbed on a pre-
column. The gradient slope is then an important
factor. In fact, when the water—acetonitrile gra-
dient is steep, the retention time of carbaryl is
short hence interference problems arise with co-
extracted semi-polar compounds sorbed on the
precolumn during the enrichment step; further,
when the water—acetonitrile gradient is gentle,
the risk of band broadening increases, especially

TABLE 1
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when the precolumn sorbent is more hydropho-
bic than the analytical column packing.

With the gradients adopted, a fair resolution
was achieved for the OP pesticides but the
carbaryl retention was delayed. Table I gives the
retention times of the pesticides for one of the
two gradients selected.

The pesticides studied display maximum ab-
sorption bands at various wavelengths. However,
these products display absorption bands between
250 and 300 nm. For our analytical conditions,
254 nm appears to be an acceptable compromise
as we obtained similar responses for all the
pesticides except phosmet, which exhibits a rela-
tively small response. The instrumental detection
limit (signal-to-noise ratio=3:1) of phosmet is
3.5 ng (Table I). For the other insecticides it is in
the range 0.6-1.5 ng. Hence the technique is less
suitable for phosmet.

On-line preconcentration conditions

The on-line preconcentration permits the
study of all the trapped compounds on the
precolumn and also a reduction in the volume of
the examined water samples and an improve-

RETENTION TIMES, LIMITS OF DETECTION (LOD) IN LC-UV AND DEPENDENCE OF RECOVERIES ON
PERCOLATED SAMPLE VOLUME OF PESTICIDES STUDIED

Mobile phase, acetonitrile-water; gradient, 40% to 60% of acetonitrile in 15 min. UV detection at 254 nm. Recoveries were
based on the averages of two determinations; amount of each pesticide in each percolated sample = 50 ng.

Compound Retention LOD* Recovery (%)
time (min) (ng)

No. Name Percolated sample volume

Milli-Q water Tap water

100 ml 200 ml 300 ml 100 ml 200 ml 300 ml
1 Carbaryl 8.7 1.5 98 90 80 64 54 NE®
2 Azinphos-methyl 12.9 1.2 100 98 90 74 78 60
3 Phosmet 13.9 3.5 97 98 95 92 91 93
4 Parathion-methyl 14.7 0.7 98 99 95 88 82 78
5 Azinphos-methyl 16.3 0.7 97 100 9 92 96 90
6 Fenitrothion 16.9 0.8 98 98 100 90 90 88
7 Parathion 18.75 0.6 100 97 98 92 88 83
8 Diazinon 19.75 0.9 100 100 98 81 87 82

“ Signal-to-noise ratio = 3.
® Not evaluated.
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ment in the detection limit. In order not to
decrease the quality of the chromatographic
separation, the on-line preconcentration tech-
nique involves precolumns with dimensions
matching those of the analytical column. For a
150 X 4.3 mm I.D. column, the precolumn di-
mensions must be 15 X 4 mm I.D. In such cases,
the most often used adsorbent size is 5 or 10 wm.

In this work, C,; and PRP-1 packed pre-
columns were tested. Preconcentration trials
followed by an analytical separation for various
volumes of Milli-Q-purified water spiked with
various amounts of the pesticides were per-
formed. The chromatograms obtained (Fig. 3)
show the separation achieved by the two pre-
column models. The peak broadening in the

(a)

UV aderbance

Time tmin)

—_—

UV, sbsorbance

S

20
Time (miny

Fig. 3. RP-LC-UV traces for the on-line preconcentration of
100-ml Milli-Q-purified water samples spiked with carbaryl
and seven OPPs. Preconcentration using the precolumns
packed with (a) RP-18 silica and (b) PRP-1. Peak numbering
corresponds to Table 1. The individual concentrations of the
pesticides ranged between 1 and 3 ug/l. The analytical
column (15 x 0.46 cm 1.D.) was packed with Nucleosil RP-18
(5 pm). Mobile phase, acetonitrile—water; gradient, 40% to
60% acetonitrile in 20 min. UV detection at 254 nm;
attenuation 0.05 'a.u.f.s.
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chromatograms resulting from enrichment on
PRP-1 is significant; it is difficult to obtain
quantitative results with this sorbent. For this
reason, we used the C,; packed precolumn in
subsequent work.

The amount of solute recovered from the
precolumn does not depend on the preconcentra-
tion flow-rate. These rates were changed in 1
mi/min increments from 2 to 7 ml/min. How-
ever, in order to avoid high column back-
pressures at flow-rates exceeding 5 ml/min,
which would reduce the precolumn lifetime, a
flow-rate of 3 ml/min was adopted.

Preconcentration, recovery and detection limit
Table I gives the recoveries for the precon-
centrated pesticides for various volumes of Milli-
Q-purified water and tap water. This recovery
was calculated by means of the method described
by Subra et al. [39]. The sample volumes were
increased from 10 to 300 ml and the concen-
tration decreased in order to have the same
amount in each percolated sample. If break-
through does not occur, the amount precon-
centrated for each analyte on the precolumn is
constant and the peak heights obtained after
on-line elution are constant. When breakthrough
occurs, the peak height decreases. Recoveries
were calculated from the ratio between the peak
height obtained for the sample volume studied
and that obtained for a 10-ml sample. The
recoveries of most of the preconcentrated pes-
ticides from the Milli-Q-purified water reached
100% for treated volumes up to 300 ml. The
decrease in the recovery of carbaryl as soon as
the percolated water volume reaches 200 ml is
important, however. These results show that the
breakthrough on the C,; precolumn is greater
than 300 ml for the OP pesticides on the one
hand and between 100 and 200 ml for carbaryl
on the other. Moreover, the observed recoveries
for tap water preconcentration are, in every
instance, lower than those obtained for Milli-
Q-purified water. This discrepancy is not related
to the amount of pesticides preconcentrated or
to the breakthrough. It may arise from incom-
plete adsorption of trapped compounds on the
precolumn owing to the formation of pesticides—
humic substances complexes as suggested by
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Johnson et al. [40]. These complexes may be
poorly extracted by the octadecyl-bonded silicas.

When the proposed analytical procedure was
applied to tap waters, the co-extracted com-
pounds gave a large number of unresolved peaks
at the start of the chromatogram, the intensity of
which depends on the treated water volume.
This part of the chromatogram affects the de-
termination of early-eluted compounds especially
when the concentrations of the latter are low.
Fig. 4 illustrates the importance of this unre-
solved part of the chromatogram for the pre-
concentrates of 300 ml of tap water spiked with
0.1 ppb of each pesticide and also in the case of a
blank. It is not then possible to determine
carbaryl. This emphasizes the importance of the
analytical gradient, as discussed earlier. More-
over, with such a drinking water sample, the
solution to this problem, as has been reported
[22], is to delay the carbaryl peak slightly. A
very simple method without any further clean-up
exists for drinking water control; it only requires
optimization of the gradient.

The detection limits and the linearity of the
solute peak height with concentration were as-

UV a030rdante  —e

UV sb3ordance —e-

| )

o (14 20
Time {min)

o 10 20
Time Centnd

Fig. 4. RP-LC-UV traces for the on-line preconcentration of
300 ml of Paris tap water (October 1991) (a) spiked with 0.1
ug/l of each pesticide and (b) not spiked. Peak numbering
corresponds to Table I. Preconcentration using the pre-
column packed with RP-18 silica. Mobile phase, acetonitrile—
water; gradient, 40% to 60% of acetonitrile in 15 min. UV
detection at 254 nm; attenuation 0.01 a.u.f.s. Other condi-
tions as in Fig. 3.
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sessed by adding increasing amounts to 200 ml of
water, which is a compromise volume of samples
of Milli-Q-purified and drinking water samples,
and using the whole on-line preconcentration
procedure. The detection limits were calculated
for a signal-to-noise ratio of 3; in the baseline
drift due to interferences, it was arbitrarily
assumed that 0.5 cm was the minimum peak
height that could be measured with reasonable
confidence. The detection limits obtained were
0.2 pg/l for both phosmet and carbaryl. The
detection limits for the other insecticides were in
the range 0.03-0.06 ng/1. The calibration graphs
were linear over the concentration range 0.05-1
pg/l (five data points). The regression coeffi-
cients obtained were satisfactory: azinphos-
methyl, 0.9981; parathion-ethyl, 0.9994; azin-
phos-ethyl, 0.9976; fenitrothion, 0.9978; para-
thion, 0.9984; and diazinon, 0.9989.

