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Dispersion in packed-column hydrodynamic

chromatography

Gerrit Stegeman, Johan C. Kraak and Hans Poppe*
Laboratory for Analytical Chemistry, University of Amsterdam, Nieuwe Achtergracht 166, 1018 WV Amsterdam (Netherlands)

(First received October 28th, 1992; revised manuscript received December 16th, 1992)

ABSTRACT

Zone broadening of dissolved polystyrenes in packed-column hydrodynamic chromatography (HDC) was studied for a column
filled with 1.5-uwm monodisperse non-porous particles. The reduced plate heights were observed to be almost constant with
mobile phase velocity for reduced mobile phase velocities in a range 2->150. In this velocity range, reduced plate heights well
below 2 were obtained for polymer samples with molecular masses of 2200, 43 900 and 775 000. A comparison was made between
measured plate heights and chromatographic theories of zone spreading. The effects of polymer size, polydispersity and polymer

hydrodynamics on the measured plate heights are discussed.

INTRODUCTION

In hydrodynamic chromatography (HDC),
macromolecules and particles are separated ac-
cording to size. The separation mechanism takes
advantage of the non-uniform flow profile in an
open tube or in the interstitial space in packed
columns [1-6]. Because of their size, large mole-
cules are confined more than smaller molecules
in the centre of a flow channel. As the streamline
velocity is higher in the central part of the
channel, large molecules are eluted before small-
er molecules.

Research in HDC has so far mainly been
aimed at describing the migration behaviour of
macromolecules, in both theoretical and ex-
perimental studies [2-6], and relatively little
attention has been paid to dispersion.

In this paper, we focus on the dispersion of
random coil polymers in packed columns. In
contrast to common chromatographic practice,

* Corresponding author.

0021-9673/93/%06.00

the size of the solutes is no longer infinitely small
compared with the inter-particle flow channels.
This means that wall exclusion and hydro-
dynamic particle-wall interactions may come
into play.

Brenner and Gaydos [3] showed that a
theoretical analysis of the dispersion of finite-
sized solutes in open capillary tubes is severely
complicated compared with infinitely small
solutes. Modifying the Taylor—Aris dispersion
theory to account properly for the finite solute to
tube radius ratio appeared to be an elaborate
process, even for apparently simple solutes such
as isolated, neutrally buoyant, rigid spheres. For
less symmetrical flow channels or for other than
spherical homogeneous particles, realistic model-
ling becomes extremely involved.

In packed columns, rigorous calculations of
the dispersion of finite-sized solutes are imposs-
ible because of the complex geometry of the
interstitial flow channels. In several studies,
therefore, attempts have been made to apply the
dispersion models for open capillaries to packed
columns. This is done by representing the inter-

© 1993 Elsevier Science Publishers B.V. All rights reserved
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stitial flow channels as cylindrical tubes. In the
simplest approach, a packed column is seen as a
bundle of distinct capillaries without intercon-
nections. This model evidently is an oversimplifi-
cation as it does not describe the random mixing
processes that occur in packed beds. Indeed, the
predicted dispersion behaviour was found to be
not in very good agreement with experimental
observations [7]. Mixing effects are better ac-
counted for when the interstitial channels are
depicted as a capillary network, such as pro-
posed by Saffman [8]. Silebi and Viola [9]
modified Saffman’s analysis by including wall
exclusion resulting from the finite solute size.
The dispersion behaviour as predicted by this
modified model was in fairly good agreement
with experimental results, although the effect of
solute size on dispersion was not described
successfully. A more sophisticated theory of the
dispersion of finite-sized solutes in porous media
was developed by Brenner and Adler [10,11].
However, from their general theory, it is not yet
possible to derive simple relationships between
dispersion in packed chromatographic columns
and experimentally accessible quantities, because
of the complex structure of the local interstitial
velocity field.

We follow a different strategy, by starting with
accepted chromatographic dispersion theories for
zero-sized solutes in packed columns. Such
theories have been developed by Giddings [12],
Horvath and Lin [13], Huber [14] and Done and
Knox [15]. Their models, which have been tested
by a wealth of experimental data, are now well
established. The most comprehensive analysis of
dispersion in the (inter-particle) mobile phase
was carried out by Giddings [16,17]. He
provided a detailed description of the various
contributions to zone spreading and estimated
their magnitude. Part of this theory, which is
most relevant to our work, will be briefly out-
lined below.

THEORY

Giddings’ general equation for the dispersion
in the mobile phase in terms of the plate height
His

G. Stegeman et al. | J. Chromatogr. 634 (1993) 149-159

H=HL+Z<1—1—1—> M

—_
HD,i Hf,i

where the H terms are the different plate height
contributions which will be treated subsequently.
H, is the plate height contribution from longi-
tudinal molecular diffusion. This term describes
the zone spreading along the column axis due to
random thermal motion. In packed columns H;
can be written as

H,=2yD, /v (2)

where vy is an obstructive factor accounting for
the obstructions to diffusion along a straight line
imposed by the packing particles and is ca. 0.6
for randomly packed impervious spheres [16,18],
D_, is the diffusion coefficient in the mobile
phase and v is the average mobile phase velocity.
H, is predicted by eqn. 2 to be larger for small
molecules with large D, values than for macro-
molecules with lower D, values.

The second term (in parentheses) in eqn. 1,
called the coupling terms, arises from the non-
uniformities of flow velocity in the mobile phase.
The summation sign allows for the inclusion of
different types of velocity non-uniformities (de-
noted by i). The exchange of molecules between
different velocity domains can occur due to flow
and diffusion. Each parameter Hy, ; describes the
plate height corresponding to a non-uniformity i
when the flow dispersion would be counteracted
by diffusion exclusively. When, in contrast, the
exchange between velocity regimes is solely
effected by random flow, dispersion resulting
from velocity inequalities is represented by a
parameter H;;. Coupling of Hy; and H;,, as
given in each term of the summation in eqn. 1,
amounts to the addition of lateral fluxes due to
diffusion and convection in the exchange of
molecules between flow paths of unequal vel-
ocities.

According to Giddings, the expression for Hp, ;
is

Hy,=wdy/D, (3)

where w; is a constant for a given velocity
inequality i and d,, is the diameter of the packing
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particles. H;, (often called the eddy diffusion
term) can be written as

H; ;= 2’\idp (4)

where A, is another constant, which depends on
the type of velocity inequality.

For columns with non-porous packing partic-
les, four sources of velocity non-uniformities are
distinguished: (1) Trans-channel: the velocity in
the centre of narrow inter-particle flow channels
is higher than near the walls. This is analogous to
the convective dispersion in open-tube flow after
Taylor—Aris. (2) Short-range inter-channel: in
some channels, the velocity is higher than in
channels nearby because of differences in shape,
openness and obstructions. (3) Long-range inter-
channel: in some regions, the velocity is higher
than in others because of differences in void
geometry. This effect resembles (2) but is of
longer range. (4) Trans-column: the velocity is
potentially higher near the column wall than at
the column centre, owing to looser packing near
the wall. Approximate values for the constants w,
and A; as given by Giddings [16] are summarized
in Table I.

For a more universal representation of disper-
sion it is convenient to use dimensionless quan-
tities. In terms of the dimensionless reduced
plate height h = H/d and reduced velocity v =
vd,/D,, the equation for the mobile phase plate
height becomes

2y 1
han ="+ 2 (T )

wy 2N
where &, is used to indicate that only kinetic

TABLE I

APPROXIMATE MAGNITUDES OF THE PARAME-
TERS w, AND A,

Type of velocity non-uniformity ; A;

(1) Trans-channel 0.01 0.5
(2) Short-range inter-channel 0.5 0.5
(3) Long-range inter-channel 2 0.1

(4) Trans-column 0.001p%“

“ p = Column-to-particle diameter ratio.
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contributions to zone broadening are considered.
Other, non-kinetic, contributions will be treated
in the discussion of the experimental results.

Although it is generally recognized that eqn. 5
has a sound theoretical basis, it does not re-
produce experimental data well when the pro-
posed values for A; and w; are used [19]. This can
be ascribed largely to a failure to account cor-
rectly for trans-column effects. Giddings pre-
dicted an ever-increasing trans-column plate
height with increasing column to particle diam-
eter ratio p. Since then, it has been found
experimentally that p does not affect plate
heights to the extent of Giddings’ predictions.
Knox and Parcher [20] found that the trans-
column plate height increases with p until p =10
and then attains a constant value. In later work,
it was even argued that trans-column effects are
likely to become negligible for very large values
of p [21].

Based on our results for a 4.6 mm 1.D. column
filled with 1.5-um particles, Giddings’ original
theory predicts a trans-column plate height of at
least 10* for reduced velocities exceeding 1. This
is indeed far from our measured values, which
were below 2, as will be shown later.

In Fig. 1, the mobile phase plate height
contributions according to Giddings are shown
for a column with non-porous particles. The

4 A

"120 140 160
Fig. 1. Mobile phase plate height for unsorbed solutes in an
infinite diameter column with non-porous particles. Plate
height contributions according to Giddings (eqn. 5). Dotted
line, longitudinal molecular diffusion; dashed lines, coupling
terms with (1) trans-channel, (2) short-range inter-channel
and (3) long-range inter-channel contributions; solid line,
sum curve. w, and A, are taken from Table 1; y =0.6.
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trans-column effect is not included. As Gid-
dings’ trans-column effect results from the in-
fluence of the wall on the packing density, Fig. 1
represents the plate height contributions for a
so-called “infinite diameter column” (i.e., a
column in which the solutes cannot reach the
region of disturbed packing near the wall). The
reduced velocity range in Fig. 1 corresponds to
the range that will be covered by our measure-
ments. It is obvious that at low reduced vel-
ocities, the plate height is dominated by the
longitudinal molecular diffusion term. After the
summed curve has passed through a minimum at
v =135, h,,, is determined mainly by the coupling
terms. Note that the relative importance of each
of the coupling terms can vary strongly with
velocity.

Starting from Giddings’ theory, Kennedy and
Knox [22] derived a simpler, semi-empirical
relationship for h, which in general fits ex-
perimental data well. In the Knox equation, the
coupling process is approximated by a power
term av” leading to [22]
2y

Piin = > +av” (6)
where o is a measure of the quality of the
packing; a is usually within the range 0.5-1.5 for
a well packed column [23], having a typical value
of 1[17,24]. Values of a below 0.5 have frequent-
ly been found for columns with p <10 [20,25,26],
but not often for p > 10 [22,27]. The exponent n
is usually found to be ca. 0.33. When wall effects
are eliminated n has been found to be much
smaller. For these infinite diameter columns n
values as low as 0.20 have been found by Knox
and co-workers [20,27] using non-porous glass
beads as packing particles. Hence the particular
shape of the Knox equation appears to reflect
the influence of wall effects.

In Fig. 2, two forms of the Knox equation are
shown representing plate height contributions for
unsorbed solutes in (1) an infinite diameter
column and (2) a walled column with non-porous
particles. The factors a and n were determined
by Knox and co-workers from experimental data
for non-porous glass beads [22,27]. The most
important difference between the infinite diam-
eter column and the walled column is evidently
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Fig. 2. Two forms of the Knox equation for the mobile phase
plate height of unsorbed solutes in (1) an infinite diameter
column and (2) a walled column with non-porous particles
(eqn. 6). Dotted line, longitudinal molecular diffusion;
dashed lines, contribution from the complex flow pattern,
av”, for (1) an infinite diameter column with « =0.73 and
n=0.20 [27] and (2) a walled column with «=0.37 and
n=0.33 [20,22]; solid line, sum curve. In both instances
v=0.6.

the different slope of the summed curves at
higher reduced velocities. For the infinite diam-
eter column, % rises more gradually with v than
for the walled column.

Both the Knox semi-empirical equations,
which were derived using a curve-fitting proce-
dure, and Giddings’ theory, which is more
directly related to the transport phenomena in a
packed column, will be used in this study of
dispersion in packed-column HDC.

EXPERIMENTAL

Materials and chemicals

The HDC column used was a 150 X 4.6 mm
I.D. stainless-steel column (Chrompack, Middel-
burg, Netherlands), which was laboratory packed
with monodisperse non-porous silica spheres.
The packing particles were a kind gift from
Professor K.K. Unger (Johannes Gutenberg
Universitit, Mainz, Germany). The size and the
size distribution of the particles were determined
from electron micrographs. Measurement of the
diameter of 50 particles revealed an average
particle diameter of 1.50 um. The relative stan-
dard deviation for the diameter of a single bead
was 2.3%. More detailed information about the
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Fig. 3. Detection capillary with column connection. 1 =PTFE tube, 1.59 mm (1/16 in.) O.D. and 330 um I.D.; 2 =laboratory-
made PTFE ferrule; 3 = stainless-steel nut; 4 = fused-silica capillary, 300 um O.D. and 100 um I.D.; 5 = capillary flow cell holder

with focusing lens.

packing particles, the packing procedure and the
column characteristics are presented elsewhere
[28].

The solvent used was analytical-reagent grade
tetrahydrofuran (THF) from Merck (Darmstadt,
Germany). Before use, THF was filtered through
a 0.1-um inorganic membrane filter (Anodisc 47;
Anotec, Banbury, UK).

The solutes used were analytical-reagent grade
toluene (Merck) and polystyrenes (PS) having a
relative weight-average molecular mass (M,) of
2200 (Merck), 43900 (Toyo Soda, Tokyo,
Japan) and 775000 (Toyo Soda). The polydis-
persity P of the polymers was less than 1.06, 1.01
and 1.01, respectively, according to the manufac-
turer. The polymer concentrations used were
0.08 mg/ml.

Apparatus

The experimental set-up was built up from
conventional HPLC equipment. A Spectroflow
400 HPLC pump (ABI, Ramsey, NJ, USA) was
used for solvent delivery. A pneumatically
driven injection valve with a Model CidWi 1-ul
internal sample loop (VICI, Houston, TX, USA)
was modified for high-speed switching by means
of a speed-up kit (VICI). The detector was a
Spectroflow 757 variable-wavelength UV detec-
tor (ABI), operated at 210 nm. The conventional
UV detection cell was replaced with a capillary
flow cell holder (ABI) in order to decrease
external peak broadening. A small length of a 15
cm X 100 um 1.D. fused-silica capillary, which
was directly coupled to the column outlet, served
as a detection cell with a volume of less than 10
nl. This part of the set-up is outlined in Fig. 3.
Retention times were measured using a Model

3390A integrator (Hewlett-Packard, Avondale,
PA, USA). Plate heights were determined from
the peak widths at half-height, using recorder
drawings from a Kompensograph 3 strip-chart
recorder (Siemens, Karlsruhe, Germany).

RESULTS AND DISCUSSION

In Fig. 4, the measured plate heights are
plotted against v for all test solutes used. It
appears that the plate heights, measured for PS
43900 and PS 775000, are almost independent
of mobile phase velocity and increase only slight-
ly with increase in velocity. Moreover, for both
polymers the plate heights found are almost the
same. The smaller solutes toluene and PS 2200
showed a stronger velocity dependence of H. For
these solutes the increase in H with decreasing
velocity is evidently caused by the longitudinal
molecular diffusion terms H .

The very low plate heights found for the
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Fig. 4. Plate height versus mobile phase velocity for solutes
in THF. V = Toluene; ¢ =PS 2200; O =PS 43900; A=PS
775 000.
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higher molecular masses are of great importance
for high-resolution separations in HDC. In addi-
tion, as H is almost independent of velocity,
high-speed separations are possible without loss
of resolution. These aspects are treated more
extensively elsewhere [28].

Calculating plate heights from the peak width
at half-height is only allowed when the peaks are
sufficiently symmetrical. The peak shapes for the
solutes used were observed to be symmetrical
except for a slight tailing effect. Asymmetry
factors, measured at one tenth of the peak
height, were 1.1 (for toluene) to 1.3 at the lowest
eluent velocity. Peak tailing was observed to
increase with eluent velocity. At the highest
velocity, asymmetry factors up to 1.6 were mea-
sured. The peak asymmetry for the polymers
peaks was found to depend strongly on polymer
concentration. At higher concentrations than
those used for Fig. 3, peak asymmetry increased.
This effect was more pronounced for higher
molecular masses. Also, replacing the 100-pum
I.D. tubing between the injector and column by
250-pm I.D. tubing worsened the peak shapes
and increased the peak widths, especially for the
higher molecular masses. The latter observation
indicates that extra-column effects may be partly
responsible for observed peak asymmetry.

The experimental results from Fig. 4 are
plotted in reduced form in Fig. 5, together with
the sum curves from Figs. 1 and 2. As predicted
by chromatographic theory, the measured re-
duced plate heights all fall on a single curve.
Comparing the experimental results with the
theoretical lines, it is striking that they do not
agree well with Knox’s empirical line for a
walled column. At velocities beyond the mini-
mum in the plate height curve, the measured
plate heights appear to depend much less on v
than predicted. The match cannot be improved if
we choose a different value for «. Clearly, the
exponent # in the Knox equation is too high to
fit our results. Both lines for the infinite diameter
column, which deviate from one another only
slightly, correspond much better to experiment.
The exponent n =0.20 in the Knox equation is
still too high to match the measured data, but
the agreement is much better than for n = 0.33.
In terms of the slope of the curve at higher
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Fig. 5. Reduced plate height versus reduced velocity. Mea-
sured data: V = toluene (D, =2.66x107° m?/s [29]); O =
PS 2200 (D,, = 4.49 x 107'° m*/s [30]); O =PS 43900 (D, =
8.31x 107" m*/s [30]); A=PS 775000 (D, =1.65x10""
m*/s [30]). The theoretical lines are the sum curves from
Figs. 1 and 2. Solid line, Giddings, infinite diameter column;
dotted line, Knox, infinite diameter column; dashed line,
Knox, walled column.

velocities, the theoretical line by Giddings corre-
sponds best to our experimental results.

Fig. 5 seems to indicate that a trans-column
effect is absent or at least negligible in our
measurements. This can be made more convinc-
ing when we look in more detail at the trans-
column velocity inequalities.

The effect of the different packing structure
near the column wall on axial dispersion was
investigated by Knox et al. [27]. They concluded
that the wall region of disturbed packing extends
about 30 particle diameters inwards from the
wall, much deeper than suggested in earlier work
[20]. The extent to which this wall region affects
axial dispersion depends on the fraction of the
column cross-sectional area, occupied by the
annulus of irregular packing. The effect of the
wall region on dispersion thus depends strongly
on p. For very large values of p (>1000), the
effect of the wall region is likely to become
negligible [21], in contrast to Giddings’ predic-
tion of an ever increasing plate height with
increasing p.

In our column, p is as high as 3067, owing to
the very small particles used. Assuming a dis-
turbed wall region of 30 particle diameters, this
layer still only covers 4% of the cross-sectional
area of our column. This fraction is so small that
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its effect on the peak shape is probably neglig-
ible. Even if wall effects do slightly change the
peak shapes, they will not in the first place affect
the peak width at half-height (which was used for
our plate height calculations), but rather broaden
the base of the peaks.

Disturbance of the packing near the wall is not
the only source of trans-column velocity varia-
tions. Knox et al. {27] also measured small
velocity variations in the central part of the
column. They observed a slight increase in
velocity with increasing distance from the
column axis. The packing inhomogeneity causing
this type of trans-column effect is believed to
depend strongly on the packing method and on
the uniformity of the packing particles [16,27].
As a major source, it has been put forward that
during packing, larger particles tend to settle
near the column wall and smaller particles near
the centre. The use of very monodisperse pack-
ing particles may help to minimize trans-column
velocity variations. Our particles being more
uniform than those used by Knox and co-work-
ers may be the reason why the slope of our A—v
curve is smaller than their curve for infinite
diameter columns [20,27].

A negligible trans-column contribution may be
the reason why our measured data closely resem-
ble both the theoretical and the empirical lines
for an infinite diameter column rather than the
empirical line for a walled column. It is, how-
ever, too early to conclude that dispersion in
HDC is now clarified. Complications, e.g., those
arising from the finite solute size, and effects of
polydispersity on measured plate heights, have
not been considered so far. These aspects are
discussed below.

Polydispersity

In the molecular mass distribution of the
polymers used is not sufficiently narrow, polydis-
persity will increase the peak width and lead to
higher apparent plate heights. Knox and McLen-
nan [31] studied the effect of polydispersity on
the measured plate height in size-exclusion chro-
matography (SEC). They obtained the following
equations for the combined dispersion due to
kinetic processes and polydispersity in SEC:
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happ = hkin + hpoly (7)
where

L S\?2
o= ()P =10+ (57 ®)

h,,p is the apparent (or measured) reduced plate
height and h,;, and h,, are the kinetic and
polydispersity contributions. In the polydispersi-
ty term, L is the column length, B is a weak
function of (P — 1) and has a value of about 1, §
is the negative inverse slope of the calibration
curve of —d(V;)/d(In M) and V; is the elution
volume of a solute.

It was shown that even in moderately efficient
SEC columns, polydispersity is the dominating
term in Ak, unless P is well below 1.01. Whether
polydispersity has an equal impact in HDC is
easily investigated, as eqns. 7 and 8 are also valid
in HDC. For a rough comparison of the effect of
polydispersity on h,,, in SEC and HDC, a
comparison of the most relevant parameters A,
and § suffices. In HDC, h,;, is usually much
smaller than in SEC because of the absence of
slow mass transfer between the pore space and
the inter-particle channels [32]. In HDC the
parameter S, describing the molecular mass
selectivity, is not constant with molecular mass,
because of the non-linear calibration graph. At
the flattest part of the calibration graph the
molecular mass selectivity may be as high as in
conventional SEC. From this it appears that the
impact of polydispersity on plate height in HDC
may even be larger than in SEC.

Using eqns. 7 and 8, a more accurate estimate
of the effect of polydispersity on the measured
plate height can be made. In order to calculate
h,, for the polymer fractions used, the values of
(S/V,)* were determined from the experimental
calibration graph which is shown in ref. 28. The
values found were 1.39x107° for PS 2200,
3.78 x 107 for PS 43 900 and 6.19 X 10> for PS
775000. Note that the difference in (S/Vy)®
values reflects the distinction in molecular mass
selectivity for the polymer samples. Here the
column selectivity is clearly highest for PS
775000 as a result of the curvature of the
calibration graph.

Based on the (S/V,)” values, the plate height
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Fig. 6. Contribution from polydispersity to the reduced plate
height for (dot-dashed line) PS 2200, (dashed line) PS 43 900
and (solid line) PS 775 000.

contribution from polydispersity, 4, is calcu-
lated as a function of polydispersity in Fig. 6.

For PS 2200, a polydispersity of 1.06 means
that h, =0.1. This is already relatively large
compared with the measured reduced plate
heights. For PS 43900, A, is 0.4 for the
specified polydispersity ceiling value of 1.01.
Such a large value of 4, should have increased
the measured plate heights significantly com-
pared with those for PS 2200. From Fig. 5 it
appears, however, that the measured plate
heights for PS 43900 and PS 2200 are on a
smooth curve and are not visibly shifted. Probab-
ly the actual polydispersity of the PS 43900
sample is smaller than the maximum value
specified by the manufacturer.

For PS 775 000, the manufacturer’s value (P =
1.01) yields a calculated h,,, value of 6. This
value is almost four times higher than the mea-
sured (total) reduced plate height. Here it is
clear that the stated ceiling value is much higher
than the actual polydispersity. The actual poly-
dispersity of PS 775000 cannot be determined
exactly from our measurements as we do not
know the precise magnitude of h,;,. If &, were
entirely determined by polydispersity (i.e.,
Rapp = P ooy = 1.5), we calculate a polydispersity
of 1.002. Even this low value is actually still too
high as it implies that A,;, =0. A more realistic
estimate of &,,,,, on the basis of the plate heights
measured for the smaller polymers, indicates
that 4, does not exceed 0.3, or in other words
P <1.0005.

Large differences between actual polydisper-
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sities and ceiling values have been reported
before in thermal field flow fractionation [33,34].
The explanation for these differences is that the
stated ceiling values are very conservative esti-
mates. Given the error in the individual determi-
nations of the weight- and number-average mo-
lecular masses and considering the scatter in
these values obtained by various techniques, the
specified polydispersities may well be much high-
er than the actual polydispersities [35].

From the preceding discussion, it appears that
the polydispersity of the polymer samples is an
important plate height contribution in the high
selectivity region of the HDC calibration graph.
The separation power of the column used is so
high that even for true polydispersities as low as
1.01 the measured plate heights are expected to
be dominated by polydispersity. Even though the
true polydispersities of the polymer samples used
may be much lower than 1.01, the measured
plate heights (for PS 43 900 and PS 775 000) are
still likely to include a significant polydispersity
contribution. In order to be assured that the
measured plate heights are equal to h,,,, poly-
mer samples with an extremely narrow molecular
mass distribution, preferably real monodisperse
samples, are required. Unfortunately, such sam-
ples are not available in the range of higher
molecular masses. Another way to isolate A, is
to measure h,,, at a fixed eluent velocity on
columns of different lengths (see eqns. 7 and 8).
Extrapolation of &,,, to zero column length
should give values of A, . This procedure was
not employed by us. As a result, we do not know
the absolute magnitude of h,;,. The dependence
of h,,, on v can nevertheless still be obtained

kin
from Fig. 5 as polydispersity shifts the A, —v
curve by a fixed amount (equal to A, ) towards

higher apparent plate heights.

Polymer size

When the size of the flow channels is not
enormously large compared with the size of the
solute molecules, several effects that are not
included in dispersion theories for infinitely small
molecules may become of importance.

Exclusion regions. Owing to the finite size of
the molecules, the centre of mass of a solute
molecule is excluded from flow regions in the
flow channel, within a distance of one effective
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polymer radius from the wall. For flow in narrow
channels between parallel plates and for flow in
open tubes, the effect of wall exclusion on
dispersion (leaving out hydrodynamic wall ef-
fects) can readily be expressed in modifications
of plate height models for zero-sized solutes
[2,36]. DiMarzio and Guttman [2] developed an
expression for the convective contribution to
axial dispersion for solute particles or radius 7, in
open tubes of radius r.. They found that the
finite solute size reduces the convective term by
a factor of [1 - (rp/rc)]6 compared with the limit
for infinitely small molecules. In capillary HDC,
where r,/r, ratios are usually in the range 0.01-
0.3, the reduction of plate heights can be
profound.

In packed columns, the effect of wall exclusion
on dispersion cannot be described as precisely as
for open capillary tubes, so a more approximate
approach is required. Exclusion layers are ex-
pected to have a predominant influence on the
convective dispersion in a single flow channel by
reducing the cross-sectional diffusion distance, as
illustrated in Fig. 7. In Giddings’ theory this
implies a reduction of the trams-channel plate
height term. As wall exclusion is a short-range
effect, it will not in the first place influence the
other coupling terms.

There is, however, one effect of longer range
we might have to consider, namely the effect of
exclusion on the average solute velocity. Wall
exclusion causes the average velocity of finite
sized solutes to be higher than the average

packing particle

Fig. 7. Wall exclusion in packed columns.
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solvent velocity. This exclusion effect is much
stronger in narrow than in wider channels. Ex-
clusion may thus partly compensate for the lower
average ecluent velocity in narrower flow chan-
nels and more densely packed column regions. It
can therefore reduce the difference in solute
velocity between channels of different cross-sec-
tional size. In terms of Giddings’ dispersion
theory, this would reduce the inter-channel ve-
locity variations for finite-sized solutes. We do
not expect that such inter-channel effects are
pronounced and rather focus on the trans-chan-
nel effect.

We can make a rough estimate of the exclu-
sion effect when we assume that the trans-chan-
nel term Ay, in Giddings’ model is reduced to
the same extent as the convective dispersion in
an open tube of comparable cross-sectional size
after DiMarzio and Guttman [2]. In order to
calculate r,/r, we then need to assign an equiva-
lent capillary radius to the flow channels in a
packed column. As an equivalent radius we
obviously choose the hydraulic radius, because it
has been shown to be convenient in modelling
size effects on retention behaviour in HDC
[1,37]. For the column used, we obtain a hy-
draulic radius of 0.32 um [28]. Consequently,
the r,/r_ ratios for the polymers used are 0.0034
for PS 2200, 0.020 for PS 43900 and 0.11 for PS
775000 [28]. The estimated reduction in w, is
then 2%, 11% and 47%, respectively. This
reduction seems pronounced but, as it only
affects one coupling term, the effect on the
overall plate height curve is small. A change in
hp, most severely affects h,;, at the higher
reduced velocities (see also Fig. 1). At v =160
the calculated plate height reduction due to wall
exclusion is 0.005 for PS 2200, 0.03 for PS 43 900
and 0.2 for PS 775000. Under the actual ex-
perimental conditions, the shift for PS 2200 and
PS 43900 is even smaller because the reduced
velocities for these solutes are smaller.

Hydrodynamic wall effects. When the trans-
port of finite sized particles in small flow chan-
nels is considered, hydrodynamic particle—wall
interactions should also be accounted for. The
role of such interactions in the transport of
homogeneous spherical particles in cylindrical
tubes has been treated extensively by Brenner
and Gaydos [3]. Owing to hydrodynamic wall
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effects, the particle diffusivity is not a constant as
in unbounded fluids. Rather, axial and trans-
verse diffusivities are functions of the transverse
position of the particle, both becoming zero for a
sphere in contact with the wall. Consequently,
the mean axial molecular diffusion coefficient is
diminished below its value in an unbounded
fluid. The diffusivity is reduced to a larger extent
when the ratio of the particle diameter to the
flow channel diameter increases. If we again
consider the 7, /r_ values for our packed column,
the diffusivity reduction, calculated according to
Brenner and Gaydos [3], would be 2%, 7% and
30% for PS 2200, 43 900 and 775 000, respective-
ly. Although these values are strictly valid only
for open tubes, they show that a pronounced
reduction of diffusivity is also to be expected in
our packed column.

Another result of hydrodynamic particle-wall
interactions is that the centre of a solute mole-
cule lags the local flow in which it is suspended
[1-4]. This hydrodynamic retardation effect (so-
called slip flow) also varies with the transverse
position of the solute.

When hydrodynamic wall effects are consid-
ered together with wall exclusion, the convective
dispersion of finite sized particles in an open
tube differs from that of zero-sized solutes by a
factor of 1 — (1.862r,/r,) + 9.68(r,/r)’ [3]. From
this factor it appears that the finite solute size
reduces dispersion compared with infinitely small
solutes, provided that the r /r. ratio does not
exceed 0.14. If we again depict the interstitial
flow channels in a packed column as open tubes,
we calculate a reduction in convective dispersion
of 0.6%, 3% and 9% for PS 2200, 43900 and
775 000, respectively. These percentages are sub-
stantially lower than those given under Exclu-
sions regions, where only wall exclusion was
considered. Including hydrodynamic wall effects
therefore appears to diminish the overall effect
of finite solute size on convective dispersion in
an open tube. When the impact of both hydro-
dynamic wall effects and wall exclusion on A, is
calculated (as under Exclusion regions), it ap-
pears to be negligibly small for the polymer
fractions used. If our calculations are in any way
able to give realistic estimates of hydrodynamic
wall effects and wall exclusion in packed
columns, then the overall effect of finite solute
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size on dispersion in packed-column HDC is
negligibly small. This is speculative, however,
because applying capillary models to describe
hydrodynamic wall effects and wall exclusion in
packed columns may well prove to be an over-
simplification.

Other considerations

In addition to the polydispersity and size
effects mentioned above, other factors might
also influence the dispersion in packed columns.
One important factor might be the distribution
of solutes over the accessible radial positions.
Until now we assumed this distribution to be
uniform, but this need not be so in practice.
Owing to, for example, hydrodynamic forces,
depletion of macromolecules in the wall regions
and enrichment in the centre of a flow channel
may occur. Phenomena leading to opposite ef-
fects have also been described [28]. A disturb-
ance of the equilibrium concentration profile in a
flow channel may either increase or decrease
dispersion. A pronounced decrease in dispersion
has, for example, been reported in open tubes
where particles were focused into an annular ring
owing to the “tubular pinch” effect [4,38,39].
Possibly a build-up of a transverse concentration
profile occurs also in flow channels in a packed
column. However, the effect on 4 is expected to
be smaller than in open tubes, for the following
reasons. First, a build-up of a concentration
profile in packed columns is counteracted by
stream splitting and other randomizing flow
phenomena. Second, a concentration profile
mainly has a short-range effect, just like wall
exclusion. In terms of Giddings’ plate height
model, a concentration profile will influence the
trans-channel effect, but will not change disper-
sion resulting from velocity differences existing
between neighbouring channels or between cer-
tain regions in the column. By changing only one
coupling term, the effect of a non-uniform con-
centration profile on the measured plate height
will be relatively small. Accurate estimates are
unfortunately obstructed by the complex flow
pattern in packed columns.

CONCLUSIONS

In packed-column HDC, the reduced plate
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heights for polystyrenes of widely differing mo-
lecular masses and toluene appear to lic on one
smooth line. Measured reduces plate heights, in
a wide range of reduced velocities, are in good
accordance with both Giddings’ theoretical
model and the Knox semi-empirical model for
the dispersion of small molecules in packed
infinite diameter columns. The measured plate
heights indicate that the effect of the disturbed
packing near the column wall and other trans-
column effects do not influence zone broadening
to a large extent. For the higher molecular
masses (which are of actual interest in HDC),
the main kinetic source of zone spreading is the
random flow in a packed column. The polydis-
persity of the solutes appears to be a severe
limitation for obtaining 4., in the high selectivi-
ty region of the HDC calibration graph. The
effect of size and hydrodynamic particle—wall
interactions on dispersion in packed column
HDC cannot be determined exactly. According
to approximate theoretical calculations and avail-
able experimental evidence, they do not affect &
to a large extent.
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ABSTRACT

Monosize polystyrene (PS) microbeads (4 pwm in diameter) were produced by phase inversion polymerization of styrene in
ethanol-methoxyethanol medium. They were coated with poly(viny! alcohol) (PVAL) by adsorption and chemical cross-linking to
decrease the non-specific protein adsorption. Cibacron Blue F3G-A was then attached for specific protein adsorption. The
adsorption conditions were optimized to increase the amount of PVAL by changing the initial concentration of PVAL, and using
different types of salts at different ionic strengths. Higher amounts of PVAL (up to 19 mg PVAL/g PS) were loaded by increasing
the PVAL initial concentration and by using Na,SO, at a higher ionic strerigth:(0.2). Bovine serum albumin (BSA) adsorption
and desorption on these PS-based microbeads were also investigated under different conditions. PVAL coating prevented the
non-specific BSA adsorption. A higher amount of BSA (up to 60 mg BSA /g dye-attached PS/PVAL) was specifically adsorbed on
dye-attached PS microbeads, especially around pH 5 and lower ionic strengths (0.01). About 90% of the adsorbed BSA was

desorbed in 1 h by using 0.5 M NaSCN.

INTRODUCTION

The interest in and demand for proteins in
biotechnology, biochemistry and medicine have
contributed to an increased exploitation of affini-
ty chromatography. Unlike other forms of pro-
tein separation, affinity chromatography relies
on the phenomenon of biological recognition,
which enables biopolymers to recognize specifi-
cally, and bind reversibly, their complémentary

* Corresponding author.

0021-9673/93/$06.00

ligands (e.g., enzymes) and their substrates,
hormones and their receptors, antibodies and
their antigens [1-3].

Unfortunately, the preparation of sorbents
carrying biological ligands is usually very expen-
sive because the ligands themselves often require
extensive purification and it is difficult to immo-
bilize them on the carrier matrix with retention
of their biological activity. As an alternative to
their natural biological counterparts, the reactive
triazinyl dyes have been investigated as ligands
for protein affinity separation [4—6]. These dyes
are able to bind proteins in a remarkably specific

© 1993 Elsevier Science Publishers B.V. All rights reserved
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manner. They are inexpensive, readily available,
biologically and chemically inert and are easily
coupled to support materials. Cibacron Blue
F3G-A and many other reactive dyes have been
coupled to a variety of supports including aga-
rose, cellulose, polyacrylamide, Sephadex, silica
and glass [7-12]. Dye-ligand chromatography
has now permitted the purification of a wide
range of proteins (e.g., lactate hydrogenase,
alcohol dehydrogenase, hexokinase, carboxyl
peptidase) [4-12].

Recently we prepared monosize polystyrene
(PS) microbeads [13,14], and in this work we
attempted to use these microbeads as a carrier
matrix for affinity purification of proteins. In
order to prevent non-specific interactions be-
tween the hydrophobic polystyrene surface and
protein molecules, and also to attach the ligand
(i.e., Cibacron Blue F3G-A) to the carrier ma-
trix, these microbeads were coated with a hydro-
philic layer, namely poly(vinyl alcohol) (PVAL).
We selected albumin as a potential model pro-
tein. We studied both non-specific albumin ad-
sorption on the polystyrene microbeads and also
specific albumin adsorption on the dye-attached
PS/PVAL microbeads. This paper describes the
methods of preparation of PS/PVAL microbeads
and dye attachment, and presents the results of
albumin adsorption and desorption studies.

EXPERIMENTAL

Production of monosize PS microbeads
Monosize PS microbeads were produced by
phase inversion polymerization of styrene. De-
tails of the polymerization procedure were given
elsewhere and are summarized below [15].
Styrene was obtained from Yarpet and was
first treated with NaOH solution to remove
inhibitor. The solvents, 2-methoxyethanol
(BDH) and ethanol (Merck) were used without
further purification. The initiator was 2,2'-
azobisisobutyronitrile  (AIBN) (BDH). The
steric stabilizer, polyacrylic acid, was prepared
by solution polymerization of acrylic acid (BDH)
in 1,4-dioxane (BDH) as described previously
[15]. All of the ingredients were dissolved in the
solvent mixture. This single phase was polymer-
ized at 75°C for 16 h, and then at 80°C for 8 h.
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The stirring rate was 250 rpm. The phase inver-
sion polymerization recipe and conditions to
obtain 4-um monosize PS microbeads are given
in Table L.

The PS microbeads were first cleaned with
doubly distilled water by using the serum re-
placement technique and then treated with an
anion- and cation-exchange resin mixture (H”
and OH™ type, Amberlite) (BDH) to remove
the stabilizer and initiator molecules physically
attached to the surfaces of the microbeads.

Coating of PS microbeads with PVAL

Monosize PS microbeads were coated with
PVAL by a two-step procedure. In the first step,
PVAL (average M, 14000, 100% hydrolysed)
(Aldrich) was deposited on the surface of PS
microbeads by a simple adsorption process car-
ried out in an aqueous medium. In order to
establish the optimum adsorption conditions,
PVAL adsorption experiments were performed
in the presence of three different salts, NaCl,
CaCl, and Na,SO,. These adsorption studies
were repeated at three different ionic strengths
(0.05, 0.1 and 0.2). The initial PVAL concen-
tration was also changed between 10 and 700
mg/l. In a typical adsorption experiment, first a
suitable amount of PVAL was dissolved in 100
ml of water and the ionic strength of solution
was adjusted by adding salt, then 3 g of dried PS
microbeads were added. The solution was stirred
for 2 h (i.e., the equilibrium time, determined in
preliminary studies) with a magnetic stirrer at
200 rpm at 25°C. At the end of the equilibrium
period, microbeads were separated from the
solution by centrifugation. The PVAL adsorbed

TABLE I

POLYMERIZATION RECIPE AND CONDITIONS FOR
THE PRODUCTION OF MONOSIZE POLYSTYRENE
MICROBEADS WITH A DIAMETER OF 4 um

AIBN 075 g
Styrene 35 ml
Ethanol 100 ml
2-Methoxyethanol 100 ml
Polyacrylic acid 35¢g

75°C for 16 h and 80°C for 8 h
250 rpm

Temperature and time
Stirring rate
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on the PS microbeads was determined by
measuring the initial and final concentrations of
PVAL within the adsorption medium, according
to the KI-I, method, spectrophotometrically at
690 nm [16].

In the second step, PVAL molecules adsorbed
on the PS microbeads were chemically cross-
linked to give a stable PVAL coating on the
microbeads. After adsorption of PVAL from a
suitable solution, the final acid concentration of
the medium was adjusted to 0.1 M by adding
HCl. A 10-mg amount of terephthaldehyde
(Sigma) was dissolved in 10 ml of water and this
solution was added to the previous medium. The
batch was first stirred for 48 h at 500 rpm at
25°C. The temperature was then increased to
80°C and cross-linking was completed in 4 h in a
sealed reactor with a stirring rate of 400 rpm.
The microbeads were filtered and washed several
times with distilled water. The PVAL-coated
microbeads were stored under distilled water.

Characterization of microbeads

The size and size distribution of PS micro-
beads were measured by using an optical micro-
scope (Nikon, Alphaphot YS). The PS micro-
beads were filtered and dried in a vacuum oven
and then optical micrographs were taken. The
presence of PVAL on the surface of the PS
microbeads was confirmed by IR spectrophoto-
metry (Hitachi Model 230 instrument). PS and
PS/PVAL microbeads were filtered and washed
several times with distilled water and dried in a
vacuum oven. The IR spectra of the dried micro-
beads in a KBr (IR grade, Merck) disc were
obtained. The IR spectrum of a KBr disc con-
taining no dried polymeric microbeads was also
recorded and no hydroxyl peak which might
originate from the moisture of KBr was detected
in this spectrum.

Dye attachment to PS/PVAL microbeads

A 300-mg amount of Cibacron Blue F3GA
(Polyscience) was dissolved in 10 ml of water.
This dye solution was added to the aqueous
microbeads latex prepared by dispersing 3.0 g of
PS/PVAL microbeads in 90 ml of distilled water,
then 4 g of NaOH were added. The medium was
heated at 80°C in a sealed reactor for 4 h at a
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stirring rate of 400 rpm. The microbeads were
filtered and washed with distilled water and
methanol several times until all the unbound dye
was removed. The microbeads carrying the dye
were then redispersed in 30 ml of distilled water.

BSA adsorption and desorption studies

Bovine serum albumin (BSA, lyophilized,
Fraction V; Sigma) was selected as a model
protein. BSA adsorption on the PS, PS/PVAL
and dye-attached PS/PVAL microbeads was
studied. Adsorption studies were performed at
different pH values. The pH of the adsorption
medium was changed between 4 and 8 by using
different  buffer  systems (CH,;COONa-
CH,COOH for pH 4-6, K,HPO,-KH,PO, for
pH 7 and NH,-NH,Cl for pH 8). Adsorption
experiments were repeated at two different ionic
strengths (0.01 and 0.1, adjusted by using NaCl).
The initial BSA concentration was varied be-
tween 0.5 and 7.0 mg/ml. In a typical adsorption
experiment, BSA was dissolved in 25 ml of buf-
fer solution containing NaCl, 0.2 g of microbeads
was added and the adsorption experiments were
conducted for 2 h at 25°C at a stirring rate of 100
rpm. At the end of equilibrium period, the
microbeads were separated from the solution by
centrifugation. The albumin adsorption capacity
was determined by measuring the initial and final
concentrations of BSA within the adsorption
medium spectrophotometrically at 280 nm [17-
19].

