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Abstract

The single-component adsorption isotherms of resorcinol, catechol and phenol between aqueous solutions and
LiChrosorb RP-18 were determined using the system peaks of these components. The single-component isotherms
obtained agree well with those derived by frontal analysis. For multi-component solutions at low concentrations,
the system peaks obtained are the combination of those observed for the different single-component systems (linear
range). When the concentration increases, the retention times and the areas of the different system peaks depend
on the nature and concentration of all the system components (non-linear range). The experimental results agree
well with the results predicted using the Langmuir competitive isotherms derived from the single-component
isotherms. The dependence of the system peak areas on these concentrations is especially complex. The
experimental results agree well, however, with those of calculations based on the use of the equilibrium-dispersive

model.

1. Introduction

In a number of cases involving most modes of
liquid chromatography, the mobile phase con-
tains additives that are retained on the stationary
phase [1]. In such cases, an equilibrium is
reached between the additive composition of the
two phases, and this equilibrium can be per-
turbed by changes in the column temperature or
in the composition of the mobile phase. These
perturbations can be used to study the thermo-
dynamics and kinetics of the phase equilibrium.

* Corresponding author.

0021-9673/94/$07.00
SSDI 0021-9673(94)00351-9

A typical perturbation is the injection of a
sample which does not have exactly the composi-
tion of the mobile phase. Upon such an injec-
tion, two sets of bands migrate along the column
and more peaks are recorded than there are
sample components. The first set corresponds to
the elution of these sample components. The
second set corresponds to the perturbation of the
additive equilibria. These peaks are called sys-
tem peaks.

The appearance of system peaks was reported
over 20 years ago [2,3]. Systematic investigations
of system peaks have been performed by several
groups, from different viewpoints [4-11]. The

© 1994 Elsevier Science BV. All rights reserved
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origin and characteristics of system peaks, and
the variety of information which can be derived
from their study, were discussed by Levin and
Grushka [12-14]. Theoretical discussions regard-
ing the fundamentals of system peaks were given
by Helfferich and Klein [15], Golshan-Shirazi
and Guiochon [16] and Riedo and Kovits [17].
Although there is an abundance of papers re-
garding the observation and the practical uses of
system peaks [1], there are few systematic ex-
perimental investigations related to the theoret-
ical aspects of the problem.

System peaks are relaxation signals whose
study permits an investigation of the underlying
equilibria of the additives between the two
phases [12]. According to the system peak theory
[1,15-17], when the mobile phase contains N
components, a weak solvent considered as not
adsorbed [18] and N —1 retained additives, we
observe N — 1 additive system peaks on injection
of a sample pulse or of a vacancy. These peaks
propagate at a velocity characteristic of the
additives. Note that some of these peaks may not
be detectable for a number of reasons [1]. If a
P-component sample is injected, we obtain also
for each component a peak that moves at a
velocity characteristic of the analyte. In this
work, we used mainly vacancy chromatography,
a technique in which samples of the pure weak
solvent are injected. In some experiments, solu-
tions containing mobile phase components of
composition different from that of the mobile
phase were also injected. Therefore P =0, and
we have only N — 1 system peaks. For the sake
of simplicity, they are referred to as the system
peaks.

An important feature of system peaks is that
when the sample size and hence the system
perturbation are small, their retention time is
independent of the nature of the sample in-
jected. However, the size of the perturbation
caused by a given amount of sample depends on
the nature of the injected sample. The system
peaks can even be positive or negative, depend-
ing on the nature of the sample and on the
detection mode. Each of these N —1 peaks can
be assigned to one and only one component of
the system only if there is no competition be-
tween them for retention. Conversely, when

there is competition for retention between the
components of the system, the migration of a
particular system peak can no longer be related
to a specific component. Further, the system
peaks are not pure, and each peak contains all of
the components involved in the competition, in
variable amounts. The migration of each system
peak is related to the combination of the in-
fluence of all the components. Accordingly, it is
difficult to deconvolute or predict the chromato-
grams.

The object of our work is the investigation of
the relationships between the retention times
and areas of system peaks and the equilibrium
isotherms of all the compounds involved. We
used simple, non-ionic systems, with one to three
additives, under linear and non-linear condi-
tions. We measured the isotherms by the classical
frontal analysis method, and from recorded
system peaks under a variety of experimental
conditions [19]. The experimental results are
compared with those of the theory of system
peaks reported previously [1,16].

2, Theory

Assuming the equilibrium-dispersive model
which lumps the band broadening effects of finite
axial dispersion and a finite kinetics of mass
transfer in the column into an apparent disper-
sion coefficient, the mass balance is written

aC.  aC, g, 3°C.
u~—’+—’+F~—qi=Da- 5 (1)

0z at at at

where u is the mobile phase velocity, z is the
distance along the column, 7 is the time, F is the
phase ratio [with F = (1 - ¢)/e and ¢ is the total
column porosity] and D, is the apparent disper-
sion coefficient. At equilibrium between the two
phases, the concentration of component j in the
stationary phase, gq;, is related to the mobile
phase concentrations of all the components of
the mobile phase by the equilibrium isotherm.
Assuming the competitive Langmuir isotherm
model for the present case, we have

__ 4G
1+ 2 bC,

q; (2)
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where a; and b, are the numerical coefficients of
the pure component Langmuir isotherm of com-
ponent j. The apparent dispersion coefficient is
related to the column HETP by

Hu '
D,==>5 3)

The initial condition is that the concentration
of the additive in the mobile phase throughout
the column is constant and equal to Cf:

C(z,t=0)=C; )

The boundary conditions correspond to a
perturbation of the equilibrium at the column
inlet:

C(z=0,1)=C; O=t=<t,
C(z=0,0)=C; t, <t (5)

where ¢, is the duration of the injection pulse
and C]'.’ is the additive concentration in the
injected sample, or perturbation. This latter
concentration dépends on the experimental con-
ditions. It is zero for a vacancy, but it can be
smaller or larger than C?.

According to the theory of system peaks [16],
unless the concentrations of all additives are
extremely low, the response of the column to a
perturbation is complex. It involves the forma-
tion of as many peaks as there are additives in
the system, even if the perturbation entails a
change in the concentration of a single additive.
The velocities of the peaks formed are given by
the eigenvalues of the matrix of the differentials,
8q,/8C;, of the competitive isotherm. If the
perturbation affects the concentrations of several
additives, e.g., of k. additives, k series of j
system peaks are formed, and the k system peaks
formed for each component of the system inter-
fere [16].

3. Experimental
3.1. Instrumentation
Experiments were carried out on an HP1050

(Hewlett-Packard, Palo Alto, CA, USA) liquid
chromatograph equipped with a diode-array UV

detector and an HPCHEM data station. Injec-
tions were done using a Rheodyne (Cotati, CA,
USA) injection valve with a 20-ul loop. The
temperature was kept constant at 30 = 0.1°C, by
placing the column in the stream of a circulating
water-bath. The UV spectra were recorded using
a Uvikon 930 instrument (Kontron, Zurich,
Switzerland).

3.2. Choice of detection wavelength

Chromatographic detectors are very sensitive.
At the concentrations used in this work, the
baseline becomes very noisy at the wavelengths
of the adsorption maxima in the spectrum which
are traditionally used. The precision of the
measurements of the retention times and areas
of the system peaks is then poor. The wave-
length was selected to optimize the signal-to-
noise ratio of the system peaks. For all mixtures,
detection was carried out at 240 nm for con-
centrations below 0.01 M and at 298 nm for
higher concentrations, as the molecular absorp-
tivities of resorcinol and phenol are negligible
and that of catechol is much smaller. In single-
component cases, detection was carried out at
240 nm for all concentrations.

3.3. Column

A 125x4 mm I.D. LiChrosorb RP-18 car-
tridge (Merck, Darmstadt, Germany) was used
for all the experiments.

3.4. Chemicals

Water (HPLC grade) was used as the weak
solvent in the mobile phase. The additives,
phenol, (Merck), catechol and resorcinol
(Sigma, St. Louis, MO, USA), were used as
received.

3.5. Methods

Experiments were carried out at a flow-rate of
2 ml/min. The chromatographic system was
washed with an acetonitrile—water solution be-
tween any change in the mobile phase composi-
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tion. The data station provided retention times
and peak areas.

4. Results and discussion

We studied three binary systems, with water
and each of the three additives, resorcinol (a),
catechol (b), and phenol (c). One system peak
was obtained in each instance (chromatograms
1-3, Fig. 1-I and 1-II). We also studied one
ternary system [a 1:1 mixture of resorcinol (a’)
and catechol (b') in water| and one quaternary
system [a 1:1:1 mixture of resorcinol (a”), cate-
chol (b") and phenol (¢") in water]. We obtained
two system peaks in the former instance (chro-
matogram 4, Fig. 1-I and 1-II), and three in the
later (chromatogram 5, Fig. 1-I and 1-1I). The
experiments reported in Fig. 1-I and 1-1I were
performed under the same experimental con-
ditions, except for the additive concentrations,
0.0005 M in Fig. 1-I and 0.01 M in Fig. 1-II. The
elution order of the three components is re-
sorcinol, catechol and phenol under the ana-
lytical conditions.

4.1. Retention of the system peaks

We measured the retention factors of the
system peaks [k'=(tg —1,)/t,] and compared
them with the theoretical values derived from
the isotherms. For binary mobile phases, the
retention time of the system peak is easily
predicted from the adsorption isotherm of the
additive in the weak solvent and its concen-
tration. The area of the system peak is simply
equivalent to the sample size, and is proportional
to An/F,, where F, is the flow-rate and An is the
amount of additive injected (positive for a pulse,
negative for a vacancy). The systematic determi-
nation of the system peak retention time as a
function of the additive concentration provides a
simple method of isotherm determination [19].

When the mobile phase contains several addi-
tives, the situation in more complicated, and it is
not possible to derive simply the multi-compo-
nent isotherms from' systematic determinations
of the retention times of the system peaks.

Theory indicates that, under non-linear condi-
tions, the composition of these peaks is mixed,
so none of the system peaks in a multi-com-
ponent mixture can be ascribed strictly to any
component of the mixture. The retention times
of these system peaks depend on the competitive
isotherms of all the additives involved in the
competition and on their concentration.

Experimental measurements of the retention
factors of system peaks

Measurements of system peak retention times
and areas were done for the different binary
mobile phases (solutions of phenol, resorcinol or
catechol in water), one ternary mobile phase (1:1.
resorcinol-catechol mixtures at different total
concentrations) and one quaternary mobile
phase (1:1:1 phenol-resorcinol-catechol mix-
tures at different total concentration). The tech-
nique of vacancy chromatography was used for
the measurements, with injection of small
amounts of water.

In the linear range, at concentrations below
ca. 0.5 mM, two system peaks were recorded for
the ternary and three for the quaternary mobile
phase (Fig. 1-I). Their retention times were
constant, and the same as those of small sample
pulses in elution, under linear conditions. As the
additive concentrations were increased above 1
mM, the retention times of the system peaks
began to decrease with increasing additive con-
centration (Fig. 1-II). This indicates the onset of
non-linear behavior, and of competitive interac-
tions between the components of the multi-com-
ponent mixtures.

Fig. 2-I-1I1 illustrate the dependence of the
retention factors of the additives on the con-
centration of the solutions for resorcinol (Fig.
2-1), catechol (Fig. 2-II) and phenol (Fig. 2-III).
The retention factors decrease rapidly with in-
creasing concentration in the range 1-20 mM.
They continue to decrease, more slowly but
steadily, for concentrations up to 100 mM. The
retention times of the three system peaks were
slightly, but significantly, different from those of
the pure compounds, demonstrating interactions
and hence competition between these compo-
nents. Thus, the system peaks can no longer be
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related to specific compounds. Their migration
rates depend on a combination of velocities.
Further, the composition of the material trans-
ported with the system peaks in ternary and
quaternary systems is a mixture of all compo-
nents, in different concentrations.

In the quaternary mobile phase, for example,
each peak contains a certain amount of each of
the three additives involved in the competition.
This effect is well illustrated in Fig. 1-1I, chro-
matogram 5. As the injection is a vacancy, while
all system peaks in linear chromatography are
negative (Fig. 1-1, trace 5), the third peak, ¢” in
this chromatogram, is positive. The signal re-
corded is the sum of the detector response to the
concentration signals of the three additives,
resorcinol, catechol and phenol. The balance in
peak ¢’ gives a positive signal. This positive
signal is in agreement with the prediction of the
system peak theory [16] because phenol and
resorcinol do not give a significant detector
response at 298 nm. In this instance, the area of
peak c” represents only the excess amount of
catechol eluted, and is positive as required by
theory.

Determination of adsorption isotherms
The single-component adsorption isotherms
were determined by frontal analysis and the

219

Table 1
Parameters of the best fit of the adsorption isotherms to the
Langmuir equation

Solute System peaks Frontal analysis
a b a b
Resorcinol 10.6 20.5 10.7 222
Catechol 12.4 17.7 13.7 19.8
Phenol 31.2 29.9 27.9 24.7

results are reported in Fig. 3. This method is
accurate, and its results are independent of any
assumption regarding the theory of chromatog-
raphy, provided that the adsorption isotherms
are convex upwards, and the band front exhibits
a shock layer. The isotherms were also derived
by integration of the plots of the system peak
retention factor, k', versus the additive concen-
tration, C, obtained for each single-component
mixture. The results are also shown in Fig. 3.
There is an excellent agreement between the two
sets of results.

The isotherm data were fitted to the Langmuir
equation. The best coefficients are reported in
Table 1 and the corresponding curves are plotted
in Fig. 3 (lines). The experimental data (sym-
bols) do not exhibit any systematic deviations
from the model at high concentrations. The low

O SPA experimental
B FA experimental
— fit to Langmuir SPA

0.6 - ~—— fit to Langmuir FA

0.4

Cs

0.2

0.0rf

resorcinol

1 T
0.00 0.02

| T 1
0.08 0.10

Fig. 3. Adsorption isotherms of resorcinol, catechol and phenol, measured by frontal analysis (FA) and by system peak analysis
(SPA). The best values of the parameters of the Langmuir model are given in Table 1.
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concentration results (retention times of small
pulses in water, initial slopes of the isotherms)
are also in satisfactory agreement.

The first parameter, a, of the Langmuir iso-
therm can also be derived easily from the re-
tention factor of a very small size sample of the
additive injected in the pure solvent [a = k}/F =
(tr 0 — to)/(Fty), where F is the phase ratio].
These values of a are 11.0, 13.3 and 33.5 for
resorcinol, catechol and phenol, respectively.
Although the experimental isotherm data fitted
the Langmuir model well, the values of a derived
from the three methods, the fit of the frontal
analysis and of the system peak data to the
Langmuir model and the measurement of k|
under linear conditions, were slightly different
for resorcinol. The difference was larger for
phenol. This observatioti is not uncommon and
illustrates the sensitivity of the isotherm determi-
nation, the problem of fitting experimental data
to a two-parameter model [1] and, possibly, the
lack of homogeneity of the surface of adsor-
bents, which are often more active at very low
surface coverages.

Validity of the Langmuir competitive isotherm
model

The column saturation capacities for resorcinol
and catechol are close (Table 1). Thus, the
competitive Langmuir model (Eq. 2) is expected
to account properly for the competitive adsorp-
tion behavior of the two components [16]. Intro-
ducing in this equation the coefficients given in
‘Table 1 permits the calculation of the apparent
retention factor of a small pulse or vacancy of
component j. Using the approach described
previously [16], and taking the coefficients of the
single component Langmuir isotherms in the
calculation, we calculated the retention factors of
the three system peaks, a, b, and c, in the binary
mixtures and of the system peaks a’ and b’ in the
ternary mixtures.

The results of the calculation made for the
ternary mobile phase (resorcinol, catechol and
water) are shown as the lines in Fig. 2-1 and 2-1I.
These lines are the plots of the retention factors
of the two system peaks a’ and b’, versus the
concentration of the 1:1 mixture used. As can be

seen, there is a substantial agreement between
the experimental data and the retention factors
derived from the competitive Langmuir isotherm
model. This justifies the theoretical approach
[16], and the use of the Langmuir competitive
model to account for the adsorption behavior of
the two components in the present experimental
case.

A similar approach could not be extended to
the competitive adsorption behavior between
phenol and resorcinol and catechol. The satura-
tion capacities of the adsorbent for phenol and
the other two components are too different to
allow the use of the competitive Langmuir model
to account for their competitive interactions.

4.2. System peak areas

Although the retention of system peaks has
already been used extensively in their study in
connection with isotherm determination, for
example, their areas have been far less sys-
tematically investigated. Peak areas were mea-
sured under non-competitive and competitive
conditions for the various system peaks re-
corded. We assumed that the detector response is
linear.

Systein peak areas under non-competitive
conditions

Under linear conditions, each system peak can
be ascribed to one mobile phase component,
hence the peak area is proportional to the size of
the disturbance, i.¢., to the extent of the vacancy
created by the injection provided that the detec-
tor response is linear. The peak area is indepen-
dent of the nature and concentration of the other
components of the sample. The spectra of the
three components studied are given in Fig. 4-1
and 4-11. The positive spectra in Fig. 4-1 were
recorded from the top of small elution peaks and
the negative spectra were recorded from the
trough of the vacancy peaks. Fig. 4-I(1) shows
the spectra obtained with binary mixtures, i.e.,
with pure additives at a concentration of 0.5
mM. Fig. 4-1(2) shows the spectra in the case of
the quaternary mixture, with concentrations of
0.1 mM for each additive. There are virtually no
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differences, and the positive (elution in water)
and negative (vacancy) spectra are mirror im-
ages. These observations confirm our earlier
conclusions regarding the lack of competitive
interactions between these components at low
concentrations (below 1 mM).

Small samples of water containing only one of
the three “additives in the quaternary mixture
were injected, instead of the standard vacancy
injected in previous experiments. The concen-
tration of this single additive was increased while
the vacancy of the other two components re-
mained constant. The peak area was plotted
versus the amount injected. The experiment was
repeated for each additive. The results are
plotted in Fig. 5-I-III. They are in agreement
with similar, previous results obtained with ionic
systems {12-14]. As expected, the peak area of
only one additive changes during these experi-
ments. It is the area of the additive whose
concentration in the sample was changed during
the series of experiments. The calibration line
intersects the abscissa axis at C =0.5 mM, the
additive concentration ion the mobile phase.

System peak areas under competitive conditions

Experimental results with the ternary mobile
phase. At high additive concentrations, competi-
tive adsorption behavior results in a more com-
plex situation [16]. The chromatogram obtained
depends on the number of components and their
elution order compared with the additive system
peak itself [1]. If the detector responds only to
the additive (indirect detection), the system
peaks associated with each component are posi-
tive when the components are eluted before the
additive system peak and negative when they are
eluted later [16,17]. The additive system peak is
negative if all the components are eluted before
it, and positive if they are all eluted after it. If
some components are eluted before the additives
and others are eluted later, the sign and size of
the additive system peak result from a mass
balance of all the perturbations, positive or
negative, caused by the injection of the sample.
The total algebraic area of these perturbations is

200000
® Resorcinol
O Catechol
[o:} & Phenol
I
i
«
0
!& o L3 k] o
[}
]
200000 v
0.0000 0.0005 0.0010 0.0015
[Resorcinol] in the Sample M
.-
O Resorcinol
8 Catechol
8 A Phenol
[
< o , _
e
]
g .
200000 T -
0.0000 0.0005 0.0010 0.0015
[Catechiol] in the Sample M
O Resorcinol III
O Carechot
- & Phenol
bt 0
1 % —a—A—
<
'M a1 o
2] & =t
53 ° o °
ey
-200000 T
0.0000 0.0005 0.0010 0.0015

[Phenol] in the Sample M

Fig. 5. Plots of the areas of the three system peaks as a
function of the additive concentrations. (I) Resorcinol; (II)
catechol; (III) phenol. Mobile phase, resorcinol-catechol—
phenol (0.5 mM each) (1:1:1). Detection at 240 nm.

equivalent to the detector response for the
amount An of additive.

As seen in Fig. 6, the areas of all the system
peaks vary with increasing concentration of any
one of the additives in the sample volume. This
is simply explained by the fact that at high
concentration each system peak contains every
component of the system, albeit in varying
amounts. The results shown in Fig. 6 were
obtained with the ternary mobile phase (1:1
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(1:1). Detection at 298 nm.

resorcinol—catechol at 10 mM each). When solu-
tions of increasing concentrations in resorcinol
were injected, the area of the first system peak
(@’) increased linearly, whereas the area of the
second system peak (b’) decreased linearly.
Adding a constant concentration, 10 mM, of
catechol to the sample shifted the response curve
of the second system peak by a fixed, positive

amount, whereas it hardly changed the response
for the first system peak. Conversely, when
solutions of catechol of increasing concentrations
were injected, the areas of both system peaks
increased linearly. Adding a 10 mM resorcinol
concentration to the sample shifted the first peak
response upwards and the second peak response
downwards by fixed amounts.

If a sample of one of the two additives having
a concentration equal to the additive concen-
tration in the mobile phase is injected, the
corresponding system peak does not vanish. Its
area does not become zero (Fig. 6), in contrast
to what happens under linear conditions (Fig. 5).
Only when the sample and the mobile phase
have the same composition does the system
peaks vanish. This effect is due to the presence
of both additives in each of the two system
peaks.

The influence of competitive adsorption be-
havior on the area of system peaks becomes
noticeable at concentrations above 0.5 mM. We
also measured UV spectra as in Fig. 4-1(2) in a
quaternary system at 0.5 mM each. The spectra
were no longer exact mirror images of each
other. This demonstrates the occurrence of some
non-linear effects at a concentration of 0.5 mM
in each of the three additives.

Calculated chromatograms for the ternary
mixture. The chromatograms from which Fig. 6
was derived were calculated using the algorithms
described previously [16] and the competitive
Langmuir isotherm derived above, for a 10 mM
mobile phase concentration. The chromatograms
obtained are given in Fig. 7-I-VII. The con-
centrations of the two components (resorcinol
and catechol, respectively) in the samples were
lower than in the mobile phase in the chromato-
grams in Fig. 7-I and 7-VI, and higher in the
chromatograms in Fig. 7-1II and 7-VL. In the
chromatograms in Fig. 7-II and 7-V these con-
centrations were the same. The vacancy chro-
matogram was also calculated, and is shown in
Fig. 7-VIIL.

Although both phenol and resorcinol absorb at
298 nm (see Fig. 4-II), their response factors are
low compared with that of catechol. For the sake
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of simplicity in the following discussion, we
assume that the responses of phenol and re-
sorcinol are negligible compared with that of
catechol. This is not entirely true and a small
correction should be applied to the quantitative
results. The nature of the argument would re-
main unchanged, however. The comparison of
Figs. 1-II (chromatogram 4) and 7-VII shows
clearly that the profiles calculated for catechol,
the only compound which is detected by the UV
detector at 298 nm (Fig. 4-II), are nearly identi-
cal with the experimental chromatograms. The
same agreement was observed in all other ex-
periments (not reported). The areas of the
system peaks were derived and are plotted
against the sample concentration of resorcinol
and catechol in Fig. 8-I-III and 8-1V-VI, respec-
tively. The plots of the experimental data in Fig.
6-I-1I and of the calculated data in Fig. 8-IV-VI
are very similar. The experimental results re-
ported in Fig. 6 can now be explained in detail,
assuming that catechol is the detection agent for
the system peaks recorded at 298 nm, and that
the “resorcinol” peak recorded is in fact due to
its catechol content. The small contribution of
the UV absorbance of resorcinol is neglected.
When resorcinol was injected, the detected
signals are the two perturbations to the catechol
equilibrium, the one which travels with the
catechol vacancy and the one which travels with

the resorcinol pulse. When the injected amount
of resorcinol increases (Fig. 6-1), the amount of
catechol expelled from the stationary phase by
the competitive effect of the increasing amount
of resorcinol also increases, and the absolute
value of the area of the corresponding (negative,
b’) peak increases, hence the area of the first
system peak (peak a’), increases (Figs. 6-1 and
8-I-1IT). Assuming that catechol is the only
detection agent of peaks a’ and b’, the area of
peak b’ can be determined by observing that the
sum of the areas of the peaks a’ and b’ is
equivalent to the injected amount An of cate-
chol, i.e., to the difference between the amounts
of catechol in the vacancy pulse injected and in
an equal volume of mobile phase. Similarly,
when the injected amount of catechol increases,
the areas of all recorded peaks increase (Fig.
6-II), although the amount of resorcinol in the
second system peak actually decreases (Fig.
8-IV-VI), but the resorcinol response is negli-
gible in these experiments.

As seen in Fig. 6, the slopes of the plots of the
peak areas versus injected amounts of resorcinol
or catechol were the same whether the injected
pulse contained or not a constant amounts of the
other hydroxyphenol. The addition of the other
component merely caused a vertical shift in the
position of the straight line obtained. The addi-
tion of a constant amount of catechol to the
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Fig. 8. Plots of the area of the calculated system peaks versus the sample concentration. Samples: I-1II, resorcinol; IV-VI,

catechol. Mobile phase composition as in Fig. 6.

resorcinol pulses caused a positive shift on the
two response curves, confirming the distribution
of catechol between the two peaks, and the fact
that it is the catechol response which is recorded.
The addition of a constant amount of resorcinol
to the catechol pulses caused a positive shift of
the first and a negative shift of the second peak
response factor. This illustrates the influence of
resorcinol on the distribution of catechol be-

tween the two system peaks, and further con-
firms the presence of both components in both
system peaks.

Study of a quaternary mobile phase. The depen-
dence of the system peak areas on the sample
size was also studied for the quaternary mobile
phase. Constant volumes of samples of increas-
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ing concentrations in resorcinol, catechol or
phenol were injected in a mobile phase con-
taining an equal concentration (10 mM) of each
of the three phenols. The results are shown in
Fig. 9-I-1II1. The interpretation ‘of the results is
greatly simplified by the assumption that in each
instance the signal recorded is the variation of
the catechol concentration, and that the small
contributions of phenol and resorcinol are negli-
gible. Because the concentrations of the com-
ponents of the mobile phase are high enough for
the equilibrium behaviour to be non-linear, a
change in the catechol concentration is associ-
ated with each of the three system peaks. This
change gives rise to the three peaks observed
and measured. The same three system peaks also
appeared in vacancy chromatography, when a
sample of pure water was injected, but the first
two were negative and the third one positive
(Fig. 1-II, chromatogram 5). This result is in
agreement with the system peak theory [16],
since the UV detector responds mainly to cate-
chol at this wavelength (Fig. 4-II).

When a sample of resorcinol is injected (Fig.
9-1), the area of the third peak remains nearly
constant, whereas the areas of the other two
peaks follow the same trend as for the ternary
mixture (Fig. 6-I). The area of the first peak
increase whereas that of the second peak de-
creases with increasing sample size, in agreement
with the system peak theory [16]. This confirms
that the competition between resorcinol and
catechol is intense, as demonstrated above.
Because the response of resorcinol is negligible,
however, no further conclusions can be derived
from the fact that the area of the third peak, i.e.,
the amount of catechol travelling with it, is
constant. Especially, we cannot draw conclusions
regarding the lack of competition between
phenol and the other two additives.

The injection of catechol samples leads to very
similar conclusions (Fig. 9-II). The area of the
third peak is small and remains nearly constant.
The area of the other two peaks increase, the
first more slowly than the second, which is to be
expected as catechol contributes much more to
the second than to the first peak. Finally, the
injection of phenol samples results in a marked
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Fig. 9. Plots of the areas of the three system peaks versus the
sample concentration. Sample: I, resorcinol; II, catechol; III,
phenol. Mobile phase, resorcinol-catechol-phenol (10 mM
each) (1:1:1). Detection at 298 nm.

decrease in the area of the third system peak,
which, initially positive (for a vacancy, see Fig.
1-1I, chromatogram 5), becomes negative for a
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phenol concentration slightly lower than 10 mM.
The areas of the first two peaks, initially nega-
tive, increase slowly with increasing sample size,
i.e., decrease in absolute terms. The catechol
concentration in the third peak decreases with
increasing phenol sample size, while the catechol
concentration increases in the second peak. This
result is again in agreement with the system peak
theory. It shows also that there is competition
between phenol and the two hydroxyphenols, as
phenol is not detected at 298 nm. This competi-
tion explains the decrease in the catechol content
of the third system peak.

5. Conclusions

The experimental results presented above val-
idate earlier theoretical developments regarding
the behavior of system peaks in multi-component
chromatographic mobile phases [1,16]. The
equilibrium of the retained additives between the
mobile and the stationary phases is perturbed by
the injection of any sample having a composition
different, however slightly, from that of the
mobile phase. The study of these perturbations
can provide useful information on the nature of
the equilibrium. It is important to recognize that,
because the equilibrium isotherms are not linear,
and that they are coupled in multi-component
systems, the retention times of the pulses, and
also their areas, depend on the mobile phase
composition, and each system peak is actually a
local perturbation of all the equilibria involved.
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Abstract

Local, on-column electrochemical detection was carried out in the amperometric mode at different points of the
column outlet cross-section. This permitted the determination of the spatial distribution of analyte molecules within
the chromatographic zone at the column exit. The radial distribution of the peak-maximum velocity, the local
efficiency and the analyte concentration were determined for a commercial column and for several laboratory-
packed columns made with different solid particles and with a commercial silica-based stationary phase. An
important region of the packing close to the wall is denser, has a lower permeability and a lower efficiency than the
core of the packing. The concentration along the wall is lower than average, in part because of the lower efficiency.

1. Introduction

In the entire chromatography literature, with
only very few exceptions [1-5], most of them
nearly twenty years old, columns are seen as
unidimensional. This means that their radial
homogeneity is assumed to be sufficiently high
on the scale of the column radius for minor
radial fluctuations of the packing density not to
cause any problems. The analyte bands are
assumed to exhibit a constant concentration over
the entire column cross-section. Similarly, if a
preparative column is overloaded, the degree of
overload, or loading factor, is.assumed to be
constant in the radial direction. There is little
experimental evidence in support of these as-
sumptions, except for the feeling, not entirely
unjustified, that should it be otherwise, column
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performance would be drastically decreased
compared to what is routinely achieved.

In the early development stage of high-per-
formance liquid chromatography, Knox and co-
workers [1,2] showed that packed columns are
not radially homogeneous, but that there is a
wall region, extending to ca. 30 particle diame-
ters from the wall, which is less homogeneous
than the column core. If the column is suffi-
ciently wide in relation to its diameter and to the
particle size, the molecules of a sample injected
in the center of the column would not have time
to reach the wall region before they elute. Thus,
the zone would move in a highly homogeneous
packing and the column performance would be
as good as if the wall region did not exist and the
packing was entirely homogeneous. By contrast,
if a sufficient proportion of the molecules in a
zone can reach the wall region and experience
the dispersive effect of this different and less

© 1994 Elsevier Science BV. All rights reserved
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homogeneous part of the packing, the apparent
column efficiency drops markedly [2]. Knox and
co-workers [1,2] recommended the use of col-
umns having a diameter in excess of four stan-
dard deviations of the radial dispersion. For all
practical purposes, these columns would be
equivalent to “infinite diameter columns” [1].

The technological developments of liquid
chromatography have made this approach practi-
cally impossible to follow. Conventional 1/4 in.
O.D. (1 in. =2.54 cm) columns are somewhat
long and narrow, making marginal the achieve-
ment of the infinite column diameter condition.
A 250X 4.6 mm column packed with 10-um
particles has to be operated at a reduced ve-
locity, v, in excess of 5 (v should exceed 20 with
d,=20 pm, 2 with d,=5 pm) to satisfy the
infinite diameter column condition [2]. Since
these columns are usually operated at reduced
velocities of around 8 in most analytical applica-
tions, the condition would be satisfied provided
the injection is made at the very column center
and the diameter of the injected pulse is very
small. However, syringe injection has been uni-
versally replaced by valve injection. The sample
band is carried into the column by the mobile
phase stream which flushes the content of the
sample loop. This makes it impossible to per-
form an axial injection. On the contrary, the
injection pulse is spread over the entire column
cross-section area. Similarly, in preparative chro-
matography injection is made by switching, for a
given period of time, the sample solution for the
mobile phase as the pump feed. The use of valve
injection is not compatible with the operation of
any column under the ‘infinite diameter col-
umn’” mode.

Later, Eon [3] studied radial dispersion in
chromatographic columns. He showed that radial
dispersion proceeds at a slower pace than axial
dispersion. This is in agreement with the results
of Knox et al. [2] and with the general results
derived from thin-layer chromatography [6].
However, his careful measurements demonstra-
ted that, as a larger and larger fraction of the
sample penetrates into the wall region, the
column height equivalent to a theoretical plate

(HETP) appears to increase with increasing
column length instead of remaining constant,
which is a basic tenet of the theory of linear
chromatography. This fact may explain various
inconsistencies found in the literature regarding
the plate height equations and, in Eon’s opinion,
casts some serious doubts regarding the validity
of the conclusions of many publications made in
this area [3]. Finally, Eon [3] showed that radial
compression improves markedly column per-
formance, presumably because it reduces the
density difference between the wall region and
the column core.

Recently, Baur et al. [4] have investigated the
radial distribution of analyte molecules in chro-
matographic bands by means of electrochemical
detection in the amperometric mode, using car-
bon fiber electrodes placed close behind the
column outlet frit. They found that the radial
distribution of the analyte concentration across
narrow analytical columns (ca. 3.2 mm [.D.) was
surprisingly uneven, although valve injection was
used which obviously should prevent the
achievement of an axial injection. The retention
time is a few percents larger along the wall than
in the center. They also showed that the coeffi-
cient of axial dispersion and the column ef-
ficiency depends strongly on the radial position.
The reduced plate height may be four times as
large along the wall than in the center part of the
column. The radial concentration profiles mea-
sured were used to reconstruct the band profiles
recorded with a bulk detector. This work dem-
onstrates that at least a large part of the residual
tailing observed in cases where there can be little
polar interaction between solutes and stationary
phase is due to the wall effects.

In spite of their .clarity and importance, these .
results have not yet been assimilated in the
culture of chromatographers. For the last twenty
years, analysts have generally assumed that wall
effects are negligible in analytical columns. It
seems strange to them that any significant fluc-
tuations of the packing density may arise over
distances as short as the column radius, cause an
uneven radial distribution of the concentration of
analytes, and have major effects on the column
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efficiency. The packing material does look
homogeneous, and unpacking columns does not
show any difference between core and wall
regions. Finally, it is not easy to detect the
effects shown by Knox and co-workers [1,2],
Eon [3] and Baur et al. [4]. Conventional detec-
tors determine the cross-section average con-
centration of the mobile phase and are useless
for the purpose. Knox et al. [2] and Eon [3] used
a dual polarographic detector for their ex-
perimental studies. This is not an easy technique.
Injections have to be repeated many times since
the chromatogram in one single point of the
column cross-section can be recorded. Finally,
and most importantly, the range of column
efficiencies currently achieved seems satisfactory
to most users.

The problem of column homogeneity is
becoming relevant again, however. There is
growing evidence that preparative columns are at
least moderately inhomogeneous [7,8] and
should be considered as two-dimensional packed
beds, i.e., cylindrical, rather than one-dimen-
sional ones, i.e., linear. Recent modeling studies
have shown that the long-range fluctuation of the
mobile phase velocity in a radially compressed
preparative column may exceed 5%, but does
not probably reach 10%, except in really bad
situations [5]. In conventional packed columns,
voids are known to appear at the top of the
column after some period of time. This forma-
tion is blamed on the lack of “wall support” of
the packing [9]. It is certainly due, at least in
most part, to a progressive settling of the pack-
ing particles, accompanied by a decrease in the
column porosity [7-9]. The cause of this phe-
nomenon, and the factors which influence its
kinetics are unknown at present. The packing
homogeneity and stability of preparative col-
umns needs systematic investigations [8].

Because even the packing structure of ana-
lytical columns is still poorly known and under-
stood, it seems interesting to investigate it again
in this context. In this first paper, we report on
the results of systematic measurements of the
radial distribution of the mobile phase velocity
and the radial shape of the elution band of a

compound on various analytical columns by
means of on-column electrochemical detection.
Simultaneous measurements were carried out at
different locations.

2. Experimental
2.1. Detection device

Conventional detectors measure the cross-sec-
tion average composition of the eluent at column
outlet. The distribution of the analyte molecules
along the column axis is classical. The determi-
nation of the radial distribution requires local,
on-column determination of the concentration of
the eluent at different points of the cross-section-
al area, allowing for mapping the analyte dis-
tribution over this area before all molecules
reunite in the effluent, heading then for the
post-column bulk detector.

Like Baur et al. [4], we used electrochemical
detection in the amperometric mode, with gold
electrodes rather than carbon fiber electrodes
placed close behind the column outlet frit. The
gold microelectrodes were prepared by inserting
a 50-um nominal diameter gold wire into a 25—
30 mm long section of fused-silica capillary
tubing 150 pum L.D. (Polymicro Technologies,
Phoenix, AZ, USA). The space between the
gold wire and the inner wall of the tube was
filled with an epoxy resin (Epon Resin 828,
Shell, Houston, TX, USA). The tips of the
electrodes were polished with diamond paste
(sizes 1 then 1/4). The other end of the gold wire
was connected to a copper conductor by means
of a silver epoxy connection (Epo-tek H20E;
Epoxy Technology, Billerica, MA, USA), insu-
lated with the same epoxy resin. Cyclic vol-
tammograms were run with a BAS 100 electro-
chemical analyzer (Bioanalytical Systems, West
Lafayette, IN, USA) in order to assess for the
actual area of the electrodes.

To avoid obvious electrical problems, the
electrodes were inserted in holes drilled into a
non-metallic frit (Upchurch Scientific, Oak Har-
bor, WA, USA) placed at the outlet end of the



234 T. Farkas et al. | J. Chromatogr. A 679 (1994) 231-245

Frits
Pt counter

Column electrode

L

Packing
7 st

Au workin
electrodes

oy Ag/AgCl
7 reference
electrode

Ferrule

.

Fig. 1. Schematic of the detector arrangement for four gold
working electrodes, a platinum counter electrode and a
reference electrode.

chromatographic column. Four electrode tips are
placed at different radial positions, facing a
second, identical frit placed against the column
packing and holding it when the external frit is
rotated to permit the acquisition of other sets of
data (Fig. 1). One electrode is placed near the
center of the frit, two other electrodes are at
almost equal distance from the axis, at about
r./2 (r, = column radius), in perpendicular direc-
tions, and a fourth electrode is close to the wall
(Fig. 2). In order to acquire more data points
over the column cross-section area, each experi-

Fig. 2. Position of the electrodes at the column end (solid
symbols) and successive positions during a measurement
cycle (solid and open symbols).

ment was done four times, and the frit was
rotated by 90° steps around the column axis
between successive experiments. Thus, 16 data
points are collected in each case. The electrode
positions are shown in Fig. 2, with the four solid
black symbols corresponding to the points col-
lected at one position of the frit.

The aspect of the polished electrode surface
was investigated under microscope. All four
electrode tips protruding slightly from the frit
could be brought together into focus under a
high-resolution microscope. Thus, the four elec-
trode tips were in the same plane perpendicular
to the column axis. The outlet fitting of the
column was modified in order to allow for a
four-electrode set-up, for the amperometric de-
tection of electroactive compounds. A platinum
counter electrode, and an Ag/AgCl reference

.electrode were placed behind the outlet frit in

the cup-shaped fitting (Fig. 1). The output of
each electrode was amplified by means of a
Voltammograph Model CV-37 (Bioanalytical
Systems). Systematic electrode fouling was ex-
perienced. The electrode tips were cleaned be-
fore each experimental run by means of sweep-
ing the applied potential from —~1 to +1 V
(electrolytic polishing).

2.2. Liquid chromatography equipment

The chromatographic system consisted of a
Waters (Milford, MA, USA) HPLC Pump
Model 510, a Spectraflow Model 575 absorbance
detector (Applied Biosystems, Ramsey, NI,
USA) as the bulk detector, when needed, and a
Rheodyne (Cotati CA, USA) HPLC injection
valve Model 7010. The data of either the UV
detector or the four electrochemical detectors
were acquired using a Waters system interface
module with two A/D convertor boards permit-
ting the simultaneous monitoring of four detec-
tors. Waters Maxima 820 version 3.3 software
was used to collect the data at a rate of 10 data
points per second. The data files were uploaded
to one of the computers of the University of
Tennessee Computer Center for further calcula-
tions.
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2.3. Injection profile

The shape of the injection profile has a critical
importance in this work. Significant spacial de-
viations of the profile of the injected plug of
sample from the shape of a rectangular band
propagating under piston flow conditions would
affect the elution profile as much as the lack of
radial homogeneity in the column packing that
we try to investigate. It is important to de-
termine the possible contribution of the injection
profile to our results. The problem of the in-
fluence of the design and operating conditions of
the injection device on the band profile has been
lucidly discussed by Kirkland et al. [10]. Only
the considerable improvements made during the
last twenty years to the chromatographic equip-
ment have affected the conclusions of this work.
Modern columns are closed with a low porosity
frit which is tightly crimped at the column inlet.
A distributor is placed on the top of the column,
above the frit. This provides a relatively flat
profile for the front of the injection band when it
reaches the column inlet. Because of the
parabolic profile of the flow velocity across an
empty tube such as the sample loop, the rear of
the injection profile tends to assume also a
parabolic shape. The use of a narrow, coiled
capillary tube as sample loop enhances the radial
diffusion in this tube by triggering a secondary
circulation. This contributes to alleviate the
curved rear of the injection profile.

Measurements of the electrode responses to
the injection of samples in a column of length
L =0, obtained by putting the assembly of
electrodes described later directly against an
inlet frit and a distributor has given results
showing an almost flat injection band, although
its axial profile is far from rectangular. Fig. 3
shows typical injection profiles recorded under
the same conditions as those used for the chro-
matograms discussed later in this report and
obtained with real columns having 15 to 25 cm in
length. The sample concentration rises and de-
cays slightly more slowly along the column wall
than in its center. However, there is little differ-
ence between the maxima of the two profiles and
the delay between the maxima of the profiles

0.2

electrode
in center

electrode
at wall

detector output (volt)
0.08

0.08

0.0 0. 02 © 03 o o5

time (min)

Fig. 3. Injection profiles recorded without column, using the
center and wall electrodes.

recorded at the column center (first arrived) and
along the column wall is of the order of 0.5 s
only, to be compared with values of the order of
12 s observed at the column exit between the
retention times of the corresponding profiles at
the column center and along its wall.

This demonstrates that the results reported
below are due essentially to phenomena taking
place inside the column. The contribution of the
equipment and, more specifically, of the injec-
tion device to these results is essentially negli-
gible.

2.4. Chromatographic columns

Most of the investigated columns (200 X 4.6
mm) were packed in the laboratory with com-
mercially available packing materials; 40-um
glass beads (EM Separations, Gibbstown, NJ,
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USA), 10- and 16-um porous silica and C,;-silica
(PQ Corp., now BTR Separation, Wilmington,
DE, USA) were used. A Kromasil (Eka Nobel,
Bohus, Sweden) KR10-16-C,4 column packed by
the manufacturer was also studied.

2.5. Chromatographic mobile phase

A 0.1 M KCl aqueous electrolyte solution was
used as the mobile phase, except for the revers-
ed-phase columns packed with C,q silica. Since
this material is poorly wet by water [11], 20%
methanol was added to the mobile phase. This
concentration was chosen because it was the
highest for which the amperometric detector
worked satisfactorily. It was insufficient, how-
ever, to achieve good efficiencies with the re-
versed-phase column. Fig. 4 shows a convention-
al plot of the reduced height equivalent to a
theoretical plate for benzoquinone (see next
section) on this column as a function of the

3

Reduced Plate Height

0 10 30 40

20
Reduced Velocity
Fig. 4. Plot of the reduced plate height versus the reduced
velocity for the Kromasil KR100-16-C,; column. Column
dimensions, 100 X 4.6 mm; particle size, 16 wm; mobile
phase, methanol-0.1 M aqueous KCl (20:80). Sample,
benzoquinone, 0.1 M solution.

reduced velocity. The data in Fig. 4 were ob-
tained with the UV detector, measuring the
column efficiency from the concentration profile
in the bulk stream of mobile phase. A value
nearly half as large was observed for the mini-
mum plate height with the same column and
compound but a water—methanol (40:60) solu-
tion as the mobile phase. This suggests that this
commercial column is well packed.

The use of a saline, water-rich solution as
eluent of a silica column guarantees low or
negligible retention factors for most analytes.
This is not a problem in the present work, as we
study the hydrodynamic properties of the packed
bed. Their effects on band profiles is expected to
be independent of the possible retention, and to
contribute to the total band width following the
rule of variance additivity [12]. The influence on
the analyte retention of local fluctuations of the
stationary phase density will be studied separ-
ately.

2.6. Samples

As explained above, the effect studied is
clearer on a non-retained peak. Sensitive detec-
tion is not an issue either. The samples were
chosen to optimize the behavior of the am-
perometric detector. Several compounds, potas-
sium ferricyanide, hydroquinone and benzoquin-
one could easily be detected electrochemically
under conditions satisfactory for our purpose.
However, the electrolyte mobile phase is corro-
sive and dissolved enough Fe’" from the stain-
less-steel column wall to cause rapid fouling and
clogging of the column and exit frit by deposition
of Prussian Blue. This ruled out the use of the
ferricyanide/ferrocyanide redox couple.

Dilute solutions of benzoquinone in the elec-
trolyte solution used as the mobile phase proved
to be much more stable than the too readily
oxidizable hydroquinone solutions. Because of
the poor solubility of benzoquinone in elec-
trolyte solution used as mobile phase, 1- 1077 to
1-10"* M solutions were used. The applied
potential difference between the working elec-
trode and the reference electrode for optimum
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benzoquinone detection was —0.45 V. Samples
of 20 ul were injected for each experiment.

2.7. Calibration

Calibration proved to be the most difficult task
of this work. It was only partly successful, as we
were able to measure only the relative con-
centrations of the tracer. In order to calculate
the local concentration of analyte from the value
of the current drawn during the experiment, the
response factor for each microelectrode has to be
determined. Cyclic voltammograms were run as
mentioned previously, and from the value of the
resulting limiting current, the actual area of the
electrode could be calculated. This parameter
cannot be used in the calibration for two
reasons.

First, the gold surface of the electrode proved
to be highly sensitive to electrochemical fouling
that could not be entirely removed by rinsing or
ultrasonication. This fouling reduces the active
area of the electrode, hence diminishes the
response factor. Thus, a frequent, systematic
electrochemical cleaning is necessary. However,
each cycle of electrolytic polishing removes also
a thin metal layer from the fresh gold surface
that could not be removed and later small pieces
of epoxy insulation around the electrode tip. As
a consequence, the active area of the electrode
increases in time. These two phenomena have
opposite effects. Overall, we found that the
limiting current increased significantly during the
first week of using the electrode, and then
decreased gradually to very small values due to
irreversible surface deactivation. The cyclic vol-
tammograms run before using the electrode, and
after one week of usage are shown in Fig. 5,
demonstrating the effects of an initial increase of
the active electrode area, followed by electro-
chemical fouling of the electrode tip.

The electrode response factor could not be
determined by elution experiments because, al-
though the initial concentration of the injected
sample is known, the local, actual concentration
at the electrode tip is unknown as a consequence
of the radial distribution of analyte concentration

%ﬂﬁ

=

Fig. 5. Cyclic voltammograms run (a) with the electrodes in
their initial clean state; (b) after 1 week of experiments.
Solution, 0.05 M benzoquinone in 0.1 M KCl. Scan rate, 20
mV/s.

within the component zone. Recalculating the
actual electrode area after every short series of
experiments by running cyclic voltammograms
under steady-state conditions is not practical
because of the poor mechanical resistance of the
electrodes.

Frontal analysis provides the only practical
solution. In this case, the four electrodes are
measuring the concentration of the same solution
when the plateau at the injection concentration
has been reached. This permits the calibration of
each electrode relative to the others at the
beginning and end of each such experiment.
However, the method is quite time consuming,
and the extent to which it can be used is limited
by fouling, so only a small number of calibration
points can be acquired. Accordingly, it was
carried out only in connection with the measure-
ments made for the determination of the radial
distribution of the analyte concentration. Other
experiments were performed without relating the
signals of the individual electrodes to the solute
concentration.
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2.8. Procedures and reproducibility

Each experiment consists in the injection of a
small, known amount of benzoquinone as a
dilute solution, and the recording of the four
electrode signals. The experiment is repeated a
number of times, with rotation of the electrode
holder by an angle of 90° between successive
determinations.

The repeatability of the experiment is assessed
periodically by performing series of injections
without intermediate rotations, with successive
rotations of 360° angles, and with successive
rotations of 90° angles. The first series of such
experiments gives the repeatability of the injec-
tion and detection systems. The results of one
such experiment are reported in Fig. 6a. The
profiles obtained are identical. The slight shift
between the successive signals is due to fluctua-
tions in the delay between the manual actuation
of the injection valve and the data acquisition
device. Table 1 shows the reproducibility of the
differences between the retention times mea-
sured with two different electrodes (6 different
pairs). Since the two electrodes at /2 from the
column center are at 90° angle, the difference
between their peak maxima is small and less
reproducible than for the other five pairs.

The second series of experiments includes the
contribution of the additional error made in
repositioning the electrodes. Typical results are
given in Fig. 6b which shows essentially the same
degree of repeatability. The results of the third
series of experiments are illustrated in Fig. 6c, as
plots of the difference between the retention
times measured from the signal of the central
electrode and from each of the three other
electrodes. The repeatability of the signal of the
central electrode is the same as in Fig. 6b, and its
fluctuations are due to errors in the timing of the
initial data point. This error does not affect the
differences shown in Fig. 6c. The repeatability of
this difference under the conditions of Fig. 6a is
0.005 min. The fluctuations seen in Fig. 6c,
especially at the wall, demonstrate that the
velocity distribution is not exactly cylindrical.
Obviously, the fluctuations of the retention time
observed across the column exceeds largely the
errors of measurements.

3. Results and discussion

3.1. Radial distribution of the mobile phase
velocity

It would be difficult and meaningless to mea-
sure the velocity in any given point of the
column. This velocity is chaotic, not only in
space, but also in time, because of the eddies
which form between particles. The velocity var-
ies rapidly and considerably from the wall of a
particle to the center of each interparticle chan-

~nel. Some averaging is necessary. The cross-

section averaged velocity, u=L/t,, is widely
used to characterize the convective transport

‘along the column. To study the packing homo-

geneity we need to average the velocity over a
distance which is short compared to the column
diameter, but large compared to the particle
size. The electrode diameter (50 pm) is barely
larger than the coarser particles used in this work
(40 pm), but the electrode is placed in a silica
sleeve (150 wm) which causes the formation of a
local eddy, hence averaging on a space scale of
the order of a few particle diameters, which
seems to be sufficient. In the plots presented
here we give the relative difference, (u —u)/u,
between this local average velocity and the cross-
section averaged velocity, u = L/¢,.