Using the reported method, the precolumn
can be re-used for analysing up to twenty 200-ml
water samples without showing marked deterio-
ration. Peak tailings are the result of possible
perturbations that are often observed. Neverthe-
less, the precolumn can be used more times if
the sample volumes are of the order of 100 ml or
less. Moreover, there is no need to dry the
precolumn before LC determinations, unlike the
case with SPE enrichment using either on-line [9]
or off-line [40] GC analysis. The described
technique is amenable to automation and the
whole set-up is robust.
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ABSTRACT

Isocratic high-performance liquid chromatography using reversed-phase packing (C,¢) and the solvent system methanol-water
(1:1) was successful in separating and determinating the anthrone-C-glucosyls in Cape aloes, allowing a rapid and high resolution
of each diastereomer for the first time. By applying this method to fifteen commercial Cape and East African aloes of different
origin, all Cape aloes samples showed the same anthrone-C-glucosyl pattern comprising 5-hydroxyaloin A, aloins A/B and
aloinosides A/B. For differentiating non-official East African aloes from Cape aloes, 5-hydroxyaloin A proved to be the most
specific marker of the official drugs in high-performance liquid and also thin-layer chromatography, replacing the aloinosides.
Previous assumptions of chemical races of Aloe ferox MILL. based on the aloinosides have to be revised.

INTRODUCTION

Cape aloes (derived from Aloe ferox MILL.
and hybrids, Asphodelaceae) is a remedy used
worldwide. It is listed in numerous phar-
macopoeias because of its purgative activity. The
active principle comprises five anthrone-
C-glucosyls [1] (Fig. 1): the diastereomeric aloins
A/B and aloinosides A/B and the so-called
“periodate-positive substance” [2], the structure
of which we have recently determined to be
* 5-hydroxyaloin A [3].

As yet no study has simultaneously deter-
mined all five anthrone-C-glucosyls by high-per-

* Corresponding author.

0021-9673/93/$06.00

formance liquid chromatography (HPLC). Al-
though in 1979 a reversed-phase HPL.C separa-
tion with 45% aqueous methanol was described
for the aloins [4], all subsequent publications on
the HPLC determination of anthrone-C-gluco-
syls from Aloe dealt with the analysis of aloins
[5-7] or homonataloins [8].

In our study we describe a simple and rapid
isocratic reversed-phase HPLC method for the
baseline separation, identification and assay of
aloins A /B, aloinosides A/B and 5-hydroxyaloin
A in aloes. The method was applied to fifteen
commercial Cape and East African aloes of
different origin. It ensured an exact determina-
tion of the characteristic pattern of diastereo-
meric anthrone-C-glucosyls in Cape aloes.

© 1993 Elsevier Science Publishers B.V. All rights reserved
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A - Type
Ry Ry
Aloin A H H
Aloin B H H
Aloinoside A a-L-rhamnosy! H
Aloinoside B a-L-rhamnosyl! H
5-Hydroxyaloin A H OH

Fig. 1. Diastereomeric anthrone-C-glucosyls from Cape aloes.

EXPERIMENTAL

Solvents
All solvents were of technical quality and were
purified by distillation.

High-performance liquid chromatography

Apparatus. The equipment consisted of a
Waters 600 solvent-delivery system (Waters, Mil-
ford, MA, USA) and a U6K injector. A Waters
990 photodiode-array detector coupled with a
NEC APC IV personal computer (NEC Informa-
tion Systems, Boxborough, MA, USA) was used
for recording UV-VIS spectra (200-500 nm) of
the separated compounds and standard com-
pounds and for controlling retention time at 360
nm.

Conditions. Separations were performed on an
ET 250/8/4 Nucleosil 7 C,; column (Macherey,
Nagel, Diiren, Germany) at room temperature.
The mobile phase consisted of methanol-water
(1:1); the flow-rate was 1 ml/min. Each sample
was chromatographed three times. The injection
volume was 20 ul.

Sample preparation. A 300-mg aliquot of the
powdered drug was dissolved in exactly 100 ml of

HOH,

B - Type

Configuration (10, 1'{17])

S, S

PN m

=
vy

methanol-water (1:1) by automatic shaking for
15 min. An aliquot of these solutions was filtered
through a cellulose acetate filter (0.45 pm; Lida,
Kenosha, WI, USA).

Standard samples. 5-Hydroxyaloin A was iso-
lated according to a previously reported proce-
dure [3]. The aloinosides A and B could be
obtained from Cape aloes by preparative
thin-layer chromatography (TLC) in the
solvent system ethylacetate—methanol-water
(100:17:13); for TLC identification of
aloinosides, see refs. 9-11. Preparative separa-
tion of the aloins A and B was achieved by
droplet countercurrent chromatography [12].

Precision. A solution of 100 mg of aloins A/B
in 100 ml! of 50% aqueous methanol was treated
as described in the Sample preparation section
and was chromatographed five times. The results
obtained were also compared with the HPLC
separation of an unfiltered solution of 100 mg of
aloins A/B in 100 ml of methanol.

Thin-layer chromatography

TLC separations on silica gel F,;, plates
(Macherey, Nagel) were carried out according
to the European Pharmacopoeia (Ph.Eur.).
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By using chloroform-methanol-water (7:13:8;
lower phase) as the solvent system, all five
diastereomers can be detected separately [13].
5-Hydroxyaloin A was detected by spraying with
5% aqueous sodium metaperiodate (Merck,
Darmstadt, Germany).

RESULTS AND DISCUSSION

In order to obtain a rapid and high resolution
of 5-hydroxyaloin A and aloinosides A/B the
HPLC parameters described for the aloins [4]
had to be modified with respect to particle size of
the stationary phase, solvent system and flow-
rate. This led to an isocratic baseline separation
of all five diastereomers for the first time: within
about 20 min each diastereomer could be de-
termined in a single HPLC run (Fig. 2). Thus,
the technique not only replaces the aloes identifi-
cation and assay of Ph.Eur., but can also be
applied to pharmacokinetic and toxicological
studies, which have been required for aloes by
the German health administration since May
1992 [14].

In contrast to the assay of Ph.Eur., the pulver-
ized drugs were dissolved directly in methanol-
water (1:1), filtered and chromatographed on
reversed-phase packing (C,s) with methanol-
water (1:1). For the aloins A/B the average
recovery was 97.2% with a relative standard
deviation of 0.6% (n =5). In comparison to our
sample preparation, the complicated but conven-
tional Ph.Eur. solving method showed no differ-
ence. A specific peak identification was achieved
by means of photodiode-array detection (com-

ola.u.

b
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parison of spectra and control of retention time
at 360 nm). In routine analysis, UV detection at
360 nm is sufficient.

In a screening of fifteen commercial drugs, this
HPLC technique enabled us to monitor the
characteristic pattern of anthrone-C-glucosyls in
each sample. Table I shows the content of each
separated anthrone-C-glucosyl. A listing of the
drugs according to their origin agrees with their
arrangement according to their qualitative and
for the most part quantitative anthrone-
C-glucosyl pattern: Cape aloes samples from the
Mosselbay region (South Africa) show high
contents of all five anthrone-C-glucosyls. In this
case all five compounds can also be well detected
by means of TLC.

5-Hydroxyaloin A is weakly detectable by
means of TLC (applied amounts according to
Ph.Eur.) in Cape aloes samples 8-10 from Port
Elizabeth (South Africa). The Ph.Eur. TLC
markers aloinoside A and B cannot be deter-
mined at all by TLC. This finding led to the
commonly accepted assumption of aloinoside-
free chemivars of Aloe ferox [9,15]. However,
the qualitative and quantitative determination by
HPLC shows positive proof of aloinosides A and
B in Port Elizabeth samples for the first time. A
differentiation of Aloe ferox in several chemivars
could thus only be discussed with regard to the
quantitative pattern of the aloinosides A and B.