BSA desorption experiments were performed
in a buffer solution containing 0.5 M NaSCN at
pH 8.0. The BSA-adsorbed microbeads were
placed in the desorption medium and stirred for
1 h at 25°C. The final BSA concentration was
determined spectrophotometrically at 280 nm.
The desorption ratio was calculated from the
amount of BSA adsorbed on the microbeads and
the final BSA concentration in the desorption
medium.

RESULTS AND DISCUSSION

Characteristics of PS microbeads
As shown in Fig. 1, monosize (R.S.D. <1%)
PS microbeads with a diameter of 4 um were
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Fig. 1. Optical micrograph of monosize PS microbeads (4 um in diameter).

obtained at the polymerization conditions given
in Table I.

The presence of PVAL on the surface of PS/
PVAL microbeads was confirmed by IR spectro-
photometry. Fig. 2 shows the IR spectra of both
PS and PS/PVAL microbeads. The hydroxyl
band observed at 3500 cm ™' indicated the pres-
ence of PVAL on the PS/PVAL surface.

The blue colour of Cibacron Blue F3G-A-at-
tached PS/PVAL microbeads clearly indicated

A
S
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=
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g
B

4000

Wave Number (crm-1) 400

Fig. 2. IR spectra of (A) PS and (B) PS/PVAL microbeads.

the presence of dye on the surfaces of the
microbeads.

PVAL adsorption/coating

The PVAL adsorption rate and capacity on PS
microbeads were studied in adsorption experi-
ments in which PVAL was adsorbed from aque-
ous PVAL solutions (consisting of only PVAL
and distilled water) with different initial PVAL
concentrations. Fig. 3A gives the adsorption rate
curves. These curves indicate that the adsorption
process was completed within 2 h and this value
can be considered to be the equilibrium time for
PVAL adsorption. The plateau values of these
curves give the adsorption capacities of PS mi-
crobeads which change with the initial concen-
tration of PVAL in the adsorption medium. The
adsorption isotherm (at 25°C ) in Fig. 3B was
obtained by using the plateau values of these
curves. As can be seen, the amount of PVAL
absorbed first increased with increasing initial
PVAL concentration, but reached a plateau after
an initial PVAL concentration of 500 mg/1. This
plateau means that PVAL adsorption on PS
microbeads is typically a Langmuir-type mono-
layer adsorption [14].

In order to increase the amount of PVAL
adsorbed on the PS microbeads, three different
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mg Adsorbed PVAL/g PS
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Adsorption Time (min)

mg Adsorbed PVAL/g PS

1 1

0 L
0 200 400 600 800

Initial PVAL Concentration (mg/liter)

Fig. 3. PVAL adsorption on PS microbeads: (A) PVAL
adsorption rate curves; and (B) PVAL adsorption isotherm.
Initial PVAL concentration: =10; =50, ® =100; O =
200; B =300; O =400; & =500; A =700 mg/l.

salts, NaCl, CaCl, and Na,SO,, were added to
the adsorption medium. The ionic strength of the
medium was also varied between 0.05 and 0.2 by
simply changing the concentration of these salts.
It should be noted that no aggregation of mi-
crobeads was observed within this ionic strength
range.

Examples of PVAL adsorption isotherms are
given in Fig. 4. The results indicate that the
largest amount of PVAL was adsorbed from the
medium containing Na,SO,. The amount of
PVAL adsorbed on the microbeads increased
with increasing ionic strength of each salt. The
maximum PVAL adsorption capacity obtained in
this study was 12.7 mg/m? (or 19.0 mg/g PS)
(with an initial PVAL concentration of 700 mg/I1,
Na,SO, as the salt and the ionic strength 0.2).
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Fig. 4. PVAL adsorption isotherms obtained in the presence
of three different salts at three different ionic strengths: (A)
0.05; (B) 0.1; and (C) 0.2. A=NaCl; O=CaCl,; O=
Na,SO,.

PVAL adsorption on the surface of polystyrene
particles produced by conventional emulsion
polymerization methods has also been studied
previously by several investigators [16,20,21].
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The maximum PVAL adsorption capacity ob-
tained with such particles was ca. 5-6 mg/ m’.
The difference in the PVAL adsorption may be
explained by considering the surface charges of
their PS particles and our PS microbeads. Their
polymeric particles usually contained strongly
acidic groups (e.g., SO; ) on their surfaces
coming from the initiator (e.g., potassium per-
oxydisulphate) used in their polymerization reci-
pes. However, the PS microbeads produced in
the present study exhibit only a small number of
weakly acidic groups (carboxylic acid) coming
from the steric stabilizer [14,15].

BSA adsorption/desorption studies

Adsorption. Effects of the initial BSA concen-
tration, ionic strength and pH on the adsorption
behavior of BSA on the PS, PS/PVAL and
Cibacron Blue F3G-A-attached PS/PVAL micro-
beads were investigated in batch adsorption—
equilibrium studies. Typical BSA adsorption
data obtained in this group of experiments are
given in Fig. 5A and B ionic strengths of 0.01
and 0.1, respectively, adjusted with NaCl. These
adsorption isotherms were obtained in experi-
ments in which the pH of the adsorption medium
was 5.0 (i.e., the isoelectric point of BSA). As
expected, adsorption increased with increasing
initial concentration of BSA. There was a
pronounced adsorption of BSA on PS micro-
beads (up to 25 mg/g), possibly because of the
hydrophobic interactions between albumin and
PS. The PVAL coating significantly decreased
the BSA adsorption, as intended. Very high BSA
adsorption capacities (up to 60 mg/g) were
achieved with Cibacron Blue F3G-A-attached
PS/PVAL microbeads. Also, the amount of BSA
adsorbed on each microbead decreased with
increasing ionic strength at constant initial al-
bumin concentration.

In order to establish the effects of pH on BSA
adsorption, adsorption experiments were re-
peated at different pH values between 4 and 8 at
two different ionic strengths (0.01 and 0.1,
adjusted with NaCl). In these studies the initial
concentration of BSA was 2.0 mg/ml. Fig. 6A
and B give typical adsorption data obtained in
this group of experiments. As can be seen, in all
the cases investigated, the maximum adsorption
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Fig. 5. BSA adsorption on PS-based microbeads at two
different ionic strengths: (A) 0.01; (B) 0.1. pH=5.0; salt
used, NaCl.

of BSA was observed around its isoelectric point
of 5.0. This is as expected because, as it has been
shown that proteins have no net charge at their
isoelectric points, the maximum extent of ad-
sorption from aqueous solutions is therefore
observed at the isoelectric point [22,23]. Signifi-
cantly lower adsorption capacities were obtained
with all microbeads at acidic and alkaline pH.
This is also as expected, because it is known
that, below or above the isoelectric points,
proteins are charged positively or negatively,
respectively. They are more hydrated, which
increases their stability and solubility in an
aqueous phase (i.e., lower adsorption). It should
be noted that there was no adsorption of BSA on
PS/PVAL microbeads at pH 7.0 and 8.0 at both
jonic strengths of NaCl. This is very important
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Fig. 6. Effect of pH on BSA adsorption on PS-based
microbeads at two different ionic strengths: (A) 0.01; (B)
0.1. Initial BSA concentration, 2.0 mg/ml; salt used, NaCl.

because it means that there will be no non-
specific protein adsorption if one works under
those conditions.

Desorption. The desorption of the adsorbed
BSA from the Cibacron Blue F3G-A-attached
PS/PVAL microbeads was also studied in a batch
experimental set-up. The dye-attached micro-
beads loaded with different amounts of BSA
were placed within the desorption medium con-
taining 0.5 M NaSCN at pH 8.0 and the amount
of BSA released in 1 h was determined. The
desorption ratio was then calculated by using the
following expression:

desorption ratio =
amount of BSA related to the desorption medium
amount of BSA adsorbed on the microbeads

-100
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TABLE 11
BSA DESORPTION RATIOS

Desorption medium, 0.5 M NaSCN; pH, 8.0; temperature,
5°C.

Initial BSA concentration Desorption ratio (%)
(mg/ml)
I m’
0.5 85 89
1.0 76 85
2.0 84 86
3.0 90 91
4.0 88 85
5.0 85 92

¢ Albumin adsorption conditions: jonic strength of NaCl,
0.01; pH, 5.0.

® Albumin adsorption conditions: ionic strength of NaCl, 0.1;
pH, 5.0.

Table II gives typical desorption data obtained
in this group of experiments. A significant pro-
portion (up to 92%) of the BSA adsorbed on the
microbeads could be recovered with satisfactory
desorption ratio values.
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ABSTRACT

An electron-donor and various electron-acceptor (EA) phases were evaluated for the separation of thirteen tetrachlorodibenzo-
p-dioxin isomers in both the reversed- and normal-phase modes. It was shown that the selectivity on EA phases can be enhanced
to a great extent in the normal-phase mode compared with the selectivity with polar mobile phases. Separation studies showed
that the retention mechanism exhibited with non-polar mobile phases is partially masked by solvophobic effects when the same

columns are used in the reversed-phase mode.

INTRODUCTION

The synthesis of tetrachlorodibenzo-p-dioxin
(TCDD) standards often results in a mixture of
isomers [1-4]. The isolation of individual iso-
mers is generally accomplished by high-perform-
ance liquid chromatography (HPLC). It has
been reported that certain pairs (or triads) re-

* Corresponding author.

0021-9673/93/$06.00

sisted separation on reversed-phase and silica
columns [5].

Therefore, Barnhart and co-workers [5,6] em-
ployed an electron-donor phase [1-pyreneethyl-
silica gel (PE-SG)] for the separation of TCDD
isomers that co-eluted on octadecylsilane (ODS)
phases. With the combination of an ODS column
and a PE column the separation of 20 of the 22
TCDD isomers was accomplished. The success-
ful separation of polychlorodibenzo-p-dioxin
(PCDD) isomers which co-eluted on ODS

© 1993 Elsevier Science Publishers B.V. All rights reserved
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phases and on PE-SG was reported for an elec-
tron-acceptor phase (nitrated phenylethyl silica
gel) employed in the reversed-phase mode [7,8].
Swerev and Ballschmiter [9] reported the fractio-
nation of PCDDs on cyanopropyl-, diphenyl-
and phenyl-silica gel. According to their results,
the selectivity of these columns (used in the
reversed-phase mode) is mainly governed by the
degree of chlorination, but these phases do not
seem to be suitable for the separation of in-
dividual isomers.

In this study, we examined systematically the
separation of thirteen commercially available
TCDD isomers on various electron-acceptor
(EA) phases with different electron-acceptor
strengths and on an electron-donor (ED) phase,
and compared the results with the separation of
these isomers on an animo-, a cyano- and a
phenyl-silica gel column. We were especially
interested in mobile phase effects. Therefore, we
studied one EA and the ED phase in both the
normal- and reversed-phase modes. The reten-
tion of PCDD congeners on EA and ED
columns has hitherto only been studied with
polar mobile phases [8].

EXPERIMENTAL

Chemicals

All solvents used were of HPLC grade (Rath-
burn, Walkerburn, UK). Eleven of the isomers
were purchased from Cambridge Isotope Labs.
(Woburn, MA, USA) as solutions in nonane
(50 £5 ppm); 1478-, 1236-, 1239-, 1267-, 1378-,
1289- and 2378-TCDD were received as indi-
vidual isomers. 1237/1238- and 1368/1379-
TCDD were received as mixtures of two iso-
mers. The concentrations of the two isomers in
the delivered standard mixtures differed con-
siderably. By comparison of the peak height
ratios and the retention order on a PONA gas
chromatographic capillary column (5.5 pwm; 50
m X 0.2 mm 1.D.) (Hewlett-Packard, Palo Alto,
CA, USA), we succeeded in assigning the peaks
of the 1368/1379-TCDD mixture unambiguously
(conditions: HP 5970B mass-selective detector
with HP 5890A gas chromatograph; injection
mode, splitless; temperature programme, 130°C
(0.5 min), increased from 130 to 230°C at 30°C/
min and from 230 to 315°C at 1°C/min; carrier
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Fig. 1. Numbering of dioxin substituents.

gas, helium). 1237- and 1238-TCDD were as-
signed according to their shape parameters [10].
1234- and 1278-TCDD were received as crystals
from Cambridge Isotope Laboratories. In Fig. 1
the numbering of dioxin substituents is presented
according to ITUPAC nomenclature.

Apparatus

An HP 1050 liquid chromatograph (Hewlett-
Packard) with a quaternary gradient pump and
autoinjector was used in conjunction with an
LDC Spectromonitor III spectrophotometric de-
tector. The temperature of the column was
controlled by a laboratory-made copper jacket
and a water-bath. A PC-based laboratory data
system (Hewlett-Packard, Vectra Series) was
used to record, store, process and plot the data.

Columns

The following stationary phases were em-
ployed: aminopropyl-silica gel (AP-SG); cyano-
propyl-silica gel (CP-SG); pentafluorobenz-
amidopropyl-silica gel (PFB-SG); 3,5-dinitro-
benzamidopropyl-silica gel (DNB-SG); tetra-
chlorophthalamidopropyl-silica gel (TCP-SG/
TCP5-SG);  2,4,7-trinitrofluorenone- oxime-O-
propyl-silica gel (TNF—SG), phenylpropyl-silica
gel (PP-SG); and 1- pyreneethyl -silica gel (PE-
SG). Structures are shown in Fig. 2.

The EA phases were prepared in our labora-
tory according to methods already published:
PFB-SG [11], DNB-SG [12], TCP-SG [13] and
TNE-SG [14]. The syntheses were performed on
a Spherisorb S1I0W [particle diameter (d,) =10
pm]. In addition, we employed a TCP column
d,=5 pm), obtained from Société Francais
Chromato Colonne (Neuilly-Plaisance, France),
now available from Silichrom (Pessac, France),
prepared according to the method of Félix et al.
[15,16]. In contrast to the above modified silica
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Fig. 2. Structures of the silica gels employed.
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gels, the phase of this column was prepared by
reaction with a monofunctional silane (cf., Fig.
2). In the following text this phase is abbreviated
to TCP5-SG.

The AP-SG column was packed with
Spherisorb Amino (d,=5 pm) by Cluzeau Info
Labo (St.-Foy-la-Grande, France). As a CP-SG
column we utilized a Chrompack (Middelburg,
Netherlands) column packed with Nucleosil-CN
(d, =10 wm). The PP-SG column was prepared
in our laboratories according to the method of
Thienpont [17] on Spherisorb (d,=5 um). The
EP-SG column (Cosmosil Pye, d,=5 pm) was
produced by Nacalai Tesque (Kyoto, Japan).

All columns with the exception of the DNB-
SG and PP-SG columns (150 mm X 4.6 mm L.D.)
had dimensions of 250 mm X 4.6 mm L.D.

Chromatographic conditions

All retention data were obtained under iso-
cratic and isothermal (25°C) conditions. The
mobile phase was hexane for the EA phases and
for AP-SG and CP-SG. TCP-SG was also tested
with methanol in the reversed-phase mode. PP-
SG and PE-SG were employed in the normal-
phase mode (with hexane) and in the reversed-
phase mode [methanol-water (80:20, v/v)] and
pure methanol, respectively). The flow-rate was
1 ml/min in all instances. The UV detector was
operated at 235 nm with a response time of 1 s.

Retention times were measured with solutions
of the TCDD isomers in 2-propanol (reversed-
phase mode) or hexane (normal-phase mode).
The solutions in nonane were diluted with the
appropriate solvent. For mixtures the nonane
was evaporated before dissolving the standard in
2-propanol in order to avoid peak broadening or
distortion due to solvent effects of the standard
solution. The injection volume was 10-30 wul,
containing 2-30 ng of each isomer.

Calculation of molecular parameters

Quantum chemical calculations (optimization
of the three-dimensional structures; computing
of € ymo> €omo and dipole moments) were
carried out with the semi-empirical method
Austin Model 1 (AM1) with the software pack-
age AMPAC, run on the IBM 3090 in the
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CIRCE at Orsay (France). AM1 is a method
that is well adapted to large organic molecules
[18]. Details of the optimization procedure are
given elsewhere [10].

RESULTS AND DISCUSSION

EA phases in the normal-phase mode

The EA phases chosen for these studies were
characterized with a mixture of polynuclear
aromatic hydrocarbons (PAHs) by Félix and
Bertrand [13]. They classified the PFB-SG as a
weak and the DNB-SG as an average EA phase.
TCP-SG and TNF-SG were classified as strong
EA phases.

The capacity factors of thirteen TCDD iso-
mers on the EA columns obtained in the normal-
phase mode are listed in Table I. The analytes
are hardly retained on the PFB-SG column,
more retained on the DNB-SG column and well
separated on the TCP, TCP5 and TNF-SG
columns with few co-elutions. Fig. 3 shows a
chromatogram of the thirteen TCDD isomers

TABLE 1
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obtained on the TCP5-SG column. The isomers
are well separated with high selectivity. Only two
co-clutions were observed: 1238-/1478-TCDD
and 1236-/1267-TCDD.

The same results were obtained for the TCP-
SG and TNF-SG columns. The selectivity on the
TNF phase is not enhanced compared with the
TCP phases, but with the same mobile phase the
retention times are much longer.

The stationary phases employed were designed
for the separation of PAHs by donor—acceptor
complex (DAC) LC. If the formation of weak
electron donor—acceptor complexes between the
solute and the immobilized ligands of the station-
ary phase is the dominating retention mecha-
nism, the analytes are separated according to the
stability of the DACs formed. According to the
theory of DACs [19], the stability of this class of
complexes depends on the electron affinity of the
acceptor and the ionization potential of the
donor. These quantities can be approximated via
Koopman’s theorem by quantum chemically
calculated energies of the lowest unoccupied
(€Lumo) and highest occupied (eyonmo) Mmolecular

ENERGY OF HOMO (€,40y0), DIPOLE MOMENTS (1) AND CAPACITY FACTORS (k') OF TCDDs ON ELECTRON-
ACCEPTOR PHASES, CYANOPROPYL-SG (CP-SG) AND AMINOPROPYL-SG (AP-SG) WITH HEXANE AS MOBILE

PHASE
TCDD  €,0m0 g (DY w(DY Kk
isomer  (kcal/mol)
PFB-SG DNB-SG TCP-SG TCP5-SG TNF-SG CP-SG AP-SG

1368- -9.063 0.004° 0.023 0.04 0.37 0.64 1.05 2.46 0.18 0.23
1378- -9.026 0.860 1.323 0.06 0.41 0.77 1.20 2.89 0.22 0.32
1379- —9.045 0.744 1.221 0.04 0.37 0.76 1.26 3.06 0.22 0.30
2378- —8.998 0.021° 0.021 -4 0.54 0.93 1.37 3.19 0.26 0.41
1237- —9.000 1.138 1.710 0.09 0.56 1.10 1.69 4.13 0.28 0.43
1238- -9.001 1.792 2.668 0.09 0.56 1.10 1.87 4.13 0.32 0.61
1478- -9.073 1.725 2.480 0.10 0.55 1.07 1.87 4.46 0.32 0.42
1278- -9.004 1.672 2.467 0.13 0.64 1.23 2.12 4.49 0.37 0.70
1236- -9.012 2.148 3.095 0.10 0.58 1.44 2.42 5.59 0.36 0160
1267- -9.019 0.031° 0.023 0.12 0.77 1.51 2.51 5.94 0.40 0.60
1234- —8.981 2.515 3.727 0.11 0.58 1.57 2.98 6.60 0.35 0.50
1239- -9.057 2772 4.121 0.14 0.79 1.81 3.36 7.65 0'4 '
1289- —-9.012 2.802 4.220 0.19 0.90 2.53 4.44 ' » 0.92

. . . . 8.79 0.69 1.89

? Calculated by AM1.

:’Calculated by MOPAC (data taken from ref. 26).
Not included in correlation analysis.
4 Not measured.
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orbitals of the acceptor and the donor, respec-
tively [20].

Under the simplifying assumption that the
complex formation is caused by the transfer of
an electron from the HOMO of the donor to the
LUMO of the acceptor, the corresponding
stabilization energy E of structurally related
compounds is given by
g constant )

€uomo ~ €Lumo

The calculated data for €, are presented in
Table 1. Compared with €,y Of strong donors
(e.g., PAHs) they are too low for the formation
of electron donor-acceptor complexes. We
therefore conclude that the retention mechanism
of TCDDs on EA phases is not predominantly
the formation of DACs.

The immobilized ligands and the TCDDs have
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large dipole moments owing .to the presence of
halogen atoms or nitro groups. This suggests that
the predominant forces between the solutes and
the stationary phase are dipole—dipole interac-
tions (orientation forces).

Kimata ez al. [8] studied the retention order of
several pairs of PCDD isomers on ODS-SG,
PE-SG and an EA phase with methanol as
mobile phase. They interpreted the observed
retention tendency on the EA phase as the effect
of differences in the dipolar character. Isomers
with more dipolar character are retained longer
than those with less dipolar character. They
compared the retention order of isomers pro-
duced in the same reaction due to Smiles re-
arrangement with the magnitudes of the total
dipole moment of the solutes.

The use of the total dipole moment as a
descriptor in quantitative structure—retention

a
6:1073 A
a2
10 3
1
26
13
7
y
s
8
5.600 10.l000 15.l000 20.000
t/ min

Fig. 3.

(Continued on p. 174)
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Fig. 3. Chromatograms of TCDD isomers eluted (a) from TCP5-SG with hexane as mobile phase and (b) from TCP-SG with
methanol as mobile phase. Column, 250 mm X 4.6 mm L.D.; temperature, 25°C; detector wavelength, 235nm; flow-rate, 1
ml/min. Peaks: 1=1234-TCDD; 2 = 1236-TCDD; 3 = 1237-TCDD; 4= 1238-TCDD; 5 =1239-TCDD; 6=1267-TCDD; 7=
1278-TCDD; 8§ = 1289-TCDD; 9 = 1368-TCDD; 10 = 1378-TCDD; 11 = 1379-TCDD; 12 = 1478-TCDD; 13 = 2378-TCDD.

relationship (QSRR) studies is controversially
discussed in the literature [21]. Ong and Hites
[22] reported that the square of the total dipole
moment is a significant descriptor in a prediction
equation for the retention of PCDD congeners
on a non-polar column in GC. Kaliszan and
co-workers [23-25], however, reported that cor-
relation with retention data is better with a
submolecular polarity parameter 8 (maximum
excess electron charge difference for a pair of
atoms in the molecule). They stated [24] that if a
solute is in specific contact with a stationary
phase, not only will the dipole moment formed
by the two atoms closest to the interacting
surface count, but also the other more distant
dipoles.

In the case of TCDD isomers, § does not vary

greatly. It is given by the excess electric charge
difference between the oxygen and its neigh-
bours. For steric reasons the dipoles formed by
the oxygen cancel each other, which does not
mean that they are inactive in chromatographic
interactions.

The differences between the TCDD isomers
are given by the substitution pattern. The total
dipole moment of the TCDD molecule is related
to the symmetry of the substitution pattern. It is
maximum if all the partial dipole moments
contribute and do not cancel each other. In
Table I the dipole moments, u, calculated by
AMI are presented. They are compared with the
values calculated by Koester and Hites [26], who
used the MOPAC program. The deviation of the
values calculated by different semi-empirical
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methods is systematically about 50% of the value
calculated by AMI1. Linear correlation of the
values obtained by the different methods shows a
squared correlation coefficient * =0.997.

Comparing the capacity factors measured with
strong EA phases, of TCDD isomers which
differ only in the position of one chlorine sub-
stituent underlines the tendency already ob-
served by Kimata et al. [8]. 1234-, 1236-, 1237-
and 1238-TCDD are eluted in the order given by
their dipole moments. At the same time it can be
seen that the selectivities of TCP-SG, TCP-SG
and TNF-SG, which are basically the same,
differ for 1237- and 1238-TCDD. The two iso-
mers are only separated on TCP5-SG, although
they differ considerably in their dipole moments.

The same tendency can also be observed with
isomer pairs that differ only in the position of the
two benzene rings with respect to each other
(prepared in the same reaction, due to Smiles
rearrangement). For the 1267-/1289-TCDD and
1368-/1379-TCDD pairs, those isomers where
the partial dipole moments cancel each other are
eluted before those with more aligned partial
dipole moments.

Under the simple hypothesis that the inter-
action of the solute and the stationary phase can
be described by the interaction of the total
dipole moment of the analyte, w, and the dipole
moment of the stationary phase, we would
expect the following relationship [22]:

Ink'=a+bu’ (2)

Fig. 4 shows the logarithms of capacity factors
of TCDD isomers plotted against the square of
the dipole moments calculated by AMI1. It can
be clearly seen that analytes that are symmetrical
with respect to the centre of gravity (1267-, 1368-
and 2378-TCDD) deviate strongly from the gen-
eral tendency. Data points for these three iso-
mers are given in brackets in Fig. 4. For symme-
try reasons their dipole moments are close to
zero. Parts of the molecule, however, exhibit
large dipole moments and are therefore able to
interact with the stationary phase. If these iso-
mers are excluded from the regression analysis, a
high correlation is observed.

In Table II the regression coefficients and
regression parameters (a, b) obtained by linear
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regression are given. Because of the very short
retention times on the PFB-SG column, we did
not calculate the regression coefficient for this
phase. The need to exclude three isomers from
the regression analysis shows that our model is
too primitive to describe the retention process
fully. Nevertheless, the observed correlation
might be helpful in the scope of structure assign-
ment [8].

The correlation is much better with the
stronger retaining phases (TCP5-SG and TNF-
SG) than with the phases with smaller retention
forces. Comparison of the data for k' in Table I
shows that there are some isomers that deviate
characteristically from the general trend. These
isomers are 1234-, 1236- and 1379-TCDD, which
elute much earlier from PFB-SG and DNB-SG
than expected from the retention order on TNF-
SG or TCP-SG, respectively.

Comparison with polar bonded phases

In Table I the capacity factors for TCDDs on
AP-SG and on CP-SG are also given. The
retention order of the tested TCDDs follows the
trend of the EA phases. The isomers 1234-,
1236- and 1379-TCDD show the same charac-
teristic deviation from the retention order as
found with PFB-SG and DNB-SG. The selectivi-
ty is much better on the very polar AP-SG than
on CP-SG.

From this comparison it can be deduced that
the retention mechanism on polar bonded phases
and on EA phases is basically the same, which
supports strongly our assumption that the forma-
tion of DACs is not involved in the retention of
TCDDs on the studied EA phases. Differences
in retention characteristics might be due to
differences in polarity and also to differences in
the geometric parameters of the immobilized
ligands on the silica gel. N-Propyl-2,4,7-trinitro-
fluorenone is about the same size as the TCDDs,
so that interactions can take place between the
entire molecules. N-Propyltetrachlorophthal-
amide is smaller than TNF. The retention times
on TCP-SG are shorter than those on TNF-SG,
but the retention order was not altered.

DNB and PFB and also the aminopropyl and
cyanopropyl groups are much shorter than the
sorbed analytes. Interactions between the
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Fig. 4. Logarithms of capacity factory of TCDD isomers, obtained with EA phases, plotted against the square of their dipole
moment. Mobile phase: (a) hexane; (b) methanol. Data in brackets were not included in the calculation of the regression line. (a)
X =DNB-S§G; + = TCP-SG; * = TCP5-SG; O = TNF-SG. (b) x =TCP-SG.

TABLE III

CAPACITY FACTORS (k') OF TCDDs on TCP-SG IN
TABLE II THE REVERSED-PHASE MODE WITH METHANOL

AS MOBILE PHASE
TABULAR FORM OF THE EQUATIONS EVALUATED

BY LINEAR REGRESSION

TCDD k' TCDD k'

isomer isomer
Silica gel a b R

1368- 2.47 1278- 2.77
CP-SG -1.51 0.11 0.903 1378- 2.77 1236- 2.41
AP-SG -1.18 0.16 0.827 1379- 2.63 1267- 3.09
DNB-SG -0.86 0.083 0.863 2378- 2.41 1234- 4.63
TCP-SG -0.33 0.14 0.952 1237- 2.96 1239- 3.65
TCPS-SG 0.20 0.15 0.970 1238- 2.92 1289- 3.42

TNF-SG 1.08 0.13 0.974 1478- 2.74
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stationary phase ligand and the solute can only
take place with parts of the solute. This “shape
effect” might explain the observed alterations in
the retention order with respect to the retention
order on TNF-SG.

TCP-SG in the reversed-phase mode

The TCP-SG column was also tested in the
reversed-phase mode with methanol as the
mobile phase. The capacity factors of the thir-
teen TCDD isomers on the column are pre-
sented in Table III. In the reversed-phase mode
the retention order of the TCDDs is completely
altered with respect to the separation in the
normal-phase mode. Fig. 3 shows a chromato-
gram of the thirteen TCDD isomers obtained
with TCP-SG in the reversed-phase mode in
comparison with the chromatogram obtained
with the same isomers on TCP5-SG with hexane
as mobile phase. The alteration in retention
order is not simply a reversal. The selectivity is
lower compared with the selectivity of the same
phase with hexane as the mobile phase. In the
normal-phase mode, the selectivity factor a
calculated from the first- and the last-eluted
peaks is 3.95, whereas a calculated in the same
manner after the separation with methanol as
mobile phase is only 1.38. All capacity factors
are much larger in the reversed-phase mode.

Obviously, in the reversed-phase mode the
retention mechanism, which we attribute to
dipole-dipole interactions, is partially masked by
the separation mechanism of reversed-phase
chromatography (separation according to hydro-
phobicity and geometrical parameters in the
analytes).

In Fig. 4b the logarithms of capacity factors
are plotted against the squares of the dipole
moments of the analytes. The correlation (1267-,
1368- and 2378-TCDD excluded) is much weaker
than in the normal-phase mode. The correlation
factor is only 0.65.

For the above-discussed cases of very closely
related isomers, the retention order still corre-
sponds to the magnitude of the total dipole
moment, with the exception of 1236-TCDD,
which elutes before 1237- and 1238-TCDD.

Isomers that could not be separated on an
ODS, a PE or an EA column (with methanol as
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mobile phase) might be separated on an EA
column with non-polar mobile phases owing to
the higher selectivity of EA phases in the re-
versed-phase mode.

PE-SG in the normal-phase mode

The capacity factors of thirteen TCDD iso-
mers on the PE-SG column obtained in the
normal-phase mode with hexane as the mobile
phase are presented in Table IV. The retention
order of the analytes is completely different from
that on EA phases in the normal-phase mode.

It can be deduced that the retention mecha-
nism on this phase is different from that on the
EA phases, which we have suggested to be
primarily governed by dipole—dipole interac-
tions. The pyrene immobilized on the column
has a very low dipole moment. The dipole
moments of PAHs are of the order of © =0.01 D
[22].

PE-SG was designed as an electron-donor
phase for DAC LC. The energies of the lowest
unoccupied orbital (g ;o) of the TCDD iso-
mers, presented in Table IV, are very low and
suggest that the TCDDs are strong electron
acceptors. For comparison, the values calculated
by Koester and Hites [26] using the MNDO
method are also given. They correlate excellently
with the values calculated by us (r* = 0.999).

As already described in a previous section, for
a retention mechanism involving the formation
of DAC:s, from a theoretical point of view it can
be expected that there is a direct but non-linear
correlation between In k' of the analytes and
€.umo- However, a direct correlation of In &’
with € yuo gave unsatisfactory results (R =
—0.05). In spite of the unobserved correlation of
In k' with € 0, Which might be explained by
an oversimplified theoretical approach not taking
steric effects into account, we attribute the
retention mechanism on PE-SG in the normal-
phase mode to the formation of DACs. Our
assumptions are supported by the following
observations. In contrast to PE-SG, we mea-
sured no retention of TCDDs on the PP-SG
column with hexane as the mobile phase. The
phenyl group is a much poorer electron donor
than the pyrene group. The retention order of
PCDD congeners on PE-SG with non-polar
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TABLE 1V
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ENERGY OF LUMO (€, yy0) AND CAPACITY FACTORS OF TCDDs ON PE-SG AND PP-SG

TCDD €Lumo €Lumo k'
isomer (kcal/mol)” (kcal/mol)”
PE-SG° PE-SG* PP-SG*

1234- —0.8505 —1.349 3.19 17.32 6.66
1236- —0.8280 -1.315 4.18 18.34 5.60
1237- —0.8744 -1.363 3.90 15.01 4.50
1238- -0.8731 -1.362 3.63 14.41 4.73
1239- —0.8205 -1.310 4.22 15.94 4.75
1267- —0.7925 —1.267 4.04 12.34 4.21
1278- -0.8524 —1.336 4.01 13.28 4.23
1289- —0.7892 ~1.259 3.78 10.51 4.00
1368- —-0.8350 -1.317 3.42 19.26 6.17
1378- —-0.8743 —1.358 4.02 17.04 4.68
1379- —0.8408 —1.328 3.63 16.47 5.03
1478- —0.8116 —1.298 4.78 19.26 5.32
2378- —0.9095 —1.396 4.74 15.59 3.58

“ Calculated by AM1.

* Calculated by MOPAC (data taken from ref. 26).
 Mobile phase:- hexane.

“ Mobile phase: methanol.

“ Mobile phase: methanol-water (80:20, v/v).

mobile phases (hexane—dichloromethane) is
mainly governed by the degree of chlorination
[27]. Studies with EA phases with different
immobilized moieties show that an increasing
number of electron-withdrawing substituents en-
hances the ability to form DAC complexes with
electron donors [20].

PE-SG in the reversed-phase mode

In Table IV the capacity factors of the thirteen
TCDD isomers on the PE-SG column, obtained
in the reversed-phase mode (mobile phase
methanol), are compared with those obtained in
the normal-phase mode. On changing the mobile
phase the retention order was completely al-
tered, as can be seen in Figs. 5 and 6. The
alteration is not simply a reversal of the reten-
tion order.

The separation of TCDD isomers on the PE-
SG column with methanol as the mobile phase
was extensively studied by Barnhart and co-
workers [5]. They compared the selectivity of a
PE-SG column with that of an ODS column and
reported large differences, which they attributed

to the contribution of charge-transfer interac-
tions.

Alteration of the retention order with respect
to the retention order measured in the normal-
phase mode suggests that in the reversed-phase
mode the retention mechanism of the normal-
phase mode, which we attribute to the formation
of DACs, is partially superimposed by other
retention forces such as the hydrophobicity of
the analytes.

The capacity factors measured with methanol
as the mobile phase are much larger than those
obtained with hexane. The selectivity of PE-SG
towards the TCDDs is enhanced in the reversed-
phase mode. Fig. 5b presents a chromatogram of
the thirteen TCDD isomers separated on a PE-
SG column with methanol as the mobile phase.
There are only two co-elutions (1239-/2378-
TCDD and 1368-/1478-TCDD).

Comparison with Fig. 3 shows that the selec-
tivity of TCP5-SG towards TCDDs in the nor-
mal-phase mode is better than the selectivity on
PE-SG. Most of the peaks on TCP5-SG are
baseline resolved. However, those isomers which
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co-elute from TCP5-SG can be easily baseline
resolved on PE-SG.

Comparison with PP-SG

The capacity factors of TCDD isomers on
PP-SG are given in Table IV in comparison with
those on PE-SG. No retention was measured
with hexane as the mobile phase.

In the reversed-phase mode the retention
order on PP-SG is different from that on PE-SG.
PP-SG is not simply a reversed phase. The pair
of isomers that cannot be separated with mono-
meric octadecyl phases (1368-/1379-TCDD) [10]
is baseline resolved on PP-SG. Geometric par-
ameters, which greatly influence the separation
of TCDDs on polymeric octadecyl (ODS)
phases, are obviously of no importance with
regard to the retention order. 2378-TCDD, the
isomer with the highest length-to-breadth ratio
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with respect to the other TCDD isomers [10}], is
eluted first, which is in contradiction to the
theory of shape selectivity on polymeric ODS
phases [28].

CONCLUSIONS

The tested DAC phases proved to be very
useful for the preparation of pure TCDD stan-
dards after synthesis. The selectivities of TNF-
SG/TCP-SG and PE-SG are complementary. In
addition, these phases can be used in both the
reversed- and normal-phase modes, exhibiting
different selectivities. The highest selectivities
were obtained for TNF-, TCP- and TCP5-SG in
the normal-phase mode. The high capacity fac-
tors exhibited with PE-SG and methanol as
mobile phase might prevent the application of
PE-SG with methanol as mobile phase to PCDD

: 1
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Fig. 5. Chromatograms of TCDD isomers eluted from PE-SG in (a) the normal-phase mode with hexane as mobile phase and (b)
the reversed-phase mode with methanol as mobile phase. Column, 250 mm x 4.6 mm L.D.; temperature, 25°C; detector
wavelength, 235 nm; flow-rate, 1 ml/min. Peak identification as in Fig. 3.
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congeners with more than four chlorine sub-
stituents.

Application of non-polar mobile phases avoids
solubility and possibly baseline shift problems
reported by workers who used heart-cutting
techniques employing RP-HPLC on various
stationary phases for the purification and concen-
tration determination of PCDD and PCDF stan-
dard solutions [9].

Another interesting application field of the
studied stationary phases is the clean-up of
samples prior to PCDD and PCDF analysis.
Investigations on this aspect are in progress.
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ABSTRACT

A method for the preparation of packed-bed columns made of gelled beads is described. The stable gelled beads composed of
dialkyldithiocarbamate- or dialkyldithiophosphate-substituted poly(vinyl chloride) and di(2-ethylhexyl)dithiophosphoric acid were
capable of the selective separation of metal ions. The stoichiometries of Ag*/H* and Cd**/H" extraction were established to be
3:1 and 2:1, respectively. A simple model of Ag™ extraction Kinetics was correlated with the experimental data. The selectivity of
metal separations in displacement and elution chromatography was demonstrated.

INTRODUCTION

Extraction chromatography, or reversed-phase
chromatography, is a method in which the sup-
port, i.e., bed particles in the column, holds the
organic phase as the stationary phase, while the
aqueous phase is the mobile phase (eluent) [1].
The organic phase contains a specific extractant
which is intended to be compatible with the
support particles. A number of extractant—sup-
port systems have been reported [2]. In pioneer-
ing work, Small [3] proposed that a specific
extractant should be incorporated in a physically
stable gelled phase embedded in the packed
beds. Using this idea, beads containing tributyl
phosphate as an extractant were prepared from
styrene—divinylbenzene copolymers as a support.
Recently, we found that di(2-ethylhexyl)dithio-
phosphoric acid (DTPA) can form stable gelled
phases in polymeric systems [4,5]. DTPA, an
analogue of di(2-ethylhexyl)orthophosphoric

* Corresponding author. Present address: Department of
Chemistry, Massachusetts Institute of Technology, Cam-
bridge, MA 02139, USA.

0021-9673/93/$06.00

acid, which is widely used in extraction chroma-
tography [6], possesses a high extraction selec-
tivity and distinguished kinetics.

In general, dialkyldithiophosphoric acids are a
well studied class of extraction reagents [7].
DTPA is used commercially in processes for the
recovery of zinc and nickel from residues in the
hydrometallurgical industry [8]. Cardwell and co-
workers demonstrated the possibility of HPLC
separations of metal mixed-ligand chelates with
dialkyldithiophosphates [9] and, owing to the
volatility of some chelates, the possibility of their
GC determination [10,11]. Complexes of metals
with dialkyldithiophosphates could be deter-
mined by TLC [12,13]. A few attempts at extrac-
tion chromatography with dialkyldithiophos-
phates have been reported [14,15]. Bol’shova et
al. [14] preconcentrated metal solutions using
diisopropyldithiophosphate as the stationary
phase supported by poly(ethylene tetrafluoride)
particles as an inert column carrier. Turanov et
al. [15] found very high distribution coefficients
of trace metal impurities between macroporous
resin impregnated with DTPA and aqueous
acidic solutions. Their work might have resulted
in an effective extractive process if the impreg-

© 1993 Elsevier Science Publishers BV. All rights reserved
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nated resin had been stable. However, owing to
emulsification after complexation with metals,
DTPA is readily washed out of macropores,
hence a reproducible loading—elution process is
doubtful.

In this work, we combined the excellent ex-
traction properties of DTPA with its ability to
form gelled phases to create a new extractant—
support system that can be used in packed beds.
The extractant is compatible with the modified
polymer, leading to gelled phases. In recent
papers [5,16], we described the synthesis of
modified PVC capable of forming a gel with
DTPA. As silver can be extracted preferentially
over all other metals [17], we decided to study
the recovery of silver from photographic waste
waters. The stoichiometry and the kinetics of the
extraction process were evaluated.

EXPERIMENTAL
Preparation of column materials

Di(2-ethylhexyl)dithiophosphoric acid
(DTPA) was synthesized from 2-ethylhexanol
and phosphorus pentasulphide and then purified
as described elsewhere [18]. The sodium salt of
dioctyldithiocarbamate (DODTC) was prepared
by reacting dioctylamine with carbon disulphide
in the presence of NaOH ([5]. Sodium salts of
DTPA or DODTC were used to modify poly-
(vinyl chloride) (PVC, 43 grade; Frutarom, Is-
rael) by nucleophilic substitution of chlorine.
The experimental details of the reaction have
been given elsewhere [5,16].

The formulae of the modified polymers (MP)
obtained are as follows:

(CHZ -iH)n(CHZ-?H)m
1 Slll’[OCH2 fH (CH2 )3CH3 ]2
S CHZCH3

MP based on di(2-ethylhexyl)dithiophosphate-substituted PVC

(L 0Oy i
Cl

H)
(IZIN[ (CH2)7CH3] 2
S

MP based on dioctyldithiocarbamate-substituted PVC

Preparation of beads

Beads based on dioctyldithiocarbamate-
substituted PVC

System 1. A mixture of modified polymer
(MP) (S 4.9%, Cl 42.5%), PVC and DTPA in
the mass ratio 1.0:2.3:3.4 was stirred in dioxane
at 40°C until a clear solution was obtained. The
concentration of dioxane in the solution was
83% (w/w). The viscous polymeric solution was
then extruded into drops by means of a syringe
and a needle into a stirred bath filled with the
coagulation solution. To obtain beads of differ-
ent sizes, needles of various inner diameter were
used. The coagulation solution was 4% (v/v) of
surfactant (polyethylene glycol, M, =4000) in
deionized water. An abrupt coagulation led to
round-shaped bead formation. The coagulation
solution was filtered off and the beads were dried
under vacuum. The composition of the dried
beads was S 7.7%, Cl 29.5%.