In an homogeneously packed tube, the radial
profile of the velocity averaged over a few
particle diameters should be essentially constant,
from the axis to the wall. The effect of a lower
packing density at the very wall, because par-
ticles cannot penetrate into a smooth wall, would
be averaged out if the velocity measured is an
average calculated over a few particle diameters.
The classical Poiseuille parabolic velocity profile
applies to empty tubes, to some extent to the
interparticle channels (which have too small an
aspect ratio for this law to apply strictly), but not
to packed columns. Experimental results, how-
ever, deviate from this ideal model of the ve-
locity profile.

The plots in Figs. 7a—d show the results
obtained for the distribution of the mobile phase
velocity in the different columns studied. Fig. 7a
shows a three-dimensional plot of the velocity
versus the position of the electrodes in the 40-
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Table 1
Reproducibility of retention time differences

Electrode Atg (s) o (s) o/t (%)
pair®

C-w 7.23 0.53 7.2
C-M1 2.10 0.10 2.8
C-M2 3.90 0.25 6.5
M1-M2 1.15 0.36 32
M1-w 10.5 0.48 4.6

M2-w 7.80 0.40 5.0

The injections were done without moving the electrodes

between successive injections. Average and relative standard

deviation (a/¢;) of 8 experimental results.

* C = Center electrode; M1 = electrode at r,/2, in the plane
of C and W; M2 = other electrode at r,/2; W = electrode at
the wall (see Fig. 2).

pm glass bead column. It is obvious that the
mobile phase velocity is systematically lower
close to the wall than in the center of the
column. There is a high velocity ridge about
half-way through the column, where the velocity
is maximum. This ridge is more clearly visible in
Fig. 7b, which is a projection of the data in Fig.
7a on the z,y plane of Fig. 7a. The velocity is
nearly constant over a core section of the pack-
ing which has a diameter of nearly a third of the
column inner diameter. The diameter of the
ridge is equal to approximately two third of the
column diameter.

The phenomenon is unambiguous. The time
differences observed are important, much larger
than the experimental errors, as shown in the
section on reproducibility (see Figs. 6a—c). For
example, the delay between the elution of the
fastest peak (electrodes half way from the center
to the wall) and the slowest peak (along the wall)
is of the order of 14 s (12% of tg), while the
band width at half-height of these peaks does not
exceed 10 s, and the standard deviation on the
retention time of a peak is between 0.1 and 0.5 s,
depending on experimental conditions (table or
figure).

The glass bead column was unpacked, then
repacked twice. The new results are shown in
Fig. 7c, as a plot of the relative velocity differ-
ences versus the radial position of the electrode

for all measurements made on these columns.
This plot shows that the velocity distribution is
highly repeatable, except, may be, at the very
wall, where angular fluctuations do exit (Fig. 7c).
This result demonstrates that the packing meth-
od used provides column beds which are highly
reproducible, even though they are not ideal.
Finally, Fig. 7d compares the results obtained
with one of the 40-um glass bead columns, and a
10-pum silica particle column also packed by us.
The radial distributions obtained are nearly
identical, although the retention factor of benzo-
quinone in this case was different from 0 (k' =
0.22). This shows that the phenomenon observed
does not strongly depends on the solute reten-
tion, as expected from its hydrodynamic nature.

This phenomenon was not observed by Knox
et al., who report “little [radial] variation of
peak-maximum velocity” [2, summary] for an 11
mm L.D. column, but still a 4% higher velocity at
the wall than at the center [2, Fig. 6b]. Eon [3]
obtained similar results with two 17 mm I.D.
columns, one made of steel, the other of PTFE
(for radial compression). The velocity near the
wall is 3 to 4% higher than in the column center.
In neither case is there any velocity ridge around
the column core region. Results similar to ours
were reported by Baur et al. [4] who used a 3.2
mm [.D. column, and found that the retention
time increases by a few percents close to the wall
(2% at 0.2 mm from the wall, i.e., at 65 particle
diameters). In our columns, the thickness of the
wall region seems to be ca. 15% of the column
diameter, or 30 particle diameters, a figure in
excellent agreement with the values reported by
Knox et al. [2] and by Eon [3] for the thickness
of the wall region in their columns. Opposite to
these authors’ findings, however, and in agree-
ment with Baur et al., we observe that the
velocity is lower at the wall, by up to 12%, and
not higher.

3.2. Radial distribution of the column efficiency

For the sake of providing proper reference, we
have shown in Fig. 4 the conventional plots of
the reduced column efficiency versus the reduced
mobile phase velocity, as measured with the UV
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Data obtained with one column packed 40-um glass beads and with one column packed with 10-um porous silica particles,

overlaid.

detector for the commercial column. As benzo-
quinone is practically not retained on any of the
columns, the slope of the curve at high reduced
velocities is essentially due to mass transfer
resistances in the mobile phase. It is smaller for
glass bead columns than for conventional silica
columns, as the beads are not porous. Note,
however, that because of its definition, the cross-
sectional average velocity depends on the inter-
nal porosity of the particles. For a given flow-

rate, the hold-up time is approximately twice as
large for a porous silica particle (with total
porosity = 0.8) as for non-porous glass beads,
hence u is twice smaller, while the actual values
of the solvent velocities around the particles are
the same.

The width recorded for an elution band de-
pends considerably on the position of the elec-
trode. As seen in the Figs. 8a—c, the column
efficiency calculated from the width of the band
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at half-height depends much upon the radial
position of the electrode. However, the results
obtained with the different columns show more
variability for the efficiency than for the mobile
phase velocity distribution.

Fig. 8a illustrates the dependence of the ef-

ficiency on the electrode position in the exit
cross-section for the column packed with 40-um
glass beads. The most efficient section of this
column seems to involve the core and the inter-
mediate region corresponding to the velocity
ridge. Within this center, most of the data points
are around 900 theoretical plates, corresponding
to a reduced plate height of ca. 5.5 (for a
reduced velocity of ca. 90). However, some data
points in this region can be as low as 300 plates,
which is very poor, and unexpected. The ef-
ficiency drops sharply in the region close to the
column wall, where all the data points are below
350 plates. Furthermore, peaks recorded at ra-
dial positions close to the wall show strongly
distorted and wide band shapes. Examples are
shown in Fig. 9.

Fig. 8b shows a plot of the column HETP
versus the radial position of the electrode for the
column packed with 10-wm particles. The result
is quite similar, but with the notable difference
of a clear maximum at the velocity ridge, where
the efficiency is nearly three times larger than
along the wall, against 2.5 times in the center.
As in the other column (Fig. 8a), the efficiency
drop is precipituous around two-thirds of the
distance between the center and the wall. As
seen in both Fig. 8a and b, it seems that the
column is not exactly cylindrical, but that the
“wall region” is thicker along some directions
than along others.

As seen in Fig. 8c, the commercial column,
packed with 16-um particles, seems to be some-
what more homogeneous than our packed col-
umns, although the results are substantially the
same. The shape of the plot of the column
efficiency versus the radial position is quite
similar to those seen in Fig. 8b, and to that of
the plot of the peak-maximum velocity versus
the radius (Fig. 7d). The column efficiency is
poor at the column wall, maximum along the
velocity ridge, and lower at the center. However,
the efficiency drop observed near the column
wall is much less important than in the other
columns. The efficiency at the wall is about 60%
of the maximum, along the velocity ridge, and,
quite surprisingly, more than 90% of the ef-
ficiency in the core region. This column is
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certainly much more homogeneously packed
than those made in our laboratory.

These results agree with those previously pub-
lished, but only to a point. As reported here,
Knox et al. [2], Eon [3], and Baur et al. [4]
found that the column efficiency is much better
at the center than along the wall. The profiles of
the radial distribution of the column efficiency
shown by Knox and co-workers [2], by Eon [3]
and by Baur et al. [4] are similar to those shown
in Fig. 8. In all these cases and in the present
work, the maximum efficiency is two to three
times higher than the efficiency near the wall.
However, all these authors found the column
efficiency to be constant in the central core
region. This is not the case for the different
columns studied here, even for the commercial
column. This shows that more work is necessary
to develop an improved packing technology
which could reduce or eliminate the wall region
and give a more homogeneous, more efficient
packed bed.

A consequence of the experimental results of
previous authors, confirmed by our own results,
is that markedly better separations could be
performed by HPLC if only on-column detection
were used. A three-fold gain in column efficiency
is a major achievement, translating into a 70%
better resolution, or three times faster analyses.
If this approach is used, however, the positioning
of the detecting sensor should be carefully
chosen, inside the core area within half a column
radius from the column axis, or better, along the
velocity ridge.

3.3. Radial distribution of analyte concentration

Fig. 10a shows the distribution of the signal
maximum over the column cross-section cor-
rected for the differences in response compared
to the electrode placed close to the column axis.
Despite the relative lack of precision in the
determination of the local concentrations at
different values of the column radius, we see that
the maximum concentration of the peaks is
largest at the column center and in the core
region, while it is three to four times lower along
the column wall.
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This result is in agreement with our previous
findings. Since the bands are wider and the
column efficiency is poorer at the wall than in
the core region, the same amount of material
injected per unit surface area will give a peak
shorter along the wall than in the center. How-
ever, multiplying the peak height and its width at
half-height gives a figure which is proportional to
the peak area. This value is not constant across
the column, but increases, albeit much less

rapidly than the peak height, from the column
wall to its center (Fig. 10b). This latter finding
explains why the large peak width recorded at
the column wall does not contribute more to the
overall peak width observed with a bulk detec-
tor. The results shown in Fig. 10a are in excel-
lent agreement with those of Baur et al. [4]. The
ratio of the maximum peak concentrations at the
column center and along its wall is ca. 5 in their
case, about 3 to 4 in ours.
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As shown in the Experimental section, it is
possible to rule out any significant contribution
of the injection band profile to the radial dis-
tribution of the solute concentration. The princi-
ple, design and mode of operation of the sam-
pling valve and its connection to the column
permit the achievement of almost flat injection
profiles. Because the concentration profile of an
analyte along the wall passes later and is wider
and shorter than in the column center, the signal
of a bulk detector is bound to exhibit some
degree of tailing, even if the peak profile at any
point of the column cross-section is Gaussian.
This phenomenon could provide a likely expla-
nation to the puzzling tailing exhibited by weakly
polar or non-polar compounds on well-deacti-
vated, end-capped, carefully bonded octadecyl
silica packings.

4. Conclusions

Although the details of our results are differ-
ent from those obtained by previous workers
[1-4], there is a substantial agreement regarding
the nature of the phenomenon. Analytical HPLC
columns are not radially homogeneous. On the
contrary, a rather homogeneous core is sur-
rounded by a thick layer of packing along the
wall. The thickness of this layer is around 30 to
50 particle diameters. Why this layer is some-
times less permeable and probably denser than
the core, as in our experiments and those of
Baur et al. [4], while in other cases it is more
permeable, as in the experiments of Knox and
co-workers [1,2] and Eon [3], and why this is so,
remains open for discussion. This observation is
important as it does not seem to be consistent
with the conventional explanation regarding the
low stability of the beds in preparative columns,
that these beds are lacking “wall support”. The
wall region contributes more to band broadening
than the core region. Band profiles recorded at
the column wall are later eluted, more dilute and

wider than those recorded in the center during
the same experiment.

As a consequence, analytical columns are
operated under experimental conditions where a
significant fraction of their potential performance
is wasted. A small concentration sensor placed at
the column axis would see narrower, better
resolved and more concentrated bands. Recent
progress in the realization of microelectrodes
and optical fibers could permit the design of
improved chromatographs. The fact that the
analyte is more concentrated in the areas where
the efficiency is higher renders this approach
more attractive.

The behavior of packed column beds and the
dynamics of the packing methods are still poorly
understood [7-9]. Further progress in the per-
formance of analytical as well as preparative
columns could be expected from research done
in these areas.
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Abstract

The chromatographic properties of metaphosphates of Mg, Ca, Sr, Mn, Fe, Al and Y prepared as crystalline
particles of 4-10 pum were studied. Each metaphosphate (MPi) column except the Mn,[P,O,,] column showed
similar retentions and elution orders of all the basic proteins tested and retention of only a few acidic proteins such
as y-globulins and some iron-binding proteins. The Mn,[P,0,,] column retained most acidic and all the basic
proteins used. The difference in the conformation between the iron-complexed and iron-poor proteins was
discriminated in transferrin chromatography using the MPi columns, except for the Mn,[P,O,,] column, and in
conalbumin using the B-Ca(PO,), and B-Sr(PO;), columns. The Mg,[P,O,] and Mn,[P,O,,] columns retained
DNA, whereas the other MPi columns could not retain all the nucleotides and nucleic acids tested. The MPi
columns studied had excellent mechanical strength and thermal and chemical stability. The zeta potentials of all the
MPi materials studied were negative over a wide pH range of 0.01 M sodium phosphate solution.

1. Introduction

In a previous study [1], pyrophosphate (PPi),
one of the condensed phosphates, was found to
have interesting chromatographic properties: the
retention properties of basic proteins of various
PPi materials with different crystal systems and
metals were similar to each other and to those of
hydroxyapatite (HAP), but those for acidic pro-
teins, nucleotides and nucleic acids were differ-
ent, depending on the kind of PPi column. PPi
materials and orthophosphates such as HAP can
be used as packing materials for high-perform-
ance liquid chromatography.

The condensed phosphates form a very large
group of pentavalent phosphorus compounds. A

* Corresponding author.

0021-9673/94/$07.00
SSDI 0021-9673(94)00539-L

metaphosphate (MP1) is also a form of a typical
condensed phosphate. Although the type of
phosphate group mainly dominates the physical
and chemical properties of the condensed phos-
phates, the component metal ion may also be
important [2,3]. Various metaphosphates of al-
kaline earth metals, transition metals and other
polyvalent metals display excellent resistance to
dissolution in acidic and alkaline solutions [4].
Moreover, they are inorganic salts, so that it is
possible to work in a wide temperature range.
Taking into account these properties, MPis are
expected to be promising packing materials for
chromatographic applications. This paper reports
the chromatographic properties of various MPi
materials including long-chain polyphosphates
which approximate the MPi composition, which

- were all prepared as crystalline particles.

© 1994 Elsevier Science BV. All rights reserved
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2. Experimental
2.1. Materials

All proteins, nucleotides and nucleic acids
used in this study, purchased from Sigma (St.
Louis, MO, USA), were the same as those used
previously [1].

2.2. Preparation of metaphosphates

The seven metaphosphates listed in Table 1
were synthesized by a solid-state reaction as
follows. Mg,[P,0,,] (MgMP), Mn,[P,0,,]
(MnMP), Fe(PO;),(C) [FeMP(C)] and Y(PO,),
(YMP) were prepared by mixing the corre-
sponding metal oxides and ammonium dihydro-
genphosphate (molar ratio of divalent metal to
phosphorus = 1:2, trivalent metal to phosphorus
=1:3, respectively), heating at 600°C in air,
grinding and reheating at 800°C. Al,[P,0,,]5(A)
[AIMP(A)], B-Ca(PO;), (B-CaMP) and gB-
St(PO,), (B-StMP) were prepared by the same
method, except that the corresponding metal
hydroxides instead of oxides were used as raw
materials.

These products were classified using an air
classifier, and particles of 4-10 um were used as
packing materials.

Table 1
Metaphosphates prepared in this study

Metaphosphate ~ Abbreviation Crystal Linkage
system of PO,
tetrahedra
Mg,[P,O,,] MgMP Monoclinic  Ring
B-Ca(PO,), B-CaMP Monoclinic Long chain
B-S1(PO,), a-StMP Monoclinic Long chain
Mn,[P,0,,] MnMP Monoclinic  Ring
Fe(PO,),(C*)  FeMP(C) Monoclinic Long chain®
AL[P,O,,1,(AY)  AIMP(A) Cubic Ring
Y(PO,), YMP Monoclinic Long chain

* According to the notation of d’Yvoir [5] and Remy and
Bulle [6].
® According to Ref. [7].

2.3. Analysis of products

The crystalline phases, morphology, pore-size
distribution and specific surface area of the MPi
products were measured by the methods de-
scribed previously [1]. The zeta potentials of the
MPi products were measured by a streaming
potential technique [8] using a 0.01 M solution of
sodium phosphate with a ZP-10B streaming
potential analyser (Shimadzu, Kyoto, Japan).
The zeta potential and also the pH of the
supernatant solution after allowing the MPi
products to settle were measured periodically
until an apparent equilibrium was attained.

2.4. Chromatographic procedure

The MPi products (4-10 wm) were packed in a
stainless-steel tube (100 mm %X 8 mm 1.D.) under
a 300 kg/cm® pressure using the slurry packing
method. The chromatographic procedures were
the same used previously [1], and the experimen-
tal conditions will be only briefly summarized
here: eluent, sodium phosphate buffer (pH 6.8);
gradient, 5.00- 10> M/min from 0.001 to 0.3 M
for proteins and from 0.001 to 0.8 M for nu-
cleotides and nucleic acids; flow-rate, 1 ml/min;
detection, UV at 280 nm for proteins and 260 nm
for nucleotides and nucleic acids.

3. Results and discussion
3.1. Properties of metaphosphates

MgMP, MnMP and AIMP(A) have a tetra-
metaphosphate ring structure and B-CaMP, B-
StMP, FeMP(C) and YMP have a long-chain
structure of PO, tetrahedra. Although the latter
should be polyphosphates, they can be inter-
preted as being approximately represented by a
metaphosphate composition because of the chain
being extremely large. Hence these polyphos-
phates were included in the MPi class in this
study.

All MPi products were virtually non-porous
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materials: pores with diameters larger than 60 A,
which affect the diffusion of large-sized samples
such as biomolecules in a column, were not
recognized by mercury porosimetry, and specific
surface areas less than 1 m*/g were measured by
the BET method.

The zeta potential of the studied MPi materi-
als in 0.01 M sodium phosphate solution is given
as a function of pH in Fig. la-g. For com-
parison, the zeta potential of the HAP measured
under the same solution conditions, using the
HAP powder prepared in the previous study [1],
is given in Fig. 1h. The data were obtained after
equilibration for 1 week. All the MPi materials
studied showed negative zeta potentials in a
solution of pH > 5. During the measurements, it
was also found that addition of the MPi samples
to 0.01 M sodium phosphate solution of pH in
the range 68 caused no net change in the pH of
the supernatant solution. Moreover, regarding
MnMP and FeMP(C), even in the experiments
involving an extended pH range of the solution

from 5 to 9, only a small pH change was
observed. Hence the MPi materials are consid-
ered to be chemically stable under the chromato-
graphic conditions of this study.

YMP was also similar to the other MPi materi-
als concerning the above-described properties.
However, an unusual rise in the back-pressure of
the YMP column occurred during the chromato-
graphic experiments, the reason for which was
not clear. Hence the data on the elution of
proteins obtained using the YMP column are not
given in Table 2. However, the column showed
some interesting chromatographic properties
such as a very high retention ability for basic
proteins (even higher than that of the HAP
column), elution of y-globulins over a very wide
molarity range and an elution behaviour of
transferrin similar to that obtained using the
other MPi columns.

All these MPi materials had great mechanical
strength and a sufficiently high thermal stability
to withstand heating above 600°C.

Zeta potential (mv)

-80 i 1 1 I L 1 1 5

pH

Fig. 1. Zeta potential of metaphosphates as a function of pH after equilibration for 1 week in 0.01 M sodium phosphate solution,
obtained using (a) MgMP, (b) 8-CaMP, (c) 8-StMP, (d) MnMP, (¢) FeMP(C), (f) AIMP(A), (g) YMP and (h) HAP particles.
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3.2. Chromatography of proteins

Elution of basic proteins

As Table 2 reveals, all the MPi columns
retained the basic proteins with values of the
isoelectric point (p/) larger than 7.0. The elution
order of these basic proteins obtained using each
MPi column was similar to that obtained using
the HAP and PPi columns [1]. The difference in
the elution molarity of a basic protein among the
MPi columns except for the YMP column was
very small. For the elution of cytochrome c, the
chromatographic resolution of two peaks based
on the reduced and oxidized forms obtained
using the B-CaMP and B-StMP columns was
superior to that obtained using the other MPi
columns. FeMP(C) and AIMP(A) showed chro-
matographic similarity, despite the fact that their

Table 2
Elution of proteins from metaphosphates

properties in the crystal system and linkage of
PO, tetrahedra are different.

Elution of acidic proteins

The MPi columns except for the MnMP col-
umn showed weak retention for acidic proteins
with pl values of 5.0-7.0 and no retention for
the most acidic proteins with p/ <5.0. Although
MnMP and MgMP are crystalline isomorphs [9],
the MnMP column showed a higher retention
ability than the MgMP column for usual acidic
proteins.

Phosphoproteins and B-lactoglobulins are con-
sidered to be special acidic proteins that interact
strongly with HAP [10,11] and with most PPi
materials [1]. In contrast, the 8-CaMP, B-SrMP
and AIMP(A) columns showed no retention of

the phosphoproteins tested (i.e., @- and B-casein

Protein pl Elution molarity
MgMP B-CaMP B-StMP MnMP FeMP(C) AIMP(A)
monoclinic monoclinic monoclinic monoclinic monoclinic cubic

Trypsin inhibitor 4.3-4.6 N.r? N.r. N.r. N.r. N.r. N.r.
a-Lactalbumin 4.5 N.r. N.r. N.r. 0.02 N.r. N.r.
Ovalbumin 4.6 N.r. N.r. N.r. N.r. N.r. N.r.
B-Casein N.r. N.r. N.r. >0.3 >0.3 N.r.
a-Casein N.r. N.r. N.r. >0.3 N.r. N.r.
Phosvitin 4.8 N.r. N.r. N.r. >0.3 N.r. N.r.
Albumin 4.7-49 N.r. 0.01 0.01 0.02 N.r. N.r.
B-Lactoglobulin A 51 0.08 N.r. N.r. 0.12 0.04 N.r.
B-Lactoglobulin B 5.2 0.1 N.r. N.r. 0.13 0.06 N.r.
holo-Transferrin (human) 5.2 N.r. N.r. N.r. 0.02 N.r. N.r.
apo-Transferrin (human) 5.5 0.01 0.02 0.01 0.02 0.01 0.01
holo-Transferrin (bovine) N.r. N.r. N.r. 0.02 N.r. N.r.
apo-Transferrin (bovine) 0.01 0.04 0.04 0.02 0.01 0.02
Catalase 5.5 N.r. N.r. N.r. 0.04 N.r. N.r.
Conalbumin (iron-complexed) 6.0-6.8 0.05 0.01 0.02 0.06 0.04 0.02
Conalbumin (iron-poor) 6.0-6.8 0.04 0.06 0.06 0.05 0.04 0.03
Haemoglobin 6.8-7.0 0.03 0.01 0.01 0.04 0.02 0.01
Myoglobin 7.2 0.02 0.01 0.01 0.02 0.02 0.01
a-Chymotrypsin 8.1-8.6 0.08 0.07 0.07 0.06 0.07 0.07
Papain 8.8-9.5 0.04 0.04 0.04 0.05 0.04 0.03
a-Chymotrypsinogen A 9.5 0.07 0.08 0.07 0.07 0.08 0.07
Ribonuclease A 9.5-9.6 0.07 0.10 0.10 0.06 0.07 0.07
Cytochrome ¢ (reduced) 10.1 0.13 0.12 0.12 0.12 0.16 0.14
Cytochrome ¢ (oxidized) 0.14 0.14 0.14 0.13 0.16 0.15
Lysozyme 11.0-11.4 0.09 0.11 0.11 0.07 0.08 0.08

For details of measurements, see Experimental section.
*N.r. = No retention under the experimental conditions.
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and phosvitin) and B-lactoglobulin A and B. The
MgMP column showed no retention of phos-
phoproteins and retention of B-lactoglobulins.
The FeMP(C) column eluted only a-casein and
phosvitin without retention in the column. On
the other and, the MnMP column strongly re-
tained both phosphoproteins and B-lactoglobu-
lins, similarly to the cases in HAP and PPi
chromatography.

v-Globulin was retained on all the MPi col-
umns. This may be because y-globulin, in gener-
al, is a mixture of a large number of immuno-
globulin species and has a wide range of pl
values even involving the basic range.

Elution of iron-binding proteins

It was found that the MPi columns except for
the MnMP column discriminated the difference
in conformation between Fe-bound and Fe-
unbound transferrins: holo-transferrins (both
human and bovine) were not retained on the
MPi columns, and the apo-transferrins were
retained to and eluted from the column at
phosphate concentrations higher than 0.01 M. In
contrast, in MnMP chromatography, transferrins
with different conformations were eluted at the
same molarities.

The retained apo-transferrin showed one peak
in MPi chromatography except for the g-CaMP
and B-StMP columns. However, three peaks of
apo-transferrin (bovine) were obtained when
using the 8-CaMP column, as shown in Fig. 2a.
Rechromatography of each of the three fractions
showed that they appeared again at the same
three different positions as in the first experi-
ment, although the first peak became very small
and the other two peaks became large. Because
transferrin is reported to be capable of binding
various metal ions [12], the three peaks may be
based on the uptake of calcium ions in apo-
transferrin from the B-CaMP crystal, followed by
the formation of different forms of the protein;
the first peak is probably a form with actually no
metal ion in both the N- and C-sites in trans-
ferrin, and the protein of this form may have a
chance to take up metal ions in rechromatog-
raphy. This may be the reason why the first peak
becomes small in rechromatography. On the

Absorbance at 280nm-

$ ¢ ! 1 L L 1 1 iy 1

Elution time (min)

Fig. 2. Chromatograms of apo-transferrin (bovine) obtained
using (a) B-CaMP and (b) B-SIMP columns. Elution con-
ditions: gradient, 5.00-10> M/min from 0.001 to 0.3 M
sodium phosphate buffer (pH 6.8); flow-rate, 1 ml/min.

other hand, the other two peaks are probably
forms in which metal ions in part occupied the
N-site and/or C-site. In addition to rechroma-
tography, the uptake of calcium ion in trans-
ferrin was confirmed by inductively coupled
plasma emission spectrometry. Calcium ion was
detected in each of the three fractions, but
detection in the first fraction was weaker than
that in the other fractions.

A chromatogram similar to Fig. 2a was ob-
tained in B-SrMP chromatography, as shown in
Fig. 2b, although the resolution was inferior to
that with the 8-CaMP column.

With regard to conalbumin also being an iron-
binding protein, elution similar to that of trans-
ferrin was obtained using the B-CaMP and B-
SIMP columns; holo-type conalbumin was eluted
at a molarity lower than that of apo-type conal-
bumin. The reverse result, however, was ob-
tained when using the MgMP and MnMP col-
umns: the elution molarity of holo-type conal-
bumin was slightly higher than that of apo-type
conalbumin. In AIMP(A) chromatography, the
dependence of elution on the iron-binding state
was hardly recognized.

Fig. 3a and b illustrate chromatograms of
holo- and apo-type conalbumins obtained using
the MnMP column. In the chromatogram of
apo-type conalbumin two peaks were observed,
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Absorbance at 280nm
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Elution time (min)
Fig. 3. Chromatograms of (a) iron-complexed conalbumin

and (b) iron-poor conalbumin, obtained using the MnMP
column. Elution conditions as in Fig. 2.

in which the latter peak was eluted at a molarity
that agreed with that of holo-type conalbumin.
Hence this peak might be based on the uptake of
manganese ions in conalbumin from the MnMP
crystal.

From the above-mentioned results for the
chromatography of transferrin and conalbumin,
the uptake of metal ions in some metalloproteins
was shown to be influenced by the kind of metal
ion composing the MPi crystal.

3.3. Chromatography of nucleotides and nucleic
acids

The chromatographic properties of MPi for
nucleotides and nucleic acids were also studied.
Based on the experiment, the MPi columns
studied except for the MgMP and MnMP col-
umns were found not to retain all tested nu-
cleotides and nucleic acids. The MgMP and
MnMP columns could retain DNA. However,
even when using these two columns, the re-
tention of RNA was incomplete and nucleotides
were not retained at all. Fig. 4a—c illustrate

Absorbance at 260nm

! L 4 1 1 1 1

0 20 40 1] 80 100 120 140 16¢

Elution time (min)

Fig. 4. Chromatograms of (a) ADP, (b) tRNA and (c) DNA,
obtained using the MnMP column. Elution conditions as in
Fig. 2, except that buffer concentration was from 0.001 to 0.8
M.

typical chromatograms for ADP, tRNA and
DNA obtained using the MnMP column.

3.4. Chromatographic properties of the MPi
column

In B-CaMP, B-StMP and MnMP, their metal
ions can form pure single-cation HAP, leading to
the possibility of alternation in surface composi-
tion due to hydrolysis of the MPi in solution and
formation of HAP on the MPi crystal. If that is
the case, then the chromatographic properties
would be expected to be similar among these
MPi columns. However, as described above, the
retention properties of the MnMP column for
acidic proteins were different from those for the
other two columns. Hence the metal arrange-
ment in the crystal surface, which depends on
both the type of anion (i.e., ortho-, pyro- or
metaphosphate ion) and the linkage of PO,
tetrahedra (i.e., ring or chain structure and its
configuration), may influence the adsorption of
acidic proteins. On the other hand, in MgMP,
FeMP(C) and AIMP(A), their metal ions cannot
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form pure single-cation HAP, so their surfaces
probably maintain their intrinsic crystal struc-
tures or change, if at all, to compounds other
than HAP. Nevertheless, similar elution behav-
iour for basic proteins was found among all
studied MPi columns. Hence it is considered that
the difference in the component metal and
crystal structure of MPi does not greatly in-
fluence the adsorption of basic proteins on the
MPi column.

As with the HAP crystal, there may be two
types of adsorbing sites on the MPi crystal
surface: one is the negatively charged sites
formed by phosphorus ions and oxygen ions, and
the other is positively charged sites related to the
metal ions of the MPi crystal. The adsorption of
biomolecules on the MPi crystal is considered to
take place fundamentally because of the electro-
static interaction between the adsorption groups
of these molecules and the adsorbing sites of the
MPi crystal. However, the chemical properties of
the MPi surface in a solution are dependent not
only on the MPi’s crystallographic properties but
also on the solution conditions such as pH and
ions present in the system as a result of the
various hydrolytic reactions. From the fact that
the MPi’s zeta potential shows a negative values
near neutral pH (Fig. 1), the positively charged
sites which are available to adsorb acidic mole-
cules (acidic proteins, nucleic acids and nu-
cleotides) are probably partly or nearly saturated
with the phosphate ions of the buffer under the
chromatographic conditions in this study. To be
adsorbed on the HAP surface an acidic molecule
requires a contact area of fixed adsorbing sites
that are free of adsorbed phosphate ions [13].
Hence, if the contact area contains less than
fixed free sites, then no adsorption will take
place. This may be one of the reasons why the
MPi columns show weak or no retention of most
acidic molecules. This interpretation is not in-
consistent with the findings that the HAP with
affinity for most acidic proteins has a p/ of about
pH 6 in 0.01 M potassium dihydrogenphosphate
solution [14]. Almost the same result for the p/
of HAP was also obtained under the present
solution conditions (i.e., 0.01 M sodium phos-
phate solution), as shown in Fig. 1h.

Transferrin is known to have two conforma-
tions [15,16]: one is the conformation of apo-
transferrin in which the iron-binding site is in an
open cleft near the protein surface and is ex-
posed to the surrounding solution, and the other
is the conformation of holo-transferrin in which
the iron-binding site is in a closed cleft and is
buried under the protein surface so that it cannot
approach interacting agents. Hence, on the basis
of the chromatographic results obtained in this
study and the published findings on the con-
formation of proteins, it is suggested that the
elution of iron-binding proteins may be the result
of the main interaction between the metal-bind-
ing site or other negative adsorption groups of
the protein and the metal ion of the MPi crystal.
Moreover, the difference in chromatographic
resolution of iron-binding proteins among MPi
columns may be the result of the different metal
uptake in a protein, which depends on both the
protein and the metal of the MPi crystal.
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Abstract

The external porosity of a gel-type resin bed was evaluated from the mean residence time of a non-adsorbing
solute. In order to select a tracer that does not penetrate inside the resin, the resin porosity available to the solute
was evaluated by fitting breakthrough curves with a model accounting for diffusion in particles and axial dispersion
in a column. Examples are given of the applicability of the method.

1. Introduction

External porosity, ¢, is involved in all calcula-
tions with column applications. However, it is
given far less attention than solid-phase internal
porosity and most of the time, its value is
arbitrarily taken to be within the range 0.38-0.4.
Although this blanket estimate is reasonable in
some situations, it would fail in many instances,
e.g., a bed consisting of a very polydisperse
particle size population, a poorly packed system
such as could be encountered in routine prepara-
tive systems or a gel bed under compressive
conditions (high throughput, for example); also,
shrinkage and swelling of gel type resin, which
occur when the bed is submitted to large varia-
tions in concentrations, may significantly affect
the external porosity of the bed.

A direct and simple way to measure & consists
in purging the column: however, care must be
exercised to avoid drawing off some of the liquid

* Corresponding author.

0021-9673/94/$07.00
SSDI 0021-9673(94)00524-D

contained in the stationary phase, which could
alter the result. Actually, the most reliable
method consists in measuring ¢,, the mean re-
tention time of an external tracer, and calculat-
ing ¢ from & =1,(Q/V,).

A non-adsorbing solute has to be found, of
course. To evaluate if a solute penetrates or not
inside the resin beads, we propose to identify the
dynamic response of the column with a model
accounting for adsorption. A pore diffusion
model is often used to describe mass transfer in
macroreticular resins [1] or molecular sieve ad-
sorbents [2]. It will be tried here on a gel-type
resin in order to evaluate the internal porosity
available to a solute.

2. Model and resolution

The model accounts for column hydro-
dynamics, axially dispersed plug-flow character-
ized by the column Peclet number Pe and pos-
sible diffusion of the tracer in the resin void

© 1994 Elsevier Science B.V. All rights reserved
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volume, characterized by an internal porosity x
and apparent diffusion coefficient in the pores
D,. Negligible external fluid film resistance is
assumed.

This system can be described by the following
equations:

(i) mass balance in liquid:

1 9°x ax ax 1-¢ 3Xp 1
Tz X T e M

(i) mass balance in particles:

+
ap> P 9p

2
ax, (6 X, 2 axp) _ D,

30 -

T RZ (2)

(ili) mean concentration of solute in particles:

ax, B <axp>
W‘3R: 0 ) oot 3)

(iv) boundary conditions:

-axp
22) =0 (4)
p=1; x,(p,z,0)=x(z,0) (5)

The analytical resolution of this set of equa-
tions is performed in the Laplace domain accord-
ing to a methodology described by Wilhelm [3].
The following column transfer function H(s) is
obtained:

H(s) = Pe - CXBV (6)
with

=PT 1+V1+ s—g(s) @)
v=2 1 \1r b5 - g0} ®)
and
gis) = \/i coth \/7

where g(s) is the transfer function characteristic
of the intraparticular transport. It should be
noted that the mathematical expression reached

in this way is slightly different from that given by
Costa and Rodrigues [4], which included a series
term.

The time domain solution of the model (pulse
response) for a set of parameters y, D,, Pe is
obtained by numerical inversion of the transfer
function H(s) with a fast Fourier transform
algorithm. Numerical integration of the pulse
response is then performed, allowing the model
breakthrough curve to be obtained. Identifica-
tion of the parameters and especially y is per-
formed by fitting the theoretical solution to the
experimental breakthrough curve of a solute
with the Rosenbrock optimization method [5]
(square differences sum as optimized function).

As shown in Fig. 1, the model pulse response
is very sensitive to y, at least above 0.01; below
this value, the pulse response seems to merge
with the residence time distribution of a non-
retained solute. In order to define more precisely
the specification of a non-adsorbing tracer, it is
interesting to evaluate the influence of xy on the
precision of the external porosity determination.

The external porosity ¢ is obtained from the
mean residence time £, of a non-retained solute
by the well known equation

£=t0~ﬁb

If any solute is used as a tracer, an “apparent”
external porosity ¢, should be defined in place of

3 s

0
Fig. 1. Model pulse response showing the effect of varying
internal porosity x (Pe =50, R, =5).
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Fig. 2. Influence of x on the relative error on external
porosity measurement. Determination coefficient: r*=0.999.

.2
g, =t" 7 (10)
Then
Bty o1 11
£ _to_ =0- (11)

Hence 6 — 1 measures the relative error Ag/e.
The parameter 6 is readily calculated from
model pulse responses for several values of . A
linear relationship is obtained when 6—1 is
plotted versus x in a logarithmic diagram (Fig.
2). A precision of better than 1% on external
porosity is obtained when the solute has a y

value lower than 7-107°.

3. Application of the method
3.1. Systems under investigation

In order to validate the method and test its
efficiency, we give two examples of its applica-
tion to the choice of an external tracer for
porosity measurement on a gel-type sulfonated
polystyrene resin in the Ca** form; this resin is
commonly used in our laboratory to perform the
separation of glucose and fructose mixtures. Two
possible tracers for external fluid phase were
selected: (i) a calcium salt, at relatively low
concentration in order to take advantage of
Donnan ion exclusion; calcium chloride was
chosen; (ii) a dye whose high molecular mass

prevents it from penetrating into the resin beads;
Blue Dextran was chosen.

If we may reasonably expect Blue Dextran to
be a good candidate for an external tracer, it is a
more tenuous prediction for calcium chloride:
because of the sensitivity of the analytical mea-
surements, concentration should be sufficiently
high; however, ion exclusion decreases with
increasing concentration.

3.2. Experimental

The laboratory-scale column used was ob-
tained from Pignat (France). It was a jacketed
column, 50 cm X 5.3 cm” section, with a piston
allowing feeding of solutions exactly at the top of
the resin bed through a PTFE frit. Feed solution
was pumped from a thermostated bath (Gilson
Minipuls peristaltic pump) to the top of the bed
through the piston. Electric valves ensured flex-
ibility of use of the apparatus. A purge line was
used to obtain a perfect and non-delayed step
signal at the entrance of the bed. A Gilson
Model 201 fraction collector was connected to
the exit of the bed.

Calcium chloride was of Rectapur grade from
Prolabo. Blue Dextran was for laboratory use
from Sigma (M, 2000000). Calcium chloride
concentration was measured by conductimetry
(Tacussel). Blue Dextran solutions were ana-
lysed with a Carl Zeiss PMQII spectrophotome-
ter at a wavelength of 635 nm. Duolite C204F/
2115 resin with a mean bead diameter of 471 pm
was supplied by Rohm and Haas.

3.3. Results and discussion

Fig. 3 shows the breakthrough curves of CaCl,
and Blue Dextran at 10 mi/min. Obviously,
CaCl, is more retained than Blue Dextran and
therefore cannot be considered as a good exter-
nal tracer, at least at concentrations compatible
with our detection means; modelling was under-
taken to confirm this and to conclude that Blue
Dextran was superior. All curves are well fitted
by the model, as shown in Fig. 4, and allow
internal porosities to be obtained (see Table 1).
The very low particle internal porosity available
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Fig. 3. Comparison of experimental breakthrough curves of
CaCl, (dashed line) and Blue Dextran (solid line).

for Blue Dextran confirms that this solute does
not penetrate into the resin and may be consid-
ered as a good tracer for an external liquid
phase. In contrast, the value reached for calcium
chloride, significantly higher than 710>, makes
it inappropriate for this purpose. Fig. 2 indicates
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Fig. 4. Adjustment of the model (+) with experimental
breakthrough curves: (a) CaCl,; (b) Blue Dextran.

Table 1

Internal porosities obtained from identification of tracer
breakthrough curves with the model (several runs performed
for each tracer)

Run No. X

Calcium chioride Blue Dextran

1 0.08 0.44-1077
2 0.07 0.62-107°
3 0.09 1078
4 0.19-107*

that an error of more than 10% would be
expected.

Blue Dextran breakthrough curves were re-
corded at different flow-rates ranging from 10 to
33 ml/min for the same bed volume, V, =239 =2
ml, in order to evaluate . The value of ¢, can be
determined either from the mass balance over
the breakthrough curves or from identification
with a J mixing cells in series model (parameters
to and J = Pe/2). Both methods were applied
here. As shown in Fig. 5, the results obtained by
either of the two methods are fully consistent
and the plot of ¢, versus 1/Q is linear. The
external porosity € can be calculated from the
slope, given the bed volume. The value obtained
is £=0.41=*0.01, which is in good agreement

to (min)
10.0 —

7.5: 3
5.0

2.5}¢

A i i 1] n L 2 2 i 1 " " " 1 n " 2 2
0 0.025 0.050 0.075 0.1
1/Q (min/ml)
Fig. 5. Residence time f, plotted against 1/Q. [J=Values
obtained from mass balance over breakthrough curves; + =

values obtained from identification with a mixing cells in
series model. Determination coefficient: r = 0.985.
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with general knowledge about the porosity of
random packing of spheres.

4. Conclusions

A model accounting for axial dispersion in the
external fluid phase and diffusion in the void
volume of particles has been demonstrated to be
efficient for selecting an appropriate tracer for an
external liquid phase in a fixed bed of a gel-type
ion-exchange resin. The external porosity could
then be easily and accurately calculated by
plotting the mean residence time against the
reciprocal of flow-rate.

Symbols
D, axial dispersion coefficient
D apparent diffusion coefficient in the pores

EE)O) column pulse response

F(#) column step response

H(s) column transfer function

L column length

Pe  column Peclet number = uL/D,

0] flow-rate

R particle radius

r radial coordinate in particle
Laplace variable

L, mean residence time of a non-retained
solute = L/u

time

mean retention time

interstitial velocity

bed volume

concentration in particle pores
mean concentration in particle
concentration in liquid phase
dimensionless abscissa in column

N ><_U><|_Uk Ug NI

Greek letters

£ external porosity

£, apparent external porosity

p dimensionless radial coordinate in
particle =r/R

] dimensionless time = ¢/t

X particle porosity
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Abstract

A method based on fast HPLC allowing the rapid and efficient determination of proteins in mammalian cell
cultures is proposed, involving the use of two chromatographic modes, RP-HPLC and high-performance liquid
affinity chromatography. These two sequential chromatographic analyses separate the proteins most often used as
supplements in serum-free media such as bovine serum albumin, insulin and transferrin, and also monoclonal
antibodies secreted by hybridoma in cultures. Rapidity, reliability and flexibility are the main characteristics of the
method. The monitoring of proteins in the course of a discontinuous hybridoma culture is presented.

1. Introduction

HPLC has made major advances over the past
10 years, especially in applications to protein
determination and purification. The technologi-
cal improvements to and the theoretical knowl-
edge of this technique have widened its area of
application. As the analytical level, HPLC en-
sures qualitative and quantitative control of
protein molecules [1]. Among HPLC techniques,
fast HPLC with a non-porous stationary phase
has permitted the analytical separation of various
proteins [2-6].

The need to associate efficient and reliable
analytical methods with production and purifica-
tion bioprocesses is a major concern of recent
research in biotechnology [7]. Efficient analytical
control of a given production process contributes

* Corresponding author.
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to improving the productivity and the under-
standing of physiological and metabolic mecha-
nisms. Moreover, once the molecule of interest
has been produced, analytical control has to be
performed in each step of its purification. These
requirements are principally encountered when
high-value molecules are produced by biopro-
cesses.

Qualitative analysis of a protein secreted by
recombinant microorganism may be checked by
HPLC based on the detection of undesirable
protein variants [8-10]. Peptide mapping may be
considered as the most efficient method for
determining the biochemical quality of proteins
to be used in medecine [11-13]. This technique
is widely employed for rt-PA and hGH determi-
nations [1].

The use of HPLC as a quantitative tool is
becoming more widespread. Notably, HPLC
allows the establishment of the evolution of

© 1994 Elsevier Science B.V. All rights reserved
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protein concentrations. The integration of HPLC
in an automated system interfaced with a bio-
reactor in order to monitor on-line the evolution
of protein concentrations is of current interest
[14-16].

Concerning hybridoma cultures performed to
produce monoclonal antibodies, studies dealing
with the monitoring of proteins in the medium
are scarce. However, the use of serum-free
media characterized by an accurately defined
formulation makes easier the specific determi-
nation of each protein added as a supplement
[17-19]. Some examples of chromatographic
modes accurately applied to determine secreted
IgG may be noted [20-24]. Nevertheless, this
field of application does not fully take advantage
of the overall potential of HPLC.

The aim of this study was to develop a rapid
and accurate chromatographic method for
measuring proteins encountered in hybridoma
cultures. The method involves the use of two
chromatographic modes, RP-HPLC and high-
performance liquid affinity chromatography
(HPLAC). Optimization of each chromato-
graphic mode and the parameters that influence
them are presented. The use of the optimized
method to determine proteins during a hybrid-
oma culture is described to illustrate its potential
in this area of application.

2. Experimental
2.1. HPLC method

Instrumentation

Chromatography was performed with an HP
1090 liquid chromatography (Hewlett-Packard)
with a ternary DRS solvent-delivery system, a
diode-array detector (400-600 nm) and an auto-
sampler. The chromatographic system and data
evaluation were controlled by an HP 9000 Chem
Station computer.

The reversed-phase column used was a Hy-
Tach C,; micropellicular reversed-phase column
provided by Professor Cs. Horvath (Yale Uni-
versity). This column (30 X 4.6 mm L.D.) consists
of non-porous silica microspheres (d, =2 wm)

coated with C,,-alkyl chains. The affinity column
used was a Perstorp Biolytica (Lund, Sweden).
ProAnaMabs column. This column (50 X 5.6 mm
I.D.) is packed with 10-um Selectispher silica
particles covalently linked to a proprietary Fc
receptor (protein A + protein G).

Reagents

RP-HPLC mobile phase and standard
proteins. The mobile phase consisted of an aque-
ous phase (A) and an organic (B) phases with
the following compositions: A =0.1% trifluoro-
acetic acid (TFA) (Sigma) in water and B =
0.1% TFA +95% acetonitrile (Prolabo). The
aqueous and organic phases were filtered
through a 0.45-um filter (Interchim) on a Milli-
pore filtration system and degassed by sparging
with helium before use. Standard proteins to be
measured by RP-HPLC (albumin, insulin, trans-
ferrin) were purchased from Sigma.

HPLAC mobile phase and standard IgG. The
binding solution consisted of 100 mM citrate
buffer (pH 5), obtained by mixing equimolar
solutions of citric acid and sodium citrate and
adjusting the pH by the addition of an acidic
solution. The eluent solution was 100 mM citric
acid adjusted to pH 1.6 with concentrated HCI.
Both solutions were filtered through a 0.2-um
filter (Sartorius) and degassed by sparging with
helium before use. Both solutions are stable for
over 1 week at 4°C. Two standard monoclonal
antibodies were used for calibration: mouse IgG,
with 80% purity (Sigma) and mouse IgG, with
100% purity (Zymed).

Calibration procedure

Sample preparation. The require concentration
range of each protein was obtained by dilution of
a 1 mg/ml solution. This concentrated solution
and all dilutions were made with the appropriate
phase: water for BSA, insulin and transferrin
and binding solution for IgG. Both BSA and
transferrin concentrated solutions (1 mg/ml) are
stable for over 1 month at 4°C but IgG concen-
trated solutions are stable for over only 1 week
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at 4°C. Insulin concentrated solutions used for
dilutions have to be freshly prepared. Calibra-
tion graphs were obtained according to the
concentration of each protein in the serum-free
medium: 10-50 wg/ml for transferrin, 5-50 ng/
ml for insulin, 10-300 wg/ml for BSA and
several levels for IgG and BSA-IgG mixture.

Precision determination. The reliability of each
calibration graph was established by a statistical
study. The calculation of each standard deviation
relative to one protein concentration permits the
determination of the precision of quantitative
measurements by HPLC. Each standard sample
corresponding to a defined protein concentration
was injected ten times. By pooling the results
obtained over several analyses, standard devia-
tions were determined. A typical calibration
graph for each protein assay was established.
The reproducibility of the measurements and the
influence of various parameters were tested by
comparison with the calibration graphs.

Analytical conditions

The conditions for RP-HPLC and HPLAC
were optimized in order to achieve a rapid and
reliable determination of the proteins albumin,
transferrin, insulin and IgG. Consequently, sev-
eral parameters were studied such as flow-rate
and gradient shape for RP-HPLC and time of
the adsorption phase for HPLAC. This optimi-
zation investigation resulted in the following
operating conditions.

RP-HPLC. The temperature is maintained at
80°C during the stabilization phase, the analysis
phase and the washing phase. The volume taken
is 25 ul and is injected automatically into the
chromatographic system. Absorbance at 215 nm
was chosen. Protein separation was performed
with an organic solvent gradient in 5 min with a
flow-rate optimized at 1.5 m/min. Further details
of the conditions for RP-HPLC are discussed
under Results.

HPLAC. The temperature is controlled at 25°C.
The volume of each sample injected is 250 ul
and IgG is detected at 280 nm. An equilibration

phase is proposed in which binding solution is
run for 45 min. Determination of IgG is achieved
by changing the mobile phase pH: after 2 min of
running 100% binding solution, IgG desorption
is induced by injecting 100% eluent solution for
2 min. In both binding and elution phases the
flow-rate is 3 ml/min.

2.2. Hybridoma cultures

Cell line and medium

Mouse hybridoma cells VO 208 secreting IgG,
of unknown specificity were provided by Bertin.
The line results from the fusion of mouse
BALB/C spleen cells with myeloma cells. The
serum-free medium used was optimized in our
laboratory [17]. The basal medium consists
of 50% IMDM (Iscove Modified Dubelco
Medium) + 50% Ham F12 with 18 mM glucose,
3 mM glutamine (Intermed); the supplements
were 4 mg/l insulin, 25 mg/l transferrin satu-
rated with iron, 0.2% (w/v) polyethylene glycol,
20 mM aminoethanol, 50 mM [ mercap-
toethanol, 12 nM sodium selenite, 20 mg/l
ascorbic acid, 18 ml/l liposomes containing
cholesterol, oleic acid, dipalmitoyl-L-a-phos-
phatidylcholine and 180 mg/l BSA (Sigma).

Culture operating conditions

For batch operation, a 250-ml spinner flask
(Techne) was used, containing 200 ml of medium
with an inoculum cell density of 2-10° cells/ml.
Twice a day, 8-ml aliquots are collected from the
spinner. Cells count and viability were deter-
mined by the Trypan Blue dye exclusion method
using a haemocytometer. The remaining sample
was centrifuged and the supernatant was divided
into aliquots and stored at —20°C until protein
analyses. Proteins were determined by RP-
HPLC and HPLAC.

3. Results

3.1. Method optimization

The principal of the proposed method is based
on the complementary performances of two
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Table 1
Optimum RP-HPLC conditions for the determination of
insulin, transferrin and BSA + IgG mixture

0.1% TFA in water
95% acetonitrile in
water containing 0.1% TFA

Aqueous phase (A)
Organic phase (A)

Gradient From 0 to 60% B in 5 min
Flow rate 1.5 ml/min

Temperature 80°C

Volume injected 25 ul

analytical columns, RP-HPLC and HPLAC. This
sequential analysis allows the four proteins of
interest to be accurately measured: proteins
added to the serum-free medium (insulin, trans-
ferrin, BSA) and monoclonal antibodies secreted
by hybidoma.