East African aloes (samples 12-15) are still
available commercially. It is shown for the first
time that all drugs of East African origin lack
5-hydroxyaloin A (Table I) and that some of
them contain more aloinosides than aloins.

20 tlmin)

Fig. 2. Reversed-phase high-performance liquid chromatograms at 360 nm of (a) Cape aloes from Mosselbay, (b) Cape aloes
from Port Elizabeth and (c) Kenyan aloes. Conditions were as described in the Experimental section. Peaks: 1 = 5-hydroxyaloin

A; 2 =aloin B; 3=aloin A; 4 = aloinoside B; 5= aloinoside A.
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TABLE 1
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QUANTITATIVE DETERMINATION (%) OF 5-HYDROXYALOIN A, ALOINS A/B AND ALOINOSIDES A/B IN

ALOES OF DIFFERENT ORIGIN

Sample Origin 5-Hydroxyaloin A Aloin A Aloin B Aloinoside A Aloinoside B Sum
1-4 Mosselbay 1.7-2.9 13.0-139  10.9-12.0 3.1-39 2.8-3.6 31.7-34.9
5-7 Quality “Ph.Eur.” 1.1-2.3 12.7-13.1 10.8-11.3 2.6-3.4 2.4-3.1 31.3-31.8
8-10 Port Elizabeth 0.3-0.8 6.5~ 8.5 52- 171 0.3-0.9 0.4-0.8 13.3-17.8
11 Port Elizabeth 33 12.5 10.8 4.0 3.5 34.1
12 Kenya - 16.3 14.0 19.6 16.9 66.8
13 East Africa - 7.3 5.8 13.6 11.7 38.4
14 East Africa - 14.8 11.9 2.9 2.5 32.1
15 East Africa - 12.7 10.6 6.2 5.1 34.6

Whereas for samples 13-15 the specific origin
was not declared, sample 12 was stated to be
“Kenyan Cape aloes”. This classification must be
called in question because of the lack of 5-
hydroxyaloin A, especially since Aloe rabaiensis
RENDLE is reported to be the origin of Kenyan
aloes [16]. The Ph.Eur. TLC method does not
permit a differentiation between East and South
African aloes, because it only monitors the
aloins and aloinosides. Therefore 5-hydroxyaloin
A is proposed as most specific TLC marker,
replacing the aloinosides. Furthermore, our
HPLC results confirm that 5-hydroxyaloin is
until now the only C-glucosyl-anthrone that has
not been found as a diastereomeric pair genuine-
ly in aloes: It only occurs in the more stable
A-configuration (10R, 1'S [17]).

In summary, the characteristic anthranoid pat-
tern of Cape aloes —including Cape aloes from
Port Elizabeth— comprises all five anthrone-
C-glucosyls. As already pointed out, these five
glucosyls cannot be detected in each case, fol-
lowing Ph.Eur. TLC conditions. However, the
more sensitive and rapid HPLC method allows a
definite determination of each anthrone-
C-glucosyl in a single working step.
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ABSTRACT

Systematic gas chromatographic measurements on fourteen nitrogen- and three phosphorus-containing environmental
pollutants revealed that potential variability problems may arise when using an alkali flame ionization detector. During an
experimental period of 2 weeks the decrease in detector response turned out to be similar for homologous compounds, but
different for compounds of diverse chemical classes. Although the absolute decrease in detector response may vary from bead to
bead and, in addition, from one manufacturer to another, quantification appears to be feasable if this problem is taken into

account by choosing internal standards of the same chemical class.

INTRODUCTION

Alkali flame ionization detection (AFID) is
widely used in gas chromatographic analyses of
environmental and pharmaceutical samples
because of its unequivocal potential to detect
and determine trace amounts of nitrogen- and/or
phosphorus-containing organic compounds. This
holds, in particular, for the trace analysis of
pesticides such as triazine derivatives, e.g., at-
razine, and of industrially used organophos-
phates, e.g., tri-n-butyl phosphate.

Although AFID is applied on a large scale and
there have been many investigations on its func-
tion, the understanding of the detector is still
poor [1-8]. It is assumed that pyrolysis of the

* Corresponding author.

0021-9673/93/$06.00

analyte in the flame of the detector in the
presence of alkali metal ions or excited alkali
metal atoms gives rise to the formation of CN™’
and PO;  species [6], which in turn lead to a
sufficiently strong signal of the detector. How-
ever, these alkali metal sources, which are most-
ly installed as salt beads in a silicate matrix, are
known to become exhausted [7]. Some beads are
“consumed” more rapidly than others, which
apparently is determined by how the bead is
made. For example, Carlo Erba sources that
were applied in this investigation are stated by
the manufacturer to last for about 25 days [8].
As a consequence of this process, the signal
response, i.e., the peak area integral, of a given
amount of analyte decreases with time. How-
ever, to the authors’ knowledge, no systematic
investigation has been reported that clarifies the
question of whether the decrease in the signal

© 1993 Elsevier Science Publishers B.V. All rights reserved
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response is the same for all substances or
whether it is different for each compound. This
work was aimed at filling this gap.

EXPERIMENTAL

The experiments were performed with a Carlo
Erba GC 6000 (Vega Series) gas chromatograph
equipped with an AS 550 autosampler and an
AFID system built by Carlo Erba (Milan, Italy).
The gas chromatographic conditions were as
follows: NB-54-column (25 m X 0.32 mm L.D.,
film thickness 0.25 pm) from Nordibond (Hel-
sinki, Finland) (comparable to SE-54); on-
column injection, with an injection volume of 2
wl containing 2 ng of each analyte; carrier gas,
helium (98 kPa); detector temperature, 573 K
(300°C); and detector gases, air (108 kPa),
hydrogen (78 kPa) and make-up gas helium (70
kPa). The detector burned continuously during
the experimental period of 2 weeks. The column
temperature programme was initial temperature
343 K, increased at 5 K/min to 433 K (held for
20 min), then increased at 6 K/min to 523 K
(held for 30 min).

4-Chloroaniline, tri-n-butyl phosphate, tri(2-
methylpropyl) phosphate, triphenyl phosphate
and ethyl acetate (analytical-reagent grade) as
solvent were obtained from Merck (Darmstadt,
Germany). The standard compounds propham,
aldicarb, propoxur, cycloate, simazine, atrazine,
propazine, terbuthylazine, pirimicarb, linuron,
_ terbutryne, anilazine and flamprop-methyl were
supplied by Promochem (Wesel, Germany).

During an experimental period of 2 weeks a
standard solution containing all of the nitrogen-
and phosphorus-containing compounds listed
above was injected three times a day in order to
test whether the decrease in the detector signal is
a general or a substance-specific phenomenon.
Each day, an average peak integral was calcu-
lated. At the end of the period, all integrals
determined for one specific substance were nor-
malized to the largest integral within the respec-
tive series of that specific compound.

The experiments were confined to 2 weeks
instead of the complete lifetime of a salt bead (3
weeks) because we had to change the gas cylin-
der after that period. It is interesting that re-

ignition of the gas flame caused an additional
significant effect on the detector response which
also has to be taken into account when planning
the analytical strategy over several weeks.

RESULTS AND DISCUSSION

It would be beyond the scope of this paper to
show the plots for all seventeen compounds
investigated. Further, it is not our intention to
claim that the data are representative of all
AFID sensors available on the market on an
absolute scale. The absolute values would only
apply to the Carlo Erba detector used. There-
fore, we refrained from running a large number
of beads, and confined ourselves to two repeti-
tions. However, it should be noted that data
from many additional runs, although not per-
formed systematically (injections three times per
day, over 2 weeks, etc.) are available that clearly
support the present findings.