System 1a. The above mixture was dissolved
in dioxane containing 5% (v/v) of dichloro-
ethane. The concentration of the dioxane—di-
chloroethane mixture in the solution was 85%
(w/w). The content of the beads obtained after
coagulation was: S 7.2%, Cl 28.2%.

System 2. A mixture of MP (S 6.1%, Cl
36.6%), PVC and DTPA in the mass ratio
1.0:4.7:5.7 was stirred in dioxane as described
above. The concentration of dioxane in the
mixture was 81% (w/w). The composition of the
resulting beads was S 8.3%, Cl 26.9%.

System 3. The composition of MP used was as
described for system 2, PVC and DTPA were
taken in the mass ratio 1.0:10.2:9.0. The result-
ing beads contained S 6.4%, Cl 32.9%.

Beads based on di(2-ethylhexyl)dithiophosphate-
substituted PVC

System 4. A mixture of MP (S 4.10%, Cl
42.1%), PVC and DTPA in the mass ratio
1.0:0.9:1.1 was stirred in dioxane as described
above. The beads contained S 7.0%, Cl 32.9%.

System 4a. The mixture as described in system
4 was dissolved in dioxane containing 5% (v/v)
of dichloroethane. The resulting beads prepared
as in system la contained S 6.1%, Cl 31.6%.

Blank material without any polymer modi-
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fication was prepared by mixing 0.22 g of PVC
and 0.22 g of DTPA in 5 g of dioxane at 40°C.
Beads (S=28.6%, Cl=33.65%) were prepared
as described above.

Preparation of columns

A series of ion-exchange columns were pre-
pared. Each column consisted of a polyethylene
tube (I.D. 4.5 mm) closed at the end by a
three-way stopcock connected to a syringe. A
weighed amount (0.2-0.3 g) of beads was trans-
ferred in small increments into a column and
pressed gently with a flat-ended rod to remove
voids and to pack it uniformly. The bed height
was set at 33-35 mm. The dried beads were
preliminarily treated with 0.1 M H,SO, and then
rinsed with distilled water.

Procedure

In chromatographic experiments, an aqueous
solution of the corresponding metal acetate or
nitrate was passed through the resin bed (in
some experiments until the breakthrough point).
The percolation of the solution was then dis-
continued and the bed was rinsed with three bed
volumes of distilled water. The solutions were
eluted from the columns at room temperature at
a flow-rate of 7-15 ml/min (if not stated other-
wise).

Waste solutions from a photographic process
were obtained from photofinisher using Kodak
developers and contained 1.4 mM silver, 1.3 M
Na,S,0;, 0.12 M Na,SO, and 10 mM NaBr.
The solutions were carefully filtered before use.

Metal ion concentrations in the effluent were
monitored with a Perkin-Elmer Model 5100 PC
atomic absorption spectrometer, pH values were
measured on a Corning Model 240 pH meter.
Scanning electron microscopy (SEM) was per-
formed on a Philips Model 505 scanning electron
microscope using a MicroScan Tracor energy-
dispersive spectroscopy attachment.

Partition measurements were made in the
following manner: weighed amounts of the beads
were vigorously stirred with definite volumes
(10-12 ml) of metal solutions of known concen-
trations in tightly closed flasks in which the pH
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and metal concentrations (collecting samples of
0.1 ml each) were periodically measured. In
some experiments the kinetics of sorption were
interrupted by separating the beads from the
solution. The beads were filtered off, kept for 1
day in air-dry conditions and then replaced in the
same solution.

The extent of sorption of metal ions into the
resin was calculated from the difference in metal
concentrations in solution before and after sorp-
tion by the resin. The sorption was also mea-
sured by stripping the sorbed metal from the
resin and determining the metal concentration in
the stripped solution. The metal uptake (U) was
obtained using the equation U=1-(C,/C,),
where C, and C,, are the concentrations of metal
in the solution at a given time ¢ and at equilib-
rium, respectively.

RESULTS AND DISCUSSION
Method of preparation

Preliminary experiments were performed in
order to establish the stability of the gel with the
specific extractant (DTPA). Mixtures of the
modified polymer and DTPA were dissolved in
tetrahydrofuran (THF), resulting in clear solu-
tions. The solutions were then dried by keeping
them in a closed box containing silica gel. After
drying, the resulting mixtures were checked to
see if homogeneous gel was formed. Polymeric
materials such as PVC, poly(vinyl acetate),
diethyldithiocarbamate-substituted PVC, diben-
zyldithiocarbamate-substituted PVC and their
mixtures were investigated. These materials do
not form gelled phases with DTPA. The gel
formation was observed only when dioctyldithio-
carbamate or diisooctyldithiophosphate was used
to substitute chlorine in PVC. The reason for
this may lie in the fact that the nucleophiles used
are compatible with the extractant and chemical-
ly closely resemble one another.

Many techniques were attempted in order to
obtain round, non-agglomerated beads stable in
packed-column chromatography. The optimum
requirements were found to be as follows: the
modified polymer and DTPA should form a
homogeneous solution in a specific solvent; the
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solution formed from MP and DTPA should be
heavier than water so that a drop will sink
immediately after it enters the coagulation bath;
the solvent in which MP and DTPA are dissolved
should be completely removed from the beads
during their coagulation in the aqueous solution;
the surface of the beads formed should be non-
“sticky”’; and the beads formed should contain a
large amount of DTPA in order to achieve a high
capacity.

In order to meet the above requirements, we
attempted to use solvents giving homogeneous
solutions with MP and DTPA, such as THF,
dimethyl sulphoxide (DMSO), dioxane and their
mixtures. Attempts to precipitate the beads from
THF solution resulted in an irregular-shaped
polymer precipitate floating on the water (as
THEF is lighter than water). On the other hand,
DMSO appeared to be a poor solvent for the
polymeric mixture. Dioxane was found to be an
appropriate solvent. To prevent bead agglomera-
tion, we replaced some of the MP with PVC. By
doing so we lowered the MP concentration
leaving the DTPA concentration constant. The
resulting technique for bead preparation (see
Experimental) was found to be optimum. This
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approach differs substantially from conventional
methods for the preparation of impregnated
resins in which the beads are swollen in a
solution of modifier, then washed (or dried) and
micellized in water [19,20].

Structure of the beads

Beads consisting of several polymeric systems
were studied using SEM. Fig. 1 shows a typical
photomicrograph of internal and external parts
of the cross-cut bead composed of system 4 (see
Experimental). It can be seen that the bead of
about 1 mm diameter was round with a de-
veloped external surface. The internal part had a
well defined wall and a very friable central part.
However, a cross-cut resulted in marked smooth-
ing of the flexible wall. The use of a very thin
needle allowed the bead to be opened without
damaging the wall (Fig. 2). This illustrates the
fine internal structure of the bead. Microscopic
examinations suggest that the beads are actually
hollow spheres or spheroid membranes.

The origin of the spheroids can be explained
as follows. Viscous DTPA-containing solution
being extruded through the needle shows very

Fig. 1. External (right) and internal (left) parts of a cross-cut bead composed of system 4; magnification x70.
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Fig. 2. Internal structure of the bead (system 4). (a) Magnification X120; (b) magnification x1100.

high adhesion to the walls of the needle. A thickness of the wall is 10-20 wm. The external
hollow “tube” is formed, which on dropping into surface contains small specks of the extractant
the water coagulates and produces spheres. The (Fig. 3). SEM using energy-dispersive X-ray
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Fig. 3. External surface of a bead (system 1); magnification x250.

analysis showed that the surface of the wall is
enriched by sulphur and phosphorus and thus
contains a high concentration of DTPA (Fig. 4).
Addition of water-insoluble dichloroethane to
the dioxane solution before the coagulation
results in a more friable structure of the beads,
which was also shown to contain pores (Fig. 5).

Fig. 6 shows spot analyses of silver bound to
the beads kept for 48 h in 1 M AgNO, solution.
It can be seen that the external surface of the
beads (a) contains much more silver than the

Cl

0 kV 5

Fig. 4. Spot analysis on an external surface of a bead (system
4).

internal surface (b). Hence the extraction of the
metal ions results in a thin layer of the metal ion
bound to the extractant in the external wall of
the beads. This layer is probably thinner than
even the wall itself (i.e., <10-20 wm). Hence it
can be predicted that the overall velocity of the
extraction process should be only surface reac-
tion limited.

Stoichiometry of extraction

Consideration of the stoichiometry of the
extraction yields the retention mechanism of the
chromatographic process. Based on analogy with
liquid-liquid extraction, the reaction between a
metal ion M"" and DTPA adsorbed on gelled
MP and PVC can be written as

aM.; +anHSR, ;= (MSR,), .., + anH_ (1)

a,gel

with an equilibrium constant
K= {[(MSRn)a,gel][H+]::/[Mn+]Zq[HSR]g:l}eq
= D[H" 5§/ [HSR], (2)

where D is the effective distribution coefficient



L. Bromberg and G. Levin | J. Chromatogr. 634 (1993) 183-196

189

Fig. 5. (a) External (right) and internal (left) parts of a cross-cut bead composed of system 4a; magnification x95; (b) internal

surface of a bead composed of system la; magnification X185.

of the metal between the beads and the aqueous
phase and a is the degree of association of
DTPA.

When a stripping agent (ligand) is used in
aqueous solution, the K value should be modi-
fied as follows:

K, =K/<1 +§1 /3,..:;')

where f3; is the stability constant of the metal—

ligand complex and ¢, is the concentration of the
ligand.

The mechanisms of liquid extraction (reaction
1) in which DTPA participates have been investi-
gated by a number of workers (for a review, see
ref. 7). We shall limit ourselves by the extraction
of silver and cadmium.

Assuming that DTPA is trimerized while con-
tacted with silver [21], we obtain from eqns. 1
and 2 the following expression:
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a
0

b
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Cl
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Fig. 6. Cross-section analysis of the beads (system 4) satu-
rated by Ag. (a) Analysis of the external surface of the bead;
(b) analysis of the internal surface of the bead.

K =D(1+ D)'[H"];/([Ag" |.})"[HSR]; (3)

gel
where [Ag+];’:l is the initial silver concentration
in the aqueous phase set in the experiment.

It can be seen from the definition of D that
[Ag" Jua/[Ag I = D/(D + 1) (4)
Therefore, for a given concentration of DTPA in
the beads, using eqns. 3 and 4 one can obtain the
following equation:

log D +2log(D + 1) = =3 log[H"],, + constant
()

Fig. 7 shows a plot of the left-hand side of
eqn. 5 versus log(sulphuric acid concentration).
D was obtained by dividing the silver concen-
tration per gram of beads by the silver concen-
tration per gram of aqueous solution of H,SO,
containing 0.4 M thiourea. Yukhin et al. [21]
used solvent extraction experiments to show that
thiourea is an excellent stripping agent for silver.
In order to measure D accurately, we lowered its
value by adding thiourea to the solution. The
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Fig. 7. Relationship between the distribution coefficient
(D,,) for silver and H,SO, concentration. Beads (system 3;
loading 15.0 g 17'; temperature 22°C) were equilibrated with
AgNO, (initial concentration 1.0 mM) solutions of H,SO,
containing 0.4 mM thiourea.

slope of the straight line in Fig. 7 of 2.95 fits
fairly well the assumptions made in eqn. 3.
These data strongly correlated with membrane
transport experiments in which silver diffused
through gelled phases containing DTPA and
PVC [4]. The dependence of the distribution
coefficient on the DTPA concentration in the
membrane indicated trimerization of DTPA tak-
ing place in the gelled membrane phase [4].

It can be seen from Fig. 8 that silver can be

3

Cd

logD

F

b

_3 I P " it 2 1
-1.5 -0.5 0.5 1.5

log[H']
Fig. 8. Relationship between the distribution coefficient
(D¢,) for cadmium and HC! concentration. Beads (system 2;

loading 14.0 g 1" '; temperature 20°C) were equilibrated with
Cd(NO,), (initial concentration 0.1 mM) solutions of HCI.
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effectively stripped from the beads by acidic
solutions saturated with thiourea.

As cadmium-dialkyldithiophosphate complex-
es have been reported to be non-associated in
dilute solutions of hydrocarbons [22], we con-
sider the expression
K=D[H"]: /[HSR]: (6)

gel

to be relevant in the extraction of Cd**. Fig. 8
shows a logarithmic plot of D versus the concen-
tration of hydrochloric acid in the stripping
solution. The slope is close to 2 and fits eqn. 6.
A 9 M HCI concentrationn almost completely
strips cadmium from the beads.

Kinetics of extraction

Eqn. 1 can be expressed as follows:

. X v
3Agaq + 3HSRgel ~ [(AgSR)3]gel + 3Haq (7)

where K = k,/k, is the equilibrium constant. K
is extremely high (2 - 10*' [21]). Considering that
interruption of the extraction process had no
influence on the kinetic curves (see Experimen-
tal), we assume the process to be reaction
controlled [23]. This assumption is in accordance
with the SEM data showing the presence of
DTPA as a thin layer on the wall of the beads
(see Fig. 6).

In this case the overall reaction rate according
to eqn. 7 is described by

3q/3t = ky[qrg aqd@nisr — (1/K)GG1 o] (8)

where ¢ is the effective DTPA-complexed silver
concentration in the beads, gyqx is the effective
concentration of DTPA in the beads, gy ,, is the
proton concentration in the aqueous solution
appearing as a result of the reaction (eqn. 7) and
Gag.aq is the silver concentration in the aqueous
solution.

The dissociation of the silver—-DTPA complex

is negligible, so a reasonable approximation is
91,9 = qusr = 49su — 94
Grgaq=9e at 0Sr=r,

©)

where ¢g is the effective concentration of the
reactive SH groups in the beads, g, is the
concentration of silver in the bead phase at
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equilibrium with the silver in the bulk solution
and r, is the average external radius of the
beads.

Initial and boundary conditions are given as
follows:

9u=9qsu; 9=0; =0 (10)
r=r, (11)

where g, is the proton concentration in the
beads.

The fractional attainment of equilibrium is
given by

U=q/qsy (12)
Substituting eqns. 9 in eqn. 8, we have
dq/0t = ky(qsu — 9)°(Kql — q)/K (13)

Solving eqn. 13 with the use of eqns. 9-12, we
obtain

[1/2(1 - U)]-[1/(KB~1)(1-U)]
+[1/(KB —1)’] In[(KB — U)/K(1-U)]
=k,qars(KB — 1)7/KD,

= k,q2u(Kq2 — gs)t/K (14)

where B =gq2/qqy, t=D.r/r; and D, is the
effective diffusion coefficient of silver in the
beads. Assuming K— », eqn. 14 becomes

(1= U) =2k,qsuqot (15)

Experimental and theoretical uptake data are
shown-in Fig. 9. Note that the U values obtained
for small (r, = 0.05 mm) and large (r, = 0.5 mm)
beads are almost identical. This is additional
evidence for the assumption that the kinetics are
reaction limiting. Had it been a diffusion-limiting
process, we should have obtained a strong de-
pendence of U on r, [23]. The theoretical uptake
dependence calculated using eqn. 15 is shown as
a solid line. In calculations the following values
were used: g, =12.3 mol m™>, gz, =700 mol
m~ and k, =4.2-10""" m" mol* s™'. The ¢,
and gg,, values were found experimentally and &,
was calculated. It can be seen (Fig. 9) that the
experimental and theoretical uptake data agree
fairly well.
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Fig. 9. Rate of uptake of silver under vigorous agitation.
Initial concentration of AgNO,; in water, 0.74 mM; initial
pH, 7.2; bead loading, 14.3 g 17 temperature, 18°C. O =
Data obtained with the beads made of system 3, average
diameter 1.0 mm; A = data obtained with the beads made of
system 4a, average diameter 0.1 mm; solid line = theoretical
dependence.

Ion separations

Frontal separations give information about the
equilibrium separation factor a:

a=(1-N)n/(1-n)N (16)

where N and n are the mole fractions of a certain
ion relative to the sum of the ions to be sepa-
rated in the resin and in solution, respectively.

Value of « can be characteristic of the selec-
tivity of the extraction by the beads. Figs. 10-12
show typical output curves obtained in the fron-
tal separation of metal ion mixtures. The equilib-
rium degree of retention was obtained using the
difference between the amounts of a certain ion
entering and leaving the column:

N= [i Vi —V)Cin - i v,.c,.]/Q

where V; is the volume of ith sample, V, is the
void volume of the column estimated in the
separate experiments to be 10-15% of the col-
umn volume, C; is the concentration of the
initial solution, C; is the concentration in the ith
sample, j is the number of the sample after the

removal of which the initial solution emerges

(17)
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Fig. 10. Output curves obtained by displacement of K* by
Ni** and Zn®" ion mixture. Column (beads of system 4,
r,=0.05-0.1 mm) was saturated with KNO,, then
Ni(CH,COO), and Zn(CH,COO), solution was run. For
initial composition of the eluent, see Table 1.
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Fig. 11. Qutput curves obtained by displacement of Ni** and
Zn*" ion mixture in the column by Cd(CH,COO),- and
Fe(NO,);-containing eluent. See Fig. 10 and Table 1.

from the column and Q is the amount of all ions
extracted by the resin on equilibration.

The main results of the experiments shown in
Figs. 10-12 are given in Table I. It can be seen
that the separation factor a is in excellent
agreement with the extraction sequence of met-
als by DTPA [7], viz., Ag=Hg>Pb > Fe(Ill) >
Cd > Ni>Zn > K. At equilibrium silver replaces
all other metals in the column.

In the experiments with the blank material



L. Bromberg and G. Levin | J. Chromatogr. 634 (1993) 183-196

1.4 L L A A A B S R R A LML AR
Fe3+ Ag+

=

E _Cd2+

- Pb2+

o |

0 P PR Y P Y ——O— 50—

0 50 100 150 200

Volume, ml

Fig. 12. Output curves obtained by displacement of Cd**
and Fe’” ion mixture in the column by Pb(CH,COO),- and
AgNO,-containing eluent. See Fig. 11 and Table 1.

composed of unmodified PVC and DTPA, the
beads were dispersed into separated fibrils and
almost entirely lost their ion-exchange capacity
after the first extraction—stripping cycle. In con-
trast, the cation-exchange columns containing
modified polymer gelled with DTPA and PVC
demonstrated an ability to work satisfactorily
during 20 or more extraction—stripping cycles
without losing their ion selectivity. The ion-ex-
change capacity of the beads decreased by 20—
30% during the first 5-10 cycles and then
reached equilibrium. The composition of the
beads after 25 cycles was S =3-5%, Cl=42.3-
47.5%.

Figs. 13-15 illustrate the performance of the
columns in elution chromatography. Fig. 13

TABLE 1
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Fig. 13. Elution of Ag* and Pb** from the column (see Fig.
12) by 1 M H,SO, saturated with thiourea (after arrow 1)
and by 0.13 M sodium ethylenediaminetetraacetate (after
arrow 2).

represents the elution of Ag* and Pb*>* from the
column equilibrated in the experiment shown in
Fig. 12.

Figs. 14 and 15 demonstrate the performance
of the columns in the separation of micro-
amounts of the metal ions. Mixtures of the
corresponding cations which form strong neutral
or anionic complexes were stripped off pref-
erentially by passing through the beads eluent
solutions containing the appropriate complexing
anion. One cation after another could be strip-
ped off by changing the eluent. Thus, Ag* and
Hg2+ were separated from many other metal
ions by stripping with acidic solutions saturated
with thiourea. The stripping sequences and
conditions were found to be in accordance with

SEPARATION OF METAL IONS BY FRONTAL CHROMATOGRAPHY

System Metal ion C. n, N, (0] o
(mM) (mol)

Zn(CH,C0O0),, Ni(CH,C0O0), Zn** 1.52 0.41 0.29 46.1 1.70
[KNO,] Ni?* 2.16 0.59 0.54 1.23
Fe(NO,),, Cd(CH,CO0), ca* 1.05 0.44 0.31 82.1 1.75
[Zn(CH,C0O0),, Ni(CH,C00),] Fe** 1.35 0.56 0.54 1.08
AgNO,, Pb(CH,COO0), Pb** 0.58 0.32 0.09 68.7 4.76
[Fe(NO,),, Cd(CH,C00),] Ag” 1.21 0.68 0.69 0.95
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Fig. 14. Elution of Fe** and Hg’" from the column (beads
of system 3) by 1 M oxalate (after arrow 1) and by 1 M
H,SO, saturated with thiourea (after arrow 2).
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Volume, ml

Fig. 15. Elution of Ag*, Cd** and Pb>" from the column
(beads of system 1) by 1 M H,SO, saturated with thiourea
(after arrow 1), 9 M HClI (after arrow 2) and 0.13 M sodium
ethylenediaminetetraacetate (after arrow 3). The column was
rinsed with 5-10 ml of distilled water before the eluent had
to be changed. Rinsing is not shown.

the extractability of the corresponding complexes
used in the stripping phases [4,16]. We hope that
extraction chromatography based on the materi-
als developed can be used for analytical purposes
in the future. Obviously, DTPA with its extreme-
ly wide range of extraction constants for a
variety of metal cations (from 10*! for mercury
to 107% for Mn>* [24]) can be advantageously
used compared with di(2-ethylhexyl)orthophos-
phoric acid, which possesses a much narrower
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range of extractability. The disadvantages of
DTPA are its unpleasant odour and its tendency
to oxidize on contact with nitric or sulphuric acid
[18]. These problems, however, can be overcome
by the use of DTPA or even its oxidized products
[25] stabilized by a gelled polymeric network.

Recovery of silver from wash waters

Methods such as metal replacement, precipi-
tation, ion exchange or extraction are used [26]
to recover silver from dilute (1-50 uM) fixing
baths after electrolytic purification. Convention-
ally, to recover silver from thiosulphate- and
halide-containing solutions from photofinishers,
a strongly basic anion-exchange resin is used. In
this resin, chloride is the mobile ion and it
exchanges with the silver thiosulphate to release
a chloride ion while capturing the silver complex:

Resin-Cl + Ag,S,0; — Resin-Ag,S,0,; + Cl™

However, special efforts should be made to
recover silver from the resin, which is usually
burned to remove the metal, greatly increasing
the expense of the process.

In order to extract silver from photographic
waste waters, an extractant should possess an
extremely high complexation ability. DTPA was

1 e

s (oW [

0 10 20 30 40 50
Volume, ml

Fig. 16. Recovery of silver from aqueous solutions. Curve 1
represents the removal of silver by the beads of system 4
from AgNO, solution in distilled water and curve 2 the
removal of silver from Kodak wastewater. Silver was eluted
from the column by 1.3 M Na,$,0, solution (after arrow 1)
and 1 M H,SO, saturated with thiourea (after arrow 2).

0
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found to be an excellent extractant for silver and
may be embedded in a supported liquid mem-
brane [17]. However, the membrane process has
the drawback that it requires too long a time to
recover silver at levels below 1-2 uM because
the driving force of the process, the membrane
concentration gradient, then becomes very low,
thus lowering the flow-rate through the mem-
brane. The stability of the membrane may then
become the main problem [4]. In contrast to the
above method, extraction chromatography can
be favourably applied, providing the possibility
of recovering silver in a few cycles.

Fig. 16 demonstrates the performance of the
column in the extraction and elution of silver,
which was effectively removed from both
AgNO, solution in deionized water (curve 1) and
from Kodak waste silver solution containing
sodium thiosulphate (curve 2). Then, 1.3 M
Na,S,0, solution was run through the column
(after the first arrow). Virtually no silver was
stripped off. In contrast, silver was effectively
removed from the column by 1 M H,SO, con-
taining 0.75 M thiourea (after the second arrow).

The possibility of substantial purification of
silver solutions is illustrated by Fig. 17. Curve 1
corresponds to the experiment shown in Fig. 16
(curve 1). Curve 2 in Fig. 17 represents the
thorough analysis of curve 1 after the silver had

006 T T 7 T T T T 1
P> | =
£ 3
S J

0 1 - PPN & 6o 0
0 5 10 15 20 25

Volume, ml

Fig. 17. Recovery of silver from aqueous solution. Curve 1
corresponds to curve 1 in Fig. 16. The rate of elution is 0.2
ml min~'. Curve 2 represents the silver concentration in the
first run below the micromolar level; curve 3 is the second
run compared with the first run. For explanation, see text.
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reached the ppb (=1 uM) level. After the first
run (curves 1 and 2), the fractions containing
micromolar concentrations were combined and
then the solution was run again. The results of
the second elution (curve 3) are compared with
those for the first run (curve 2). It can be seen
that silver was removed from about 0.6 mM to
about 0.2-0.8 uM in the first run and was
further removed to a level of 0.1-0.5 M in the
second run. Obviously, complete purification
depends mainly on the quality of the column
packing, which we believe can be improved by
tightening the packing of the beads and by using
smaller beads.

CONCLUSIONS

Extraction chromatography based on modified
poly(vinyl chloride) and di(2-ethylhexyl)-
dithiophosphoric acid as a gelled phase was
developed. The optimum method for the prepa-
ration of gelled beads for packed columns was
elucidated. SEM investigations demonstrated
that the beads obtained are spheroid mem-
branes. The stoichiometry of Ag® and Cd**
extraction was established. The kinetics of silver
extraction by the beads were shown to be reac-
tion controlled. Model considerations yielded the
kinetic constant of the extraction reaction. Selec-
tive ion separations in frontal analysis and elu-
tion chromatography were achieved. The pos-
sibility of the use of the developed chromato-
graphic material for the substantial purification
of photographic waste waters was demonstrated.
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ABSTRACT

The separation of the enantiomers of five widely used profen-type non-steroidal anti-inflammatory agents: fenoprofen,
flurbiprofen, ibuprofen, ketoprofen and naproxen was studied using four commercially available cyclodextrin silica stationary
phases operated in the reversed-phase mode. The retention behavior of all profens was similar on all the cyclodextrin silica
stationary phases studied, but the chiral selectivities differed significantly. Complete separation was achieved for the enantiomers

of ibuprofen, flurbiprofen and naproxen.

INTRODUCTION

The 2-aryl propionic acids, or profens, belong
to the family of non-steroidal anti-inflammatory
drugs (NSAIDs). Once it became known that the
different profen enantiomers have different
pharmacokinetical properties, interest in their
chromatographic separation has increased [1-
20]. Some of the profen enantiomers were sepa-
rated in both the derivatized form [2-9], and in
the underivatized form [10-20]. According to the
derivatization approach, the carboxyl group of
the enantiomers was converted into an ester
group [2,3,9], an anilide group [4,5,8], or an
amide group [1,2,5~7,9] resulting in improved
separation [1-3,5,7-9], and/or improved detec-
tion limits [4]. In some of the schemes, the
profens were derivatized with an enantiomerical-
ly pure reagent leading to the formation of
diastereomers [4,6], which then were separated

* Corresponding author.

0021-9673/93/$06.00

either on a chiral (R)-N-(3,5-dinitrobenzoyl)-
phenylglycine-based silica column [4] or on an
achiral octadecyl silica column [6]. In other
schemes, a non-chiral reagent was used to de-
rivatize the profen enantiomers followed by their
separation on one of the cellulose-based station-
ary phases, Chiralcel OC [1] or Chiralcel OJ [3],
or on the (R)-N-(3,5-dinitrobenzoyl)phenylgly-
cine-based silica column [1,2,5,7,9], the (R)-
N-(2-naphthyl)alanine-based silica column [8], or
on the chiral stationary phase derived from (S)-
N-(1-naphthyl)leucine [10]. Enantiomers of
some of the underivatized profens have also
been separated using this stationary phase
[10,11], as well as the a;-acid glycoprotein
stationary phase [12,13], the human serum al-
bumin stationary phase [14], the Cyclobond-I
B-cyclodextrin silica phase [18], the Cyclobond-
I-SN naphthylethylcarbamoylated cyclodextrin
silica phase [15], and an acetylquinidine-silica
column used in conjunction with quinidine as a
mobile phase additive [16]. In our laboratory, we
have been interesied in the direct preparative-
scale separation of the enantiomers of some of

© 1993 Elsevier Science Publishers B.V. All rights reserved
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the profens, primarily using cyclodextrin silica
stationary phases [17-20].

Cyclodextrins are toroidally shaped molecules
containing 6, 7, or 8 glucose units (a-, B- or
y-cyclodextrins). Cyclodextrins have a hydropho-
bic cavity and two hydrophilic lips with sec-
ondary hydroxyl groups on the larger lip and
primary hydroxyl groups on the smaller lip
[21,22]. Cyclodextrins can include molecules into
their cavities and form host-guest complexes
[23]. The stability of the complex depends on the
snugness of the fit between the molecule and the
cavity and the strength of the polar intermolecu-
lar interactions between the host and the guest
[24]. The secondary hydroxyl groups can be
derivatized to extend the depth of the cavity
and/or change the nature of the polar interaction
sites.

The commercially available cyclodextrin silica
HPLC phases contain cyclodextrin moieties
which are chemically bonded to the silica support
via the 3-glycidoxysilane [25] spacer. Hydroxy-
propylated cyclodextrin silicas of the desired
chirality are produced by first reacting the
cyclodextrin with the appropriate propylene
oxide, followed by binding of the modified
cyclodextrin to the glycidoxysilylated silica
[26,27]. Naphthylethylcarbamoylated cyclodex-
trin silica stationary phases are produced by
further reacting the cyclodextrin silica, in situ,
with (§)-(+)- or (R)-(—)-1-(1-naphthyl)ethyl iso-
cyanate [28].

EXPERIMENTAL

A custom-built liquid chromatograph consist-
ing of an LC 2010 pump (Varian, Walnut Creek,
CA, USA), a pneumatically activated Type 7000
injection valve (Rheodyne, Cotati, CA, USA),
an LC 2050 variable-wavelength UV detector
(Varian) set at 254 nm, and a Series RI-3
differential refractive index detector (Varian),
was used for the experiments. The detector
signals were recorded and analyzed by a Maxima
Workstation (Millipore—Waters, Milford, MA,
USA). Stainless-steel columns, 250 mm X 4.6
mm [.D. (BST, Budapest, Hungary), were cus-
tom packed with 5-um cyclodextrin silicas
(ASTEC, Whippany, NJ, USA) using a Model
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53127-2 air amplifier pump (Haskel, Burbank,
CA, USA). All columns were jacketed and
thermostatted at 30°C by a Type UF3 circulating
water bath (Science/Electronics, Dayton, OH,
USA). All separations were completed at an
eluent flow-rate of 1 ml/min.

The stationary phases used in this work are the
native 8- and vy-cyclodextrin silicas, as well as
the (S)- and racemic-2-hydroxypropyl-g-cyclo-
dextrin silicas (average degree of substitution:
7.9 hydroxypropyl units per cyclodextrin) [27],
and the (S)-naphthylethyl carbamoylated -
cyclodextrin [4] silica (average degree of substi-
tution: 6.3 naphthylethyl units per cyclodextrin)
[28]. These materials are all commercially avail-
able from ASTEC under the trade names of
Cyclobond I, Cyclobond II, Cyclobond I-SP,

COOH H3 . COOH
»
F
H;g“' ."“ﬁ{ :
Ibuprofen Flurbiprofen

Ketoprofen

Fenoprofen

Y

@@ -
HC
\0

Naproxen

Fig. 1. Structures of the profens used in this study.
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Cyclobond I-RSP, and Cyclobond I-SN, respec-
tively.

The eluents were prepared as described before
[29] from HPLC-grade acetonitrile (EM Science,
Gibbstown, NJ, USA), water produced by a
Milli-Q unit (Millipore, Bedford, MA, USA),
and sodium citrate and citric acid, both from
Aldrich (Milwaukee, WI, USA). The eluent pH
values reported here are apparent pH values
measured in the hydroorganic eluent using a
glass electrode (Corning, Medfield, MA, USA)
calibrated with standard aqueous buffers (Fisher
Scientific, Fair Lawn, NJ, USA) as recom-
mended in refs. 30 and 31. Racemic ibuprofen
and racemic naproxen were gifts from ASTEC.
Ketoprofen, flurbiprofen, and (§)-naproxen
were obtained from Sigma (St. Louis, MO,
USA). (S)-Ibuprofen was obtained from Al-
drich. Fenoprofen calcium was a gift from Eli
Lilly (Indianapolis, IN, USA). (The solute struc-
tures are shown in Fig. 1.) The solutes were
dissolved in the eluents immediately prior to use.
The injected amounts were kept at minimum to
approximate infinite dilution conditions and were
adjusted to yield a signal-to-noise ratio of about
10 to 50.

RESULTS

B-Cyclodextrin silica (Cyclobond 1) column
Because in a chiral separation it is the more
retained enantiomer that experiences all the
possible binding interactions to the fullest, the
capacity factors of the more retained enantio-
mers (k;) are used in this paper to discuss the
retention behavior of the five profens. The k;
obtained on the native B-cyclodextrin silica
stationary phase (Cyclobond I) are plotted in
Figs. 2 and 3 as a function of the acetonitrile
concentration of the eluent at two different pH
values: at pH 4, which is below, and at pH 6,
which is above the pK, values of all the profens
studied here. On native cyclodextrin silicas oper-
ated in the reversed-phase mode, solute reten-
tion is attributed to the concerted action of the
hydrophobic interactions between the hydropho-
bic parts of the solute and the hydrophobic
interior of the cyclodextrin cavity (inclusion
phenomenon), and the hydrogen bonding inter-

log k2
o
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Fig. 2. Capacity factors of the more retained enantiomers of
profens as a function of the % (v/v) acetonitrile (ACN)
concentration in the pH 4.0, 5 mM citrate buffer eluents on
the Cyclobond I B-cyclodextrin silica column. Flow-rate: 1
ml/min, temperature: 30°C, UV detection at 254 nm.
Symbols: [ = ibuprofen; x = flurbiprofen; V = fenoprofen;
+ = naproxen, O = ketoprofen.

actions between the polar functional groups of
the solute and the hydroxyl groups of the
cyclodextrin [22]. As can be seen in Figs. 2 and
3, the logarithm of the capacity factors of the
profens decreases almost linearly as the concen-
tration of acetonitrile in the eluent is increased,
just as in a regular reversed-phase system con-
sisting of an octadecyl silica stationary phase and
a buffered hydroorganic eluent [32]. However,
as long as there is more than 30% (v/v) acetoni-
trile in the eluent, the dissociated profen anions
(predominant in the pH 6 eluents) are more

’

log k2
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Fig. 3. Capacity factors of the more retained enantiomers of
profens as a function of the % (v/v) acetonitrile concen-
tration in the pH 6.0, 5 mM citrate buffer eluents on the
Cyclobond I B-cyclodextrin silica column. Other conditions
and symbols as in Fig. 2.
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strongly retained than the non-dissociated, free
acid profens (predominant in the pH 4.0
eluents). This behavior is exactly opposite of
what one can observe in a regular reversed-phase
system [32]: it indicates that in the presence of
an organic solvent the sum of the hydrophobic
and the hydrogen bonding interactions between
the anions and the cyclodextrin are stronger than
those between the free acids and the cyclodex-
trins. As the acetonitrile concentration is de-
creased, the strength of the bonding interactions
between ‘the anions and the cyclodextrin in-
creases only slightly, while the strength of the
bonding interactions between the free acids and
the cyclodextrins increases strongly. Eventually,
in pure aqueous eluents, the free acids are
bonded more strongly than the respective an-
ions. This observation agrees qualitatively with
our recent finding in capillary electrophoresis,
that in a pure aqueous buffer the value of the
formation constant of the cyclodextrin—profen
acid complex is larger than that of the cyclodex-
trin—profen anion complex [33].

With regard to chiral selectivity, an interesting
trend can be observed in Fig. 4. As long as the
concentration of acetonitrile is higher than 20%
(v/v), chiral separation is observed only in the
high-pH eluent, and only for ibuprofen. As the
acetonitrile concentration is decreased, the chiral
selectivity coefficient for ibuprofen increases
towards a limiting « value of about 1.06. In
eluents with acetonitrile concentrations higher

115 ¢
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Fig. 4. Chiral selectivity as a function of the % (v/v)
acetonitrile concentration in the pH 6.0, 5 mM citrate buffer
eluents for profens on the Cyclobond I B-cyclodextrin silica
column. Other conditions and symbols as in Fig. 2.
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than 50% (v/v), chiral discrimination is lost,
even in high-pH eluents. Though it would be
interesting to compare the chiral recognition
mechanisms operative in HPLC and capillary
electrophoresis (where a limiting a value of
about 1.04 has been observed for ibuprofen in
low-pH buffers at a temperature of 37°C [33]),
the HPLC « values for ibuprofen could not be
determined in purely aqueous eluents, either at
high pH or at low pH, because the k; values
were excessively high (well over 100).

Because good chiral separation was observed
for the ionic form of ibuprofen, the buffer
strength of the eluent was varied to see if solute
retention and chiral selectivity could be con-
trolled by this parameter, and/or chiral separa-
tion could be achieved for the other profens.
While increased buffer strength greatly de-
creased the capacity factors of the profens both
in high- and low-pH eluents, due to the in-
creased competition of the buffer species for the
available cyclodextrin binding sites [34], it did
not lead to chiral recognition for any of the other
profens.

The effect of column temperature on the chiral
selectivity was also examined. For ibuprofen, a
regular Van 't Hoff plot was obtained, similar to
the ones reported earlier [19], and the chiral
selectivity improved from a =1.054 at 30°C to
a =1.075 at 2°C. However, chiral separation
could not be achieved for the other profens,
even at 2°C.

Naphthylethylcarbamoylated B-cyclodextrin silica
(Cyclobond I-SN) column

On the naphthylethylcarbamoylated B-cyclo-
dextrin silica column, the logarithms of the
capacity factors decrease linearly with the in-
creasing acetonitrile concentration: the rate of
decrease is once again faster at pH 4 (Fig. 5)
than at pH 6 (Fig. 6). When the acetonitrile
concentration in the eluent is less than 20%
(v/v), retention in the low pH eluents (non-
dissociated profens) becomes stronger than in
the high pH eluents (anionic profens). In the
high-pH eluents, the k; values on the native and
on the naphthylethylcarbamoylated B-cyclo-
dextrin silica columns are identical within ex-
perimental error. However, in low-pH eluents,
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Fig. 5. Capacity factors of the more retained enantiomers of
profens as a function of the % (v/v) acetonitrile concen-
tration in the pH 4.0, 5 mM citrate buffer eluents on the
Cyclobond I-SN naphthylethylcarbamoylated B-cyclodextrin
silica column. Other conditions and symbols as in Fig. 2.
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Fig. 6. Capacity factors of the more retained enantiomers of
profens as a function of the % (v/v) acetonitrile concen-
tration in the pH 6.0, 5 mM citrate buffer eluents on the
Cyclobond I-SN naphthylethylcarbamoylated B-cyclodextrin
silica column. Other conditions and symbols as in Fig. 2.

the k) values are about 10-15% higher on the
naphthylethylcarbamoylated B-cyclodextrin silica
column than on the native B-cyclodextrin silica
column.

As shown in Figs. 7 and 8, chiral selectivity on
the naphthylethylcarbamoylated B-cyclodextrin
silica (Cyclobond I-SN) column is better than on
the native B-cyclodextrin silica column. In the
pH 6.0 eluents, the highest selectivity factor
value found for ibuprofen is a =1.126, much
higher than the 1.054 value on the native
cyclodextrin silica (Cyclobond I) column. Addi-
tionally, chiral separation is observed for flurbi-
profen as well: the highest selectivity value is
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Fig. 7. Chiral selectivity as a function of the % (v/v)
acetonitrile concentration in the pH 4.0, 5 mM citrate buffer
eluents for profens on the Cyclobond I-SN naphthylethyl-
carbamoylated B-cyclodextrin silica column. Other condi-
tions and symbols as in Fig. 2.
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Fig. 8. Chiral selectivity as a function of the % (v/v)
acetonitrile concentration in the pH 6.0, 5 mM citrate buffer
eluents for profens on the Cyclobond I-SN naphthylethyl-
carbamoylated B-cyclodextrin silica column. Other condi-
tions and symbols as in Fig. 2.

a =1.046 (Fig. 8). At pH 4.0, chiral separation
is observed only for ibuprofen (Fig. 7), and the
chiral selectivity is worse (o = 1.044) than at pH
6.0. When the acetonitrile concentration
becomes higher than 50% (v/v), the chiral sepa-
ration is lost, both at high pH and low pH, for
both ibuprofen and flurbiprofen, following the
trend that was observed on the Cyclobond I
column (Figs. 7 and 8).

Hydroxypropylated B-cyclodextrin silica
(Cyclobond I-SP) columns

The retention and the selectivity values ob-
served on the (S)-hydroxypropylated B-cyclo-
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Fig. 9. Capacity factors of the more retained enantiomers of
profens as a function of the % (v/v) acetonitrile concen-
tration in the pH 4.0, 5 mM citrate buffer eluents on the
Cyclobond I-SP (§)-hydroxypropylated B-cyclodextrin silica
column. Other conditions and symbols as in Fig. 2.

dextrin silica stationary phase (Figs. 9-11) follow
the trends observed with the native and the
naphthylethylcarbamoylated B-cyclodextrin sil-
icas: the k) values are lower in the acetonitrile-
rich eluents at pH 4 than at pH 6.5, the k; values
are higher in the purely aqueous eluents at pH 4
than at pH 6.5, the slopes of the k; vs. % ACN
curves are steeper at pH 4 than at pH 6.5. In the
pH 4 eluents, solute retention on the native
B-cyclodextrin and the (S)-hydroxypropylated
cyclodextrin silica is also. identical within ex-
perimental error. However, when it comes to
chiral selectivity, an important difference is ob-
served. Enantiomeric ' separation is achieved
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Fig. 10. Capacity factors of the more retained enantiomers of
profens as a function of the % (v/v) acetonitrile concen-
tration in the pH 6.5, 5 mM citrate buffer eluents on the
Cyclobond I-SP (§)-hydroxypropylated B-cyclodextrin silica
column. Other conditions and symbols as in Fig. 2.
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Fig. 11. Chiral selectivity as a function of the % (v/v)
acetonitrile concentration in the pH 4.0, 5 mM citrate buffer
eluents for profens on the Cyclobond I-SP (S)-hydroxy-
propylated B-cyclodextrin silica column. Other conditions
and symbols as in Fig. 2.

solely at pH 4.0, and only for flurbiprofen and
naproxen.