The test of several operating parameters (flow-
rate, gradient shape, temperature) on the im-
provement of the resolution between BSA and
IgG by RP-HPLC did not give satisfactory re-
sults. Consequently, to overcome these limita-
tions, the RP-HPLC conditions were optimized
in order to obtain the determination of insulin,
transferrin and the mixture of BSA and IgG,
whereas IgGs were determined by HPLAC. The
albumin concentration was deducted from these
two types of measurement; the BSA concen-
tration resulted from subtraction from the total
BSA + IgG concentration obtained by using the
RP column of the IgG concentration determined
with the affinity column.
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Protein determination by RP-HPLC

The optimized conditions allowing the simulta-
neous determination of insulin, transferrin and
BSA + IgG are reported in Table 1. The optimi-
zation criteria were essentially rapidity and res-
olution. Protein determinations were realized in
less than 6 min with optimum resolutions be-
tween each protein pool considered (insulin,
transferrin and BSA + IgG). Under these con-
ditions BSA and IgG have the same retention
time and their total peak allows the concen-
tration of their mixture to be obtained. Fig. 1
illustrates chromatograms obtained for proteins
determined by RP-HPLC under the optimized
operating conditions.

Three calibration graphs were established with
the appropriate range of concentration of each
protein, insulin, transferrin and BSA +IgG
(Figs. 2 and 3).

To assess the precision of the method, stan-
dard deviations (S.D.) of the protein concen-
trations were determined. The error range of
BSA and transferrin measurements increased
from 1.5% at the higher concentrations (200 and
50 wg/ml, respectively) to 6% at lower con-
centrations (10 pg/ml). The precision of insulin
determination is not so good, especially for low
concentrations which make the integration of the
peaks difficult (the S.D. Varies from 30 to 10%
for the concentration range 5-50 ug/ml). Conse-
quently, the threshold of sensitivity for insulin
determination was estimated to be 10 pg/ml.

|
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7
1 2 3 4 5 6
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Fig. 1. Chromatograms for a protein mixture obtained by RP-HPLC. Column, 30 X 4.6 mm [.D. packed with 2-um spherical
silica particles having covently bound octadecyl functions at the surface. Analytical conditions as in Table 1. Sample components:
(a) insulin 50 pg/ml, transferrin 50 wg/ml, BSA 50 pwg/ml; (b) BSA 200 pg/ml, IgG 40 pg/ml.
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Fig. 2. Calibration graphs for transferrin and insulin. Cali-

bration by RP-HPLC under the operating conditions given in
Table 1.
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Fig. 3. Calibration graph for BSA + IgG established by RP-
HPLC under the operating conditions given in table 1. Three
ranges of dilution were used: O =calibration with BSA;
© = calibration with IgG; [ = calibration with BSA +1gG
mixtures.

IgG determination by HPLAC
The affinity column used for IgG measurement
consists of a protein A and protein G stationary

Table 2
Optimum conditions for the determination of IgG by HPLAC

area
300
250 :
200 ]
150 B
100
50 "

0 YT T T T T T T

0 10 20 30 40 50 60 70 80 90 100
IgG concentration pg/ml
Fig. 4. 1gG calibration with the affinity column under the
optimized conditions given in Table 2. Vertical bars indicate
confidence intervals.

phase. Under the optimized operating conditions
presented in Table 2, this column allowed the
efficient determination of IgG.

The calibration of the method was defined
within confidence intervals related to IgG con-
centrations (Fig. 4). The standard deviation
varied from 7 to 15% for concentrations between
80 and 10 wg/ml, respectively. This calibration
graph established with the precision lines was
considered as a reference plot and, consequent-
ly, allowed the study of the influence of various
parameters on the performance of the method.
For testing the flexibility of the calibration meth-
od, the influence of various parameters involved
in the protocol was investigated, vis., the nature
of the dilution buffer, the source of standard IgG
and the methods of conservation of standard
solutions.

The results of these experiments compared

Binding solution 100 mM citric acid (pH 5)

Eluent solution

Flow-rate 3 ml/min

Time of adsorption phase 2 min

Time of desorption phase 2 min
Temperature Ambient (25°C)
Volume injected 250 pl

IgG standard
IgG diluted in

IgG,, 80% purity
Binding solution

100 mM citric acid (pH 1.6, adjusted with HCI)
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with the standard calibration graph showed that:
serum-free medium, phosphate-buffered saline
(PBS) and water could be used as dilution
solutions for standard IgG; IgG, 80% pure and
IgG, 100% pure could equally be chosen as
standard monoclonal antibodies; fresh and un-
frozen concentrated solutions used to prepare
the range of dilutions could equally be adopted.

Further, the reproductibility of the measure-
ments with repeated injections of one superna-
tant with unknown IgG concentrations was
checked (Fig. 5).

Overall, the studies show that this method for
IgG determination can be considered to be
reproductible and flexible with regard to the
analytical conditions.

3.2. Method application

This method was used as an efficient and fast
means of monitoring the evolution of protein
concentrations during cultures. A batch culture
of hybridoma VO 208 was carried out with a
serum-free medium in a spinner flask and with
initial concentrations of protein supplements of
insulin 4, transferrin 25 and BSA 180 pg/ml.
Direct analysis of cell culture supernatants were
performed on the RP-HPLC and HPLAC col-
umns. No problem with column fouling was
noticed.

IgG concentration in
the supernatant : pg/ml
50

45 4
4 average
3

v
- I l

S

30 LIME S8 A A | 14 T L 1 14 1] T 1]

0 5 1015 202530354045 50 5560 65 70
time of storage : days

Fig. 5. Reproducibility of IgG determination tested by
HPLAC. An aliquot of supernatant stored at —20°C was
analysed four times over a period of 65 days. Vertical bars
indicate the confidence interval relative to the measured
concentrations (A) (S.D.=8%). Operating conditions are
given in Table 3.

30
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proteins:
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Fig. 6. Evolution with time of (X) viable cell density, (O)
insulin concentration and (@) transferrin concentration dur-
ing a discontinuous hybridoma (VO 208) culture. Proteins
were determined by RP-HPLC under the operating con-
ditions given in Table 1.

Figs. 6 and 7 show the kinetics of viable cell
density and of each protein encountered in
samples taken during the overall culture and
analysed by the proposed method.

The transferrin concentration obtained by RP-
HPLC does not change during the course of the
culture, the measured concentration being equal
to the initial concentration added to the medium
(25 pg/ml). The insulin concentration seems to
be stable during the culture and to remain lower
than the initial concentration. However, this
result has to be treated with caution because of
the poor precision of the method at low con-
centrations of insulin. The albumin concentra-
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Fig. 7. Evolution with time of the BSA + IgG mixture and
BSA and IgG concentrations during the discontinuous hy-
bridoma culture. The BSA + IgG mixture (@) was deter-
mined by RP-HPLC under the operating conditions given in
Table 1 and the IgG concentration ([J) by HPLAC under the
operating conditions given in Table 2. O =BSA kinetic
results from the first two analyses.
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tion is deducted from the two consecutive chro-
matographic measurements, BSA +1gG deter-
mination by RP-HPLC and IgG determination
by HPLAC. The determination albumin con-
centration in the supernatants indicated its kinet-
ic stability at 155 pg/ml. The measured con-
centration is 10% below the initial concentration
(180 wg/ml). Finally, the kinetics of monoclonal
antibodies measured by HPLAC indicated a final
concentration of ca. 50 pg/ml.

4. Discussion

The proposed method using two sequential
chromatographic columns is considered to be
suitable for the determination of the four pro-
teins encountered in hybridoma cultures per-
formed with a serum-free medium. Experiments
were carried out in order to optimize the opera-
tion conditions and to investigate the characteris-
tics of the method. The relative flexibility and
rapidity of this technique can be emphasized:
each analysis is completed in less than 6 min and
the preparation of standards and samples is easy.

Concerning the determination of monoclonal
antibodies, the specificity of the affinity column
and the reproducibility of the measurements
were checked. TEDESCO et al. [24] also investi-
gated these interesting column characteristics.
The precision of the determination of mono-
clonal antibodies varied from 7 to 15% for
concentrations between 80 and 10 ug/ml, re-
spectively. For comparison the enzyme-linked
immunosorbent assay (ELISA) used for measur-
ing monoclonal antibodies in cultures has a ca.
10-20% error. Other immunoassay methods
have been proposed to overcome the limitations
of ELISA [25,26].

The precision of the measurements of proteins
added to the medium was studied. The standards
deviation of transferrin and BSA measurements
were in the range 2-6%. The precision for
insulin was in the range 10-30% for concen-
trations varying from 50 to 5 ug/ml. Conse-
quently, the results for insulin should be treated
with caution.

The application of the method to discontinu-

ous culture monitoring allowed us to establish
the kinetics of the proteins and to obtain inter-
esting data. According to the culture analysed,
the transferrin concentration remained stable.
Martial et al. [27] also showed the stability of
transferrin by employing a nephelometric tech-
nique. However, they observed some consump-
tion of insulin for several cultures of hybridoma
cells. This difference may be explained by the
limit of validity of the chromatographic method
for measuring insulin accurately at low concen-
trations (<10 pg/ml). Concerning the determi-
nation of albumin, the stability of its concen-
tration was noted. The difference between the
measured and the theoretical concentration (180
pg/ml) may be explained by the fact that al-
bumin is employed in the preparation of lipo-
somes. This observation indicates that ca. 10%
of albumin is incorporated into the lipidic ves-
icules. The measurement of IgG concentrations
by using the chromatographic method allowed
the production kinetics to be established with
rapidity and reliability.

This study has demonstrated the interest and
potential of the method in the context of hybrid-
oma cultures, especially concerning IgG kinetics.
Its applications could be widened to other cul-
tures such as continuous cultures, cultures with
serum or cultures with other hybridoma cell
lines. Moreover, a completely automated bio-
reactor—-HPLC interface with a sampling device
could be considered for the on-line monitoring of
IgG concentrations during hybridoma cultures.
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Abstract

Needles from ornamental yews (Taxus spp.) are known to contain significant amounts of the anticancer agent
Taxol (paclitaxel), as well as other analogous taxane compounds. Methanol extracts the taxanes from the needles
efficiently, but the crude methanolic extract contains large amounts of co-extractives in addition to the taxanes of
interest. The crude extract may be fractionally partitioned using C,, solid-phase extraction (SPE), permitting the
collection of a fraction in which the taxanes elute quantitatively. This fraction can then be analyzed directly by
means of high-performance liquid chromatography. We have successfully scaled-up the quantity of crude extract
partitioned by means of the SPE technique, using larger SPE cartridges prepared in our laboratory as well as using
Empore extraction disks. SPE using the Empore disks permits us to collect large quantities of the taxane fraction
for studies on its cytostatic effect on non-mammalian eukaryotic cells.

1. Introduction

Studies on the chemistry of Taxol (paclitaxel,
Bristol-Myers-Squibb, New York, NY, USA) and
analogous taxane compounds span four decades,
beginning in 1963 with the observation that
extracts from the Pacific yew (Taxus brevifolia)
were cytotoxic [1], up to the present attempts to
elucidate paclitaxel’s mode of action [2]. The
structures of some diterpenoid taxanes are
shown in Fig. 1. The magnitude of current
interest in taxanes is attested to by symposia
dedicated to paclitaxel chemistry [3], as well as
by the increased magnitude of the taxane litera-
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ture. By far the main focus of this literature is
the interaction of taxanes with mammalian cells.
In contrast, the number of reports on the effects
of taxanes on non-mammalian, eukaryotic sys-
tems is few. For example, limited studies of
paclitaxel effects on frog eggs [4], on sea urchin
eggs [5], on hemoflagellates [6], on higher plants
{7] and on fungi [8-11] have been reported.

All of the reports in the literature to date and
alluded to above have utilized pure, authentic
taxanes, e.g. paclitaxel, cephalomannine and
baccatin III, from Pacific yew bark. Data from
our earlier investigations [12] indicated that the
needles from ornamental yew (Taxus spp.)
shrubs contain paclitaxel and other taxanes in
quantities equal to or higher than the amounts

© 1994 Elsevier Science B.V. All rights reserved
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Fig. 1. Structures of taxane diterpenoids.

typically found in Pacific yew bark (i.e., 400
ppm). The development of taxanes as agro-
chemicals must not compete with supplies of
these compounds destined for application as
chemotherapeutic anticancer agents. In addition
there is considerable expense entailed in the
purification of a single, pure taxane, a necessary
procedure for pharmaceuticals, which may be
unnecessary in the production of taxane agro-
chemicals. Annual prunings of Taxus shrubs,
which are a waste product of commercial nursery
operations, can serve as the source of yew
needles destined for extraction to produce bio-
fungicides. Our studies [13] suggest that the
fungitoxic efficacy of a mixed-taxane fraction
may exceed that of a single pure taxane. These
studies on potential taxane bio-fungicides ex-
tracted from yew needles require that we im-
prove our methods for obtaining large quantities

of the partially purified taxanes. Solid-phase
extraction membrane technology permits us to
achieve this objective rapidly and economically.

2. Experimental
2.1. Extraction

The extraction procedure has not been altered
substantially since our initial report [12]. Clip-
pings from ornamental yew cultivars, such as
Taxus X media ‘“Hicksi”” and T. X media “Nigra”
from commercial plantings in Connecticut and
Rhode Island, USA, from field research plots at
The Connecticut Agricultural Experiment Sta- -
tion’s Lockwood Farm, and from greenhouse-
rooted cuttings, were collected and stored in
plastic bags at 4°C. Within one week of collection
the needles were stripped from the twigs. A
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small sub-sample of the whole needles was dried
to constant mass (typically 16 h) in an oven at
95-100°C solely for moisture determination. The
remaining needles were reduced to 3 mm or
smaller in size using a laboratory blender. A
3-4-g sub-sample of the well mixed, ground
needles was weighed, transferred to an Erlen-
meyer flask, and extracted with 100 ml of metha-
nol at ambient temperature for 16 h on a wrist-
action shaker. We have observed that 4 g of
biomass/100 ml of extraction solvent results in
the quantitative extraction of the taxanes. The
resulting solution was filtered through Whatman
1 or 2 filter paper, the needles were washed with
25 ml of methanol, and the combined methanolic
solution was evaporated to dryness on a rotovap
at 40-43°C. The dried residue was reconstituted
in 10 ml methanol and 1 ml distilled—deionized
water. All water used in our procedures is
distilled prior to finishing in a NANOpure II
four-cartridge system (Barnstead/Thermolyne
Corporation, Dubuque, IA, USA), and is re-
ferred to as distilled—deionized (DI-DI) water.

2.2. SPE Partitioning

Three C,; SPE techniques were compared for
their partitioning efficiency of the crude extract.
The eluents for the SPE methods in their order
of usage are DI-DI water, 20% methanol, 45 or
50% methanol, and 80% methanol. Most tax-
anes selectively elute in the methanol-water
(80:20) fraction (hereafter referred to as the
taxane fraction).

Method 1

High-capacity 6-ml C,; disposable extraction
columns (7020-07; J.T. Baker, Phillipsburg, NJ,
USA) containing 1000 mg of sorbent have been
routinely used in our laboratory for clean-up of
the crude extract. The cartridge was conditioned
with 10 ml ethyl acetate, 10 ml methanol and 10
ml DI-DI water. It is critical that a minimum of 2
mm of water remain above the top frit in the
cartridge at the time the crude extract is trans-
ferred to the cartridge. After transfer of 0.5 ml
of crude extract, the cartridge was eluted with 5

ml DI-DI water, 10 ml 20% methanol, 10 ml
50% methanol and 10 ml 80% methanol.

Method 2

Ultra-high-capacity C,; columns have been
prepared in our laboratory by packing 4 g of C,
40 pm sorbent (7025-00, J.T. Baker) into a 6-ml
disposable  polypropylene filtration column
(7121-06, J.T. Baker). The sorbent bed is fitted
with 20-um polyethylene frits at the top and
bottom. Conditioning was accomplished with 40
ml ethyl acetate, 40 ml methanol and 40 ml
DI-DI water. Once again a sufficient layer of
DI-DI water must remain above the top frit at
the time of addition of < 4.0 ml of crude extract
to the cartridge. The cartridge is then eluted with
20 ml DI-DI water, 40 ml 20% methanol, 40 ml
50% methanol and 40 ml 80% methanol.

Method 3

Empore (3M Corp., St. Paul, MN, USA)
extraction disks, 47 mm size (7460-06, J.T.
Baker) are used in conjunction with a Millipore
all-glass filtration apparatus (XX15 047 00; Milli-
pore, Bedford, MA, USA). To avoid clogging
the Empore disk with particulate matter from
the crude extract, a 47-mm polypropylene
separator with 10-um pore size (61757; Gelman
Sciences, Ann Arbor, MI, USA) is placed on top
of the Empore disk before the top reservoir is
clamped in place. Conditioning is accomplished
with 15 ml ethyl acetate, 15 ml methanol and 15
ml DI-DI water under gentle vacuum. Under
very gentle vacuum (e.g., 1-2 mmHg; 1
mmHg = 133.322 Pa) 10 ml DI-DI water are
added to the reservoir followed immediately by 7
ml of crude extract. Partitioning was accom-
plished under gentle vacuum with 15 ml DI-DI
water, 15 ml 20% methanol, 15 ml 45% metha-
nol and 20 ml 80% methanol.

2.3. HPLC Analysis

The taxane fraction was well shaken and
filtered through a 2-um external filter tip (FT
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4004; Centaur West, Sparks, NV, USA) into an
automatic liquid sampler vial. The HPLC system
consists of a Perkin-Elmer (Norwalk, CT, USA)
binary LC250 pump, fitted with a ISS-100 auto-
sampler and LC235 dual-channel photodiode
array detector. The peaks recorded at 230 nm
are used for quantitation; the LC trace at 280 nm
is also recorded. Separation is achieved on a
MetaChem (Torrance, CA, USA) 250 X 4.6 mm,
5 pm Taxsil analytical column (0335-250 x 046)
preceded by a Taxsil guard cartridge (0335-CS).
The column oven is maintained at 32°C, the
flow-rate at 1 ml/min, reservoir A contains
100% acetonitrile (Omnisolv; EM Science,
Gibbstown, NJ, USA), and reservoir B contains
water—methanol (70:30) (Omnisolv, EM Sci-
ence). The injection volume is 10 ul and the
following linear gradient elution program is used
(program A):
0 to 15 min: isocratic at 41% A
15 to 20 min: ramped to 65% A
20 to 30 min: isocratic at 65% A
30 to 35 min: ramped to 41% A
35 to 40 min: isocratic at 41% A

Alternatively, paclitaxel can be resolved from
7-epi-10-deacetyltaxol on the MetaChem Taxsil
analytical column if the following parameters are
employed: 100% acetonitrile ,in reservoir A,
water—methanol (90:10) in reservoir B; and the
following linear gradient elution program (pro-
gram B):
0 to 15 min: isocratic at 43% A
15 to 20 min: ramped to 65% A
20 to 30 min: isocratic at 65% A
30 to 35 min: ramped to 43% A
35 to 40 min: isocratic at 43% A

Stock standard solutions in methanol (Om-
nisolv, EM Science) are prepared from authentic
compounds received from the National Cancer
Institute. Quantitation is by external standard
using software on the PE Nelson 1020 personal
integrator with 10-ul injections of either two or
three standard solutions plus the origin. Day-to-
day variation of the response factors for the
three taxanes, paclitaxel, cephalomannine, and
baccatin III, is typically <10% and the correla-
tion coefficient for the calibration curves is
typically >0.995.
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Fig. 2. LC traces using program A of (A) taxane fraction
recorded at 230 nm (a) and 280 nm (b) and (B) taxane
fraction (a) vs. 5-taxane standard (b) at the following con-
centrations: baccatin III, 16.06 ng/ul; 10-deacetyltaxol, 24.99
ng/ul; cephalomannine, 14.32 ng/ul; paclitaxel, 15.67 ng/ul;
7-epi-10-deacetyltaxol, 23.64 ng/ul. Peaks C,, C,, C,, C, are
assumed to be cinnamyl taxanes.

3. Results

It is well known that HPLC on C,, analytical
columns fails to resolve paclitaxel (with A, =
230 nm) from cinnamyl taxanes (with A_, = 280
nm) [14-16]. Fig. 2A shows the LC traces of the
taxane fraction recorded at both 230 and 280 nm
using program A. Fig. 3 shows the UV spectra of
relevant peaks in the taxane fraction (peaks B

and C) and the authentic paclitaxel standard

0.040 —1

®ODIDOTNO®VOM

0.000 —4

155 218 220230 240 250 260 270 250 230 300 370 320 330 340 350 30 4
nm

Fig. 3. UV spectra: A = paclitaxel from authentic standard;

B = paclitaxel from taxane fraction; C=cinnamyl taxane

from taxane fraction.
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Fig. 4. LC traces using program B recorded at 230 nm of
taxane fraction (b) and 5-taxane standard (a).

(peak A). The absence of any significant absorp-
tion at 280 nm in the paclitaxel peak in the
taxane fraction (Fig. 2A; Fig. 3) confirms that
the MetaChem Taxsil column together with
program A not only provides rapid analysis
times, but also resolves paclitaxel from the
cinnamyl derivatives. Under these conditions,
however, the retention times of paclitaxel and
7-epi-10-deacetyltaxol are equal (Fig. 2B). Fig. 4
shows that changing to the conditions given
- above in program B resolves these two com-
pounds. Since the use of program B permits us
to conclude that the amount of 7-epi-10-
deacetyltaxol typically found in Taxus needles is
quite small, our routine quantitation of the
‘taxane fractions by means of program A gives
accurate values of paclitaxel and taxane ana-

Table 1

logues. Program A is the quantitation program
of choice since it permits baseline resolution of
paclitaxel from the cinnamyl derivatives. Using
the procedures above more than 1000 injections
have been made on the system with only three
changes of the Taxsil guard column.

Table 1 compares relevant parameters for the
different SPE techniques. In our earlier studies
[12] we showed by means of spiking that re-
covery of paclitaxel is quantitative on the high-
capacity C,, cartridges within the limits given in
the table. By using the ultra-high-capacity car-
tridges prepared in our laboratory, the volume of
crude extract which may be partitioned is in-
creased. Once again spiked recoveries and
HPLC analysis of all eluates indicate that the less
polar taxanes elute quantitatively from these
ultra-high-capacity cartridges in the methanol-
water (80:20) fraction within the limits given in
Table 1, second column. The data in the third
column of Table 1 show that the C,; Empore
extraction disks significantly increase the volume
of crude extract which may be partitioned, while
maintaining quantitative recovery of the less
polar taxanes.

4. Discussion

Quantitative extraction of the taxanes from
Taxus needles must obviously be followed by

Comparison of parameters for C,; SPE partitioning of crude extract from Taxus needles

High-capacity cartridge Ultra-high-capacity cartridge 47-mm Disk
Volume crude (ml) 0.5 3.5-3.9 7.0
Volume water (ml) 5 20 15
Volume 20% methanol (ml) 10 40 15
Volume 45% methanol (ml) 0 0 15
Volume 50% methanol (ml) 10 40 ’ 0
Volume 80% methanol 10 40 20

Paclitaxel recovery (%)* 104.0+4.0(n=4)
Paclitaxel recovery (%)"°
Estimated cost/ml of 5.70

crude extract (US$)

103.5%13.0 (n = 2) 115.8 5.3 (n=2)
89.5+0.1(n=2)

2.80 - 1.00

* Authentic paclitaxel spiked directly into crude extract prior to partitioning on SPE.
® Recovery based on paclitaxel concentration calculated from partitioning on J.T. Baker 7020-07 high-capacity cartridge.
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removal of co-extractives without loss of the
target compounds. Although liquid-liquid parti-
tioning of the crude Taxus extract has been used
[14], fractional elution on SPE cartridges has
distinct advantages, saving time and reducing
solvent usage [17]. Our investigations into the
effects of taxanes on non-mammalian cells de-
manded that we produce large quantities of the
taxane fraction efficiently and economically. SPE
membrane technology permits us to achieve
these goals.

SPE cartridges have been in use since 1978
[18]. In typical environmental applications 1 1 of
water can be extracted on the reversed-phase
high-capacity C,; cartridges. When used in our
laboratory to partition the crude Taxus extract,
however, the optimum capacity of the high-
capacity C,; cartridges for the methanolic crude
extract is 0.5 ml. Larger volumes of the crude
extract, up to 1 ml, may be partitioned on this
cartridge. However, taxane breakthrough is pos-
sible close to this upper volume limit. Similarly,
the ultra-high-capacity C,, cartridges prepared in
our laboratories limit the volume of crude par-
titioned, are expensive, and even with vacuum
filtration assist, tend to be slow because of the
large amount of flocculate in the crude extract.
Although, after adequate washing of the C,,
sorbent, reloading of the crude extract on both
cartridge types may be feasible, the additional
time and solvent usage required reduces the
practicality of this approach compared with the
SPE membrane procedure.

Membrane SPE is a relatively new technique
[19] introduced in 1989, which we decided to
explore in our attempt to partition larger quan-
tities of the crude Taxus extract more rapidly
and economically. Some modifications of the
cartridge approach were necessary to achieve
quantitative recovery of the principal taxanes in
the methanol-water (80:20) eluate from the
Empore disk. First, a 10-um pore size poly-
propylene separator was necessary to prevent the
flocculate’s clogging the 0.006-um pores of the
Empore disk. Rapid clogging of smaller pore size
glass microfilters, e.g. Whatman GMF150 1 um
(1841-047; Whatman LabSales, Hillsboro, OR,

USA) and glass bead filtration aids, e.g. 3M
Empore filter aid 400 (Varian 1214-6005 or J.T.
Baker 7467-01), by the crude extract rendered
these products useless for our application. Al-
though we are able to partition 7 ml of the crude
extract on a single 47-mm disk without taxane
breakthrough, it is essential that approximately
10 ml of water be maintained in the reservoir
during the addition of the crude extract under
very gentle vacuum. Furthermore, the 50%
methanol eluent, which results in small but
measurable breakthrough of the taxanes, must
be replaced by a methanol-water (45:55) eluent.
Under these conditions HPLC analysis of the
loading solution eluate, the water ecluate, the
methanol-water (20:80) eluate, and the metha-
nol-water (45:55) eluate shows no breakthrough
of taxanes with retention times > 6 min, namely,
10-deacetyltaxol, cephalomannine and paclitaxel.
The HPLC analyses of these eluates did indicate,
however, that small amounts of baccatin III are
present, with the major amount in the metha-
nol-water (45:55) or in the methanol-water
(80:20) eluates. Finally, recovery of authentic
paclitaxel spiked into the crude extract prior to
partitioning on the Empore disk was quantitative
in the taxane fraction (methanol-water, 80:20).

In summary, as may be seen in Table 1, there
are several advantages of the SPE membrane
versus cartridge methodology: total solvent vol-
ume/ml crude extract processed is reduced by
more than 80%; a significant reduction in the
cost of processing a given volume of crude,
significant reduction in sample processing time,
and a consistently high spike recovery are all
achieved. Also, the LC traces of the taxane
fraction from the cartridge and the Empore disk
methods, shown in Fig. 5, are identical. There-
fore, qualitatively and quantitatively SPE mem-
brane technology provides the same taxane frac-
tion as does the SPE cartridge.

We anticipate that this approach may be
enhanced by stacking the 47-mm disks and/or
using the 90-mm disks now available. Together
with the three- and six-position filtration mani-
folds available from several manufacturers, SPE
membrane technology will permit us to collect
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Fig. 5. Overlay of taxane fraction eluted from high-capacity
C,, cartridge (a) with taxane fraction eluted from 47-mm
Empore disk (b).

sufficient amounts of a multi-taxane fraction for
examination of its effects on non-mammalian
eukaryotic systems.
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Abstract

The separation and detection of five antihistamine drugs commonly found within over-the-counter allergy and
cold pharmaceutical products was performed by HPLC with chemiluminescence (CL) detection. Comparable
detection limits at 5~10 pmol were found for the antihistamines by both UV at 214 nm and tris(2,2'-bipyridine)
ruthenium(III) CL. However, urine samples were found not to generate as large an unretained peak by CL
detection as compared to those peaks by UV detection at 214 and 254 nm. For example, the pheniramine peak
representing 0.15 wg/ml was almost totally obscured at 214 nm. Quantitative results received for three
antihistamine commercial samples ranged from 4 to 8% error in accuracy when an internal standard was used to

compensate for short term detector drift.

1. Introduction

Chemiluminescence (CL) has been applied to
a wide variety of compounds and ions as a means
of detection for chromatography [1]. Recently,
several studies have utilized tris(2,2’-bipyridine)
ruthenium(IIT) [Ru(bpy);*] as an CL reagent
that oxidizes various organic amines. This re-
agent will in general react best with tertiary, then
secondary, and finally primary alkyl amines
[2,3]. Studies have utilized this reagent to quanti-
tate antibiotic compounds like erythromycin and
clindomycin which both have a reactive tertiary

amine [4,5]. Recently, diuretic hydrothiazide

compounds such as hydrochlorothiazide and hy-
* Corresponding author.

0021-9673/94/3%07.00
SSDI 0021-9673(94)00548-N

droflumethiazide were found to chemiluminesce
even at the 1-2 pmol level [6]. Amino acids were
found to vary greatly in reactivity depending
upon the R group. In particular, proline [7] and
tryptophan [8] which have the more reactive
secondary amine substituent can be detected in
the pmole range. Detection limits for primary
alkyl amino acids can be improved under basic
conditions [9,10]. Dansylated amino acids having
a tertiary amine group attached to an aromatic
ring can be determined after HPLC separation at
the 2 pmol level by Ru(bpy);* CL [11]. Oxida-
tion of Ru(bpy)?® immobilized on a Nafion-
coated electrode in a flow cell mounted in front
of a photomultiplier tube (PMT) permits reuse
of Ru(bpy)" but analyte detection limits are
only in the nmole range [12]. Electrochemical

© 1994 Elsevier Science B.V. All rights reserved
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generation of Ru(bpy)3* in solution on-line at
either a Pt [13] or glassy carbon [14] electrode
has been demonstrated but the limited concen-
tration of oxidizing agent formed could deleteri-
ously affect detection limits.

Antihistamines are found within a wide variety
of over-the-counter cold and allergy medication
products. Potential side effects caused by antihis-
tamines when accompanied with alcohol, hyp-
notic agents, and antianxiety drugs are drowsi-
ness and depression of the central nervous sys-
tem [15]. Antihistamines are also sometimes
used in combination with other drugs to treat
adverse side affects. For instant, diphenhydra-
mine is sometimes used to treat acute dystonic
symptoms brought about by antipsychotic drugs
used to treat patients with Parkinson disease
[16].

In this paper, the determination of five antihis-
tamines brompheniramine, chlorpheniramine,
pheniramine, diphenhydramine, and pyrilamine
(structures shown in Fig. 1) by Ru(bpy):* CL
after HPLC separation is described. The quan-
titative analysis of three cold medlcatlon prod-
‘ucts and the potential of Ru(bpy):* CL for the

CHzCHzMCHa)z cazcuzmcm)z

stolNeast

Pheniramine " Brompheniramine

OCH 2CH,;N(CH3),

oo O,

Diphenhydramine

CH;_CHIN(Cﬂg)z

Chlorpheniramine

CHZCHZN(CH3)Z

CHZN
CH;J : U

Pyrilamine

Fig. 1. Structures of five tertiary antihistamines.

determination of drugs in urine samples is pro-
vided.

2. Experimental
2.1. Equipment

A Waters Model 510 HPLC pump (Milford,
MA, USA) was used to transport the sample
under chromatographic and flow m]ectmn analy-
sis (FIA) modes. The Ru(bpy)?" solution was
oxidized to Ru(bpy)3 with a Princeton Applied
Research (Princeton, NJ, USA) Model 174A
polarographic analyzer using a platinum gauze
working electrode, a platinum wire auxiliary
electrode, and a silver wire reference electrode.
The reagent reservoir was continuously bubbled
with helium gas for 30 min before applying a
+950-mV potential across the electrodes. A
magnetic stir bar was also used during the
purging, reagent oxidation, and analysis pro-
cesses. A Rheodyne Model 7010 injector
(Cotati, CA, USA) with a 20-ul loop was used
throughout all the studies. The Ru(bpy);* oxi-
dizing reagent was transported by an Alita peri-
staltic pump (Medina, WA, USA) that utilized
1.0 mm (0.040 inch) I.D. Tygon pump tubing.
The reagent flow stream connection between a
diagonally cut PTFE tube (0.5 mm I.D.x1.5
mm O.D.) inserted in the Tygon pump tube to
the fused-silica capillary utilized a male/male
union in which a Kel-F ferrule and graphite
ferrule sealed the PTFE and capillary lines,
respectively.

A modified Waters 420-AC fluorometer was
used to detect the CL reaction within the 8-ul
flow cell. A stainless-steel tube (O.D. = 1.6 mm;
I.D. = 1.0 mm) leading out of the top of the 8-ul
flow cell to a stainless-steel tee was fitted with a
fused-silica capillary (I.D. =317 um; O.D. = 427
um) coaxially with enough excess space available
to allow waste to exit between the tubing walls
and out through one branch of the tee. Intro-
duction of the Ru(bpy);" occurred through this
capillary that was fixed in position by a PTFE
ferrule in the stainless-steel tee. The polyamide
coating of the capillary within the quartz flow
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cell was removed by burning the capillary tip
with a match and wiping away the carbon coat-
ing. No modification was made on the inlet
portion of the fluorometer. The excitation source
of the fluorometer was removed but the position
of the flow cell, optics, and PMT remained
unchanged. A Hamamatsu PMT Model
R928YP2547 with maximum sensitivity in the
visible light region was substituted. Characteriza-
tion of this flow cell design which ensures the CL
light signal (about 1 s in duration) occurs in front
of the PMT has been carried out previously [5].
The data were collected with a Shimadzu
Chromatopac C-R6A integrator (Kyoto, Japan).
UV analysis was performed on an Applied Bio-
systems (Ramsey, NJ, USA) Model 757 variable
wavelength absorbance detector.

The chromatographic column used to separate
the antihistamines was a 150x4.6 mm LD.
Asahipak ODP-50 C,; column purchased from
Keystone Scientific (Bellefonte, PA, USA).
Flow-rates used for all experiments were 0.80
ml/min and 0.28 ml/min for the chromatograph-
ic and reagent streams, respectively. These flow-
rates are in the optimum range found previously
in another study [5].

2.2. Reagents

A 1 mM tris(2,2'-bipyridine) ruthenium(II)
hexachloride solution (salt obtained from Al-
drich in Milwaukee, WI, USA) was prepared
with either a 0.05 M acetate-buffered supporting
electrolyte (pH 5.5) or 0.05 M sodium sulfate.
Although a 2 mM Ru(bpy);" solution when
oxidized provided a somewhat greater CL signal,
the 1 mM solution was used to conserve reagent.

Buffer solutions were prepared at concentra-
tions of 0.2 M at pH values of 5.5, 7.0, 8.0, 9.0,
and 10.0. A phosphate salt along with the borate
salt was required for buffers pH 9.0 and 10.0 to
maintain a consistent molarity to other buffers.
An acetate salt was used for pH 5.5 and a
phosphate salt for 7.0 and 8.0 buffers. The
acetonitrile was supplied from Burdick and Jack-
son, (Muskegon, MI, USA). The antihistamines
brompheniramine, chlorpheniramine, diphenhy-
dramine, pheniramine, and pyrilamine were pur-

chased through Sigma (St. Louis, MO, USA).
In-house water was purified with a Barnstead
E-Pure system (Dubuque, IA, USA).

Pharmaceutical samples Benadryl (diphenhy-
dramine), Chlor-Trimeton (chlorpheniramine)
tablets, and Dimetapp (brompheniramine) grape
flavor cough syrup were analyzed. The antihis-
tamine tables were prepared by crushing and
grinding the tablet contents within a polystyrene
weighing dish. The crushed contents were trans-
ferred into a volumetric flask with 100 ml of
water along with 30-40 ml of acetonitrile to
assist in dissolving the antihistamines. These
solutions were diluted to 250 or 500 ml with
water. A 10- to 20-ml portion of each of these
tablet solutions was then centrifuged to remove
any undissolved solids. A known quantity of the
centrifuge supernatant was quantitatively diluted
to a calculated concentration determined by the
manufacturer’s cited active ingredient amount.
All standards and samples were spiked with
N,N-dimethylbenzylamine as an internal stan-
dard.

3. Results and discussion

The optimum CL pH values for all five antihis-
tamines were determined by FIA methodology.
A comparison of the change in chemilumines-
cence intensity with pH is shown in Fig. 2.
Pheniramine, chlorpheniramine, and brompheni-
ramine are found to be the most reactive at pH
9.0. This alkaline pH optimum agrees with
previous work involving amino acids [9] and
supports the general trend of greater reactivity
for compounds having unprotonated amine func-
tional groups. The like reactivity of pheniramine,
chlorpheniramine, and brompheniramine is
reasonable since all three have similar structures.
The tertiary nitrogen not the pyridine nitrogen is
reasonable for the CL reaction. The diphenhy-
dramine reactivity loss may be due to the ether
functional group within the alkyl chain between
the tertiary amine and aromatic rings. A similar
trend involving polar side chains has been pro-
posed to explain the different Ru(bpy);” CL
responses for amino acids [10]. Pyrilamine is less
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Fig. 2. CL response vs. pH for five antihistamines. Sample
concentrations (M): (O) chlorpheniramine 6.3-107°, (@)

brompheniramine 4.4-107°, (A) diphenhydramine 5.9-107¢,
(%) pheniramine 3.9-107°, ( + ) pyrilamine 4.3-10"°.

reactive when compared to the other four an-
tihistamines (about a factor of 4 and 9 less
compared to diphenhydramine and pheniramine,
respectively). A CL reactivity study was done on
two model compounds, 2-dimethylaminopyridine
and 2-benzylaminopyridine. The latter com-
pound was ten times less reactive than
pyrilamine indicating the benzyl group may be
quenching. However this compound is a sec-
ondary amine and is expected to generate a
weaker CL signal. 2-Dimethylaminopyridine was
found to be seven times more reactive than
pyrilamine even though pyrilamine has 2 tertiary
nitrogens and this model compound has only
one. This lends support back to the idea that this
electron withdrawing benzyl group is probably
quenching the pyrilamine CL signal. We also
know that nitro groups can quench the CL signal
since N,N-dimethylaniline can be detected at the
5 pmol level at pH 3 but N,N-dimethyl-3-nitro-
aniline does not react.

3.1. Chromatography

Reversed-phase separation of these antihis-
tamines using a polymeric C,; column under
basic and neutral conditions requires a moderate
quantity of an organic solvent. Previous studies
showed acetonitrile caused less quenching of the

NN W
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Fig. 3. Retention factor curves for changes in % acetonitrile
for four antihistamines at (a) pH 9.0 and (b) pH 7.0.
O = Brompheniramine, € = chlorpheniramine, A = diphen-
hydramine and X = pheniramine.

Ru(bpy);" CL reaction as compared to metha-
nol [5]. Fig. 3 shows the retention factors of four
antihistamines under neutral and basic condi-
tions as a function of percent acetonitrile. Under
neutral pH conditions the antihistamines become
more protonated and £’ values are about a factor
of 7 less. The optimum acetonitrile—water ratios
when separating these four antihistamines were
47:53 at pH 9.0 and 35:65 at pH 7.0. A fifth
compound pyrilamine is retained similarly to
brompheniramine but all five drugs can be sepa-
rated upon reduction of the acetonitrile content
in the mobile phase under neutral pH conditions

(Fig. 4).
3.2. Detection limits

Good detection limits have been cited for
these antihistamines. Detection limits for chlor-
pheniramine of about 0.5 ‘pmol within 1-ml
samples of plasma or saliva after extraction with
diethylether and preconcentration were reported
at a 254 nm wavelength [17]. Optimum UV
wavelength conditions have been reported for
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Fig. 4. Chromatograms for the separation of (a) four and (b)
five antihistamines. (a) Acetonitrile-0.05 M borate buffer,
pH 9.0 (47:53). (b) Acetonitrile—0.2 M phosphate buffer, pH
7.0 (27:73). A = Pheniramine, B = chlorpheniramine, C=
brompheniramine, D = pyrilamine, E = diphenhydramine.

brompheniramine and pheniramine at 254 nm,
and 214 nm for diphenhydramine, but no detec-
tion limits were provided [18]. A fluorometric
method involving the derivatization of chlor-
pheniramine with benzyl chloroformate was able
to determine 0.1 ng/ml within whole blood
samples [19]. Although this derivatization pro-
cedure is general for tertiary amines, it only
works with dry sample residues.

A detection limit comparison at pH 9 was
made between the CL detector and the UV
detector (Table 1). Comparable results (5-10
pmol) are achieved for the CL detector and the
UV detector at 214 nm for pheniramine and

brompheniramine. Chlorpheniramine and di-
phenhydramine can be detected somewhat better
at 214 nm than by CL. However, the CL re-
sponse shows a 2-3 times improvement in detec-
tion limits for brompheniramine, chlorphenir-
amine, and pheniramine when compared to UV
at 254 nm. Diphenhydramine at 254 nm exhibits
a dramatic fall off in detectability by one order
of magnitude compared to the CL detector. The
pyrilamine CL detection limit is about one order
of magnitude less responsive than that of the
other antihistamines. The antihistamine CL de-
tection limits shown in Table 1 are slightly better
than the values reported for dipropylamine (16
pmol) but not as low as that for tripropylamine
(0.2 pmol). This tends to indicate that tertiary
amines with large bulky aromatic functional
groups (brompheniramine, chlorpheniramine,
and pheniramine) react similarly to secondary
amines. Using a 100-u1 injection loop, concen-
tration CL detection limits can be reduced to
0.01-0.03 pg/ml for all four compounds in Table
1.

3.3. Quantitative analysis

To alleviate CL detector drift observed after
2-3 h, internal standards were chosen for their
strong reactivity to the oxidizing reagent and
ability to be separated from most of the antihis-
tamines. One internal standard (N,N-di-
methylbenzylamine) was added to the standards
and samples of diphenhydramine, chlorphenir-
amine, and brompheniramine to compensate for
the CL drift. tert.-Butylbenzylamine could be
used as an alternative internal standard for
pheniramine although it happens to coelute near

Table 1
Detection limit comparison between UV detector and a chemiluminescence detector
Detector Pheniramine Brompheniramine Chlorpheniramine Diphenhydramine
Chemilumin- 0.09 pg/mil 0.14 pg/ml 0.14 pg/ml 0.21 pg/mi
escence (8 pmol) (9 pmol) (10 pmol) (16 pmol)
UV 214 nm 0.07 pg/ml 0.13 pg/ml 0.07 pg/ml 0.10 pg/ml
(6 pmol) (8 pmol) (5 pmol) (8 pmol)
UV 254 nm 0.20 png/ml 0.41 pg/ml 0.29 pg/ml 2.4 pg/ml
(17 pmol) (26 pmol) (21 pmol) (290 pmol)
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Linear least square regression data
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Compound Y=A+BX Correlation Linear range
coefficients studied
(No. data points) (ng/ml)
Brompheniramine A=11-10""%32-10" 0.999 0.5-22
- B=27-10""%29-107? (12)
Chlorpheniramine A=14-10"'%56-10"7 0.997 0.3-15
B=3.0-10""+6.7-1073 (15)
Diphenhydramine A=25-1072%32-1072 0.993 0.5-7.5
B=18-10"'+76-10"° (10)

Y =Peak area sample/peak area internal standard. X = ug/

chlorpheniramine and brompheniramine. Linear
least squares regression analysis data are pro-
vided in Table 2. Reproducibility of duplicate or
triplicate data points is about 2-10% R.S.D.
With the internal standard, percent errors from
the label values of 5-6% for diphenhydramine
and 4-8% for chlorpheniramine and brompheni-
ramine in three pharmaceutical products are
calculated.

3.4. Matrix effects

Chromatograms of the three pharmaceutical
samples with detection at 214 nm and CL were
compared. Only single peaks due to diphenhy-
dramine are observed in the Benadryl chromato-
grams regardless of detection method. An unre-
tained peak which did not interfere with the
chlorpheniramine peak is noted for both Chlor-
Trimeton chromatograms. The Dimetapp sample
matrix did cause some interference for the brom-
pheniramine analyte as indicated by the shoulder
peak (Fig. 5A). Several other unknown com-
ponents are observed within the Dimetapp chro-
matogram. When this chromatogram is com-
pared to the Dimetapp CL chromatogram in Fig.
5B, no interferences can be seen for brompheni-
ramine.

We also compared chromatographic results
between an UV detector and CL detector for
three antihistamine-spiked urine samples. The
urine matrix generated a large unretained ab-
sorbance response for UV wavelengths at both
214 and 254 nm that did not come down to

ml.

baseline until about 12 min. The unretained
signal caused by this urine sample was smaller
for the CL detector coming down to baseline in
about 5 min. It could be attributed possibly to
amino acids found in urine [20] such as histidine
and tryptophan which have secondary amine
groups as well as other amines that give strong
signals at alkaline pH. Both urea and uric acid
did not react with Ru(bpy))” to generate CL.
Previously we have reported that carbonyl
groups next to the nitrogen atom are electron
withdrawing preventing facile oxidation of the
analyte to a radical by Ru(bpy)3* [7]. At 254
and 214 nm, the unretained urine components

B

—
14.5 0 15.0

Time (min)

0

Fig. 5. Dimetapp (4.0 pg/ml brompheniramine 8.4 min)
sample chromatograms with detection at (A) 214 nm and (B)
CL. Mobile phase: acetonitrite—0.01 M borate buffer, pH = .

9.0 (47:53). The peak at 5.1 min in chromatogram A is the
internal standard, N,N-dimethylbenzylamine.
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Fig. 6. Chromatograms of an undiluted urine sample spiked with 0.15 pg/ml pheniramine (A), 0.26 pg/ml brompheniramine
(B), and 0.29 wg/ml diphenhydramine (C) taken with UV (214 nm), UV (254 nm), and CL detection. Mobile phase:
acetonitrile—0.025 M borate buffer, pH 9.0 (40:60). Flow-rate: 0.8 ml/min. Injection size: 100 1.

such as uric acid greatly interfere with the
determination of 1.1 wg/ml of pheniramine
which shows up as a shoulder peak (data not
shown). Baseline resolution of pheniramine from
the urine matrix peak is possible using the CL
detector. This UV urine matrix problem is still
evident for 5 pg/ml brompheniramine which
elutes off later than the pheniramine analyte
(data not shown). Fig. 6 shows a comparison of
UV 214 nm, UV 254 nm, and CL chromato-
grams for a urine sample spiked at low levels
(0.1-0.3 pg/ml) of pheniramine, bromphenira-
mine, and diphenhydramine. These concentra-
tions are more typical of those found in urine for
these antihistamines. No sample preconcentra-
tion using a column or extraction was done. For
the chromatograms detected at 214 and 254 nm,
pheniramine is almost completely obscured by
the urine matrix. Diphenhydramine cannot be
detected at this level at 254 nm. Complete
resolution and detection of all three drugs on a
non-sloping baseline was possible using the CL
detector.
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Abstract

Transformation products of Irganox 1010 [pentaerythritol tetrakis-S-(3,5-di-tert.-butyl-4-hydroxyphenyl) propion-
ate], in food contact polymers subjected to electron beam irradiation have been analysed by particle beam LC-MS
with on-line UV diode array detection. It has been shown that the principal transformation products arise via loss

of sub-units of the parent molecule, and the subsequent transformation of these sub-units.

A total of 56

transformation products has been detected, for some of which structures are proposed. These results are compared
to previous work on Irganox 1330 [1,3,5—trimethyl-2,4,6-tris(3’,5’-di-tert.-butyl—4-hydroxybenzyl)benzene], where
transformations to yield p-quinone methide type structures were shown to occur.

1. Introduction’

In previous papers we have reported on the
effects of both gamma and electron beam ir-
radiation in air on various hindered phenol and
related arylphosphite antioxidants present in
food contact polyolefins [1-4]. The overall trend
observed has been that as the exposure to
radiation increases, so the amount of antioxidant
remaining decreases. This decrease in available
antioxidant has been attributed to its transforma-
tion to other products via reactions' with peroxo
and other radicals present in the oxidising poly-
mer.

Our recent work has concentrated on the

* Corresponding author.

0021-9673/94/$07.00
SSDI 0021-9673(94)00561-M

characterisation of solvent extractable trans-
formation products from hindered phenol and
related antioxidants in polypropylene subjected
to ionising radiation [5,6]. Initial studies on
Irganox 1076 [octadecyl-3(3,5-di-tert.-butyl-4-hy-
droxyphenyl) propionate], Irganox 1010 [penta-
erythritol tetrakis-3-(3,5-di-tert.-butyl-4-hydroxy-
phenyl) propionate] and Irganox 1330 [1,3,5-
trimethyl-2,4,6-tris-(3,5-di-tert.-butyl-4-hydroxy-
benzyl)benzene] were reported [S]. We employed
particle beam liquid chromatography—mass spec-
trometry (PB-LC-MS) [7] in conjunction with
data obtained using high-performance liquid
chromatography (HPLC) with diode array detec-
tion (DAD) in an off-line mode to characterise
the transformation products. We noted that the
data obtained in our early experiments with PB-

© 1994 Elsevier Science B.V. All rights reserved
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LC-MS in an isocratic mode were not adequate
to enable characterisation of all transformation
products observed [5].

A second paper reporting more detailed work
on the transformation products of Irganox 1330
has been published [6]. We showed that the
principal transformation products of Irganox

1330 (structure 1) under irradiation conditions

arise via oxidation processes to yield quinone
methide type structures and also via side chain
losses arising from cleavage of tert.-butyl groups.
Irganox 1010 (structure 2) has the potential to
undergo similar transformation processes under
irradiation conditions to yield one or more sub-
units of structure 2 transformed into a quinone
methide structure i.e., structure 3. However
Irganox 1010 might also be expected to yield
transformation products containing a cinnamate
type sub-unit (structure 4). Transformation prod-
ucts containing the same number of quinone
methide or cinnamate sub-units will show the
same relative molecular mass (M,). Of these
isomeric structures, the cinnamate form is likely
to be preferred on the grounds of aromaticity
and extended conjugation.

HO

(1)

CH,
cH, CH,
CH, CH,
CH;
HO OH
0
HO— CH; CH,—C
O— CH; =C (2}
4
i
for CHCH,— C 3)

O— CH,~

HO CH==CH—C (4)
O——CH,——

Since these sub-units may be present in any
combination the following possibilities exist
where in these structures (2s) refers to one sub-
unit of structure 2: (2s),—C—(3), (2s),—C—(4),
(2),-C~(3),, (25),-C-(4), etc.