In general, the results show that substances of
different chemical classes do not necessarily
exhibit the same temporal decrease in detector
response. As an example, typical graphs.which
are characteristic of atrazine, tri-n-butyl phos-
phate and aldicarb are shown in Fig. 1. The
structures of these three compounds are given in
Fig. 2. Whereas the signal response of tri-n-butyl
phosphate decreased to about 40% of its original
value within 2 weeks, the responses of atrazine

Response

2 4 6 8 10 12 14
Days —
Fig. 1. Temporal decrease in AFID response to (X) at-
razine, (O) tri-n-butylphosphate and (#) aldicarb. The
response was normalized to the maximum value for each
compound.
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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, flam-
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

s
Q

HcuNY N H-CH(CH, ),

atrazine

1
CH4CH,CH,CH,-0-P-O- CH;CH,CH,CH,
O-CH,CH,CH,CH,

tri-n-butyl-phosphate

i
1]
HgC-5-C~CH=N-0-C-NH~CHj
CHy

aldicarb

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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ABSTRACT

Gas chromatographic retention times relative to n-undecane at 100-150°C were plotted for various monoterpenoid alcohols or
carbonyl compounds on two ‘“Chiraldex” depentylated cyclodextrin phases. As the temperature was increased, the modified
B-cyclodextrin (“B-DA”) just showed all values decreasing. However, the a-cyclodextrin (‘“A-DA”) exhibited distinctive solute
patterns. 4- and 1-ols and aldehydes typically gave a decrease again, but 3-ols and 3-ones exhibited near constant values, whilst
the relative retention times of 4-ones (¢specially bicyclic ones) increased. This smaller ring “Chiraldex” responded to the position
of the polar group in the solute molecules, whilst the larger ring reacted to the rigid bulk of the molecules. Increases in results
with change to the larger ring phase B-DA were over 70% at 125°C for bicyclics, exactly 28% at 150°C for three different dienes,
and low or even negative for acyclic tepenoids like citral. Such results could indicate structural information about unidentified

terpenoids.

INTRODUCTION

This author has recently used a toroid com-
mercially available capillary gas chromatographic
phase “Chiraldex-A-DA” to observe special re-
sponses by some volatile oil constituents [1], to
assess its value for oil analysis [2], and in phase
polarity studies [3]. It consists of modified
a-cyclodextin with two-thirds of the hydroxyis on
each of the ring of six a-glucose units pentylated;
depicted in ref. 1. Its low polarity [3], although it
still retains some polar hydroxyls, should make it
appropriate for resolving various volatile oil
constituents. These include a range of somewhat

polar monoterpenoid alcohols and carbonyls,
with their oxygen-containing function in various
positions in their molecules. The molecular “fit”
to the modified cyclodextrin of these various
branched acyclic, monocyclic and bicyclic ter-
penoids as the phase temperature is changed,
should be useful. It could indicate the oxygen-
group position or other features in an unknown
solute, and could suggest how the Chiraldex
functions, if results are compared with those for
unbranched alkanes, alcohols and aldehydes of
similar retention times. Such deductions might
be further assisted by comparing the results on
the A-DA phase with those from the larger

0021-9673/93/$06.00 © 1993 Elsevier Science Publishers B.V. All rights reserved
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molecular ring B-DA consisting of the same
dipentylated modification, but of B-cyclodextrin
and seven a-glucose units in a ring.

Volatile oils also contain terpene hydrocarbons
and their enantiomers have been resolved by
Konig et al. [4] using fully tri-pentylated 8- and
v-cyclodextrins. They were also used in 1990 by
Takeoka et al. [5] in diluted admixture with a
polysiloxane (which leaves their contribution to
separations confused) to resolve the terpene
hydrocarbons of ginger oil, and the esters of
grapefruit juice. Recently, monopentyl, dimethyl
B-cyclodextrin diluted in polysiloxane was used
by Bicchi et al. [6] to try to resolve ten pairs of

TABLE 1

367

enantiomers including limonene and menthol.
These, with a-pinene, fenchone, pulegone, bor-
neol, a-terpineol and linalol were not better
resolved by Schmalzing et al. [7] on tri-
methylated B-cyclodextrin when it was chemical-
ly bonded to a polysiloxane than on a mixture.

EXPERIMENTAL

Apparatus

A Hewlett-Packard 5790A gas chromatograph
was used, fitted with a capillary control unit, and
a splitter injection port and flame ionisation

RELATIVE RETENTION TIMES (n-UNDECANE =1.00) ON CHIRALDEX-DA (DIPENTYL) CAPILLARIES WITH

PERCENTAGE INCREASES ON CHANGING TO THE LARGER MOLECULAR RING

Average results. Percentage increase (inc) shown for solutes on changing from the smaller a- to the larger B-cyclodextrin
modification. Helium holdup times on both phases 0.25-0.30 min.

Solute . Gas chromatographic phases, used at various temperatures (°C)

100 125 150

B a % inc B a % inc B a % inc
Isoborneol I 3.46 7.78 3.45 125 6.35 3.33 91
Borneol B 3.95 8.36 3.84 118 6.87 3.57 92 -
Thujone T 3.17 1.08 193 2.69 1.24 117 2.52 1.36 85
Camphor CM 4.55 1.67 172 4.01 1.86 116 3.84 2.04 88
a-Terpineol a 3.65 6.96 3.47 101 5.78 3.19 81
4-Terpineol 4 2.83 5.26 2.85 85 4.54 2.88 58
Fenchone F 2.11 0.98 115 2.02 1.16 74 2.00 1.29 55
Menthone MN 3.16 1.59 9 2.80 1.73 62 2.65 1.85 43
Menthol ML 3.87 5.92 3.73 59 4.7 3.33 41
Carvone Ccv 3.48 5.30 3.54 50 4.53 3.54 28
Perillal PE 6.57 7.59 5.95 28
Linalol L 2.74 1.57 74 2.26 1.57 44 2.00 1.56 28
Pulegone PU 2.69 3.83 2.1 38 3.56 2.84 25
Piperitone PI 3.63 4.96 3.70 34 4.44 3.59 24
Citronellal CA 2.60 1.82 43 2.26 1.81 25 2.15 1.79 20
Citronellol CO 6.40 5.11 25 4.94 4.27 16
Geraniol G 6.60 6.36 4 4.88 5.04 -3
n-Dodecane DO 2.06 2.03 1.5 1.83 1.84 -0.5 1.70 1.73 -1.7
Citral CT 5.27 5.93 -11 4.29 5.02 -14
n-Decanal DA 2.96 3.78 -22 2.81 3.28 -14
n-Octanol (0] 2.43 3.26 -25 2.01 2.75 =27 1.81 2.37 —24
n-Undecane retention

time (min) 0.84 1.00 0.35 0.37 0.17 0.17
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detector both set at 235°C. A Hewlett-Packard
3380A recorder/integrator was attached.

The “Chiraldex-A-DA” and “B-DA” capil-
laries (from Advanced Separation Technologies,
Whippany, NJ, USA) 10 m X 0.25 mm 1.D. were
heated and cooled at less than 10°C min~" to
preserve the phases. Helium was the mobile
phase used at 1.5-2.0 ml min~ !, and as the
“make-up” gas for the detector.