The racemic hydroxypropylated -cyclodextrin
stationary phase (Cyclobond I-RSP column) was
also evaluated. Using the same eluents, similar
chiral selectivity was observed for the naproxen
and the flurbiprofen on both the (§)-hydroxy-
propylated (Cyclobond I-SP) and the racemic
hydroxypropylated B-cyclodextrin silicas (Cyclo-
bond I-RSP). Retention was slightly lower,
though, on the racemic ‘hydroxypropylated B-
cyclodextrin. No separation was achieved for the
other profens either at low pH or at high pH.
Thus, for the separation of the profen enantio-
mers, the use of the more expensive (S§)-hy-
droxypropylated cyclodextrin column offers no
advantage.

y-Cyclodextrin silica (Cyclobond II) columns
Again, the same type of retention behavior
was observed; as the concentration of acetoni-
trile increases, the logarithms of the k; values
decrease faster at pH 4.0 than at pH 6.0.
However, regardless of the acetonitrile concen-
tration, the retention times of the profens are
very similar to each other, with the exception of
flurbiprofen which is more retained. This indi-
cates a lack of differentiation by the vy-cyclo-
dextrin phase for the profens (Figs. 12 and 13).
No separation of the enantiomers of any of the
profens was observed using y-cyclodextrin silica.
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Fig. 12. Capacity factors of the more retained enantiomers of
profens as a function of the % (v/v) acetonitrile concen-
tration in the pH 4.0, 5 mM citrate buffer eluents on the
Cyclobond II y-cyclodextrin silica column. Other conditions
and symbols as in Fig. 2.
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Fig. 13. Capacity factors of the more retained enantiomers of
profens as a function of the % (v/v) acetonitrile concen-
tration in the pH 6.0, 5 mM citrate buffer eluents on the
Cyclobond II y-cyclodextrin silica column. Other conditions
and symbols as in Fig. 2.

CONCLUSIONS

All the cyclodextrin silica columns investigated
display similar retention behavior. Chiral sep-
aration was observed on the Cyclobond-I
B-cyclodextrin silica column for ibuprofen at
high pH, on the Cyclobond I-SN naphthyl-
ethylcarbamoylated B-cyclodextrin silica column
for ibuprofen and flurbiprofen at high pH, and
for ibuprofen at low pH, and on the Cyclo-
bond I-SP and Cyclobond I-RSP hydroxypro-
pylated B-cyclodextrin silica columns for flurbi-
profen and naproxen at low pH. The Cyclo-
bond-I1 y-cyclodextrin silica column could not
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differentiate either between the various profens,
or their enantiomers.
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ABSTRACT

Complete chromatographic separations of a wide range of different tropane alkaloid stereoisomers on a commercially available
cellulose-based chiral stationary phase (CSP) are described. The separations were achieved by using cellulose tris(3,5-
dimethylphenyl)carbamate as CSP with both an aqueous and an organic mobile phase with different ionic modifiers. The effects

of totally different modifiers in both mobile phases on the chromatographic resolution are described.
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INTRODUCTION

Tropane alkaloids are anticholinergic drugs.
Well known are the esters of tropic acid with
scopine (scopolamine) and tropine (atropine).
The racemate atropine (3-tropoyloxytropane) is
a mixture of the (S)- and (R)-hyoscyamine
enantiomers, whereas the mixture of (R)- and
(S)-scopolamine enantiomers is called atroscine
(3-tropoyloxy-68,7B-epoxytropane). The chro-
matographic enantioseparation of the tertiary
compounds  atropine and atroscine have been
described previously [1,2]. By quaternization of
these tropane alkaloids the central effects of
these drugs are avoided. These compounds are
in ‘use as neurotropic spasmolytics in modern
therapy. Until now no methods existed (except
for the imprecise measurement of optical rota-
tion) for the determination of the enantiomeric
purity of these compounds [3]. We describe here
conditions for the determination of the optical
purity of these drugs by chromatographic
methods.

STEREOCHEMISTRY

Anticholinergics of the tropane alkaloids are
esters of the N-alkylated nortropine (1) and
norscopine (2) and racemic tropic acid (3). The
quaternary N,N-dialkylated noratropine (4) and
N,N-dialkylated noratroscine (5) molecules have
one chiral centre in the 2'-position and two
pseudoasymmetric centres in the C-3 and N-8
positions (see Fig. 1).

The direct chromatographic separation of the
racemates refers to the chiral centre in the 2'-
position in all instances. Therefore, tropine is
characterized as  1(R),3(r),5(S),8(r)-azabi-
cyclo[3.2.1.]Joctan-3-0ol. For quaternary N,N-di-
alkylated nortropine the pseudoasymmetric ni-
trogen in the 8-position is described as *“r” for
R, >R, and “s” for R; <R,.

The introduction of the epoxy group into the
piperidine system leads to atroscine with a com-
pletely converted configuration of the saturated
cyclic system. Therefore, the absolute config-
uration of scopine is described as 1(S),3(s),
5(R),6(R),7(S),8(s)-aza-6,7-epoxybicyclo[3.2.1.]-
octan-3-ol.
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Fig. 1. Structures of nortropine (1), norscopine (2), tropic
acid (3), quaternary N,N-dialkylated noratropine (4) and
quaternary N,N-dialkylated noratroscine (5).

Similarly to N,N-dialkylnortropine, the qua-
ternary N,N-dialkylnorscopine with different
alkyl chains fixes the pseudoasymmetric centre in
the 8-position, characterized as “s” for R, >R,
and “r” for R, <R, [4-7].

EXPERIMENTAL

The quaternary tropane alkaloids tested were
obtained from Boehringer Ingelheim (Ingelheim,
Germany). The solvents used for chromatog-
raphy were of HPLC grade and were used as
received. The different ionic modifiers were of
analytical-reagent grade.

Chromatography
Separation of the enantiomers was achieved by
a column based on the chiral stationary phase
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(CSP) tris(3,5-dimethylphenyl)carbamate cellu-
lose [8], commercially available as Chiralcel OD
(Daicel). All mobile phases were premixed and
degassed by ultrasonic treatment for 3 min. The
enantiomeric separations were performed using
two totally different mobile phases, one organic
and the other aqueous.

The organic mobile phase always consisted of
n-hexane—ethanol-methanol (600:150:250) with
different modifiers when not specified otherwise.
The modifier was dissolved in the alcoholic part
of the mobile phase and diluted with n-hexane.

For the aqueous mobile phase [9], different
modifiers were dissolved in water and mixed with
methanol or acetonitrile.

All chromatographic studies were performed
with a flow-rate of 0.5 ml/min. Detection was
carried out at a wavelength of 230 nm unless
stated otherwise. The volume injected was 10 ul
at a concentration of 1 mg/ml.

RESULTS AND DISCUSSION

Stereochemistry of the tested racemates

The investigated racemates are quaternary
N,N-dialkylated derivatives of noratropine and
~ noratroscine. Different chain lengths of the axial
bonded R, and the equatorial R, substituent lead
to (r)- and (s)-configurations.

When the equatorial bonded substituent (R,)
is larger than the axial bonded substituent (R,),
the quaternary nitrogen of atropine has the (s)-
configuration, and when R, is larger than R, the
molecule has the (r)-configuration. Analogous
substitution in N-alkylated atroscine converts the
configuration of the saturated ring system com-
pletely, including the quaternary nitrogen. In
contrast to all other racemates, the racemates 4b
and 4p have (s)-configuration in the 3-position
(pseudotropine = B-tropine).

The compounds can be divided structurally as
follows.

(1) Compounds 4a to 4g are of (s)-configura-
tion (except 4b) with increasing R, (equatorial)
alkyl chain length and a methyl group in R,
(axial);

(2) Compounds 4a, 4h to 41 are of (r)-configu-
ration with a methyl group in R, (equatorial) and
increasing alkyl chain length in R, (axial);
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(3) Compounds 4a, 4m and 4n: the substances
have in each instance the same alkyl substituents
in equatorial (R,) and axial (R,) positions in-
creasing in size from 4a to 4n;

(4) Compounds 4o to 4q are three of the four
possible stereoisomers of the racemic tropic ester
of N-isopropylmethyl-3_/B-tropanol; v

(5) Compounds 4b and 4p are 3B-derivatives
of 4a and 4o (so-called pseudotropanols);

(6) Compounds 5a to 5f are of (s)-configura-
tion with a methyl group in R, (equatorial) and
increasing alkyl chain length in R, (axial);

(7) Compounds 5d and 5q are the (r)- and
(s)-configuration racemic tropic esters of N-
butylmethyl-3a-tropanol;

(8) Compounds 5a and 5h: the nitrogen of 5a
is substituted with two methyl groups whereas
the nitrogen of 5h is substituted with two ethyl
groups.

TABLE I

QUATERNARY N,N-DIALKYL DERIVATIVES OF
NORATROPINE (4) AND NORATROSCINE (5)

Compound R, (axial) R, (equatorial) Configuration
4a CH, CH, -

4 CH, CH, — (B-tropine)
4c CH, C,H; §

4d CH, C.H, s

4e CH, CH,, s

4f CH, CH,, s

4g CH, C.H,, s

4h C,H, CH, r

4i C,H, CH, r

1 C,H, CH, r

41 CH,, CH, r

4m C,H; C,H; -

4n CH, CH, -

4o iso-C;H, CH, r

4p iso-C;H, CH, r ( B-tropine)
4q CH, iso-C;H, s

5a CH, CH, -

5b C,H, CH, s

Sc C,H, CH, s

5d C.H, CH, s

Se CH,, CH, s

sf CH,, CH, s

sg CH, CH, r

5h C,H, C,H, -
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Chromatographic results

The two different mobile phases were able to
resolve all the investigated quaternary tropane
alkaloids (see Table I). In all instances complete
baseline separations with separation factors of up
to 7.0 were achieved.

The chromatographic data presented in Tables
II and III show similar results. In both systems
racemic quaternary tropane alkaloids with larger
axial alkyl groups were resolved with signifi-
cantly higher separation factors than the respec-
tive N-epimers in the 8-position.

With mobile phase system A (Table II) the
a-values are constant for larger equatorially bon-
ded groups whereas more voluminious axially
bonded groups show increasing separation fac-
tors leading to a maximum with the propyl-
substituted molecule. Longer alkyl chains result
in poorer separations. These effects are shown in

TABLE 1I

MOBILE PHASE A: CAPACITY AND SEPARATION
FACTORS OF QUATERNARY TROPANE ALKA-
LOIDS USING n-HEXANE-ETHANOL-METHANOL
(60:15:25) CONTAINING 2 mM OF TETRAPROPYL-
AMMONIUMBROMIDE

Th.R.E. Hampe et al. | J. Chromatogr. 634 (1993) 205-214

separation factor

o+ %
X
P + X
0 L . f ) L n n
H 2 3 4 3 6

chain length (alkyl group in N-8 - position)
Fig. 2. Separation factor versus chain length (mobile phase
A). Solid line = quaternary N-alkyl-N-methylnoratropine (s);
dashed line = N-alkyl-N-methylnoratropine (r); dotted line =
quaternary N-alkyl-N-methylnoratroscine (s).

Fig. 2. The same tendency is shown by the (s)-
and (r)-configuration quaternary N-alkyl-N-
methylatroscine derivatives.

With system B (see Table IIT) the separation
factors do not depend on the chain length of the

TABLE III

MOBILE PHASE B: CAPACITY AND SEPARATION
FACTORS OF QUATERNARY TROPANE ALKALOIDS
USING 0.05 M SODIUM PERCHLORATE (pH 2)-
ACETONITRILE (75:25) AS MOBILE PHASE

Compound t, A k; k, a Compound ¢, t k, k; a

4a 8.67 13.02 0.84 1.77 2.11 4a 9.41 10.27 0.74 0.90 1.21
4b 8.30 8.76 0.77 0.86 1.12 4bh 9.75 - 0.81 - 1.00
4c 8.14 10.69 0.73 1.27 1.74 4c 11.53 15.17 1.14 1.81 1.59
4d 7.20 8.91 0.53 0.90 1.70 4d 24.51 4391 3.54 7.13 2.02
4e 6.84 8.09 0.46 0.72 1.57 4e 37.14 45.67 5.88 7.46 1.27
4f 7.07 8.78 0.50 0.87 1.74 4f 92.64 120.63 16.16 21.34 1.32
4g 7.05 8.76 0.50 0.86 1.72 4g 198.99 265.67 35.85 48.20 1.34
4h 8.53 23.48 0.81 4.00 4.94 4h 11.43 12.55 1.12 1.32 1.19
4i 7.86 26.88 0.67 4.72 7.04 4i 15.67 25.84 1.90 3.79 1.99
4k 7.26 15.96 0.54 2.40 4.44 4k 24.66 29.79 3.57 4.52 1.27
41 7.21 10.89 0.53 1.32 2.49 41 36.81 45.23 5.82 7.38 1.27
4m’ 8.10 17.54 0.72 2.73 3.79 4m 14.18 18.94 1.63 2.51 1.54
4n 6.39 11.38 0.36 1.42 3.94 4n 64.60 143.00 10.96 25.48 2.32
40 9.34 36.84 0.99 6.84 6.91 40 16.92 34.49 2.13 5.39 2.53
4p 8.25 9.74 0.76 1.07 1.41 4p 15.43 - 1.86 - 1.00
4q 7.67 9.57 0.63 1.04 1.65 4q 15.50 17.41 1.87 2.22 1.19
5a 9.29 14.69 0.98 2.13 2.17 5a 8.90 10.07 0.65 0.86 1.33
5b 9.83 33.99 1.09 6.23 5.72 5b 9.35 12.88 0.73 1.39 1.89
Sc 8.81 27.99 0.87 4.96 5.70 Sc 14.25 20.54 1.64 2.80 1.1
5d 8.27 19.95 0.76 3.24 4.26 5d 22.85 34.89 3.23 5.46 1.69
Se 7.83 15.15 0.67 2.22 3.31 Se 39.89 64.83 6.39 11.01 1.72
5f 8.64 14.90 0.84 2.17 2.58 5f 71.97 140.12 13.44 24.95 1.86
Sg 8.25 10.92 0.76 1.32 1.74 Sg 22.31 28.08 3.13 420 134
5h 9.70 26.78 1.06 4.70 4.43 Si 14.25 18.42 1.64 2.41 1.47
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analytes. There is a linear dependence of log k;
on chain length for both atropine and atroscine
derivatives (Fig: 3). This is opposite of the chro-
matographic results with system A, where the
capacity factors of the (s)-enantiomers decreased
with increasing chain length of the alkyl chain in
the 8-position (except for 4a).

In both systems A and B the quaternary
tropane alkaloids with both R, and R, alkyl
groups of increasing size (4a, 4m, 4n; 5a, 5i) are
separated with higher separation factors. Esters
of a-tropanol were obviously resolved better
than the respective esters of B-tropanol (4b, 4p).
The separation of these compounds is similar to
that of compounds with larger equatorial alkyl
chains [(s)-configuration for N-alkyl-N-methyl-
noratropine derivatives and (r)-configuration for
N-alkyl-N-methylnoratroscine derivatives]. With
mobile phase system B no separations of esters
of B-tropanol were observed.

Figs. 4 and 5 show examples of the complete
direct enantioseparation of selected racemates.

Influence of different modifiers

The above-mentioned correlations between re-
tention behaviour and stereochemistry are also
valid for the subsequently investigated modifiers.

Alkylsulphonic acids. In addition to the al-
ready described effects, the following dependen-
ces of the separation on the alkyl chain of the
alkylsulphonic acids can be observed (methane-
sulphonic acid = MSA; butanesulphonic acid =
BSA; heptanesulphonic acid = HSA; camphor-
sulphonic acid = CSA). With system A (Table

20
gk
151 L

0k

05+

chain fength (alky! group in N-8 - position)

Fig. 3. Log (capacity factor, k;) versus chain length (mobile
phase B). Dotted line = quaternary N-alkyl-N-methylnora-
tropine (s); dashed line = quaternary N-alkyl-N-methylnora-
tropine.(r); solid line = N-alkyl-N-methylnoratroscine (s).
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Fig. 4. Separation of (A) 4o, (B) the respective B-tropine
form 4p and (C) the N-epimer 4q with mobile phase system
A (for eluent, see Table II).

IV) the capacity factors decrease with increasing
size of the alkyl groups of the sulphonic acids,
whereas no significant effect towards enan-
tioselectivity is observed. In contrast, a minimum
of retention with BSA as modifier in mobile
phase system B (Table V) is found. The highest
a-values (except for the N,N-dimethyl deriva-
tives 4a and 5a) are observed with HSA as
modifier.

Halogen-containing modifiers. The influence
of halogen-containing modifiers was tested. The
following dependences of the separation on the
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B.

alkyl chain length of the halides as anionic mod-
ifiers were observed. With mobile phase system
A (Table VI), the capacity factors increase with
increasing atomic number of the halide. The

retention behaviour of the quaternary tropane
alkaloids is independent of the cation of the
modifier. Sodium bromide and tetrapropylam-
monium bromide as modifiers result in compar-
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TABLE 1V

CAPACITY AND SEPARATION FACTORS OF SELECTED QUATERNARY COMPOUNDS USING DIFFERENT
ALKYLSULPHONIC ACIDS (2 mM) AS MODIFIERS IN MOBILE PHASE A

Compound MSA BSA HSA
k; k, a k; k; a k; k; a

4e 0.45 0.51 1.13 0.34 0.49 1.44 0.32 0.42 1.31
4c 0.72 1.11 1.54 0.51 0.91 1.78 0.49 0.83 1.69
4h 0.79 3.17 4.01 0.64 2.87 4.48 0.51 2.72 5.33
41 0.49 1.02 2.08 0.47 0.87 1.85 0.45 0.79 1.76
Sb 0.94 4.79 5.10 0.74 4.28 5.78 0.68 4.17 6.13
Se 0.51 1.51 2.96 0.49 1.36 2.78 0.45 1.28 2.84
TABLE V

CAPACITY AND SEPARATION FACTORS OF SELECTED QUATERNARY COMPOUNDS USING DIFFERENT
ALKYLSULFONIC ACIDS (0.05 mM) AS MODIFIERS IN MOBILE PHASE B

Compound MSA BSA HSA CSA
k; k, a k; k, a k; k; a k; k; a

4a 0.22 0.56 2.50 - - - 0.65 0.72 1.12 0.30 0.67 2.35
4h 0.81 - 1.00 0.34 - 1.00 0.91 1.02 1.12 291 2.63 1.20
4c 0.81 1.15 1.41 0.33 0.44 1.35 0.94 1.37 1.46 0.41 0.56 1.36
4e 7.92 8.57 1.08 2.42 4.11 1.70 7.89 14.34 1.82 2.94 4.85 1.65
4 1.00 1.15 1.15 1.32 1.58 1.20 4.18 5.26 1.26 1.59 1.93 1.21
Sa 0.37 0.48 1.30 0.21 0.24 1.14 0.57 0.70 1.22 0.22 0.28 1.25
5b 0.59 0.93 1.56 0.27 0.41 1.53 0.78 1.32 1.68 0.33 0.52 1.56
Se 4.00 7.33 1.83 1.46 2.39 1.64 5.01 8.18 1.63 1.74 2.85 1.64
TABLE VI

CAPACITY AND SEPARATION FACTORS OF SELECTED QUATERNARY COMPOUNDS USING DIFFERENT
HALOGEN-CONTAINING SALTS (2 mM) AS MODIFIERS IN THE MOBILE PHASE A

Compound  NaF TMeACl TPrABr KI NaBr

k, k, a k, k; a k; k, a k, k, a k; k, a
4c 045 1.06 236 064 111 173 0.79 138 175 106 177 167 074 130 1.76
4e 028 045 161 040 051 128 047 077 164 060 098 163 047 074 157
4h 070 130 18 070 3.60 514 0.87 453 521 115 489 425 081 426 526
41 047 070 149 045 117 260 057 143 251 072 191 265 053 138 260
Sb 040 0.64 160 087 555 638 1.09 623 572 143 766 536 102 6.70 6.57

Se 043 074 172 045 1.8 420 0.64 221 345 0.89 253 284 062 217 3.50
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able capacity and separation factors. It can be
concluded that the chromatographic behaviour is
strictly independent of the different cations, but
is clearly determined by the anion. The use of
fluoride leads to lower a-values for the analytes
with larger axial substituents, whereas no signifi-
cant differences were observed with the other
halides.

With mobile phase system B (Table VII) no
significant difference between the different
halides and the perchlorate anion was observed.

Influence of modifier concentration. All tro-
pane alkaloids displayed similar behaviour in
each of the mobile phase systems (see Tables
VIII and IX).

Discussion of the separation mechanism

For the counter ion bromide the capacity fac-
tor k; increases with increasing concentration of
the counter ion up to a point where ion-pair
formation reaches a maximum and then remains
constant. Knox and Laird [10] suggested that a
combination of adsorption (partition) and cluster
formation may be the dominant factor for reten-
tion. At lower concentrations, partitioning of the
ion pair into the stationary phase may be the
major factor controlling the retention. As proof
of this theory, the chromatographic data without
the use of an ionic modifier can be considered:
no separation occurs with mobile phase systems
B and distorted peak shapes were observed; with

TABLE VII
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mobile phase A also very poor peak shape were
obtained, thus giving only very slight separa-
tions.

When cluster formation occurred at higher
concentrations, the solubility of the ion pair
increased in the mobile phase, resulting in a
decrease in retention [11]. The curves show a
concentration maximum of about 2 mmol for
mobile phase A (Fig. 6) and about 10 mmol for
mobile phase B (Fig. 7). These are the optimum
concentrations of bromide for maximum reten-
tion for the tested racemates. The optimum con-
centrations are dependent on the strength of the
ion pair formed, the extent of adsorption on the
stationary phase and the extent of the formation
of clusters of the counter ion bromide.

The chromatographic data show a dependence
of capacity factors on the concentration of the
ionic modifier and so participation of an ion-pair
mechanism can be concluded.

The ion-pair mechanism for the relationship
between retention times and modifier concen-
tration is not useful for explaining the enan-
tiomeric separation. A possible interpretation
may be the inclusion of ion pairs in cellulose
cavities, similarly to the mechanism discussed for
a CSP in the normal-phase mode (hexane—pro-
panol). Hence an interplay between an ion-pair
mechanism and inclusion leads to the direct
enantiomeric separations of the quaternary
tropane alkaloids achieved here.

DEPENDENCE OF CAPACITY AND SEPARATION FACTORS OF QUATERNARY COMPOUNDS ON HALIDE AND
PERCHLORATE ANIONS IN MOBILE PHASE B (0.05 M; pH 2)

Compound NaBr NaCl NaF NaClO,
k, k; a k; k, a k, k, @ k, k, a

4a 1.31 1.44 2.26 1.21
4c 0.24 0.32 1.31 026 034 1.32 0.27 0.36 1.33 1.14 1.81 1.59
4h 0.25 - 1.00 0.86 - Shoulder 0.96 - Shoulder 1.12 132 1.19
de 1.76  2.86 1.62 1.88  3.01 1.60 1.89  3.09 1.63 5.88 7.46 1.27
41 0.98 1.17 1.19 1.06 1.23 1.16 1.09 1.29 1.18 5.82 7.38 1.27
Sa 0.17 - Shoulder 0.44 - Shoulder 0.51 0.61 Shoulder 0.65 0.86 1.33
5b 0.20 0.30 1.48 0.22 033 1.48 0.24 0.34 1.42 0.73 1.39 1.89
Se 1.02 1.61 1.59 1.04 1.67 1.61 1.13 1.73 1.54 6.39 11.01 1.72
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Fig. 6. Dependence of capacity factor (k;) on log (modifier
concentration) with a maximum at a concentration at 2 mM
(mobile phase A). A=dc; ®=4e; *=4h; O =4); +=
5b; X = Se.

capacity fector
035

oo} el AN

025

020

L f— ) .
-32.0 -25 -20 -5 -0

log feoncentration Nabr) ()

Fig. 7. Dependence of capacity factor (k;) on the log (mod-
ifier concentration) with a maximum at a concentration at 10
mM (mobile phase B). + =4c¢; X =4h; *=5b.

CONCLUSIONS

Because of the relationship between the reten-
tion behaviour of the racemates and the the ionic
modifiers used, the involvement of an ion-pair
mechanism in chiral recognition can be con-
cluded. For the resolution of the tertiary deriva-
tives of atropine and atroscine inclusion in the

Th.R.E. Hampe et al. | J. Chromatogr. 634 (1993) 205-214

chiral cavities of the cellulose carbamate is suffi-
cient whereas for quaternary derivatives the for-
mation of ion pairs is a basic requirement. Sys-
tematic investigations on the separation mecha-
nism permit the separation of quaternary
tropane alkaloids to be predicted.

In addition to the known synthetic methods
for the preparation of quaternary tropane alka-
loids, there is now an alternative possibility of
obtaining enantiomerically pure drugs by meth-
ods of preparative liquid chromatography.
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ABSTRACT

The continuous chromatographic separation of a racemic anthelmintic drug, praziquantel, was carried out using a simulated
counter-current system. The system consists of four identical columns (445 mm X 12.5 mm 1.D.) connected in series through
solenoid valves. The chiral stationary phase used is microcrystalline cellulose triacetate and the eluent is methanol. Feed at 50
mg/ml was continuously introduced into the system at 0.3 ml/min and 429 mg/h of (+)-praziquantel and 404 mg/h of
(—)-praziquantel were obtained from the extract and raffinate streams, respectively. The optical purity of the products was more
than 90%. This method provides an extremely useful technique for preparative-scale enantioseparation. Compared with
conventional batch preparative-scale processes, this system offers a higher solute to adsorbent mass ratio.

INTRODUCTION

In recent years, there has been an increasing
trend towards restricting the use of chiral drugs
as racemates. This has created a demand for
preparative-scale techniques for the separation
of the enantiomers for pharmaceutical applica-
tions. Classical methods of optical resolution,
based on recrystallization of diastereomeric salts,
are not suitable for industrial scale-up and auto-
mation [1]. A more promising technique which
has attracted attention recently is the resolution
of enantiomers by liquid chromatography, using
chiral stationary phases. Several semi-prepara-

* Corresponding author.
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tive- or preparative-scale batch chromatographic
processes based on this direct resolution princi-
ple have been developed for the separation of
enantiomeric drugs. Although the process is
relatively simple and offers operating flexibility,
it suffers from the following disadvantages: the
whole sorbent bed is not effectively utilized and
large amounts of expensive adsorbents are re-
quired; a large amount of diluent is consumed,
resulting in undesired dilution of the products;
and the operation is discontinuous, which makes
it difficult to integrate it with other continuous
processes.

In this paper, a continuous chromatographic
separation of an anthelmintic racemic drug,
praziquantel, based on a simulated counter-cur-
rent system is reported. Praziquantel (Fig. 1)

© 1993 Elsevier Science Publishers B.V. All rights reserved
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Fig. 1. Structure of praziquantel (C,,H,,N,0,).

was recommended as the drug of choice in the
treatment of the parasitic disease schistosomiasis
in 1977 [2]. Preliminary studies have shown that
the primary therapeutic effect of praziquantel
resides in its levo-isomer. levo-Praziquantel has
the advantage of high efficacy and low toxicity
compared with rac-praziquantel [3]. To the best
of our knowledge, no preparative-scale chro-
matographic resolution of praziquantel enan-
tiomers has been reported. In one of the meth-
ods reported, the enantiomers were obtained via
resolution of an intermediate during the
synthesis of praziquantel [4]. However, no de-
tails of this method have been elaborated.

A simulated counter-current system retains the
main advantage of an equivalent counter-current
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system where the average driving force is maxi-
mized, thus increasing the efficiency with which
the adsorbent is utilized. Circulation of the solid
adsorbent can be simulated using a multiple
column fixed-bed system with an appropriate
sequence of column switching, in which effective
counter-current operation is achieved by moving
sequentially the feed, eluent and draw-off points
through the bed in the direction of fluid flow. In
this way the adsorbent is seen to be in effect
moving counter-current to the fluid flow direc-
tion. With sufficiently small elemental beds swit-
ched with appropriate frequency such a system
indeed becomes a perfect analogue of a counter-
current flow system. More detailed information
on this separation technique and its design
principle can be found in a review by Ruthven
and Ching [5].

EXPERIMENTAL

Chemicals

The adsorbent used was microcrystalline cellu-
lose triacetate (MCTA) (Merck, Darmstadt,
Germany) with a particle size of 25-40 pm.
Prior to packing, the adsorbent was allowed to
swell in boiling ethanol [6]. It was packed into
the column using the slurry method via a res-
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Fig. 2. Schematic diagram of the continuous simulated counter-current system.
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ervoir and at a constant flow-rate of 6 ml/min
using an HPLC pump (Model 2510, Varian, Palo
Alto, CA, USA). The diluent was HPLC-grade
methanol (Fisher Scientific, Pittsburgh, PA,
USA). The feed was prepared by dissolving rac-
praziquantel (Sigma, St. Louis, MO, USA) in
methanol (50 mg/ml).

Instrumentation

A schematic diagram of the simulated counter-
current system which consists of four chromato-
graphic columns is shown in Fig. 2. The columns
are made of stainless steel and have dimensions
of 445 mm X 12.5 mm I.D. The columns are
connected in series through solenoid valves that
allow the introduction of feed and withdrawal of
products in addition to providing the transfer of
the streams. Counter-current contact between
the solid and the fluid phases was simulated by
switching the feed and eluent inlets and product
withdrawal points, i.e., by opening and closing
specific groups of valves, at fixed time intervals
in the direction of liquid flow. Operation of the
solenoid valves was governed by a programm-
able logic controller. The schematic flow diagram
of the four stages in a cycle of the system is
shown in Fig. 3.

The flow-rates of the feed and eluent were
controlled by two solvent metering pumps (Var-
ian Model 2510). Flow meters were installed at
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Fig. 3. Schematic flow diagram of the four stages in a cycle
of the system. E =Eluent; F=feed; A =extract; B=
raffinate.
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the outlet of extract and raffinate streams to
monitor the extract and raffinate flow-rates. A
needle valve was also installed at the outlet of
extract stream to control the flow-rate further.

The concentrations of the extract and raffinate
streams for each stage were analysed using a
standard analytical liquid chromatographic sys-
tem. An analytical Chiralcel OD column [cellu-
lose tris(3,5-dimethylphenylcarbamate) polymer
absorbed on 10-um macroporous silica, 250
mm X 4.6 mm [.D.] (Daicel Chemical Industries,
Tokyo, Japan) was used. The mobile phase was a
mixture of HPLC-grade hexane and 2-propanol
(80:20) (Fisher Scientific). The solvent-delivery
system was a high-pressure liquid chromato-
graphic pump (Model LC-9A, Shimadzu, Tokyo,
Japan) and sample injection was performed using
a syringe loading valve (Model 7125, Rheodyne,
Cotati, CA, USA) fitted with a 10-ul sample
loop. The eluting enantiomers were monitored
with a Varian Model 2070 spectrofluorimeter
with excitation and emission wavelengths set at
270 and 300 nm, respectively.

Measurement of the optical rotation of the
separated enantiomers showed the more ad-
sorbed component (extract) to be (+)-prazi-
quantel and the less adsorbed component (raffin-
ate) (—)-praziquantel. The eluting sequence of
the enantiomers on the analytical Chiralcel OD
column was the same as that on MCTA.

RESULTS AND DISCUSSION

The chromatogram for the separation of rac-
praziquantel (2.5 mg) on a 445 mm X 12.5 mm
I.D. column packed with 22 g of MCTA is shown
in Fig. 4. The capacity factors were found to be
0.43 and 1.47. Based on these values, the follow-
ing operating conditions were selected for the
subsequent work: eluent flow-rate =4.10 ml/
min; feed flow-rate = 0.30 ml/min; extract flow-
rate = 2.60 ml/min; raffinate flow-rate = 1.80 ml/
min; and switch time = 45.0 min.

Approximately three complete cycles (9 h)
were required for the system to approach the
final quasi-steady state. Operation was continued
for six complete cycles (18 h). The steady-state
concentrations, the recoveries and the optical
purities of the extract and raffinate streams were
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Fig. 4. Separation of rac-praziquantel (2.5 mg) on a 445

mm X 12.5 mm LD. column packed with 22 g of MCTA.
Eluent flow-rate, 1.00 ml/min.

as follows: for the extract, (+)-praziquantel
2.710 mg/ml, (—)-praziquantel 0.298 mg/ml,
~(+)-praziquantel recovery 423 mg/h and optical
purity 90.09%; and for the raffinate, (+)-
praziquantel 0.252 mg/ml, (-—)-praziquantel
3.736 mg/ml, (—)-praziquantel recovery 404 mg/
h and optical purity 93.68%. The chromatograms
of the feed, extract and raffinate streams are
shown in Fig. 5.

In this preliminary study, an optical purity
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Fig. 5. Chromatograms of (a) feed (tenfold dilution), (b)
extract stream and (c) raffinate stream at quasi-steady state
on an analytical Chiralcel OD column.
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close to 100% has not yet been achieved.
However, from the computer simulation result,
it is expected that pure enantiomers can be
obtained by adding a few more columns (pre-
ferably 2-4 columns) to the system. This is
currently being investigated.

One of the advantages of the continuous
simulated counter-current system is its ability to
utilize the whole sorbent bed effectively and to
achieve a higher mass ratio of solute to sorbent.
In our system, ca. 22 g of adsorbent were used
for each column. If eight columns were to be
used (to achieve 100% purity) for this separa-
tion, only 176 g of adsorbent would be required.
If the present run conditions were used, 900 mg
of rac-praziquantel would be separated per hour
under steady-state conditions.

As the separation of praziquantel enantiomers
by preparative-scale batch chromatography has
not been reported, two of the runs reported on
oxapadol and methylcyclohexylethylbarbituric
acid [7] using the same adsorbent were analysed
to compare the performance of the continuous
system used in this study. The result reported for
oxapadol showed that 2.1 g of racemic com-
pound were separated into enantiomers in 48 h
by the use of a 700 mm X 38 mm I.D. column
packed with 380 g of MCTA. The eluent flow-
rate was 90 ml/h. For the separation of rac-
methylcyclohexylethylbarbituric acid, 205 mg
were reported to be separated on 210 g of
MCTA (column 85 mm X 25 mm I.D.) in 22 h at
an eluent flow-rate of 50 mi/h. If the present
result is compared with that reported on ox-
apadol and methylcyclohexylethylbarbituric acid,
on an hourly basis, the grams of solute per gram
of adsorbent that our system can handle are
much higher than for a batch system. The grams
of solute separated per hour are also much
higher compared with a batch system. Even if
the difference in eluent flow-rate is considered,
the difference between these two systems is still
significant. Differences in capacity factors and
separation factors for the three compounds
might have introduced some difficulties,
however, in obtaining an accurate comparison
between the batch and continuous systems.
Nevertheless, a comparison of the general per-
formance could still be made.
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CONCLUSIONS

As the cost of most chiral stationary phases is
generally very high, the use of a continuous
simulated counter-current chromatographic sys-
tem will provide a better utilization of the whole
sorbent bed and a reduction in the cost of the
expensive adsorbent. With the other advantages
associated with a continuous process, the use of
the present system for the resolution of optical
isomers for pharmaceutical application is ex-
pected to provide an efficient and cost-effective
separation method.
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ABSTRACT

A high-performance liquid chromatographic system in combination with postcolumn chemiluminescence detection for the
determination of nitrosamines was developed. The stability of the chemiluminogenic reagent solution was investigated using a
conventional high-performance liquid chromatograph with a UV-Vis spectrophotometric detector, and the optimum conditions
for chemiluminescence intensity were also established with a single reagent pump postcolumn detector. The sample was first
denitrosated with hydrobromic acid-acetic acid to produce the corresponding secondary amines, which were then subjected to
reaction with dansyl chloride to form dansyl derivatives. The reaction mixtures were separated on a Perkin-Elmer HS3 C,,
reversed-phase column with acetonitrile-water (63.5:36.5, v/v) as mobile phase, with 3.0 mmol/l of imidazole added as a catalyst
for chemiluminescence and with the pH adjusted to 6.2 with oxalic acid to give a better separation, followed by detection with a
postcolumn chemiluminescence detector using bis(2-nitrophenyl) oxalate and hydrogen peroxide as chemiluminogenic reagents.
The sensitivity of this method was more than 120 times greater than that of fluorescence detection and four orders of magnitude
greater than that of UV-Vis spectrophotometric detection. The detection limits with this procedure at a signal-to-noise ratio of 4
were between 0.31 and 1.20 pg and the relative standard deviations were between 2.8% and 6.7% for six nitrosamines. The
linearity of the calibration graphs and the correlation coefficients were good.

INTRODUCTION

N-Nitrosamines are now known to be widely
distributed in the human environment and can
also be formed in the human body. Owing to
their potential carcinogenic properties, great
interest has been focused on the development of
methods for the determination of nitrosamines at
trace levels. High-performance liquid chroma-
tography (HPLC) is a useful method for the
trace determination of the nitroso compounds,
and several methods for the detection and de-
termination of these compounds have been re-
ported [1-7]. The thermal energy analyser is a

* Corresponding author.
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highly selective detector for gas chromatography
(3], and its use in combination with HPLC has
been described [4], but the results showed that it
cannot be operated with a reversed-phase mobile
phase or inorganic buffer solutions, and the
sensitivity was ca. 100 times lower than those
obtained with other methods. On the other
hand, we have previously developed methods for
the determination of nitrosamines by HPLC with
precolumn fluorescence derivatization [5-7] and
obtained good results. In subsequent work, a
fluorescence detection method for the determi-
nation of nitrosamines [6], based on denitrosa-
tion with hydrobromic acid-acetic acid to
produce secondary amines, followed by reaction
with dansyl chloride to form dansyl derivatives,
was studied further. However, peroxyoxalate
chemiluminescence has been shown to provide a

© 1993 Elsevier Science Publishers B.V. All rights reserved
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highly sensitive detection method [8-10], and the
sensitivity for secondary amines was much higher
than that of fluorescence detection by using
dansyl chloride [11]. In this paper, we present
some improved results obtained by HPLC com-
bined with a sensitive postcolumn bis(2-nitro-
phenyl) oxalate~hydrogen peroxide chemilumi-
nescence detection method for the determination
of six nitrosamines.

EXPERIMENTAL

Reagents

Nitrosodimethylamine (NDMA), nitrosopyr-
rolidine (NPy), nitrosodiethylamine (NDEA),
nitrosopiperidine (NPip), nitrosodipropylamine
(NDPA) and nitrosodibutylamine (NDBA) were
prepared and purified by conventional proce-
dures [12] and were identified by mass spec-
trometry. Bis(2-nitrophenyl) oxalate (2-NPO)
was synthesized [13], further purified by washing
with chloroform and recrystallization from ethyl
acetate and identified by mass spectrometry.
Hydrogen peroxide (30%), acetone, acetonitrile,
dichloromethane, hydrobromic acid, acetic an-
hydride, ethyl acetate, imidazole, oxalic acid,
sodium hydrogencarbonate and hydrochloric
acid (all of analytical-reagent grade) were ob-
tained from Beijing Chemical Works (Beijing,
China), and were used as received Dansyl
chioride (puriss. grade) were obtained from
Fluka. Redistilled water was used throughout.

Nitrosamine stock solution. Each nitrosamine
was dissolved in dichloromethane and made up
to a concentration of 1-10™* mol/l with the
same solvent.

Dansyl chloride solution. A 1- 10~° mol/I dan-
syl chloride solution was prepared by dissolving
dansyl chloride in acetone.

2-NPQO stock solution. This solution was pre-
pared by dissolving 2-NPO in ethyl acetate to
give a concentration of 10 mmol/I.

Hydrogen peroxide stock solution. This solu-
tion contained 300 mmol/l of hydrogen peroxide
in ethyl acetate.

Hydrobromic acid—acetic anhydride solution.
A 1:4 (v/v) solution was prepared by dissolving
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1 ml of hydrobromic acid in 4 ml of acetic
anhydride.

Sodium hydrogencarbonate solution. A solu-
tion of 0.25 mol/l NaHCO, was prepared in
redistilled water.

Hydrochloric acid. Solutions of 0.01 and 0.1
mol/] in redistilled water were prepared.

Instrumentation and chromatographic conditions

A schematic diagram of the system is shown in
Fig. 1. It consisted of a Model 114M eluent-
delivery pump (Beckman), a Model E-120-S-2
reagent-delivery pump for the chemiluminogenic
reagent solution (Eldex), a C;g (3 wm) analytical
column (83 mm % 4.6 mm 1.D.) (Perkin-Elmer),
a Model 7125 injection valve with 20-ul loops
(Rheodyne), a mixing device and chemilumi-
nescence detector made in our laboratory, a
detector consisting of a 40-u1 quartz worm pipe
micro flow cell, a photomultiplier tube (GDB-
52QD), a high-voltage supply, a weak signal
amplifier and a recorder were used.

The mobile phase was acetonitrile—water
(63.5:36.5, v/v) with a catalyst (imidazole)
added (3.0 mmol/1) and the pH was adjusted to
6.2 with oxalic acid; the flow-rate was 0.5 ml/
min. The postcolumn chemiluminogenic reagent
solution contained 3.0 mmol/l of 2-NPO and

Fig. 1. Schematic diagram of the liquid chromatographic
system with postcolumn chemiluminescence detection for the
determination of nitrosamines. 1=Mobile phase container;
2=LC pump; 3 =injection valve; 4= HPLC column; 5=
chemiluminogenic reagent solution container; 6 = postcolumn
reaction pump; 7 =by-pass device (by-pass ratio=1:10);
8 = coil (1.5 m x 0.1 mm 1.D.); 9= mixer; 10 = flow cell (40
wl); 11 = dark box; 12 = photomultiplier tube (GDB-52QD);
13 = high-voltage supply; 14 =weak signal amplifier; 15=
recorder.
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10.0 mmol/l of hydrogen peroxide in acetone—
ethyl acetate binary solvents and the flow-rate
was 100 ul/min.

Preparation of dansyl derivatives of
nitrosamines

A portion of a mixed standard solution of
nitrosamines containing 100 pmol of each of the
species was placed in a graduated test-tube fitted
with a stopper and evaporated to dryness in a
stream of nitrogen. To the residue was added 20
]l of hydrobromic acid-acetic anhydride solu-
tion for denitrosation and the mixture was al-
lowed to stand in the dark for 10 min at 70°C,
then evaporated to dryness in a stream of nitro-
gen. To the residue 100 wl of 0.25 mol/l
NaHCO; solution and 100 u] of dansyl chloride
solution were added, the mixture was allowed to
stand for 30 min at 40°C and then diluted with
mobile phase to 1.0 ml. For HPLC assay, a
blank experiment was required.