We have also observed that in our previous
work losses of the above sub-units from the
parent antioxidant occur to yield transformation
products with a variety of new substituents. In
particular, cleavage of one or more of the above
sub-units with the formation of alcohol or alde-
hyde functional group residues on what remains
of the parent molecule is possible, as well as
reductive cleavage to leave methyl groups [5,6].

A further class of transformation products
expected would be related to the above com-
pounds but exhibit losses of tert.-butyl groups.

In anticipation of such a complex mixture of
transformation products it was decided to use
gradient elution PB-LC-MS with the UV-DAD
detector connected on line, and in this paper we
report evidence for the structures of the major
solvent extractable transformation products of
Irganox 1010 obtained using this approach.

2. Experimental
2.1. Irradiation

Samples of polypropylene homopolymer
stabilised with Irganox 1010 (0.25%, w/w) were
prepared by sintering to produce small pellets
which were then subjected to irradiation from a
4.5-MeV  Dynamitron Continuous Electron
Beam facility (50 kGy).

2.2. Extraction

The irradiated stabilised polypropylene (0.5 g)
was heated under reflux in chloroform (10 ml)
for 4.5 h to extract the transformation products.
The extract was then microfiltered using a 0.45
mm pore size nylon 66 membrane filter and
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1.0-cm Whatman GF/D pre-filter. The resulting
extract was evaporated almost to dryness under
oxygen-free nitrogen in a screw cap vial. Ethyl
acetate (3 ml) was then added to the extract to
precipitate oligomers. ‘After re-microfiltration
the extract was evaporated down to 0.5 ml prior
to HPLC analysis.

2.3. High-performance liquid chromatography

The HPLC instrumentation comprised a Gil-
son binary gradient system for solvent program-
ming and a Philips PU4021 multichannel UV-vis
detector. The resulting data were processed
using a Dell 210 microcomputer equipped with
the Philips analytical PU 6003 Diode Array
Detector system (3.0). The column employed
was a 10 cm X 4.6 mm Spherisorb ODS2 ana-
lytical column fitted with a 5 cm X 4.6 mm
Spherisorb ODS2 guard column.

Gradient elution was employed using the fol-
lowing mobile phases: (A) methanol-water
(10:90, v/v); (B) ethyl acetate—methanol (57:43,
v/v). Flow-rate: 0.7 ml/min. Solvent programme
comprised initial 65% B for 15 min, linear
gradient 65-90% B in 30 min, 90% B for 15 min
and a step to 100% B which was held for 15 min.
The diode array detector was set to acquire 1
spectrum/s over the range 250-390 nm.

2.4. Particle beam liquid chromatography—mass
spectrometry

The HPLC system described above was con-
nected in series with a VG Masslab (Manchester,
UK) Trio 1 quadrupole mass spectrometer
equipped with a VG LINC-particle beam LC-
MS interface. Data were acquired in the full scan
mode at 3 s/scan over the mass range 50-950
daltons under electron impact (70 €V) ionisation.
All data were processed using a VG Lab Base
data system.

3. Results and discussion

Our simultaneous UV-MS experiment pro-
vided three pieces of evidence for each peak: (i)
the relative retention behaviour in the reversed-

phase separation, (ii) the nature of the UV
spectrum, and (iii) the mass spectrum. In total
we were able to detect 56 different components,
on the basis of UV and/or mass spectral in-
formation (complete spectra or extracted ion
chromatograms). Most of these components
were present at such low concentrations, how-
ever, that it was not possible to obtain satisfac-
tory spectra using our on-line technique. In
order to identify such peaks it would be neces-
sary to undertake significant preconcentration or
to use preparative chromatography. On the basis
of spectral and chromatographic information we
are able to propose identities for 9 of the 56
transformation products. We have synthesised
three of our proposed compounds, and obtained
an authentic sample of a fourth, and shown that
in each case the mass spectra are very similar to
those of the transformation products.

Inspection of the complete diode array data
set showed that all the major peaks absorb
significantly at 275 nm. The 275 nm chromato-
gram Fig. 1 shows twelve peaks I to XII with
absorbances above 0.05 eluting before Irganox
1010 (peak XIII). On the basis of their retention
behaviour the twelve transformation products
giving rise to these peaks fall into three groups:
(a) peaks I to III, (b) peaks IV to VIII, and (c)
peaks IX to XII.

Group (a), peaks I, II and III, elute in the
initial 15-min isocratic region [65% B, i.e.
methanol-ethyl  acetate—water  (31:37:32)].
Given the reversed-phase nature of the sepa-
ration these three transformation products are
therefore expected to have much the most polar
structures and/or lowest relative molecular mass-
es (M)).

Group (b), peaks IV to VIII, elute during the
gradient portion of the chromatogram with re-
tention times between 15 and 45 min, and are
expected to be of steadily decreasing polarity
and/or increasing M.

Group (¢), peaks IX to XII, with retention
times between 45 and 60 min, are expected to be
of significantly lower polarity and/or higher M,
since they elute during the second isocratic
portion of the run {90% B, i.e. methanol-ethyl
acetate—water (40:51:9)] as does Irganox 1010
itself (peak XIII).
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Fig. 1. UV absorption chromatogram (275 nm) of extract of
irradiated polypropylene homopolymer originally stabilised
with Irganox 1010.

The raw total ion chromatogram is shown in
Fig. 2 scaled to 100% for the Irganox 1010 peak
XIII. Peaks appear with retention times approxi-
mately 0.5 min longer than in the UV chromato-
gram, reflecting the fact that the diode array
detector and mass spectrometer were connected
in series. Although there is some deterioration in
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Fig. 2. Total ion chromatogram of same polypropylene
extract as in Fig. 1. FS = full scale.

Min

peak shape, the loss of chromatographic res-
olution compared with the UV trace is not too
severe.

Peaks I and III in group (a) are clearly visible
in the total ion chromatogram, but in group (b),
for the gradient elution part of the run, the only
obvious peak is peak VIII. All five of the peaks
IX to XIII show clearly in group (c). The fact
that only eight of the thirteen peaks seen in the
UV chromatogram appear clearly in the total ion
chromatogram is not unexpected, since without
calibration neither UV absorbance nor LC-MS
ion intensity give a good indication of the
amount of material present. It was possible to
locate peaks II, V, VI and VII using the mass

- spectrometer data system, but no mass spectral

peak could be found for peak IV. Although peak
X shows up reasonably strongly on the raw total
ion chromatogram, it was not possible to obtain
an interpretable mass spectrum for this com-
ponent.

Fig. 3 shows the UV and mass spectra for the
Irganox 1010 peak (peak XIII). The major UV
absorption band in the range 260-300 nm (A_,,
285 nm) is characteristic of phenolic compounds,
and similar bands are found in most of the
transformation products. The upper mass range
of the spectrometer precludes detection of a
molecular ion for Irganox 1010 (M, 1178). The
base peak at m/z 219 is attributed to the frag-
ment ion with structure 5 formed by cleavage of
the carbon-carbon bond B to the aromatic ring.
Significantly this m/z 219 peak is found in many
of the transformation products. Similarly, the ion
at m/z 259 (tentative structure 6) which gives the
second most abundant peak in the mass spec-
trum of Irganox 1010, is also found in the high
M, transformation products giving rise to peaks

IX and XI.

—

HO CH;

+

—

H CH=—CH—C==0

(6)
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Fig. 3. (a) Diode array UV spectrum of peak XIII (Irganox 1010) for chromatogram of Fig. 1. (b) Mass spectrum of peak XIII
(Irganox 1010) for chromatogram of Fig. 2.



Table 1
Proposed structures for major transformation products of Irganox 1010 after 50 kGy electron beam irradiation

Chromatographic M, (u) Proposed structure
peak number

I* 278 HO g©>70HZCHZ—COOH
v
I 394 HO CH= CH — C CH,0H
\_/
O CH,— ¢ — CHR0H
N\

CH,OH
o]
/i
a -CH,-CH, — C
O =
OCHy— C — CHj
CH,0H
o]
HO C C 4
H,-CH, — C CH
v 378 \ /7
O CH;— ¢ — CHO
\
CH,OH

tentative structure (see text)

o}
VI 640 HO CH,-CH, — c//
2-CHz CH
\ /7
OCH,— C
AN

| , CH,OH
i
VII 638 _ HO CHp-CH; — C CH,
\ /
O—CH——¢C
, J \
B 5 CHO
Vs
VIII 624 HO CHz-CH; — C CH;
\ /
OCH,— C
_J \CH
| 2 >

0
/s
X 916 HO CH,-CHy— i
o— cuj— CCH,OH
-
Vi
Xr 900 : HO CH,—CH, — c\
. O— CHy~ € — CH;

—

X11 > 1000 Simple cleavage of terz.-butyl groups

* Identity confirmed by synthesis or comparison with authentic standards.
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Table 1 shows our proposed structures for
transformation products corresponding to nine of
the peaks, together with a much more tentative
possible structure for peak V. All these peaks
except peak II show UV spectra similar to
Irganox 1010, with the main absorption band
extending from 260 to 300 nm with A, in the
range 280-285 nm characteristic of phenolic
compounds. Fig. 4 shows examples for peaks I
and IX. We conclude that the only major chro-
mophore in such compounds is the Irganox 1010
subgroup.

None of the UV spectra provide evidence of
quinone methide structure 3 similar to those
found in our work with Irganox 1330 [6]. Such
structures would show a characteristic intense
absorption at significantly longer wavelengths,
extending to 380 nm with A, at about 345 nm.

Absorbance (AU}

0.2000 -

0.1500 —}

0.1000
0.0500 -
0.0000 -
L T T T T T T
260 280 300 320 340 360 380
Wavelength (nm)
Abs. (AU) Ret Time 47:00min
b
0.4000
0.3000
0.2000
0.1000
0.0000 L—op T T T T T T
260 280 300 320 340 360 380

Wavelength (nm)

Fig. 4. (a) Diode array UV spectrum of peak I. (b) Diode
array UV spectrum of peak [X.

Such quinone methide structures would have the
same M, as the corresponding cinnamate, being
two mass units less than that of compound
containing the fully saturated Irganox 1010
subunit.

3.1. Peak I

This peak shows a UV spectrum (Fig. 4a)
which is very similar to that of Irganox 1010,
indicating an intact phenolic group, without
further conjugation. The mass spectrum (Fig. 5a)
with a relatively intense molecular ion at m/z
278, base peak at m/z 263 due to the expected
loss of CH, from the fert.-butyl groups, and
significant fragment ion at m/z 219 as found in
Irganox 1010 itself, is very similar to that of an
authentic sample of 3-(3,5-di-tert.-butyl-4-hy-
droxyphenyl)propanoic acid (Fig. 5b). A B/E
linked scan mass spectrum of the authentic
sample confirmed that both m/z 263 and m/z
219 arise directly from fragmentation of the
molecular ion. The low mass and relatively high
polarity of this carboxylic acid are consistent
with the fact that this compound has the shortest
retention time of all the identified transformation
products.

3.2. Peak Il

The mass spectrum (Fig. 6a) shows a weak
molecular ion at m/z 394. This is the only peak
with a significantly different UV spectrum (Fig.
6b) to that of Irganox 1010: the absorption band
is much broader, extending to beyond 320 nm,
with A, at 290 nm. This is characteristic of

cinnamate type compounds (structure 4), with
extended conjugation.

3.3. Peak 111

The single sub-unit structure assigned to this
peak (M, at m/z 364) is shown in Table 1.

This substance was synthesised, and compari-
son between the mass spectrum of the authentic
sample and the transformation product was used
to confirm assignments.
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Fig. 5. (a) Mass spectrum of peak I. (b) Mass spectrum of an authentic sample of 3-(3,5-di-tert.-butyl-4-hydroxyphenyl) propanoic
acid.
3.4. Peak V The mass spectra of these three compounds show

On the basis of its UV spectrum (phenolic)
and mass spectrum (apparent molecular ion at
378) peak V would be consistent with the single
sub-unit structure shown in Table 1. However,
such a structure is more polar than the proposed
structure for peak III, and would therefore be
expected to elute significantly earlier in the
chromatogram. The actual identity of peak V is
therefore uncertain.

3.5. Peaks VI, VII, and VIII

Peaks VI to VIII have been assigned to the
structures containing two 1010 type sub-units.

characteristic ions corresponding to structure 6
as well as the other principal fragmentation
routes discussed. Confirmation of these assign-
ments was achieved by synthesis of the com-
pound with the structure proposed for peak VIII.
The mass spectra of peak VIII and the synthetic
sample are shown in Fig. 7a and b, respectively.

3.6. Peaks IX and XI

Peaks IX and XI are assigned to components
containing three Irganox 1010 type sub-units.
Peak IX has been assigned the structure shown
in Table 1 on the basis of the mass spectral and
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Fig. 6. (a) Mass spectrum of peak 1I. (b) Diode array UV spectrum of peak II.

UV evidence, Figs. 8 and 4b, respectively, and
similarly for peak XI. In order to confirm these
assignments an authentic sample of the com-
pound with the structure proposed for peak XI
was synthesised. A comparison between the
mass spectrum obtained from peak XI and the
synthetic sample is shown in Fig. 9a and b.

3.7. Peak XII

This peak elutes shortly before Irganox 1010
itself. On the basis of its high mass and the lack
of any evidence of extended conjugation in the
UV data we have tentatively explained it as
arising via simple loss of a fert.-butyl group or
groups from Irganox 1010, this type of trans-
formation product having been previously iden-
tified in our work on Irganox 1330. [The relative

molecular mass of this proposed substance, in
common with that of Irganox 1010 (peak XIII) is
above the mass range of the instrument used.]

It was not possible to assign structures for
peaks IV and X.

In summary then we conclude that peaks I to
III contain a single sub-unit, while peaks VI to
VIII contain two sub-units, and peaks IX, XI
and XII retain three of the four sub-units of
Irganox 1010.

We have also identified one of the smaller
peaks, with UV absorbance of much less than
0.05. This is the small peak seen in Fig. 1
between peaks V and VI. Its mass spectrum is
shown in Fig. 10a, while Fig. 10b shows the mass
spectrum of a synthesised sample of 2,2-di-
methylpropyl-3-(3,5-di-tert.-butyl-4-hydroxy-
phenyl) propanoate (structure 7). The similarity
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Fig. 8. Mass spectrum of peak IX.
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Fig. 9. (a) Mass spectrum of peak XI. (b) Mass spectrum of a synthesised compound with the structure proposed for peak XI.

between the two spectra is striking. This com-
pound is the least polar of all the transformation
products containing a single sub-unit, and is
therefore the last of these to be eluted.

CH3y

HO CH,CH;—C—0~—CH,C—CH;
I }

o CH,
(7)

Overall the types of transformation products
observed here appear to differ from those ob-
served for Irganox 1330. In our work on Irganox
1330 we reported transformation to proceed via
the formation of quinone methide type com-
pounds. The difference in structure between the
two antioxidants, principally the presence of the
labile C—O bond in Irganox 1010 appears to lead
to transformation proceeding via sub-unit losses.
An overall scheme for this process is shown in
Fig. 11.
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Fig. 10. (2) Mass spectrum of small peak eluting between peaks V and VI. (b) Mass spectrum of a synthesised compound with the
structure proposed for the small peak eluting between Peaks V and VI.
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Fig. 11. Principal transformation processes for Irganox 1010 under electron beam irradiation.
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4. Conclusions

Transformation of Irganox 1010 in food con-
tact polymers subjected to electron beam irradia-
tion gives rise to a complex mixture of products.
The principal products arise via cleavage of C~O
bonds leading to sub-unit losses. The formation
of quinone methide species previously observed
in our work on Irganox 1330 was not an im-
portant process in the transformation of Irganox
1010.

The combination of particle beam LC-MS
with on-line UV diode array detection has
proved a powerful analytical tool for this applica-
tion.
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Abstract

The effect of the detector temperature on the flame ionization detector response of n-alkanes (nonane, decane,
undecane, dodecane), n-octanol and dimethylphenol was studied for four different detector designs. Both absolute
and relative response changes were found. They are dependent on the detector design and the solute type.

1. Introduction

The flame ionization detector (FID) is the
most frequently used gas chromatographic detec-
tor. Since its origin [1-3] its properties have
been studied many times. Parameters such as the
mechanism of ion formation [4,5], carrier gas,
hydrogen and air flow-rates [5-9], column tem-
perature programme [10], carrier gas type [9,11],
electrode geometry [5-8], voltage level [5-9],
response linearity [6,8,12] and functional groups
[5,12] have been studied in connection with FID
response and noise. Only several of the oldest
references are given here as examples, of course.
For determinations the relative response factors
have been published. The concept of effective
carbon number has been developed [5], consist-
ing in the constancy of the contribution of
different carbon atom types in the solute mole-

* Corresponding author.

0021-9673/94/$07.00
SSDI 0021-9673(94)00509-8

cule to the overall solute response. The effect of
hydrogen and carrier gas flow-rates on the FID
relative molar response has been published {13].
Many anomalous FID responses for different
types of compounds have been described (e.g.,
[14-161).

The detector temperature has been considered
mentioned only exceptionally. FID is generally
considered not to be very sensitive to tempera-
ture changes (e.g., [17]). Only Maggs {18] and
Teply and Dressler [19] have presented some
temperature response effect. Maggs found about
a 1.3-fold increase in the molar and mass re-
sponses without any changes in the relative
response within the temperature range 30-
150°C. Teply and Dressler found a small re-
sponse increase for the FID using steam as the
carrier gas within the temperature range 150-
280°C.

In this work we studied the effect of the
detector temperature on the FID response in
greater detail within a wide temperature range
and for different detector designs.

© 1994 Elsevier Science B.V. All rights reserved
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2. Experimental

Four flame ionization detectors were studied:
Carlo Erba (Milan, Italy) (HRGC 5300 Mega
Series gas chromatograph), Phillips Scientific
(Cambridge, UK) (PU 4400), Laboratory Instru-
ments (Prague, Czech Republic) (Chrom 5) and
Hewlett-Packard (Avondale, PA, USA) (5980
A). Their configurations are given in Fig. 1. A
jet is the electrode in the Carlo Erba (Fig. 1a)
and Hewlett-Packard (Fig. 1b) detectors and a
coil around the jet in the Phillips detector (Fig.
1c). In the Laboratory Instruments detector (Fig.
1d) two electrodes in the form of semi-cylinders

Ll

A A V2222222

insulated from one another are situated above
the jet. Between these two electrodes and the
detector wall a PTFE barrier is placed, directing
the gas flow to the space between both the
semi-cylinders.

The column and injector temperatures were
equal for all four detectors, 110 and 220°C,
respectively. Packed columns were used with the
Phillips and Laboratory Instruments chromato-
graphs and capillary columns with the Carlo
Erba and Hewlett-Packard instruments. The
flow-rates of hydrogen and air through all the
detectors studied were similar, 25 and 350 ml
min~', respectively (air in Laboratory Instru-

6p—

w

A 4

%
L

ATLITTLTLLTRLLITITLLIILIA

N7
7.

Fig. 1. Schematic diagrams of the flame ionization detectors. (a) Carlo Erba; (b) Hewlett-Packard; (c) Phillips; (d) Laboratory
Instruments. 1 = Jet; 2 = collector electrode; 3 = ignition; 4 = carrier gas inlet; 5 = hydrogen inlet; 6 = air inlet; 7 = PTFE barrier.
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ments chromatograph at 450 ml min~"). The
nitrogen make-up gas flow-rate was set in such a
way as to obtain the same overall nitrogen flow-
rate through the detector. The injection splitting

ratio for the capillary columns was always 50:1. -

The chromatographic conditions were as fol-
lows:

Carlo Erba: HP-5 column, 30 m X 0.53 mm
I.D.; film thickness, 0.88 um; flow-rates of
nitrogen, carrier gas 3 ml min~ ', make-up gas 29
ml min~';

Hewlett-Packard: Ultra 2 column, 25 m X 0.2
mm [.D.; film thickness, 0.3 pwm; flow-rates of
nitrogen, carrier gas 0.9 ml min~', make-up gas
31 ml min";

Phillips: column, 3.1 mx40 mm LD,
Chromosorb W AW (149-177 pm) with 10% of
SE-54; nitrogen carrier gas flow-rate, 32 ml
min~;

Laboratory Instruments: column, 1.1 m x 3.0
mm L[.D., Chromosorb W AW (149-177 um)
with 4% of SE-54; nitrogen carrier gas flow-rate,
32 ml min~".

Alkanes (n-C,—C,,), n-octanol (OH) and di-
methylphenol (DMP) were used as test solutes.
A 1-pl volume of methylene chloride solution
(about 0.1 ug of each solute) was always in-
jected.

For processing the detector signals an HP
3393A integrator (Hewlett-Packard) was used.
The given response values are the arithmetic
averages of three parallel measurements. The
relative responses are peak-area (or peak-height)
ratios of the solute tested with respect to decane.

3. Results
3.1. Carlo Erba FID

The FID response for C,—C,, alkanes and
octanol increases slightly within the temperature
range 120-130°C. The response at 320°C is about
14% higher than that at 120°C. The DMP
response increases between 240 and 280°C, the
maximum response being ca. 19% higher (Fig.
2).

The alkane and OH relative responses do not

130

= =

3 o ]

= 70 a_____—o-—-w'—_‘—_-r—v—_"-‘ﬁ_-_‘

= 50

= °

=

2 T

70 o___—_M—o——U—*_A_J-_J—JJ

60 1 o

70 Py ° Lp 2
OO o A

50 T °

707 o____o-—o——“—u——o_n_g_&—oi

60 o

120 160 200 240 280 320
DETECTOR TEMPERATURE [°(]

Fig. 2. Effect of detector temperature on Carlo Erba FID
response. 1=Cg; 2=C,; 3=C,;; 4=C;,; 5=0OH; 6=
DMP. A = arbitrary units.

change with the detector temperature. The DMP
relative response decreases slightly from 120°C,
having the lowest value at about 230°C, then it
increases again up to 320°C. The maximum —
minimum response differences are 3% and 6%
for 120 and 320°C, respectively (Fig. 3).

3.2. Phillips FID

The temperature dependence of the response
exhibits a maximum for all the compounds
studied (Fig. 4). The temperature maximum is,
however, different for alkanes and octanol plus
DMP. For alkanes it is about 230°C and for
octanol and DMP about 200°C. The response at
340°C is always lower than that at 120°C. The
maximum response for alkanes is about 6% and
21% higher in comparison with the response at
120 and 340°C, respectively. For DMP these
differences are about 20% and 39% higher and
for OH about 13% and 35% higher.

The alkane relative response is the same for all
detector temperatures studied (Fig. 5). It is not
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RELATIVE RESPONSE
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DETECTOR TEMPERATURE [°C]

Fig. 3. Effect of detector temperature on Carlo Erba FID
relative response. 1=C,/Cy; 2=C,,/C,y; 3=C,,/C,,; 4=
OH/C,,; 5=DMP/C,,.

so for DMP and OH. The maximum relative
response for both compounds occurs at about
190°C. It is about 14% higher than that at both
120 and 340°C for DMP and about 10% higher
for OH.
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Fig. 4. Effect of detector temperature on Phillips FID
response. Identification as in Fig. 2.
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Fig. 5. Effect of detector temperature on Phillips FID
relative response. Identification as in Fig. 3.

3.3. Hewlett-Packard FID

During the experiments with the Hewlett-
Packard FID some time-dependent differences in
the octanol and dimethylphenol responses were
noticed. The first measurements are presented in
Fig. 6a. The responses for C,,, OH and DMP
increase within the temperature range studied.
The highest response values were about 35%
higher than the lowest values. Three months
later, the responses for the same temperature
range remained constant (Fig. 6b). The results
obtained were compared with those for another
instrument of the same type (Fig. 6C). The
temperature dependences of the response for the
second instrument were different. The response
for all solutes increase beginning at about 160°C.
The OH and C,, response reach a constant
maximum value at about 240 and 305°C, respec-
tively. The DMP response shows a maximum at
about 250°C.

The temperature dependence of the relative
response is maximum at about 230°C for both
DMP and OH and the response difference to a
temperature of 120°C is about 7% (Fig. 7a).
Three months later, the relative responses re-
mained constant (Fig. 7b). The temperature
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Fig. 6. Effect of detector temperature on Hewlett-Packard
FID response. (a) first instrument, first measurements; (b)
the same 3 months later; (c) second instrument. 1=C;
2=0H, 3=DMP.

dependences are again different for the second
instrument (Fig. 7c). Starting from about 250°C
the relative response decreases. For a tempera-
ture of 340°C it equals 6% and 23% for OH and
DMP, respectively. We have no explanation for
this effect; it was not observed with the other
FIDs studied.

3.4. Laboratory Instruments FID

The temperature dependences for this type of
FID differ to a great extent from those for the
other detectors studied (Fig. 8). Starting from
140-160°C a response decrease occurs for all the
compounds studied. A very deep response de-
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Fig. 7. Effect of detector temperature on Hewlett-Packard
FID relative response. (a) First instrument, first measure-
ments; (b) the same 3 months after; (c) second instrument.
1=0H/C,,; 2=DMP/C,.
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Fig. 8. Effect of detector temperature on Laboratory Instru-
ments FID response. Identification as in Fig. 2.
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Fig. 9. Effect of detector temperature on Laboratory Instru-
ments FID relative response. Identification as in Fig. 3.

160 200

crease, of about two orders of magnitude, ap-
pears at temperatures higher than ca. 230 and
240°C for DMP + OH and alkanes, respectively.

None of the relative responses are constant

Table 1
Temperature inside the detector body
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within the temperature range studied, including
n-alkanes (Fig. 9). Up to 160°C the relative
response changes are small. The level of the
relative response changes depends on the alkane
used as a standard. The response behaviour of
this type of FID is abnormal, especially at
temperatures above ca. 160°C.

3.5. Temperature inside the detector body

The FID is not thermostated separately but is
heated from its bottom base. We measured with
a thin thermocouple the real temperatures inside
the detector body at different distances from the
detector base at different set detector tempera-
tures for two of the detectors studied (Table 1).
Real jet temperatures for one FID were also
measured:

The real temperature inside both FIDs fol-
lowed at each distance is always lower than the
temperature set. The higher the set temperature,
the higher are the relative temperature differ-
ences. The real temperature decreases with in-
creasing distance from the detector base. A
greater decrease was found with the Laboratory

Temperature Temperature measured (°C) Detector
set (°C)
Position Jet
1 2 3 4
120 72 69 67 65 145 I*
160 94 84 83 82 170
200 112 105 103 101 201
240 140 135 131 129 226
280 -171 165 162 160 253
320 198 190 186 184 278
120 101 117 125 m®
160 131 133 147
200 175 167 153
240 203 185 164
280 230 211 170
320 260 228 185

* I = Carlo Erba FID. Position = distance from the base (in the free “gas” detector volume, between the wall and the flame): 1 =
4 mm, 2 =16 mm, 3 =28 mm, 4 =40 mm; jet orifice is 8 mm above the detector base.
®II = Laboratory Instruments FID. Position: 1 =4 mm, 2 =24 mm, 3 = 42 mm; jet orifice is 9 mm above the detector base.
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Instruments FID. The jet temperature increases
with increasing detector temperature. This dif-
ference is about 130°C for a detector tempera-
ture change from 120 to 320°C.

4. Conclusions

Both the absolute and relative FID response
depends on the detector temperature. The level
and the character of these changes depend on
the detector design and on the solute type.

The response values differ for different detec-
tor temperatures by up to several tens of per
cent, and for one detector studied even by two
orders of magnitude..

The relative response for n-alkanes seems to
be constant within the temperature range 120-
340°C. The relative response for DMP and OH
can depend on the detector temperature. The
differences are usually up to 23%, with the
exception of one detector studied for which it
was several hundred per cent.

The absolute and relative responses for one of
the detectors studied changed during the ex-
perimental period and they were different for
two different instruments.

Our results show that for compounds con-
taining heteroatoms the effective carbon number
need not be constant within the FID temperature
range used. For some special FID designs it can
be valid even for hydrocarbons. The effective
carbon number can even depend on the detector

- type (with the same instrument type) and/or on
the detector “life”. '

It is difficult to explain why the effects of
response changes with FID temperature are
observed and further experiments are needed.
However, the temperatures around the FID

flame (both “gas” and jet) are different at
different FID set temperatures. This means that,
e.g., the diffusion conditions for oxygen and
other molecules and/or radicals vary.
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Abstract

The vapour pressures of 98 (Z)- and (E)-monounsaturated C,,—C,; alcohols were determined using a method
based on gas chromatographic retention data. This method, by utilizing a non-polar HP-1 capillary column, five
experimental temperatures, four reference compounds (C,,, C,;, C,, and C,¢ alkanols) whose polarities
approximated that of the test compounds and melting point corrections for compounds that are solids at ambient
temperature, provided vapour pressures that agreed reasonably well with the available literature values. For
alkenols belonging to structurally similar subseries, e.g., for w-3, ©-5 and w-7 unsaturated derivatives, the vapour
pressures may be represented over a range of pressure by simple equations in which the number of carbon atoms is

a parameter.

1. Introduction

The saturation properties of pure liquids
play a major role in both the understanding of
fluid phase behaviour and the design and opera-
tion of a multitude of industrial processes [1,2].
Such properties are essential not only when
used directly in calculations, but also when

* Corresponding author.
*For Part I, see Ref. [20].

0021-9673/94/$07.00
SSDI 0021-9673(94)00521-A

used as input to variety of models and applica-
tions.

At present, there is an increasing need for
vapour pressures of high-molecular-mass organ-
ic compounds at ambient temperatures [3,4].
One of the most important reasons for this is
the increased public sensitivity to the effect of
chemicals on health and the environment gen-
erally. As the vapour pressure of an organic
chemical exerts a large influence on its disper-
sal in the environment, a knowledge of the
vapour pressures should allow one not only to
model the fate of organic pollutants [5,6] but

© 1994 Elsevier Science BV. All rights reserved
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also to optimize the use of ecologically friendly
behaviour-modifying chemicals [7]. An impetus
for developing more effective design for practi-
cal applications of these compounds is the con-
tinuing value of pheromones for monitoring
insect flight activity and the recent commercial
success in controlling several pests by permeat-
ing the air with their sex pheromones [7]. Both
the release rates and, in the case of blends, the
release ratios of pheromone components from
dispensers are governed, for the most part, by
the vapour pressures of the compounds. It ap-
pears that environmental concerns are weighing
against the use of traditional pesticides and
expectations are [8] that pheromones will cap-
ture about 15-40% of the insecticide market
within 10 years. Thus, an understanding of the
pheromone evaporative process can aid in the
optimization of selectivity conditions and the
minimization of the loss of the biological activi-
ty of synthetic pheromone blends.

The vapour ‘pressures of compounds of low
volatility are commonly determined by either
gas saturation [9,10] or effusion [11] methods.
Gas chromatography (GC) is an alternative
method for measuring vapour pressures [12,13],
offering advantages in terms of speed, solute
sample size, purity and stability requirements.
It is based on the use of a non-polar stationary
phase and isothermal conditions such that a
compound’s GC retention time is related di-
rectly to its vapour pressure. The GC method
has been used to study polychlorinated bi-
phenyls and dioxins [14,15], herbicide esters
[12], organophosphorus pesticides [16], tetraor-
ganostannanes [17], linear alkylbenzenes [18]
and fatty acid methyl esters [19]. Using this
approach, we have obtained [20] some vapour
pressure data on pheromone-like acetates.

In this paper we show that the GC method
yields equally good results in determining
equilibrium vapour pressures of more polar
compounds, viz. monounsaturated (C,,—C,;)
pheromone-like alcohols. The extensive set of 98
compounds studied also allowed the influence of
subtle structural differences in chain length and
the positions of double bonds on vapour
pressures to be revealed.

2. Experimental
2.1. Chromatography

Samples were analysed on a Hewlett-Packard
HP 5890 chromatograph equipped with a 3 m X
0.31 mm LD. fused-silica capillary column
(cross-linked 5% methylsilicone, HP-1, film
thickness 0.52 wm) with split injection and a
flame ionization detector. The length of the
column employed (3 m) is a compromise be-
tween the need for acceptable resolution when
working with mixtures and the need to avoid
prohibitively long retention times, particularly at
lower temperatures. The chromatograph was
operated isothermally with a hydrogen flow-rate
of 5 ml/min at 10°C intervals in the range 50-
160°C as specified. C,;, C,, C,, and C,, al-
kanols were used as reference standards. Re-
tention times were determined on a Hewlett-
Packard HP 5895A ChemStation. Adjusted re-
tention times were calculated by subtracting the
retention time of methane from the retention
time of the chemical. As recommended [13],
long retention times of compounds producing
unsymmetrical peaks at low temperatures were
not taken at the peak maximum, but were
estimated at the centre of gravity of the peak.
The reproducibility of retention time measure-
ments expressed as the relative standard devia-
tion of at least three measurements for each
compound was 0.03%.

2.2. Chemicals

The alcohols were either obtained from the -
Research Institute for Plant Protection (IPO-
DLO) (Wageningen, Netherlands) and used as
received or synthesized in our laboratory. In the
latter instance, the purity of the chemicals was at
least 97% as determined by capillary GC. Con-
densed nomenclature for alcohols is used: the
letters after the colon indicate the functional
type (OH = alcohol), the number between the
dash and colon indicate the number of carbon
atoms in the chain and the letters and numbers
before the dash indicate the configuration and
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position of the double bonds, e.g., Z3-10:0OH is
(Z)-3-decenol.

2.3. Data treatment

The method has been discussed in detail by
Bidleman [13] and Hinckley et al. [21] and will
therefore be only briefly reviewed here. At a
constant temperature, the vapour pressures of a
test and of a reference compound (subscripts T
and R, respectively) are related by the ratio of
their latent heats of vaporization:

AH.
lnPT:AH;-lnPR+C (1)

where AH is the latent heat of vaporization and
C is a constant. A similar equation has been
developed for the GC (adjusted) retention times
t':

tr AH,
In (t_'>=<1_AHR)lnPR_C 2)

R

Hence, a plot of In(ty/ty) versus In Py should
have a slope 1 — AH/AHy and an intercept —C.
Eq. 1 can then be used to determine the vapour
pressure of the test compound at any tempera-
ture if the vapour pressure of the reference
compound at that temperature is known.

Since the GC method gives the subcooled
liquid vapour pressure (defined as the liquid
vapour pressure extrapolated below the melting
point) [22], it was necessary to convert the
literature-based solid vapour pressures (Pg) into
subcooled liquid vapour pressures (P ) by using
the equation developed by Mackay et al. [23]:

P ASp (T
() == (7 ) ®
where T,, and T are the absolute melting and
ambient temperatures, respectively, R is the gas
constant and AS; is the entropy of fusion. The
usually employed “average” value of ASg =56.5
J/K-mol (or the corresponding value ASg/R =
6.79) seems to be too low for alcohols, however.
Based on the value of enthalpy of fusion (AHg)
published [24] for 1-hexadecanol (34.286 kJ/
mol), AS, for this compound amounts 106.34

J/K-mol and, as a consequence, ASp/R=
12.789. Hence this constant was used to convert
literature Pg values of 1-hexadecanol and 1-
pentadecanol into P, .

2.4. Statistical analysis

The data were subjected to statistical analyses
utilizing the Statgraphics Plus 7.0 software pack-
age (Manugistic, Rockville, MD, USA).

3. Results and discussion

The accuracy of the GC method as repre-
sented by Egs. 1 and 2 depends to a large extent
on two factors: (i) the accuracy of the Py values
and (ii) the similarity of infinity dilution activity
coefficients y in the stationary phase between
the test and reference compounds to which Eq. 2
is applied. Strictly, an additional term, —In(yy/
ve), should appear (see discussion in Ref. [21])
on the right-hand side of this equation and only
when y; ~ vz (or at least ¥r /s ~ constant) can
the use of Eq. 1 lead to reasonable results. As
values of y on a squalane liquid phase have been
found [25] to range from 0.48 to 0.73 for hydro-
carbons and from 17 to 34 for alcohols, the
frequently employed reference hydrocarbons
seemed to be disqualified for our purposes.
Therefore, we chose to use n-alkanols (i.e.,
compounds of the same chemical class as the test
compounds) as the reference standards. When
literature vapour pressure values were being
selected for the reference n-alkanols, some judg-
ment was necessary. We favoured recent static
measurements [26] that have been especially
focused on the low vapour pressure field. The
literature values of the four reference com-
pounds given in Table 1 in the form of the
Antoine equation are thus from a single report.
In most instances vapour pressures were calcu-
lated from the Antoine constants by interpola-
tion. In those instances where some extrapola-
tion was necessary (14:0H, 15:0H and 16:0H),
the temperature range of extrapolation was usu-
ally less than 40 K.

As the choice of the Py is critical for the
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Table 1
Vapour pressures (Pg) of the reference n-alkanols

Table 2
Adjusted GC retention times (min) of the n-alkanols

Alkanol Constants of the Antoine P (25°C)
equation® (Pa)
A B C
11:O0H 7.094 2105.005 176.145 0.4255
12:0H 6.860 2011.634 162.769 0.1402
14:0H 6.916 2217.995 165.381 0.01844
16:0H 5.964 1781.618 120.726 0.00207°

*Ref. [26]; log P (kPa)=A4 — B/(t+ C).

® Vapour pressure is for the subcooled liquid; it was calcu-
lated from the original solid vapour pressure (5.4726-107*
Pa) using Eq. 3 and m.p. 56°C.

accuracy of vapour pressures determined by the-

comparative GC method, the literature P data
were checked for internal consistency. Examina-
tion of the logarithm of vapour pressure (cor-
rected for melting point) as a function of the
number of carbon atoms in alkanol series
(Fig. 1) confirms that an excellent linear corre-
lation, In P = (—1.0675 £ 0.0058)n. + (10.8973 =
0.0734) (n =17, S.E. =0.0374, r* =0.9999), does
exist.

9 10 1 12 13 14 - 15 16

e

Fig. 1. Liquid vapour pressures (Pa) (25°C) of alkanols [25]
as a function of the number of carbon atoms. O = Original
(solid) vapour pressures of 15:0H and 16:0H.

Alkanol  80°C 90°C 100°C 110°C 120°C

9:0H 0.773 0.482 0.332 0.237 0.172
10:0H 1.553 0.926 0.605 0.409 0.283
11:0H 3.162 1.800 1.123 0.724  0.481
12:0H 6.557 3.541 2.122 1.313  0.837

14:0H 26.696  13.305 7.385 4.242  2.256
15:0H 53.448 25.600  13.698 7.600  4.379
16:0H 110.337  50.162  25.846 13.914  7.757

3.1. Validation of the method

Six n-alkanols with known P; [26] were chro-
matographed along with the 14:0H reference,
and P values at 25°C were calculated from the
relative retention data (Table 2) using Egs. 1
and 2. In Fig. 2, these P values are compared
with P . As can be seen, the regression line
obtained closely parallels the y =x line. The
equation of the regression line by a linear least-
squares fit is

In [P, (Pa)] = (1.02536 + 0.0049) In P 4)
(n=6, S.E. =0.0402, r* = 0.9999)

o
o
£ 3]
_4..
5
-6 -
7 T 3 T T T T T T
-7 6 -5 -4 3 2 1 0 1 2
In Pec

Fig. 2. Logarithmic plot of the literature vapour pressures P,
of alkanols (25°C) vs. the corresponding P, data (Eq. 1)
from the present work. The regression line (solid) and y =x
line (dashed) are shown.
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with a slope nearly equal to 1. Note that in Eq. 4
the intercept has not been included at the 0.05%
probability level. The quality of fit produced by
the proposed vapour pressure correlation is
excellent, thus demonstrating the validity of the
GC method even for polar compounds.
Another noteworthy feature of this correlation
is that it appears to be applicable over a range of
pressures that covers three orders of magnitude.
Table 3 presents a comparison between the GC-
based and literature vapour pressure data. Our
corrected (Eq. 4) vapour pressures differ from
those given by N’Guimbi et al. [26] by values
ranging from 0.6% (for 10:0H) to 5.3% (for
12:0H). In addition to the original database [26]
employed in deriving Eq. 4, Table 3 also in-
cludes a complete data set [3] obtained from the
Chebyshev-type polynomial in x of degree 3 by
extrapolation. This polynomial has been pro-
posed to allow extrapolation for about 150 K
with fair confidence. The slightly lower (about
10%) but consistently similar vapour pressure
values following from the use of this equation
might be regarded as a notable agreement be-
tween the two literature data sets. It is noticable
that vapour pressures of 10:OH (1.233 Pa) and
12:0H (0.1328 Pa) following from the use of Eq.
4 compare favourably with the values 1.190 and
0.1397 Pa obtained [27] for these compounds
from a simultaneous correlation of vapour pres-
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sure and thermal data. Hence it appears that the
GC method is capable of yielding vapour
pressures of saturated alcohols with an error
below 10%.

This conclusion finds further support in the
estimated heats of vaporization. In deriving
vapour pressures from GC retention time data,
AH,/AHy, the ratio of the enthalpies of vapori-
zation of a test to that of the reference com-
pound is obtained. Hence, by utilizing the litera-
ture [28] experimental AHy value for our refer-
ence standard, 14:0H (102.2+2.4 kJ mol '),
the remaining enthalpies of vaporization of al-
kanols may be calculated from the AH./AHg
ratios given in Table 3. The results calculated by
this approach are 72.17 kJ mol™' for 9:OH,
79.27 kJ mol " for 10:0H and 91.69 kJ mol ™"
for 12:OH. These values compare well with the
corresponding calorimetric data, viz. 76.86 %+
0.75, 81.50£0.75 and 91.96+0.59 kJ mol "},
respectively, yielding a maximum error of 6.1%.

3.2. Vapour pressures of alkenols

Vapour pressures of all measured alkenols
were determined by the same approach as de-
scribed above for saturated compounds. Taking
advantage of the internal consistency of the
vapour pressure data for saturated derivatives
demonstrated above, the test compounds were

Table 3

Parameters of Eq. 2 and vapour pressures (25°C) of the n-alkanols
Alkanol® AH_ /AH, C P - 1000 (Pa) Error®

(%)
Eq. 1 Eq. 4 Exp.’ Exp.

9:0H 0.7062 4.1446 3760 3888 3738 3334 4.0
10:0H 0.7756 3.3008 1226 1233 1241 1087 -0.6
11:0H 0.8379 2.4614 412.9 403.7 425.0 378.1 -5.0
12:0H 0.8972 1.6137 139.6 132.8 140.2 136.1 -53
15:0H 1.0493 —0.7941 6.846 6.033 5.894° 5.335 2.4
16:0H 1.1007 —1.6180 2.446 2.100 2.069° 1.842 1.5
* Standard 14:OH.
® Ref. [25].
¢ Corrected by using Eq. 3.
¢ Ref. [3]. )

® Error = 100(Pgc — Peyp)/Pexp; Pexp taken from Ref. [25].
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Table 4
GC data and vapour pressures (25°C) of decenols

Alcohol Relative retention time®* P (Pa)

50°C 60°C 70°C 80°C 90°C Eq. 1 Eq. 4
73-10:0H 0.128 0.146 0.168 0.189 0.210 1.669 1.691
E3-10:0OH 0.125 0.142 0.163 0.183 0.204 1.704 1.727
Z4-10:0H 0.135 0.153 0.174 0.193 0.214 1.536 1.553
E4-10:0H 0.141 0.160 0.179 0.198 0.218 1.432 1.445
Z5-10:0H 0.144 0.162 0.183 0.202 0.223 1.406 1.418
E5-10:0OH 0.147 0.165 0.185 0.205 0.225 1.367 1.378
Z6-10:0H 0.147 0.166 0.186 0.206 0.227 1.380 1.391
E6-10:0OH 0.147 0.165 0.185 0.205 0.225 1.365 1.376
Z7-10:0H 0.153 0.171 0.192 0.212 0.232 1.311 1.320
E7-10:0H 0.153 0.171 0.191 0.210 0.229 1.294 1.303
Z8-10:0H 0.175 0.195 0.217 0.237 0.258 1.109 1.112
E8-10:0H 0.165 0.183 0.204 0.224 0.244 1.187 1.192

* Standard 12:0H.

chromatographed using four reference standards:
11:0H (for C,, alkenols), 12:0H (for C,,, C,,
and C,, alkenols), 14:0H (for C,; and C,,
alkenols) and 16:OH (for C,, alkenols).

The relative retention times and calculated

Table 5
GC data and vapour pressures (25°C) of dodecenols

vapour pressures for C,y, C,,, Ci5, C,, Cys, Cig
and C,; alkenols are listed in Tables 4-10.
Inspection of these tables reveals that the vapour
pressures of all alkenols are similar to those of
the corresponding alkanols. In spite of this, two

Alcohol Relative retention time® P (Pa)
60°C 70°C 80°C 90°C 100°C Eq. 1 Eq. 4
Z2-12:0H 2.034 1.961 1.894 1.827 1.780 0.167 0.160
72-12:0H 2.083 2.002 1.933 1.854 1.806 0.162 0.155
Z3-12:0H 1.768 1.726 1.691 1.649 1.624 0.204 1.196
E3-12:0H 1.719 1.682 1.646 1.606 1.591 0.212 0.204
Z4-12:0H 1.793 1.743 1.701 1.652 1.612 0.196 0.188
E4-12:0H 1.896 1.832 1.775 1.715 1.665 0.181 0.173
Z5-12:0H 1.864 1.803 1.753 1.698 1.662 1.187 0.179
E5-12:0H 1.944 1.870 1.811 1.745 1.701 0.175 0.167
Z6-12:0H 1.867 1.800 1.753 1.697 1.664 0.187 0.179
E6-12:OH 1.913 1.839 1.787 1.726 1.673 0.178 0.170
Z7-12:0H 1.901 1.829 1.780 1.720 1.672 0.181 0.173
E7-12:0H 1.951 1.871 1.813 1.748 1.700 0.174 0.166
Z8-12:0H 2.002 1.922 1.855 1.789 1.738 1.169 0.162
E8-12:0H 2.002 1.914 1.855 1.784 1.732 0.169 0.162
Z9-12:0OH 2.078 1.986 1.920 1.840 1.789 0.161 0.154
E9-12:0H 2.096 1.998 1.924 1.837 1.775 0.156 0.149
Z10-12:0OH 2.402 2.273 2.171 2.065 1.979 0.132 0.125
E10-12:0H 2.246 2.128 2.041 1.946 1.886 1.145 0.138

* Standard 11:0H.
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Table 6
GC data and vapour pressures (25°C) of tridecenols

Alcohol Relative retention time® P (Pa)
70°C 80°C 90°C 100°C 110°C Eq. 1 Eq. 4
Z7-13:0H 1.762 1.721 1.675 1.633 1.590 0.0673 0.0628
E7-13:0H 1.817 1.769 1.713 1.666 1.619 0.0639 0.0596
79-13:0H 1.890 1.839 1.776 1.719 1.674 0.0607 0.0565
E9-13:0H 1.939 1.856 1.790 1.728 1.678 0.0575 0.0534
Z11-13:0H 2.266 2.177 2.077 1.999 1.920 0.0472 0.0436
E11-13:0H 2.167 2.077 1.982 1.900 1.833 0.0491 0.0455

? Standard 12:OH.

subtle trends are apparent in all series consider-
ing the influence of double bond position: (i) the
vapour pressures of series members with a dou-
ble bond located near the centre of the carbon
chain are generally higher than those of the
corresponding saturated compounds and (ii) the

vapour pressures of isomers with a double bond
positioned on the second carbon atom of the
chain (irrespective of the end of the molecule
from which the numbering starts) are either close
to or lower than those of the saturated com-
pounds. It appears that the double bond position

Table 7

GC data and vapour pressures (25°C) of tetradecenols

Alcohol Relative retention time® P (Pa)

80°C 90°C 100°C 110°C 120°C Eq. 1 Eq. 4

Z2-14:0H 3.820 3.538 3.299 3.113 2.911 0.0211 0.0191
E2-14:0H 3.883 3.586 3.345 3.140 2.925 0.0203 0.0184
Z3-14:0H 3.389 3.186 3.013 2.847 2.685 0.0256 0.0234
E3-14:0H 3.286 3.083 2.912 2.767 2.609 0.0267 0.0243
Z4-14:0H 3.358 3.157 2.966 2.811 2.650 0.0256 0.0233
E4-14:0H 3.526 3.289 3.079 2.902 2.723 0.0234 0.0213
Z5-14:0H 3.408 3.217 3.017 2.843 2.663 0.0246 0.0224
E5-14:0H 3.551 3.308 3.096 2917 2.729 0.0230 0.0209
Z6-14:0H 3.343 3.138 2.954 2.798 2.634 0.0257 0.0234
E6-14:0H 3.462 3.243 3.050 2.865 2.686 0.0240 0.0218
Z7-14:0H 3.340 3.134 2.959 2.798 2.634 0.0258 0.0235
E7-14:0H 3.485 3.259 3.057 2.883 2.704 0.0239 0.0217
78-14:0H 3.412 3.209 3.004 2.840 2.665 0.0246 0.0224
E8-14:0H 3.616 3.301 3.087 2.922 2.719 0.0220 0.0200
Z9-14:0H 3.512 3.285 3.079 2.898 2.725 0.0236 0.0215
E9-14:0H 3.622 3.376 3.157 2.961 2.768 0.0222 0.0202

Z10-14:0H 3.682 3.473 3.223 3.016 2.819 0.0217 0.0196

E10-14:0H 3.731 3.464 3.221 3.025 2.815 0.0211: 0.0191

Z11-14:0H 3.881 3.587 3.335 3.117 2.909 0.0200 0.0181

E11-14:0H 3.834 3.548 3.300 3.079 2.864 0.0201 0.0182

Z12-14:0H 4.346 4.024 3.714 3.447 3.185 0.0169 0.0153

E12-14:0H 4.102 3.774 3.495 3.250 3.004 0.0180 0.0163

* Standard 12:0H.
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Table 8
GC data and vapour pressures (25°C) of pentadecenols

Alcohol Relative retention time® P (Pa)
90°C 100°C 110°C 120°C 130°C Eq. 1 Eq. 4

Z9-15:0H 1.633 1.598 1.564 1.533 1.505 0.00917 0.00814

E9-15:0H 1.692 . 1.649 1.605 1.568 1.536 0.00851 0.00754
Z10-15:0H 1.696 1.651 1.608 1.574 1.541 0.00845 0.00749
E10-15:0H 1.729 1.681 1.638 1.593 1.557 0.00815 0.00721
Z11-15:0H 1.768 1.721 1.676 1.629 1.590 0.00794 0.00702
E11-15:0H 1.769 1.721 1.673 1.623 1.581 0.00781 0.00691
Z12-15:0H 1.841 1.790 1.735 1.677 1.639 0.00739 0.00652
E12-15:0H 1.830 1.771 1.714 1.660 1.614 0.00730 0.00644
Z13-15:0H 2.071 1.988 1.915 1.849 1.792 0.00617 0.00542
E13-15:0H 1.955 1.880 1.811 1.744 1.695 0.00654 0.00576

# Standard 14:0H.

Table 9
GC data and vapour pressures (25°C) of hexadecenols

Alcohol Relative retention time* P (Pa)
100°C 110°C 120°C 130°C 140°C Eq. 1 Eq. 4
Z3-16:0H 2.973 2.801 2.673 2.524 2.401 0.00329 0.00285
E3-16:0H 2.900 2.741 2.605 2.465 2.343 0.00336 0.00291
Z4-16:0H 2.919 2.758 2.629 2.486 2.364 0.00337 0.00292
E4-16:0H 3.054 2.872 2.719 2.559 2.422 0.00302 0.00261
75-16:0H 2.944 2.779 2.639 2.494 2.369 0.00327 0.00283
ES-16:0H 3.033 2.851 2.703 2.546 2.412 0.00307 0.00265
Z6-16:0H 2.854 2.704 2.575 2.440 2.320 0.00348 0.00301
E6-16:0H 2.962 2.794 2.657 2.506 2.378 0.00323 0.00279
Z7-16:0H 2.809 2.664 2.545 2.414 2.299 0.00362 0.00314
E7-16:OH 2.993 2.798 2.659 2.507 2.377 0.00312 0.00270
Z8-16:0H 2.849 2.702 2.576 2.433 2.323 0.00350 0.00303
E8-16:0H 2.967 2.799 2.656 2.510 2.377 0.00321 0.00278
79-16:0H 2.880 2.711 2.586 2.447 2.335 0.00344 0.00298
E9-16:OH 3.001 2.825 2.679 2.521 2.393 0.00312 0.00270
Z10-16:OH 2.962 2.795 2.658 2.506 2.377 0.00323 0.00279
E10-16:0H 3.058 2.873 2.719 2.563 2.426 0.00302 0.00261
Z11-16:0H 3.050 2.870 2.7119 2.572 2.430 0.00308 0.00266
E11-16:0H 3.125 2.930 2.757 2.604 2.457 0.00288 0.00248
Z12-16:0H 3.191 2.997 2.822 2.665 2.510 0.00282 0.00243
E12-16:OH 3.198 2.996 2.810 2.651 2.499 0.00276 0.00238
Z13-16:0H 3.330 3.110 2.922 2.746 2.588 0.00261 0.00224
E13-16:0H 3.294 3.066 2.884 2,705 2.544 0.00260 0.00224

* Standard 14:0H.
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Table 10
GC data and vapour pressures (25°C) of octadecenols
Alcohol Relative retention time® P (Pa)
- 120°C 130°C 140°C 150°C 160°C Eq. 1 Eq. 4
Z3-18:0H 2.676 2.500 2.400 2.288 2.200 0.000377 0.000309
E3-18:0H 2.583 2.448 2.346 2.244 2.149 0.000406 0.000333
79-18:0H 2.465 2.339 2.254 2.160 2.083 0.000453 0.000373
E9-18:0H 2.596 2.455 2.366 2.247 2.157 0.000402 0.000330
Z11-18:0H 2.534 2.405 2.311 2.216 2.130 0.000431 0.000354
E11-18:0H 2.637 2.497 2.391 2.275 2.181 0.000386 0.000316
Z13-18:0H 2.712 2.555 2.439 2.326 2.221 0.000363 0.000296
E13-18:0H 2.753 2.585 2.463 2.342 2.234 0.000345 0.000282

* Standard 16:OH.

relative to both the polar and non-polar ends of
the molecule is significant. As illustrated in Figs.
3 and 4, these trends may be observed both for
the Z- and E-isomers in all the series investi-
gated.