Materials and methods

Solutes used were obtained from various com-
mercial sources including Aldrich, Allwest
(Perth), BDH, Dragoco (Holzminden), Koch-
Light, Sigma and T.C.I. (Tokyo). They are listed
in Table I and their structures presented in Fig.
1. The formula numbering used in this figure is

(=4

a

Fig. 1. Formulae of terpenoid solutes used. Their numbering
does not necessarily conform to required chemical nomencla-
ture. (a) Citral with 1-one and 2-3,6-7 diene. Citronellal
with 1-one and 6-7 monoene (see also 1c). Citronellol with
1-ol and 6-7 monoene. Geraniol with 1-ol and 2-3,6-7
diene. Linalol with 3-o0l and 1-2,6-7 diene. (b) Carvone with
3-one and 2-3",1'-2' diene. Menthol with 4-ol. Menthone
with 4-one. Perillal with l-one and 2-3,1'-2’ diene.
Piperitone with 4-one and 2-3 monoene. Pulegone with
4-one and 2'-3’' monoene. a-Terpineol with 6-ol and 2-3
monoene. 4-Terpineol with 3’-ol and 2-3 monene. (¢) Cit-
ronellal conformation, pseudo 3’-one. (d) Isoborneol (con-
tinuous lines). Borneol with 3-OH “down” instead of “up”.
Camphor with 3=0 instead of OH. (e) Fenchone: 6'-one or
3-one. (f) Thujone; 5'-one or 3-one.
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purely for the discussion in this paper, and is not
intended to be correct in a conventional chemical
sense. Thus aldehydes are considered as 1-ones,
with 4-terpineol and linalol as 3-ols. Injections of
traces of these solutes (strong alcoholic solutions
of borneols, camphor and menthol) were made
from a microsyringe which had been filled, then
“emptied”. Holdup times were deducted from
observed retention times, and obtained by ex-
trapolating to methane the times for n-heptane
and n-hexane plotted on semi-logarithmic graph

paper.

RESULTS AND DISCUSSION

Average results are given in Table I and
mostly depicted in Fig. 2 as relative retention
times to the inert n-undecane. A typical result
for an unbranched non-polar substance can be
expected from the next alkyl homologue
n-dodecane. The plot of its retention relevant to
undecane starts just above 2.0 and decreases,
with temperature increase, towards 1.7 on both
phases. The same typical decline (with different
higher values, greatest on the a-ring phase) is
shown by unbranched octanol and decanal; and
also by the branched eight-carbon chains of
geraniol (Fig. 2), citronellol and citral (main
peak used of mixture), with geraniol giving
similar values on both phases. We reported this
response on conventional phases in 1970 [8].
These solutes are all 1-ols or 1-ones (Fig. 1a) and
cyclic perillal is an example of the latter, with its
aldehyde group at the opposite end of a rigid
ring system to an isopropenyl chain. Unlike the
modified a-cyclodextrin capillary the Chiraldex-
B-DA showed all results (dashed lines) decreas-
ing with increase in temperature, so there were
no different patterns.

In contrast, on Chiraldex-A-DA 3-ols such as
monocyclic 4-terpineol, isoborneol (at lower
temperatures), and branched chain linalol, with
the monocylic 3-one carvone, show virtually no
change, i.e. practically a horizontal plot over a
temperature range. Surprisingly, this is also
exhibited by the branched chain aldehyde cit-
ronellal on this smaller ring phase. Perhaps this
solute flexes its molecules to adopt a conforma-
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10 /F /T

106 ng* 150° 1o0° reg® 1s0°c

Fig. 2. Average relative retention times to n-undecane of
monoterpenoids at three temperatures. Continuous lines, on
Chiraldex-A-DA; dashed lines, on Chiraldex-B-DA. Ab-
breviations for solute identities in Table I.

tion making it a pseudo-3-one (Fig. 1c), unlike
its comparable alcohol, citronellol? Citronellal
exhibits surprisingly low retention for a C,
unsaturated aldehyde on other phases too [8-10]
and so does not relate chromatographically to
citronellol as citral does to geraniol.

Of the other alcohols studied on the smaller
ring phase this leaves the monocyclic, 4-ol (from
either end) menthol (Fig. 1b) behaving like the
bicylic borneol which could also function as a
4-ol. They show a lesser decrease in relative
retention times than the 1-ols. Isoborneol may
behave like a 4-0l, and not a 3-ol, above 125°C,
possibly due to the juxtaposition of its alcohol
group to the paired methyis in the rigid molecule
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(Fig. 1d). The chiral isomers borneol and iso-
borneol can be resolved on normal phases, and
perhaps this 3 vs. 4-ol behaviour is involved?

Of the ketones considered, there is the group
of monocyclic, 4-ones (from either end)
pulegone and menthone, which show with
piperitone (at lower temperatures) an increase in
relative retention times on Chiraldex-A-DA with
temperature rise. Other ketones examined were
the bicyclics fenchone, thujone and camphor,
which although obviously 3-ones, do not behave
like carvone —they may actually function as
higher number ketones (Fig. 1d, e, f), giving a
larger continual increase. We previously ob-
served this relative increase [8] on normal phases
with isomenthone and camphor, but not with
pulegone or piperitone. These increases are not
shown on Chiraldex-B-DA.

A feature of changing to the larger ring phase
was the over 70% increase in relative retention
times at 125°C (over 50% increase at 150°C)
given by the bicyclic saturated alcohols and
ketones. For most the increase was over 115% at
125°C and the lower results for fenchone could
be because it is behaving as a 6-one on this phase
unlike the other bicylics. It is then like
a-terpineol, functioning as a 6-ol. The larger
B-cycodextrin molecular rings gave virtually no
change in relative relention times compared to
a- for the saturated linear hydrocarbon
dodecane and surprisingly for the diene geraniol
also (Table I and Fig. 2). They were thus
effective in retaining bulky, rigid, bicyclic mole-
cules, but less so with flexible, elongated
acyclics.

Geraniol was different to two other branched
unsaturated acyclics citronellol and citronellal.
These monoenes both gave a low 25% increase
at 125°C in relative retention times. In this
respect, citronellal is mimicking its corre-
sponding alcohol, but with much lower retention
times. The diene citral is different again in
showing a small decrease in relative retention
times on changing from the a- to the B-phase,
like the decreases shown by saturated un-
branched n-decanal and n-octanol. Chiraldex-
B-DA thus only shows more retention than
A-DA (for acyclics relative to undecane) with
the monoenes citronellol and citronellal, and not
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with saturated substances, nor the dienes gera-
niol and citral. This monoene affinity is sup-
ported by the «- to B-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 B-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-ols 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
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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-ol or alde-
hyde; “constant” values suggest 3-ol 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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ABSTRACT

The copper(II), nickel(I), palladium(II) and oxovanadium(IV) chelates of N,N'-ethylenebis(1,1,1-trifluoro-6-methyl-2-oxo-
heptan-4-imine) (H,TFIVA,en) and N,N’-1,2-propylenebis(1,1,1-trifluoro-6-methyl-2-oxoheptan-4-imine) (H,TFIVA,pn) were
eluted from gas chromatographic columns, but their copper and nickel chelates could not be resolved. The detection limits were
found to be 4-40 ng for each metal chelate. The copper, nickel, palladium and oxovanadium- chelates were separated on
reserved-phase HPLC columns, Nova Pak C,4 (150 X 3.9 mm) and Microsorb C,; (150 x 4.6 mm). Elution was obtained with a
binary mixture of methanol-water or a ternary mixture of methanol-acetonitrile—water. Detection was achieved using a UV
detector. Linear calibrations were obtained over the range 10-1200 ng and detection limits were 0.4-4.0 ng for the metal chelates.

INTRODUCTION

Metal chelates appear to be convenient species
for the determination of metals by gas chroma-
tography (GC) and high-performance liquid
chromatography (HPLC). A number of com-
plexing reagents for GC and HPLC of metals as
metal chelate compounds have been suggested
[1,2]. The most commonly used complexing
reagents are B-diketones, B-thioketones, bi- and
tetradentate ketoamine Schiff bases [3,4], dialkyl
dithiophosphates, dialky! dithiocarbamates and
oxines [5,6]. Tetradentate ketoamine Schiff

* Corresponding author.

0021-9673/93/$06.00

bases are interesting because they form neutral
and volatile metal chelates with copper(Il),
nickel(11), palladium(II), platinum(II) and oxo-
vanadium(IV). They also have high molar ab-
sorptivities in the ultraviolet region [7,8]. The
introduction of a trifluoromethyl! group adjacent
to carbonyl has a favourable effect on the ther-
mal stability and volatility of metal chelates [1].
Therefore, in the present work, two new fluori-
nated tetradentate ligands, N,N’-ethylenebis-
(1,1,1-trifluoro- 6 -methyl- 2 -oxoheptan- 4 -imine)
[bis (trifluoroisovalerylacetone) ethylenediimine]
(H,TFIVA,en) and N,N’-1,2-propylenebis(1,1,1-
trifluoro- 6 -oxoheptan- 4 -imine) [bis(trifiuoroiso-
valerylacetone)propylenediimine] (H,TFIVA ,pn),
have been examined for their possible use for
GC and HPLC separation of copper, nickel,
palladium and oxovanadium.