Recovery test

A synthetic standard mixture containing 100
pmol of each nitrosamine was added to 100 ml of
redistilled water and the pH was adjusted to 7.0.
The solution was passed through a mini activated
carbon (100-120 mesh) column (20 mm X 1.2
mm 1.D.) {4] by a sweep pump at a flow-rate of
0.5 ml/min. After elution with acetone, the
eluate (0.5 ml) was collected in a graduated
test-tube fitted with a stopper, evaporated to
dryness in a stream of nitrogen, and then sub-
jected to the proposed method as described
above.

RESULTS AND DISCUSSION

Stability of chemiluminogenic reagent solution
In order to investigate the stability of 2-NPO
in the presence of hydrogen peroxide, the resid-
ual 2-NPO was determined using reversed-phase
liquid chromatography with UV-Vis spectro-
photometric detection. The 2-NPO was sepa-
rated using a Shimpack ODS (5 pum) column
(150 mm X 6 mm 1.D.) with acetonitrile-water
(86:14, v/v) as mobile phase at a flow-rate of 1.0
ml/min with detection at 298 nm. The percen-
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tage of residual 2-NPO was calculated from the
peak heights at the same retention time on traces
obtained for chemiluminogenic reagent solutions
stored for different periods of time.

The effects of organic solvents on the stability
of 2-NPO in the presence of hydrogen peroxide
were examined and the results are shown in Fig.
2.

2-NPO decomposed to a significant extent in
anhydrous solvents such as absolute methanol
and acetonitrile, but it was much more stable in
ethyl acetate, acetone and ethyl acetate—ace-
tone. Hence the latter solvents were suitable for
use in reversed-phase liquid chromatographic
chemiluminescence detection. Moreover, ethyl
acetate was suitable for the preparation of the
2-NPO and hydrogen peroxide stock solutions
because the 2-NPO was more stable than in
other solvents, and to improve the mutual solu-
bility of the reversed-phase mobile phase and the
chemiluminogenic reagent solution acetone was
used as the diluent of the stock solution. When
the concentrations of 2-NPO and hydrogen
peroxide in the chemiluminogenic reagent solu-
tion were 3.0 and 10.0 mmol/l, respectively, the
proportions of ethyl acetate and acetone in the
mixture were 33:67 (v/v). However, the results
showed that the stability of 2-NPO in the pres-
ence of hydrogen peroxide was hardly affected
by variations in the proportions of the binary
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Fig. 2. Effects of organic solvents on the stability of 2-NPO
in the presence of hydrogen peroxide. The concentrations of
2-NPO and hydrogen peroxide were 3.0 and 20.0 mmol/l,
respectively. Solvents: 1=ethyl acetate; 2= acetone; 3=
acetonitrile; 4 = methanol.
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solvent components. The stability of 2-NPO in
the mixed solvents lay between those of ethyl
acetate and acetone, as shown in Fig. 2.

The effect of the concentration of hydrogen
peroxide on the stability of 2-NPO was studied
and the results are shown in Fig. 3.

The decomposition of 2-NPO was accelerated
with increase in the concentration of hydrogen
peroxide in the chemiluminogenic reagent solu-
tion. On the other hand, the hydrolysis of
2-NPO also increased rapidly with increase in the
concentration of water, which might result in a
gradual decrease in the chemiluminescence in-
tensity because the hydrogen peroxide is com-
mercially available as a 30% aqueous solution
and hence an increase in hydrogen peroxide
concentration is accompanied by an increase in
water concentration. For this reason the concen-
tration of hydrogen peroxide was usually kept
below 20.0 mmol/l, and the chemiluminogenic
reagent solution was prepared with a stock
solution just before use to prevent the decompo-
sition of 2-NPO.

Optimization of chemiluminescence conditions
In order to examine the maximum chemi-
luminescence intensity of dansyl derivatives of
nitrosamines under the optimum conditions, the
effects of variations in the concentrations of
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Fig. 3. Effect of the concentration of hydrogen peroxide on
the stability of 2-NPQO in ethyl acetate—acetone binary
solvents. The concentration of 2-NPO was fixed at 3.0 mmol/
1. Hydrogen peroxide concentrations: 1=5.0; 2=10.0; 3=
20.0; 4 =50.0; 5=100.0 mmol/l.
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hydrogen peroxide and 2-NPO and the flow-rate
of the chemiluminogenic reagent solution on the
relative chemiluminescence intensity, i.e., rela-
tive peak heights in the chromatogram, for a test
sample were examined. As the test sample 500
fmol of dansylnitropyrrolidine was selected.

The effects of the concentration of 2-NPO on
the relative chemiluminescence intensity are
shown in Fig. 4. The relative chemiluminescence
intensity increased with increasing concentration
of 2-NPO, and reached a nearly constant value
at ca. 3.0 mmol/l.

Fig. 5 shows the effects of the concentration of
hydrogen peroxide on the relative chemilumin-
escence intensity of the test sample. The relative
chemiluminescence intensity increased with in-
creasing concentration of hydrogen peroxide,
and reached a nearly constant value at a concen-
tration of 10.0 mmol/l. Therefore, the concen-
tration of 2-NPO was fixed at 3.0 mmol/l and
that of hydrogen peroxide at 10.0 mmol/l.

These conditions were adopted for chemilu-
minescence detection at a fixed flow-rate. Fig. 6
shows the common effects of the concentration
of 2-NPO and the flow-rate of the chemilumino-
genic reagent solution on the relative chemilu-
minescence intensity of the test sample. When
the flow-rate was increased from 40 to 150 ul/
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Fig. 4. Effect of the concentration of 2-NPO in the
chemiluminogenic reagent solution on the relative
chemiluminescence intensity. The concentration of hydrogen
peroxide was fixed at 20.0 mmol/1 and the flow-rate at 100
wl/min.
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Fig. 5. Effect of the concentration of hydrogen peroxide in
the chemiluminogenic reagent solution on the relative
chemiluminescence intensity. The concentration of 2-NPO
was fixed at 3.0 mmol/! and the flow-rate at' 100 pl/min.

min, the relative chemiluminescence intensity
increased to a maximum and then decreased
gradually at a fixed concentration of 2-NPO.
When the concentration of 2-NPO was in-
creased, the maximum of the relative chemi-
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Fig. 6. Simultaneous effects of the concentration of 2-NPO
and the flow-rate of the chemiluminogenic reagent solution
on the relative chemiluminescence intensity. The concen-
tration of hydrogen peroxide was fixed at 10.0 mmol/I.
Concentrations of 2-NPO: 1=1.0; 2=2.0; 3=3.0; 4=4.0;
5=15.0 mmol/l.

luminescence intensity shifted toward the direc-
tion of lower flow-rates.

On the basis of these results, the optimum
chemiluminescence conditions were established

RESULTS OF CALIBRATION, DETECTION LIMITS AND PRECISION

Parameter NDMA NPy NDEA NPip NDPA NDBA
Linear range (pmol) 0.02-20 0.02-20 0.02-20 0.02-20 0.02-20 0.02-20
Detection limits:

fmol 6.9 6.5 8.6 8.0 7.4 9.4

g 3.1-107" 4.6-107" 6.3-107" 6.8-107" 7.5-107% 1.2-107%
Intercept 0.6 0.4 0.6 0.7 0.6 0
Slope 21.43 22.8 17.16 17 20.16 14.64
Correlation coefficient 0.9993 0.9991 0.9994 0.9998 0.9992 0.999
R.S.D. (%) (n=T7)" 4.3 34 2.8 5.5 4.0 6.7
“0.2 pmol of each nitrosamine.
TABLE II
RECOVERIES FROM A WATER SAMPLE
Parameter NDMA Npy NDEA NPip NDPA NDBA
Amount added (pmol) 100.0 100.0 100.0 100.0 100.0 100.0
Amount recovered (pmol) 73.4 103.3 100.3 97.0 100.8 93.9
Recovery (%) 73.4 103.3 100.3 97.0 100.8 93.9
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Fig. 7. Separation of standard mixtures of six nitrosamines containing (a) 500 and (b) 20 fmol/l on a Perkin-Elmer HS3 C,
column. Mobile phase, acetonitrile-water (63.5:36.5, v/v) containing 3.0 mmol/l of imidazole and the pH adjusted to 6.2 with
oxalic acid; flow-rate, 0.5 ml/min; detection, postcolumn chemiluminescence with 2-NPO-hydrogen peroxide system; concen-
trations of 2-NPO and hydrogen peroxide in the chemiluminogenic reagent solution, 3.0 and 10.0 mmol/l, respectively, in ethyl
acetate—acetone (33:67, v/v), at a flow-rate of 100 wl/min. Peaks: 1 = dansylnitrosodimethylamine; 2 = dansylnitrosopyrrolidine;
3 = dansylnitrosodiethylamine; 4 = dansylnitrosopiperidine; 5 = dansylnitrosodipropylamine; 6 = dansylnitrosodibutylamine.
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as follows: concentration of chemiluminogenic
reagent solution, 3.0 mmol/1 for 2-NPO and 10.0
mmol/l for hydrogen peroxide, in ethyl acetate—
acetone (33:67, v/v), delivered at a flow-rate of
100 wl/min.

Fig. 7 shows two chromatograms obtained for
mixtures of dansylated nitrosamines, containing
(a) 500 and (b) 20 fmol of each.

Calibration, detection limits and precision

The relationship between the peak height and
the amounts of six dansylnitrosamines was
evaluated over the range 0.02-20 pmol. In order
to verify the linearity of the chemiluminescence
intensity under the optimum conditions at the
working concentration of each nitrosamine, a
series of working standard solutions containing
different concentrations were derivatized and
injected into the HPLC system with peroxyox-
alate chemiluminescence detection. Linear least-
squares regression was used to calculate the
intercept, slope and correlation coefficient. The
detection limits of the six dansyl nitrosamines
were 0.31-1.20 pg (6.5-9.4 fmol) under the
optimum conditions at a signal-to-noise ratio of
4. A solution containing 200 fmol of each nitro-
_samine was injected seven times to evaluate the
repeatability of the assay system. The results are
given in Table I.

The recoveries of six nitrosamines from a
redistilled water sample were examined by
measuring the peak height of the chemilumines-
cence intensity according to the above proce-
dures. Table II shows the recoveries obtained by
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spiking samples with six nitrosamines at 100
pmol.

The results show that the sensitivity of the
proposed method is good, the detection limits
are better than those reported for other methods
[1,2,4-7] and the precision is satisfactory. It is
expected to have wide applications in environ-
mental analysis and biochemical and fundamen-
tal research.
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ABSTRACT

Chromatographic separations can be tailored to exploit specific interactions between a stationary phase ligand and a protein
structural feature of interest. Variations in this feature then form the basis for sorting a mixture of closely related proteins into
defined subpopulations. This report describes the sorting of variants of recombinant human deoxyribonuclease I (rhDNase) that
differ in the occurrence of deamidation at a single residue. rhDNase, an enzyme that non-specifically hydrolyzes DNA, is
glycosylated and exhibits considerable charge heterogeneity owing to the sialylation and phosphorylation of its N-linked
oligosaccharides. This heterogeneity obscures the relatively subtle differences between deamidated and intact rhDNase,
preventing separation on this basis in conventional ion-exchange HPLC. Published structural information on bovine DNase
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reveals that the analogous labile asparagine residue is involved in DNA binding, so stationary phases containing polyanionic
ligands mimicking nucleic acids were employed to separate the deamidation variants of thDNase. Electrostatically immobilized
DNA, a “tentacle” cation exchanger (TCX) and immobilized heparin columns all resolved the deamidated and intact forms of
rhDNase when operated at pH 4.5. The ligands of the TCX and heparin columns are sufficiently long, flexible and polyanionic to
interact with rhDNase in a manner similar to DNA and to sort rhDNase variants on the basis of the charge difference of a single
residue involved in that interaction. A non-hydrolyzable double-stranded oligonucleotide analogue of DNA was also synthesized
and immobilized to an HPLC support. This column, operated at pH 6, where rhDNase is active, resolved the two isomeric
products of deamidation of rhDNase, i.e., variants of the enzyme containing either aspartate or isoaspartate in lieu of asparagine
at the deamidation site in thDNase. This is the first reported separation of intact variants of a glycoprotein differing on the basis

of these isomeric products of deamidation through the common cyclic imide mechanism.

INTRODUCTION

Proteins are large, complex molecules contain-
ing a myriad of combinations of chemically
distinct amino acid side chains. In addition,
certain proteins bear post-translational modifica-
tions that further compound the intricacy of the
molecule and that may, in the case of glycosyl-
ation, convert the protein into a variegated
amalgam of species differing in the structures of
the conjugate carbohydrates. The analytical
characterization of a protein is, therefore, ham-
pered by the multiplicity of chemical species that
contribute to its physico-chemical behavior. The
most prominent example of this approach to
protein separations is affinity chromatography [1]
that exploits a biological interaction between the
protein and its natural ligand. The specificity of
these interactions affords a powerful means of
separating a protein from non-binding species.

Affinity chromatography is, however, just one
example of a general approach to high resolution
separations of proteins in which the chromato-
graphic conditions are chosen to be selective for
a specific feature of a protein, to give high
selectivity for that feature, and to exhibit little or
no selectivity for other characteristics. Hence, as
in affinity separations, the chromatographic
conditions are adjusted so that the stationary
phase selectively interacts with a single or few
chemical moieties of the protein, ignoring the
remaining large number of distinct chemical
species. The value of this approach to chromato-
graphic separations is that a nonselective analyti-
cal system would be swamped by the variety of
species present on a protein and yield little or no
selectivity for any particular characteristic. The
general approach to separating protein species

on the basis of a specific single characteristic is
termed “protein sorting”, by analogy to the post-
translational trafficking of proteins on the basis
of specific structural motifs or ‘“signals” on the
protein that target it to particular intracellular or
extracellular locations [2]. The power of chro-
matographic protein sorting is apparent when
populations of closely related species are sorted,
for instance according to the presence of particu-
lar carbohydrate groups on N-linked glycans [3]
or, in the example described in this report,
according to the occurrence of deamidation at a
single site in a glycoprotein, recombinant human
deoxyribonuclease I (rhDNase), that exhibits
considerable charge heterogeneity engendered
by glycosylation.

Deoxyribonuclease I (DNase) is an endonu-
clease that non-specifically hydrolyzes DNA.
DNase isolated from bovine pancreatic tissue has
been extensively characterized [4-6] and its
crystal structure has been solved [7]. Human
DNase has been cloned and expressed in mam-
malian cells for use as a therapeutic in the
treatment of cystic fibrosis [8]. rhDNase has a
high degree of charge heterogeneity arising from
phosphorylation and sialylation of carbohydrate
structures linked to both Asn-18 and Asn-106.
The charge heterogeneity is manifested, for
example, in isoelectric focusing (IEF) where
rhDNase forms a ladder of six or more bands in
a pI range of 3-4, as shown in Fig. 1. Additional
charge complexity accrues to rhDNase through
deamidation of the Asn-74 residue in the mole-
cule. The deamidation of asparagine residues is
well characterized in proteins [9]. Asparagine-
serine sequences, such as that of residues 74 and
75 in rhDNase, are particularly prone to deam-
idate under alkaline conditions through a cyclic
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Fig. 1. Isoelectric focusing gel showing (lane 2) rhDNase,
(lane 3) its deamidated variant and (lane 4) an equimolar
admixture of the two components. Lanes 1 and 5 contained
pl markers. The 0.2 mm thick IEF gel contained a 2%
ampholyte mixture (Serva) in a pH range of 3-5 and was
stained with Coomassie blue. Focusing was performed for 2. h
with a voltage limit of 1600 V, and a power limit of 10 W,

imide intermediate [10] to yield two products,
Asp-74 and iso-Asp-74. Fig. 2 shows the reaction
pathway followed in this conversion of a neutral
side chain to two isomeric residues with acidic
side chains. The two isomeric products of deam-
idation differ in the lengths of both the side
chain and the polypeptide backbone, with the
iso-Asp form containing an added methylene
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Fig. 2. Schematic of the base-catalyzed deamidation pathway
for the Asn—Ser sequence in thDNase. Asparagine residues
deamidate under alkaline conditions by a mechanism that
proceeds through a cyclic imide intermediate. The inter-
mediate hydrolyzes to yield one of two isomeric products,
containing either aspartic acid or isoaspartic acid residues in
lieu of asparagine.
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group in the backbone. rhDNase has been shown
to undergo deamidation at Asn-74 under condi-
tions of elevated pH and temperature, and to
evince the reaction in tryptic mapping analysis
[11]. IEF analysis of the deamidated variant of
rhDNase, shown in Fig. 1, demonstrates that it
retains the carbohydrate-related charge hetero-
geneity of the non-deamidated glycoprotein. IEF
analysis of an admixture of the two variants,
shown in lane 3 of Fig. 1, results in an IEF
pattern with 12 or more bands, revealing the
subtle acidic shift of the bands of the deamidated
protein. The small difference between rhDNase
and its deamidated variant —in terms of both the
structural difference that is limited to conversion
of an amide side chain to a carboxylic side chain
as well as the small acidic shift noted in IEF— in
the midst of a relatively large degree of charge
heterogeneity of the glycoprotein, portends dif-
ficulties in resolving the variant from intact
rthDNase by chromatographic methods. This
report describes studies of the behavior of
rhDNase and its deamidated variant in a variety
of ion-exchange HPLC systems, including those
designed to mimic the interaction of rhDNase
with DNA, its natural substrate. The require-
ments for sorting of rhDNase variants on the
basis of the occurrence of deamidation at Asn-
74, and the protein structural basis for these
requirements, are described.

EXPERIMENTAL

Chromatographic equipment

All chromatography was performed on a
Hewlett-Packard (Palo Alto, CA, USA) Model
1090M liquid chromatograph equipped with a
diode array detector, autosampler and Chem-
station data collection and analysis software.

Materials

rhDNase and its deamidated variant were
produced by mammalian cell culture and purified
at Genentech. N-(2-hydroxyethyl)piperazine-N’-
(2-ethanesulfonic acid) (HEPES), potassium
phosphate and salmon testes DNA were ob-
tained from Sigma (St. Louis, MO, USA) and
sodium acetate and sodium chloride from
Mallinckrodt (Paris, KY, USA). (2-N-Mor-
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pholino)ethanesulfonic acid (MES) was obtained
from ICN Biochemicals (Costa Mesa, CA,
USA). Empty stainless-steel columns with
dimensions of 50 mm X 4.6 mm I[.D. were pur-
chased from Alltech (Deerfield, IL, USA). Hy-
drosphere EP epoxide silica resin was obtained
from Rainin (Woburn, MA, USA). The 5-um
LiChrosphere SO, packing with pore diameters
of 1000 A was obtained packed in glass car-
tridges that were unpacked, and the resin de-
fined by suspending in 5 mM sodium acetate, pH
4.5. The fines remaining in the suspension after
settling for 20 min were poured off. This proce-
dure was repeated five times prior to packing the
material into a steel column in the same buffer.
The PL SAX, 150 X 4.6 mm 1.D., 8 um, 1000 A
strong anion-exchange column was purchased
from Polymer Labs. (Foster City, CA, USA).
The TSK SP S SK Heparin 5PW
columns both having dimensions of 75 mm X 7.5
mm [.D. were purchased from HP Genenchem
(Palo Alto, CA, USA).

Methods

Strong anion-exchange chromatography. Col-
umn: Polymer Labs SAX, 150 X 4.6 mm. Flow-
rate: 1.0 ml/min. Eluent A: 5 mM HEPES, 1
mM CaCl, pH 7.0. Eluent B: 1 M NaCl, 5 mM
HEPES, 1 mM CaCl, pH 7.0. Gradient: 1-min
hold at 0% B, followed by a linear gradient to
50% B over 40 min.

Strong cation-exchange chromatography. Col-
umn: TSK SP 5PW 75 x 7.5 mm. Flow-rate: 1.0
ml/min. Eluent A: 10 mM sodium acetate, 1
mM CaCl, pH 4.5. Eluent B: 1 M NaCl, 10 mM
sodium acetate, 1 mM CaCl, pH 4.5. Gradient:
4-min hold at 0% B, followed by a linear
gradient to 58% B over 26 min.

“Tentacle” cation-exchange chromatography.
Column: LiChrosphere SO;, 5 um, 1000 A
packed into a 50 x 4.6 mm I.D. stainless-steel
column as described above. The chromatograph-
ic conditions were identical to those described
above for strong cation-exchange chromatog-
raphy.

Heparin column chromatography. Column:
TSK Heparin 5SPW 75 X 7.5 mm. The chromato-
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graphic conditions were identical to those de-
scribed above for strong cation-exchange chro-
matography.

Electrostatically immobilized DNA  affinity
chromatography. Column: PL SAX 150 x 4.6
mm. Flow-rate: 1.0 ml/min. Eluent A: 10 mM
sodium acetate, 1 mM CaCl, pH 4.5. Eluent B:
1 M NaCl, 10 mM sodium acetate, 1 mM CaCl,
pH 4.5. The column was equilibrated with eluent
A and 250-ul aliquots of a 2 mg/ml solution of
salmon testes DNA were injected until break-
through was observed at UV 260 nm. An addi-
tional 10-mg amount of DNA was then injected
to ensure adequate coating of anion-exchange
sites in the column. Gradient: linear from 0% B
to 70% B over 10 min, followed by a 2-min hold
at 70% B.

Synthesis of non-hydrolyzable DNA ana-
logue. Complementary phosphorothioate oligo-
nucleotides with a sequence of 5-GGCGCCT-
CCAGCGTCGACGGCGNH,-3' and 5'-CG-
CCGTCGACGCTGGAGGCGCC-3' were syn-
thesized on aminated controlled-pore glass
(Clontech, Palo Alto, CA, USA) using H-phos-
phonate chemistry [12] on a Model 8600 DNA
synthesizer (Milligen/Biosearch, South San
Francisco, CA, USA). The non-hydrolyzable
DNA analogue was synthesized with an amino
group at the 3’ end of one of the oligonucleotide
strands to allow coupling to an activated packing
material. The two strands were annealed by
diluting the mixture to 0.2 mg/ml with 10 mM
Tris—HCI, 1 mM EDTA, pH 7.5. The mixture
was then boiled for 1 min and slowly cooled to
room temperature. Three volumes of absolute
ethanol and 100 mM NaCl were then added to
precipitate the double-stranded oligonucleotide.
The oligonucleotide was then centrifuged and
lyophilized.

Immobilization of oligonucleotide analogue. A
10-mg amount of double-stranded oligonucleo-
tide was mixed with 1 g of epoxy silica resin and
resuspended to 5 ml with 100 mM KH,PO,, pH
7.0. The mixture was shaken for 24 h at room
temperature and then slurry packed into a 50 X
4.6 mm stainless-steel HPLC column.

DNA-analogue affinity chromatography. El-
uent A: 5 mM MES, 1 mM CaCl,, pH 6.0.
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Eluent B: 1 M NaCl, 5 mM MES, 1 mM CaCl,
pH 6.0. Gradient: linear from 0 to 100% B over
20 min. Flow-rate: 1.0 ml/min.

RESULTS AND DISCUSSION

Deamidation is a relatively common degra-
dation reaction [9] that increases the number of
charged residues on a protein at physiological
pH and therefore, in many cases, is readily
detected. The charge difference between a
deamidated protein and its intact parent provides
the basis for separation and analysis of the
occurrence of deamidation by anion-exchange
HPLC [13], cation-exchange HPLC [14], capil-
lary electrophoresis [13] and isoelectric focusing
electrophoresis [13]. In addition, tryptic mapping
[15], mass spectrometry [15], N-terminal se-
quencing [16] and enzymatic methyl-accepting
capacity [17] can provide information on the
occurrence of deamidation in peptides and pro-
teins.

In many cases, chromatographic methods that
separate deamidation variants of intact proteins
are preferable, since they are relatively fast and
quantitative, can be automated and can be scaled
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up for preparative applications. The isoelectric
point (pI) of the protein of interest often dictates
the pH range of the mobile phase employed in
ion-exchange HPLC and the choice of an anion
or cation exchanger as the stationary phase.
rhDNase is an acidic protein with a p/ ranging
between 3 and 4. Hence, anion-exchange chro-
matography is expected to provide strong reten-
tion under conditions near neutral pH where
rhDNase is most stable. This mode of HPLC has
been employed to resolve the deamidated var-
iants of other acidic proteins [13]. A comparison
of rhDNase and is deamidated variant run on
anion-exchange chromatography is shown in Fig.
3A and B, respectively. Injection of an admix-
ture of these two forms, shown in Fig. 3C,
reveals no separation of the variants. Two frac-
tions were collected from the admixture injection
and run on an isoelectric focusing gel. The bands
observed on the gel demonstrate that the column
exhibits no selectivity for the deamidated form of
rhDNase. Instead, the more acidic isozymes are
retained longer on the anion exchanger, without
resolving deamidation variants. The broad peaks
obtained in the chromatograms shown in Fig. 3
probably reflect the charge heterogeneity con-
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Fig. 3. Strong anion-exchange chromatography of (A) rhDNase, (B) its deamidated variant and (C) an admixture of the two
variants. Fractions 1 and 2 were collected and run on a pH 3-5 isoelectric focusing gel shown in (D). Conditions are given in the
text.
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Fig. 4. Strong cation-exchange chromatography on a sulfopropyl column of (A) rhDNase, (B) its deamidated variant and (C) an
admixture of the two variants. Fractions 1 and 2 were collected and run on a pH 3-5 isoelectric focusing gel shown in (D).

Conditions are given in the text.

ferred on the protein by the presence of sialic
acid and mannose phosphate on the glycans
linked to rhDNase.

Cation-exchange HPLC has been employed to
resolve the deamidated form of a glycoprotein
that similarly exhibited a high degree of carbo-
hydrate charge heterogeneity [14]. At pH 4.5,
rhDNase, despite its low pl, can be retained on
and recovered from a cation exchanger. Fig. 4
shows rhDNase and its deamidated variant in-
jected on a sulfopropyl strong cation-exchange
HPLC column. A slight resolution of these
variants is observed when they are separately
injected. thDNase variants yield relatively broad
peaks in these chromatograms, as on the anion
exchange column, due to the charge heterogen-
eity of the population of N-linked oliosacchar-
ides found on the glycoprotein. Injection of the
admixture of the two variants reveals no useful
separation with this column. Two fractions were
collected from the admixture injection and run
on an isoelectric focusing gel shown in Fig. 4D.
As in anion-exchange chromatography, the sepa-
ration is primarily based on carbohydrate charge
heterogeneity with the more acidic species elut-
ing earlier. The column exhibits a small selectivi-
ty for the deamidated rhDNase variant, but this
selectivity is obscured by the contributions of

sialylation and phosphorylation of the molecule
to retention.

The residue in rhDNase that is prone to
deamidation has been identified as asparagine-74
(Asn-74). According to the published crystal
structure [7], the corresponding residue in
bovine DNase is known to be involved in binding
of the DNA substrate. Fig. 5 shows the bovine
DNase residues that are involved in binding
DNA as determined by cocrystallization with a
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Fig. 5. Schematic of the DNA-DNase contacts determined
from the crystal structure of the complex between a synthetic
oligonucleotide and bovine DNase [7]. Asparagine-74 (N74)
forms a hydrogen bond with a phosphate group in DNA. The
other residues in the bovine enzyme involved in DNA-
binding near the primary hydrolysis site on the substrate are
arginines-9 and 111 (R9, R111), glutamate-39 (E-39),
tyrosines-76, -175 and -211 (Y76, Y175, Y211) and serine-206
(S206).
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Fig. 6. Repeating units of the polyanionic ligands used for
separation of rhDNase from its deamidated variant. (A)
DNA, (B) tentacle SO, (TCX), (C) heparin, (D) synthetic
non-hydrolyzable DNA analogue.

synthetic oligonucleotide [7]. The Asn-74 res-
idue, that is conserved between human and
bovine DNases, is shown to hydrogen bond with
a phosphodiester group in the oligonucleotide
backbone. Since deamidation occurs in a portion
of the molecule that is accessible to DNA, the
separation of rhDNase from its deamidated
variant may be achieved by exploiting the bio-
mimetic interaction of a polyanionic ligand that
similarly can gain access to the relevant portion
of the molecule. Fig. 6A shows the repeating
unit of the DNA biopolymer. The phosphodies-
ter linkages between repeating units confer
multiple negative charges to the DNA polymer
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backbone. Fig. 6B-D shows the structures of
polyionic ligands that were examined for the
potential to imitate DNA by accessing the DNA
binding site of rhDNase, and separate deamida-
tion variants of the molecule.

The repeating unit of the “tentacle” strong
cation-exchange (TCX) resin is shown in Fig.
6B. The TCX ligand contains sulfate groups as
does the conventional sulfopropyl column dis-
cussed above. The TCX ligand, however, con-
tains multiple cation-exchange moieties strung
along the polymeric backbone creating a flexible
polyanionic ligand. Each ligand is reported to
consist of 5-50 repeating units [18]. The poly-
meric nature of the cation exchanger imparts
certain characteristics of DNA to the ligand. Fig.
7A and B show the chromatograms obtained for
rhDNase and its deamidated variant, respective-
ly, on the TCX column. Injection of the admix-
ture of the two variants, shown in Fig. 7C,
results in baseline resolution of the two species.
The two peaks were collected from the chroma-
togram shown in Fig. 7C and run on an isoelec-
tric focusing gel, shown in Fig. 7D. The IEF
analysis confirms that the TCX column recog-
nizes the single charge difference at residue 74
between the two variants of rhDNase. Hence the
TCX column biomimetically interacts with the
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Fig. 7. Tentacle cation-exchange chromatography of (A) rhDNase, (B) its deamidated variant and (C) an admixture of the two
variants. Fractions 1 and 2 were collected and run on a pH 3-5 isoelectric focusing gel shown in (D). Conditions were identical to

those employed in Fig. 4.
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same portion of the enzyme as the DNA sub-
strate.

Another commercially available ligand con-
taining a polymeric cation-exchange ligand,
shown schematically in Fig. 6C, is the immobil-
ized heparin column. Heparin is a sulfated
glycosaminoglycan polysaccharide. Fig. 8A and
B shows that the heparin column resolves
rhDNase and its deamidated variant in a similar
fashion to the TCX column. The efficiency of
this separation is slightly less than that observed
on the TCX column, although the interaction is
still specific for the portion of the molecule
containing the charge difference at residue 74.
The two peaks resulting from injection of the
admixture of the two variants (Fig. 8C) were
collected and run on an isoelectric focusing gel
shown in Fig. 8D. The resulting pattern dem-
onstrates the selectivity exhibited by biomimetic
interaction chromatography with this column
despite the considerable carbohydrate-engen-
dered charge heterogeneity of the two species.

The analyses of rhDNase variants on the TCX
and heparin columns were carried out at pH 4.5
in order to obtain sufficient retention of the
acidic glycoprotein. In order to demonstrate that
the TCX and heparin ligands mimic DNA in the
separations shown in Figs. 7 and 8, a DNA
affinity column was prepared by electrostatic
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Absorbance at 280 nm, mAu
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Fig. 9. Electrostatically immobilized DNA affinity chroma-
tography of an admixture of rhDNase and its deamidated
variant. Conditions are given in the text.

immobilization of salmon testes DNA on an
anion-exchange HPLC column. The hydrolysis
of DNA by DNase is negligible at pH 4.5, so
under these conditions a practical DNA affinity
column can be prepared. The strong anion-ex-
change column was coated with DNA at pH 4.5,
effectively converting it to an affinity column for
rhDNase. The admixture of rhDNase with its
deamidated variant was injected, yielding the
two peaks shown in the chromatogram in Fig. 9.
The two peaks were shown to be the two charge

25 L
) D
E |
£ 20 + ] 2 o -
£ s ¢
o c | E 3 %
& 15} 2 &L &
® ol 4.0
: E-=
S 10+-B S - T
0
§> ol 3.0
25 ¢
A
0 1 1 1 1 Kok _—
0 5 10 15 20 25
Time, min

Fig. 8. Immobilized heparin chromatography of (A) rhDNase, (B) its deamidated variant and (C) an admixture of the two
variants. Fractions 1 and 2 were collected and run on a pH 3-5 isoelectric focusing gel shown in (D). Conditions were identical to

those employed in Fig. 4.
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variants of thDNase by collection and reinjection
on the TCX column (data not shown), with the
deamidated form eluting from the column earlier
than intact rhDNase. This separation could not
be obtained on the bare anion-exchange column
prior to coating with DNA. The DNA affinity
column exhibited relatively poor efficiency and
reproducibility, owing to the poor stability of the
electrostatic immobilization and the heterogen-
eity of the salmon testes DNA preparation.
Nevertheless, the separation obtained on this
column confirms the involvement of the labile
Asn-74 residue in binding DNA, and the bio-
mimetic behavior of the TCX and heparin lig-
ands under these conditions.

Another way to investigate the interaction
between DNA and rhDNase variants is to em-
ploy a column containing an immobilized syn-
thetic oligonucleotide. In this study, complemen-
tary phosphorothioate analogues [12], having the
linkage shown in Fig. 6D, were synthesized with
the sequences given in the Experimental section.
One strand was synthesized with a free amino
group at the 3’ end, and the annealed strands
were covalently attached to activated silica par-
ticles through this group to make the immobil-
ized double-stranded affinity column. At pH 4.5
the separation by this column was similar to that
of the electrostatically immobilized DNA column
(data not shown). The phosphorothioate DNA
analog is refractory to hydrolysis by DNase [19],
and so can be operated with a higher-pH mobile
phase under conditions where the DNA affinity
column is hydrolyzed. Fig. 10 shows the chroma-
tograms of rhDNase, the deamidated form of
rhDNase and the admixture of the two species
on the oligonucleotide affinity column operated
at pH 6. The column resolves the deamidated
and intact forms of rhDNase, but also separates
the deamidated form of the enzyme into two
peaks. The two peaks were collected and charac-
terized by tryptic mapping. Fig. 11 shows the
tryptic maps of the two peaks of deamidated
rhDNase collected from the oligonucleotide
column, along with the map of intact rhDNase.
The tryptic maps differ in the T6-7 and T7
peptides that contain the labile Asn-74 residue.
The T7 peptide contains Asn as residue 74 and
hence is an indicator of intact rhDNase, while
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Fig. 10. Non-hydrolyzable DNA analogue affinity chroma-
tography of (A) rhDNase, (B) its deamidated variant and
(C) an admixture of the two variants. The peaks labeled
“Asp-74”, ‘“isoAsp-74” and ‘“Asn-74” were collected for
characterization by tryptic mapping. The first peak was found
to be rhDNase with aspartate at residue 74 (Asp-74
rhDNase), the second peak to be the isoAsp-74 isomer of the
deamidated variant and the third peak to be intact rhDNase
containing asparagine at position 74.
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Fig. 11. Tryptic maps of the fractions collected from the
DNA analogue affinity separation shown in Fig. 10C. (A)
Chromatogram of the peptide mixture obtained on tryptic
digestion of peak Asp-74, the deamidation variant containing
aspartic acid at residue 74, as indicated by the peptide
labeled dT7. (B) Chromatogram of the digest of peak
isoAsp-74, the deamidation variant containing isoaspartic
acid at residue 74, as indicated by the peptide T6-7. (C)
Chromatogram of the digest of peak Asn-74, the intact form
of thDNase that contains asparagine at residue 74. The T7
peptide includes residues 74—77 of the digested protein, with
asparagine at residue 74. The dT7 peptide similarly includes
residues 74-77, but with aspartic acid at residue 74. The T6-7
peptide includes residues 51-77, with isoaspartic acid at
residue 74 and no cleavage of the peptide bond after the
arginine at residue 73.
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the dT7 and T6-7 peptides are markers for the
Asp-74 and isoAsp-74 containing deamidation
variants, respectively. The tryptic maps thus
reveal that the oligonucleotide analog column
resolves the isomeric forms of deamidated
rhDNase that contain either an aspartic acid or
-an isoaspartic acid residue in lieu of asparagine.
at position 74. The structural differences among
these variants are shown in Fig. 2. The side
chains of the two products of asparagine deam-
idation have essentially identical pK values, and
so do not differ in charge, and thDNase variants
differing in these isomeric side chains are not
resolved by isoelectric focusing gel elec-
trophoresis. Nevertheless the two forms of
deamidated rhDNase, that differ in both the
length of the side chain and in the length of the
polypeptide backbone, display sufficient differ-
ences in binding to the high-performance affinity
column to allow their separation. This is appar-
ently the first example of the separation of the
two isomers of an intact glycoprotein resulting
from deamidation through the cyclic imide path-
way. The separation underscores the power of
protein sorting and biomimetic interaction
HPLC to yield high resolution of a specific
characteristic of a protein that cannot be
achieved by other analytical methods.

CONCLUSIONS

The physico-chemical interactions between the
stationary phase surface and the surface of a
protein provides the basis of separation in chro-
matography. Hence, knowledge of the structure
of a protein can guide the selection of the
conditions, including the choice of stationary
phase, to obtain a particular separation. In this
report the column selection for the separation of
rhDNase from its deamidated variant was guided
by the insight gained from the crystal structure of
bovine DNase, that revealed that deamidation
occurs at a residue involved in the binding of the
enzyme to DNA. Conventional ion-exchange
columns, with relatively short ligands, were
unable to resolve rhDNase from its deamidated
variant. Columns packed with polyanionic lig-
ands —including a tentacle cation exchanger,
immobilized heparin, immobilized DNA and an
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immobilized synthetic DNA analogue— were
able to achieve the separation of the two closely
related proteins. The longer polyanionic ligands
apparently can gain access to the relevant por-
tion of the DNA binding site and mimic the
interaction of DNase with its substrate and
discriminate on the basis of deamidation at a
single site in the glycoprotein. The physico-
chemical interactions involved can themselves be
studied by chromatographic methods. One ex-
ample of such an interaction is suggested by the
separation obtained on the oligonucleotide ana-
logue column of the isomers of the deamidated
form of rhDNase, that differ only in the geome-
try of the acidic residue resulting from deamida-
tion of the asparagine at residue 74. The slight
structural difference between the aspartate- and
isoaspartate-containing variants of deamidated
rhDNase provided sufficient selectivity to permit
the isolation of the individual isomeric proteins
from the oligonucleotide analog column for
further characterization. The chromatographic
separation of the two species on the biomimetic
interaction column thus sheds new light on the
biochemical interaction between variants of an
enyzyme and its substrate.

Both aspects of the surface interactions in-
volved in chromatography —the column selec-
tion guided by protein structural considerations
and the investigation of biochemical interactions
by chromatographic methods— are examples of
protein sorting, the high-resolution separation of
proteins on the basis of a specific significant
structural feature, without regard to the hetero-
geneity that may be present on the remainder of
the protein. Since chromatographic resolution is
essentially limited to the portion of the protein
that interacts with the stationary phase, it is a
powerful means of focusing the available
separating power on the structural feature of
interest, and sorting a population of proteins on
the basis of characteristics of that feature. In this
report, the structural feature of interest was Asn-
74, and biomimetic interaction of the stationary
phase ligands with the portion of the enzyme
containing this residue was facilitated by the
involvement of the residue in DNA binding. The
chromatographic separation was focused on that
portion of the molecule by the use of biomimetic
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polyanionic ligands, and a mixture of rhDNase
variants was sorted into subpopulations on the
basis of the residue at the deamidation site in the
protein. The subpopulations did not differ in
other characteristics, including in the consider-
able charge heterogeneity associated with the
oligosaccharides present at the two glycosylation
sites on rhDNase.
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ABSTRACT

Several published procedures have been combined to develop a general strategy for the specific identification and isolation of
the acetylated-N-terminal fragment from all other proteolytic fragments. This ruse can be divided into four steps: (i) succinylation
of the substrate to block lysine NH, groups; (ii) enzymatic digestion of the modified protein; (iii) automated phenylisothiocyanate
derivatization of the protease derived fragments to block newly generated “free” N-termini; and (iv) reversed-phase high-
performance liquid chromatography with on-line photodiode array spectroscopy. The individual phenylthiocarbamyl-peptide
species exhibit an increased reversed-phase retention time and a greater UV (210-297 nm) profile compared to the corresponding
control (—phenylisothiocyanate) digest. The N-terminal acetylated fragment shows neither a retention time shift nor an
augmented UV profile. To validate each process step, synthetic peptides and acetylated-N-terminal proteins of known sequence
were used as test samples. The desired fragment was isolated from three proteins and positively identified by electrospray mass
spectrometry and amino acid composition. Proteins with other N-terminal blocking groups should be amenable to this procedure.

INTRODUCTION

Proteins, proteolytic fragments, and peptides
blocked at the N-terminus are refractory to
Edman degradation. It has been estimated that
over 50% of soluble mammalian proteins are
blocked at the N-terminus [1]. Considerable
effort has therefore been devoted to deblocking
schemes and subsequent sequence analysis. The
target fragment is usually isolated from a digest
and two distinct analytical procedures are then
employed to obtain further structural informa-
tion. In the first, removal of the blocking group

* Corresponding author.

* Portions of this work have been presented at the 6th
Symposium of The Protein Society, San Diego, CA, July
25, 1992.

0021-9673/93/$06.00

chemically [2], or enzymatic liberation of the
N-acetyl (Ac) amino acid itself [3-8], can
provide a substrate suitable for sequence de-
termination. Mass spectrometry—mass spec-
trometry (MS-MS) analysis is the other ap-
proach and is a direct means of obtaining se-
quence information [9-15]. Recent studies have
shown that the deblocked N-terminal fragment
can be sequenced in the presence of all other
appropriately modified digest fragments [5,6,16].
However, as these other fragments were not
recovered during this procedure, potentially im-
portant structural information may be missed,
particularly for unknown proteins [3-8,16].

In this study, we have combined several pub-
lished procedures [5,17,18] to develop a general,
semi-automated strategy that successfully iden-
tifies and isolates the Ac-N-terminal fragment
from complex reversed-phase high-performance

© 1993 Elsevier Science Publishers BV, All rights reserved
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liquid chromatography (RP-HPLC) peptide
maps. Furthermore, since fractions from the
entire chromatogram are collected, other
protease-derived fragments are available for
analysis if desired. We first present data using
synthetic peptides of known composition as test
samples to validate the procedure and then
demonstrate that the overall method can be used
to positively isolate the target fragment from
proteolytic digests of three distinct proteins of
known sequence. The strategy outlined in this
report should be applicable to proteins with
other N-terminal modifications, for the quality
control of recombinant proteins, and in studies
of homologous proteins from different sources.