For homologous subseries such as Z- or E-
isomers of 7-10:OH, 9-12:0H, 11-14:OH and
13-16:0H (w-3 unsaturation), 5-10:0H, 7-
12:0H, 9-14:0H and 11-16:0OH (w-5 unsatura-

in (P x 1000)
"

2 3 4 5 6 7 8 9 10 11 12 13
(Z)-double bond position

Fig. 3. Vapour pressures (Eq. 4) for (Z)-alkenols plotted
against the respective double bond position. B = Decenols;
@ = dodecenols; A= tetradecehols; < = pentadecenols; (1=
hexadecenols. Dashed lines show the vapour pressures of the
corresponding saturated compounds.

tion) and 3-10:0H, 5-12:0H, 9-14:0H and 11-
16:0H (w-7 unsaturation), the double bond is at
a constant position with respect to the non-polar
end of the molecule. Analysis of the double
bond effect in these subseries reveals that the
vapour pressures of alkenols having different
positions of unsaturation decrease in the order
-7 > w-5 > w-3 > saturated. The empirical rela-
tionships given by the In P vs. n. expression

in (P x 1000)

2 3 4 5 6 7 8 9 10 1
(E)-double bond position
Fig. 4. Vapour pressures (Eq. 4) for (E)-alkenols plotted
against the respective double bond position. B = Decenols;
O = dodecenols; A = tetradecenols; & = pentadecenols; [1=
hexadecenols. Dashed lines show the vapour pressures of the
corresponding saturated compounds.
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Table 11
Proposed relationships for predicting vapour pressures at
25°C

Alcohol
subseries®

Lo{P (Pa)] =a — bn, S.E>

a b

Saturated  10.772£0.135 1.058 £0.010 0.0458 0.9998

w-3-(2) 10.904 £ 0.065 1.064 +0.005 0.0220 1.0000
w-3-(F) 10.844 £0.081 1.060=0.006 0.0276 0.9999
w-5-(Z) 10.805+0.018 1.046 £0.001 0.0061 1.0000
w-5-(E) 10.849£0.020 1.053+0.002 0.0067 1.0000
w-7-(Z) 10.995+0.222 1.053+0.017 0.0751 0.9995
w-7-(E) 11.178 £0.307 1.071=0.023 0.1040 0.9991

* Number of data points, n = 6.
®S.E. = standard error of estimate.

were obtained from analyses of the calculated
(Tables 4-10) In P data. The relevant equations,
listed in Table 11, may be used to estimate
vapour pressures for any set of w-3, -5 and w-7
alkenols. The quality of the fit obtained with
MAD (mean average deviation) 2.3% (w-3),
1.9% (w-5) and 4.8% (w-7) combined with the
convenience of only one substance-specific input
variable makes this an attractive approach in
predicting vapour pressures of some other struc-
turally similar derivatives.

At this point some comment should be made
regarding literature vapour pressure values of
unsaturated alcohols. To our knowledge, only
four of the alkenols investigated in this work had
literature data available for comparison. Heath
and Tumlinson [29] determined the vapour
pressures of Z7-12:0H, Z9-14:0H, Z11-14:0H
and Z11-16:0H as 1.25, 0.177, 0.160 and 0.039
Pa, respectively. They carried out these determi-
nations on capillary liquid crystal GC columns at
“room temperature”, which probably corres-
porded to 30°C. At that temperature our GC
method yields vapour pressures of 0.344, 0.044,
0.037 and 0.0057 Pa, respectively, for the same
compounds. Hence our values are significantly
(3.6-6.8 times) lower than those in Ref. [29].
Note, however, that a high degree of correlation
exists between both data sets. The linear fit

may be expressed as In P = (1.1716 = 0.0666)
In Pyeo —(1.23120.137) (n=4, S.E. =0.164,
r* =0.9936).

By utilizing the reliable literature [26] values
at 30°C (see Table 1) for 12:OH (0.266 Pa) and
14:0OH (0.0366 Pa), the ratio P,/ P,icano; fOT
compounds with the same number of carbon
atoms may be adopted as an approximate mea-
sure of the “effect of non-terminal monounsatu-
ration”. This vapour pressure ratio following
from our data is about 1.2-1.3, which seems to
be a reasonable value considering its similarity to
the corresponding values common for non-termi-
nal alkene [1] and unsaturated acetate series
[20]. On the other hand, the ratio of 4.7-4.8
which follows from the use of the data from Ref.
[29] appears to be unrealistically high. The
reasons for this discrepancy are not clear. How-
ever, besides the imprecisely defined tempera-
ture they used, another factor might be im-
portant, viz. the use of cholesteryl p-chlorocinna-
mate as a stationary phase. It may be that the
polar alcohols interact in a specific manner with
this phase and then this factor would account for
the differences in the two studies.

As the errors in the reported vapour pressures
depend both on experimental uncertainties and

~ on the accuracy of the literature vapour pressure

data adopted for the reference standards, it is
difficult _to determine any inherent error in the
present method for 'alcohols. Some discussion is
possible, however: as to the latter error factor,
recent inter-laboratory data [25,27] for 10:OH
and 12:0H agree to within +5%, which may be
regarded as a very good agreement. Hence the
differences between our data and those taken
from the literature for alkanols are generally not
greater than the experimental errors (see Table
3). On the other hand, when admitting a propa-
gation of errors, the uncertainty might reach
about 10%. Moreover, the vapour pressures for
15:0OH and 16:0H were obtained by (prudent)
extrapolation and additionally corrected for
melting points. It is unlikely that they are in
serious error (see the internal homogeneity of
the alkanol data illustrated in Fig. 1), but we
have to accept their lower accuracy. Taken
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together, we assume that, at worst, the errors
may combine to give an overall uncertainty in
vapour pressures of about 15%.

4. Conclusions

This study has demonstrated the successful
application of the capillary GC method to the
determination of the vapour pressures of unsatu-
rated alcohols whose generally low thermal
stability causes difficulties in direct measure-
ments by conventional physico-chemical meth-
ods. The method yields reasonable vapour pres-
sure values for both the alkanols and alkenols at
25°C provided that a compound of similar struc-
ture and polarity is used as the reference stan-
dard. It is hoped that these new values may
considerably extend the database for the vapour
pressures of alcohols, and enable entomologi-
cally oriented chemists to study and model the
physical behaviour of pheromone-like com-
pounds in the environment more accurately.

The method is currently being used to de-
termine vapour pressures of unsaturated alde-
hydes and will be the subject of a separate
report.
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Abstract

Carbon dioxide supercritical fluid extraction was used to extract polycyclic aromatics, halogenated phenols,
halogenated aromatics and dioxins from a municipal incinerator fly ash matrix. The extraction solvent was modified
with methanol or a reactive solvent modifier, N,O-bis-trimethylsilyl-trifluoroacetamide (BSTFA), which was added
to the sample before extraction. Extracts, obtained at two temperatures and with three supercritical fluid
formulations, were analyzed by the US Environmental Protection Agency contract-laboratory program GC-MS
procedure for semi-volatile organic compounds. Average recoveries of surrogate analytes with pure carbon dioxide
and carbon dioxide modified with methanol were 50% (500 atm and 100°C). Average recoveries were 82% at
100°C and 54% at 30°C with BSTFA present. Carbon dioxide modified with methanol was found to be less efficient
than carbon dioxide modified with BSTFA. Unlike earlier uses of reactive modifiers, the acidic and phenolic
componénts were determined as the free acids and phenols. Hydrolysis of trimethylsilyl derivatives of phenols,
produced by the modifier during the extraction, with methanol reproduced the free phenols. At 60°C the average
hydrolysis yield of the four phenols was 96.7%. This hydrolysis step also allowed analysis of free acids by standard
methods.

extraction techniques. Extracts produced by lig-
uid methods using solvents such as methylene
chloride must be concentrated from hundreds of

1. Introduction

The advantages of supercritical fluid extraction

(SFE) are listed elsewhere [1], but primarily
include speed and reduced solvent waste. Sol-
vents used in SFE are gases at room tempera-
tures and pressures. This simple fact gives SFE a
great speed advantage over conventional liquid

* Corresponding author.
! Present address: Washington State University, Tri-Cities,
Richland, WA 99352, USA.

S§SDI 0021-9673(94)00377-L

milliliters to just a few milliliters. This requires
time, provides an opportunity for analyte loss
and release of chlorinated solvent into the at-
mosphere and produces waste solvent. The
supercritical solvents which are gases at standard
temperatures and pressures are easily removed
from the extract at room pressure. However,
solvents such as carbon dioxide enable extraction
of only non-polar and weakly adsorbed com-
pounds.

A major limitation of SFE is its inability to
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extract polar and strongly adsorbed analytes.
Common SFE solvents, like carbon dioxide, lack
the intermolecular cohesive solvent strength
needed to overcome the energy of adsorption
binding the analyte to the sample matrix. One
technique used to increase the solvent strength
of the supercritical fluid is to introduce small
amounts of polar solvent modifiers to the ex-
tracting solvent [2,3]. Polar modifiers act in two
ways. First, the overall polarity of the extraction
solvent is raised, increasing the solubility of
polar analytes in the fluid. Second, the modifier
competes with the analytes for the same adsorp-
tive sites to which the analytes are adsorbed.
Displacement of the analyte from the sample

matrix by the solvent modifier drives the analyte’

into solution. Presumably the stronger a modi-
fier’s affinity with adsorptive sites of the matrix
the more pronounced the displacement effect.

The objective of the project was to evaluate
the potential of coupling standard US Environ-
mental Protection Agency (EPA) methods such
as the EPA contract laboratory program (CLP)
gas chromatography with mass spectral detection
(GC-MS) method for semi-volatile compounds
with SFE using the reactive modifier approach
for the determination of organic compounds
from highly adsorptive matrices such as munici-
pal incinerator fly ash. To achieve this objec-
tive, the experiments were divided into three
phases.

Because the use of reactive modifiers produces
derivatized analytes and the EPA CLP GC-MS
method for semi-volatile compounds was de-
signed for underivatized compounds, phase I of
the project tested a collection method in which
derivatized analytes were hydrolyzed back to
their original form before GC-MS analysis.
Phase II of the project compared the extraction
efficiencies of pure superecritical carbon dioxide,
carbon dioxide modified with methanol and
carbon dioxide modified with a derivatizing re-
agent at both high (100°C) and low (30°C)
temperatures. Finally phase III: identification
and quantification of native compounds by the
EPA CLP GC-MS method for semi-volatile
compounds.

2. Experimental
2.1. Instrumentation

Supercritical fluid extractor

The extractor was purchased from ISCO (Lin-
coln, NE, USA) and consisted of a syringe pump
(Model 260D) and a stainless-steel extraction
unit (Model SFX 2-10) with heating block and
two extraction cells. Each extraction cell con-
sisted of a metal tube with an internal volume of
10 ml and was capped at both ends with threaded
stainless-steel caps containing 2-um stainless-
steel frit filters. The extraction cells were held at
the extraction temperature within an aluminum
heating block. Pressure was maintained in the
extraction cells with a deactivated 20 cm X 50
pm L.D. fused-silica capillary flow restrictor and
a partially opened exit valve. The low pressure
end of the restrictor was placed in a solvent trap
containing 0.5 ml methanol. The solvent trap has
been described elsewhere [4].

Gas chromatography—mass spectrometry

The GC-MS system used in these experiments
was that recommended by the EPA CLP meth-
od. It consisted of a Hewlett-Packard 5890 gas
chromatograph fitted with a 5970 mass-selective
detector.

Chromatographic operating conditions for all
experiments in this project were as follows: The
chromatographic column was a 30 m Rtx-5
fused-silica capillary column (Resteck, Belle-
fonte, PA, USA). The carrier gas was helium at
1 ml/min. All separations were temperature
programmed with an initial column temperature
of 40°C with no hold time. The oven was
programmed from 40 to 270°C at 10°C/min with
a final hold of 35 min. The injection port
temperature was maintained at 270°C.

Operating conditions for the mass spectrome-
ter were as follows: the ion source for the mass
selective detector was held constant at 250°C.
The voltage for the electron impact ion source
was operated at 70 V, but was not turned on until
the solvent and reagent byproducts had eluted
from the chromatographic column, 8.5 min after
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injection. For some samples the detector was
operated in the scanning mode, for others it was
operated in a selective ion monitoring mode.

. Gas chromatography—flame ionization detection

Determinations concerning phase I of this
project, the hydrolysis of the extracted deriva-
tives, were made on a chromatograph identical
to the one described above but fitted with a
flame ionization detector. Identifications were
made by matching retention times with those of
§'tandards.

2.2. Experimental procedures

The project was divided into three phases:
hydrolysis of trimethylsilyl (TMS) derivatives,
extraction of surrogate analytes, and, finally, the
extraction and analytical determination of sever-
al native organic compounds in municipal fly ash.
Experimental procedures for each phase of the
project are given below.

Phase I: Hydrolysis of TMS derivatives
To determine if TMS derivatives of semi-vola-

tiles could be quantitatively converted to their -

underivatized form upon collection from the
supercritical fluid extractor, a mixture of surro-
gate compounds were derivatized and then col-
lected and hydrolyzed upon collection in metha-
nol. The test mixture used in this phase of the
project included 1 pg/pl each of the following
eight compounds dissolved in methylene chlo-
ride: 2-fluorophenol (2FP), phenol-ds (PHL),
2-chlorophenol ~ (2CP),  dichlorobenzene-d,
(DCB), nitrobenzene (NBZ), 2-fluorobiphenyl
(FBP), tribromophenol (TBP) and terphenyl-d,,
(TPH). A “d” at the end of a compound name
indicates that the compound was deuterated, the
number at the “d” is the number of protons
replaced. A 10-ul aliquot of this 1 ng/ul test
mixture was placed in a 0.5-ml quantity of trap
solvent methylene chloride and treated with 100
pl of the neat commercial grade derivatization
reagent N-O-bis trimethylsilyl-trifluoroacetamide
(BSTFA) (Pierce, Rockford, IL, USA). Deri-
vatization was conducted for 15 min at 80°C.

After derivatization, the 0.5-ml aliquot of the
sample was diluted to 2.0 ml with methanol to
simulate the collection process. The process
described above resulted in methanol solutions
of the hydrolyzed surrogate compounds at the 4
pg/ul level.

These hydrolyzed solutions were analyzed by
GC—flame ionization detection (FID) by making
a 1-ul splitless injection of the extract. The
complete derivatization, hydrolysis and analysis
steps were repeated three times at different
temperatures to obtain the data presented in
Table 1.

Phase II: Extraction of surrogate analytes

The extraction efficiency of the three solvents
was compared for the extraction of a mixture of
test compounds from a municipal fly ash matrix.
The three solvent formulations compared were
(1) pure supercritical carbon dioxide, (2) super-
critical carbon dioxide modified with methanol
and (3) supercritical carbon dioxide modified
with a derivatizing reagent. The test mixture was
the same as that used for the hydrolysis studies
and corresponded to the surrogate analytes re-
quired in the EPA CLP method for the ex-
traction of semi-volatiles from solid matrices.
They were the same as listed in phase I. The
municipal fly ash sample was from the municipal
waste incinerator, Toronto, Canada and was
obtained in bulk from samples collected by

Table 1
Derivatization and hydrolysis yields of surrogate analytes

Compound Yield (%) at
25°C 60°C 80°C

2FP 96 95 96
PHL 62 83 87
2Cp 95 95 95
DCB 98 96 97
NBZ 97 95 95
FBP 99 98 91
TBP 100 101 101
TPH 106 112 111
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Pre-extraction treatment

The procedure for all of the extractions was
the same. A 6-g sample of fly ash was loaded
into a 10-ml extraction cell. Then, the surrogate
compounds were added to the sample matrix in
two mixtures, base-neutrals (1,2-dichloroben-
zene-d,, nitrobenzene-dg, 2-fluorobiphenyl and
. terphenyl) at a concentration of 1 ug/ul for each
compound and acids (2-fluorophenol, phenol-d,,
2-chlorophenol-d, and 2,4,6-tribromophenol) at
a concentration of 1.5 ug/ul for each compound.
After application of the surrogate analytes, 10 ul
" of each solution, the solvent was allowed to
evaporate at room temperature for fifteen min-
utes before the extraction cell was sealed or
modifiers were added.

Modifiers for the extractions were added as
liquids directly to the fly ash samples. When
methanol was the modifier, 500 ul of pure
methanol were injected onto the fly ash sample.
When neat BSTFA was the modifier, 250 ul of
_ the commercially purchased solution were in-
jected. Additions of larger volumes, 500 and 750
w1, made no significant difference in extraction
efficiency. After the addition of the modifier, the
sample cell was sealed and pressurized to 500
atm (1 atm=101325 Pa) with pure carbon
dioxide.

Extraction

The extraction process was a two-step pro-
cedure. First, a static extraction was conducted
for 5 min at 500 atm and at 30 or 100°C. This
initial static extraction period was followed by a
dynamic extraction in which carbon dioxide
flowed through the cell at a rate of 0.1-0.3
ml/min measured at the pump. At this rate,
approximately four cell volumes of the solvent
were passed over the sample in a 3- to 4-h
extraction. A partially opened exit valve was
used to retard and control and carbon dioxide

flow. This low flow-rate was required in order to
achieve a high trapping efficiency.

Sample collection

The analyte trap contained 1 ml of a metha-
nol-methylene chloride (3:1, v:v) mixture into
which the fused-silica capillary restrictor was
placed such that the supercritical carbon dioxide

" was depressurized in the solution, depositing the

analytes in solution. If required, the trapping
solvent could be heated after collection to insure
quantitative conversion of the derivatives to their
underivatized form. During the sample collection
process, some of the trapping solvent was evapo-
rated. After extraction, methylene chloride was
added to bring the volume ‘back to 1.0 ml.

Internal standards

In addition, S ul of an internal standard
solution were added to the 1.0 ml extract solu-
tion. The internal standard consisted of 1,4-
dichlorobenzene-d,, naphthalene-d,;,, acenaph-
thene-d,,, phenanthrene-d,,, chrysene-d,, and
perylene-d,, at concentrations of 4 ug/ul for
each component. Thus, the final concentration of
each 1.0-ml sample extract was 20 ng/ul of each
standard. The extract was then transferred to the
auto sampler where 2-ul injections were made
into the GC-MS system with no further prepara-
tion.

Phase III: Extraction of native analytes

Identification of the native analytes which
were adsorbed onto the fly ash was accomplished
as described in EPA CLP Semi-Volatile Method.
Target components were also quantified by the
internal standard method. A list of the internal
standards is given in the section above. The
target compounds, internal standards, and surro-
gates were identified by direct comparison of the
sample mass spectrum to the mass spectrum of a
standard of the suspected compound. Before an
analyte identification was verified, two criteria
were satisfied: The analyte eluted from a GC at
the same relative retention time as the standard
and the mass spectrum of the analyte matched
that of the standard.
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3. Results and discussion

Recently we proposed that stronger affinity
with the matrix active sites can be achieved if the
modifier reacts with, rather than simply adsorbs
to, the surface [4,5]. The addition of chemical
reagents to the extraction solvent to act as
reactive solvent modifiers has been used to
extract several matrices. Reactions employed
thus far are silylation [5], and methyl ester-
ification [3]. This laboratory has shown silylation
reagents are applicable to the extraction of polar
and acidic compounds from biological samples,
sediments and air particulates. Conversion of
polar analytes, such as fatty acids and diacids, to
the silyl derivatives during the extraction ren-
dered them more soluble in the non-polar ex-
traction fluid. The non-polar derivatized analytes
were readily extracted and determined by GC.
Interestingly, compounds that were inert to the
derivatization reagent also benefited from the
presence of the reagent. This benefit arose from
the action of the reagent on the matrix. Com-
pounds adsorbed by hydrogen bonding to the
matrix surface was released when the surface
moiety was converted to the TMS derivative.
The strength of a hydrogen bond is about one
tenth that of a covalent bond. Thus the displace-
ment of the adsorbed molecule by a covalently
bonded TMS group was energetically favored
over temporary and weaker displacement by
non-reactive modifiers.

While the first approach, the addition of polar
modifiers, has been investigated extensively for
both SFE and supercritical fluid chromatog-
raphy, the second approach, the addition of
reactive modifiers, has been used in the ex-
traction of only a few matrices such as coffee
beans, tea, marine sediment, agricultural soil,
airborne particulate matter and sewage sludge.
All of these studies have involved matrices which
could be classified as moderately polar. Fly ash
from incinerators, however, is a highly adsorp-
tive and oxidized matrix and is difficult to extract
using pure supercritical carbon dioxide or even
supercritical carbon dioxide with polar modifiers.
The difficulty of extracting municipal incinerator

fly ash has been demonstrated. In these studies
matrix destruction with acid treatment was re-
quired for extraction of chlorinated dibenzo-p-
dioxins and dibenzofurans [6].

3.1. Phase I: Hydrolysis of TMS derivatives

Simultaneous supercritical fluid chemical de-
rivatization and extraction (SFDE) normally has
been followed by analysis of the target analytes
as their derivatives. However, standard analysis
methods, such as EPA CLP method employed in
this work, are often designed to determine the
underivatized analyte. For example, the EPA
CLP method used in this work is designed to
monitor free phenols or acids rather than the
TMS derivatives of these compounds. Thus, in
order to use the EPA CLP method, an easy,
quantitative conversion of the extracted analyte
back into the native compound was needed. This
was achieved by simply collecting the derivatized
extract in methanol. Methanol hydrolysed TMS
esters back to free acids and phenols during the
collection of the extract.

Fig. 1a shows a total ion chromatogram for the
test mixture of surrogate compounds, demon-
strating retention times of these underivatized
compounds. Fig. 1b shows a typical chromato-
gram for this mixture after derivatization with
BSTFA. From these two chromatograms, it was
clear that the derivatization process was nearly
quantitative. Peaks for 2FP, PHL, 2CP and TBP
are missing in Fig. 1b compared with Fig. la.
Instead, four new peaks appear in Fig. 1b which
correspond to the TMS derivatives of these four
phenolic compounds. It was interesting to note
the effect that the derivative had on chromatog-
raphy. The TMS-2FP derivative eluted faster
than its underivatized analogue while the deriva-
tives of the other three phenols eluted later than
their underivatized counterparts. Those test
compounds which do not form derivatives, DCB,
NBZ, FBP and TPH, occurred at the same
elution time in both chromatograms. Note that
in Fig. 1b, the relative sensitivity of the derivat-
ized compounds is greater than the underivatized
compounds. This is one advantage of derivatiza-
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Fig. 1. Gas chromatograms of surrogate analytes. The original eight compounds: 2-fluorophenol (2FP), phenol-d; (PHL),
2-chlorophenol (2CP), dichlorobenzene-d, (DCB), nitrobenzene (NBZ), 2-fluorobiphenyl (FBP), tribromophenol (TBP),
terphenyl-d,, (TPH) are seen in the top trace (a). The middle trace (b) is the same mixture after treatment with BSTFA. The
label “TMS” indicates the trimethylsilyl derivative of the analyte. The bottom trace (c) is the derivatized mixture after hydrolysis
with methanol. Analysis conditions: 1-ul splitless injection of the extract was made on to a 30 m Rtx-5 capillary column held at
40°C. The column temperature was raised at 10°C/min to 270°C where it was held 35 min.
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tion, but requires that the method be calibrated
for the derivative rather than the native com-
pound. Thus, in order to conform to previously
described methods, the derivatives were hydro-
lyzed back to the native compound for detection
as shown in Fig. 1c. In this third chromatogram,
the native peaks reappear and the chromatogram
resembles that of Fig. la. Table 1 presents the
results of the hydrolysis experiments. At all
temperatures the hydrolysis, except for PHL,
was better than 90% complete.

3.2. Phase II: Extraction of surrogate analytes

Use of surrogate compounds to spike the fly
ash matrix was not anticipated to render in-
formation on how well native compounds might
be desorbed from the matrix but was expected to
provide information on the efficiency at which
desorbed compounds were removed from the
extraction cell and trapped in the collection cell.
In addition, they provide information on sample
loss due to irreversible adsorption and other
losses during the extraction process. Fig. 2 shows
the GC-MS reconstructed ion chromatograms of
the fly ash extract produced at 500 atm and
100°C with pure carbon dioxide (Fig. 2a), carbon
dioxide with methanol (Fig. 2b) and carbon
dioxide with BSTFA (Fig. 2¢).

Table 2 compares the recoveries found for
each of the surrogate compounds after extraction
with pure carbon dioxide, methanol modified
carbon dioxide and BSTFA modified carbon
dioxide. It is interesting to note the trend in the
extraction efficiency of the pure carbon dioxide.
With the exception of nitrobenzene, extraction
efficiency decreases as the elution time of the
analyte increases (analytes are listed in order of
increasing chromatographic elution time). This
indicates that the extraction efficiency of pure
supercritical carbon dioxide was determined pri-
marily by the vapor pressure of the analyte. This
trend is less noticeable with the methanol modi-
fied extraction and is not seen in the BSTFA-
modified extraction. One explanation was that
compounds with higher heats of vaporization,
greater cohesive energy between themselves and
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Fig. 2. Gas chromatograms of fly ash extract. Extraction
conditions: 30°C, 500 atm, carbon dioxide with 250 pl
BSTFA. Analysis conditions: 2-u1 splitless injection of the
extract was made on to a 30 m Rix-5 capillary column held at
40°C. The column temperature was raised at 10°C/min to
270°C where it was held 35 min.

the matrix surface, were adsorbed to the surface
more strongly. Supercritical carbon dioxide
could not overcome this adsorption energy.
Methanol could disrupt the matrix-analyte cohe-
sion and thus desorbed the compounds to some
extent. BSTFA completely displaced these com-
pounds from the surface; it was able to overcome
the adsorptive forces.



326
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Recoveries of surrogate analytes from municipal incinerator fly ash matrix

Compound Recovery (%)

Cco,, CO, with MeOH, CO, with BSTFA

100°C 100°C

30°C 100°C

PHL 69 (11)* 80 (4) 46 (10) 100 (3)
2Cp 65 (3) 35(1) 61 (7) 86 (20)
DCB 69 (12) 55 (21) 89 (16) 102 (4)
NBZ 38 (53) 503) 48 (3) 103 (5)
FBP 75 (7) 62 (26) 32 (1) 116 (5)
TBP 35 (19) 62 (14) 40 (40) 48 (17)
TPH 27 (9) 4(2) 31 (6) 106 (2)
Average 54 (20) 43 (10) 50 (12) 94 (8)

® Values in parentheses are % relative standard deviations.

3.3. Phase III: Extraction of native analytes

A problem in extraction studies for trace
organic analysis is that spiked analytes do not
necessarily mimic the adsorptive behaviour of
native analytes. Native analytes which have been
“weathered” often do not behave in the same
manner as their spiked standards. In this section
of the study, twelve native compounds were

Table 3

Native compounds identified in municipal waste incinerator fly ash

identified on the fly ash and their extraction
yields were compared for the three solvents.
These semi-volatile analytes were identified in
the fly ash extracts following qualitative pro-
cedures used in EPA CLP methods and are listed
in Table 3. At these low levels (ng/g), isomers of
the dichlorobenzenes and the trichlorophenols
could not be identified separately with certainty.

Quantitative data for each of these compounds

Compound ng/g
CO,, CO, with MeOH, CO, with BSTFA
100°C 100°C _—
30°C 100°C
Phenol nd 32 43 110
Dichlorobenzenes 75 140 120 170
N-nitroso-di-N-propylamine 68 24 130 300
1,2,4-Trichlorobenzene 110 190 110 56
Benzoic acid 22 320 37 96
4-Methyl naphthalene nd 10 30 37
Trichlorophenols nd 59 nd 450
Acenaphthylene 71 54 20 101
Acenaphthene nd 77 37 150
N-nitrosodiphenylamine nd 29 20 47
Dibenzofuran nd nd nd 13
Hexachlorobenzene 36 46 46 170

nd = Not detected.
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are given for each extraction method. With pure
carbon dioxide as the extraction solvent, no
native phenols were detected in the sample.
However, when methanol was added to the
sample as a modifier,’ both phenol and the
trichlorophenols were found. When BSTFA was
used as the modifier, a several fold increase in
extraction efficiency over the methanol modified
extraction was observed for several compounds.
Of the twelve native compounds identified, ten
showed significantly better extraction yields
when BSTFA was used as the modifier. This was
not the case for 1,2,4-trichlorobenzene and ben-
zoic acid. These compounds were extracted
better with the methanol modified solvent. In
addition to this seemingly contradictory evi-
dence, relative standard deviations for the
BSTFA extraction of these two compounds were
the highest observed in this study, 140% for
1,2,4-trichlorobenzene and 100% for benzoic
acid. Other relative standard deviations for the
native analytes at the ng/g level ranged from 1%
for acenaphthylene to 84% for phenol and di-
benzofuran.

On the whole, however, the evidence is rela-
tively clear that native compound extraction was
more efficient with BSTFA than with methanol
or pure carbon dioxide although extraction preci-
sion was not as high as we have come to expect
with the more traditional Sohxlet extraction
method.

3.4. Temperature effects

The solvation strength of a supercritical fluid is
a function of density. According to Czubryt et al.
[7] who used an argument based on Hildebrand
solubility parameters (see Ref. [8]), the more
dense and liquid-like the more solvation power
the fluid has. That is, at lower temperatures the
fluid could more readily overcome the affinity an
adsorbed molecule has for the surface to which it
is adsorbed. However, adsorbed molecules can
“overcome the energy barrier and desorb from a
surface by thermal energy. Increasing the ex-
traction temperature would decrease the density
of the extraction fluid but at the same time give
adsorbed molecules more thermal energy to

overcome the desorption energy barrier. These
two views would seem to be at odds with each
other. Extractions were made at two tempera-
tures, 30°C (1.0 g/ml) and 100°C (0.80 g/ml), to
determine if solvent strength or temperature
controlled yields from this matrix.

The recoveries of the surrogates, Table 2,
implied that the surrogates adsorbed irreversibly
to the fly ash matrix at 30°C while at 100°C they
eluted with much less adsorption. Concurrently,
the yields at the higher temperature also suggest
that it is the better extraction temperature. The
total yield of quantified compounds in the 100°C
extraction was determined to be 1.7 ug com-
pared to a total yield of 0.60 pg for the 30°C
extract. Although not conclusive, it appears that
the higher temperature not only desorbs native
compounds better but might also prevent the
surrogates from adsorbing. The higher thermal
energy is postulated to prevent the native ana-
lytes from readsorbing once solvated in the
extraction solvent. The solvation strength view
of supercritical fluid extraction does not address
adsorption of analytes.

3.5. Chlorinated dioxins

Although these experiments were not designed
to determine chlorinated dioxins, the presence of
several dioxin precursors (dichlorobenzenes, tri-
chlorobenzene and trichlorophenols) in the fly
ash suggested that dioxin may also be present.
However, even though chlorinated dioxins are
known to form on the surface of fly ash after
combustion [9], no dioxins were detected in the
extracts when the mass spectrometer was oper-
ated in its less sensitive scanning mode. To
increase sensitivity, single ion monitoring was
used to produce the selective chromatograms
shown in Fig. 3. Fig. 3a shows the selective ion
chromatogram of m/z 322 that is the molecular
jon for tetrachloro-dibenzo-dioxin. Five peaks
can be seen in the chromatogram. The identities
of the two peaks with retention times of around
27 min were confirmed as two TCDD isomers by
a second selective ion chromatogram. Fig. 3b
shows this m/z 257 ion chromatogram. This mass
corresponds to the molecular ion minus COCl
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Fig. 3. Selective ion chromatograms of tetrachlorodioxins
(TCDDs). (a) Selective ion chromatogram of the M™ ion at
m/z 322. Selective ion chromatogram for the (M — COCI)"
ion at m/z 257. Chromatographic and analysis conditions as
in Fig. 2.

(M — 63). The relative intensities of the two ions
are consistent with mass spectra of these com-
pounds [10].

Although quantitative data were not obtained
for these compounds, it is encouraging that these
compounds were observed when BSTFA was
used with supercritical fluid extraction even
though the ash was not pretreated with HCI
before extraction and no clean-up procedures
were used after extraction to decrease chemical
noise. Pure carbon dioxide or carbon dioxide
modified with methanol is generally not sufficient
to extract chlorinated dioxins unless the ash has
been treated with HCI to remove heavy metals
prior to extraction.

4. Conclusions

The use of a derivatizing reagent, such as
BSTFA, as an additive to solid samples, even
highly reactive samples such as municipal in-
cinerator fly ash, enhanced the extraction ef-
ficiency of supercritical carbon dioxide for the
many semi-volatile compounds extracted from
these matrixes. For analytes which form silyt
derivatives, this enhancement in extraction ef-
ficiency is attributed to both the higher solubility
of the derivatives in supercritical carbon dioxide
and the disruption of the analyte-matrix inter-

action by derivatization. For semi-volatile com-
pounds, which do not form silyl derivatives,
disruption of the analyte—matrix interaction en-
hanced extraction efficiency as well. By collect-
ing silylated analytes in a solvent of methanol
after SFE, silyl derivatives are converted back to
their native form. The extracts can then be
analyzed by standardized procedures such as the
EPA CLP method for semi-volatile compounds.
The effect of temperature on extraction ef-
ficiency was found to be significant and as
effective as the solvent conditions investigated.
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Abstract

A method for the supercritical fluid chromatographic (SFC) determination of tocopherols in vegetable oils was
investigated using an ODS-silica gel column with carbon dioxide as the mobile phase. The retention of tocopherols
was affected by the density of the mobile phase and the addition of methanol as a modifier. The addition of small
concentrations of methanol produced a satisfactory separation of tocopherol homologues, including the positional
isomers - and y-tocopherol. The results of the determination of tocopherols in vegetable oils by SFC were in
satisfactory agreement with those obtained by normal-phase HPLC.

1. Introduction

Tocopherols are well known as components of
vitamin E. Four compounds, 5,7,8-trimethyltocol
(a-tocopherol),  5,8-dimethyltocol  (B-toco-
pherol), 7,8-dimethyltocol (y-tocopherol) and 8-
methyltocol (8-tocopherol), are widely distribut-
ed in the natural products and their biological
activities as vitamin E are different from one
another.

HPLC using fluorescence or UV detection is a
popular technique for determining tocopherols
because of the simplicity and precision [1,2].
There have been many reports on the determi-
nation of tocopherols by HPLC under normal-
and reversed-phase conditions. However, the
separation of the positional isomers B- and y-

* Corresponding author.

0021-9673/94/$07.00
SSD1I1 0021-9673(94)00527-G

tocopherol under reversed-phase conditions has
not been réported.

In recent years, supercritical fluid chromatog-
raphy (SFC) has been developed as separation
technique that is a bridge between GC and LC.
Carbon dioxide is usually used as the mobile
phase in SFC because of its critical properties
and safety. However, the addition of a modifier
to the mobile phase is often required in order to
improve the retention and the peak shapes [3-9].
In packed-column SFC, a UV detector is widely
used when an organic solvent is added to the
mobile phase. A fluorescence detector can be
expected to have higher sensitivity and greater
selectivity than a UV detector for the detection
of fluorescent species. However, the use of
fluorescence detectors in SFC is not convenient
owing to the pressure resistivity of the cell.

SFC has been applied to the determination of

© 1994 Elsevier Science BV. All rights reserved
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tocopherols. Upnmoor and Brunner [10] de-
scribed the retention behaviour of a-tocopherol
on various stationary phases. The retention of
a-tocopherol decreased with increasing methanol
concentration in the mobile phase. Perrin and
Prevot [11] reported the separation of
tocopherols by SFC on a silica gel column. The
elution order of tocopherols in this study was
similar to that in normal-phase HPLC. Saito and
co-workers [12,13] demonstrated the enrichment
of a- and B-tocopherol from wheat germ powder
by semi-preparative SFC and supercritical fluid
extraction. They also demonstrated the isolation
of a- and B-tocopherol using a recycle SFC
system [14].

In this paper, we report the determination of
tocopherols by SFC on an ODS-silica gel col-
umn. The effects of methanol used as a modifier
on the retention and the separation of
tocopherols and the application of the method to
vegetable oil analysis are described.

2. Experimental
2.1. Equipment

SFC system

A Shimadzu (Kyoto, Japan) LC-6A pump was
used to deliver carbon dioxide. The pump head
was cooled so as to maintain a stable flow. An
Isco (Lincoln, NE, USA) Model 100 DM pump
was used to deliver methanol. A DKK (Tokyo,
Japan) LSA-M mixer was used for mixing carbon
dioxide and methanol. A Rheodyne (Cotati,
CA, USA) Model 7125 sample injector with a
20-p1 sample loop was used for sample injection.
The separation column was kept at 40°C in a
column oven from a Shimadzu LC-1 system. A
Shimadzu SPD-6A UV detector was used for
detection at 290 nm. The flow-rate of the mobile
phase was controlled by a restrictor made of a
capillary tube (200 mm X 50 um I1.D.).

HPLC system

The HPLC system consisted of a Model 576
pump (GL Sciences, Tokyo, Japan), a Rheodyne
Model 7125 sample injector with a 20-u1 sample

loop and a Shimadzu RF-535 fluorescence detec-
tor.

2.2. Materials and chemicals

The separation columns used in SFC and
HPLC were an L-column ODS (250 mm X 4.6
mm [.D., particle size 5 um, pore diameter 120
A) from the Chemicals Inspection and Testing
Institute Japan (Tokyo, Japan) and a
Chromatorex-SI (250 mm X 4.6 mm I.D., particle
size 5 wm, pore diameter 100 A) from Fuji Silysia
(Kasugai, Aichi, Japan), respectively. a-, 8-, y-
and 8-tocopherols used as the standards and tocol
used as the internal standard were obtained from
Eisai (Tokyo, Japan). Wheat germ, cottonseed
and soybean oils were obtained from Sigma (St.
Louis, MO, USA). Rice bran oil was donated by
Tokyo Oil and Fat (Tokyo, Japan). Carbon diox-
ide used as the mobile phase in the SFC was of
standard grade. Methanol, hexane, 1,4-dioxane
and 2-propanol were of HPLC grade. The other
reagents used were of analytical-reagent-grade
and were used as received.

2.3. Preparation of vegetable oils

Vegetable oils were prepared according to
Ishikawa et al. [15] as follows. About 10 g of
vegetable oil samples were saponified with potas-
sium hydroxide after adding tocol as the internal
standard and pyrogallol-ethanol solution. The
unsaponifiable matter was extracted with light
petroleum (b.p. 30-60°C). The extracted solu-
tions were concentrated to about 5 ml after
washing and dehydration with sodium sulfate.
The recoveries of tocopherols by this method
were 100% [15].

2.4. HPLC procedure

HPLC was applied to the determination of
tocopherols in vegetable oils under normal-phase
conditions [1]. Hexane-1,4-dioxane—2-propanol
(985:10:5, v/v/v) was used as the mobile phase
at a flow-rate of 1.0 ml min~'. The silica gel
column was used for separation at room tem-
perature. Fluorescence detection was performed
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with excitation at 290 nm and emission at 325
nm.

3. Results and discussion
3.1. Retention of tocopherols

The peak shapes of tocopherols were poor
when carbon dioxide was used as the mobile
phase without a modifier. The retention behav-
iour of tocopherols and tocol was investigated at
carbon dioxide pressures of 12-30 MPa. An
increase in carbon dioxide pressure decreased
the retention of all the solutes. Approximately
liner relationships were obtained from the rela-
tionship between log k' and density of carbon
dioxide. Chloroform was used to obtain ¢, for a
calculating k' with UV detection at 220 nm. A
thermodynamic description of this behaviour was
reported in detail by Chester and Innis [16]. The
elution order remained the same in this pressure
range: tocol, §-, B-, y and a-tocopherol.
Tocopherols having fewer methyl groups in the
molecules were eluted faster than those having
more methyl groups. Therefore, it seems that the
elution order of tocopherols in SFC on the ODS-
silica gel column was based on the number of
methyl groups in the molecules and was similar
to that in reversed-phase LC. On the other hand,
the positional isomers B- and y-tocopherol were
separated under these conditions.

The peak shapes of tocopherols improved
when methanol was added as a modifier to the
mobile phase. The effect of the modifier on the
retention of tocopherols at a mobile phase pres-
sure of 15 MPa was investigated by plotting log
k' of tocopherols and tocol vs. the concentration
of methanol in the mobile phase, as shown in
Fig. 1. The addition of methanol decreases the
retention of all the solutes. The elution order of
tocopherols is based on the number of methyl
groups in the molecules under these conditions.
The elution order of B- and y-tocopherol re-
verses depending on the amount of methanol
added. In practice, B- and vy-tocopherol eluted
as one peak when high concentrations of metha-
nol were added to the mobile phase.
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Fig. 1. Effect of the methanol modifier on k’. Samples:
O = a-tocopherol; © = y-tocopherol; O = B-tocopherol; & =
8-tocopherol; A = tocol.

3.2. Separation of tocopherols

The effect of methanol used as the modifier on
the separation of tocopherols at a mobile phase
pressure of 15 MPa was investigated. The sepa-
ration factor (a) between adjacent peaks in-
creased with increasing addition of methanol to
the mobile phase, except for the positional
isomers B- and vy-tocopherol. The « value be-
tween B- and y-tocopherol approached to 1
according to the amount of methanol added.
This suggests that the separation of 8- and vy-
tocopherol is difficult when high concentrations
of methanol are added as the modifier.

Fig. 2 shows the relationship between the
methanol concentration in the mobile phase and
resolution (R,) between adjacent peaks. When a
small amount of methanol is added to pure
carbon dioxide, the R, values increase considera-
bly, probably owing to the improvement of the
peak shapes. At higher concentrations of metha-
nol, on the other hand, all the R, values decrease
with increasing methanol concentration, pre-
sumably because the theoretical plate number
concerning the separation of tocopherols on this
separation column decreases. The theoretical
plate number for a-tocopherol at methanol con-
centrations of 0.5 and 15% (w/w) were about
12 500 and 3200, respectively. When the metha-
nol concentration in the mobile phase is above
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Rs
w

0% 5 10 15

Concentration (wt%)

Fig. 2. Effect of the methanol modifier on R,. The R, values
were obtained for (O) «- and y-tocopherol, (O) 8- and
y-tocopherol, () 8-tocopherol and tocol and (Q) B- and
y-tocopherol.

3% (w/w), the R, value between B- and 1vy-
tocopherol is below 0.5 and suggests overlapping
of their chromatographic peaks. The best sepa-
ration of B- and y-tocopherol is expected when
0.5% (w/w) of methanol is added to the mobile
phase.

3.3. Application to vegetable oils

The determination of tocopherols in several
kinds of vegetable oils was performed by SFC on
the ODS-silica gel column, as shown in Fig. 3.
The pressure of mobile phase was kept at 15
MPa and 0.5% (w/w) of methanol was added as
the modifier. Some peaks were detected after 18
min and were, probably due to sterols included
in the vegetable oils. The results for the de-
termination of tocopherols in vegetable oils are
given in Table 1. It is found that the composi-
tions of tocopherols in four vegetable oils differ.
The reproducibilities (n = 5) are good except for
the components present in small amounts. The
detection limit and detector linear dynamic range
for a-tocopherol under these conditions were 16
ng (signal-to-noise ratio =3) and four orders of
magnitude, respectively. The detection limit is
sufficient for vegetable oil analysis. However,
fluorescence detection is needed for the determi-

0 10 20 30

0 10

Wheat germ Soybean

1 14

==z

5

0 10 20 30
Retention time (min)

=y x1

Rice bran Cottonseed

1

=

1 L 1

20 30

Retention time (min)
Fig. 3. SFC of tocopherols in vegetable oils. Peaks: 1= tocol
(internal standard); 2 = 8-tocopherol; 3 = B-tocopherol; 4 =
y-tocopherol; 5 = a-tocopherol.

nation of tocopherols if greater sensitivity is
required, such as in plasma analysis.

Vegetable oils contain not only tocopherols
but also structurally related compounds, such as
tocotrienols and tocopherol esters. Determina-
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Table 1
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Comparison of SFC and HPLC determinations of tocopherols in vegetable oils

Oil Method Content of tocopherol (mg per 100 g)*
a- B- Y- 8-
Wheat germ SFC 259 +£2 1191 41.7%x1.2 3.1+0.5
HPLC 2675 1051 35.5+3.2 1.6+0.4
Soybean SFC 19.9+x04 34x0.2 136 £2 47.0+0.5
HPLC 19.9+0.6 6.4+0.2 132+1 46.9+0.4
Rice bran SFC 28.2+0.4 1.0+0.1 1.2+0.1 Trace
HPLC 27.6+0.2 1.4x0.2 1.3+0.3 Trace
Cottonseed SFC 133+1 1.2x0.2 61.4+0.5 Trace
HPLC 130+1 8.6+0.2 58.4+0.4 Trace

*Mean=S.D. (n=5).

tion of tocopherols in vegetable oils by normal-
phase HPLC using a fluorescence detector was
performed in order to compare it with SFC, as
shown in Fig. 4. Tocopherols having more
methyl groups in the molecules are eluted faster
than those having fewer methyl groups under

these conditions. The results for the determi-
nation of tocopherols in vegetable oils by HPLC
are also given in Table 1. The results obtained by
SFC and HPLC show good agreement. A small
difference between the SFC and HPLC results
occurred for some tocopherols present in small

Wheat germ Soybean Rice bran Cottonseed
1 1 1
3
5
5
5
5
2
4 3
1
R\.l 2
2
2, \'3 4
_UJ 4 W 4 !
L 1 1 1 1 L L 1 1 L 1 3
0 10 20 0 10 20 0 10 20 0 10 20

Retention time (min)

Fig. 4. HPLC of tocopherols in vegetable oils. Peaks: 1 = a-tocopherol; 2 = B-tocopherol; 3 = y-tocopherol; 4 = 8-tocopherol;

5 =tocol (internal standard).
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amounts, such as 8-tocopherol in cottonseed oil.
This is probably due to the peak overlap with
other components in vegetable oils.

4. Conclusions

The determination of tocopherols by SFC
using an ODS-silica gel column was reported.
The retention behaviour of tocopherols under
these conditions was similar to that in reversed-
phase HPLC. However, SFC could separate
tocopherols, including positional isomers. The
addition of small concentrations of methanol as
modifier produced satisfactory separations.

Both SFC and normal-phase HPLC were ap-
plied to the determination of tocopherols in
vegetable oils. It is significant that SFC could
effect separates in a different chromatographic
mode to that in normal-phase HPLC because
vegetable oils contain tocopherols as well as their
structurally related compound. We conclude that
SFC is suitable as a quantitative method for the
determination of tocopherols.
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Abstract

A new definition of zone resolution in the general class of steady-state electrophoretic methods is proposed.
Under certain assumptions, the limiting zone capacity can be described by a single explicit expression of wide
applicability. The expressions for zone resolution and zone capacity were used to describe the separation of weak
electrolytes or ampholytes in ordered series of zones with a Gaussian or square-wave concentration profile or with

the profile which is the transition between these shapes.

1. Introduction

Steady-state electrophoretic methods [1-3]
include powerful separation tools such as isoelec-
tric focusing (IEF) [4-12], isotachophoresis
(ITP) [13-19] and methods that can be consid-
ered as a transition between typical IEF and ITP
(e.g., IEF with electrophoretic mobilization [20-
27], ITP with carrier ampholytes [14,19,28,29]).
Some of the transition (intermediate) methods
can be regarded also as electrophoretic focusing
in a steady-state moving natural pH gradient
[30].