© 1993 Elsevier Science Publishers B.V. All rights reserved
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EXPERIMENTAL

The reagents H,TFIVA,en and H,TFIVA,pn
were prepared by condensation of 1,1,1-tri-
fluoro-6-methyl-heptane-2,4-dione  with ethyl-
enediamine or 1,2-propylenediamine in 2:1
molar ratio. The copper and nickel chelates were
prepared by heating together equimolar solu-
tions of reagent and copper(Il) acetate or
nickel(IT) acetate. Palladium(II) chelates were
prepared by refluxing together reagent solution
and palladium—benzonitrile adduct in benzene.
The oxovanadium chelates were prepared by the
ligand-exchange method [9,13].

Elemental microanalyses were carried out by
Elemental Micro Analysis, Devon, UK. Mass
spectromet’s of the reagents was performed at
the HEJ Research Institute of Chemistry, Uni-
versity of Karachi, Pakistan. Spectrometric
studies were carried out using an Hitachi 220
spectrophotometer.

Thermogravimetry (TG) and differential ther-
mal analysis (DTA) of metal chelates were
recorded on a Shimadzu TG 30 thermal analyser,
with a heating rate of 15°C/min and nitrogen
flow-rate of 50 cm®/min and samples of 5-12 mg.

A Hitachi 163 gas chromatograph equipped
with a flame ionization detector and a Hitachi
056 recorder was used. Stainless-steel columns
(2 mX3 mm and 3 mx3 mm) packed with
OV-101 (3%) or OV-17 (3%) on Chromosorb
W HP, 80-100 mesh, and Dexil GC 400 (2%)
on Uniport HP, 60—80 mesh, were used.

A Model 3700 gas chromatograph equipped
with a flame ionization detector (Varian Instru-
ments) and a DB-5 (methyl phenyl silicon)
column (J. and W. Scientific) (30 m X 0.25 mm
L.D., film thickness 0.25 um) were used.

A Hitachi 655A liquid chromatograph con-
nected to a variable-wavelength UV monitor, a
Rheodyne 7125 injector and a Hitachi 561 recor-
der was used. Nova Pak C,; (150 mm X 3.9 mm
L.D.) (Waters) and Microsorb (150 mm X 4.6
mm I.D.) (Hewlett Packard) columns were used.

RESULTS AND DISCUSSION

The results of elemental microanalyses corres-
ponded to the expected values. The mass and

(i) R= CHy CHICHy),# Ry=H

M= Cu, Ni,Pd, V0.
(i) R=CHp-CHICHy),  Ry=CHy

Fig. 1. Structural diagram of reagents and metal chelates.

infrared spectra agreed with the structure of
ligands and metal chelates assigned (Fig. 1) [13].

TG and DTA of metal chelates were per-
formed to check their volatility and thermal
stability. The results of thermoanalytical studies
(Fig. 2) show that rapid and single-stage weight
loss of copper, nickel and palladium chelates of
H,TFIVA,pn within 92-100% occurred in the
temperature range 205-365°C. However, the
oxovanadium chelate lost mass in three stages. A
major loss of 59% occurred between 225 and
350°C, with a maximum rate of loss at 310°C. A
secondary loss of 16% occurred by 405°C and a
total loss of 84% by 500°C.

The copper, nickel, palladium and oxovana-
dium chelates of H,TFIVA,en and H,TFIVA ,pn
were investigated on different packed columns,
but a better peak shape with baseline return was
observed on the 3 m X3 mm column packed
with Dexil GC 400 (2%) on Uniport HP, 60-80
mesh size. When separation of copper, nickel,
oxovanadium and palladium chelates of
H,TFIVA,en was attempted, copper, nickel and
oxovanadium co-eluted and only palladium could
be separated. Similarly, the palladium chelate of
H,TFIVA,pn was completely separated from the
copper, nickel and oxovanadium chelates, and
partial separation of oxovanadium from copper
and nickel was obtained, but no separation of
copper and nickel chelates was observed (Fig.
3). For the separation of copper and nickel, a
DB-5 (30 mm X 0.25 mm) capillary column was
also tried, but without any success.

The response of the flame ionization detector
using a packed column was compared with the
amount of the complex injected; calibration
curves were obtained by plotting average peak



M.Y. Khuhawar and A.L. Soomro | J. Chromatogr. 639 (1993) 371374

100 ke~ N
i ':
3
:
l\ TFIVAgnNi
N
80 %, ‘i —-------TFIVAZency
\\j‘\ ~xx—x=x=TF{VA enPd
i 1 \°\ ~—o—s—— TFIVA3 e nv0
by
[
60| | \
]
= ¥
|
<
)
& 4OF \
: \
£ *
- \
2 *
o
s ‘\
20} L
\
{
+
r \
R
500 400 300 200 100

Temp °C

Fig. 2. TG of metal chelates at a heating rate 15°C/min and
nitrogen flow-rate 50 cm®/min.

height (n = 3) versus amount of complex injected
and were found to be linear in the range 1-8 ug.
The detection limit measured as three times the
background noise was found to be 4-40 ng of
metal chelates, corresponding to 0.5-5 ng of a
metal ion, and compare favourably with related
compounds [4,8,10].

The metal chelates had reasonable thermal
stability and volatility on elution from GC
columns, but failed to separate adequately. It
was therefore decided to examine the reagents
for HPLC separation of their metal chelates.
HPLC was combined with variable UV detec-
tion.

The copper, nickel, palladium and oxovana-
dium complexes of H,TFIVA,en eluted easily
with a binary mixture of methanol and water on
a Nova-Pak C,, column, but optimal separation
of copper, nickel, palladium and oxovanadium
was obtained when complexes were isocratically
eluted with a ternary mixture of methanol-ace-
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VO [
Cu d
VO

Pd

Fig. 3. GC separation of (A) copper, oxovanadium and
palladium and (B) nickel, oxovanadium and palladium che-
lates of H,TFIVA,pn on a column (3 m X 3 mm) packed with
Dexil GC 400 (2%) on Uniport HP, 60-80 mesh size.
Column temperature, 260°C, with programmed rise in tem-

perature of 0.5°C/min up to 280°C; injection port tempera-
ture, 290°C; nitrogen flow-rate, 30 cm’/min.

tonitrile—water (65:7:28, v/v/v) (Fig. 4). The
order of elution was oxovanadium, copper, pal-
ladium and nickel, and retention volumes were
7.36, 26.21, 33.70 and 35.46 cm’, respectively. It
should be noted that resolution between pal-
ladium and nickel complexes at optimized condi-
tions of separation was only 1.03.

The elution and separation of metal chelates

Inj

VO Cu Py
[ A\_/\ M
1 [ 1 1 1 1 i 1 1 1 i I

0 6 12 18 min

Fig. 4. HPLC separation of oxovanadium, copper, palladium
and nickel chelates of H,TFIVA,en on a Nova Pak C;
(150X 3.9 mm) column. Elution: methanol-acetonitrile-

water (65:7:28, v/v/v), flow-rate 1.7 cm®/min. Detection UV
at 300 nm.
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Fig. 5. HPLC separation of oxovanadium, copper, nickel
and palladium chelates of H,TFIVA ,pn on a Microsorb C,,
(150 X 4.6 mm) column. Elution: water-methanol (15:85).
Flow-rate 1 cm®/min. Detection: UV at 260 nm.

of H,TFIVA,pn were investigated on a Mi-
crosorb C,; 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 cm®, 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

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
H,TFIVA,pn on a Microsorb C,4 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].