EXPERIMENTAL

Chemicals and reagents

Peptides and proteins were purchased from
Sigma (St. Louis, MO, USA) or Peninsula Labs.
(Belmont, CA, USA) and used without further
purification. For use, they were resuspended to a
nominal concentration of 1-3 mg/ml with water
or 0.1% trifluoroacetic acid (TFA) and stored at
—20°C. Pierce (Rockford, IL, USA) supplied
phenylisothiocyanate  (PITC), triethylamine
(TEA), TFA, and 8 M guanidinium chloride
(GdmCl); succinic anhydride is a Fluka (Ron-
konkoma, NY, USA) product; and chymotryp-
sin was obtained from Boehringer Mannheim
(Indianapolis, IN, USA). Recovery studies used
[*H]leucine-enkephalin, 36.3 Ci/mmol, pur-
chased from DuPont/NEN (Boston, MA, USA).
The sources of HPLC columns and solvents,
water purification, and additional materials have
been described [19,20].

Succinylation

Slight modifications to established procedures
were employed [5]. Amounts of 10-100 ug of
the stock protein solution were taken to dryness
in a Savant (Farmingdale, NY, USA) Speed-Vac,
after which 200 ul of 0.1 M NH,HCO, and 200
pl of 8 M GdmCl were added to the dried
sample. The pH was adjusted to ca. 8 with 12%
(v/v) TEA (ca. 20 wl) and then 0.5 mg of solid
succinic anhydride added to the vial to start the
reaction. The pH was monitored and maintained

between 8-9 by adding 20 ul aliquots of 12%
TEA. After 30 min at room temperature,
another portion of succinic anhydride was added
and the reaction pH monitored as above, result-
ing in a final added TEA volume of ca. 200 ul.
The mixture was incubated overnight at room
temperature. Any remaining succinic anhydride
was converted to succinic acid by adding 100 ul
of 10% (v/v) TFA and the sample was trans-
ferred to a Millipore Ultrafree-MC 5000MW
tube (Millipore, Boston, MA, USA) for spin-
dialysis and solvent exchange (0.1M NH,-
HCO,) at 10000 rpm in a microfuge.

Proteolysis

Prior to digestion, the volume of the protein
substrate was increased to ca. 140 ul with 0.1 M
NH,HCO,. A 10-ul volume of chymotrypsin at
0.5 mg/ml in water was added and the digestion
mixture incubated for 4 h at 37°C. The reaction
was quenched by adding 5 ul of 10% TFA and if
desired, a small aliquot of this sample was
injected on C,, RP-HPLC as the control
(—PITC), with the remainder transferred to a
Varian (Walnut Creek, CA, USA) 9090 auto-
sampler conical vial and taken to dryness in a
Savant speed-vac.

Automated PITC derivatization

To the dried, digested protein sample or dried
synthetic peptide, were added 18 ul of ethanol-
TEA-water (7:1:1, v/v/v) followed by 2 ul
PITC. The liquids were mixed by four air dis-
placement cycles and the reaction mixture was
incubated for 20 min at room temperature [18].
Excess PITC and unwanted reaction by-products
were extracted [18] by adding 90 wl heptane-
ethyl acetate (2:1, v/v), after which 70 ul of 10
mM sodium phosphate pH 6.0 was added to
increase the volume of the aqueous phase. The
extraction liquid (90 ul heptane—ethyl acetate
only) was added in two more portions and 75 ul
of the aqueous layer were injected on C;3 RP-
HPLC.

RP-HPLC on-line photodiode array (PDA)
analysis

Samples were chromatographed using stan-
dard RP-HPLC conditions (C,; Vydac 218TP54;
solvent A is 0.1% TFA and solvent B is 0.095%
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TFA in acetonitrile—water (90:10); 10% B to
60% B in 60 or 90 min at 1 ml/min and 37°C
with fractions collected at 0.5-min intervals). On-
line PDA analysis with a Varian Polychrom 9065
was used to identify the Ac-N-terminal fragment
by the absence of phenylthiocarbamyl (PTC)-
associated UV spectrum with the LC Star Poly-
view software library search routine supplied
with the instrument. Basically, UV spectra (210-
297 nm) of synthetic peptides containing known
chromophores (aromatics, aromatics + PTC-pep-
tide, PTC-peptide, and peptide only) are stored
in the search library [21]. The chromatogram of
the PITC derivatized, digested protein is then
searched peak-by-peak against all spectra in the
library to generate statistically relevant similarity
indices for each peak. Positive matches of known
fragments typically give values of 0.995 or great-
er. In this study, we are ilgl:erested in that peak
which is devoid of PTC attributes. In addition,
this peak will not shift in retention time com-
pared to the control (—PITC) chromatogram and
is easily spotted in the three-dimensional PDA
printout for the +PITC sample. Note also, that
it is possible to tentatively assign the aromatic
content of each peak through the library search
routine. Data acquisition and analysis proce-
dures, and additional chromatographic hardware
have been described [19,20].

Analysis of RP-HPLC fractions

An aliquot of the desired fraction was subject-
ed to standard 6 m HCl-Phenol hydrolysis for 1
h at 150°C and the hydrolysate manually derivat-
ized with PITC for analysis [18]. Another aliquot
was taken to dryness and resuspended in 15-30
nl of 1% (v/v) NH,OH prior to negative-ion
electrospray (ES)-MS. on a Sciex (Thornhill,
Canada) API-III instrument (Dr. Kevin Duffin,
Monsanto Corporate Research, St. Louis, MO,
USA).

RESULTS AND DISCUSSION

Assessment of the procedure with synthetic
peptides

Synthetic peptides were used as test substances
to validate several steps of the overall process.
Specifically, the peptides were subjected to auto-
mated PITC derivatization and RP-HPLC-PDA

analysis. For PITC modification both the com-
pleteness and specificity of the reaction were
investigated. In addition, [*H]leucine-enkephalin
provided a means of determining the recovery of
the derivatized PTC-peptide after the heptane—
ethyl acetate extraction procedure. In this case,
greater than 97% of the tritiated peptide re-
mained in the aqueous phase; a new RP-HPLC
peak appeared with an increased retention time
and less than 0.4% of the unreacted peptide was
observed (data not shown).

Fig. 1 is a composite set of three-dimensional
PDA chromatograms for DRVYIHPFHLLVYS
with either a “free” or acetylated N-terminus
(panels A and B, respectively) and for
pEQRLGNWAVGHLM(NH,) and the lysine-3
[K*]-substituted peptide (panels C and D, re-
spectively). Comparison of the PDA UV profile
for the first peptide pair, —PITC (Fig. 1A) and
+PITC (Fig. 1B), shows that covalent addition
of PTC to “free” amines results in a retention
time shift [17] and an augmented, distinct, and
readily identifiable 210-297 nm spectrum for the
derivatized species. Just as revealing, is the
absence of a chromatographic shift and spectral
change for the Ac-N-terminal peptide. This
demonstrates the ability to identify PTC-peptides
that contain aromatic residues in combination
with non-PTC, aromatic containing, Ac-N-termi-
nal peptides. The PTC chromophore of the
adduct in this case dominates the 240-297 nm
profile. The second peptide pair comprises
species that are identical in every respect except
for an arginine to lysine substitution at sequence
position 3 ([R’] to [K’]). Each peptide is also
blocked at the N-terminus in the form of a
pyroglutamyl (pE) group so that only the [K’]
variant is expected to react with PITC. These
two peptides are not resolved by the standard
C,; RP-HPLC elution conditions (Fig. 1C), and
as for the former test peptide pair, these pE-
blocked peptides contain an even more intense
aromatic-region absorbing residue, tryptophan.
Nonetheless, the expected result is evident as the
[K®] peptide increases in RP-HPLC retention
time after PTC modification concomitant with a
characteristic UV spectrum for this product (Fig.
1D). PTC modification of the [K®] variant pro-
duced a complete separation of this peptide pair
where there originally was none.
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Fig. 1. C,; RP-HPLC of N-Ac and “free” renin substrate tetradecapeptide, and [R*]-Bombesin and [K*]-Bombesin. Three-
dimensional PDA chromatogram of the mixtures displayed at the relevant retention times. (A) “Free” and N-Ac
DRVYIHPFHLLVYS mixture minus PITC at 150 mV full scale (mVFS); (B) “free” and N-Ac DRVYIHPFHLLVYS mixture
plus PITC at 150 mVFS; (C) [R’]- and [K*)-.pEQRLGNWAVGHLM(NH,) mixture minus PITC at 150 mVFS; (D) [R’]- and
[K*]-pEQRLGNWAVGHLM(NH,) mixture plus PITC at 150 mVFS. The HPLC gradient was for 60 min.

Assessment of the procedure with proteins and
protein fragments

Three Ac-N-terminally blocked proteins of
known sequence, calmodulin, cytochrome ¢ and
parvalbumin were subjected to each step of the
overall procedure. The first step involves protein
denaturation with GdmCl and succinylation of
lysine residues. This is necessary because the
desired N-terminal fragment may contain lysine
residues which would react with PITC and thus
produce a false negative assignment. For the
present group of test proteins, cytochrome ¢ and
parvalbumin do contain lysine residues in the
N-terminal fragment but calmodulin does not.
Practically, this means for calmodulin succinyla-
tion can be omitted if one is interested in
isolating the Ac-N-terminal fragment only. Sev-
eral fragments will however, likely contain multi-

ple PTC reaction sites in the form of lysine
residues. This streamlined process could be use-
ful for example in isolating the blocked N-termi-
nal, lysine deficient fragment from homologous
proteins and then sequencing by the appropriate
means. We were able to isolate the same
proteolytic Ac-N-terminal peptide from cal-
modulin whether or not the protein was suc-
cinylated (data not shown).

Proteolytic digestion of the succinylated pro-
tein was the next step and in the majority of our
reactions chymotrypsin was used. This was not
an arbitrary choice on our part, and derives from
the known primary specificity of chymotrypsin
for aromatic residues. We wanted to minimize
the possibility that the Ac-N-terminal peptide
would contain multiple aromatic amino acids
thereby obfuscating the UV spectral analysis.
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The fact that for all three proteins the Ac-
N-terminal fragment contained only one
aromatic amino acid which was the C-terminal
residue (see Tables I and II) speaks favorably for
the above rationale.

A Varian 9090 autosampler with robotic au-
tomix routines was used previously to automate
PITC derivatization of amino acid hydrolysates
and liberated residues from exopeptidase diges-
tions [18]. In that study, a heptane extraction
step effectively removed excess PITC and re-
action by-products from the aqueous sample
prior to HPLC injection. For the present study,
an empirically determined 2:1 ratio of heptane—
ethyl acetate was found to be a compromise
between high peptide recovery and acceptable
removal of unwanted reaction products. Another
aspect of the automated derivatization reaction is

TABLE 1
AMINO ACID ANALYSIS OF THE ISOLATED Ac-
N-TERMINAL PROTEOLYTIC FRAGMENTS

The fragments were isolated as indicated from the PDA
chromatograms shown in Figs. 2-4.

Residue’  Protein

Calmodulin Cytochrome ¢ Parvalbumin

Obs. Exp. Obs. Exp. Obs. Exp.
Asx 1.0 1 1.0 1 1.8 2
Glx 4.4 5 1.1 1 2.0 2
Gly* - - 2.6 2 1.9 1
Thr* 1.1 1 - - 1.5 1
Ala 2.1 2 - - 4.0 4
Val - - 1.0 1 - -
Met* - - - - 0.12 1
He 1.1 1 1.0 1 2.0 2
Leu 1.1 1 - - 1.8 2
Phe 1.0 1 1.1 1 1.1 1
Lys® - - 2.4 3 1.7 2

? The standard three letter code is used for the amino acids
and the experimentally observed (Obs.) and the expected
(Exp.) residue values for the predicted Ac-N-terminal
fragment are listed.

” Gly values are high and Lys values low due to incomplete
hydrolysis of PTC-succinyl-Lys and co-elution of this de-
rivative with PTC-Gly.

“Met was oxidized to Met-sulfoxide during the hydrolysis.
The R and § forms of PTC-Met-sulfoxide elute near PTC-
Thr in our system, resulting in an inflated value for Thr.

that the free amino groups of the proteolytic
fragments appeared to be quantitatively modified
with PITC. This result derives from the observa-
tion that the peaks in the PDA chromatogram
exhibit characteristic PTC spectral properties
except for the blocked N-terminal fragment (see
below).

Isolation and identification of C;; RP-HPLC
Ac-N-terminal proteolytic fragments

Calmodulin, cytochrome ¢ and parvalbumin
were each succinylated prior to protease treat-
ment with chymotrypsin. After digestion, the
resulting proteolytic fragments were reacted with
PITC in an automated fashion and these modi-
fied samples were analyzed by C,; RP-HPLC
with on-line PDA spectroscopy (Figs. 2-4).

The three-dimensional PDA spectral plot of
the +PITC C,; RP-HPLC analysis for the cal-
modulin digest is shown in Fig. 2. Panel A
represents the relevant chromatographic region
from 15 to 55 min. The characteristic UV spectra
of the PTC-adducts observed for the synthetic
peptides (Fig. 1B and D) are readily apparent
here also. Time axis expansion of panel A to 15
to 35 min (panel B) and 35 to 55 min (panel C)
aided in the visual assignment of the N-terminal
peptide. Simple inspection of these two plots
allows one to immediately assign the peak at ca.
32 min (panel B, arrow) as the target fragment.
The fraction containing this peak was subjected
to amino acid analysis and negative-ion ES-MS
to positively identify the peptide fragment. Table
I lists the amino acid results for the calmodulin
fraction. The agreement between the expected
residues for the predicted Ac-N-terminal
chymotryptic fragment of calmodulin with the
experimentally determined values is good. ES-
MS analysis of this fraction produced a clean
spectrum (see Fig. SA) with the tabulated mo-
lecular mass listed in Table II. These combined
data (Tables I and II) unequivocally demonstrate
that the fraction isolated from the three-dimen-
sional PDA plot is the Ac-N-terminal
chymotryptic fragment of calmodulin.

A similar representation of the three-dimen-
sional PDA +PITC proteolytic digest chroma-
tograms are shown for cytochrome ¢ in Fig. 3
and for parvalbumin in Fig. 4. Again, time axis
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TABLE II

MOLECULAR MASS ASSIGNMENT OF THE ISOLATED Ac-N-TERMINAL PROTEOLYTIC FRAGMENTS

The fragments were isolated as indicated from the PDA chromatograms shown in Figs. 2-4.

Predicted chymotryptic fragments
Calmodulin
Calculated M, = 1434.7.

N-Ac-Ala-Asp—Gln-Leu-Thr-Glu-Glu-Gln-Ile-Ala-Glu-Phe.

Cytochrome ¢ N-Ac—Gly—Asp—Val-Glu-Lys(X)-Gly-Lys(X)-Lys(X)-Ile-Phe.

Calculated M, = 1461.7.
Lys(X) = succinyl-Lys.

Parvalbumin
Calculated M, =2176.1.
Lys(X) = succinyl-Lys.

ES-MS analysis of fragments”

N-Ac-Ala-Met-Thr-Glu-Leu-Leu-Asn-Ala-Glu—Asp-Ile-Lys(X)-Lys(X)~-Ala-Ile-Gly—Ala-Phe.

Protein Mass peaks® Species/charge Observed M,
Calmodulin 716.2 (M-2H")*" 1434.4
727.4 (M—3H" +Na*)*~ 1434.8
738.3 (M-4H" +2Na*)*" 1434.0
1433.3 (M—-H*")" 1434.3
1455.6 (M—2H" +Na*)~ 1434.6
Average 1434.5
Cytochrome c. 486.2 (M-3H")y" 1461.6
730.1 (M—-2H")*" 1462.2
741.0 (M—-3H"+Na")*" 1462.0
1460.8 (M-H")" 1461.8
1482.8 (M—2H" +Na*)~ 1461.8
Average 1461.9
Parvalbumin 1087.3 (M—-2H"y" 2176.6
1144.1 (M—-H* + CF,C00")*" 2176.2

Average 2176.4

? See Fig. 5 for the mass spectrum of each protein fragment.

® The peaks were assigned as shown in Fig. 5A, calmodulin; B, cytochrome ¢; and C, parvalbumin.

expansion of the cytochrome ¢ example (Fig. 3),
originally displayed from 15 to 55 min (panel A),
to 15 to 35 min (panel B) and 35 to 55 min
(panel C) was used to identify the N-terminal
fragment. Amino acid analysis of the isolated
fraction at ca. 31 min (panel B, arrow) resulted
in coincident values for the experimental and
predicted residue compositions of the N-terminal
fragment (Table I). This predicted chymotryptic
peptide contains three Lys residues (Table II)
which if not succinylated would yield a chro-
matographic species with a PDA UV spectrum
characteristic of a PTC-peptide. The actual PDA
UV spectrum containing the isolated fraction is

devoid of PTC attributes suggesting that this
fragment is completely succinylated. The amino
acid composition (Table I) supports this asser-
tion but the definitive data in this case are
derived from ES-MS analysis (see Fig. 5B).
Molecular mass assignments for the mass peaks
from this analysis given in Table II clearly
indicate that the isolated fraction contains a
completely succinylated species. The protease
derived fragment under consideration is thus
positively identified as the succinylated Ac-
N-terminal chymotryptic fragment of cytochrome

c.
Fig. 4A is an analogous C,;; RP-HPLC-PDA
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Fig. 2. C,; RP-HPLC-PDA three-dimensional display of the
chymotryptic digest of calmodulin. (A) Chromatogram from
15 to 55 min, 210 to 297 nm at 50 mVFS; (B) expanded time
axis from 15 to 35 min; (C) expanded time axis from 35 to 55
min. The arrow in A and B indicates the isolated Ac-
N-terminal proteolytic fragment of calmodulin. The HPLC
gradient was for 60 min.

three-dimensional profile of the region of inter-
est at 20 to 80 min for the parvalbumin
chymotryptic digest. This complex plot was ex-
panded on the time axis into visually manageable
blocks (panels B-D). The data in these three
panels readily show the presence of many PTC-
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Fig. 3. C,; RP-HPLC-PDA three-dimensional display of the
chymotryptic digest of cytochrome c. (A) Chromatogram
from 15 to 55 min, 210 to 297 nm at 50 mVFS; (B) expanded
time axis from 15 to 35 min; (C) expanded time axis from 35
to 55 min. The arrow in A and B indicates the isolated
Ac-N-terminal proteolytic fragment of cytochrome c. The
HPLC gradient was for 60 min.

peptide peaks, some of which additionally con-
tain identifiable aromatic residues [21]. In this
current study though, attention is focused on the
triplet set of peaks near ca. 70 min (panel D,
arrow). The latest eluting peak of this triplet
group did not exhibit signature PTC UV spectral
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Fig. 4. C,, RP-HPLC-PDA three-dimensional display of the chymotryptic digest of parvalbumin. (A) Chromatogram from 20 to
80 min, 210 to 297 nm at 50 mVFS; (B) expanded time axis from 20 to 40 min; (C) expanded time axis from 40 to 60 min; (D)
expanded time axis from 60 to 80 min. The arrow in A and D indicates the isolated Ac-N-terminal proteolytic fragment of

parvalbumin. The HPLC gradient was for 90 min.

properties and was therefore selected for further
analysis. The residue composition of this fraction
was assessed from amino acid analysis (Table I)
and was found to be consistent with the expected
residue values. ES-MS analysis produced an
acceptable spectrum (Fig. 5C) for which the
species molecular mass of the indicated mass
peaks were calculated and listed in Table II. Two
Lys residues are present in the predicted Ac-
N-terminal chymotryptic fragment of parval-
bumin. A similar line of reasoning as expressed
in the cytochrome ¢ case, when applied here,
results in the conclusion that the isolated parval-
bumin peptide is the completely succinylated Ac-
N-terminal chymotryptic peptide. One other
aspect of the parvalbumin chromatogram is that
the late C,; RP-HPLC elution of the N-terminal
peptide could have been anticipated due to its
high ratio (10:18) of hydrophobic amino acids
and overall length.

We calculated the overall recovery for each
proteolytic digest. This percentage is defined as
the moles of the isolated Ac-N-terminal peptide
fraction recovered from the PDA chromatogram
relative to the initial moles of protein subjected
to the four step procedure. These values were
fairly constant for all three proteins, ranging
from a high of 49% for cytochrome ¢ to a low of
29% for parvalbumin. The recovery for cal-
modulin was intermediate at 42%. Several likely
factors contributed to the ultimate recovery of
the blocked peptide. These include: complete-
ness of the succinylation step, recovery of these
modified proteins after spin-dialysis and solvent
exchange, the extent of protease digestion, and
any losses due to the C,; RP-HPLC itself. In this
initial investigation we did not attempt to opti-

‘mize these individual processes for each protein

but rather, sought to develop a scheme which we
believe will have general applications. Clearly,
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Fig. 5. ES-MS analysis of the isolated Ac-N-terminal
proteolytic fragments from calmodulin, cytochrome ¢ and
parvalbumin. Spectra were recorded in the negative-ion
mode. The species and charge states of the mass peaks, and
the resulting molecular masses are listed in Table II. (A)
Calmodulin fragment isolated from PDA chromatogram (Fig.
2); (B) cytochrome ¢ fragment isolated from PDA chroma-
togram (Fig. 3); (C) parvalbumin fragment isolated from
PDA chromatogram (Fig. 4).

each step could be selectively optimized for a
given protein to increase the overall recovery of
the isolated Ac-N-terminal fragment.

CONCLUSIONS

The blocked N-terminal peptide identification
strategy presented in this report was successfully
applied to complex proteolytic digests for the
HPLC isolation of the Ac-N-terminal peptide
from three distinct proteins. Since all HPLC
peaks were collected in this procedure, they
could be analyzed with the net result being an
increase in HPLC information content.

On-line PDA spectroscopy provided some
analytical advantages over conventional single or
dual-wavelength detection. It was not absolutely
necessary for instance, to perform a —PITC
HPLC experiment for comparative purposes.
This was evident from inspection of the PDA
plot as the N-terminal peptide showed distinet
(non-PTC) UV spectral properties. Preliminary
work [21] indicates that as an added bonus, both
the aromatic residue type and number can be
assigned to several of the PTC-peptide peaks.
We are currently [22] implementing the semi-
automated strategy to develop an analogous
C-terminal proteolytic fragment isolation proce-
dure based on a variation of several C-terminal
peptide isolation schemes [23-27]. It is antici-
pated that successful application of each, cou-
pled with say MS-MS sequencing [28,29], would
provide a novel and powerful polymerase chain
reaction “anchoring” process.
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ABSTRACT

The improvement of the chromatographic efficiency using Ag® complexing reversed-phase liquid chromatography for the
analysis of geometric isomers was studied. The influence of the nature and concentration of silver salts on 7-complex formation
was investigated with two types of sample, fatty acid methyl esters and trans-retinoic acid photoisomers. First, the separations of
cis—trans-linoleic acids and cis—trans-oleic acids were confirmed. Second, the w-complexation was shown to occur with more
complex chemical structures such as trans-retinoic acid and its photoisomers. The chromatographic separation of seven geometric
isomers of trans-retinoic acid was then carried out with good efficiency in half the time required in previous work.

INTRODUCTION

Argentation chromatographic methods are
useful for the analysis of unsaturated com-
pounds. Many publications have described the
use of metal ions to improve the separation of
analytes by thin-layer chromatography [1], gas—
liquid chromatography [2] and high-performance
liquid chromatography (HPLC) [3], especially
for cis—trans geometric isomers [1,4-6].

First, silver ion complexing liquid chromatog-
raphy was performed using adsorption chromato-
graphic systems with silica gel impregnated with
various amounts of silver salts as stationary

* Corresponding author.

0021-9673/93/$06.00

phases [7,8]. This technique was then transposed
successfully to reversed-phase liquid chromato-
graphic systems for the separation of various
compounds such as vitamin D, estrogenic deriva-
tives, unsaturated hydrocarbons, triglycerides
and fats [9-11], but a strong interaction takes
place in the mobile phase. It was shown previ-
ously [9] that the presence of a silver salt in the
mobile phase leads to the formation of a
m-complex. The bonding is considered to involve
an interaction between very electrophilic silver
ions and filled = orbitals of unsaturated com-
pounds.

Two conclusions on the behaviour of 7-com-
plexes in reversed-phase liquid chromatography
were drawn by Schomburg and co-workers
[10,11]: the polarity of the Ag" m-complex is

© 1993 Elsevier Science Publishers B.V. All rights reserved
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higher than the polarity of the initial compound,
so its elution is quicker and a decrease in its
capacity factor is observed with silver salt in the
mobile phase; and the retention times depend on
the number, type and position of the unsatura-
tions, according to the complexation equilibrium
constants. Cis complexes, generally more stable
than trans complexes, show a greater affinity
with the mobile phase and elute earlier. This
explains the high separation efficiencies observed
with argentation chromatographic systems in the
analysis of geometric isomers.

In this study, we first confirmed the previously
published data on the chromatographic separa-
tion of fatty acid isomers. We then investigated
the potential of this method for improving the
separation of photoisomers of retinoic acid. The
photodegradation of trans-retinoic acid leads
to the formation of numerous isomers. Until
now, their separation has been carried out by
reversed-phase liquid chromatography [12-16],
but the methods showed poor resolution and/or
very long analysis times. With regard to the
presence of conjugated double bonds in the
structure of retinoic acid, we also studied the
behaviour of the cis—trans isomer mixture in
argentation liquid chromatography and the bene-
fits obtained in terms of resolution and analysis
time.

EXPERIMENTAL

Chemicals

Fatty methyl esters and silver and potassium
salts were purchased from Sigma (La Verpilliére,
France). trans-Retinoic acid was kindly donated
by Laboratories Roche (Neuilly sur Seine,
France). HPLC-grade methanol was purchased
from Prolabo (Paris, France) and perchloric acid
from Merck (Nogent sur Marne, France). Water
for HPLC was doubly distilled.

The photoisomers of retinoic acid were ob-
tained by irradiation of a 0.05 g per 100 ml
solution of trans-retinoic acid in ethanol solution.
Aliquots of 5 ml of this solution were poured
into a Pyrex crystallizing dish (50 mm diameter),
then irradiated with a Biotronic UV crystallizing

A. Baillet et al. | J. Chromatogr. 634 (1993) 251-256

dish (50 mm diameter), then irradiated with a
Biotronic UV system (Vilber Lourmat, Torcy,
France) controlled by a microcomputer. Irradia-
tions were performed at 365 nm (UVA) and 312
nm (UVB) simultaneously.

HPLC of fatty acid methyl esters

The chromatograph consisted of a solvent-de-
livery pump from Altex (Touzart et Matignon,
Vitry sur Seine, France), a Rheodyne injection
valve (20-ul loop), a Shimadzu SPD-2A vari-
able-wavelength detector (Touzart et Matignon)
operating at 210 nm and a Kipp & Zonen BD-40
recorder (Cunow, Cergy St. Christophe,
France). The column was 300 mm X 4 mm I1.D.
stainless-steel packed with Nucleosil C,; station-
ary phase (7 um particle size) from Touzart et
Matignon. The initial eluent was methanol-
water—perchloric acid (85:15:0.01, v/v/v) with
the addition of either silver perchlorate (concen-
tration range 1-107°-5-10"> M) or potassium
perchlorate (concentration range 1-107*-1-107>
M). These mobile phases were degassed by
sonication and filtered through a 0.22-pm mem-
brane (Millipore, St. Quentin en Yvelines,

France). The flow-rate was set at 1 ml min™".

HPLC of retonoic acid isomers

HPLC was performed using a Knauer pump
(Cunow) equipped with a Rheodyne injection
valve (5-ul loop). Detection was carried out with
a Shimadzu SPD-2A variable-wavelength detec-
tor (Touzart et Matignon) set at 345 nm and
connected with a Perkin-Elmer (Z.I. de Court-
aboeuf, France) LCl 100 computing integrator.
A column (150 mm X 4.6 mm I.D.) packed with
a Spherisorb ODS-2 stationary phase (3 or 5 um
particle size) from SFCC (Neuilly Plaisance,
France) was used. The mobile phases consisted
of methanol-water—perchloric acid (80:0:0.02,
v/v/v) containing either a silver salt (nitrate or
perchlorate) (concentration range 1-107°-5-
1072 M) or a potassium salt (nitrate or perchlo-
rate) (concentration range 1-107°-5-107> and
1-107°-1-107% M, respectively). The flow-rate
was set at 1 ml min~".
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RESULTS AND DISCUSSION

-Complex formation

The effectiveness of 7-complexation was dem-
onstrated by comparing the behaviour of satu-
rated and unsaturated fatty acid methyl esters
with silver salts and by comparing the behaviour
of the retinoic acid photoisomers with both
potassium and silver salts. The chemical struc-
tures are illustrated in Fig. 1.

Fig. 2 shows the variation of the capacity
factors of the saturated and unsaturated fatty
acid methyl esters with the silver perchlorate
concentration in the mobile phase. At low con-
centrations (<10™> M) no significant change is
observed in the capacity factors for either satu-
rated or unsaturated compounds. Indeed, the
ionic strength remains very weak. Using silver
perchlorate concentrations higher than 107° M
in the mobile phase, a significant decrease in the
capacity factors is observed for unsaturated com-
pounds since the retention times of saturated

OH

@ I~

Fig. 1. Structures of trans-retinoic acid. (7) and its photo-
isomers 13-cis (3), 9-cis (6), 11-cis (5), 9,13-di-cis (4), 11,13-
di-cis (2) and 9,11,13-tri-cis (1).
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Fig. 2. Effect of the silver perchlorate concentration in the
mobile phase on the capacity factors of unsaturated and
saturated fatty acid methyl esters: 1= methyl stearate; 2=
methyl heptadecanoate; 3 =methyl frans-9-octadecenoate;
4 =methyl palmitate; 5= methyl oleate; 6=methyl trans-
9,trans-12-octadecadienoate; 7 = methyl linoleate; 8 = methyl
laurate.

methyl esters increase owing to the stronger
“salt” effect.

The chromatographic elution of retinoic acid
photoisomers was studied using a mobile phase
containing either potassium nitrate or perchlo-
rate (Fig. 3A) or with silver nitrate or perchlo-
rate (Fig. 3B). As expected, only the presence of
silver salts led to a decrease in the capacity
factors of the seven compounds, whereas the
retention times increased with potassium salts.
The phenomenon is more important than with
the fatty acid methyl esters because of the wider
concentration range used.

Two phenomena occur when a silver salt is
added in the mobile phase: a “salt” effect, i.e., a
simple increase in the ionic strength of the
medium, which was observed for low concen-
trations of silver perchlorate in the fatty acid
methyl esters study and for potassium salts in the
retinoic acid photoisomers study; and a #-com-
plexation effect due to [Ag—molecule]” form-
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Fig. 3. Effect of (A) potassium salt and (B) silver salt concentrations in the mobile phase on the capacity factors of trans-retinoic
acid photoisomers: 1 =9,11,13-tri-cis-retinoic acid; 2 = 11,13-di-cis-retinoic acid; 3 = 13-cis-retinoic acid; 4 =9,13-di-cis-retinoic
acid; 5 = 11-cis-retinoic acid; 6 = 9-cis-retinoic acid; 7 = trans-retinoic acid.
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ation, which was observed only with silver salts
at a defined concentration and with compounds
containing w-electrons of various origins, par-
ticularly double bonds. This effect is observed
not only with the fatty acid methyl esters but also
with more complex chemical structures such as
trans-retinoic acid and its photoisomers.

Influence of the kind and concentration of silver
salts

Figs. 2 and 3B show that a defined silver salt
concentration has to be reached to induce the
complexation. This critical salt concentration
changes with the chemical nature of both the
analytes and silver salt used: using silver perchlo-
rate, the complexation was observed for a lower
silver concentration with fatty acid methyl esters
(5-107> M) than with retinoic acid photoisomers
(1-107% M).

The comparison between silver nitrate and
perchlorate was performed only with retinoic
acid photoisomers. The chromatographic analy-
sis of fatty acid methyl esters using silver nitrate
was not carried out because there was too much
noise at the detection wavelength (210 nm). The
decrease in retention times related to the -
complexation is amplified with silver nitrate but
the phenomenon is more selective with silver

0.5 4

\

0.0 -

Fig. 4. Variation of R, with silver perchlorate concentration
in the mobile phase in chromatographic separations of the
cis—trans-linoleic acid methyl esters and the cis—trans-oleic
acid methyl esters. Mobile phase (1) without salt, (2)
containing 5-10™° M KCIO, and (3) containing 5-107° M
AgCIO,. Black bars, Cj, /Cjy; hatched bars, C;q /Cyq .
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perchlorate. When the silver salt concentration in
the mobile phase is higher, the “salt” effect
increases with increasing ionic strength and com-
pensates for the ‘“‘complexation” effect (Fig.
3B). The retention times of the compounds
become constant.

Improvement of the separation of retinoic acid
photoisomers

The chromatographic analysis of a cis—trans-
linoleic acid and cis—trans-oleic acid mixture
shows the improvement of the resolution, R, in
the presence of silver perchlorate by a factor of
1.4 for C{/Cj and 1.2 for C;3/Cyq (Fig. 4).
These results confirm those previously published
for oleic and elaidic acid isomers [10]. As the
capacity factor seems to be a function of the
number of double bonds, the improvement in

1

N

] 4 g 12 16 20 24 min
Fig. 5. Ag" complexation reversed-phase liquid chromato-
gram of trans-retinoic acid photoisomers: 1=9,11,13-tri-
cis-retinoic acid; 2= 11,13-di-cis-retinoic acid; 3 = 13-cis-
retinoic acid; 4 = 9,13-di-cis-retinoic acid; 5 = 11-cis-retinoic
acid; 6 = 9-cis-retinoic acid; 7 = trans-retinoic acid. For chro-
matographic conditions, see Experimental (particle size of
stationary phase =3 pm).
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Fig. 6. Dependence of selectivity («) for 13-cis and 11,13-di-
cis photoisomers on silver salt concentration. Mobile phase
(1) without salt, (2) containing 1-10~> M KCIO, and (3 and
4) containing 1-107? M AgClO,. Particle size of the station-
ary phase (1,2,3) 5 pum and (4) 3 pm.

the separation depends on the steric configura-
tion.

Likewise, the separation of the seven geomet-
ric isomers was achieved with the addition of
silver salts to the mobile phase (Fig. 5). For
example, Fig. 6 illustrates the twofold improve-
ment in selectivity obtained between the 13-cis
and the 11,13-di-cis isomers using mobile phases
of similar ionic strength but containing Ag* ions
instead of K™ ions.

All these results demonstrate the improvement
of the efficiency of the silver ion complexing
liquid chromatographic system. Compared with
the previously published data, the present analy-
sis provides efficient separations of trans-retinoic
acid and its photoisomers in half the time. The
selectivity per unit time is enhanced with respect
to the other proposed chromatographic separa-
tions.

CONCLUSIONS

This work confirmed the chromatographic
behaviour of fatty acid methyl esters with silver

A. Baillet et al. | J. Chromatogr. 634 (1993) 251-256

salts. We showed that the formation of #-com-
plexes with trans-retinoic acid photoisomers can
occur. A comparison of the behaviour of these
molecules with similar chemical structures
showed the necessity to determine accurately
two critical parameters, the nature and the
concentration of the silver salt added to the
mobile phase. Moreover, this method leads to
very efficient separations and is able to resolve a
complex mixture of retinoic acid photoisomers.
This method is particularly adapted for the study
of trans-retinoic acid photodegradation.
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ABSTRACT

A comparative study of two isocratic liquid chromatographic methods for the determination of cefadroxil is described. The first
method, prescribed in the monograph of the European Pharmacopoeia for the assay of cefadroxil, uses a classical alkyl-bonded
phase (C,;) as the stationary phase. This method is very similar to that prescribed by the United States Pharmacopeia. The other
method uses poly(styrene—divinylbenzene). Poor reproducibility of the selectivity towards cefadroxil and related substances was
observed when the first method was examined on different C,, columns. Copolymer columns, on the other hand, gave the same
elution order on stationary phases from different manufacturers and of different age. Four bulk samples of cefadroxil were

analysed following both methods and the results were compared.

INTRODUCTION

It has been- described that classical alkyl-
bonded phases (C,;) can suffer from poor repro-
ducibility of the selectivity during liquid chroma-
tography (LC) of cephalosporins [1]. This type
of reversed phase is, nevertheless, widely pre-
scribed in pharmacopoeial methods. For the
assay of cefadroxil, the European Pharma-
copoeia (Ph. Eur.) prescribes an LC method
using a C,, stationary phase [2]. The selectivity
of this method for cefadroxil and related sub-
stances was examined on six stationary phases.
The United States Pharmacopeia (USP) XXII
precribes nearly the same method for the assay
of cefadroxil [3]; only the pH and concentration
of the buffer of the mobile phase are slightly
different. The influence of these differences on
the selectivity was examined.

On four columns, four bulk samples were
analysed following the Ph. Eur. method. The

* Corresponding author.

0021-9673/93/%06.00

results were compared with those obtained by an
isocratic LC method using poly(styrene—divinyl-
benzene) (PS-DVB) as stationary phase. This
PS-DVB method was proved to give very re-
producible selectivity [4].

EXPERIMENTAL

Reference substances and samples

The European Pharmacopoeia Chemical Ref-
erence Standard (Ph. Eur. CRS; 94.2%) was
used as the standard.

Bulk samples of different origin and age were
chosen in order to have samples of variable
purity.

Related substances

Related substances present as impurities in
cefadroxil can originate from the semi-synthesis
and from degradation. The structures and origin
of potential impurities of cefadroxil have been
given previously [4]. 7-Aminodesacetoxycephalo-
sporanic acid (VII) and p-4-hydroxyphenylgly-
cine (VIII) are the basic constituents of the

© 1993 Elsevier Science Publishers BV. All rights reserved
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cefadroxil molecule. L-Cefadroxil (II), A’-cefa-
droxil (VI), 4-hydroxyphenylglycylcefadroxil (IX)
and the pivalamide of 7-ADCA (XI) can arise
from the semi-synthesis of cefadroxil. The other
related substances are decomposition products.
3-Hydroxymethylene - 6 - (4-hydroxyphenyl)pipe-
razine-2,5-dione (II) and 3-hydroxy-4-methyl-
2(5H)-thiophenone (IV) are formed in acidic
medium. Il and 3-aminomethylene-6-(4-hy-
droxyphenyl)piperazine-2,5-dione (V) are form-
ed in neutral medium and the cefadroxil A*-
cephalosporoates (X) are formed in alkaline
medium. X was never isolated but was prepared
in situ by dissolving cefadroxil in 0.1 M NaOH (1
mg/ml) and storing the solution at room tem-
perature for 10 min.

Solvents and reagents

Acetonitrile (99%) (Janssen Chimica, Beerse,
Belgium) was distilled- before use. Phosphoric
acid (85%) and potassium dihydrogenphosphate
(analytical-reagent grade) were obtained from
Merck (Darmstadt, Germany) and sodium 1-oc-
tanesulphonate (NaOS) from Janssen Chimica.
Water was distilled twice.

LC apparatus and operating conditions

Isocratic elution was always used. The equip-
ment consisted of an L-6200 pump (Merck-
Hitachi, Darmstadt, Germany), a Model D 254-
nm fixed-wavelength UV monitor (LDC/Milton
Roy, Riviera Beach, FL, USA) and a Model
3396 A integrator (Hewlett-Packard, Avondale,
PA, USA). For the examination of peak homo-
geneity the UV detector was replaced with a
Model 990 photodiode-array detector (Waters,
Milford, MA, USA). The samples were injected
by a Marathon autosampler (Spark Holland,
Emmen, Netherlands) with sample cooling (6°C)
equipped with a fixed 20-ul loop and a Julabo C
and F10 Cryomat (Julabo Labortechnik, Seel-
bach, Germany). The columns (250 X 4.6 mm
1.D.) were packed in the laboratory with (A)
Hypersil ODS, 5 pm (Shandon, Runcorn, UK),
(B) Partisil ODS-3, 10 um (Whatman, Clifton,
NJ, USA), (C) Spherisorb ODS-1, 10 pum
(Phase Separations, Queensferry, UK), (D)
RSIL C,; HL, 10 um (Bio-Rad, Eke, Belgium),
(E) Nucleosil 100 C,5, 5 um (Macherey—Nagel,
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Diiren, Germany), (F) Bio-Sil C,; LL, 90 A, 5
pm (Bio-Rad), (G) PLRP-S, 100 A, 8 um
(Polymer Labs., Church Stretton, Shropshire,
UK) or (H) PRP-1, 7-9 pm (Hamilton, Reno,
NV, USA). The columns were immersed in a
water-bath heated by a Julabo EM thermostat.
The column temperature was 30°C for the alkyl-
bonded phases and 50°C for the PS-DVB
phases. For both methods the flow-rate was 1
ml/min.

Mobile phase

The Ph. Eur. method prescibes acetonitrile—
0.272% (w/v) KH,PO, solution (4:96, v/v). The
USP XXII method prescribes acetonitrile—
buffer (pH 5.0) (4:96, v/v). The buffer is pre-
pared by dissolving 13.6 g of KH,PO, in water
to make 2000 ml. The pH of the solution is then
adjusted to 5.0 with 10 M KOH. The PS-DVB
method uses acetonitrile-0.02 M sodium 1-oc-
tanesulphonate—0.2 M phosphoric acid-water
(12.5:20:5:up to 100, v/v).

Mobile phases were degassed by ultrasonica-
tion before use.

Sample preparation

Samples for quantitative analysis following the
Ph. Eur. method were prepared by weighing 50
mg of cefadroxil into a 100-ml volumetric flask.
Mobile phase was used as the solvent. For the
PS-DVB method 30 mg of cefadroxil were
weighed into a 20-ml volumetric flask and mobile
phase containing 30% of 0.02 M sodium 1-oc-
tanesulphonate solution was used as the solvent.

The chemical reference substance was dis-
solved in the same way as the samples.

RESULTS AND DISCUSSION

Examination of the selectivity of the LC
methods

In the USP method the pH of the mobile
phase is controlled by phosphate buffer (pH
5.0). The Ph. Eur. method uses a phosphate
solution at pH 4.7. These very similar mobile
phases were compared on the same C,4 column
by analysing a mixture of cefadroxil and related
substances. The small difference in pH did not
influence the selectivity, so it was decided that
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both mobile phases gave the same result. A
shortcoming of the USP method was the lack of
a resolution test. The capacity factor and the
number of plates of the cefadroxil peak were
used as criteria for the adjustment of the mobile
phase. These criteria are obviously not indicative
for the selectivity of a stationary phase. The USP
method was not considered further in the experi-
ments because of its similarity with the Ph. Eur.
method.

The selectivity of the Ph. Eur. method was
examined on six C,; columns (A-F) by the
determination of the capacity factors of cefa-
droxil and related substances. For each column
the composition of the mobile phase was adapted
to obtain the required resolution of at least 5.0
between cefadroxil and amoxicillin. Table 1
shows that only two of the columns examined (A
and E) complied with this requirement. The
resolution on the other columns was insufficient,
even after complete elimination of the organic
modifier from the mobile phase. Nevertheless,
the selectivity was investigated on each column.