The separation power of the method can be
reasonably visualized by the number of com-
ponents that can be resolved into individual
zones. For this purpose, the definition of zone
breadth is necessary. Several such definitions
could be suggested and defended; the most
convenient one identifies the breadth of the

0021-9673/94/$07.00
SSDI 0021-9673(94)00542-H

Gaussian concentration distribution with the
distance between two inflection points, which is
twice the standard deviation. When the con-
centration profiles of the separated zones can be
approximated by the Gaussian curves, terms
such as zone resolution, R, and peak capacity
n,, [3,10,30,31] are generally applicable. A
search of the literature shows that a number of
approaches have been suggested to describe the
degree of zone separation [3,7-10,31-35]. As
they describe systems composed of the Gaussian
zones or boundaries characterized by a standard
deviation, the relationships derived can be trans-
ferred to the description based on the R, value
[35].

Unfortunately, the steady-state electrophoretic
methods mentioned above often produce zones
with nearly square-wave forms of their concen-
tration profiles which are separated by sigmoidal
boundaries. Typical examples include well sepa-

© 1994 Elsevier Science B.V. All rights reserved
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rated ITP zones [1,2,13,17,36~39] or IEF zones
with the use of a small number of carrier am-
pholytes and/or a high intensity of the electrical
field [1,2,8,11,40,41]. The degree of zone sepa-
ration was described with the help of the bound-
ary width for strong electrolytes [42]. However,
there is a smooth transition between Gaussian
and square-wave concentration profiles [1,2,
8,43]. The fundamental unity of the electropho-
retic separation processes discussed so far was
supported by general electrophoretic models
[1,2,43-47]. Therefore, it seemed meaningful to
seek some characteristics of the separation
power of the steady-state electrophoretic meth-
ods that would not be sensitive to the shape of
the concentration profile of the separated zones.
Especially a parameter that would cover the
Gaussian, square-wave and intermediate shapes
would be valuable. However, a more generally
applicable definition of zone resolution leading
to great mathematical complexity in the calcula-
tion of resolving power would be useless.

In this paper, the resolution between neigh-
bouring zones is considered in the array of the
equidistant bands with equal mass of the consid-
ered components. The suggested description of
zone separation is based on the definition of the
term called the effective length of the concen-
tration gradient which generally exists in any
system with an array of steady-state zones. The
simplified model enables one to define such a
width for concentration profiles of various
shapes.

2. Theory
2.1. Model definition

Here we discuss an idealized system of mono-
protic weak electrolytes or mono—monovalent
ampholytes, with equal diffusion coefficients, D,,
with a small degree of ionization, so that the
component effective charge is much smaller than
unity, |z,/<<1. The solution is convection-free
and stationary. Separation occurs only due to the
differences in pK, or isoelectric point, pI, disper-
sion due only to the diffusion. The pK, or pl

values of compounds are evenly spaced on the
PH scale. Since, for the estimation of the limiting
peak capacity, a large number of the separated
compounds is of interest, the difference between
the neighbouring zones amounts to only a frac-
tion of a pH unit, A(pH). For a series of
ampholyte zones, it is A(pH) = A(pI). For all
compounds considered, the derivative of the pH
dependence of the effective mobility of a com-
pound, du,/d(pH), is considered to be a con-
stant within the zone and the same for all
compounds.

When the zones are sufficiently overlapped, a
continuous constant pH gradient, dpH/dx, can
be assumed. As D, values are equal and con-
stant, the conductivity can also be assumed to be
constant along the length of the whole series of

‘the zones, L. This assumption includes the

neglect of the contribution of the solvent ions to
the conductivity, which implies that the zone pH
is close to neutral. As the area of the cross-
section of the channel, A4, is also constant, the
electrical field, E, is constant. The model may be
considered as artificial but it is often used for
modelling the steady state in idealized IEF
[1,2,5,7-10,12,30,43,46].

As steady-state IEF can be treated as zero-
velocity steady-state ITP [12,17,37], it is reason-
able to examine the conditions for the ap-
plicability of above IEF model to the idealized
ITP of weak electrolytes. For this treatment, the
zone existence diagram [18] is useful. It appears
that weak electrolytes with the same D, can
generate zones with approximately the same
conductivity under steady-state conditions. For
example, the series of zones can cover the pH
range from 4 to 10 while the conductivity varies
by only about 10% over the entire pH range.
Applying the above assumptions used for IEF
also to ITP of a series of weak electrolytes, we
have A(pH) = A(pK,). Further, it follows from
the model description that the pH difference,
A(pH), and the potential difference, AU,"be-
tween the neighbouring zones are independent
of whether their shape is Gaussian or square-
wave and whether the steady-state zone moves
or not.

As mentioned previously, owing to the change
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in the field intensity, the shape of the concen-
tration distribution curves of the zones can
change from Gaussian to nearly square wave.
According to the model described, the influence
of this transition on the important variables,
including Ax, A(pH), du/d(pH), mean zone
mobility and zone conductivity can be neglected
for the estimation of the limiting zone capacity.

Generally, a series of zones is studied (see Fig.
1). In a one-dimensional arrangement, the zones
are evenly spaced by Ax, which is the distance of
zone maxima or between the boundaries. When
the array consists of zones of equal mass of
components, m;, equal concentrations in zone
maxima, c,,;, result.

Common features of the series of concentra-
tion profiles of real zones include their maxima,
slopes on both zone sides, inflection points at
these slopes and asymptotic declination of the
concentration toward both sides. At the contacts
between the neighbouring zones, boundaries
exist at the places of greatest mixing of separated
compounds. For a series of equal zones with

-3 -2 -1 0 1 2 3

Fig. 1. Definition of the effective length of the concentration
gradient. ¢, =Component concentration; c,, = component
concentration in the zone maximum; ¢ = average total con-
centration of the considered components in the zone array;
x = zone array length coordinate; Ax = distance between the
zone maxima or the distance between the zone boundaries;
(dc,/dx),, = tangent of the concentration gradient at its
inflection point; o = effective length of the concentration
gradient. The dimensions of variables ¢ and x are bound by
Eq. 2.

arbitrary shape, the tangent at the inflection
point, (dc,/dx),,, and the distance between the
zone maxima or the distance between the
boundaries, Ax, can be well defined (see Fig. 1).

Let us define the effective length of the con-
centration gradient, w, as

o = &/|de,/dx|, (1)

where the total average concentration of all
considered compounds, ¢, (either carriers or
spacers or analytes) is expressed with the help of
m, and Ax as

¢ =m,/AAx (2)

According to the model adopted, ¢ can be
considered as constant within the series of zones.
In Fig. 1, the dimensions of x and c variables are
bound by Eq. 2 and the zone concentration
profiles are shown with ¢ =1 and Ax =1 arbi-
trary unit.

It follows from the definition that @ is not
concentration dependent and that the narrower
the Gaussian peak, the smaller is the w obtained.
These properties are similar to those of the
standard deviation of the Gaussian peak, o.
However, the parameter » can be defined also
for other forms of zone concentration profiles,
which opens up the possibility for the compari-
son of zones with different shapes.

The resolution of the separated zones is pro-
portional to the level of purity of the respective
zone or inversely proportional to the degree of
mixing of the neighbouring zones. For quali-
tative analysis, it is more practical to relate the
resolution to the detectability of zones of the
individual components. Mathematically, it can
be expressed with the ratio of the distance
between the zones to a suitable feature of the
concentration profile of the zone. For a Gaussian
profile, the curve standard deviation, o;, 1is
usually chosen [3,8,10,31-33,35].

Here, the resolution in the array of evenly
spaced equal zones, R, is defined as the dimen-
sionless quantity by the relationship

R, = (Ax/w)"? (3)
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As R, is based on w, a comparison of the zone
resolution between series of zones of different
shape can be made.

The zone capacity, n,, is defined as the upper
limit of the resolvable zones for a given tech-
nique under the prescribed conditions [3,31,32].
It is obtained by allowing each hypothetical zone
occupy a distance Ax. For the overall length of
the series of the zones, L, it is

n,=L/Ax (4)

The zone capacity is dependent on the quality
of the zone separation or, in other words, on the
degree of the mutual mixing of the compounds in
the neighbouring bands. It is usually expressed in
terms of the resolution. As long as AU and
A(pH) are constant along L, the translation of
R, into information on the total maximum num-
ber of resolvable components can be made by
combination of Eqs. 3 and 4:

n,=L/(R’w) (5)
or, again by virtue of Eq. 3,
n, = L/[R,(Axw)' "] (6)

The use of the above-mentioned definitions
can be illustrated by Fig. 2, where some im-
portant simplified cases occurring in the steady-
state electrophoretic methods are outlined. In
Fig. 2a, a series of evenly spaced, overlapping
Gaussian zones models the background of carrier
ampholytes in IEF and in the focusing in the
moving steady-state pH gradient. In Fig. 2b, a
series of well separated, evenly spaced Gaussian
peaks models the separated analytes in IEF and
In some transition methods. In Fig. 2c, a series
of equal nearly square-wave zones separated by
symmetrical boundaries models the ITP of weak
electrolytes with very small differences in their
pK, values and IEF with a small number of
carriers and/or with a large field intensity.

2.2. Explicit expressions for w

Series of Gaussian zones
From the properties of the Gaussian curve, for
the tangent at the inflection point we have

-3 -2 1 0 1 2 3

- e O c
1.2t | 4
0.8}

04}

0.0

LAX ¢ W LAx

-3 -2 -1 0 1 2 3

1.6}

1.2+

0.8}

0.4}

0.0

-3 -2 -1 ] 1 2 % 3
Fig. 2. Typical concentration profiles occurring in the sepa-
ration of weak electrolytes by steady-state electromigration
methods. (a) @ =4Ax; (b), (¢) @ =0.25Ax. For explanation
of symbols, see Fig. 1.
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‘dci/dxlip :Cmi/(ellza'i) (7

and m, within the Gaussian peak can be calcu-
lated as

m, =c,Ag,(2m)"” (8)

Eqgs. 1, 2, 7 and 8 yield for the effective length of
the concentration gradient in the series of equal
Gaussian peaks, w,,

w, = (2me)' %o} /Ax (9)

According to the model adopted, for o’ in
steady-state electrophoretic methods we can
write [3,5,7,8,10,30]

o’ = RT/{EF[—dz,/d(pH)][d(pH)/dx)}}  (10)

where F is the Faraday charge, R is the gas
constant and 7 is the absolute temperature.
Then, by insertion of Eq. 10 in Eq. 9, we obtain
for w,

wp—

(2me)'?RT/{FEAx[—dz,/d(pH)][d(pH)/dx]}
(11)
The selectivity, or the relative difference in the
mobilities of the compounds in the neighbouring
zones, p, is introduced [15,18,32,42,48] as
p=Aulg (12)

where Ap is the difference in the effective
mobilities of the compounds in the neighbouring
zones and g is their mean. Since, in the model
considered, a is also the effective mobility of the
whole series of the zones, we have

p = [—dw,/d(pH)]A(pH)/ix (13)

The effective mobility and effective charge of
compound are bound by the Nernst relationship:

w =z, FD,/IRT (14)

Insertion of A(pH) = Ax[d(pH)/dx] and Eq. 14
in Eq. 13 yields for p

p = Ax[d(pH)/dx][—dz,/d(pH)}/2 5)

Then, by use of Eq. 15, Eq. 11 can be written in
the form

w, = (2me)' *RT/zFEp (16)

Series of square-wave zones separated by
symmetric boundaries

For low dissociation of weak electrolytes,
|z, << 1, the ratio of the ion mobilities may be
approximated by the ratio of the respective
dissociation constants. For example, for weak
acids, the selectivity can be then expressed as
[15,39,48]

p=AK,/K, (17)

where AK, is the difference in the acidic K,
values of the compounds in the neighbouring
zones and K, is their geometric mean. General-
ly, the boundary between the zones of the weak
electrolytes in ITP is unsymmetric. For p <<1,
which is of practical interest for examining the
separation power, it can be considered as
symmetric [15,39}. :

Let us consider a well developed square-wave
zone which is symmetrical around the origin,
x =0, and the sigmoidal boundaries are symmet-
ric around the —Ax/2 and Ax/2 coordinates,
respectively. The concentration profile of the
considered component in such a zone (see Fig.
2¢) can be expressed as

c,/¢=1/{1+exp[-B(x + 0.5Ax)]}

—1/{1+ exp [-Blx — 0.54x)]} (18)
where B is the reciprocal distance [39]. For both
weak anions and cations with p <<1, in the
present notation we have
B = (zF/RT)(v/@)(AK,/K,) (19)

where v is the linear velocity of the whole series
of steady-state zones. The derivatization of Eq.
18 yields the tangent at the inflection point of the
concentration profile in the boundary as

dc,/dx|,, = 2B/4 (20
i p

From Egs. 1 and 20, the effective length of the
concentration gradient in methods giving the
symmetrical boundary between the weak elec-
trolytes, w,, is

w, =4/8 (21)
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Since for the potential field in the considered
series of the zones

E=vip (22)

we obtain by insertion of Eqs. 17, 19 and 22 in
Eq. 21

w, = 4RT/FEzp (23)

By comparison of Egs. 16 and 23, we can see
that the only differences are in the expressions
for selectivity (see Table 1) and in the numerical
coefficients. For the same E, z and p, the ratio of
the respective equations may be summarized as
o, =1.033w,. The difference can be neglected
and a numerical coefficient of 4 will be adopted
in further calculations. The appropriate selectivi-
ty parameters used should be consistent with the
compounds and method considered (see Table

1).

Transition from Gaussian to square-wave zones

The above-mentioned concentration profiles
are certain limiting cases. Computer modelling
has shown a smooth transition from one to
another, e.g., by a continuous increase in E
[1,2,8].

Let us consider the steady state depicted in
Fig. 2a, where Gaussian peaks are depicted with
0; = Ax and o =4Ax. Now, on increasing E by,
e.g., factor 16, two cases may occur:

(a) When the system contains the background
maintaining the continuous pH gradient [5,8,10],
the Gaussian shape of the considered zones
continues. This situation may be exemplified by

Table 1
Summary of expressions for the selectivity, p, in steady-state
electrophoretic modes for p <<1 and |z,| <<1

System Expressions for p

Weak acids, bases Aplp, Az/z _
AK,/K,, AK, /K,
APK,)[-du/d(pH)) /2
A(pK,)[—dz,/d(pH)}/z

A(PD[~ g, /d(pH)] /2
A(pl)[—dz,/d(pH)]/z

Good ampholytes

analytes in IEF (see Fig. 2b), where Gaussian
peaks are shown with o = 0.25Ax.

(b) Without a background, the bands acquire
the square-wave zones [1,2,8,30,43] (see Fig. 2¢),
where also w = 0.25Ax. Hence, for the small o,
the zone shape appears to be dependent on the
presence of the background pH gradient.

For well developed square-wave zones, Ax can
be considered as composed of two parts, namely
the zone of the respective component with the
length, [, and the effective length of the con-
centration gradient, w:

Ax=l+w 24)

In Fig. 2¢, [, = 3w. The limiting case, when /, =0,
or when

Ax=w (25)

may also be seen as a transition between square-
wave and Gaussian zone shapes. At the transi-
tion point, the linear relationship between m,;
and the zone height for Gaussian peaks starts to
transform into a linear relationship between m,
and the zone length for square waves. Then, @
should be intermediate between the w of the two
typical cases, @, and w,. Since they are almost
identical, w in the transition point should not be
very different from either of them. With the use
of Eq. (23), condition (25) for the transition
point can be represented as

Ax =4RT/EFzp (26)

Almgren [8] estimated the transition from
Gaussian zones to square-wave zones in IEF
from the calculated pH and conductivity profiles.
The transition point was considered as the state
when the calculated smooth linear pH profile
begins to change into a staircase course, where,
the steepness of the pH profile at the zone
maximum is 15% lower and that at the midpoint
between the zone maxima by 15% higher than
the average gradient steepness. In the present
notation, he found for this state (Eq. 47 in Ref.
8):

Apl = {4RT[d(pH)/dx]/FE[—dz,/d(pH)]}'"*
(27)

which, by insertion of
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Apl = Axd(pH)/dx (28)
in Eq. 27 and squaring gives, after rearrange-
ment,

Ax = 4RT/ {FEAx[—dz,/d(pH)][d(pH)/dx]}
(29)

With Eq. 15, this leads finally to an equation
that is identical with Eq. 26. It indicates that the
expression of w for the Gaussian or for - the
square-wave concentration profiles in steady-
state electrophoretic methods can be applied also
for the transition between these profile forms.

The profile transition may be illustrated by
Fig. 3, where the concentration courses of the
single zone are shown for w values of 0.25Ax,
0.5Ax and Ax. With the background pH gradient,
the Gaussian curves 1, 2 and 5, respectively,
result. Without the background and the same w
values, curves 3, 4 and 3, respectively, are
obtained. Without the presence of the back-
ground pH gradient, the square-wave shape
starts to develop at w <Ax.

2.3. Zone resolution

The zone resolution, R,, was defined for the
series of zones by Eq. 6. For Gaussian peaks,
from Eqs. 6 and 9 we have

0.5 1.0

Fig. 3. Dependence of a single zone concentration profile on
» and on the presence of a background continuous pH
gradient. Curves: 1, 2, 5=with background pH gradient; 3,
4, 5 = without background; 1, 3, @ = 0.25Ax, 2,4, o =0.5Ax;
5, w = Ax For explanation of symbols, see Fig. 1.

R, = (2me) V*Ax/o, = Ax/(2.0330,) (30)

The resolution of Gaussian peaks is described in
terms of R, defined as [3,10,32]

R, = Ax/4g, (31)

From Egs. 30 and 31, the relationship between
R, and R, for the series of Gaussian peaks is

R,=R,-2/1.016=2R, (32)

The ratio of R, for peaks to R, for the square
zones is, by virtue of Egs. 3, 16 and 23, only
(1.033)!/? = 1.016, which also justifies the com-
mon expressions for both zone forms.

For methods giving the zones modelled by
Figs. 2 and 3, from Eqgs. 3 and 23 we obtain

R, = (FEzpAx/4RT)'" (33)

As Egs. 15 and 28 yield

zpAx = (ApI)*{[—dz,/d(pH)]/[d(pH)/dx]}
(34)

this indicates that Eq. 33 is equivalent to the
previous relationships for the resolution of the
Gaussian zones in IEF [3,10]. The only differ-
ence is in the numerical coefficient that relates
R, to R, (see Eq. 32). In Fig. 2b and 2, the
zones are separated with the same R, =2. Both
the Gaussian (Ax =40) and square-wave Zones
(, = 3w, Ax = 4w = 16/B) may be considered as
detectably resolved. The content of the pure
compound in the respective Gaussian zone, D,
is 95.4%. This content in the respective square-
wave zone, @,, can conveniently be calculated
with the help of the boundary width, w, when
the boundary is considered as a 1:1 mixed zone
composed of the neighbouring pure compounds.
With the help of Eq. 18, we obtain

o

w=4 o dx/{1+ exp [-B(x — 0.5Ax)}
=4In2/B (35)

Apparently, it follows from Egs. 21 and 35 that
w = w, In 2. Then, &, is given by

@, =1—(w/2)/Ax (36)
For R,=2, from Egs. 3, 21, 35 and 36
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P, =1-1n2/8=91.3%. For ITP of the square-
wave zones of strong electrolytes, it was sug-
gested [42] that one can define the required
resolution with the help of the same zone purity
as that for the series of Gaussian peaks with
R,=1. In the present notation, this means
setting @, = @, or P, =95.4% of the respective
compound. Then Ax should be Ax=(w/2)/
0.0456 = @ In2/0.0912 = 7.60w and, from Eq. 3,
R,=7.6"*=275.

For the definition of the just-resolved Gaus-
sian zones in IEF, the following criterion is often
used [7-9,33]:

Ax = 3.080, (37)

According to Egs. 31, 32 and 37, this corre-
sponds to R, =0.77 and R, =1.54. &, is then
87.4%. When R, =1.54 is applied also for the
square-wave zones, @, =85.4%. Despite the
different approaches to the definition of the zone
resolution, the differences in the zone purity can
be considered as not critical for estimation of the
separation power of the examined methods.

2.4. Zone capacity

For an array of Gaussian peaks, we obtain the
known equation for estimation of the limiting
peak capacity [3] by insertion of Egs. 9 and 32 in
Eq. 6:

n, = L/(R40;) (38)
It is usually accepted that R,=1 or, in the
present notation, R, =2. If this value of R, is
considered adequate also for the square-wave

and transition concentration profiles, we obtain
by combination of Egs. 6 and 23 for R, =2

n, = [(L*FEzp)/(16AxRT)]"" (39)

By insertion of Eq. 15, we can write Eq. 39 in

the form known for the estimation of the peak

capacity in IEF [3,10]:

n, = {L’FE[~dz,/d(pH)][d(pH)/dx]/16RT}*"
(40)

According to the model adopted, it is possible to
introduce the potential drop across the whole

series of zones, U, as U= —EL and the total
pH difference across L, 8(pH), as 8(pH)=
L[d(pH)/dx]. The zone capacity can then be
expressed in the form

n, = {FUS(pH)[dz,/d(pH)]/16RT}'"? (41)

which indicates that the maximum number of
resolvable components should not be dependent
on the length of the zone array. This conclusion
is important for comparison of n, in ITP and
IEF, respectively. In IEF, L may theoretically be
up to the whole length of the channel. In ITP,
the length of the zone array is generally only a
fraction of the channel length. When applying
ITP to weak electrolytes with a small degree of
dissociation, |z,| <<1, the migration velocity of
the steady-state zones is substantially smaller
than the velocity of fully dissociated analytes in
the adjusted sample zone. On the other hand,
the undissociated analytes in the sample remain
stationary until they are dissociated. In this way,
the series of adjusted zones may occupy a
substantial part of the channel length in ITP of
the weakly dissociated electrolytes. Hence, ac-
cording to the last-mentioned equations, the
zone capacity of ITP may be close to that of IEF
in the discussed cases.

As the final equations for the limiting zone
capacity are based on w, which is applicable to
zones of different shapes, it is similarly valid for
steady-state electrophoretic methods giving a
series of Gaussian and square-wave zones and
for zones with a shape that is intermediate
between them.

3. Conclusions

Based on the above discussion, a comparison
of the limiting zone capacities of the examined
steady-state methods with the zone capacities of
other electrophoretic methods can be made.
Previously [3,10,49,50], the limiting peak
capacities of capillary zone electrophoresis
(CZE) and IEF were found to be similar. This
can also be supported by Eq. 39 when the
selectivity for CZE expressed as p = Ax/L is
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taken into consideration. Further, the zone
capacities of ITP and CZE of strong electrolytes
were found to be of the same order of magnitude
[42]. Together with the relationships derived
here, it can be concluded that, for the same total
potential over the channel, the limiting zone
capacities of IEF, ITP and CZE are comparable.
Based on the zone concentration profiles dis-
cussed previously [30], similar expressions for 7,
can also be expected for intermediate methods
such as IEF with electrophoretic mobilization
and isotachophoresis with polyampholytic spac-
ers.

The above relationships were derived for
symmetrical zones and boundaries. It can be
expected that, owing to the applicability to the
above-discussed different shapes of the concen-
tration profiles, small deviations from symmetry
will not cause serious changes in the estimation
of the resolution or of the limiting zone capacity
by the final equations.

The suggested description of the separation
efficiency is fully compatible with the equations
used so far. It shows that under some assump-
tions, the previous equations for the zone capaci-
ty can be used not only for the Gaussian peaks,
but also for the square-wave zones of the weak
electrolytes and the transition between the peak
and the square wave. The similar expressions
obtained and the values of the system parame-
ters for the description of the separation ef-
ficiency of the different zone shapes give further
support to the fundamental unity of the methods
discussed.
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Abstract

Capillary isotachophoresis with conductivity detection was applied to the investigation of the hydrolytic
decomposition of phytic acid (myo-inositol hexaphosphoric acid) by phytase, and for the formation of the reaction
products as a function of time. The quantitation of all analytes (besides phytic acid the mono- to penta-
phosphorylated inositols and orthophosphate) can be carried out using two different buffer systems.

1. Introduction

The determination of the time course of the
enzymatic hydrolysis of phytic acid {myo-inositol
hexaphosphoric acid, IP6) has been carried out
so far by an indirect method which is based on
the measurement of the concentration of Fe(III)
remaining in solution after the formation of an
insoluble Fe-IP6 complex [1]. Fe(IIl) is then
determined photometrically as rhodanide com-
plex. This indirect measurement was necessary
because IP6 has neither a specific reagent nor a
characteristic absorption spectrum for direct de-
termination, as pointed out in this paper.

It is obvious that the indirect method is subject
to a number of errors, because not only phytic

* Corresponding author.
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acid, but also its degradation products may react
with the Fe ions due to their chemical similarity
to IP6. This method is unable to quantify these
particular compounds, which is a prerequisite for
the study of the reaction kinetics. Therefore a
method has been introduced by the same authors
1] which allows the determination of all the
compounds of interest, namely *'P NMR. Never-
theless, this method has a number of drawbacks.
Besides its large instrumental and chemical ex-
penditure (e.g. ’H,O is used as a solvent for
NMR measurements) no separation of the sol-
utes is carried out, leading to superimposed
signals which limit their relevance.
Isotachophoresis (ITP) with conductivity de-
tection seems to fulfill all the demands required
for the fast, simple and reliable analysis of phytic
acid and its hydrolysis products (cf. e.g. [2]): it is

© 1994 Elsevier Science B.V. All rights reserved
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a separation method of high performance for
ionic components, which enables the resolution
of chemically similar compounds. It combines
the separation and the detection principle for
these ionic separands, both based on the effec-
tive mobilities, which leads to a more or less
universal detectability for these analytes, and
makes the detection independent of individual
properties such as UV absorbance.

ITP has been applied for the direct determi-
nation of phytic acid in food [3], where the
preseparation from the lower inositol phosphates
(penta, IPS to mono, IP1) and orthophosphate
(P) was a necessity. In the present paper it is
applied to separate the inositol derivatives with
different degrees of phosphorylation, making it
possible to observe the formation and decay of
the degradation products of phytic acid during
the hydrolysis with phytase.

2. Experimental
2.1. Chemicals

The following chemicals were used: hydrochlo-
ric acid (analytical-reagent grade; Merck, Darm-
stadt, Germany), 2-morpholinoethanesulfonic
acid (99%), phytic acid (dodecasodium salt),
1,3 - bis[tris(hydroxymethyl)methylamino]pro-
pane (bis-tris-propane, 99 + %), hydroxyethyl
cellulose (all from Aldrich, Steinheim, Ger-
many); creatinine (99%), caproic acid (99-
100%), phytase (crude from wheat, activity ca.
0.015 units per mg solid) (all from Sigma,
Deisenhofen, Germany); e-aminocaproic acid
(>99%, Fluka, Buchs, Switzerland).

For the preparation of the buffers water deion-
ised with a mixed-bed ion exchanger was used.

2.2. Apparatus

The volume-coupling instrument (Ionosep
900.1, Recman-Laboratorni Technika, Ostrava,
Czech Republic) is equipped with PTFE capil-
laries (pre-separation part 50 X 1 mm, separation
part 150 X 0.45 mm, detection part 70 X 0.3 mm)
and a contactless high-frequency conductivity

cell. Injection is carried out by the use of a 20-ul
loop.

The constant current applied was 70 pA ini-
tially and 30 A during detection.

2.3. Enzymic hydrolysis of phytic acid

A 50-mg amount of phytic acid (as
dodecasodium salt) and 50 mg phytase were
added to 50 ml buffer (0.04 M HCI adjusted to
pH 5.15 with creatinine) and placed into a 100-
ml flask. The solution was stirred on a water
bath at 51°C. During the enzymic hydrolysis
aliquots of the reaction mixture were taken at
different times. The enzyme present in the
samples was inactivated by boiling water for 1
min. Then the samples were stored at —20°C.
Prior to the analysis the samples were defrosted
and diluted 20-fold.

3. Results and discussion
3.1. ITP separation

In order to follow the time dependence of the
hydrolytic decay of phytic acid on the one hand,
and of the formation and hydrolysis of the
degradation products (the lower inositol phos-
phates and phosphate) on the other hand the
appropriate ITP conditions to separate the ana-
lytes must be found. It can be seen from Fig. 1
that system 1 (Table 1) allows the separation of
most inositol phosphates and phosphate (IP4—
IP1, P), but does not lead to a separation of IP6
from IPS. Therefore this system can be applied
for the quantitation of these lower phosphates
only. For the separation and quantitation of IP5
and IP6, however, another system has to be
found. It is not likely that the separation can be
enhanced by varying the pH, because it can be
expected that the analytes have about the same
pK values. For this reason the use of bis-tris-
propane which has complex-forming properties is
applied as counter ion of the leading electrolyte
[2]. The resulting electropherograms, obtained
by electrolyte system 2 (Table 1) are depicted in
Fig. 2. It can be seen that IP6 and IP5, which
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Fig. 1. Isotachopherograms of the reaction mixture of the
enzymatic hydrolysis of phytic acid (IP6) after different times
of reaction obtained with electrolyte system 1. IP6 and IP5
form a mixed zone. The degree of phosphorylation is
indicated by the number in the symbol of the separands, e.g.
IPS for inositol pentaphosphate, etc. P = Orthophosphate;
L =leading electrolyte; T =terminating electrolyte; R=
electric resistance. Reaction time: (a) 0 min; (b) 2.5 min; (c)
20 min; (d) 40 min; (¢) 90 min; (f) 210 min.

205

formed a mixed zone in system 1 are indeed
migrating in two separated zones. They are also
well separated from IP4 and P. It is therefore
possible to quantitate all analytes by the use of
these two buffering electrolyte systems.

Table 1
Buffering electrolyte systems for the determination of inositol
phosphates and orthophosphate

System  Leading pH  Terminating
electrolyte® electrolyte

1 10mM HCl+ EACA 4.5 5mM Caproic acid

2 10 mM HC1 + BTP 6.1 5mMMES

EACA = e-Aminocaproic  acid;  BTP = bis-tris-propane;
MES = 2-morpholinoethanesulfonic acid.
* Leading electrolytes contain 0.1% hydroxyethyl cellulose.

P& 1P6 P6
P9 IP5

20s

Fig. 2. Isotachopherograms of the reaction mixture of the
hydrolysis of phytic acid shown in Fig. 1a, b and c, obtained
with electrolyte system 2, demonstrating the separation of
IP6 from IP5. Abbreviations as in Fig. 1.

3.2. Time course of the hydrolysis of phytic
acid and lower inositol phosphates

The ITP results depicted in Figs. 1 and 2 allow
to observe the time dependence of the formation
and decay of all solutes formed during the
hydrolysis. The result of the quantitation of the
particular compounds is shown in Fig. 3 (where
the concentration of the solutes is not given in
absolute quantities, e.g. in M or in g/1, but as a
relative content). This is done such that the
length of the ITP zone of the particular com-
ponent (which is proportional to the amount in
the 20-u] sample volume injected) is related to
its maximum zone length observed during the
entire time of hydrolysis. This depiction is appro-
priate for the goal of this investigation. A further

relative step length [%]

0 20 4 6 S 10 DD 140 160 13 200 20
time [min]

Fig. 3. Time course of the decay and formation of the

inositol phosphates during the enzymatic hydrolysis of phytic

acid, measured by ITP. O = IP6; (1 =IP5; A =1IP4; A =1P3;

© =1P2; © =1P1; O =P. For details see text.
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quantitation, e.g. by calibration with an external
standard is possible. It is not obvious for the case
under investigation because the decomposition
products are hardly available as standards for
calibration. In this case an approach could be
carried out by calculating the effective mobilities
from the step heights in the isotachopherograms
and approximating the concentrations by the
Kohlrausch “regulation function”. Even an over-
all mass balance could be made possible in this
way. This is, however, not of interest for the
problem presented here.

From Fig. 3 it can be seen that half of the
initially present IP6 decays within 12 min under
the given conditions, whereby the immediate
formation of IPS and P is clearly observed from
the appearance of their ITP zones. The con-
centration of IPS and P increases upon degra-
dation of IP6. That of IP5 increases steeply,
reaches a maximum value after 30 min, and
decreases further. The gradual formation of the
next reaction product, IP4, is observed after
about 10 min. This product shows a nearly
symmetric concentration vs. time curve of a
similar shape as IP5 (in contrast to IP6, which
obviously exhibits an overall decline). The curve
of IP4 is, however, broader than that of IP5, an
effect which is propagated for the. subsequently

formed components: the curves have similar
shapes but become increasingly broader.

Whereas the concentration of the higher
inositol phosphates decreases after the maximum
this is not longer the case for IP1: within the
reaction time a maximum is approached but no
decline is observed. A similar effect is found for
P, the concentration of which is continuously
increasing directly after the start of the hydrol-
ysis, approaching a maximum value. The latter
effect indicates a certain saturation of the hy-
drolysis due to the fact that the enzyme is
probably not capable to hydrolyse IP1 [1].

From these results it can be concluded that
ITP serves as a rapid and simple method to
determine the time course of the hydrolysis of
phytic acid.
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Abstract

A simple and rapid method was developed for the separation and determination of a large number of organic
acids by using capillary zone electrophoresis, with hydrostatic injection for 30 s and UV detection at 254 nm.
Electropherograms were obtained with 4-hydroxybenzoate buffer (5 mM) adjusted to pH 4.75 at 25°C. The
electroosmotic flow modifier (commercial solution) was added to the buffer at a concentration of 25 ml 177
Co-migration problems could be solved by modifying the pH of the electrophoresis buffer or by addition of Ca’" to

the buffer.

1. Intreduction

Capillary zone electrophoresis (CZE) is the
simplest form of capillary electrophoresis (CE).
The separation mechanism is based on differ-
ences in electrophoretic mobilities which are
dependent on the charge to mass ratio. CZE has
grown increasingly popular in the field of ana-
lytical chemistry, and has been successfully used
to detect and measure biomolecules [1], carbohy-
drates [2,3], milk and soy proteins [4] and
organic acids in juices from beet sugar produc-
tion [5].

CZE with indirect UV detection has been
shown to be a good alternative to conventional
chromatographic methods such as high-perform-
ance liquid chromatography (HPLC). Indeed,
CZE requires no sample preparation, other than
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dilution, has a fast analysis time (less than 7 min)
and consumes only limited amounts of reagents.

The objective of this work was to optimize the
separation and determination of the greatest
possible number of organic acids in culture
filtrates of soil fungi.

2. Experimental
2.1. Apparatus

CZE was performed on a Waters Quanta 4000
capillary electrophoresis system equipped with a
UV detector set at 254 nm, with an applied
voltage (V) of 20 kV. A fused-silica capillary
(Waters), 60 cm in length (L,) with I.D. 75 pum,
was used and the detector window was set at
52.4 cm (L,). The wall of the capillary was
covered with ionizable silanol groups. In order to

© 1994 Elsevier Science B.V. All rights reserved
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ensure that the surface of the capillary was fully
and uniformly charged, it was necessary to
pretreat it. Before analysis, the capillary was
pretreated for 10 min with 0.1 M sodium hy-
droxide solution, 10 min with deionized water
and 30 min with running buffer until equilibrium
was reached.

2.2. Power supply and electroosmotic flow

In a normal CZE system, the capillary is filled
with a background electrolyte solution and the
capillary ends are immersed in separate reser-
voirs containing this solution. The detector is
located near the cathode and the electroosmotic
flow (EOF) direction is from the anode to the
cathode. The EOF, as a result of an applied
voltage along the capillary, is the net flow of
buffer solution in the direction of the negative
electrode. Usually, the EOF rate is so strong
that all analytes, even those with a negative
charge, move to the cathode. However, when
the electrophoretic mobilities of some anions are
higher than the EOF mobility of the electrolyte,
these anions will escape detection because they
move backwards. This problem could be solved
by reversing the polarity of the applied electric
field. However, the organic acids with an electro-
phoretic mobility equal to or lower than the
EOF mobility will not be detected. One way to
avoid this problem is to add an appropriate
surfactant to the electrolyte in order to reverse
the direction of the EOF by reversing the charge
of the capillary wall. Accordingly, a negative-
voltage power supply was used and 25 ml of an
electroosmotic flow modifier (Waters OFM
Anion-BT commercial solution) was added per
litre.

2.3. Injection mode

At one capillary end the background elec-
trolyte reservoir is replaced by the sample reser-
voir only during sample injection. Two injection
modes are usually possible under our practical
experimental conditions: hydrostatic injection or
electrokinetic injection (electromigration). Some
workers have remarked that electrokinetic injec-

tion involves biases [6,7]. When a voltage is
applied to the capillary length during elec-
trokinetic injection, a larger effective volume of
faster ions than slower ions will be injected,
because of the different mobilities of the species
in the sample solution [8]. Contrary to elec-
trokinetic injection, hydrostatic injection effect-
ed by gravity does not discriminate between the
ions, and the same effective sample volume of
each ion is injected. In CZE with hydrostatic
injection, as in HPLC analysis, there always
exists a defined injection volume. Accordingly,
the hydrostatic injection mode was used.

2.4. Injection time

Selection of the injection time was based on
the relative standard deviations for peak area,
which were found to decrease with increasing
injection time [5]. Further, as described previ-
ously [9,10], to obtain high resolution in capillary
electrophoresis the volume of the injected sam-
ple must be small compared with the capillary
volume. With a capillary that had a volume of
about 3 ul (as here), 5-50 nl was the injection
volume required to avoid distortion by overload-
ing [9,10]. In this work, samples were introduced
hydrostatically into the capillary for 30 s, and
about 30 nl were injected.

2.5. Samples

Stock standard solutions of carboxylic acids
were prepared at a concentration of 10 mM,
using deionized water obtained with a Milli-Q
system (Millipore). Before storage at 4°C, all -
solutions were sterilized by filtration through a
0.2-um membrane.

3. Results and discussion

Optimization of the parameters was carried
out by investigating the influence of electrolyte
composition, pH and temperature on the mo-
bilities. In accordance with the aims of this work,
the initial selection of the background electrolyte
was based on literature data ([11], Waters com-
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munications) and on our experimentation. Elec-
tropherograms were obtained with a 4-hydroxy-
benzoate buffer, prepared with deionized water
(Milli-Q), and adjusted to the appropriate pH
with sodium hydroxide at 25°C. The electrolyte
solution was filtered through a 0.45-pm mem-
brane. This buffer and the OFM concentration
(as noted under Experimental) were selected to
optimize the separation of most organic anions,
especially current organic acids from microbe
metabolism.

The electrophoretic mobility of different acids
and the EOF are partly dependent on the buffer
viscosity. The viscosity is dependent on tempera-
ture; therefore, precise temperature control is
important. As the temperature increases, the
viscosity decreases, and both the EOF and
electrophoretic mobility increase. The mobility
of most ions increases by 2% per degree. Fur-
ther, the pH of some buffers is known to be
temperature sensitive. For all these reasons, the
electrolyte buffer pH was adjusted to 25°C
(controlled temperature). However, because we
could not operate at an elevated controlled
temperature (near 25°C), an alternative was to
reduce the buffer concentration from 20 to about
5 mM. Thus, 4-hydroxybenzoate buffer was used
at 5 mM. However, a decrease in the buffer
concentration also reduces the peak efficiency by
decreasing the focusing effect. At a fixed buffer

corrected area

concentration, variations of pH modify the
focusing effect and also the measured peak
areas. Fig. 1 shows the resulting effect of electro-
phoresis buffer pH on the peak areas of some
acids. The response depends on the species
studied. However, in general, when the buffer
pH increases from 4 to 6, the corrected peak
areas also increase.

Fig. 2 shows the resulting electropherograms
for an organic acid mixture. The effect of elec-
trolyte pH on organic acid separation was tested.
In order to make an accurate comparison be-
tween different analytical conditions, each elec-
trolyte pH must be adjusted at a fixed tempera-
ture (25°C under our conditions). The net elec-
tric charge of an organic anion is pH dependent,
and the selectivity of the separation is affected
by the buffer pH. Indeed, when the molecular
masses of the organic acids are approximately
the same, acids with lower pK, values are eluted
faster than those with higher values. At a fixed
buffer pH, species mobility is partly a function of
the charge to mass ratio, which depends on the
pK, values. Table 1 gives the pK, values of
eleven organic acids and their charge to mass
ratio. In Fig. 2a, it is apparent that most acid
standards cannot be separated with an elec-
trolyte pH of 7.25 at 25°C; only gallic acid was
separated at this buffer pH. A better separation
can be achieved by decreasing the pH of the

4.00 4.50

4.75 5.00 6.00

buffer pH

Fig. 1. Effect of buffer pH on measured peak areas which depend on the focusing effect. Each pH was adjusted at 25°C, after
addition of 2.5% (v/v) OFM. Analytes: A = Formic acid (0.1); O= fumaric acid (0.1); O = citric acid (0.2); ¢ = L-malic acid
(0.1); O = p-lactic acid (0.1); A = succinic acid (0.1); @ = p-gluconic acid (0.1 mM).
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Fig. 2. Separation of eight-component organic acid mixture. pH of electrolyte: (a) 7.25 at 25°C, with 2.5% (v/v) OFM; (b) 6.00 at
25°C, with 2.5% (v/v) OFM; (c) 5.00 at 25°C, with 2.5% (v/v) OFM; (d) 4.00 at 25°C, with 2.5% (v/v) OFM. Peaks: 2 = formic
acid (0.1); 3 = fumaric acid (0.1); 5 = citric acid (0.2); 6 = L-malic acid (0.1); 7= D-lactic acid (0.1); 8 = succinic acid (0.1);
10 = p-gluconic acid (0.1); 12 = gallic acid (0.5 mM). Absorbance was measured at 254 nm.
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Table 1

pK, values of sixteen organic acids, and their relative charge to mass ratio at pH 4.75 at 25°C

Compound M, pK, at 25°C Charge/mass ratio
Oxalic acid 90.04 pK,=1.27, pK, =4.275 0.0222 -
Formic acid 46.02 pK=3.75 0.0217
Fumaric acid 116.07 pK, =2.03, pK, =4.54 0.0173
Pyruvic acid 88.1 pK =2.49 0.0113
Maleic acid 116.07 pK, =197, pK, =6.24 0.0086
L-Malic acid 134.09 pK, =3.40, pK, =5.13 0.0074
Citric acid 192.12 pK, =3.13, pK, =4.76, pK, = 6.39 0.0052
D-Lactic acid 90.08 pK=3.83 0.0111
Succinic acid 118.09 pK, =4.21, pK, =5.64 0.0084
DL-Aspartic acid 133.1 pK, =1.99, pK, =3.90 0.0150
p-Gluconic acid 196.16 pK=3.60 0.0050
Acetic acid 60.05 pK =4.76 0.0166
L-Ascorbic acid 176.12 pK=4.17 0.0056
Shikimic acid 174.2 pK=421 0.0057
Propionic acid 74.08 pK=4.87 0
n-Butyric acid 80.1 pK=4.83 0

electrolyte solution (Fig. 2b-d). The electric
field strength (E V cm™") was constant with an
applied voltage of —20 kV. At a fixed buffer
concentration, when the buffer pH increases, the
resulting current increases (Table 2). However,
more current increases the heat produced, owing
to Joule heating [12-14]. The heat is more or
less readily dissipated across the silica capillary
wall. Consequently, under our experimental con-
ditions, when the pH increases the resolution
decreases. A liquid cooling system [15] would be
the most effective means of heat removal and
thermal control. We might adjust the electro-
phoresis buffer pH in order to maintain both
high resolution and a substantial detection level.

Fig. 3 shows the resulting electropherogram
for an eighteen carboxylic acid mixture analysed

Table 2

Resulting current (pA) with different buffer pH, 5 mM
4-hydroxybenzoate and 2.5% (v/v) OFM, with an applied
voltage of ~20 kV

Current (nA)

Buffer pH  Current (uA)  Buffer pH

4.00 3.8 6.00 6.1
4.50 4.1 7.25 7.0
4.75 4.8 8.50 7.4
5.00 5.2

with an electrolyte at pH 4.75; complete sepa-
ration was obtained. The differences in species
mobilities are greatly influenced by the pH of the
electrolyte solution. Table 3 gives the electro-
phoretic mobilities [apparent migration rate =
(Lg/)/(VIL)] of different organic acids sepa-
rated in Fig. 3. The actual mobility (electro-
osmotic mobility) of a species is the sum of the
EOF rate and the electrophoretic rate and is
expressed in 10™* cm® s™' V™. The EOF rate is
determined by measuring the migration time of a
neutral marker molecule such as water. There-
fore, to perform reproducible analyses, the EOF
must be carefully controlled.

Some organic acids have very similar struc-
tures or the same electrophoretic behaviour, and
their mobilities are not sufficiently different to
allow good resolution. Under the above-defined
analytical conditions, citrate and isocitrate mi-
grate together, as do fumarate and tartrate. The
relative mobility of ions can be influenced by
changing their charge state through selective
complexation. This principle has been used by
different workers [16—18]. To optimize the sepa-
ration of the fumarate—tartrate and citrate—iso-
citrate pairs, cationic complexation has been
found to be effective. Fig. 4 shows the resulting
effect of addition of calcium chloride to the
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Fig. 3. Capillary electropherogram of eighteen-component organic acid mixture. 4-Hydroxybenzoate buffer at pH 4.75 at 25°C,
with 2.5% (v/v) OFM. Peaks: 1= oxalic acid (0.2); 2= formic acid (0.1); 3 = fumaric acid (0.1); 4 = pyruvic acid (0.15);
5 = maleic acid (0.1); 6 = L-malic acid (0.1); 7 = citric acid (0.25); 8 = p-lactic acid (0.1); 9 = succinic acid (0.1); 10 = DL-aspartic
acid (0.1); 11 = p-glucuronic acid (0.1); 12 = p-gluconic acid (0.1); 13 = acetic acid (0.1); 14 = L-ascorbic acid (0.1); 15 = shikimic
acid (0.1); 16 = gallic acid (0.2); 17 = propionic acid (0.1); 18 = n-butyric acid (0.1 mM).

Table 3
Calculated electrophoretic mobilities of eighteen organic acids under the following conditions: 5 mM 4-hydroxybenzoate solution
containing 2.5% (v/v) OFM, adjusted to pH 4.75 at 25°C, with an applied voltage of —20 kV

Compound Electrophoretic Compound Electrophoretic
mobility mobility
(107 em®>s™' V™) (10 em®s ' VY

Oxalic acid 8.26 DL-Aspartic acid 4.65

Formic acid 6.91 p-Glucuronic acid 4.44

Fumaric acid 6.61 p-Gluconic acid 4.36

Pyruvic acid 5.94 Acetic acid 4.24

Maleic acid 5.82 L-Ascorbic acid 4.14

L-Malic acid 5.67 Shikimic acid 4.09

Citric acid 5.58 Gallic acid 3.84

p-Lactic acid 5.09 Propionic acid 3.77

Succinic acid 4.88 n-Butyric acid 3.69
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Fig. 4. Effect of Ca®* concentration (calcium chloride addition

for the addition of calcium.

electrolyte buffer on the separation of fourteen
organic acids. The buffer pH was adjusted to
4.75 after addition of calcium chloride. With
0.5-1.5 mM Ca** (CaCl, - 6H,0) added to the
buffer, all organic acids are more or less re-
tarded. Only oxalate, tartrate and isocitrate are
significantly more retarded than the other acids
tested. As shown in Fig. 4, a more effective
separation was obtained with about 0.4 mM
Ca®*. The same results, for the separation of
tartrate have been reported by Lalljie et al. [5] in
work on the determination of organic acids in
sugar refinery juices.

The separation and determination of oxalic
acid are too difficult, if not impossible, using this
method because the small oxalic acid signal
could be partly or even totally obscured by the
response of the accompanying inorganic anions
such as chloride, sulfate, nitrite and nitrate, in a
more complex medium than a standard acid
mixture. This problem can be solved by using

) on the separation of organic acids. Conditions as in Fig. 3, except

another electrolyte buffer; separation between
inorganic anions and oxalic acid is obtained with
5 mM chromate buffer at pH 6.0 (results not
shown).

4. Conclusions

Analysis performed with 0.4 mM Ca®' and
2.5% (v/v) OFM added to 4-hydroxybenzoate
buffer adjusted to pH 4.75 at 25°C gave optimum
separation between all the organic acids tested.

For organic acids from plant or fungal
metabolisms, the proposed method using CZE
provides good separation in a relatively short
time, with a limited amount of sample. How-
ever, a considerable amount of time may have to
be spent carefully selecting buffers, additives and
analysis conditions in order to identify other
additional species. From the separations re-
ported here, it is apparent that CZE will become
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a powerful complement to HPLC for the analysis
of complex mixtures and the separation of or-
ganic acids from plant or microbe metabolism.
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Abstract

The chiral separation ability of heptakis(2-, 3- and 6-mono-O-methyl, 2,3-, 2,6- and 3,6-di-O-methyl and
2,3,6-tri-O-methyl)-B-cyclodextrins as chiral selectors in capillary zone electrophoresis was investigated using
twelve dansylamino acids. Unmodified and 6-monomethylated B-cyclodextrins (B-CDs) exhibited similar high
enantioselectivities. B-CD lost its high enantioselectivity after 2-methylation but still exhibited chiral separation
ability after 3-methylation. In contrast to unmodified 8-CD, methylation of the hydroxyl groups at the 6-position of
3-monomethylated 8-CD resulted in the complete disappearance of the chiral separation ability but that of
2,3-dimethylated B-CD enhanced it. Moreover, the chemical modification of the secondary hydroxyl groups
produced a reverse migration order of the enantiomers.

1. Introduction

Capillary zone electrophoresis (CZE) is at-
tracting much attention as a method for separat-
ing a wide range of ionic and ionizable com-
pounds owing to its rapid run times, extremely
high separation efficiency, low sample require-
ments, etc. [1,2]. In particular, CZE is undergo-
ing rapid development for chiral separations at
the present time. In order to perform chiral
separations, various chiral selectors are added to
the CZE buffers. Unmodified and chemically
modified cyclodextrins (CDs) have been success-
fully utilized for these purposes.

The chemical modification of CDs with various

* Corresponding author.

0021-9673/94/%07.00
SSD1 0021-9673(94)00540-P

functional groups has been extensively investi-
gated in an attempt to improve the complexing
and catalytic abilities of CDs. Various functional
groups have been introduced on to their rims [3].
It is well known that the chemical modification
of CDs brings about changes in the shape and
size of their cavities, hydrogen-bonding ability
and other physical properties.