REFERENCES

1 P.C. Uden, J. Chromatogr., 313 (1984) 3.

2 G. Nickless, J. Chromatogr., 313 (1984) 129.

3 OW. Lau and W.I. Stephen, Arnal. Chim. Acta, 180
(1986) 417.

4 M.Y. Khuhawar, A.G.M. Vasandani and A.I. Soomro, J.
Chem. Soc. Pak., 12 (1990) 119.

5 S. Dilli, P.R. Hadded and K. Htoon, J. Chromatogr., 500
(1990) 313.

6 Yukio Nagaosa and Hiroki Kawabe and Alan M. Bord,
Anal. Chem., 63 (1991) 28.

7 S. Dilli and E. Patsalides, Anal. Chim. Acta, 128 (1981)
109. :

8 M.Y. Khuhawar and A.G.M. Vasandani, J. Chem. Soc.
Pak., 10 (1988) 213.

9 D.F. Martin and K. Ramiah, J. Inorg. Nucl. Chem., 27
(1965) 2027.

10 M.Y. Khuhawar and Altaf 1. Soomro, Anal. Chim. Acta,
268 (1992) 49.

11 M.Y. Khuhawar and Altaf 1. Soomro, J. Lig. Chroma-
togr., 15 (1992) 647.

12 M.Y. Khuhawar and Altaf 1. Scomro, Talanta, 39 (1992)
609.

13 M.Y. Khuhawar and Altaf 1. Soomro, J. Chem. Soc.
Pak., submitted for publication.



Journal of Chromatography, 639 (1993) 375-378
Elsevier Science Publishers B.V., Amsterdam

CHROM. 25 023

Short Communication

Separation of diastereomeric derivatives of enantiomers
by capillary zone electrophoresis with a polymer
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ABSTRACT

Diastereomeric derivatives of D- and L-tryptophan obtained by reaction with (+)-diacetyl-L-tartaric anhydride were separated
using capillary zone electrophoresis with polyvinylpyrrolidone as polymeric additive to the separation buffer. This additive is able
to undergo hydrophobic as well as dipolar interactions with the sample components and in this way influences the effective
mobility of the analytes. As this influence is of different strength for the two diastereomers, the selectivity for these separands is
enhanced. The application of such physical networks as a kind of “‘pseudophase” is of general significance as this method mirrors

reversed-phase chromatography using aqueous mobile phases.

INTRODUCTION

The separation of enantiomeric compounds
has gained widespread interest in the past decade

* Corresponding author.

* Present address: Istituto di Cromatografia, Consiglio
Nazionale delle Ricerche, Area della Ricerca di Roma, Via
Salaria km 29.300, 00016 Monterotondo Scalo, Rome,
Italy.

0021-9673/93/$06.00

and is still an important challenge for modern
separation techniques. Gas chromatography,
supercritical fluid chromatography and especial-
ly high-performance liquid chromatography
(HPLC) have been the most frequently used
techniques for the separation of enantiomers of
compounds with a broad structural variety. Dif-
ferent separation strategies are applied within
these chromatographic techniques. One is based
on the application of chiral selectors in the
chromatographic system, as a constituent of

© 1993 Elsevier Science Publishers B.V. All rights reserved
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either the stationary or the mobile phase. The
alternative strategy is based on the conversion of
the enantiomers into diastereomers by reacting
them with an optically pure agent. These dia-
stereomers can be separated on commonly em-
ployed non-chiral phases such as reversed-phase
systems.

The concept of chiral selection has been trans-
ferred to electrophoretic methods, especially to
isotachophoresis and capillary zone elec-
trophoresis (CZE) (see, for example, refs. 1-3).
In this case, it is used to try to influence the
effective mobilities of the individual enan-
tiomeric species to a different extent by utilizing
interactions with chiral selectors, which are
either easily soluble additives to the separation
buffer or compounds that form chiral micelles.
Soluble chiral selectors are successfully applied if
complexes with different association constants
are formed. This has been shown with chiral
chelator-metal complexes [4,5] and with
cyclodextrines and their derivatives [6-8], the
latter forming inclusion complexes with the sepa-
rated compounds. Chiral micelles [9-12], acting
as a kind of “‘pseudophase”, were introduced in
analogy with chiral phases in chromatography.

This paper deals with the approach of the
indirect separation of enantiomers by CZE,
namely via their diastereomeric derivatives. In
this case the analytes are transformed into com-
pounds with chemically different properties.
Such separations have been reported previously,
e.g. by applying sodium dodecyl sulphate (SDS)
micelles [13-15].

In the present paper a non-chiral physical
network is applied instead of the charged SDS
micelles as an additive to the separation buffer,
namely polyvinylpyrrolidone (PVP). It is used as
a polymer that is able to offer hydrophilic and
hydrophobic interactions with the analytes. This
paper illustrates the particular example, using
diastereomeric tryptophan derivatives, of the
amplification of the differences in the effective
mobilities of the diastereomers. However, it is
meant to be typical of the general approach
of using interactions between the chains of physi-
cal networks and analytes to obtain separa-
tion.

W. Schiitzner et al. | J. Chromatogr. 639 (1993) 375-378
EXPERIMENTAL

Chemicals and reagents

The chemicals used had the following specifi-
cation: DL-, D- and L-tryptophan (Serva, Heidel-
berg, Germany), benzene-1,3-disulphonic acid
(Fluka, Buchs, Switzerland) and (+)-diacetyl-
L-tartaric anhydride (Aldrich, Steinheim, Ger-
many) were all reagent grade; polyvinylpyrroli-
done 15 (mean molecular mass 11 000) (Serva);
NaH,PO,-H,0, Na,HPO,-12H,0, NH,OH
(30%), HCI (37%) and NaOH were all “purum”
quality (all from Carlo Erba, Milan, Italy).
Bidistilled water was used (Menichelli, Rome,
Italy). Acetonitrile was of “HiPerSolv”’ quality
(for HPLC, BDH, Poole, UK). For the coating
of the capillary 3-(trimethoxysilyl) propylmetha-
crylate (purum, Fluka), acrylamide, K,S,0, and
N,N,N’,N’-tetramethylethylenediamine (TEM-
ED) (all of electrophoresis purity; Bio-Rad
Labs., Richmond, CA, USA) were used.

Apparatus

The zone electrophoretic measurements were
carried out using the apparatus previously de-
scribed [5], consisting of a separation capillary
(kept at ambient temperature without thermo-
stating equipment), a high-voltage power supply
(Series EH; Glassmann, Whitehouse Station, NJ,
USA) and a variable-wavelength UV detector
(Model 2250; Varian, Palo Alto, CA, USA),
connected to an integrator (Chromatopac
C-R5A; Shimadzu, Kyoto, Japan).

The fused-silica separation capillary (Poly-
micro Technologies, Phoenix, AZ, USA) had
the following dimensions: 100 wm inner diam-
eter, 54 cm total length, 38 cm effective length to
the detector. It was coated to eliminate elec-
troosmosis [16].

The injection of the sample was carried out
hydrodynamically by keeping both ends of the
capillary for 5-10 s (depending on the viscosity
of the buffer solution) at a height difference of
about 10 cm.

Procedures
D-, L- and DL-tryptophan were reacted with
(+)-diacetyl-L-tartaric anhydride to form the
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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,OH 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 p-
and L-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

TABLE I
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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 L-isomer migrates more slowly than
the p-isomer. This leads to selectivity coeffi-
cients, r;, 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

MIGRATION TIMES, t,, AND SELECTIVITY COEFFICIENTS, r,,, OF THE DIASTEREOMERIC bD- AND
L-TRYPTOPHAN DERIVATIVES DEPENDING ON THE CONCENTRATION OF POLYVINYLPYRROLIDONE (PVP)

a

Concentration of PVP tri "Lp
(%, wiv)

D-Derivative L-Derivative Benzene-1,3-disulphonate
0 10.8" 5.61 1.00
1 10.9° 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

“ The selectivity coefficients are defined as the ratios of the effective mobilities of the separands.
* The migration times of the diastereomers cannot be distinguished within the measuring error.
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Fig. 1. Influence of the concentration of polyvinylpyrroli-
done in the buffering electrolyte on the separation of the
diastereoisomeric D- and L-tryptophan diacetyl-L-tartaric acid
monoamides. The concentration of polyvinylpyrrolidone
(mean molecular mass 11000) is given in %(w/v), as indi-
cated. Separation conditions: phosphate buffer pH 6.35,
concentration 0.016 mol/l; coated capillary: total length 54
cm (38 cm to detector); applied voltage 10 kV; temperature
24°C; analyte concentration (in water): 10™* mol/I; detec-
tion: UV absorbance at 233 nm.

applicability to other interactive additive/analyte
systems, and is analogous to that operating in
chromatographic reversed-phase systems.