TABLE 1

COMPOSITION OF THE MOBILE PHASE FOR EACH
COLUMN FOLLOWING THE PH EUR. METHOD,
WITH THE CORRESPONDING RESOLUTION BE-
TWEEN CEFADROXIL AND AMOXICILLIN

Column Mobile phase composition Resolution
CH,CN 0.272% KH,PO,
(vol.) (vol.)
A 4 96 5.4°
1.5 98.5 10.1°
B 3 97 1.8
0 100 3.2
C 4 96 1.5
0.6 99.4 3.1
0 100 3.7
D 3 97 2.4
0.6 99.4 3.6°
0 100 4.0
E 4 96 5.4°
0.9 99.1 9.6°
F 0.3 99.7 2.9°

“ Mobile phases used for quantitative analysis.
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Because columns A and E complied with the
resolution test when using a fast-eluting mobile
phase, the selectivity was also checked using a
mobile phase with a lower content of acetoni-
trile. The results are shown in Fig. 1. X, which is
a complex mixture of diastereoisomers, is not
shown. This polar mixture eluted close to the
dead volume of the chromatogram. IV was
eluted at k' close to 10 or more. IX and XI were
always eluted much later than cefadroxil (k' >
30). Using a mobile phase containing 4% of
acetonitrile columns A and E complied with the
resolution test (R, = 5.4); nevertheless, cefadrox-
il was not separated from all related substances.
Complete separation was achieved using columns
A (1.5% CH,CN), D (0.6% CH,CN), column E
(0.9% CH,CN) and F (0.3% CH,CN). The
resolution test gave R, =10.1, 3.6, 9.6 and 2.9,
respectively. Obviously, there is insufficient rela-
tionship between this resolution test and the

O CEFADROXIL + 11 *1ll 2|V XV ¢Vi aV|l ZVII

%
CHLN
Column e
A B oA MO e 0-40
A XA o DO O 1.5
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Fig. 1. Capacity factors of cefadroxil and related substances
on different C,, columns following the Ph. Eur. method.
Mobile phase: CH,CN-0.272% KH,PO, [x:(100 — x), v/v),
where x is given on the right of the figure.
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selectivity of the LC method when applied to
different columns. Also, differences in elution
order can be observed for the different columns,
e.g., the elution order of cefadroxil and V is
column dependent. The separation of cefadroxil
from decomposition products formed in alkaline
medium was examined by analysis of an in situ
prepared solution of X under the best LC condi-
tions for each column. The homogeneity of the
cefadroxil peak was examined by normalization
at 230 nm of the UV spectra taken at the left
slope, the maximum and the right slope. Only
columns D (0.6% CH,CN) and F (0.3%
CH,CN) gave a homogeneous cefadroxil peak.
It can be concluded that the selectivity is column
dependent and that the method does not guaran-
tee a selective determination of cefadroxil.

The selectivity of the PS-DVB method has
already been examined and reported previously
[4]. This method is able to separate cefadroxil
from all known related substances and performs
equally well on different commercially available
brands of PS-DVB. The age and the history
(former use) of the columns were observed to
have a limited influence on the selectivity. These

TABLE II
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characteristics are an important improvement
compared with the pharmacopoeial method.

Quantitative analysis of bulk samples by two
LC methods

Four bulk samples were analysed following the
pharmacopoeial method and the PS-DVB meth-
od. The Ph. Eur. CRS for cefadroxil was used as
the standard.

The analyses following the Ph. Eur. were
performed on four C,4 columns, A, D, E and F.
The mobile phase compositions were those
marked with superscript a in Table I. Columns A
and E were used under both non-separating (4%
CH,CN) and separating (1.5 and 0.9% CH,CN)
conditions. The results are given in Table II. The
relative standard deviation (R.S.D.) calculated
on the peak area of six subsequent injections of
cefadroxil was well below the prescribed limit of
1.0% [2]. Each sample was analysed four times.
For all the LC conditions nearly identical results
were obtained. The R.S.D. did not exceed 1.0%.

The analyses by the LC method developed on
PS-DVB were performed on columns G and H.
Using the mobile phase described under Ex-

RESULTS OF THE ASSAY FOLLOWING THE PH. EUR. METHOD

Values in % (w/w) with R.S.D. values (%) in parentheses (n = 4).

Column CH,CNin Sample no.
mobile phase (%)
1 2 3 4
A 4.0 93.32 93.94 90.36 90.93
0.3) (0.4) 0.4) (1.1)
1.5 93.45 94.16 90.19 90.77
(0.2) 0.2) (0.8) (0.3)
D 0.6 93.28 94.28 90.13 90.15
(0.5) (0.1) (0.5) (0.2)
E 4.0 93.71 94.29 90.59 91.00
(0.2) (0.4) (0.3) (0.4)
0.9 93.73 93.85 90.46 91.09
(0.5) (0.6) (0.3) (0.2)
F 0.3 93.70 94.49 90.84 90.77
0.2) (0.1) 0.2) (0.8)
Mean 93.53 94.17 90.46 90.78
(0.4) (0.4) (0.5) (0.5)
(n=124) (n=24) (n=24) (n=24)
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TABLE 111
RESULTS OF THE ASSAY FOLLOWING THE PS-DVB
METHOD

Values in % (w/w) with R.S.D. values (%) in parentheses
and number of analyses (n).

Column Sample no.
1 2 3 4

G 93.72 94.21 90.50 91.13
0.2) 0.5) (0.4) (0.5)
n=7) (n=6) (n=35) n=6)

H 93.43 93.96 90.11 90.21
(0.4) (0.3) (0.2) (0.2)
(n=4) (n=4) (n=4) (n=4)

Mean 93.62 94.11 90.31 90.67

(0.3) 0.4) 0.3) 0.7)

(n=11) (n=10) n=9) (n=10)

perimental, a resolution of 4.3 for column G and
4.7 for column H was obtained between cefad-
roxil and amoxicillin, which is better than the
required resolution of 4.0 [4]. The results are
given in Table III. Both columns gave nearly
identical results.

The results of the assay of four bulk samples
by the pharmacopoeial method using four differ-
ent C,; columns and by the LC method using
two different PS-DVB columns were compared.
The test of significance of differences of means
[5] was performed using the grand means of both
methods. The resulting figures were less than the
tabulated limits (¢, 4 ), so the difference was not
significant even at the 20% level.

CONCLUSIONS

The results might lead to the conclusion that
both methods are equivalent. However, this can
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be confirmed only for the samples examined,
which apparently did not contain impurities that
were co-eluted with cefadroxil in the pharma-
copoeial method. It should also be mentioned
that the resolution test prescribed by the phar-
macopoeial method did not guarantee the com-
plete separation of cefadroxil from related sub-
stances. Even when complying with this resolu-
tion test, the mobile phase still needed adapta-
tion in order to obtain complete separation.

In general, it can be concluded that the poor
reproducibility of the selectivity of the classical
alkyl-bonded phases was again demonstrated
here. Therefore, these methods are less suitable
as official methods. The PS-DVB method, on
the other hand, offers more reliable results
because of its reproducible selectivity.
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ABSTRACT

An aqueous high-performance size-exclusion chromatographic (HPASEC) method for lignosulphonates was developed and
optimized using a TSK G3000SW column. Curie-point pyrolysis—gas chromatography-mass spectrometry (Py—GC-MS) was used
to characterize the lignosulphonates on the molecular level. Combined HPASEC and Py-GC-MS results showed that a sodium
lignosulphonate standard, prepared under mild conditions, was a relatively polydisperse polymer that still contained features of a
natural lignin polymer. Lignosulphonates discharged by pulp mills are more monodisperse macromoles of a relatively low
. molecular mass and are structurally modified to a greater extent than the sodium lignosulphonate standard. A relationship was
established between the molecular mass distributions of the various lignosulphonate macromolecules and the fraction of preserved

phenylpropane structural units.

INTRODUCTION

Lignosulphonates are formed during sulphite
pulping processes of wood chips by substitution
of a- or y-hydroxy groups on the side-chains of
the 4-propanol-2-methoxyphenol and 4-propanol-
2,6-dimethoxyphenol structural units of lignin
[1]. The aim of sulphite pulping is to extract
lignins from wood by sulphonation, yielding a
brighter wood pulp [1]. Although the toxicity of
lignosulphonates is probably low, this class of

* Corresponding author.
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compounds may significantly contribute to the
sulphur content of river and drinking waters [2].
In modern sulphite pulp mills, the emission of
lignosulphonates has been strongly reduced by
recovery and commercial use or incineration of
these compounds [3]. However, significant resid-
ual amounts of lignosulphonates are still dis-
charged by modern sulphite pulp mills and very
large amounts may still be discharged by older
sulphite pulp mills [3,4].

The molecular mass distribution, as measured
by size-exclusion chromatography (SEC), is an
important parameter for characterizing this class
of lignin-derived compounds. Lignosulphonates

© 1993 Elsevier Science Publishers B.V. All rights reserved
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are largely composed of macromolecules having
molecular masses of more than 1000 g mol .
Molecular mass distributions are used to charac-
terize these water-soluble polymers and monitor
structural changes during physical, chemical or
biological degradation processes.

Aqueous SEC of lignosulphonates has been
performed with organic polysaccharide-based
Sephadex gels [5]. Over the past decade, silica-
based high-performance = aqueous  SEC
(HPASEC) gels have been developed which give
higher plate numbers and increased analysis
speed compared with polymeric gels [6-8]. A
major advantage of HPASEC is that derivatiza-
tion of water-soluble polymers is not necessary.
This leaves macromolecular structures un-
changed and allows the direct analysis of aque-
ous samples. An SEC study of aquatic humic
substances using a TSK G3000SW column has
been reported by Vartiainen er al. [9]. Up to
now, no studies have been reported on aqueous
SEC of lignosulphonates using this column.

The structural analysis of dissolved macro-
molecular lignosulphonates and chlorolignosul-
phonates in natural and waste waters has been
reviewed recently [4]. Although chemical deg-
radation techniques have frequently been used
to identify substructures of lignosulphonates
[10,11], these methods are time consuming and
various chemical modifications of the phenyl-
propane structural units occur owing to the
severe chemical conditions used in these meth-
ods.

Curie-point pyrolysis—gas chromatography—
mass spectrometry (Py—GC-MS) is a rapid mi-
croanalytical method for the structural analysis
of lignin polymers on a molecular level [12,13].
The technique requires minimum sample prepa-
ration and preserves side-chain information of
the phenylpropane structural units. Py—GC-MS
has been applied to pulp mill effluents [4,14],
chlorolignins in xylan [15] and plastic contami-
nants in pulp [16].

The objectives of this study were to develop
an optimized HPASEC method to determine
molecular mass distributions of lignosulphonates
using the TSK G3000SW column. Curie-point
Py—CG-MS was used to obtain detailed structur-
al information on a molecular level. The rela-
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tionship between the molecular mass of the
various lignosulphonate macromolecules and the
preservation of phenylpropane structural units
was investigated.

EXPERIMENTAL

Chromatographic conditions

The SEC system consisted of an Applied
Biosystems (Ramsey, NJ, USA) Model 400
isocratic pump, a Rheodyne (Berkeley, CA,
USA) Model 7125 injection valve with a 20-ul
sample loop and an Applied Biosystems Model
783 UV detector (280 nm), which was connected
in series with a Spectra-Physics (San Jose, CA,
USA) Model SP 6040 XR refractive index (RI)
detector. The system was operated at ambient
temperature. The use of a Waters TCM column
oven (50°C) did not improve the chromatograph-
ic performance of the system.

A TSK G3000SE, precolumn (750 mm X 7.5
mm 1.D.) was used in combination with a TSK
G3000SW,,, analytical column (300 mm X 7.5
mm I.D.) (Toyo Soda Manufacturing, Tokyo,
Japan). Its theoretical plate number, determined
with ethylene glycol (Merck, Darmstadt, Ger-
many), was 41400. The void volume (V}), de-
termined with a pullulan standard (molecular
mass 853 000 g/mol), was 5.74 ml. The permea-
tion volume (V,), determined with ethylene
glycol, was 12.71 ml. Molecular mass determina-
tions were obtained using a 0.2 M sodium
acetate (Merck) mobile phase at a flow-rate of 1
ml/min. The mobile phase was adjusted to pH 7
with nitric acid (J.T. Baker, Deventer, Nether-
lands), filtered (0.45-um filter, Millipore) and
purged with helium.

Data were processed using a Nelson 760 series
interface and Nelson Analytical software (Ver-
sion 5.1) and laboratory-made SEC software
(FOM-Amolf, Amsterdam, Netherlands).

Curie-point pyrolysis mass spectrometry
Curie-point pyrolysis was performed with a
FOM 4-LX pyrolysis unit [12]. Sample solutions
of 20 ug (5 wl of aqueous solution of 4 mg/ml)
were applied to a ferromagnetic wire and dried
under reduced pressure. The wire was inserted in
a glass liner, flushed with argon to remove air
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and subsequently placed into the pyrolysis unit.
The ferromagnetic wire was inductively heated
within 0.1 s to its Curie-point temperature
(610°C), at which it was held for 4 s. Pyrolysis
fragments were flushed to a 25 m X 0.32 mm I.D.
CP-SIL-5 CB fused-silica capillary column (film
thickness 0.41 pm) using helium as a carrier gas.
Py—GC~MS was performed using a Packard 438
S chromatograph coupled to a Jeol DX-303
double-focusing (EB) mass spectrometer. The
GC oven was kept at 30°C during pyrolysis and
was subsequently programmed to 300°C at 4°C/
min. The interface was kept at 200°C and the ion
source at 180°C. Compounds were ionized at 70
€V under electron impact conditions and mass
analysed over the range m/z 35-500. Data were
processed using the Kratos (Manchester, UK)
analytical MACH3 software package.

Materials

Sodium polystyrenesulphonate (NaPSS) of
molecular mass 1200000, 400000, 46000,
18000, 8000, 4600 and 1800 g/mol and pullulan
standards of molecular mass 853 000, 380000,
100 000, 48000, 23700 and 5800 g/mol were
obtained from Polymer Laboratories (Church
Stretton, UK). Maltoheptaose of molecular mass
1152 (Boehringer, Mannheim, Germany) and
maltotriose of molecular mass 504 (Serva,
Heidelberg, Germany) were used as low-molecu-
lar mass polysaccharide standards.

Sodium lignosulphonate was purchased from
Roth (Karlsruhe, Germany). Deionized water
obtained with a Milli-Q system (Millipore, Bed-
ford, MA, USA) was used throughout.

Samples from German sulphite pulp mill ef-
fluents were collected in January 1989 from PWA
Aschaffenburg, Holtzmann (Karlsruhe) and
PWA Mannheim. The samples were stored in
high-density polycthylene containers (Nalgene,
Rochester, NY, USA) with a low phthalate
content and refrigerated at —20°C.

RESULTS AND DISCUSSION

Owing to the heterogeneous composition of
lignosulphonates, no universal monodisperse
calibration standards are available. Molecular
mass calibration with polymer standards which
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are structurally different from the polymers
under investigation requires the assumption that
the chromatographic separation is governed by
the hydrodynamic volume ([p]M) only. The
structural resemblance between the sample sol-
utes and the calibration standards essentially
determines the accuracy of the calibration re-
sults. Although ultrafiltration fractions of ligno-
sulphonates probably give more representative
calibration standards [17], this method is time
consuming and apparently less reproducible,
owing to differences in the selected samples and
ultrafiltration systems. Therefore, well defined
NaPSS standards which show an acceptable
structural. resemblance to lignosulphonates were
preferred in this study.

Rigid, porous silica-based hydrophilic gels
such as TSK type SW gels are known to contain
residual silanol groups as a result of incomplete
derivatization [6,7]. These anionic groups (pK, =
7 [18]) give rise to secondary separation effects
of polar and ionized solute molecules and lead to
deviations in calibration results [7,8,19}].

Ion-exclusion effects caused by repulsion of
negatively charged solutes from the pores of the
TSK SW gel by dissociated silanol groups were
investigated by comparing the calibration graphs
of NaPSS and pullulan using different eluent
ionic strengths. Fig. 1 shows the linear part of
the calibration graphs (3500-100000 g/mol) at
various tonic strengths of sodium acetate. Appar-
ently, the pullulan calibration graph is indepen-
dent of the ionic strength, i.e., this linear un-
charged polymer is not subject to ion exclusion.
However, the NaPSS calibration graph is strong-
ly dependent on the eluent ionic strength. This
demonstrates strong electrostatic interactions
between sulphonate functional groups and the
packing surface. As a result, earlier elution of
NaPSS relative to a non-ionized pullulan stan-
dard of the same molecular mass is observed.

A theoretical ion-exclusion graph can be de-
rived from the Debye—Hiickel theory [19]:

V, =kl "? (1)

where V, is the ion-exclusion volume, k is a
fitting factor and I is the ionic strength of the
mobile phase. By choosing an appropriate value
for k (i.e. 2.34 for molecular mass 1800), the
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Fig. 1. Optimization of the mobile phase ionic strength using
pullulan (6) and sodium polystyrenesulphonate standards.
Mobile phase: 0.01 M sodium acetate (1); 0.05 M sodium
acetate (2); 0.1 M sodium acetate (3); 0.15 M sodium acetate
(4); 0.2 M sodium acetate (5). pH=7.

Debye-Huckel graph can be fitted very well on
to the experimental data. As significant devia-
tions from this theoretical graph usually indicate
adsorption effects, it can be concluded that ion
exclusion is the only secondary separation effect
of NaPSS using the present type of column at pH
7. Fig. 1 shows that this effect is minimized at
high ionic strengths.

The effect of cations on the separation was
investigated with eluents containing 0.01 M sodi-
um acetate, potassium acetate or ammonium
acetate. The type of cations in the eluent did not
influence the calibration graph of NaPSS or the
chromatography of the lignosulphonate samples.
This indicates that the hydrodynamic volume of
the cations plays an insignificant role in the
shielding of the ionized silanol and sulphonate
groups.

The effect of eluent pH is shown in Fig. 2. The
mobile phase pH was optimized using 0.05 M
sodium acetate buffers with pH values of 3.8, 5,
6 and 7. Interestingly, the calibration graph of
NaPSS shifts towards the pullulan calibration
graph when the eluent pH is lowered. This can
be explained by reduced ion exclusion, due to
protonation of silanol groups. Barth [7] reported
that below pH 4 the ionization of silanol groups
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tog(M)
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Fig. 2. Optimization of the mobile phase pH using pullulan
(5) and sodium polystyrenesulphonate standards. Mobile
phase: 0.05 M sodium acetate, pH 7 (1), pH 6 (2), pH 5 (3)
and pH 3.8 (4).

is suppressed. When an eluent pH of 3.8 was
used, irreversible adsorption of high-molecular
mass NaPSS standards on the stationary phase
was observed in our study. This indicates strong
hydrophobic interactions between NaPSS and
the TSK G3000SW gel, probably as a result of
hydrogen bonding of free phenolic hydroxyl
groups with protonated silanol groups. Protona-
tion of the sulphonate groups is unlikely at pH
3.8 because lignosulphonates are strongly acidic
macromolecules (pK,=0.5 [20]). The decrease
in ion-exclusion effects on decreasing the eluent
pH from 7 to 5 is comparable to the increase in
the ionic strength from 0.05 to 0.1 M. Changing
the pH may also lead to deviations in measured
molecular mass distributions as a result of the
formation of association complexes. This effect is
minimized at pH 7-9 and at low dissolved
organic carbon concentrations (<100 mg/l)
[21,22].

In general, improved chromatographic resolu-
tion is observed when an eluent of low ionic
strength is used. The best resolution was ob-
tained using 0.01 M sodium acetate. In Fig. 3,
characteristic HPASEC traces are shown which
allow “fingerprinting” of the lignosulphonate
samples. Decreasing the electrolyte concentra-
tion will also lead to an increase in intramolecu-
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lar expansion of polyanionic lignosulphonates
[7]. As a result of these inter- and intramolecular
electrostatic effects at low electrolyte concen-
trations, a dramatic decrease in retention volume
of most compounds is observed (Fig. 3) com-
pared with the chromatograms obtained at 0.2 M
sodium acetate (Fig. 4), and no accurate molecu-
lar mass determinations are obtained. Gupta and
McCarthy [23] showed that the effective hydro-
dynamic radius of lignosulphonates was approxi-
mately doubled when the electrolyte concentra-
tion was changed from 1.0 M NaCl to zero in
water.

It appears from the present data that by using
an eluent ionic strength of 0.2 M, sodium acetate
ionic effects are strongly reduced. To avoid the
possibility of increasing adsorption and associa-
tion at low eluent pH (<4), the increase in ionic
strength was preferred to suppress secondary
separation effects. Thus, an eluent of 0.2 M
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sodium acetate and pH 7 was used for molecular
mass determinations.

The reproducibility of the system was investi-
gated with respect to retention time, peak height
and peak area by seven injections of an NaPSS
standard (molecular mass 1800). The relative
standard deviations were 0.2, 2 and 5%, respec-
tively.

HPASEC traces of the sodium lignosulphonate
and pulp mill effluent samples recorded by UV
absorption are shown in Fig. 4. The corre-
sponding number-average molecular masses (M)
and mass-average molecular masses (M) are
listed in Table I. The sodium lignosulphonate
standard shows a relatively high M, value com-
pared with the lignosulphonates discharged by
pump mill effluents, whereas the M, values
obtained are comparable. A useful procedure is
to define the ratio M, /M, as a measure of the
polydispersity of the sample. The corresponding

a
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c

0 5 10 15
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6 5 10 t_ (min) ®

r

Fig. 3. Molecular mass distributions of (a) sodium lignosulphonate, (b) effluent from PWA Mannheim, (c) effluent from
Holtzmann and (d) effluent from PWA Aschaffenburg. Eluent: 0.01 M sodium acetate (pH 7).
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Fig. 4. Molecular mass distributions of (a) sodium lignosulphonate, (b) effluent from PWA Mannheim, (c) effluent from
Holtzmann and (d) effluent from PWA Aschaffenburg. Eluent: 0.2 M sodium acetate (pH 7).

polydispersity index values (PD) [24] are given
in Table I.

Large PD values, indicating a wide polydis-
persity of molecular mass, are characteristic of
non-linear polymers [25]. The PD value of 6.12
obtained for the sodium lignosulphonate stan-

TABLE 1

dard indicates that a wide range of molecular
sizes is obtained in the sulphonation process but
that depolymerization is not taken to the stage at
which the product consists of monomer and low-
molecular-mass oligomers. The pulp mill effluent
samples show much lower PD values than the

HPASEC AND Py-GC-MS RESULTS FOR SODIUM LIGNOSULPHONATE AND LIGNOSULPHONATES DIS-
CHARGED BY PWA MANNHEIM, HOLTZMANN AND PWA ASCHAFFENBURG

Sample M, M, Max. M, PD* DP* >5000° c.C,*
(g/mol) (g/mol) (g/mol) (%) (%)
Sodium lignosulphonate 16 700 2700 144 300 6.12 75 57 49
PWA Mannheim 8400 3300 20700 2.55 38 43 38
Holtzmann Karlsruhe 4900 3000 9700 1.67 22 29 33
PWA Aschaffenburg 4100 2600 11300 1.61 18 27 32

“ Polydispersity, M,/M,.

* Degree of polymerization (average structural unit masses 223 g/mol).

“ Cumulative fraction >5000 g/mol.

4 Cumulative fraction of phenylpropane structural units as determined by Py-GC-MS.
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sodium lignosulphonate standard, indicating
more monodisperse distributions of lignosulpho-
nates formed during the sulphite pulping pro-
cesses. Large differences in the maximum molec-
ular mass (Table I) which could be observed in
the HPASEC traces are also reflected in the
polydispersity factors. The calibration results
listed in Table I clearly show that the sodium
lignosulphonate standard mainly consists of
macromolecules of molecular mass above 5000
g/mol, whereas the pulp mill effluents appear to
be composed of more depolymerized lignosul-
phonates. The approximate degree of polymeri-
zation (DP) was calculated (Table I) by taking
into account that lignosulphonates usually con-
tain one —SO,Na functional group for each two
structural units [1], and the average molecular
mass of one monomer unit is consequently about
223 g/mol for softwood-derived lignosulpho-
nates.

Differences in aliphatic side-chain types are an
important criterion for the degree of modifica-
tion of the original phenylpropane (C,C,) struc-
tural units during sulphite pulping. Analytical
flash pyrolysis was used to dissociate lignosul-
phonates thermally into cleavage products which
reflect the structure of the original polymer [12].
The Py-GC-MS trace of sodium lignosulpho-
nate is shown in Fig. 5. The distributions of the

1004 71c 1

3
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2-methoxyphenol structural units obtained on
pyrolysis are given in Table II. The major peaks
observed in the chromatogram are assigned to
2-methoxyphenol (1), 2-methoxy-4-vinylphenol
(4), trans-2-methoxy-4-(prop-2-enyl)phenol (9),
2-methoxy-4-(propan-2-one)phenol (13) and 2-
methoxy-4-(propanol) phenol (16). Sulphonate
groups which occupy the a- or y-position of the
aliphatic side-chain of the lignin structural units
are readily eliminated during pyrolysis. Hence a
relatively high abundance of pyrolysis products
with unsaturated aliphatic side-chains is ob-
served.

The. lignosulphonate pyrolysis products with
preserved C,C; structural units, listed in Table I,
show a definite trend with respect to the molecu-
lar mass distributions. A total amount of 49% of
intact phenylpropane structural units was ob-
tained on Py—-GC-MS analysis of sodium lig-
nosulphonate. Lower fractions of preserved
C,C, structural units are obtained on pyrolysis of
the lignosulphonates discharged by pulp mills
(Table I). This indicates that a large proportion
of the propane side-chains is dissociated during
the pulping processes as a result of the cleavage
of the interunit linkages in lignin. Small amounts
(<1%) of 2,6-dimethoxyphenol derivatives are
detected in the lignosulphonates discharged by
PWA Mannheim and Holtzmann, which indi-

0 T T T T T T T T T T
1000 1500

I
2000

T

2500 Scan

Fig. 5. Curie-point pyrolysis Py-GC-MS trace of sodium lignosulphonate. Peak numbers refer to Table II.
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TABLE II
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CURIE-POINT Py-GC-MS DATA FOR 2-METHOXYPHENOL PYROLYSIS PRODUCTS OF SODIUM LIGNOSULPHO-
NATE (NaLS) AND LIGNOSULPHONATES DISCHARGED BY PWA MANNHEIM (A), HOLTZMANN KARLSRUHE
(B) AND PWA ASCHAFFENBURG (C)

Peak Retention Compound Abundance (%)
No.* time
(min) NaL$§ A B C

1 19.21 2-Methoxyphenol 23.6 19.7 18.0 17.4

2 23.38 2-Methoxy-4-methylphenol 32 8.9 12.4 12.2

3 27.02 2-Methoxy-4-ethylphenol 2.8 6.5 9.9 8.6

4 28.10 2-Methoxy-4-vinylphenol 12.7 11.8 20.4 17.5

5 29.50 2-Methoxy-4-(prop-1-enyl)phenol 3.9 4.5 4.9 3.0

6 30.41 2-Methoxy-4-formylphenol 2.8 121 4.1 10.2

7 31.36 2-Methoxy-4-(prop-2-enyl)phenol (cis) 3.6 2.1 24 34

8 32.40 2-Methoxy-4-(ethanal)phenol 1.1 - - -

9 33.02 2-Methoxy-4-(prop-2-enyl)phenol (irans) 14.9 8.9 10.3 12.9
10 33.47 2-Methoxy-4-acetylphenol 2.2 2.9 2.1 2.6
11 33.54 2-Methoxyphenol-4-(C,H,) derivative - 53 5.9 3.5
12 34.08 2-Methoxyphenol-4-(C,H,) derivative - 4.0 43 4.2
13 35.15 2-Methoxy-4-(propan-2-one)phenol 13.1 59 5.2 33
14 . 35.26 2-Methoxy-4-(ethanol)phenol 2.6 0.4 - -
15 37.05 2-Methoxy-4-(propanal)phenol 1.6 1.8 - 1.2
16 39.05 2-Methoxy-4-(propanol)phenol 8.7 2.5 - -
17 41.26 2-Methoxy-4-(prop-2-enal)phenol 32 2.7 - -
“See Fig. 5.

cates that only softwood is used in the pulping
process. Only the lignosulphonates discharged by
PWA Aschaffenburg contain a mixture or co-
polymer of 2-methoxyphenol and 2,6-dimeth-
oxyphenol lignin. A 2-methoxyphenol/2,6 di-
methoxyphenol ratio of 0.7 was calculated
from the Py-GC~MS data by summing all
2-methoxyphenol and  2,6-dimethoxyphenol
pyrolysis products. The lignosulphonates present
in the effluent of PWA Aschaffenburg contain
31% of 2-methoxyphenol derivatives with intact
propane side-chains and 38% of 2,6-dimethoxy-
phenol derivatives with intact C,C, structural
units such as 2-methoxy-4-(prop-1-enyl)phenol,
trans-2-methoxy-4-(prop-2-enyl)phenol and 2-
methoxy-4-(propan-2-one)phenol. These results
suggest that the 2-methoxyphenol structural units
are more reactive towards sulphonation and
hydrolysis reactions than 2,6-dimethoxyphenol
structural units. A total amount of 32% of
preserved phenylpropanoid structural units was
calculated for the lignosulphonates present in the
effluent of PWA Aschaffenburg.

Phenol and dihydroxybenzene derivatives are

also detected in the pyrolysates of the ligno-
sulphonates discharged by pulp mills such as
phenol, 4-methylphenol, 4-ethylphenol, 4-vinyl-
phenol, dihydroxybenzene and 4-methyldihy-
droxybenzene. These compounds are not de-
tected in the mildly isolated sodium lignosulpho-
nate standard used in this study. The relatively
high abundance of these compounds in combina-
tion with the low abundance of preserved
phenylpropane structural units clearly indicates
that the original lignin polymer has been struc-
turally changed as a result of demethylation,
demethoxylation and condensation reactions
which occur during the pulping processes. A
detailed list of all the pyrolysis products ob-
served on Py-GC-MS analysis of lignosulpho-
nates in the pulp mill effluents used in this study
has recently been published by Van Loon et al.
[4].

Residual polysaccharides are detected in all
effluent samples. Small amounts of chlorinated
phenolic pyrolysis products are observed in the
effluents of PWA Mannheim and Holtzmann
such as 2-methoxy-6-chlorophenol, 2-methoxy-
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4-methyl-6-chlorophenol,  2-methoxy-4-vinyl-6-
chlorophenol, 2-methoxy-4-(prop-2-enyl)-6-chlo-
rophenol, 2-methoxy-4-(propan-2-one)-6-chloro-
phenol and 2-methoxy-4-(chloropropyl)phenol.
These chlorinated lignin structural units are
formed during the bleaching sequences which are
applied to the paper pulp in order to remove
residual lignins.

CONCLUSIONS

Several secondary separation effects, which
occur when using the TSK G3000SW column,
were investigated and could be strongly reduced
using a mobile phase of 0.2 M sodium acetate at
pH 7. The molecular mass distributions show
distinct differences between the various lignosul-
phonate samples and can be used to characterize
structural modifications.

HPASEC traces obtained with 0.01 M sodium
acetate as the eluent are characteristic and allow
“fingerprinting” of sulphite pulp mill effluents.
The relatively high chromatographic resolution
makes this system potentially useful for fractio-
nation and subsequent spectrometric analysis of
lignosulphonates.

The combined HPASEC and Py-GC-MS data
show that the sodium lignosulphonate standard,
which is prepared under relatively mild condi-
tions, is a relatively polydisperse polymer with a
large proportion of preserved phenylpropane
structural units. This water-soluble macromole-
cule still contains features of a natural lignin
polymer. The lignosulphonates discharged by
paper pulp mills are more monodisperse macro-
molecules of a lower molecular mass which are
modified to a greater extent.
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ABSTRACT

Volatile and non-volatile organic acids were analysed by high-performance liquid chromatography (HPLC) on an Aminex
HPX-87H, gas-solid chromatography (GSC) on a Porapak Q and gas-liquid chromatography (GLC) on a fused-silica capillary
column. The results were compared by using standard acid solutions and with culture media of two strains of alkaliphilic Bacillus.
Whereas the resolution of acids was excellent with GLC, the quantitative reproducibility was better with HPLC. Identification of
complex culture mixtures was accomplished by GC-MS. Applicability of the methods for different purposes is discussed.

INTRODUCTION

The identification and determination of acidic
fermentation products formed in cuiture media
of microbes are useful for many purposes; for
example, monitoring of microbial media during
the industrial preparation of various food prod-
ucts is important for their quality control. In
addition, acids formed in microbial culture
media are analysed in clinical chemistry. The
third main field is in studying the metabolic
pathways in bacteria.

The methods used to determine acidic metabo-
lites in the cultivation media of microbes include
thin-layer (TLC) [1], gas—solid (GSC) [2], gas—
liquid (GLC) [3] and high-performance liquid
chromatography (HPLC) [4]. At present, GLC
and HPLC are the most popular as identification
and determination are more straightforward and
precise than the other available methods.

* Corresponding author.

0021-9673/93/$06.00

The GC procedures require separate treat-
ments of the samples for volatile and non-vol-
atile acids. The volatile acids can be assayed in
the acidified cultural media directly [2] or after
extraction with an organic solvent, whereas non-
volatile acids require derivatization [5-7]. With
HPLC all acids can be analysed in one sample
whenever the column resolution allows [8-10].
In recent years HPLC has become more wide-
spread owing to the improved column selectivity
and detector sensitivity. Analyses of short-chain
acids using HPLC and packed GC columns have
been compared previously [8,11]. In this work,
volatile and non-volatile acids were analysed by
HPLC, GSC with a packed column and GLC
with a capillary column.

EXPERIMENTAL

Bacteria and culture conditions

Bacillus circulans var. alkalophilus (ATCC
21783) and alkaliphilic Bacillus sp. 17-1 (ATCC
31007) were cultivated in a basal carbonate
medium containing 1% starch, 0.5% bacto-pan-

© 1993 Elsevier Science Publishers B.V. All rights reserved
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tone (Difco, Detroit, MI, USA), 0.5% yeast
extract (Difco) and mineral salts [12]. Sodium
carbonate (10%) was separately sterilized and
added to obtain a 1% concentration in the final
medium. The medium (200 ml) was inoculated
with 10 ml of preculture in a 500-m! erlenmeyer
flask on a shaker at 37°C. Samples (5 ml) were
taken automatically with a sampling device at
intervals of 4 h [13]. Bacterial cells were re-
moved by centrifugation and the supernatants
were stored at —20°C until used.

High-performance liquid chromatography

Organic acids were separated on an Aminex
HPX-87H organic acid analysis column (300
mm X 7.8 mm 1.D.; 9 um particle size) (Bio-Rad
Labs., Richmond, CA, USA) equipped with an
Aminex HPX-87H Micro-Guard column (30
mm X 4.6 mm 1.D.) and holder (Bio-Rad Labs.).
The HPLC column was connected to a Waters
(Milford, MA, USA) Model 510 pump equipped
with a Rheodyne (Cotati, CA, USA) Model
7125 injector (20-ul sample loop) and to a
Model 2142 refractive index detector (LKB,
Bromma, Sweden) with a Model C-R3A inte-
grator (Shimadzu, Kyoto, Japan). The mobile
phase was 0.004 M sulphuric acid. The column
was operated at the room temperature and the
flow-rate of the mobile phase was 0.6 ml/min.

Bacterial cultures were centrifuged at 5000 g
for 30 min to remove cells. A 1-ml volume of
supernatant was transferred into a 5-ml capped
tube. A 0.25-ml volume of 9.0 M sulphuric acid,
0.6 g of sodium chloride and 5 ml of diethyl
ether were added to the tube. The samples were
treated with a vortex mixer for 1 min and
centrifuged at 1000 g for 5 min. The ether phases
were transferred into clean glass tubes and 1.0
ml of 0.1 M NaOH solution was added. The
ether phase was extracted with a vortex mixer
and the turbid mixture was centrifuged at 1000 g
for 5 min. The diethyl ether phases were then
removed. The residual diethyl ether in the aque-
ous phase was allowed to evaporate from the
open tubes overnight at room temperature [10].
The standards for HPLC and GLC were the
same and they were treated in the same way as
culture samples. No internal standard was neces-
sary with HPLC.

Gas chromatography

Volatile and non-volatile acids were analysed
on a fused-silica capillary column coated with
nitroterephthalate-modified polyethylene glycol
NB-351 (25 mx0.32 mm LD., d,=0.2 pm)
(HNU-Nordion, Helsinki, Finland). Volatile
acids were also analysed on a glass column (2.20
m X 2.0 mm L.D.) packed with Porapak Q (80—
100 mesh) [2]. A Varian (Palo Alto, CA, USA)
Model 3700 gas chromatograph equipped with a
flame ionization detector connected to an HP
3388A integrator (Hewlett-Packard, Avondale,
PA, USA) was used. The operating conditions
for the capillary column were injector tempera-
ture 200°C, detector temperature 230°C and
column temperature programmed from 60 to
200°C at 6°C/min. The flow-rates were 1.2 ml/
min for the carrier gas (nitrogen), 300 ml/min for
air and 30 ml/min for hydrogen. The splitting
ratio was 50:1. The conditions for the packed
column were injector temperature 230°C, detec-
tor temperature 250°C and column temperature
programmed from 150 to 240°C at 10°C/min.

Volatile fatty acids were extracted into diethyl
ether [6] with a slight modification. A 0.4-ml
volume of 10 M sulphuric acid, 1 g of sodium
chloride and 2 ml of diethyl ether were added to
2 ml of culture supernatant. The amples were
treated with a slowly rotating mixer for 30 min.
Two phases were separated by centrifugation for
5 min at 1000 g and the ether layer was trans-
ferred into another tube with a Pasteur pipette.
The standard mixture contained formic, acetic,
propionic, butyric, valeric and caproic acid (2
mg/ml of each in water). Evaporation of the
sample and the injection volume (0.5 ul) were
corrected using hexadecane as an internal stan-
dard (20 wl/1 of diethyl ether). Standard solu-
tions were treated in the same way as the
supernatants from bacterial cultivations. Volatile
acids were also analysed using a packed glass
column directly from culture samples which were
made acidic with oxalic acid [2].

For analysis of non-volatile acids, methanol (4
ml) and 10 M sulphuric acid (0.75 ml) were
added to 2 ml of culture supernatant or of the
standard mixture [6]. The tubes were stoppered
and stirred with a vortex mixer and kept at 60°C
for 30 min. Then 2 g of sodium chloride, 2 ml of
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water and 2 ml of chloroform were added and
the tubes were blended and centrifuged. The
chloroform layers were transferred into other
tubes. The standard mixture contained pyruvic,
oxalic, lactic, fumaric, malonic and benzoic acid
(3 mg/ml of each in water). A small amount of
sodium hydroxide was added to get all of the
acids into solution.

Gas chromatography—-mass spectrometry

The GC-MS system consisted of a VG
Analytical (Wythenshawe, UK) Model 7070E
organic mass spectrometer equipped with a VG
Model 11-250 data system and a Dani (Monza,
Italy) Model 3800 HR gas chromatograph. The
capillary GC operating conditions were as above
except that the programming rate was 4°C/min
and the carrier gas was helium.

RESULTS

Analyses of standard mixtures
Results for standard mixtures of organic acids

TABLE I

obtained by HPLC and GLC are given in Tables
I and II. Relative retention times (RRT values)
and response factors (RF values) of volatile acids
are expressed with respect to caproic acid (Table
I), whereas RRTs and RFs of non-volatile acids
are compared with fumaric acid (Table II). The
theoretical plate numbers (N) for the HPLC,
GLC and GSC columns were calculated with the
“Sigma 5’ method for peaks of Gaussian shape
and were 10000, 200000-300000 and 6000-
10 000, respectively.

With HPLC all volatile standard acids were
separated at room temperature (Table I) with
0.004 M sulphuric acid as the mobile phase.
However, the retention times (t; values) were
fairly long. For example, that of caproic acid was
about 60 min which is three times longer than
with GLC. The precision of the RRT values of
acids with HPLC was usually very high (R.S.D.
<1%, n=35; results not shown). Among the
non-volatile acids pyruvic, malonic, lactic and
fumaric acid separated as individual peaks. Ox-
alic acid eluted immediately after the solvent
peak and was broad compared with the other

RELATIVE RETENTION TIMES (RRT) AND RESPONSE FACTORS (RF) OF VOLATILE ACIDS WITH RESPECT TO

CAPROIC ACID

The extraction recoveries are shown for HPLC. The reproducibilities of the: RF values of HPLC and GLC analyses are expressed
as the standard deviation (S.D.; n =5) and the relative standard deviation (R.S.D.). The concentration of each of the acids in
aqueous solution was 0.2-1.0 mg/m! for HPLC and 2 mg/mi for GLC.

Acid HPLC GLC

RRT* RF>* R.S.D. Extraction RRT* RF"* R.S.D.

(%) efficiency (%) (%)

Formic 0.24 0.33+0.01 3.0 64 - - -
Acetic 0.27 0.48 £0.01 2.1 70 0.60 0.33+0.01 3.0
Propionic 0.32 0.80+0.23 28.8 84 0.69 0.88+0.03 34
Butyric 0.40 0.88 +0.04 4.5 100 0.78 0.99 = 0.06 6.1
Valeric 0.61 0.89 £0.01 1.1 100 0.89 0.91 =0.07 7.7
Caproic 1.00 1.00 100 1.00 1.00

“ RRT = relative retention time with respect to caproic acid.
(area), ;,(mass)

caproic

® RF = response factor =
(area)caproic(mass) acid

¢ + Values are standard deviations (S.D.) of five independent measurements including extractions of standard mixtures compared
with caproic acid, which was assigned a value of RF =1.00 in each run.
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TABLE II
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RELATIVE RETENTION TIMES (RRT) AND RESPONSE FACTORS (RF) OF NON-VOLATILE ACIDS WITH

RESPECT TO FUMARIC ACID

The extraction recoveries are shown for HPLC. The reproducibilities of the RF values are expressed as in Table I. The
concentration of each of the acids in aqueous solution was 3 mg/ml.