Among chemically modified CD derivatives,
methylated compounds have been widely used as
chiral selectors in CZE [4-12]. In a previous
paper [13], we reported the chiral separation of
dansylamino acids by CZE using unmodified a-,
B- and y-CDs or 2,6-dimethylated and 2,3,6-
trimethylated a- and B-CDs as chiral selectors.
The chemical modifications of «a- and B-CDs
brought about remarkable changes in their enan-

© 1994 Elsevier Science B.V. All rights reserved
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tioselectivities for dansylamino acids. To our
knowledge, only 2,6-dimethylated and 2,3,6-tri-
methylated CDs have hitherto been applied as
chiral selectors. Therefore, it was of interest to
investigate the CZE enantioselectivity changes in
CDs produced by selective methylation of the
hydroxyl groups at their 2-, 3-, 6-, 2,3- or 3,6-
positions. The results obtained may offer in-
formation concerning the evaluation of the chiral
recognition of CDs.

In this paper, we describe the chiral separation
of dansylamino acids by CZE in the presence of
all the above-mentioned methylated 8-CD de-
rivatives.

2. Experimental
2.1. Apparatus

An Applied Biosystems (Foster City, CA,
USA) Model 270A fully automated CZE system
was used with a 72 cm (50 cm from inlet to
detector) X 50 um I.D. fused-silica capillary. On-
column UV detection was applied at 220 nm.
The temperature and applied voltage were held
constant at 30°C and 20 kV, respectively, unless
specified otherwise. Sample solutions (0.2 mM)
were injected by a vacuum technique (12.7
cmHg pressure difference for 1.0 s) after intro-
ducing methanol as a neutral marker to estimate
the osmotic flow. Before each run, the capillary
was rinsed successively with 0.1 M NaOH and
the separation buffer. Electropherograms were
recorded with a Hitachi (Tokyo, Japan) D-2500
Chromato-integrator. All experiments were run
in duplicate to ensure reproducibility.

2.2. Reagents

Unmodified B-CD was purchased from En-
suiko  Seito  (Yokohama, Japan) and
heptakis(2,6-di-O-methyl)- and heptakis(2,3,6-
tri-O-methyl)-B-CDs were prepared by well-
known methods [14,15]. Heptakis(2-, 3- and 6-
mono-O-methyl and 2,3- and 3,6-di-O-methyl)-
B-CDs were synthesized by modifying the litera-
ture method [16]. The mono-, di- and tri-
methylated B-CDs obtained are denoted by

B T~
7

R'1 Ro Rs Abbreviation
CHs H H 2-MM-B-CD

H CHy H 3-MM-B-CD

H H CHs3 6-MM-B-CD |
CHa CHj H 2,3-DM-B-CD
CH, H CHs 2,6-DM-B-CD

H CHs3 CHj 3,6-DM-3-CD
CHa CHs CHs3 2,3,6-TM-B-CD

Fig. 1. Structures of methylated 8-CD derivatives used as
chiral selectors.

prefixing the unmodified 8-CD with MM-, DM-
and TM-, respectively (Fig. 1). Dansylamino
acids were obtained from Sigma (St. Louis, MO,
USA) and other compounds from Wako (Osaka,
Japan).

Separation buffers were prepared by dissolving
each methylated B-CD at 10 mM except for
6-MM-B-CD (2 mM) in 0.1 M sodium borate—
0.05 M sodium phosphate buffer (pH 9.0). They
were filtered through a membrane filter after
ultrasonication for 10 min prior to use.

3. Results and discussion

3.1. Characterization of methylated B8-CD
derivatives

After isolation, crude methylated 8-CD de-
rivatives were fractionated by silica gel column
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chromatography, using chloroform-methanol as
eluents [16]. The methylated B-CD derivatives
thus obtained were characterized by 'H and e
NMR spectrometry and fast atom bombardment
mass spectrometry (FAB-MS). Each fraction-
ated B-CD derivative was a mixture of
heptakis(methyl)-8-CD and its under- and/or
over-methylated products. Ion peaks corre-
sponding to the methyl-oxygen bond scission
products [i.e., loss of methyl group(s)] were not
observed in FAB tandem mass spectra. There-
fore, the composition of each methylated 8-CD
derivative could be estimated from the relative
intensities of the [M + K]" ions (KI was adulter-
ated with the samples).

Table 1 gives the composition of the
methylated 8-CD derivatives used here for CZE.
It has been reported that several commercial
2,6-DM-B-CD derivatives were mixtures with
broad and roughly symmetrical distributions of
the degree of substitution and that the content of
heptakis(2,6-di-O-methyl)--CD was 41% at
most [17]. A higher purity of 52.6% was
achieved with our 2,6-DM-B-CD (Table 1).
Compared with this, the other methylated (-
CDs were much more enriched in the desired
heptakis(methyl)-B-CD derivatives.

3.2. Chiral separation of dansylamino acids

For a clear separation, the extent of separation
of the two peaks of a racemate is represented by

Table 1
Composition of methylated 8-CD derivatives

B-CD derivative Composition (%)*

-CH, O© +CH,  +2CH,
2-MM-B-CD 15.4 76.9 7.7 0
3-MM-B-CD 14.3 76.2 9.5 0
6-MM-B-CD 2.9 97.1 0 0
2,3-DM-B-CD 6.5 93.5 0 0
2,6-DM-B8-CD 0 52.6 36.8 10.6
3,6-DM-B8-CD 0 90.6 9.4 0
2,3,6-TM-B-CD 5.6 88.8 5.6 0
* 0 = Desired heptakis(methyl)-8-CD; — = under-methylated

B-CD derivative; + = over-methylated 8-CD derivative.

R'=100(H — H')/H, where H and H' are the
height of the first peak and that of the valley
between the two peaks, respectively. In this
definition, the greater the R’ value the better is
the resolution, and R’=100 represents a
baseline separation of the two peaks.

The CZE conditions optimized for separating
the dansylamino acid enantiomers were given
under Experimental. The pH of the separation
buffer solutions was fixed at 9.0 in order to run
the solutes in the fully ionized forms. Under
these CZE conditions, the B-CD derivatives
having no charge are transported towards the
negative electrode by electroosmotic flow V..
In the absence of the B-CD derivatives, each
negatively charged dansylamino acid migrates
toward the negative electrode with the difference
between V,_ and its electrophoretic velocity Vep)
due to V,,>V,,. When included in a B-CD
cavity, the solute is transported towards the
negative electrode faster, because of the de-
crease in V. This, therefore, indicates that a
faster migrating enantiomer interacts more
strongly with the B-CD cavity than the other.

Table 2 gives the migration times and the R’
values for the twelve pairs of dansylamino acid
enantiomers in the presence of unmodified and
monomethylated 8-CDs. Unmodified 8-CD and
6-monomethylated 8-CD (6-MM-B-CD), whose
secondary hydroxyl groups at the 2- and 3-posi-
tions are not methylated, exhibited good and
comparable enantioselectivities. The D-enantio-
mers invariably migrated faster than the corre-
sponding L-enantiomers in the presence of B-CD
or 6-MM-B-CD, indicating their stronger inter-
action with the D-enantiomers. These results
strongly suggest the major participation of the
secondary hydroxyl groups in the chiral recogni-
tion process and the minor or scarce participa-
tion of the primary hydroxyl groups.

It was of great interest to investigate which
secondary hydroxyl groups play an important
role in the chiral recognition process. Therefore,
2- and 3-monomethylated B-CDs (2-MM-B-CD
and 3-MM-B-CD, respectively) were synthesized
as chiral selectors. Methylation of the 2-hydroxyl
groups (2-monomethylation) in 8-CD resulted in
the complete disappearance of enantioselectivity
except for dansyl-DL-a-aminobutyric acid (R' =
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Table 2

Chiral separation of dansylamino acids in the presence of unmodified and monomethylated 8-CDs

Dansylamino B-CD 2-MM-8-CD 3-MM-B-CD 6-MM-B-CD
acid
Migration R’ Migration R’ Migration R’ Migration R’
time (min) time (min) time (min) time (min)
a-Amino-n-- D 9.20 12.7 p 10.20 83.6 10.26 D 11.44 62.1
-butyric acid L 924 L 10.28 L 11.57
Aspartic acid D 12.84 100 20.30 19.01 D 23.02 100
L 13.18 L 23.70
Glutamic acid D 12.72 100 19.09 17.78 p 21.86 93.4
L 12.93 L 22.25
Leucine p 8.96 52.5 9.77 L 9.56 90.1 p 11.54 90.3
L 9.08 D 9.64 L 11.57
Methionine D 9.28 31.6 10.33 L 10.06 14.2 D 11.70 o117
L 9.33 p 10.10 L 11.76
Norleucine® 9.16 35.9 10.01 9.70 55.0 11.45 18.3
9.22 9.76 11.54
Norvaline D 9.14 44.1 10.32 L 9.89 18.5 D 11.36 64.7
L 920 D 993 L 11.49
Phenylalanine 8.84 9.57 L 942 69.7 11.56
D 9.49
Serine D 9.48 38.8 11.05 10.62 12.37
L 9.53
Threonine p 9.13 94.0 10.77 10.49 D 12.05 63.8
L 922 L 12.17
Tryptophan 8.89 9.50 L 9.50 68.3 11.40
p 9.57
Valine p 9.00 76.4 10.40 10.06 p 11.56 96.5
L 9.08 L 11.76

* Neither enantiomer was obtained.

83.6). On the other hand, after 3-mono-
methylation of 8-CD, six pairs of dansylamino
acid enantiomers could still be resolved. This
suggests a positive contribution of the 2-hydroxyl
groups to the chiral recognition. In contrast to
the results for B-CD and 6-MM-B8-CD, the t-
enantiomers migrated faster in the presence of
3-MM-B-CD. Moreover, 3-MM-8-CD could not
resolve dansyl-pL-aspartic and -glutamic acid,
-serine and -threonine bearing a hydrophilic OH
or a COOH group in their side-chains on
asymmetric carbons, although B-CD could.
However, dansyl-pL-phenylalanine and
-tryptophan bearing aromatic groups in their
side-chains could be resolved in the presence of
3-MM-B-CD but not in the presence of 8-CD.
Dansyl-pi-leucine and -norleucine bearing rela-
tively long hydrophobic isobutyl and n-butyl

side-chains, respectively, could also be resolved
well in the presence of 3-MM-B-CD, although
dansyl-DL-¢-aminobutyric acid and -valine bear-
ing shorter ethyl and isopropyl side-chains, re-
spectively, could not.

The reason for these remarkable changes in
the chiral recognition after 3-monomethylation
of B-CD may be speculated as follows. In an
inclusion model where a dansyl group is included
in the CD cavity and an amide and/or a COO~
group closely contact the secondary hydrophilic
rim (2- and 3-hydroxyl groups, located inside and
outside the cavity, respectively) of unmodified
B-CD, the above-mentioned side-chains of the L-
and D-enantiomers are located in the proximity
of and far from the secondary rim of 8-CD,
respectively [18]. Thus the bulky side-chain is far
from the hydrophilic rim in the case of the
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p-enantiomer but is in the proximity of the
hydrophilic rim in the case of the L-enantiomer.
The approach of the side-chain to the hydro-
philic rim is considered to be less favourable for
the inclusion. Therefore, the D-enantiomer is
included more stably than the L-enantiomer;
thus, the p-enantiomer migrates faster, as men-
tioned previously. After 3-monomethylation of
B-CD, all the 3-hydroxyl groups are replaced by
OCH, groups. This produces a rim with both a
hydrophilic and a hydrophobic ring composed of
the 2-hydroxyl and 3-methoxy groups, respec-
tively, in place of the original rim with two
hydrophilic rings in unmodified 8-CD. As de-
scribed above, provided that a dansyl group is
included in the cavity and an amide and/or a
COO~ group closely contacts the 2-hydroxyl
groups of 3-MM-B-CD, the approach of the
hydrophobic side-chain to the hydrophobic ring
is' more favourable for the inclusion complex
formation. Consequently, the complex of 3-MM-

B-CD with the L-enantiomer is stabilized more
than that with the p-enantiomer. This brings
about the reversal of the migration order ob-
served in the presence of 3-MM-B-CD. Consid-
ering the high resolution of dansyl-piL-leucine
(R’ =90.1) and the lack of resolution of dansyl-
pL-valine (R’ =0) in the presence of 3-MM-B-
CD, the longer isobutyl side-chain may closely
contacts the 3-methoxy groups but the shorter
isopropyl side-chain may not. This trend is also
true for the comparison of dansyl-DL-norleucine
(R’ =55.0) with dansyl-pL-norvaline (R’ = 18.5).
Another drastic enantioselectivity change after
3-monomethylation of B-CD can be seen in the
appearance of chiral resolution for dansyl-DL-
phenylalanine (R’ =69.7) and -tryptophan (R'=
68.3) bearing the hydrophobic aromatic chains.

Similar data in the presence of dimethylated
and trimethylated 8-CDs are listed in Table 3.
Di- or trimethylation of unmodified B-CD re-
sulted in both a significant decrease in the chiral

Table 3
Chiral separation of dansylamino acids in the presence of di- and trimethylated 8-CDs
Dansylamine 2,3-DM-B-CD 2,6-DM-B-CD 3,6-DM-B-CD 2,3,6-TM-B-CD
acid
Migration R’ Migration R’ Migration R’ Migration R’
time (min) time (min) time (min) time (min)
a-Amino-n- 10.57 8.72 12.29 11.46
-butyric acid
Aspartic acid 21.10 L 13.68 31.8 22.13 22.90
b 13.77
Glutamic acid 19.73 13.06 20.37 21.33
Leucine L 10.10 99.2 L 8.13 41.9 12.12 L 10.85 100
p 10.28 p 8.17 p 11.04
Methionine 10.57 8.45 12.56 11.40
Norleucine® 10.02 26.4 8.28 12.29 10.76 92.7
10.09 10.90
Norvaline 10.34 8.42 12.24 L 11.22 48.0
D 11.32
Phenylalanine 9.97 8.04 12.08 L 10.50 92.1
D 10.69
Serine 11.08 8.82 12.57 11.88
Threonine 10.86 8.77 12.60 11.62
Tryptophan L 10.38 21.0 8.01 12.50 L 10.90 76.6
D 10.48 p 11.02
Valine L 10.37 25.6 8.49 12.12 L 11.06 38.7
D 10.44 p 11.14

* Neither enantiomer was obtained.
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9 11 10 12

Time (min)
Fig. 2. Chiral separations of dansyl-pL-leucine with (A) B-

CD, (B) 3-MM-B-CD, (C) 2,3-DM-8-CD and (D) 2,3,6-
TM-B-CD.

recognition ability and a reversal of the migra-
tion order of the enantiomers. Fig. 2 shows
typical electropherograms for dansyl-pL-leucine
in the presence of 2,3-DM- and 2,3,6-TM-B-
CDs, together with those in the presence of
unmodified and 3-MM-B8-CDs. Near and com-
plete baseline separations of the enantiomers
were obtained. The chiral separation of dansyl-
DL-leucine or -norleucine is also superior to that
of dansyl-pL-valine or -norvaline, respectively,
with 2,3-DM- or 2,3,6-TM-B8-CD as well as 3-
MM-B-CD. This is probably due to the closer
contact of the hydrophobic rims of methylated
B-CDs with the longer n- and isobutyl side-
chains than with the shorter n-and isopropyl
side-chains, which is supported by the CPK
molecular models.

None of the dansylamino acid enantiomers
could be resolved in the presence of 3,6-DM-S-
CD. After methylation of the hydroxyl groups at
the 6-positions of 3-MM-B-CD, its high chiral
recognition completely disappeared. On the
other hand, similar 6-methylation for 2,3-DM-g-

CD enhanced the chiral recognition (2,3,6-TM-
B-CDE). As already described, 6-mono-
methylation of unmodified B-CD scarcely pro-
duced the enantioselectivity changes. Hence
methylation of the hydroxyl groups at the 6-
positions of the B-CD derivatives (unmodified,
3-MM- and 2,3-DM-B-CDs) produced different
changes in the enantioselectivity. The reason for
this variety is not clear at present. The penetra-
tion depth of the dansylamino acids into the
cavities may be sensitively affected by 6-methyla-
tion.

3.3. Interaction of dansylamino acids with
B-CD derivatives

As already described, a shorter migration time
means a stronger interaction of a solute with the
B-CD cavity. Strictly, all the CZE conditions for
the migration time data in Tables 1 and 2 are not
always the same, because their measurements
required many days. Therefore, the data cannot
be directly used to estimate the interaction of
one dansylamino acid with the 8-CD derivatives.
Fig. 3 shows the migration times of dansyl-pi-
leucine as a model solute in the presence of each
B-CD derivative, which were measured succes-
sively under the same CZE conditions as careful-
ly as possible. Considering the migration time
values, the interaction of the solute increases in
the order 2,3-DM-B8-CD < 2,3,6-TM-8-CD < 6-
MM-B-CD < 8-CD < 2-MM-B-CD < 3,6-DM-8-

Migration Time (min)
-
o
=]
T

9.0

1 1 1 1 i 1 1 1
B-CD  2MM  3-MM  6-MM 23-DM 2,6.0M 3,6-DM 2,3,6-TM

Fig. 3. Migration times of dansyl-pL-leucine in the presence
of each B-CD derivative. Solutes: O = p-enantiomer; @ = L-
enantiomer; O = pL-enantiomers.
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CD = 3-MM-B8-CD <2,6-DM-B-CD. On the
other hand, 2,3,6-TM- and 2,3-DM-B-CDs ex-
hibited complete and almost complete baseline
separations of dansyl-pL-leucine and interacted
with it more weakly than any other B-CD deriva-
tives. 3-MM- and 6-MM-B-CD also exhibited
high resolution abilities. 2,6-DM-B-CD, al-
though it interacted most strongly, could
produce only a partial resolution. Consequently,
in this case, it is apparent that the chiral sepa-
ration of the solute has not necessarily been
correlated with its interaction strength with the
CD.

In conclusion, methylation of the hydroxyl
groups on the rim of each B-CD cavity produced
large enantioselectivity changes for dansylamino
acid enantiomers, as already described. Further
work on interactions between guests and CD
derivatives bearing groups different in bulkiness
and/or polarity may provide more information
for the chiral recognition process.
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Abstract

The objective of this study was to measure the concentration of d-fenfluramine - HCl (the desired product) and
[-fenfluramine - HCl (enantiomeric impurity), in the final pharmaceutical product, in the possible presence of its
isomeric variants. Sensitivity, stability and specificity were enhanced by derivatizing the analytes with 3,5-
dinitrophenylisocyanate utilizing a Pirkle chiral recognition approach. Analysis of the calibration curve data and
quality assurance samples showed an overall inter-assay precision of 1.78 and 2.52%, for d-fenfluramine - HCI and
I-fenfluramine, with an overall intra-assay precision of 4.75 and 3.67%, respectively. The minimum quantitation
limit was 50 ng/ml, having a minimum signal-to-noise ratio of 10, with relative standard deviations of 2.39 and
3.62% for d-fenfluramine and /-fenfluramine. The method is capable of accurately and consistently determining as
low as 0.01% I-fenfluramine in the d-fenfluramine final pharmaceutical product.

1. Introduction

After successfully developing a chiral HPLC
method for the analysis of dexfenfluramine for
the clinical trial involving human plasma and
urine [1], we investigated adapting this meth-
odology for application in the monitoring the
final pharmaceutical product in the quality con-
trol phases.

For purposes of clarity (Fig. 1), d,l-fen-
fluramine - HCl is N-ethyl-a-methyl-meta-(tri-
fluoromethyl)phenethylamine, and is referred to

* Corresponding author.

! Present address: Warner Lambert, Parke-Davis Division,
Building 3, Room 148, 170 Tabor Road, Morris Plains, NJ
07950, USA.

0021-9673/94/$07.00
SSDI 0021-9673(94)00553-L

throughout this paper as m-LII. ortho-d,l-Fen-
fluramine - HCI has the trifluoromethylphenethy-
lamine in the ortho position, and is referred to as
o-LII; para-d,l-fenfluramine - HCl has the tri-
fluoromethylphenethylamine in the para posi-
tion, and is referred to as p-I,II. The roman
numeral I refers to the d-enantiomer and the II
refers to the /-enantiomer.

The literature appeared lacking any HPLC
method for the analysis of d-fenfluramine in the
bulk raw drug or final pharmaceutical product.
Therefore, a chiral method was developed for
the quantitative enantiomeric determination of
m-I and m-II in the possible presence of its
isomeric variants o-I,II and p-LII. This was
accomplished by derivatizing the analytes into
their 3,5-dinitrophenyl urea derivatives, separat-

© 1994 Elsevier Science BV. All rights reserved
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d,-Fenfluramine.HCI (m-1,1)

NHCH;CH, HCl

Ortho-d,|-Fenfluramine-HCI (o-1,Ii)

NHCHZCHJ HCI

Para-d,I-Fenfluramine-HCI (p-1,1I)

NHCH,CHy HC!
—< >—cn/ "R

N-Methylphenethylamine (N-MPEA)

@—CHZCHZNHCHJ

Fig. 1. Basic chemical structures. R' = H and R’ = CH, for
the d-configuration; R' = CH, and R’ = H for the /-configu-
ration.

ing them on different chiral stationary phases
consisting of (R)- and (S5)-1-(1-naphthyl)-
ethylurea covalently bound to silica through a
propyl linkage. The procedure is based on a
chiral stationary phase originally described by Oi
et al. [2], utilizing a convenient method for urea
formation introduced by Pirkle et al. [3].

2. Experimental
2.1. Reagents
Glacial acetic acid (HPLC grade) and hydro-

chloric acid (reagent grade) were purchased from
Fisher Scientific, Fairlawn, NJ, USA. Acetoni-

trile, hexane, methanol, methylene chloride and
toluene (all HPLC grade) were purchased from
Burdick & Jackson, Baxter Scientific, Edison,
NJ, USA. 3,5-Dinitrobenzoylchloride (>98%)
and sodium azide (>99.5%) were purchased
from Fluka, Ronkonkoma, NY, USA. N-
Methylphenethylamine (N-MPEA, 99%) and
sodium hydroxide pellets (99.99%) were pur-
chased from Aldrich, Milwaukee, WI, USA. m-
I, m-LII, o-I, o-LII, p-I and p-LII (all hydro-
chloride salt reference standards) were acquired
through Wisconsin Analytical Research Services
and Servier Technologie, Paris, France. Water,
Milli-Q/HPLC grade; was produced in our lab-
oratory.

2.2. Equipment

Similar equipment was used as previously
described [1}, except for the analytical columns
consisting of (R)-naphthylurea Chiral, 250 X 4.6
mm, 5 um particle size for system A, and the
equivalent in the (S) configuration for system B,
respectively (Supelco, Bellefonte, PA, USA).

2.3. Computerization

Similar computerization was used as previous-
ly described [1]. All concentrations were re-
ported in the salt (HCl) form.

2.4. Preparation of reagent stock solutions

The preparation of 3,5-dinitrobenzoyl azide
(DNB-N,) and stock 3,5-dinitrophenylisocyanate
(DNP-NCO) is described elsewhere [1]. A por-
tion of this DNP-NCO stock solution was diluted
with methylene chloride, 1:100 (v/v) for the m-I
assay (HPLC system A) and 1:10 (v/v) for the
m-II assay (HPLC system B), to give a final
working solution concentration of approximately
2:107° M for m-I and 2-10™* M for m-II. The
higher concentration of DNP-NCO for the m-II
assay was due to the much higher relative con-
centration of m-1 as compared to m-II for this
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assay and the reagent needed to be added in
excess of all reacting species.

2.5. Placebo/blank preparation

Placebo/blank solutions were prepared by
emptying one capsule (150 mg) into a 1-1 class A
volumetric flask. The solution was stirred, cen-
trifuged (1500 rpm = 1250 g), and the superna-
tant was saved for later use.

2.6. Standard solution preparation

All sample preparations and analyses were
conducted under yellow lighting in order to
avoid possible sample degradation.

Analytical standard/stock and intermediate
analytical standard/stock solutions were pre-
pared in placebo solution. Concentrations were
60.0 and 6.00 pg/ml for m-I, m-II, o-I, o-1II, p-1
and p-1I.

Internal standard stock solutions were pre-
pared in 1 mM HC! using HPLC-grade water.
Final concentration was 6.25 ug/ml for N-
MPEA.

Working solutions were prepared in placebo
solution by appropriate serial dilution of stan-
dard/stock solutions. Final concentrations were
2000, 1000, 500, 200, 100 and 50 ng/ml.

2.7. Efeparation of solutions for the
determination of m-II in the m-1 analytical
standard

Solutions of 60.00 wg/ml of the m-I analytical
standard were prepared in HPLC-grade water.
This yielded relative m-II concentrations that
were on the calibration curve if m-II is approxi-
mately 0.1% of m-1.

2.8. Standard curve

Each calibration curve was generated with
1.00 ml of drug-free placebo solution fortified
with 50.0, 100, 200, 500, 1000 and 2000 ng/ml of
m-I and m-II, in duplicate. Internal standard
concentration was maintained at 1000 ng/ml.

2.9. Sample solution preparation

Determination of m-1

The contents of a 150-mg capsule were emp-
tied into a 1000-ml class A volumetric flask, filled
with HPLC-grade water, and stirred for 1 h.
After the solution sat for 30 min, the colorless
solution was decanted into centrifuge tubes and
spun at 1500 rpm (1250 g) for 5 min. The
supernatant was removed and 1.00 ml was placed
in a 50-ml class A volumetric flask and filled to
the mark with HPLC-grade water.

Determination of m-II

Since m-II is expected to be much lower in
relative concentration to that of m-I, the follow-
ing dilution scheme was used.

The contents of the 150-mg capsules contain-
ing 5, 15 or 30 mg of m-I were emptied into a
100-, 250- or 500-ml class A volumetric flask,
respectively, and filled to the mark with HPLC-
grade water. The solutions were stirred, allowed
to settle, the colorless solutions were removed,
placed in centrifuge tubes, and spun at 1500 rpm
(1250 g) for 5 min. The supernatants were
collected for later use. This resulted in m-I
concentrations of 50, 60 and 60 wg/ml. With
relative m-II concentrations expected to be in
the range 0.1-3% to that of m-I, the final
dilution concentrations should produce data that
will fall in the linear calibration curve range of
50-2000 ng/ml.

2.10. Extraction and derivatization

Control blanks were prepared by combining
1.00 ml of placebo solution, 100 ul of HPLC-
grade water and 100 ul of 0.1 M NaOH.

Standards and samples were prepared by add-
ing 100 ul of internal standard solution (1.00
wg/ml of N-MPEA) and 100 ul of 0.1 M NaOH
to 1.00 ml of the respective solution.

A 2.00-ml volume of the appropriate con-
centration DNP-NCO solution was added to all
and vortexed. The reaction was allowed to go to
completion (15 min), the aqueous (top) layer
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was removed and placed in HPLC autosampler
vials ready for injection.

2.11. HPLC conditions

Our previous study [1] involved using a mobile
phase composition of hexane—isopropanol-ace-
tonitrile. However, we found better resolution,
peak symmetry, and fewer interfering peaks
when we substituted methylene chloride and
methanol for isopropanol (IPA), especially since
methylene chloride was already being used as the
DNP-NCO diluent. Since alcohols also react
with DNP-NCO, and not just primary and sec-
ondary amines, a previously interfering peak was
removed that may now be attributed to the IPA-
DNP-NCO product.

Individual solvent components were degassed
under conditions of high vacuum and bumping,
and then filtered through a 0.2-um nylon (or
equivalent) membrane.

HPLC system A (quantitation of m-I)

Combine hexane, methylene chloride, metha-
nol and acetonitrile, in the ratio 81.0:17.5:1.0:0.5
(v/v).

Chromatographic run time and flow-rates were
30 min at 1.50 ml/min. Detection was at 235 nm
using a sensitivity of 0.005 AUFS. A 30-ul
volume of the final solution was injected. Re-
tention times were approximately 8.3 min for
o-I, 9.0 min for o-II, 10.3 min for m-I, 14.6 min
for p-1I and 17.6 min for N-MPEA.

HPLC system B (quantitation of m-11I)

Combine hexane, methylene chloride, metha-
nol and acetonitrile, in the ratio 85.0:13.5:1.0:0.5
(v/v).

Chromatographic run time, flow-rate and de-
tection parameters were identical to that of
HPLC system A. A 20-ul volume of the final
solution was injected. Retention times were
approximately 7.8 min for o-II, 8.4 min for o-I
(inter-system check by comparison to HPLC
system A), 10.1 min for m-II, 14.2 min for p-I
and 18.3 min for N-MPEA.

3. Resuits and discussion

The chiral S column yielded a favorable sepa-
ration of m-II from m-I over the R column for
this application over our previous choice [1],
since m-II eluted prior to m-I and the reagent.
This is preferable when analyzing a clean sample
(i.e. not biological in origin) and the objective is
to determine the % m-II in m-1. Two slightly
different chromatographic conditions were re-
quired in order to quantitate within acceptable
error limits.

Isomeric elution order was established by
derivatization and chromatographing a sample of
m-I, m-LII, o-1, o-LII, p-I and p-I,II. No peak
correspondence to the antipode, in excess of the
stated purity (Certificate of Analysis), was ob-
served. This demonstrated that no racemization
occurs under the extraction and/or derivatization
conditions [4].

Given the present state-of-the-art in analytical
chiral HPLC columns, only relatively moderate
resolution and efficiency were experienced
throughout these studies. Attempts at manipulat-
ing many of the customary HPLC variables (i.e.
column particle size, length and temperature,
mobile phase composition and linear velocity,
etc.) in order to achieve adequate separation of
all species in one run, were futile.

In order to determine if experimental con-
ditions, i.e. selectivity (a), capacity factor (k'),
theoretical plates (N), and subsequently resolu-
tion (R,), were appropriate prior to the onset of
any tray, test mixes (usually the high standard)
were run in order to determine if the various
separation factors were adequate. Typical overall
physical characteristics of the separation were in
the order of that expected. A range is specified
to indicate the values for the first through last
analytes of interest. Individual analytes should
fall within the ranges specified herein. The §
column’s (HPLC system A, Fig. 2) « values
ranged from 0.9 to 1.5 (analyte peak to closest
neighbor), k' from 3.1 to 7.8 (using ¢, equal to
the system dead volume in units of minutes), and
Ny, from 9600 to 12 500 plates/column. The R
column’s (HPLC system B, Fig. 3) a values
ranged from 0.9 to 1.3, k' from 3.5 to 9.8, and
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Fig. 2. Chromatographic overlays of HPLC system A show-
ing a control blank (bottom) and 500 ng/m! m-L1II, o-LII and
p-LII with 625 ng/m! N-MPEA (top).

N,,,, from 5700 to 7100 plates/column, and
coincided with our previous study [1].

The calibration curves and resultant statistical
data were consistent and accurate. Table 1 shows
the overall inter-assay precision for standards
and Table 2 shows the overall intra-assay preci-
sion. The overall relative standard deviation
(R.S.D.) was less than 5%. Calibration curve
data produced a minimum mean coefficient of
determination, R> (correlation coefficient
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Fig. 3. Chromatographic overlays of HPLC system B showing

a control blank (bottom) and 500 ng/ml m-LII, o-I,II and
p-LII with 625 ng/ml N-MPEA (top).

squared), of >0.9992 with a slope R.S.D. of
<3%.

Both HPLC systems utilized high signal-to-
noise (S/N) ratios when the minimum quantita-
tion limit (MQL) of 50 ng/ml was selected.
HPLC system A had typical baseline noise
(maximum — minimum) equal to 10 pV or ap-
proximately 10-107° AU, while the 50 ng/ml
m-I standard had a peak height of approximately
250 wV with N, ,, , of 10 800 plates/column. This
resulted in a S/N of 25. Similar data were
observed with HPLC system B, having as typical
baseline noise of 8-107° AU, yet the peak
height was approximately 100 uV for the 50
ng/ml m-II standard with N, , of 6400 plates/
column. This resulted in a S/N of 12.5. Since
efficiency was reduced for system B, the re-
sultant decreased S/N was as expected.

Since the analytical standards employed
throughout this work had stated enantiomeric
purity specifications of >99% m-I and < 0.12%
m-II (Certificate of Analysis and determined by
capillary GC), we needed to determine and
compare enantiopurity using this method prior to
analyzing any product. High concentrations
(=60.00 pg/ml) of the m-I standard were
prepared so that the endogenous relative con-
centration of m-II in the m-I standard could be
accurately evaluated. The mean m-II concen-
tration was found to be 52.3 ng/ml, or 0.083%
m-II in the m-I analytical standard, with a 1.20%
R.S.D. This correction was then incorporated for
all subsequent analyses on the product. Table 3
shows all data for the 5-, 15- and 30-mg capsules.

Using the sample preparation scheme herein,
we were able to consistently determine that the
m-I analytical standard contained 0.08% m-11,
which is within the specifications listed in the
Certificate of Analysis ( <0.12% m-II) provided
by the manufacturer and determined by capillary
GC. If necessary, lower, valid determinations
could be made, as low as 0.01%, by altering the
sample preparation scheme, e.g. increasing the
initial m-I analytical standard solution concen-
tration from 60 wg/ml to 500 wg/ml if m-II were
as low as 0.01%.

Adequate separation of the enantiomers of the
individual corresponding isomers was evidenced.
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Table 1

Summary of inter-assay precision from the analysis of the calibration curve data

STD =50 STD = 100 STD =200 STD =500 STD = 1000 STD = 2000
d-Fenfluramine (m-1) (n=7)
Mean 50.94 99.39 200.58 494.25 991.11 2016.41
S.D. 1.22 0.71 3.68 3.61 8.00 14.19
R.S.D. (%) 2.39 0.71 1.83 0.73 0.81 0.70
Overall R.S.D. (%) 1.78
l-Fenfluramine (m-II) (n =8)
Mean 51.67 98.64 198.35 493.97 1006.35 2002.18
S.D. 1.87 2.3 3.89 8.59 10.39 16.74
R.S.D. (%) 3.62 2.33 1.96 1.74 1.03 0.84
Overall R.S.D. (%) 2.52

All concentration units are in ng/ml. STD = Analytical standard concentration.

However, when all the isomers were combined,
the chromatographic requirements become more
complicated, and necessitated the need for dual
conditions. Fig. 2 shows the separation on HPLC
system A. Note that this system can only resolve
o-I, o-Il, m-I and p-II (4 of the 6 analytes
needed); p-I co-elutes with a reagent peak and
m-II. Since it was important to be able to
quantitate m-I and m-II, a second set of chro-
matographic conditions was required. We chose
using the (R)-naphthylurea column for several
reasons, however, mainly for reversed enantio-
mer elution order over that of the corresponding
(S) column (Fig. 3). With this column in place,

Table 2

and by using slightly different mobile phase
composition, m-II and p-I were resolved from
interfering peaks.

In addition, the percent m-II as compared to
m-I in random clinical specimens 2 and 3 from
our previous study [1], were approximately
1.8%. This result coincides with that determined
here. This proves that physiological interconver-
sion was not apparent in the clinical trial, since
any m-II was coming from the product and not
from metabolic origin.

This method could have been used to quanti-
tate the isomeric variants mentioned herein, but
this was beyond our need. Any evidence of any

Summary of intra-assay precision from the analysis of the calibration curve data

STD =50 STD =100 STD =200 STD = 560 STD = 1000 STD = 2000
d-Fenfluramine (m-1) (n=7)
Mean ratio 1.014 1.022 1.003 1.007 1.007 1.009
S.D. 0.055 0.059 0.068 0.054 0.048 0.040
R.S.D. (%) 5.42 5.77 6.78 5.36 4.77 3.96
Overall R.S.D. (%) 4.75
l-Fenfluramine (m-Il) (n = 8)
Mean ratio 0.992 0.990 1.000 1.078 1.043 1.031
S.D. 0.058 0.020 0.013 0.069 0.042 0.032
R.S.D. (%) 5.85 2.02 1.30 6.40 4.03 3.10
Overall R.S.D. (%) 3.67

All concentration units are in ng/ml. STD = Analytical standard concentration.
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Table 3
Verification of analytical standard purity and final product content
Prepared m-1  Determined m-II  Calculated m-T° m-I° m-IT° m-I1° % m-11°
concentration  concentration % m-II (ng/ml)  (mg/capsule) (ng/ml) (ung/capsule)
(mg/1) (ng/ml)
m-I standard (n =20)
Mean 63.11 52.32 0.0829
S.D. 3.88 2.35 0.0014
RS.D. (%) 6.15 4.49 1.69
5-mg capsule (n =20)
Mean 466.6 4.666 856.7 85.67 1.84
S.D. 28.9 0.289 15.8 1.58
R.S.D (%) 6.19 6.19 1.84 1.84
15-mg capsule (n =20)
Mean 475.8 14.28 1037.6  260.0 1.82
S.D. 229 0.69 25.7 6.02
R.S.D. (%) 4.81 4.83 2.48 2.32
30-mg capsule (n =20)
Mean 592.7 29.64 1065.3  533.0 1.80
S.D. 259 1.3 22.0 11.0
R.S.D. (%) 4.37 4.39 2.07 2.06

*Concentration determined by HPLC.

®Calculated mass per capsule, calculated by multiplying HPLC concentration by appropriate dilution.
“Calculated by dividing mass m-II by mass m-I and muitiplying by 100.

of the isomeric variants of fenfluramine would
show production problems.

4. Conclusions

The literature has only a few references on
dexfenfluramine and all are related to its analysis
from a biological matrix. The prime focus of this
study was to develop and validate, an analytical
stereospecific HPLC method intended to quanti-
tate the concentrations of d-fenfluramine (major
product) and [-fenfluramine (impurity) in the
final pharmaceutical product. Only qualitative
data were required for the possible isomeric
variants and their enantiomers. This new meth-
odology has been designed for quality assurance
purposes for monitoring commercial production
of the drug.

Efforts addressed at producing a singie HPLC

condition for resolving all the analytes of interest
was futile given the resources allocated to this
project and its intended use. When looking at
Van der Waals models of the three isomers, and
each isomer’s two enantiomers, similar molecu-
lar surface characteristics were evident. Other
separation approaches were considered, such as
using a reversed-phase HPLC column coupled
in-line to a chiral HPLC column, to separate the
isomers and the enantiomers, respectively. How-
ever, solvent—stationary phase compatibility is-
sues would be very time consuming and quite
difficult to determine. Reversed-phase HPLC
coupled orthogonally to chiral HPLC was
another option, but we believe that such a
system would have been more susceptible to
error than we have demonstrated here with this
system.

With the resultant statistical data shown here-
in, it is clear that this experimental approach is
capable of providing accurate and reliable data



374 L. Dou et al. | J. Chromatogr. A 679 (1994) 367-374

that can be used for monitoring the production
of dexfenfluramine.
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Abstract

Two different methods for the separation and determination of the reactants, intermediates and products of
anthraquinone manufacturing processes using normal- and reversed-phase high-performance liquid chromatography
were developed. The separations were achieved on Spherisorb silica and reversed phase C,; columns using
n-heptane—ethanol—chloroform-acetic acid (89:5:5:1, v/v) and acetonitrile-water (65:35, v/v) as the eluents,
respectively. These methods were used not only for monitoring the reaction conditions but also the yields of

anthraquinone.

1. Introduction

9,10-Anthraquinone is not only an important
intermediate in the manufacture of various dye-
stuffs but is also used as a catalyst in the
isomerization of vegetable oils [1]. It is produced
in large amounts by the Friedel-Crafts reaction
of phthalic anhydride and benzene in the pres-
ence of AICI, catalyst [2]. Our laboratory has
studied not only this process but also an alter-
native for the economic production of anthra-
quinone, involving the oxidation of toluene to
benzoic acid followed by catalytic condensation
[3]. The development of these two processes has
required analytical methods for monitoring not

* Corresponding author.
*[ICT Communication No. 3373.

0021-9673/94/$07.00
SSDI 0021-9673(94)00565-Q

only the reaction products but also the quality of
anthraquinone.

Several gravimetric, titrimetric, polarographic
and spectrophotometric techniques have been
used for the evaluation of anthraquinone in-
dustrially [4,5], but they lack not only specificity
but also accuracy owing to the influence of
impurities present in anthraquinone. Anderson
{6] and Mitra and Ghosh [7] determined anthra-
quinone in the vapour-phase oxidation products
of toluene by gas-liquid chromatography. The
separation was achieved on columns packed with
5% OV-101 on Chromosorb G- using tempera-
ture programming. However, these methods
were tedious and time consuming. Several high-
performance liquid chromatographic (HPLC)
methods for the determination of anthraquinone
in environmental pollutants have been reported
[8-10]. However, no suitable method for moni-

© 1994 Elsevier Science B.V. All rights reserved
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toring the reaction conditions of anthraquinone
processes is available.

In this paper, we describe two different meth-
ods for the separation, identification and de-
termination of the reactants, intermediates,
products and by-products of anthraquinone
manufacturing processes by normal- and re-
versed-phase HPLC.

2. Experimental
2.1. Materials and reagents

All reagents were of analytical-reagent grade,
unless stated otherwise. Glass-distilled water,
acetonitrile, n-heptane, ethanol and chloroform
(Spectrochem, Bombay, India) were used. An-
thraquinone (BDH, Poole, UK) was used as a
reference standard.

2.2. Apparatus

A Model ALC/GPC 244 high-performance
liquid chromatograph (Waters, Milford, MA,
USA) was used along with a U6K injector
system and a Model 440 UV spectrophotometric
detector. A Spherisorb silica column (250 mm X
4.6 mm LD., particle size 5 um) and a C,,
column (250 mm X 4.6 mm LD., particle size 5
pwm) (Bischoff, Leonberg, Germany) were used
for separation. The chromatograms and the
integrated data were recorded with an Omni-
scribe D 5000 recorder and a Chromatopac E1A
integrator, respectively.

2.3. Chromatographic conditions

Normal-phase HPLC

The mobile phase was n-heptane—ethanol—
chloroform-acetic acid (89:5:5:1, v/v). Samples
were dissolved in the mobile phase. The analysis
was carried out under isocratic conditions at a
flow-rate of 1 ml/min at room temperature

(27°C). Chromatograms were recorded at 254
nm.

Reversed-phase HPLC

The mobile phase was acetonitrile—water
(65:35, v/v). The flow-rate was 1 ml/min at
room temperature (27°C). Chromatograms were
recorded at 254 nm.

2.4. Analytical procedure

Samples of anthraquinone (10 mg) were dis-
solved in the mobile phase (50 ml) and 20 ul of
each sample were injected and chromato-
graphed. Synthetic and reaction mixtures were
analysed under identical conditions. The amount
of anthraquinone was calculated from the peak
area.

3. Results and discussion

Fig. 1 shows the reaction pathways followed
for the production of anthraquinone. The reac-
tion mixtures and products of these processes
were subjected to normal- and reversed-phase
HPLC.

0
1]

Oxidation C AlCl
; CHy \0 + 3
chy o Friedel-

i Crafus
[¢]

0
I
4

e 8e

~

o=

CHy (KO COOH COOH
. 10) (0) ~H0
i —— —— +

Condensation

Fig. 1. Production of anthraquinone by (i) oxidation of
o-xylene followed by Friedel-Crafts reaction of phthalic
anhydride and benzene in the presence of AICL, and (ii)
oxidation of toluene to benzaldehyde to benzoic acid and its
catalytical condensation.
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3.1. Monitoring the reaction products of
phthalic anhydride and benzene by normal-
phase HPLC

The HPLC separation of anthraquinone and
its impurities is shown in Fig. 2. The peaks were
identified by injecting individual authentic com-
pounds. It can be seen from Fig. 2 that anthra-
quinone is well separated from the process
reactants, viz., o-xylene, benzene and phthalic
anhydride. Maleic anhydride was used as an
internal standard. It does not interfere in the
determination and elutes at 6.83 min. The
Spherisorb silica column was used with n-hep-
tane—ethanol-chloroform-acetic acid (89:5:5:1,
v/v) as mobile phase for separation. It may be
noted that reversed-phase HPLC is not suitable
for separation of the same reactants because
phthalic anhydride is hydrolysed to phthalic acid
in solvent systems containing water. The
Spherisorb silica column provided the optimum
resolution of peaks corresponding to the analytes
under investigation. The retention data, re-

VI

2 4 6 8
RETENTION TIME {MIN )

Fig. 2. Chromatogram of a mixture containing (2) benzene
(1.8 ng), (1) o-xylene (1.6 ug), (4) phthalic anhydride (0.5
pg), (3) anthraquinone (0.1 pg) and (§) maleic anhydride
(2.1 pg). Conditions: column, Spherisorb silica (250 mm X
4.6 mm I.D., particle size 10 «m); mobile phase, n-heptane-
ethanol—chloroform—acetic acid (89:5:5:1, v/v); flow-rate, 1
ml/min; detection, UV at 254 nm.

Table 1
Retention data for reactants involved in the synthesis of
anthraquinone by reaction (i)*

Compound Retention time  Response A, (nm)
: (min) factor

Benzene 3.35 . 1.00 255
o-Xylene 3.20 1.14 252
Phthalic

anhydride 5.79 3.81 245
Anthraquinone  3.94 40.04 249
Maleic

anhydride 6.83 1.28 225
*See Fig. 1.

sponse data and wavelengths of maximum ab-
sorption of all the compounds are given in Table
1. The linearity between the mass and integral
responses of anthraquinone is good. When the
UV detector is set at 0.005 AUFS the limit of
detection for anthraquinone is 5.0+ 107° g with a
signal-to-noise ratio of 4.0.

Standard mixtures containing known amounts
of the analytes were prepared and analysed by
HPLC. The accuracy of the method was de-
termined by the standard addition technique.
Subsequent additions of small amounts of the
analytes were accurately reflected in their peak
heights. The measured amounts agreed well with
the actual values (within 2.97%). The calibration
graphs are shown in Fig. 3. The relative response
factors were determined for all the compounds
and used to determine the compositions of
reaction mixtures obtained during the process
development.

The method was applied not only to monitor
the reaction conditions but also to determine the
quality of anthraquinone periodically. Fig. 4
shows a typical chromatogram of a reaction
mixture analysed during the course of reactions.
The concentrations of various reactants were
determined and the composition of reaction
mixture was calculated. The levels of anthra-
quinone formed at different stages of the reac-
tion are given in Table 2.
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Fig. 3. Calibration graphs showing the linearity between concentration and integral response of {(A) o-xylene, (H) benzene, (©)
phthalic anhydride, ((0) anthraquinone and (O) maleic anhydride. Concentration given in ug.

3.2. Monitoring the products of catalytic
oxidation of toluene by reversed-phase HPLC

The reactants and products of this process

STARY

U 5

f T T T T

0 3 6 9 12

RETENTION TIME { MIN )

Fig. 4. Typical chromatogram of a reaction mixture collected
during the course of reaction of phthalic anhydride with
benzene in the presence of AICI, as catalyst. Peaks: 1=
benzene; 2= anthraquinone; 3 = phthalic anhydride; 4=
maleic anhydride; 5= unknown. For conditions, see Fig. 2.

were subjected to HPLC and their separation is
shown in Fig. 5. It can be seen that anthra-
quinone is well separated from all the process
impurities, viz., toluene, benzaldehyde and ben-
zoic acid. The retention data are given in Table
3. The method was well standardized and used
for process development. Fig. 6 shows a typical
chromatogram of anthraquinone obtained by this
process. The product yields were optimized by
following the reaction conditions by HPLC. The
results are given in Table 4. These results indi-

Table 2
Levels of anthraquinone formed at different stages of the
reaction

Sample Time Anthraquinone S.D.

(b) (%) (%)
React mixture 1 0.5 3.92 2.45
React mixture 2 1.0 9.75 1.98
React mixture 3 2.0 22.41 1.72
React mixture 4 4.0 49.38 1.64

* Average of three determinations.
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Fig. 5. Chromatogram of a typical mixture containing 1)
benzoic acid (1.9 ug), (2) benzaldehyde (0.2 wpg), (3)
toluene (1.7 wg) and (4) anthraquinone (0.1 pg). Con-
ditions: column, C,; (250 mm X 4.6 mm 1.D., particle size 5
um); mobile phase, acetonitrile-water (65:35, v/v); fiow-
rate, 1 ml/min; detection, UV at 254 nm.

cate that the method is suitable for monitoring
the oxidation products of toluene.

4. Conclusions

The proposed HPLC methods are simple and
rapid for monitoring the reaction products of

Table 3
Retention data for reactants involved in the synthesis of
anthraquinone by reaction (ii)*

Compound Retention Response Aay (NM)
time (min) factor

Toluene 4.22 1.00 210

Benzaldehyde 3.32 45.19 243

Benzoic acid 2.60 3.39 226

Anthraquinone 4.72 87.51 252

*See Fig. 1.

T T T T 1
0 2 4 6 8

RETENTION TIME (MIN )
Fig. 6. Typical chromatogram of anthraquinone obtained

during process development. Peaks: 1= benzoic acid; 2=
benzaldehyde; 3 = anthraquinone. For conditions, see Fig. 5.

Table 4
Purity of anthraquinone

Sample Purity by HPLC S.D. (%)
(%)

Product 1 99.39 1.47

Product 2 98.74 1.82

Product 3 98.15 1.59

® Average of three determinations.

anthraquinone manufacturing process. They are
accurate and precise for the determination of
process impurities and related products of in-
dustrial anthraquinone production.
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Abstract

A reversed-phase high-performance liquid chromatographic method for the determination of carnosic acid and
carnosol, phenolic diterpenes, which showed high antioxidative effect, is established. The analysis can be

accomplished within 15 min under isocratic conditions with

0.1% phosphoric acid-60% acetonitrile as the mobile

phase at a flow-rate of 1.0 ml/min, with detection at 230 nm. The detection limits of carnosic acid and carnosol are
0.104 and 0.521 ng per injection, respectively. This experimental system permits a good separation and
quantification of these phenolic diterpenes in the leaves of Rosmarinus officinalis L. and Salvia officinalis L.

1. Introduction

Rosemary (Rosmarinus officinalis L.) and sage
(Salvia officinalis L.) have been known to have
the highest antioxidant activity among herbs [1].
Compounds responsible for these antioxidant
properties isolated from rosemary were mainly
the phenolic diterpenes named carnosic acid [2]
and carnosol [3]. In the subsequent studies,
several related phenolic diterpenes, rosmanol {4]
and epirosmanol with y-lactone were identified
[5]. Carnosic acid was converted into carnosol by
air-oxidation. Carnosic acid has been assumed to
be the main substrate for general oxidation
leading to phenolic diterpene artifacts with a §-
or y-lactone function [6]. In practice, rosmanol,

* Corresponding author.

0021-9673/94/3%07.00
SSDI 0021-9673(94)00614-8

epirosmanol and 7-methylepirosmanol contain-
ing a y-lactone function were formed from car-
nosol [7]. So carnosic acid functions as the main
component for the antioxidative activity of these
herbs. Recently, a reversed-phased high-per-
formance liquid chromatographic (HPLC) meth-
od for the determination of several phenolic
diterpenes in rosemary and sage leaves [8] was
carried out by the gradient elution with electro-
chemical detection. In order to determine the
contents of carnosic acid and carnosol in rose-
mary and sage, we developed a simple and rapid
method with isocratic elution and UV detection.
In the present study, we described a method for
the HPLC analysis of carnosic acid and carnosol
and we determined these phenolic diterpenes in
the different parts of rosemary and sage plants.
Furthermore we determined the stability of car-
nosic acid by means of this HPLC method.