This approach in fact seems to exhibit a
general significance for the adjustment of selec-
tivity in capillary electrophoresis far beyond the
separation of diastereomeric compounds. It is an
example of the important features of physical
networks (polymers and gels) in CZE besides
their discrimination properties according to the
size of large analytes (as applied, for example, as
a sieving medium for the separation of SDS
complexes of proteins [19]).

ACKNOWLEDGEMENT

Financial support for this work by the

W. Schiitzner et al. | J. Chromatogr. 639 (1993) 375-378

“Austrian Academic Exchange Service” (project
funded by the technical-scientific agreement be-
tween Austria and Italy) is acknowledged.

REFERENCES

1 J. Snopek, I. Jelinek and E. Smolkova-Keulemansova, J.
Chromatogr., 452 (1988) 571.

2 J. Snopek, I. Jelinek and E. Smolkova-Keulemansova, J.
Chromatogr., 609 (1992) 1.

3 R. Kuhn and S. Hoffstetter-Kuhn, Chromatographia, 34
(1992) 505.

4 A.S. Cohen, S. Terabe, J.A. Smith and B.L. Karger,
Anal. Chem., 59 (1987) 1021.

S S. Fanali, L. Ossicini, F. Foret and P. Bocek, J. Microcol.
Sep., 1 (1989) 190.

6 J. Snopek, 1. Jelinek and E. Smolkova-Keulemansova, J.
Chromatogr., 438 (1988) 211.

7 S. Fanali, J. Chromatogr., 474 (1989) 441.

8 S. Fanali, J. Chromatogr., 545 (1991) 437.

9 AS. Cohen, A. Paulus and B.L. Karger, Chroma-
tographia, 24 (1987) 15.

10 S. Terabe, M. Shibata and Y. Miyashita, J. Chromatogr.,
480 (1989) 403.

11 A. Dobashi, T. Ono, S. Hara and J. Yamaguchi, J.
Chromatogr., 480 (1989) 413.

12 K. Otsuka, J. Kawahara, K. Tatekawa and S. Terabe, J.
Chromatogr., 559 (1991) 209.

13 H. Nishi, T. Fukuyama and M. Matsuo, J. Microcol.
Sep., 2 (1990) 234.

14 LS. Lurie, J. Chromatogr., 605 (1992) 269.

15 A.D. Tran, T. Blanc and E.J. Leopold, J. Chromatogr.,
516 (1990) 241.

16 St. Hjerten, J. Chromatogr., 347 (1985) 191.

17 W. Lindner, Ch. Leitner and G. Uray, J. Chromatogr.,
316 (1984) 605.

18 Ch. Schwer and E. Kenndler, Chromatographia, 33
(1992) 331.

19 A. Widhalm, Ch. Schwer, D. Blaas and E. Kenndler, J.
Chromatogr., 549 (1991) 191.



Journal of Chromatography, 639 (1993) 379-380
Elsevier Science Publishers BV., Amsterdam

CHROM. 25 041

Book Review

Chemical analysis in complex matrices, edited by M.R. Smyth, Ellis Horwood-PTR 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, FT-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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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
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techniques and the problems with interfacing
these techniques is not mentioned at all. What 1
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.

Lund (Sweden) Gyorgy Marko-Varga
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Page 307, Abstract, lines 5 and 6: “The average limit of detection was about 10 nM”’ should read “The

average limit of detection was about 10 uM”.

Page 311, first column, lines 24 and 25: “fluoroaluminum species was found to be about 10 nM
(S/N =3)” should read “fluoroaluminum species was found to be about 10 uM (S/N = 3)”.

Page 311, second column, lines 1 and 2: “concentration was linear in the range of 10 to 500 nM ” should
read “concentration was linear in the range of 10 to 500 uM”.
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Chemiluminescence immunoassay is now
established as one of the best alternatives to
conventional radicimmunoassay for the quantitation
of low concentrations of analytes in complex
samples. During the last two decades the
technology has evolved into analytical procedures
whose performance far exceeds that of
immunoassays based on the use of radioactive
labels. Without the consiraints of radioactivity, the
scope of this type of analytical procedure has
widened beyond the confines of the specialist
clinical chemistry laboratory to other disciplines
such as microbiology, veterinary medicine,
agriculture, food and environmental testing. This is
the first work to present the topic as a subjectin its
own right.

In order to provide a complete picture of the subject,
overviews are presented of the individual areas of
chemiluminescence and immunoassay with
particular emphasis on the requirements for
interfacing chemiluminescent and immunochemical
reactions. The possible ways of configuring
chemiluminescence immunoassays are described.
State-of-the-art chemiluminescence immunoassay
systems are covered in detail together with those
systems which are commercially available.

The book is aimed at researchers and routine
laboratory staff in the life sciences who wish to make
use of this high-performance analytical technique
and also at those interested in industrial applications
of the technology in the food, agricultural and
environmental sciences.

Contents: 1. Introduction. 2. Chemi luminescence:
The Phenomenon. Photochemical and photophysical
processes. Luminescence. Chemiluminescence in
vivo: bioluminescence. Chemiluminescence in vitro.
Mechanistic aspects. Measurement. 3. Immunoassay.
Historical. Labelled-antigen and labelled-antibody
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Photochemical Interface. Suitable chemiluminescent
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Art. Indirect systems. Phthalhydrazide labels.
Acridinium labels. Practical aspects. 8. Future
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The choice of ideal experiments
is based on mathematical
concepts, but the author
adopts a practical approach
and uses theory only when
necessary. Written for
experimenters by an
experimenter, it is an
introduction to the philosophy
of scientific investigation. A
method for organizing and
conducting scientific
experiments is described in
this volume which enables
experimenters to reduce the
number of trials run, while
retaining all the parameters
that may influence the result.

Researchers with limited
time and resources at their
disposal will find this text a
valuable guide for solving
specific problems efficiently.
The presentation makes
extensive use of examples,
and the approach and
methods are graphical rather
than numerical. All calculations
can be performed on a
personal computer; readers
are assumed to have no
previous knowledge of the
subject. The presentation

is such that the beginner
may acquire a thorough
understanding of the basic
concepts. However, there is
also sufficient material to
challenge the advanced
student. The book is,
therefore, suitable for both
tirst and advanced courses.
The many examples can also
be used in detail for self-study
or as a reference.
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1. Research Strategy:
Definition and Objectives.
2. Two-Level Complete
Factorial Designs: 22.

3. Two-Level Complete
Factorial Designs: 2*.

4. Estimating Error and
Significant Effects.

5. The Concept of Optimal
Design.
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Examples.
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10. Trials Sequence.
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11. Mathematical Modelling
of Factorial 2" Designs.

12. Choosing Complemen-
tary Trials.

13. Beyond Influencing
Factors.

14. Practical Method of
Calculation Using a Quality
Example.

14(continued). Detailed
Calculations for the Truck
Suspension Springs Example.
15. Experimental Designs
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Designs.

17. Overview and Suggestions.
Appendix 1. Matrices and
Matrix Calculations.
Appendix 2. Statistics Useful
in Experimental Designs.
Appendix 3. Order of Trials
that Leaves the Effects of the
Main Factors Uninfluenced
by Linear Drift: Application of
a 2° Design.
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