© 1994 Elsevier Science B.V. All rights reserved
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2. Experimental
2.1. Materials

Dried leaves of rosemary were purchased from
Mikuni (Osaka, Japan). A voucher specimen of
R. officinalis and S. officinalis was available for
inspection at the Herbal Garden, Fukuyama
University. Reagent-grade chemicals and high-
purity solvents were used except when specified
otherwise. Aqueous solutions were prepared
with deionized-distilled water. Acetonitrile was
of HPLC grade and other solvents and chemicals
were purchased from Wako (Osaka, Japan).

Ethyl acetate extract from dried leaves of
rosemary (3.3 kg) was partitioned between 1 M
sodium hydroxide and diethyl ether, and the
sodium hydroxide layer neutralized with 2 M
hydrochloric acid was extracted with diethyl
ether. The diethyl ether extract (95 g) was
chromatographed on a silica gel column (300
mm X 200 mm 1.D., 75-150 um, Wako) using
benzene—acetone (10:1) to give fractions A (46.9
g) and B (13.7 g). From fraction A carnosol
(2.13 g) was crystallized with benzene. The
mother liquid was applied to a polyamide col-
umn (74-149 pm, Wako) and eluted with
methylene chloride and methylene chloride—
methanol (4:1), successively. From the methyl-
ene chloride-methanol fraction carnosic acid
(1.81 g) was obtained. The crystals (4.56 g)
obtained from fraction B (13.7 g) by crystalliza-
tion with benzene, were chromatographed on a
silica gel column followed by a Sephadex LH-20
column (25-100 um; Pharmacia, Uppsala,
Sweden) to furnish rosmanol (54 mg). The
mother liquid of fraction B (5.70 g) was chro-
matographed on silica gel (benzene-—acetone,
10:1) and Sephadex LH-20 (methanol) columns
to give epirosmanol (69 mg).

2.2. Apparatus

The HPLC system consisted of two Tosoh
(Tokyo, Japan) CCPD pumps equipped with a
Tosoh CCP controller connected to a dynamic
mixer, a 5-ul sample loop, a Tosoh SD-8012 and

a Tosoh UV-8020 UV-Vis detector set at 230
nm. The data were processed by means of a SIC
Chromatocorder-12 integrator to evaluate the
peak areas. The purity of the chromatographic
peaks was estimated using a Waters (Milford,
MA, USA) Model 990] photodiode array detec-
tor.

2.3. Chromatographic conditions

The stainless-steel column (150 X 4.6 mm 1.D.)
was packed with a Wako Wakosil-II 5C18 HG (5
pm) and used at 25 + 0.5°C. The separation was
isocratically undertaken with a solvent consisting
of 0.1% (v/v) aqueous phosphoric acid—acetoni-
trile (40:60) at a flow-rate of 1 ml/min.

2.4. Preparation of samples of dried and fresh
herbs

Sample (10-1200 mg) in acetone (3 ml) was
homogenized with a Polytron while being cooled
in ice and the mixture was centrifuged (1500 g
for 10 min) at 4°C. The acetone supernatant was
then transferred to a test-tube, the residue was
sonicated in a sonic cleaning bath cooling in ice
for 3 min with acetone (2 ml) and centrifuged at
4°C. The residue was further extracted in the
same manner. The extracts were combined and
centrifuged (1500 g for 10 min) at 4°C, and then
a portion (more than 20 ul) was injected into the
HPLC column.

2.5. Recovery test

The powdered dried leaves (30 mg) of rose-
mary containing carnosic acid (1.20 mg) and
carnosol (0.10 mg) were homogenized with a
Polytron while being cooled in ice with two
different amounts of the standard acetone solu-
tion (2 ml) in which 0.23 and 0.03 mg/ml or
0.115 and 0.015 mg/ml! of carnosic acid and
carnosol, respectively were added. After cen-
trifugation the supernatant was transferred, the
residue was further extracted with the standard
acetone solution according to the above de-
scribed procedure.
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3. Results and discussion
3.1. Standard materials

The following compounds (Fig. 1) were iden-
tified by the comparison of 'H and “C NMR
spectral and the literature data [7,9]: carnosic
acid, carnosol, rosmanol and epirosmanol. The
purity of standard materials calculated from the
peak area in the proposed method was =98%.

3.2. HPLC

HPLC was carried out on a Wako Wakosil-II
5C18 HG reversed-phase column, which was
selected because of its large number of theoret-
ical plates, its specific characteristics towards a-
diphenolic compounds and the avoidance of poor
peak shapes of these phenolic diterpenes. In
order to obtain a sharp peak of carnosic acid, we

"
“OH

rosmanol

cryptotanshinone

Fig. 1. Structures of phenolic diterpenes.

adopted an elution (60% acetonitrile) to which
phosphoric acid (0.1%) was added. The reten-
tion times (and capacity factors, k') were 2.78
(rosmanol, k' =0.91), 2.96 (epirosmanol, k' =
1.03), 6.44 (carnosol, k' =3.43) and 11.28 min
(carnosic acid, k' =6.75). The minor phenolic
diterpenes such as rosmanol and epirosmanol
eluted to overlap with flavonoids. Carnosic acid
and carnosol, the major constituents i rose-
mary, were shown to be satisfactorily separated
under the isocratic conditions. These peaks were
identified with the retention time and the UV
spectrum obtained by photodiode array detec-
tion.

HPLC can be accomplished by applying ace-
tone extract of rosemary and sage leaves without
any prepurification. The determination of car-
nosic acid and carnosol can be achieved within
15 min without any clean-up of column. The
detection limits (signal-to-noise ratio =3) were
0.104 (carnosic acid) and 0.521 ng (carnosol) per
injection. The calibration curves of carnosic acid
and carnosol were linear over the ranges 0.07
pg/ml-2 mg/ml and 0.20 pg/mi-0.5 mg/ml,
respectively, with correlation coefficients of
0.992-1.000. To examine the precision of this
method, we injected the standard solutions of
carnosic acid and carnosol at concentrations of
0.106 and 0.071 mg/ml, respectively. The rela-
tive standard deviations (n = 10) were 0.97 (car-
nosic acid) and 1.15% (carnosol). Recovery tests
were performed by adding two different amounts
of the standard acetone solution of carnosic acid
and carnosol. The mixture was extracted and
assayed according to the above procedure. The
recovery of these compounds was =94.1%.

3.3. Stability of carnosic acid

Carnosic acid has been postulated to be the
precursor of phenolic diterpene artifacts. The
oxidation of carnosic acid to phenolic diterpene
artifacts occurs in polar solvents, but non-polar
solvents such as hexane, benzene and methylene
chloride are not suited for direct injection into
HPLC. As for the stability of carnosic acid in
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many solvents, carnosic acid in acetone was
relatively resistant to degradation at room tem-
perature, and acetone was a suitable solvent for
extraction as well as methanol or ethyl acetate.

The effect of temperature on the degradation
of carnosic acid was examined in acetone solu-
tion. At —20°C in the dark, carnosic acid stan-
dard in acetone and that in rosemary acetone
extract did not change at all, as shown in Figs. 2
and 3. However, when a solution of carnosic acid
in acetone was left at room temperature (24°C)
particularly under 12 h light condition, it de-
creased rapidly. The degradation of carnosic acid
in the acetone extract was higher than that in
acetone. Carnosic acid was transformed into
carnosol followed by decomposition to form the
y-lactones, rosmanol and epirosmanol, directly
[7]. Decoinposition of carnosol was enhanced by
light. These results indicate that raising tempera-
ture and light tend to promote the degradation
of carnosic acid.

To examine whether carnosol is present in
leaves of rosemary or not, fresh leaves (ca. 0.5 g)
dipped in liquid nitrogen immediately after har-
vesting were transferred into acetone and were
allowed to stand in the dark for 4 days at —20°C.
Carnosol was found to be 1.7% of the content of
carnosic acid. On the other hand, the ratio was
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Fig. 2. Degradation of carnosic acid in acetone. Carnosic
acid: a=at —20°C (dark); b=at 4°C (dark); ¢ =at room
temperature (dark); d=at room temperature (light). Car-
nosol: e =at —20°C (dark); f=at 4°C (dark); g=at room
temperature (dark); h = at room temperature (light).
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Fig. 3. Degradation of carnosic acid and carnosol in rosem-
ary acetone solution. Carnosic acid: a=at —20°C (dark);
b=at 4°C (dark); c=at room temperature (dark); d = at
room temperature (light). Carnosol: e =at —20°C (dark);
f=at 4°C (dark); g=at room temperature (dark); h = at
room temperature (light).

5.9% in another procedure in which fresh leaves
dipped in acetone immediately after harvesting
were permitted to stand in the dark for 4 days at
room temperature. According to the procedure
described in the Experimental section, these
ratios were approximately 10%. These results
suggest that the content difference between
carnosic acid and carnosol in these procedures
comes from the conditions of the temperature

Table 1
Content of carnosic acid and carnosol in Rosmarinus of-
ficinalis and Salvia officinalis

Material Content (mg/g)*
Carnosic acid Carnosol
Rosmarinus officinalis
Dried leaves 42.05+0.19 3.87+0.10
Fresh leaves 22.79 £0.40 2.38 £0.04
Fresh stems 0.13+0.01 0.10x0.01
Fresh roots nd® nd
Salvia officinalis
Fresh leaves 12.40 £0.43 1.66 = 0.21

* Results are means = standard deviations from three inde-
pendent experiments.
® Not detected.
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Fig. 4. Chromatograms of carnosic acid and carnosol in (A) fresh leaves, (B) fresh stems, (C) fresh stems spiked with carnosic
acid, carnosol and cryptotanshinone, (D) fresh roots of rosemary and (E) fresh leaves of sage. Peaks: 1= carnosic acid;

2 = carnosol; 3 = cryptotanshinone.

employed and air-oxidation. However, the ques-
tion still remains whether carnosol is an artifact
or not.

3.4. Determination of carnosic acid and
carnosol

Carnosic acid and carnosol in dried and fresh
leaves, fresh stems and roots of rosemary, and
fresh leaves of sage were determined by the
proposed method. The chromatograms are dis-
played in Fig. 4. The HPLC pattern of rosemary

leaves was similar to that of sage, suggesting that
these plants have a close botanical and bio-
synthetic relationship. As shown in Table 1,
carnosic acid represents a main constituent
(1.24-4.21%) of the leaves extract. Although
carnosic acid and carnosol are not observed in
the extract of roots, cryptotanshinone, an
abietane-type diterpene, existed as a main con-
stituent instead of these compounds. The roots
of Salvia miltiorrhiza Bung are known to contain
cryptotanshinone [10] which accounted for
0.36% of fresh weight as a main compound [11}.
Further study is necessary to examine the bio-
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synthetic relationship of carnosic acid with
cryptotanshinone, an abietane-type diterpene.
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Abstract

A high-performance liquid chromatographic procedure has been developed and tested for the determination of
rare earth element (REE) concentrations in United States Geological Survey rock standards AGV-1, GSP-1 and
G-2.

The procedure involved acid digestion of sample in PTFE pressure bombs, group separation of REEs, followed
by elution of individual lanthanides using a-hydroxyisobutyric acid in the presence of hydrophobic ions on a Cy4
bonded silica reversed-phase column. The eluted REEs were monitored by visible spectrophotometry at 520 nm
after post-column reaction with pyridylazoresorcinol. This reversed-phase partition system is suited to separate and
detect all lanthanides elements in less than 20 min with good reproducibility.

Comparison of the results with literature values shows an agreement of + 5% for all elements. An internal
standard deviation of = 0.5% was found for a single analysis, while triplicate analysis showed a standard deviation

of 1-2%.

1. Introduction

The increasing utilization of the rare earth
elements (REEs) and interest in their geological,
nuclear and environmental roles [1,2] have en-
hanced the need for rapid, sensitive methods of
determination.

Rare earth metals have been a difficult group
of elements to separate individually due to their
similar chemical properties. It is difficult to
determine individual REEs in mixtures by stan-
dard analytical methods.

In general, REE determination in rock stan-
dards is carried out by instrumental and radio-

* Corresponding author.

0021-9673/94/$07.00
SSDI 0021-9673(94)00550-8

chemical neutron activation [3], mass spectrom-
etry [4,5] and inductively coupled plasma [6]. In
these techniques ion exchange using a complex-
ing agent is generally employed. However this is
time consuming with respect to elution and
quantitation. Further, such a procedure requires
large quantities of high-purity reagents and re-
sults in a high volume of acid wastes.

Studies have shown that dynamic ion exchange
can be used for the high-performance liquid
chromatographic (HPLC) separation and deter-
mination of metal ion in complex matrices [7-9].

In this technique a modifier is added to the
mobile phase in the form of a hydrophobic ion to
create a charged surface on the reversed-phase
column packing material. Metals in the sample

© 1994 Elsevier Science B.V. All rights reserved
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are separated when they interact with the
charged particles of the packing material. This
method gave improved column efficiency for
metal ions, and greater flexibility in the choice of
separation conditions.

The application of the dynamic ion exchangers
for the determination of rare earths in United
States Geological Survey (USGS) rocks stan-
dards in a wide range of concentrations, and the
comparison with reference results, form the basis
of this study.

2. Experimental
2.1. Reagents and materials

The reagents used for solutions and eluents
were freshly prepared.

All solutions were prepared with distilled
water that had been purified in a Milli-Q unit
(Millipore). Eluents were filtered through 0.2-
pm filters.

The following reagent-grade chemicals were
used: 40% hydrofluoric acid; 70% perchloric
acid; 37% hydrochloric acid; 65% nitric acid; 2
M hydrochloric acid; 8 M nitric acid; a quartz
column of I.D. 0.8 cm containing 14 cm of
Dowex 50W-X8 (200-400 mesh, 37-74 um,
hydrogen  form);  4-(2-pyridylazo)resorcinol
monosodium salt (PAR), 0.05 mg/l in 2 M
ammonium hydroxide and 1 M acetic acid; «a-
hydroxyisobutyric acid (a-HIBA), 0.07 and 0.4
M aqueous solutions buffered at pH 3.8 with
ammonium hydroxide; 0.01 M sodium oc-
tanesulfonate (OS); Waters Nova-Pak C,; col-
umn (150 X 3.9 mm 1.D.); Waters-C,; Guard-Pak
(5.0 x 6.0 mm I.D.); housed in a Waters Guard-
Pak (precolumn module); REE standard solu-
tions, obtained by dissolving pure oxides (John-
son Matthey) in mineral acids.

2.2. HPLC apparatus

The liquid chromatograph used in this work
was a 625 LC from Waters equipped with a linear
gradient programmer, a Rheodyne 9125 load
injection valve, a constant-flow peristaltic pump,

a Waters 490 programmable multiwavelength
spectrophotometric detector, a Waters RDM
module (post-column reagent) used to transfer
the PAR complexing solution and a Spectra-
Physics 4400 computing integrator—recorder.

2.3. Procedure

Sample dissolution

REEs are generally concentrated in minor
mineral phases resistant to acid digestion, which
can be overcome by dissolution in PTFE pres-
sure bombs [10]. We have replaced the decompo-
sition technique, at ambient pressure, by high-
pressure decomposition, because this procedure
is less time consuming and permits by its higher
reaction temperature a more effective decompo-
sition. Samples of about 200 mg were digested in
PTFE bombs with 8 ml of 40% hydrofluoric acid
and 0.5 ml of 65% nitric acid at 160°C for 18 h.
After the dissolution the acids were evaporated
and a further dissolution and evaporation were
done with 5 ml of 70% perchloric acid and 10 ml
of 65% nitric acid in order to eliminate hydro-
fluoric acid and organic materials. Finally, the
residue was dissolved in 2 M hydrochloric acid,
the solution was evaporated and the residue was
dissolved in 2 ml of 2 M hydrochloric acid for
chemical separation.

Group separation of REFEs [11,12]

A quartz column of I.D. 0.8 cm containing 14
cm of Dowex 50W-X8 cation-exchange resin was
conditioned with 2 M hydrochloric acid. Sample
dissolved in 2 ml of 2 M hydrochloric acid was
passed through the column and the interfering
matrix elements were eluted with 80 ml of 2 M
hydrochloric acid. The column was subsequently
neutralized with 7 ml of water and the REEs, as
a group, were eluted with 40 ml of 8 M nitric
acid. This REE fraction was evaporated to
dryness, and dissolved in the mobile phase (2
ml) prior to injection into the HPLC system.

HPLC procedure

Samples (30 to 300 wl) of the REE fraction
from the group separation were injected into the
mobile phase and the a-HIBA concentration was
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then programmed linearly from 0.07 to 04 M
over 15 min. The OS concentration (0.01 M),
the pH (3.8) and flow-rate (1 ml/min) were
maintained constant during the gradient pro-
gram. The eluted REEs were detected after a
post-column reaction with PAR. These post-col-
umn reactant was added to the eluent in a PTFE
mixing tee at 0.5 ml/min flow-rate, and the
eluted metal ions were monitored by a pro-
grammable multiwavelength detector at 520 nm.
The concentrations of the REEs in the samples
were calculated with the non-linear regression
program in the Spectra-Physics integrator. The
regression equations were generated with peak
areas from three standards covering the con-
centration range expected for the samples.

3. Results and discussion

The REE concentrations were determined on
the USGS rock standards [13] andesite AGV-1,
granodiorite GSP-1 and granite G-2. Many REE
analyses have been reported for these samples in
the literature [13-15] and the data of Gladney et
al. [15] and Hooker et al. [16] are included in
this study for comparison. The data of Gladney
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Fig. 1. Separation of rare earths in the standard solution SS2
by gradient elution. Experimental conditions: Waters Nova-
Pak C,; column (150 x 3.9 mm L.D.); gradient separation at
1 ml/min from 0.07 to 0.4 M «-HIBA at pH 3.8 over 20 min
with 0.01 M OS. Injection volume 100 pul.

are based on different techniques and these
values are called “‘consensus” values.

To evaluate the separations a calibration has
been carried out by employing known standard

Table 1

REE detection limit and analyses data for the calibration solutions

Element SS1 (ppb) SS2 (ppb) SS3 (ppb) Detection

limit

Injected Found Injected Found Injected Found (ppb, w/w)

La 179.22 180.57 399.32 399.44 1194.94 1200.19 1

Ce 71.38 71.33 869.61 833.68 2608.83 2618.06 1

Pr 47.16 46.72 158.58 159.18 475.74 477.64 1

Nd 70.54 69.50 300.74 300.92 902.74 902.88 1

Sm 15.61 15.58 34.78 34.49 104.34 104.74 1

Eu 4.93 5.44 9.15 9.16 27.45 27.66 1

Gd 18.00 17.96 40.11 43.45 120.33 120.34 1

Tb 4.69 4.49 10.46 10.93 31.38 31.39 1

Dy 18.59 19.31 20.71 19.81 62.13 62.15 1

Ho 5.05 4.81 9.38 9.62 28.14 27.87 1

Er 5.34 5.51 9.91 9.92 29.73 29.60 3

Tm 4.46 4.82 9.94 10.07 29.82 29.83 3

Yb 5.91 5.88 10.97 11.07 32.90 33.00 3

Lu 5.13 4.66 8.53 8.49 25.59 25.73 3

Y 20.00 20.74 19.74 19.81 59.22 59.91 1
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Table 2
Results of REE abundances in USGS rock standard AGV-1

Table 4
Results of REE abundances in USGS rock standard G-2

Element REE (ung/g) Element REE (ug/g)
HPLC Lit. [15] Lit. [16] HPLC Lit. [15] Lit. [16]

La 36%2 38+3 38 La 96 +2 865 97.7

Ce 69+3 666 68.7 Ce 161.2+12 159 +11 160

Pr 6.7+0.5 65+09 - Pr 19.2+0.6 19+2 -

Nd 35+4 345 321 Nd 50 %2 53x8 54.8

Sm 54x02 5905 5.83 Sm 7.1x0.6 7.2+0.6 7.27

Eu 1.57+0.07 1.66 +0.11 1.54 Eu 1.4+0.03 1.41+0.12 1.34

Gd 517x£0.05 52+06 4.76 Gd 414x0.09 41038 3.97

Tb 0.66+0.04 0.71=0.11 - Tb 0.38+0.01 0.48 £0.07 -

Ho 0.71+0.06  0.73=0.08 - Dy 1.8+£0.2 2.5+05 2.11

Er 1.7+0.1 1.61 +0.22 1.82 Ho 0.37+£0.09 0.37+0.02 -

Yb 1.69 = 0.04 1.67+0.17 1.68 Er 0.81 +£0.07 12+03 0.83
Yb 0.70+0.06 0.78+0.14 0.6
Y 10.9+0.6 114+23 -

REE mixtures. The data of Table 1 list the
results for three standards REEs (SS1, SS2 and
SS3) mixture injected and the chromatogram for
the SS2 is shown in Fig. 1. The results obtained
demonstrate the total elution of individual
REEs. The REE concentrations of USGS stan-
dards obtained in the present study are shown in
Tables 2, 3 and 4.

The REE concentrations determined are the
averages of three totally independent analyses
involving separated dissolution, chemical sepa-
ration and HPLC procedure. The internal rela-
tive standard deviation (R.S.D.) of the elemental
values calculated for a single analysis was found

Table 3
Results of REE abundances in USGS rock standard GSP-1

Element REE (ug/g)

HPLC Lit. [15] Lit. [16}
La 183 + 11 183 + 13 182
Ce 426+ 15 406 =20 419
Pr 51.9=+0.3 51+8 -
Nd 180+3 190 = 17 201
Sm 27.1+0.2 26.8 2.5 25.8
Eu 24201 2.36x0.22 2.21
Gd 12.9+0.3 13+2 10.2
Tb 1.38+0.04 1.36 £0.14 -
Ho 1.20+0.06 1.2+0.5 -
Er 2.4=0.1 25+04 2.11
Yb 1.74 £ 0.03 1.7x04 1.5

to be in the order of 0.5%. The total R.S.D.
based on triplicate analyses, was found to be in
the range 1-2% for most of the elements.

Because of the appreciable overlap between
the Dy and Y peaks in the sample G-2 it was not
possible to obtain reliable peak areas for these
elements. In the case of samples AGV-1 and
GSP-1 it is not possible to separate the two
elements (Dy and Y). For the three samples it
was not possible to determine Lu and Tm
because the concentrations of these elements was
bellow the detection limit.

A comparison of the REE values obtained by
HPLC in this study with the literature values
[15,16] shows agreement to within 5% for most
of the elements for GSP-1, AGV-1 and G-2.

A typical chromatogram obtained for a rock
sample (AGV-1) after group REE separation is
shown in Fig. 2.

5. Conclusions

The results showed that the method employed
is efficient and has adequate sensitivity and
reproducibility for the determination of REEs in
complex matrices.

The use of a-HIBA as an eluting agent com-
bined with dynamic ion exchangers for the sepa-
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Fig. 2. Separation of rare earths in the rock solution AGV-1
by gradient elution. Experimental conditions as in Fig. 1.

ration of individual REEs have a number of
advantages relative to conventional ion-exchange
resins. Some of them are its high sensitivity, that
little sample is required and multi-elements anal-
yses can be carried out with a single injection.

HPLC has been shown to provide rapid and
accurate methods for the analyses of REEs, as
compared to the other techniques like isotope
dilution mass spectrometry [4,16] and inductively
coupled plasma mass spectrometry {17]. The
major advantages of the technique are speed and
low cost of analyses
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Abstract

A new experimental technique for the accurate determination of the dead time of a chromatographic column is
described. The technique involves simultaneous pre- and post-column injections of an unretained probe solute. The
method allows the accurate determination of the column void volume as opposed to the system void volume which
includes extracolumn volumes. The procedure also eliminates the uncertainties in void volume measurements
caused by splitters, multiple flow paths, or auxiliary gas flows required for some detectors or certain types of
chromatography such as supercritical fluid chromatography.

1. Introduction

Accurate measurement of the dead time and
hence the void volume of a chromatographic
column is critical to the experimental determi-
nation of thermodynamic parameters from any
chromatographic experiment. The problem is
very complex and troublesome as evidenced by
the multitude of discussions and reviews in the
literature [1-10]. Moreover, most of these pa-
pers cite multiple prior studies: Kazakevich and
McNair [8] for example cite 28 previous inves-
tigations involving different methods for the
evaluation and definition of the void volume of
chromatographic columns in liquid and gas chro-
matography.

* Corresponding author.
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Currently, there are at least four commonly
used strategies for measuring this critical param-
eter, viz., (i) gravimetric determination of the
weight of mobile phase of known density in a
column, (ii) selection of a dead time which gives
the “best” linear fit for a plot of the log of the
adjusted retention time of a homologous series
of solutes vs. carbon number or some other
linearization parameter, (iii) measurement of the
retention volume of a dead time probe solute
which is unretained and unexcluded by the
stationary phase, and (iv) measurement of the
retention times of isotopically labeled compo-
nents of the mobile phase or system peaks.

In addition to the experimental difficulties, the
exact definition of the void volume is often
ambiguous especially for liquid systems in which
the mobile phase may solvate the stationary

© 1994 Elsevier Science B.V. All rights reserved
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phase, as well as low-temperature GC or high-
pressure SFC systems in which the stationary
phase may consist primarily of adsorbed com-
ponents of the mobile phase. RP-HPLC with
alkane-bonded stationary phases also presents
conceptual problems because of the uncertain
role of the bonded phase in the retention mecha-
nism(s). In such cases, precise definition as well
as accurate measurement of the void volume is
imperative before any meaningful thermody-
namic measurements can be reported or inter-
preted.

Accurate void volume measurements are par-
ticularly difficult if the flow stream of the mobile
phase is split or augmented at some point in the
apparatus. Inlet splitters are common with capil-
lary GC systems, outlet splitters are sometimes
used with mass specific detectors, and other
detectors require a makeup gas. Some more
complex multidimensional chromatography in-
struments [11,12] use multiple columns with
makeup gas or flow splitting for each column.
These configurations with variable flow paths
and rates exacerbate the difficulties of accurately
measuring the void volume of a given column.

In the present work, a new experimental
technique for the determination of void volumes
using strategy iii is described. The method in-
volves the injection of the same sample simulta-
neously at the inlet and outlet of the analytical
column. The dead time of the column is obtained
from the residence time of the dead time probe
between the two injection sites, i.e., in the column
not the extracolumn plumbing or the detector.

2. Experimental

A simplified schematic diagram of the dual
injection technique is illustrated in Fig. 1 for a
typical system with a detection system which
requires a splitter or auxiliary gas. Pneumatically
actuated valves Nos. 1 and 2 are switched
simultaneously to provide two sample pulses,
only one of which passes through the analytical
column. The sample injected via valve No. 2
remains undifferentiated and serves only as a
marker for the residence time of any solute in

GV GSV

Sample #! # Sample
I Out

Carrier Gas In
MS
Detector
Analytical
Columa Splitter
Fig. 1. Schematic diagram of a dual injection system with an
outlet splitter. GSV = Gas sampling valve.

the extracolumn regions of the instrument. This
residence time may be influenced by the split
ratio if a splitter is used or by the flow-rate of the
auxiliary or makeup gas if the detector requires
such flows. In any case, the extracolumn resi-
dence times of the samples injected from both
valves will be the same and can be factored out
of the column dead time measurements.

3. Results and discussion

A typical chromatogram {13] obtained with a
GC-MS system configured as shown in Fig. 1 is
given in Fig. 2. Each line in the drawing repre-
sents the detector response for a different solute
in a carrier gas composed of natural helium, ‘He.
The mass selective detector was used to monitor
various m/z values, viz., m/z =3 for the dead
time probe, *He, m/z =20 for neon and miz=
47 for isotopically labeled carbon dioxide. The
first peaks in the chromatogram are due to the
coelution of all of the sample components in-
jected from sampling valve No. 2. The retention
time of these samples gives the residence time of
any solute in the extracolumn segments of the
system. The time from injection to elution of the
dead time probe injected from valve No. 1 is the
dead time of the entire system. Whereas, the
difference between the elution time of the ’He
probe injected from valve No. 1 and that in-
jected from valve No. 2 gives an accuratc mea-
sure of the dead time of the analytical column.

Such an instrument has been used to measure
very small changes in the measured void volume
of a gas-solid chromatographic column as a
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1, (system)
|
t; (column) }e-——a!
| |
| i
t, (extracolumn) } |
| \
; : *He (m/z = 3)
; Ne (m/z = 20)
Injection Injection 600 (m/z = 47)
from GSV §2 from GSV #1
! 2 37 % 8 %

Retention Time (min)

Fig. 2. Example chromatogram obtained from a dual injection instrument [13]. The solutes were injected simultaneously at both

sampling valve at 1 min.

function of the amount of material adsorbed
from the mobile phase at low temperatures 77
K) [13]. Fig. 2 represents a typical chromato-
gram obtained from that investigation involving
the adsorption of carbon dioxide on silica gel. In
this example, the residence time of the solutes in
the extracolumn regions of the flow path was
1.80 min compared to the residence time of the
*He probe in the column of only 0.17 min. That
is, if the volume flow-rates were €qual in the two
regions, the measured extracolumn volume
would be approximately ten times as large as the
column void volume. The proposed dual injec-
tion technique allows the extraction of the latter
quantity from the much larger system void vol-
ume and thus small changes in the column dead
time and void volume could be accurately mea-
sured. The results for carbon dioxide adsorbed at
77 K are shown in Fig. 3. The precision of the
measurements is sufficient to allow an accurate
measurement of the decrease in void volume
with increasing amounts of carbon dioxide ad-
sorbed to give a direct measure of the molar

volume of adsorbed carbon dioxide. Thus, it was
also possible to measure the volume of material
adsorbed as a function of the relative pressure of
adsorbate in the mobile phase to produce a truly
“volumetric” isotherm [13].

35

Void Volume (ml /g)

2.5 " 1 I | - P S
0 1 2 3 4 5

Amount of CO, Adsorbed (mmol /g)

Fig. 3. Void volume measured with dual injection method
with various amounts of CO, adsorbed on silica gel at 77 K.
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4. Conclusions

There are several advantages as well as con-
comitant disadvantages of the proposed dual
injection scheme. Some of the advantages are:

o The technique can be used to distinguish
the column void volume from the ordinarily
much larger and more uncertain system void
volume.

o Accurate determination of the absolute
injection time is not critical. Measurement of a
relative retention difference rather than an abso-
lute retention time from injection minimizes the
uncertainty from the specification of the exact
time of injection. Such uncertainty is especially
large for mafnual syringe injections.

o The technique can be used with any type of
chromatography, i.e., GC, SFC, and HPLC.

o The \peak profile of the post-column  in-
jection peak gives a snapshot of the pre-column
injection peak. Thus, changes originating in the
column can be distinguished from those occur-
ring in other parts of the system such as the
detector. Relevant changes include band spread-
ing, chemical reactions, and isotope exchange
processes. :

An unforeseen advantage of the dual injection
scheme is the fact that the detector response to
the sample injected via valve No. 2 gives an
undifferentiated profile of the sample injected at
valve No. 1. This is especially valuable with a
mass specific detector because it provides knowl-
edge of exactly what was injected into the
analytical column even if all or part of the
sample does not elute in a reasonable time or
elutes with the dead time marker.

There are also a number of disadvantages to
the proposed method:

o The added complexity and expense of two
pneumatically controlled sampling valves may be
significant.

o The method still requires a viable dead time
probe solute, i.e. a solute which is not retained
by the stationary phase.

o Peak overlap may become a limiting prob-
lem with non-specific detectors especially for
columns with very low void volumes.

o The experimental technique does not elimi-

nate the ambiguities of, or the need for, an exact
definition of the void volume and mobile phase
volume of a given column.

o Dual injections of a scarce sample is un-
desirable. This can be overcome by injection of
only the dead time marker in the post-column
injector; however, some of the advantages cited
above will be lost in this case.

o The post-column sampling valve will itself
contribute to peak spreading because of its
crucial position between the exit of the column
and the detector.

o The dual-injection technique is only valu-
able for instruments in which either the system
void volume is significantly larger than the col-
umn void volume or there are multiple flow
paths for the mobile phase.

The proposed injection scheme will solve some
but certainly not all the problems encountered in
the accurate assessment or even the exact defini-
tion(s) of the void volume and the mobile phase
volume of a chromatographic column. In many
cases, these two volumes are not equivalent, and
extraordinary care must be exercised in the
presentation and interpretation of chromato-
graphic retention data and thermodynamic in-
formation derived from such data.
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Abstract

A capillary gas chromatographic method was developed for the analysis of the degradation product pivalic acid in
dipivefrin-containing ophthalmic solutions. The linear calibration range was 1.02 to 102 ug/ml (r=0.999) and

recoveries were greater than 98%.

The relative standard deviation was less than 4.2%. The method can be used to

accurately monitor pivalic acid levels for routine quality control and is simple and reliable.

1. Introduction

Dipivefrin hydrochloride (DPE) is a prodrug
of epinephrine produced by the diesterification
of epinephrine (EPI) and pivalic acid (PVL). It
is used in ophthalmic solutions for the treatment
of elevated intraocular pressure in chronic open-
angle glaucoma [1]. Although the active drug is
EPI, for stability purposes both EPI and PVL
are considered degradation products of the ac-
tive ingredient DPE. The United States Phar-
macopeia (USP) XXII contains monographs for
both DPE raw material and for DPE ophthalmic

o}

I
(CH),C—C—0
OH

|
(CH3)3C—‘|1]:—0 CH-CH,NHCH;

DPE

solutions [2]. Although the USP currently does
not have a requirement to assay for degradation
products of DPE, it is good science to do so. As
an ester in aqueous solution, DPE degrades via
hydrolysis, releasing PVL and EPIL. The struc-
tures of DPE, EPI and PVL are shown in Fig. 1.
A method that can quantitate PVL accurately
and reproducibly in ophthalmic solutions is desir-
able.

Procedures for the quantitative analysis of
PVL in the literature are mostly by gas chroma-
tography (GC) [3-9], with a few by ion chroma-
tography [(10,11] and high-performance liquid

HO

OH

I Jf
CH-CH,NHCH;  (CH3);C—C—OH

EPI PVL

Fig. 1. Chemical structures of dipivefrin (DPE), epinephrine (EPI) and pivalic acid (PVL).
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chromatography (HPLC) [12]. Most of these
procedures require derivatization in non-aqueous
environments or extensive organic workup.

The GC method reported herein is based on
an application for volatile organic acids that
appeared in the product catalog of J & W
Scientific [13]. No derivatization is needed and
aqueous samples can be injected directly. The
temperature program was modified to slow the
rate of temperature increase to allow greater
resolution between compounds with similar boil-
ing points. Additionally, the maximum oven
temperature was reduced from 250 to 170°C as
no further substances were observed at higher
temperatures. Experimentation has determined
that isovaleric acid is the best choice as an
internal standard, as it does not coelute with any
of the analyte or system peaks. The GC method
reported herein permits quantitative determina-
tion of PVL.

2. Experimental
2.1. Apparatus

The GC system consisted of the following: an
HP5890 Series II gas chromatograph with a
flame-ionization detector (Hewlett-Packard, Wil-
mington, DE, USA); an HP7673 autoinjector
(Hewlett-Packard); an HP Cyclosplitter inlet
sleeve (Restek); a deactivated fused-silica guard
capillary, 10 mx0.25 mm (J & W Scientific,
Folsom, CA, USA); and a DB-FFAP fused-silica
capillary column (0.25 wm film), 30 m x 0.25 mm
I.D. with USP Packing Type G25 (J & W
Scientific). The DB-FFAP stationary phase is an
acid-modified polyethylene glycol similar to the
Stabilwax-DA (Restek), Nukol (Supelco) and
HP-FFAP  (Hewlett-Packard). PE Nelson
Access*Chrom GC/LC data system (Perkin-
Elmer Nelson Systems, Cupertino, CA, USA)
running on a VAX 6410 computer with VMS
5.5-2 was used for data acquisition and analysis.

2.2. Materials and reagents

Acetonitrile (HPLC grade) was obtained from
Baxter (McGraw Park, IL, USA). Hydrochloric

acid (ACS reagent grade) was obtained from
Mallinckrodt (Paris, KY, USA). Water was dis-
tilled twice from an all-glass apparatus then
deionized and filtered through activated carbon
through a Milli-Q system (Millipore, Waters). A
solution of 0.0018 M HCl was prepared by
diluting 15 ml hydrochloric acid 1:100 000 in
water. Compressed air (hydrocarbon-free
grade), compressed hydrogen (high-purity grade)
and compressed helium (high-purity grade) were
obtained from the Linde Division of Union
Carbide (Danbury, CT, USA).

2.3. Standards and samples

An internal standard - solution (ISTD) was
prepared of 50 ppm isovaleric acid (Aldrich,
Milwaukee, WI, USA) in acetonitrile. The work-
ing standard solution was 0.01 mg/ml PVL
(Aldrich) in 0.0018 M HCl. Both working stan-
dard and sample are mixed 1:1 with ISTD prior
to analysis.

2.4. GC analysis

Helium was used as the carrier gas. The
system had the following parameters: gas flow-
rates of 1.5 ml/min for helium, 200 ml/min for
air and 20 ml/min for hydrogen; a 1-ul injection
volume; injector temperature of 250°C; detector
temperature of 250°C; an oven temperature
program starting at 100°C for 2 min, followed by
a 5°C/min thermal gradient to a maximum of
170°C; an analysis time of 16 min; and the purge
valve set OFF at time 0.0 min, ON at 1.2 min
and back OFF at 12.2 min (time must be less
than run time). Calculations for the samples
were based on peak area measurements.

3. Results and discussion

The analysis procedure for PVL was validated
for two different DPE-containing ophthalmic
solutions. Formula 1 contained DPE, benzal-
konium chloride, sodium edetate and salts. For-
mula 2 contained DPE, levobunolol hydrochlo-
ride, polyvinyl alcohol, benzalkonium chloride,
sodium edetate and salts. Typical chromato-
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Fig. 2. Chromatograms of PVL standard (a), degraded Formula 1 (b) and degraded Formula 2 (c).

grams of PVL standard and of stability samples
at expiry are shown in Fig. 2. Samples of
undegraded ophthalmic solutions containing no
PVL showed no interferences at the location of
the PVL peak (Fig 3).

Linearity in standard diluent was checked
from 1.02 to 102 pg/ml [equivalent to 0.0968%
(w/w) to 9.68% (w/w) of DPE label claim after
dilution for analysis]. The correlation coefficient
was 0.999 for both peak area and peak height
data. ANOVA results for both peak area and
peak height data gave p values less than 0.0001.
Therefore, a single-point standard was used.

In addition, linearity in sample matrix was
checked from 5.08 to 20.3 pg/ml [equivalent to
0.484% (w/w) to 1.94% (w/w) of DPE label
claim after dilution for analysis]. This range
corresponds to 1.8 to 7.4% loss of DPE, con-
sistent with the amount of degradation observed
in manufactured lots during on-going stability
studies. The correlation coefficient was 0.999 for
both peak area and peak height data in Formula
1 and 0.998 for peak area data and 0.999 for
peak height data in Formula 2. ANOVA results
for both formulas and for both peak area and
peak height data gave p values less than 0.0001.
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Fig. 3. Chromatograms of undegraded Formula 1 (a) and
undegraded Formula 2 (b).
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Table 1
Recovery of PVL from spiked samples

1.94% (w/w)

0.968% (w/w) 0.484% (w/w)

Peak area Peak height Peak area Peak height Peak area Peak height
Formula 1 Mean (%) 100.9 104.5 99.5 101.9 100.1 100.3
S.D. 1.1 13 32 3.5 4.2 1.8
R.S.D. (%,*) 1.1 1.3 3.2 35 4.2 1.8
n 3 3 3 3 3 3
Formula 2 Mean (%) 99.2 98.0 99.0 100.7 98.2 100.5
S.D. 2.9 1.3 1.2 1.9 3:3 21
R.S.D. (%, ) 2.9 1.4 1.2 1.9 3.4 2.1
3 3 3 3

n 3 3

Recovery studies to 'show method accuracy
were completed at levels equivalent to 0.484%
(W/w), 0.968% (w/w) and 1.94% (w/w) of DPE
label claim. Results are summarized in Table 1.

The limit of PVL quantitation is less than
0.255 pg/ml [equivalent to 0.0242% (w/w) of
DPE label claim after dilution for analysis]. An
average of three peak area measurements at this
concentration gave a recovery of 131%, a signal-
to-noise ratio greater than 10:1 and a relative
standard deviation (R.S.D.) of = 3.6%.

Three replicates of each 0.968% (w/w) spike
used in the accuracy studies were obtained to
determine single-day precision. The PVL as %
(w/w) of DPE label claim was calculated. On a
second day, three replicates each of the same

Table 2
Summary of day-to-day and operator-to-operator precision

samples were obtained to provide information
concerning day-to-day precision values. Person-
to-person precision experiments were run on the
same samples to provide information about pre-
cision values between different analysts as well
as providing feedback with respect to clarity of
method write-up. Peak area data are summa-
rized in Table 2.

The following parameters for system suitability
are guidelines: tailing factor =1.25 for PVL and
<1.65 for ISTD; and a resolution of =1.0
between PVL and system peak 1 (SP1) and
between ISTD and system peak 2 (SP2) [2]. See
Fig. 4 for a chromatogram illustrating the rel-
evant peaks.

Plate counts and capacity factors are not

Operator A Operator B
Day 1 Day 2
Formula 1 Mean (%, w/w) 0.962 0.972 0.977
S.D. 0.031 0.010 0.021
R.S.D. (%, = 3.2 1.0 22
n 3 3 3
Formula 2 Mean (%, w/w) 0.958 0.985 0.968
S.D. 0.011 0.030 0.041
R.S.D. (%, x) 1.2 3.0 4.2
n 3 3 3
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Fig. 4. Potential interfering system peaks in a chromatogram
of PVL standard.

critical system suitability parameters. Both will
vary considerably over the lifetime of a par-
ticular capillary as ends are cut off to removed
oxidized or contaminated portions. Because the
stationary phase is a stable nitroterephthalic
acid-modified polyethylene glycol and both PVL
and isovaleric acid (ISTD) are volatile free fatty
acids with the same molecular mass, any vari-
ation in the system will result in similar changes
in plate count and capacity factor for both
substances. The tailing factor is a good control
for capillary functionality as increases in this
parameter are indicative of the formation of
activated sites in the capillary. The tailing factor
for the ISTD peak is particularly important, as
values above 1.65 are likely to indicate that the
system has not resolved ISTD and SP2. The
resolution factors are essential controls to assure
adequate separation of PVL and ISTD from
interfering peaks. These interfering peaks, SP1

and SP2, were shown to be from the Milli-Q
water used.

4. Conclusions

A simple, accurate, sensitive and precise GC
method was developed to determine PVL in
DPE-containing ophthalmic solutions. With this
method, the PVL resulting from the degradation
of DPE can be monitored accurately at con-
centrations representing 0.0968 to 9.68% (w/w)
of DPE label claim.
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Electrophoresis in Practice —A Guide to Theory and Practice, by R. Westermeier, VCH, Weinheim,
New York, 1993, XVI + 277 pp., price DM 68.00, £28.00, ISBN 3-527-30012-0 (Weinheim), 1-56081-

705-4 (New York).

The book is organized in three parts: Part I,
Fundamentals; Part II, Methods, and an Appen-
dix.

Part T has the following chapters: the Intro-
" duction explains the basic terms and the classifi-
cation of existing electrophoretic methods. Elec-
trophoresis (Ch. 1) gives a brief description of
electrophoresis in free solution, also including a
page on continuous free flow electrophoresis and
a page on capillary electrophoresis; a brief de-
scription of electrophoresis in supporting media;
an explanation of sieving in gels; principles of
immunoelectrophoresis, pulsed field technique,
DNA sequencing, and two-dimensional electro-
phoresis. Isotachophoresis (Ch. 2) describes
briefly on three pages the principle of this
technique. Isoelectric focusing (Ch. 3) gives the
description of this technique carried out with
free carrier ampholytes and in immobilized pH
gradients. The chapter on Blotting (Ch. 4)
describes the principles, possible problems and
remedies. The chapters on Instrumentation (Ch.
5) and on the interpretation of electrophero-
grams (Ch. 6) are devoted to instrumental as-
pects, and especially to densitometry of electro-
phoretic bands. Valuable is the review of com-
mercial instrumentation and laboratory equip-
ment guide summarized in tables.

Part II, devoted to methods, may be char-
acterized as a cook-book, where one can find
recipes organized in the following scheme: sam-
ple preparation, stock solutions required, casting
of gels, preparation of a cassette, setting of
electrophoretic operational conditions, staining,
and an example of the separation. Method 1 is

SSDI 0021-9673(94)00646-6

on polyacylamide gel electrophoresis (PAGE) of
dyes and shows PAGE of low-molecular-mass
substances. Method 2 is on PAGE of DNA
fragments and shows the separation of oligo-
nucleotides. Method 3 is on agarose and im-
munoelectrophoresis and brings the separation
of protein standard makers. Method 4 is on
titration curve analysis and shows the determi-
nation of the pI values of proteins. Method 5 is
on native PAGE in amphoteric buffers and
describes the cationic separation of proteins in
meat extracts. Methods 6 and 7 are on agarose
isoelectric focusing (IEF) and PAGIEF in rehy-
drated gels, respectively, and they describe IEF
of the same samples as in method 5. Method 8 is
on sodium dodecyl sulfate (SDS)-poly-
acrylamide electrophoresis and describes the
determination of M, of proteins denaturated by
SDS with evaluation of results by commercial
software UltroScan XL. Method 9 is on semi-dry
blotting of proteins and shows blotting of SDS-
denaturated proteins on nitrocellulose. Method
10 is on IEF in immobilized pH gradients and
method 11 is high-resolution two-dimensional
electrophoresis; schemes and detailed recipes are
given of how to analyse proteins by IEF in
immobilized pH gradients and by a two-dimen-
sional technique.

Finally, the Appendix brings a clear trouble-
shooting guide organized as follows: symptom,
cause and remedy; it gives rules and advises on
what to do when something does not work or the
bands are not good. IEF (Al), SDS electro-
phoresis (A2), semi-dry blotting (A3) and two-
dimensional electrophoresis (A4) are covered.
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The book is nice handbook and textbook on
classical electrophoresis for a wide range of
chemists covering newcomers, practitioners, sci-
entists and experts. The text of the book is
clearly written and well organized, where, by
reading several related pages one can grasp a
principle and a method never touched before,
and, by following the step-by-step description
one can practice a procedure never done before.
The text is well illustrated with self-explaining

figures, and, parallel to the main text, the
margins give important references and excellent
glossaries.

The book may be recommended as a reference
book on classical electrophoretic techniques and
the readers may strongly regret that the book
does not cover capillary electrophoresis at a
relevant level.

Brno (Czech Republic) Petr Bocek
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Mass Spectrometry for the Characterization of Microorganisms (ACS Symposium Series, No. 541),
edited by C. Fenselau, Washington, DC, 1994, VIII + 240 pp., price US$ 64.95, ISBN 0-8412-2737-3.

This new volume of the ACS Symposium
Series is truly a comprehensive snapshot in time
of current research by well known authors on the
mass spectrometric characterization of microor-
ganisms. The book is divided into 14 chapters
covering 232 pages with additional pages for
author, affiliation and subject indexes.

A nice feature preceding all of the specialized
chapters is the informative overview provided by
the Editor, Professor C. Fenselau, evaluating the
advantages and disadvantages of mass spec-
trometry (MS) for this purpose. This chapter
summarizes the new possibilities offered by mod-
ern desorption techniques for the characteriza-
tion of chemotaxonomic markers and defines the
structural molecular prerequisites for this task.
Chapters 2 and 3 describe the identification of
lipid biomarkers to characterize changes in the
environment of a given organism and the use of
fast atom bombardment (FAB) for the analysis
of phospholipids, including the possibilities of
differentiating between species and the tax-
onomic value of these data. Phospholipid profil-
ing by tandem MS is further discussed in Chapter
4. This chapter provides useful information on
the effect of growth temperature, time, media
and culturing on these profiles. The authors
describe how the large data sets obtained in this
way may limit in practice the evaluation of the
potential information derived from the use of
this instrumental technique.
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The proper role of pyrolysis—-GC-MS for
microorganism detection and characterization is
described in Chapter 5. Chapters 6 and 7 discuss
the use of GC-MS of volatile metabolites for the
detection of microscopic fungi and microorga-
nisms in general. In the latter case the approach
in similar but instead of headspace methods, the
authors use the rapidly growing technique of
membrane inlet MS (MIMS). It is indicated that
although the present literature does not contain
examples of the use of MIMS for the determi-
nation of metabolites in microorganism identifi-
cation, there are promising possibilities for the
identification of metabolites produced by known
organisms. Interestingly, larger molecules may
be amenable to this type of approach in the near
future. Chapter 8 deals with derivatization GC-
MS of carbohydrate markers for specific bacteri-
al strains or genera. The approach is fairly
comprehensive with useful practical information
and examples. This is followed by a good review
chapter on analytical methods for candidiasis
using blood, serum or urine samples. Chiral
chromatography is used for the separation of
arabinitol enantiomers, which are then identified
by CI-SIM-MS. Chapter 10 is an authoritative
description of the occurrence, role and phylo-
genetic significance of modified nucleosides in
microorganisms determined by thermospray LC—
MS. Finally, Chapter 11 provides examples of
the use of MS (FAB and electrospray) for the
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study of viral proteins in a strain of HIV-1 virus.
This chapter clearly shows how MS can provide
definitive structural information on proteins from
a given microorganism. This is nicely com-
plemented by the examples on the use of FAB
and laser and plasma desorption MS to obtain
structural information on lipid A of Gram-nega-
tive bacteria. As indicated by the authors, bac-
terial strains could thus be identified and dif-
ferentiated. The book closes with two timely and
informative additional chapters on glycolipid
analysis by MS techniques as applied to
pathogenic Haemophilus and Nisseria species, as
well as mycobacteria in general.

In summary, this volume of the ACS Sym-
posium Series contains information that should
be very valuable to students and also to estab-
lished researchers as it presents a condensed
overview of the possibilities and challenges exist-
ing in this field. The various chapters are not t00
extensive but contain just enough data to get
anybody properly started on this topic. The only
problem is that perhaps it appeared rather late
for a camera-ready type of production of the
presentations given in a symposium held August
1992.

Emilio Gelpi

Barcelona, Spain
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any detection system you have
ever dreamed of, any capillary
coating, enough electrolyte sys-
tems to saturate your wits, and
more, and more.

...by far the most thorough
book in the field yet to ap-
pear.”

Journal of Chromatography

“ It is almost encyclopaedic in
its coverage and all chapters
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aspect of CE.”

Talanta
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serves several audiences. The
author is to be commended for
putting together a thoughtful,
complete, and thoroughly use-
ful reference.”

Analytical Chemistry

This book covers all aspects of
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anced treatment of CE. The
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