Acid HPLC GLC
RRT* RF™* R.S.D. Extraction RRT*® RF** R.S.D.
(%) efficiency (%) (%)
Oxalic 0.42 0.69 = 0.09 13.0 35 0.79 0.69 + 0.05 7.2
Pyruvic 0.54 0.41 £0.04 978 47 0.55¢ 0.57 +0.08¢ 14.0
0.75¢
Malonic 0.61 0.38 £0.01 2.6 42 0.94 0.97 £ 0.02 2.1
Lactic 0.76 0.27+0.01 3.7 28 0.65 0.69 +£0.10 14.5
Fumaric 1.00 1.00 100 1.00 1.00
Benzoic - - - - 1.12 0.84 +0.01 1.2

“ RRT with respect to fumaric acid.

b - (area), ;a(Mass) ymaric
(area) sy pqric(Mass) i

¢ Standard deviation (S.D.) of five independent measurements including extractions of standard mixtures compared with fumaric

acid, which was assigned a value of RF =1.00 in each run.

4 Pyruvic acid decomposed under the conditions used and yielded two peaks. The areas of the two peaks were summed and

compared with fumaric acid.

standard acid peaks. Benzoic acid was not eluted
from the column with 0.004 M sulphuric acid
(Table II).

Volatile acids were analysed by GLC directly
from diethyl ether phases of acidified samples
and non-volatile acids from chloroform after
derivatization with methanol-sulphuric acid. All
the volatile and methyl esters of non-volatile
standard acids were separated well. The acids
showed sharp, symmetrical peaks with baseline
resolution, except pyruvic acid, which appeared
as two peaks. The RF of formic acid was near to
zero when using flame ionization detection
(FID). The R.S.D. (n=5) of the RRT values
was < 1% with GLC.

With GLC the RF values of volatile acids were
higher than with HPLC, except for formic and
acetic acid. The R.S.D.s (r = 5) of the RF values
with HPLC ranged from 1.1% (valeric acid) to
4.5% (butyric acid), but for propionic acid it was
28.8% (Table I). This high R.S.D. was due to a
“negative” peak near the signal from the acid.

Generally, the variation of RF values of com-
pounds other than propionic acid with GLC was
higher (from 3.0 to 7.7%) than with HPLC
(Table I). The RF values of methyl esters of
non-volatile compounds were also higher with
GLC than the RF values of the free acids with
HPLC (Table II). The RF values of non-volatile
compounds had more variation than volatile
acids when analysed with both methods.

The amounts of extracted acids were com-
pared with unextracted standards using HPLC
(Table I). The recoveries were ca. 60, 70, and
80% for formic, acetic and propionic acid, re-
spectively, and 100% for butyric, valeric and
caproic acid when the concentration of each acid
was 1 mg/ml or less. The extraction recovery of
butyric and longer chain volatile acids decreased
with increasing chain length and acid concen-
tration. The extraction recoveries were smaller
for non-volatile acids, ranging from ca. 30%
(lactic acid) to 50% (pyruvic acid), with the
exception of fumaric acid, for which the recovery
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was 100%. The increased concentration did not 1A and B). The culture sample also contained

interfere with the extraction of non-volatile com- other volatile acids such as propionic, isobutyric,

pounds. butyric and isovaleric acid, detected by both
GLC and HPLC (Fig. 1A and B).

Analyses of fermentation media The standard solution of volatile acids (Fig.

GLC and HPLC results for the culture media 2A) and culture samples of Bacillus circulans

of alkaliphilic Bacillus sp. 17-1 are illustrated in var. alkalophilus were subjected to GSC with a
Fig. 1. Acetic acid was the most abundant (Fig. column of Porapak Q (Fig. 2B). Whereas little
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Fig. 1. Separation of short-chain acids from culture medium of alkaliphilic Bacillus sp. 17-1 (A) by HPLC as free acids, (B) by
GLC as free acids and (C) by GLC as methyl esters. The compounds are abbreviated as follows: A = acetic acid; B = butyric
acid; F = formic acid; iB = isobutyric acid; iV = isovaleric acid; MeiV = methyl isovalerate; MekiV = methyl a-ketoisovalerate;
MeL = methyl lactate; MeoiC = methyl a-oxoisocaproate; MeoMV = methyl D-a-oxo-B-methylvalerate; MePh = methyl
phenylacetate; IS = internal standard = hexadecane (20 ul/1); U,~U; = unidentified components; E = diethyl ether. Concen-
trations of identified compounds (mg/ml) in selected peaks: (A) F =0.02, A =3.40, P=0.30, iB=0.20, B=0.01, iV=0.35; (B)
A =345 P=0.27, iB=0.24, B=0.01, iV=0.40; and (C) MekiV=0.30, MeL =0.17, MeoMV=0.32, MeoiC=1.50 and
MePh = 0.13. Injection volumes: (A) 20; (B) 0.5; and (C) 2 ul.
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Fig. 2. GSC of (A) standard volatile short-chain acids and
(B) culture medium of Bacillus circulans var. alkalophilus
with Porapak Q. Standard solution contained (A) acetic, (P)
propionic, (B) butyric, (V) valeric and (C) caproic acid.
Formic acid was included in the standard mixture and the
small peak (F) before acetic acid may represent it. Concen-
trations of the standard acids (A~C) were 2 mg/ml. The
calculated concentration of A in (B) was 1.7 mg/ml. Injec-
tion volume, 1 ul.

or no response was observed from formic acid,
acetic acid was readily detected. Two small
unknown peaks in the chromatogram after acetic
acid (Fig. 2B) were already present in the
uninoculated medium. Such compounds did not
appear with the diethyl ether-extracted samples.
Because there is no necessity for sample prepara-
tion, chromatography with Porapak Q is a valu-
able method when only a low resolution of
volatile acids is required.

More detailed analyses of volatile and non-
volatile acids of the bacterial culture media
were done using GC-MS. The MS data bank
system (see Experimental) was very helpful in
the identification of methyl esters of unknown
GLC peaks, showing the presence of a-keto-
isovaleric, D-a-0x0-B-methylvaleric, «-oxoiso-
caproic and phenylacetic acid (MekiV, MeoMYV,
MeoiC and MePh, respectively, in Fig. 1C).
These acids are also produced by several an-
aerobic bacteria [14].

The culture media of alkaliphilic Bacillus sp.
17-1 contained lactic acid. Its concentration was
lower when analysed by GLC (MeL in Fig. 1C)
than HPLC (U; in Fig. 1A). Succinic acid eluted
at the same retention time as lactic acid with

pH

7&.’._.\-_—.\.

- - 2

concentration of acids (mg/mi)
o
I
Absorbance at 600nm

- 0

| | | | |
20 40 60 80 100

Growth time (h)

Fig. 3. Production of acetic and formic acid in cultivation
medium of Bacillus circulans var. alkalophilus. Acetic acid
was determined using (O) HPLC and (@) GLC and formic
acid was determined using (M) HPLC. The growth (A) and
pH (line without symbols) curves are included.

HPLC. However, succinic acid did not exist in
the culture medium of this bacterium as it was
not detected by GLC. The large lactic acid peak
in HPLC may contain other acids, e.g. oxo-acids,
which were identified by GC-MS. In the HPLC
trace there were four other peaks (U,, U,, U,
and U,, Fig. 1A) which were not identified. Two
of them (U, and U,) eluted close to pyruvic and
malonic acid, but these acids were not detected
with GLC. One peak (U,) may belong to a
sugar. Peak U, that comes with the solvent peak
was much higher than the normal solvent peak
and hence the media contain substances that are
not separated with this column.

The kinetics of the appearance of acetic and
formic acid in the culture medium with variation
in pH during the growth of the alkaliphilic
Bacillus are shown in Fig. 3. Acetic acid mea-
sured by GLC and HPLC correlated well with
each other (Fig. 3). The formic acid curve was
drawn according to the HPLC results because
there was no FID response.

DISCUSSION

HPLC with an Aminex HPX-87H column has
certain definite advantages over GLC for the
separation of organic acids. All of the resolved
acids can be analysed in one sample without
derivatization. Filtered culture media can be
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used without extraction [8], but this procedure
may leave potentially interfering compounds in
the samples [9]. Especially for the assay of
formic acid with other readily evaporating acids
and tricarboxylic acids, which are difficult to
derivatize, HPLC is beneficial. In addition, the
determination of carbohydrates from unex-
tracted culture samples simultaneously with acids
is possible with the Aminex-87H column when a
refractive index detector is used [8]. However,
some procedures are needed to decrease the fy
values or to improve the resolution of some
acids. The t; values of acids shorten on increas-
ing the temperature of the eluent [15] or on
increasing the proportion of acetonitrile from 5
to 11% for fumaric acid and certain aromatic
carboxylic acids [9]. A higher column tempera-
ture (50°C) and 10% acetonitrile separated suc-
cinic and lactic acid, in addition to benzoic acid,
although the retention time of the latter was still
long [10].

The recovery of acids was studied in sodium
hydroxide extracts of the HPLC samples (see
Experimental). The recovery from standard mix-
tures ranged from 28% to 100% (Table I), which
was higher than that reported previously [10] for
diethyl ether extracts of pyruvic, lactic, acetic,
propionic, butyric, valeric and caproic acid. The
efficiency of extraction of volatile fatty acids
increased with increasing carbon chain length
when the concentration of acids was <1.0 mg/ml
(Table I). When the concentration of each vol-
atile acids was >1.0 mg/ml the extraction re-
covery decreased for butyric and longer chain
acids. Related results were also obtained after
double extractions with diethyl ether—sodium
hydroxide from water [16].

The GLC samples were prepared according to
the method of Drucker [6]. Other methods such
as derivatization with boron trifluoride-butanol
[7]1 have many steps and boron halides in
methanol have a very limited shelf-life [6].
Methylation with methanol and sulphuric acid is
a simple and rapid technique, especially for large
numbers of samples. The disadvantage of the
methanol-sulphuric acid method is that not all of
the tricarboxylic acid-cycle acids, e.g., citric acid,
are detected and two peaks appeared from
pyruvic acid after derivatization. For identifica-

tion of TCA-cycle acids and for avoiding multi-
ple peak formation from double bonds or from
oxo-groups, trimethylsilyl derivatization has
been used [17,18]. ‘

There was no FID response to formic acid and
in general methyl esters of volatile acids were
difficult to analyse because of the ease of evapo-
ration and retention near the solvent peak. For
example, the boiling point of methyl formate is
only 31.8°C. These problems can be overcome
by using another kind of detector or by using
derivatization with butanol-sulphuric acid [19].

Poor resolution can bring about not only
difficulties in identification of the chromato-
graphic peaks but also errors in quantitative
results. An advantage of GLC is the extremely
high resolution of modern capillary columns. In
this study, both volatile and methyl esters of
non-volatile acids were separated well and the
retention times remained reasonable (Fig. 1B
and C). It has been stated that a stationary phase
of very polar character allows the resolution of
the largest number of methyl esters of acids [14].

With HPLC the relatively low resolution may
produce problems. Parallel tests with high-res-
olution GLC can exclude possible errors. For
example, the absence of succinic acid (peak Uj)
in Fig. 1A was readily excluded with the aid of
the results in Fig. 1C. Despite the generally
much lower resolution of HPLC, aromatic acids
are well separated with high &’ values on com-
monly used HPLC columns [9]. For aromatic
acids, an advantage of HPLC is the feasibility of
utilizing the high sensitivity and selectivity of UV
detectors [9]. Unfortunately, the detection of
non-aromatic acids does not permit many al-
ternatives.

An advantage of GC is the ease of the simulta-
neous use of MS for the identification of peaks in
the chromatograms. MS combined with HPLC is
a less advanced and not readily available meth-
od. However, the use of HPLC in the analysis of
acids from microbial culture samples has become
more common in recent years, apparently be-
cause of the facility of sample preparation and
because different types of short-chain acids can
be determined in a single analysis. The repro-
ducibility of HPLC at the quantitative level is
also better than that of GLC. However, when
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the definite identity of various acids from bac-
teria is required, GC-MS is the method of
choice.
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ABSTRACT

N-Trifluoroacetyl (TFAc)-D,L-aspartic acid (Asp) isopropyl ester and N,O-TFAc-L-hydroxyproline (Hpr) isopropyl ester, which
give overlapping peaks when a single chiral capillary column is used, were separated with a cross-linked polycyanoethyl vinyl
siloxane—L-Val—tert.-butylamide capillary column coupled in series with either a cross-linked polyethylene glycol 20M capillary
column or a wall-coated OV-101 capillary column. A method for calculating the appropriate lengths of the coupled columns was
developed. D,L-Asp and L-Hpr in real samples were also separated using the series-coupled column systems.

INTRODUCTION

Most amino acids in nature are of L configura-
tion. However, in tissues such as bone [1,2],
tooth [3], eye lens [4] and brain [5], all of them
have a slow turnover rate. Therefore, p-amino
acids tend to accumulate and increase in concert
with ageing [6]. The racemization in living cells,
which do not exhibit renewal processes, is of
importance in the study of ageing phenomena.
The racemization of amino acids in dead, fossil-
ized materials can be employed as a dating
parameter [7]. Among the amino acids, aspartic
acid (Asp) is the most frequently used for age
estimation [8]. Unfortunately, the N-trifluoro-
acetyl (TFAc) isopropyl ester of Asp is seriously
overlapped by the N,O-TFAc isopropyl ester of

* Corresponding author.

0021-9673/93/$06.00

L-hydroxyproline (Hpr), a common component
in living tissues and fossilized materials, when a
cross-linked polycyanoethyl vinyl siloxane-L-
Val—tert.-butylamide capillary column is used.
Several methods, such as stationary phase
tuning, mixed-phase columns and series-coupled
columns, for selectivity tuning have been re-
ported [9]. The series-coupled column systems
are the most important because they are con-
venient and can present a general applicable
technique for optimizing selectivities when capil-
lary columns are to be used [10]. Selectivity can
be obtained with the coupled columns by using
different lengths or phase ratios of the columns,
by adjusting the flow-rate through each column
or by operating each column at different tem-
peratures [11]. This technique has been studied
and applied by several groups [9-17]. However,
the use of this approach has not been fully
investigated in the separation of enantiomers.
In this work, two different capillary columns,

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



282

polyethylene glycol (PEG) 20M and OV-101,
were series-coupled to a cross-linked poly-
cyanoethyl vinyl siloxane—L-Val-tert.-butylamide
capillary. The lengths of the coupled columns
needed for the separation of the derivatives of
p,L-Asp and L-Hpr were calculated and optim-
ized.

THEORY

There is general agreement among several
workers that the effective capacity factor,
k'(eff), for a system of series-coupled columns
can be calculated by

Kot = 2 SR (1)
$(i) = t(mi)/f(m) = t(mi) / gl t(mi) 2)
t(mi) = L(i) /u(i) 3)

where k'(i), t(i), ¢(i), L(i) and u(i) are the
capacity factor, carrier gas hold-up time, frac-
tional carrier gas hold-up time, length and aver-
age carrier gas velocity of the ith column, respec-
tively [10].

For a two-column system:

k' (eff) = ¢(1)k'(1) + (2)k'(2)
=[((m1)k'(1) + t(m2)k’'(2)]/t(m)
= [L(1)k'(1)/u(1) + L(2)k'(2) lu(2))/t(m)
(4)

The separation factor (a) of a pair of compo-
nents (a and b) is defined as

a = k'(a)/k'(b)
_ L(DK'(al)/u(1) + LQ2)k'(a2) /u(2)
" L(1)k'(b1)/u(1) + L(2)k'(b2)/u(2)

According to Guiochon and co-workers [12,18]
u(1) and u(2) can be written as

(5)

u(1) = j(1)u(a) (6)
u(2) = j(2)u(o) (7)
j(1) =E~M-p(a) (8)

2 pP’O)-r@
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j)y=%- @ =p0) p(0) €))
2 _ L2P*() + L(Dp’(0)

P@O=""TM+ L) (10)

u(a)p(a) = u(0)p(0) (11)

Let

iy (12)

Combining egns. 6-12, we have
_ L)(p(@ ~p(o)]
L(2)[p(i) — p(a)]

Let

_Hm2) _ L))
*ZHml) T L()aQ)
Then eqn. 5 can be written as

_ k'(al) + xk'(a2)
® = %7(b1) + xk'(b2) (15)

For a certain separation factor and resolution
(R), the minimum effective plate number needed
can be calculated from

(13)

(14)

4Ra \?
N= (a - 1) (16)
The effective plate number is defined as
_ t(R))2
N= ( - (17)
1 o \?
N~ <t(R)) (18)

#(R) = 1) +1(2)
_kOLQY) |, KQLEQ)
u(1) u(2)

If the extra-column effect can be ignored, then
o’ can be written as

o’= 02(1) + 0'2(2)

(20" (5

(19)
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(V] | [
=N TNR) (20)
N(@) = L(i)n() (21)

Combining eqns. 14, 18, 19 and 20 yields

1 _[kP()/ND) +x°k'*(2)IN(Q2)] @)
N [k'(1) + xk'(2)]°

The ranges of x, L(1) and L(2) values can be
calculated by an iterative technique by combin-
ing eqns. 12, 14, 15 and 22. In the first step, the
effect of the velocity gradient along the column
was ignored, and the columns used in our experi-
ments had the same inner diameter (0.25 mm),
hence u(1) =u(2)

_LQ)u@) _ L)
CL()/u(l) L)

After obtaining the ranges of L, L(1) and L(2)
values, the approximate inlet pressure [p(i)] can
be easily presumed for a practical average carrier
gas velocity. Substituting these values into eqns.
10 and 13, the ¢ value [u(1)/u(2)] can be calcu-
lated. Using this ¢ value, more concise values of
L, L(1) and L(2) can be obtained by combining
eqns. 14, 15 and 22. Even more concise values of
L, L(1) and L(2) can be reached by iteration of ¢
several times. From a practical point of view,
iteration of ¢ twice is sufficient.

(23)

EXPERIMENTAL

Chromatographic conditions

The preparations of the fused-silica capillary
columns, cross-linked polycyanoethyl vinyl silox-
ane—L-Val-tert.-butylamide (column C), cross-
linked PEG 20M (column P) and wall-coated
OV-101 (column O), have been described previ-
ously [19-21].

Fused-silica tubing (2 cm X 0.53 mm I.D.) and
two silicone rubber septa were used to connect
columns in the two-column system (Fig. 1). The
chromatographic separations were carried out
with a GC R1A gas chromatograph equipped
with a split injector and a flame ionization
detector.
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(20 mm x 0.53 mm I.g)
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(0.25 mm 1.D., 0.45 mm 0.D.)

Fig. 1. Connection of the series-coupled columns.

Samples and derivatization

Aspartic acid (Asp) was obtained from Sigma.
L-Hydroxyproline (Hpr) was kindly supplied by
Professor X. Xu (Shanghai Institute of Materia
Medica, Academia Sinica, Shanghai, China) and
the tooth and bone samples by Ms. Y. Shun
(Shanghai Institute of Expert Testimony, Shang-
hai, China). According to Wang et al. 8], the
samples were hydrolysed in 6 M HCI at 110°C
for 24 h and the hydrolysis products were treated
with a column of Dowex AG 50W-X8, 100-200
mesh (Bio-Rad Labs., Munich, Germany), in
the H® form, eluted with 2 M aqueous am-
monia. The amino acids were derivatized as
N, (O)-trifluoroacetyl (TFAc) isopropyl esters
according to McKenzie and Tenaschuk [22].

Calculations

An IBM-AT compatible microcomputer and
software written in Quick-Basic Ver. 4.0 (Micro-
soft) were used for the calculations.

RESULTS AND DISCUSSION

The capacity factors (k') and separation fac-
tors () of the solutes are given in Tables I-III.

The p/L ratio of Asp is a widely used value for
age estimation of living cells and fossilized ma-
terials. However, the peak of TFAc-L-Asp iso-
propyl ester is seriously overlapped by that of
N,O-TFAc-L-Hpr isopropyl ester when using a
cross-linked polycyanoethyl vinyl siloxane—L-
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TABLE I

k' AND o« VALUES OF THE SOLUTES ON CROSS-
LINKED POLYCYANOETHYL VINYL SILOXANE-
L-VAL-TERT.-BUTYLAMIDE COLUMN

Solute 120°C 130°C 140°C 150°C

k' a k' a k' a k' @

D-Asp 11.98 7.18 4.48 2.84

1.051 1.040 1.031 1.025
L-Asp 12.59 1.47 4.62 291
L-Hpr 12.72 7.50 4.64 291
TABLE 11

k' VALUES OF THE SOLUTES ON CROSS-LINKED
PEG 20M COLUMN

Solute 120°C 130°C 140°C 150°C
D,L-Asp 15.84 9.36 5.63 3.50
L-Hpr 13.06 7.68 4.60 2.83
TABLE III

k' VALUES OF THE SOLUTES ON WALL-COATED
OV-101 COLUMN

Solute 120°C 130°C 140°C 150°C
D,L-Asp 10.41 6.66 4.43 3.02
L-Hpr 7.82 5.04 337 2.30

Val—tert.-butylamide column (column C), and
this situation cannot be improved simply by
changing the column temperature (Table I). The
use of series-coupled columns is the method of
choice for selectivity tuning. The derivatives of
Asp and L-Hpr can be readily separated with
either a PEG 20M (column P) or an OV-101
column (column O) (Tables II and III). There-
fore, it is possible that the derivatives of D,L-Asp
and L-Hpr might be separated with column P or
column O series-coupled to column C.

It is well known that direct chiral separations
can only be carried out with chiral columns. The
coupling of an achiral column will decrease the
enantioselectivity of a chiral column (eqn. 15).
Asp is an amino acid with low a values when
using most diamide chiral stationary phases
(CSPs) [23]. Therefore, the lengths of the cou-
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pled columns must be carefully calculated and
optimized. - _

The plots of o versus x [L(2)u(1)/L(1)u(2)] at
130°C are shown in Fig. 2. With a certain «a
value, the range of x values can be easily
calculated from eqn. 15.

In order to obtain a satisfactory resolution
between N-TFAc-D,L-Asp isopropyl ester and
N,O-TFAc-L-Hpr isopropyl ester with reason-
able column lengths, the minimum « values were
set as 1.025 and the R values as 1.5. By an
iterative technique and combining eqns. 13, 15
and 22, the range of x values, the column length
ratios [L(2)/L(1)] and the minimum column
lengths (L) can be obtained. Some results are
given in Table IV.

Fig. 3 shows how u(1)/u(2) changes with the
column length ratio [L(2)/L(1)]. It is found that,
with values of p(i)/p(0)<2.0, the variation of
u(1)/u(2) is not significant over a wide range of

L(2)/L(1). In most open-tubular column
a
&
1
1.0 2
3
05/0 * ] ‘ 5‘.0 : ‘ 10‘,0
x(L,8, /L, T,)
d b
& !
10 4 2
3
" s " ! N L 4
0s{o 50 100
x(L,T, /L, T,)

Fig. 2. Plots of & versus x at 130°C. (a) Column O-column
C; (b) column P-column C. 1=L-Asp/D-Asp; 2 =L-Asp/
L-Hpr; 3 =D-Asp/L-Hpr.
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TABLE 1V

RANGES OF x, @ AND L(2)/L(1) OF THE SERIES-COUPLED COLUMN SYSTEMS UNDER ISOTHERMAL CON-
DITIONS [p(i) = 0.15 MPa, p(0)=0.10 MPa]
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Column Parameter” 120°C 130°C 140°C* 150°C®
coupling
C-P x 1.3-2.3 2.2-29
a(L/D-Asp) 1.025-1.032 1.025-1.028
a(D-Asp/L-Hpr) 1.061-1.025 1.040-1.026
First iteration
L(2)/L(1) 1.3-2.3 2.2-2.9
fu(1)/u(2)] 0.82-0.83 0.83-0.83
Second iteration
L(2)/L(1) 1.6-2.8 2.7-3.5
fu()u(2)] 0.83-0.83 0.83-0.83
Third iteration
L(2)/L(1) 1.6-2.8 2.7-3.5
C-0 x 0.9-2.2 1.6-2.9
a(L/D-Asp) 1.026-1.036 1.026-1.031
a(D-Asp/L-Hpr) 1.100-1.027 1.065-1.026
First iteration
L()/L(1) 0.9-2.2 1.6-2.9
fu(1)yu(2)] 0.82-0.83 0.83-0.83
Second iteration
L(2)/L(1) 1.1-2.7 1.9-35
flu(1)/u(2)] 0.83-0.83 0.83-0.83
Third iteration
L(2)/L(1) 1.1-2.7 1.9-3.5
“x is the ratio L(2)u(1)/L(1)u(2).
® Dashes indicate no suitable values.
% /8, From Table IV, it can be seen clearly that at
py/%, column temperatures of 120 and 130°C, the
104 y requirement of the a values can be met with
,",1;1“ certain ranges of x values with both series-cou--
5 ‘ pled column systems, P—C and O—-C. The achiral
F :ibo columns were used as the first column. Consider-
§ s ing the analysis speed and the carrier gas velocity
05 - gradient, a total column length L =21.3 m, p(i)/
p(©)=1.5, x=2.5 [L(2)/L(1) =3] and a column
temperature of 130°C were selected for both
systems. The « values of the systems were
calculated and compared with the experimental
- — . results (Table V).
' S R The chromatograms of N-TFAc-p,L-Asp iso-

Fig. 3. Variation of u(1)/u(2) with L(2)/L(1).

systems, the values of p(i)/p(0) are <2.0 because
of their high permeability. Hence for calculating
the ranges of L{2)/L(1), L(1) and L(2), itera-
tion of ¢ twice is sufficient in most instances.

propyl ester and N,O-TFAc-L-Hpr isopropyl
ester obtained using column C and the series-
coupled column systems are shown in Fig. 4.
With the optimized lengths of the coupled
columns, both pairs of solutes, Asp and Hpr and
D,L-Asp, can be baseline separated. Fig. 5 shows
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TABLE V
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COMPARISON OF a VALUES FROM CALCULATION AND EXPERIMENT

L(1)=5.3 m, L(2) = 16 m, temperature = 130°C, p(i) =0.15 MPa, p(o) =0.10 MPa.

Solutes Column O-column C Column P-column C
Experimental Calculated Experimental Calculated
D-Asp/L-Hpr 1.036 1.034 1.034 1.033
L-Asp/D-Asp 1.030 1.029 1.028 1.027
typical chromatograms of amino acids in tooth k(ai) Capacity factor of solute a on ith column
and bone samples obtained using column C and k(bi) Capacity factor of solute b on ith column
the series-coupled column systems. L Total column length of the series-cou-
pled system
CONCLUSIONS L(i) Length of ith column
: N Effective plate number of the series-cou-
A method for calculating the appropriate pled system
lengths of series-coupled columns was de- N() Effective plate number of ith column
veloped. With this method, good results for the n Effective plate number per metre of the
separation of N-TFAc-p,L-Asp isopropyl ester system
and N,O-TFAc-L-Hpr isopropyl ester were ob- n(i)  Effective plate number per metre of ith
tained with two systems of series-coupled column
columns. p(a) Intermediate pressure
p(i)  Inlet pressure
SYMBOLS p(o)  Outlet pressure
R Resolution o

i Column index t Relative average velocity u(1)/u(2) of
j@@) James—Martin pressure correction factor the carrier gas

(eqns. 6-9) i) Adjusted retention time for a retained
k(eff) Effective capacity factor (eqn. 1) solute in ith column

a b c
1
143
2 Rl 23
L
—Ju —
0 10 20 min 0 10 20 min ° 1o 20 min

Fig. 4. Chromatograms of D,L-Asp and L-Hpr. Columns: (a) column C (16 m X 0.25 mm 1.D.); (b) column O (5.3 m x0.25 mm
L.D.)—column C (16 m X 0.25 mm 1.D.) [p(i) = 0.15 MPa, p(0) = 0.10 MPa]; (c) column P (5.3 m X 0.25 mm 1.D.)-column C (16
m X 0.25 mm 1.D.) [p(i) = 0.15 MPa, p(0) =0.10 MPa]. Temperature, 130°C; carrier gas, nitrogen; detector, flame ionization.

Peaks: 1=L-Hpr; 2= D-Asp; 3 =1L-Asp.



X. Lou et al. | J. Chromatogr. 634 (1993) 281-288

445

12 6 7

0 10 20 30 40

287

1243

min [ 10

[

1o 20 30 Lo 50 min

20 30 40

Fig. 5. Chromatograms of amino acids in real samples. (a) Sample, bone; column, C (16 m x 0.25 mm 1.D.); temperature, 120°C
(10 min), then increased at 4°C/min to 190°C. (b) Sample, tooth; column, O (5.3 m X 0.25 mm 1.D.)-C (16 m X 0.25 mm L.D.)
[p(i) =0.15 MPa, p(o)=0.10 MPa]; temperature, 130°C (15 min), then increased at 6°C/min to 190°C. (c) Sample, bone;
column, P (5.3 m X 0.25 mm I.D.)-C (16 m X 0.25 mm L.D.) [p(i) = 0.15 MPa, p(o) = 0.10 MPa); temperature, 130°C (15 min),
then increased at 6°C/min to 190°C. In all instances the carrier gas was nitrogen and a flame ionization detector was used. Peaks:

=L-Ala; 2 = L-Val; 3 =L-Thr; 4 = Gly; 5 = L-lle; 6 = L-Leu; 7 = L-Pro; 8 = L-Ser, 9 = D-Asp; 10 = L-Hpr; 11 = L-Asp; 12 = L-Glu;
13 =1-Phe; 14 = L-Lys.

t(m)
t(mi)
(R)

u(i)
u(a)
u(0)

X

Total carrier gas hold-up time

Carrier gas hold-up time of ith column
Adjusted retention time for a retained
solute in the system

Average carrier gas velocity of ith
column

Carrier gas velocity at the connection
point of the system

Carrier gas velocity at the outlet of the
system

Ratio of carrier gas hold-up time, ¢(m2)/
t(ml)

o Separation factor

¢(i)  Fractional carrier gas hold-up time of ith
column

o Standard deviation of the system

o(i)  Standard deviation of ith column
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Gas chromatographic determination of sodium
monofluoroacetate as the free acid in an aqueous
solvent
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ABSTRACT

A procedure was developed for the determination of sodium monofluoroacetate as the free acid by capillary gas chromatog-
raphy with mass-selective detection. Commercially available polyethylene glycol capillary columns were compatible with
injections of highly acidic aqueous solutions which were required for this relatively strong acid. Using monochloroacetic acid as an
internal standard, a coefficient of variation of less than 2% was routinely obtained from replicate injections of a 100 pg/ml
solution of sodium monofluoroacetate in 1 M HCl. The monofluoroacetic acid/monochloroacetic acid detector response ratio was
a linear function of sodium monofluoroacetate concentration from 5 to 200 pg/ml. Since derivatization is not required and mass
spectrometric identification of monofluoroacetic acid is obtained, the method offers advantages over previously described
chromatographic methods for the determination of sodium monofluoroacetate. The average analyte recovery from 30 to 40 g
biological samples fortified with between 2.5 and 100 mg of sodium monofluoroacetate was 81% with relative standard deviation
typically less than 7%. The instrument limit of detection was 200 pg sodium monofiuoroacetate when the detector was operated in
the selected ion monitoring mode.

INTRODUCTION

Sodium monofluoroacetate (CH,FCO,Na) has
been used as a vertebrate pesticide for more than
40 years, and is commonly known as Compound
1080. Tts use has been widespread throughout
North America, Australia and New Zealand with
peak usage in the 1960s. Sodium monofluoroace-
tate is extremely toxic. The oral LDy, (Rattus

* Corresponding author.

* Present address: United States Environmental Protection
Agency, Office of Enforcement, National Enforcement
Investigations Center, Building 45, Denver Federal Center,
Denver, CO 80225, USA.

fuscipes) is 1.13 mg/kg [1]. It has been adminis-
tered for the control of vertebrate pests through
several baiting techniques and as a liquid formu-
lation for the protection of livestock from pred-
ators. The US Environmental Protection
Agency required data concerning sodium mono-
fluoroacetate residues on sheep wool and skin
after the liquid formulation was released from
livestock protection collars during coyote attacks
on sheep.

Because of the extreme toxicity of sodium
monofluoroacetate, there has been a need for
monitoring low levels of this compound in a
variety of matrices. Numerous methods have
been developed for the determination of sodium
monofluoroacetate in pesticide formulations, tis-
sues, and environmental samples. Since 1980,
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methods have been published based on non-
chromatographic techniques such as indirect
fluorometric detection [2], "°F nuclear magnetic
resonance [3,4], and direct measurement of the
fluoride ion [5-7]. Many gas [8-21] and liquid
[22,23] chromatographic determinations require
pre-column derivatization of monofluoroacetic
acid. Although some of these chromatographic
techniques are capable of detecting low levels of
monofluoroacetic acid, the derivatization proce-
dures are generally complex and time consum-
ing. Esterification is particularly difficult due to
the presence of water in the sample extract.
Time-consuming drying steps are required and
low analyte recoveries are often obtained [17].
An analytical method using ion chromatography
was developed in this laboratory for the determi-
nation of sodium monofluoroacetate based on
the separation and detection of the monofluoro-
acetate ion [24]. This method has been used to
assay sodium monofluoroacetate technicals,
manufacturing use products, and aqueous formu-
lations containing sodium monofluoroacetate. A
reversed-phase liquid chromatographic method
for the determination of the free acid has recent-
ly been reported [25]. However, a procedure for
the gas chromatographic determination of sodi-
um monofluoroacetate as the free acid has not
been reported to date.

Commercially available capillary columns have
been shown to be compatible with injections of
aqueous samples because of their bonded and
crosslinked phases. J & W Scientific presented
data [26] describing the DB-FFAP (free fatty
acid phase) column’s ability to perform the
separation of weak fatty acids (C,—C,) in water
with pK values ranging from 4.7 to 4.9. Using
these types of capillary columns with minor
procedural modifications, we have developed a
procedure for the determination of monofluoro-
acetic acid, a stronger acid with a pK, of 2.7.
This procedure requires the use of 1 M HCI as
the sample solvent, which minimizes adsorp-
tion problems commonly encountered with the
chromatographic determination of free acids in
aqueous solutions. The gas chromatographic
procedure described below does not require a
derivatization procedure, provides high-resolu-
tion separations, and allows for selective detec-
tion of monofluoroacetic acid.

EXPERIMENTAL

Apparatus

A Hewlett-Packard Model 5890 gas chromato-
graph equipped with a Hewlett-Packard 5970
series mass-selective detector was used for this
work. The mass-selective detector was equipped
with a Model 270 Granville-Phillips ion gauge
and controller to monitor pressure in the ion
source which was typically 4-107° Torr (1
Torr = 133.322 Pa). The electron impact ioniza-
tion energy was 70 eV.

Octadecyl silane solid-phase extraction (SPE)
columns (J.T. Baker, Phillipsburg, NJ, USA)
were used for sample clean-up.

A capillary guard column was required when
solutions of 1 M HCI were injected into the gas
chromatograph. The guard column was prepared
from a fused-silica capillary column identical to
the analytical column.

The capillary columns were 15 m X 0.25 mm
I.D. with 0.25 wm bonded phases of acidified
polyethylene glycol (DB-FFAP; J & W Scien-
tific, Folsom, CA, USA, and Nukol; Supelco,
Bellefonte, PA, USA). A helium carrier was
used at a linear velocity of 47 cm/s. The use of a
lower, more optimum linear velocity was pre-
vented by the pressure drop across the short
column created by the capillary direct interface.

Reagents

Sodium monofluoroacetate (97%) and nig-
rosine black dye were provided by Tull Chemical
Co. (Oxford, AL, USA). Tartrazine dye (FD&C
Yellow No. 5) was obtained from Ingredient
Technology Corp. (Des Plaines, IL, USA).
Deionized water was produced in the laboratory
and used to prepare all aqueous solutions.

The following solutions were prepared for GC
analysis: 10 and 1000 wpg/ml acetic, propionic
and isocaproic acids in water; 100 pg/ml acetic,
propionic and isocaproic acids in ethyl acetate;
100 pg/ml sodium monofluoroacetate in water;
2500 pg/ml sodium monofluoroacetate in 1 M
HCI; and 100 pg/ml sodium monofluoroacetate
in 200 mM trifluoroacetic acid (TFA). The
calibration standards were 5, 10, 50, 100, 150
and 200 pg/ml sodium monofluoroacetate in 1 M
HC! with monochloroacetic acid added as an
internal standard at a concentration of 50 pg/ml.
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To prepare a solution of monofluoroacetic acid
in an organic solvent, 1 ml of the 2500 pg/ml
sodium monofluoroacetate in 1 M HCI solution
was subjected to a liquid-liquid extraction with
10 ml of ethyl acetate. Solutions containing only
1 M HCl were treated similarly to serve as
reagent blanks. Acetic acid was added to the
ethyl acetate extracts as an internal standard to
give a final acetic acid concentration of 50 ug/
ml.

Preparation of capillary guard column

The guard column was prepared by removing
3 cm of the polyimide coating from one end of a
capillary column which was identical to the
analytical column. A glassblowing torch burning
methane and compressed air was used for this
procedure. The exposed fused silica was deacti-
vated with a 5% dichlorodimethyl silane in
toluene solution and the guard column was cut to
a length of 0.5 m. The end of the guard column
with the polyimide removed was positioned in
the injector so that only deactivated fused silica
was exposed in the injection port. Connection to
the analytical column was made by a fused-silica
low-dead-volume connector (Restek Corp., Bel-
lefonte, PA, USA).

Procedure
Biological samples consisting of sheepskin with
attached wool were fortified with an aqueous

TABLE 1
SUMMARY OF GC AND DETECTOR PARAMETERS

SIM = Selected ion monitoring.

sodium monofluoroacetate formulation. The
formulation consisted of 10 mg/ml sodium
monofluoroacetate, 0.05 mg/ml nigrosine black
dye and 5 mg/ml tartrazine dye in water. A
control formulation (containing no sodium
monofluoroacetate) was also prepared and repli-
cate samples were fortified with this solution.
The sheepskin/wool samples were cut into 100-
cm’ pieces (approximate mass 30-40 g) prior to
fortification and each piece was extracted with
500 ml 1 M HCI. Since the samples were fortified
with at least 2.5 mg, concentration of the 500-ml
extracts was not required. Aliquots (10 ml) of
the extracts were then cleaned-up by passing
through octadecyl SPE columns. Monochloro-
acetic acid was added to a known volume of the
treated extract as an internal standard to
produce a final concentration of 50 ug/ml.

The injection port temperature was 200°C and
the transfer line to the mass-selective detector
source was maintained at 230°C. The injection
mode, oven temperature programs and mass-
selective detector parameters are summarized in
Table I. Injections were either 1 pl split (100:1)
or 1 ul splitless (purge time 0.6 min, split vent
flow 80 ml/min). Injections (1 ul) of 7.4 M
phosphoric acid were made every 5 to 10 injec-
tions when solutions of 1 M HCI] were injected
into the gas chromatograph. Sample extracts
were filtered through 0.45-um nylon filters prior
to injection. Single point calibrations were used

Condition Injection mode Oven program Mass-selective detector

A Split 135°C isothermal SIM, m/z 41, 43,45, 55, 57, 60, 74, 87
B Splitless 85°C (0.5 min) ———""_, 245°C SIM, m/z 41, 43, 45, 55, 57, 60, 74, 87
C Splitless 85°C (0.5 min) ——— " 230°C SIM, m/z 61,78

D Splitless 60°C (0.5 min) — " 215°C SIM, m/z 41, 43,45, 55, 57, 60, 74, 87
E Splitless 60°C (0.5 min) ———=" 5 215°C Scan, m/z 15— 80 SIM, m/z 60,78

F Splitless 110°C (0.5 min) ——— ™" 240°C SIM, m/z 61,78

G Splitless; 1100C —=""_, 200°C SIM, m/z 50,78

guard column
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for the quantitation of sodium monofluoroace-
tate in the sample extracts.

RESULTS AND DISCUSSION

Various solvent systems were investigated to
identify a solvent that would (1) convert the
sodium salt to the free acid, (2) provide for
adequate chromatographic performance of
monofluoroacetic acid and (3) be useful as an
extraction solvent for complex matrices. Each
solvent system is described and discussed below.

Free acid-water solutions

Aqueous solutions of acetic, propionic and
isocaproic acids were used to verify the per-
formance of the capillary columns under the
conditions recommended by the column manu-
facturers. The columns from two manufacturers
exhibited good resolution of the three acids
under isothermal conditions when split injections
were made (Table I, condition A). Injection of a
water reagent blank after the sample solutions
did not result in chromatographic responses from
these acids.

Splitiess injections of these solutions were then

investigated. In order to retain chromatographic:

performance of the free acids, adjustment of the
oven temperature program was required (Table
I, condition B). Injections of a 10-ug/ml solu-
tion of the acids under these conditions resulted
in a chromatographic separation similar to that
observed in the split mode. However, injections
of water after the sample solutions produced
chromatographic responses for each of the acids.
These “ghost peak” responses may have been
the result of adsorption and desorption processes
in the injection port. Polar compounds such as
free acids exhibit an affinity for active sites in the
injection port. Adsorption may also occur at
active sites on the head of the column. Highly
polar solvents such as water can then desorb the
acids from the active sites. Consequently, the
performance of the chromatographic system was
acceptable under the conditions specified by the
column manufacturers, but was not acceptable
under conditions that would be needed for
residue determinations.

Because less than 1% of the monofluoroace-

tate is protonated in a 100 pg/ml sodium mono-
fluoroacetate in water solution, sodium mono-
fluoroacetate in water solutions could not be
chromatographed under conditions similar to the
free acid in water solutions (Table I, condition
C). No chromatographic responses were ob-
served after numerous injections of a 100 wg/ml
sodium monofluoroacetate in water solution.
However, when a single injection of 1 M HCI
was made after injection of the sodium mono-
fluoroacetate in water solution, a monofluoro-
acetic acid response was observed. Repeat injec-
tions of the sodium monofluoroacetate in water
solution following injection of 1 M HCI resulted
in a chromatographic response for monofluoro-
acetic acid, but the peak shape rapidly deterior-
ated with subsequent injections. Apparently, the
injection of HCI resulted in the formation of the
free acid from the non-volatile salt remaining in
the injection port. This also produced an acidic
environment which promoted the formation of
the free acid in subsequent injections of sodium
monofluoroacetate in water. As more injections
of sodium monofluoroacetate/water solution
were made, the effect of the acid diminished
until a monofluoroacetic acid response was no
longer observed.

Free acid—ethy! acetate solutions

Splitless injections of the 100-ug/ml standard
solution of acetic, propionic and isocaproic acids
in ethyl acetate were followed by splitless injec-
tions of water or ethyl acetate (Table I, condi-
tion D). Only the injection of water resulted in
ghost peak responses for the three acids. Similar
to previous observations, split injections of the
free acids—ethyl acetate solution followed by
split injections of water did not result in chro-
matographic responses. These observations indi-
cate that the increased residence time of the
analyte and solvent in the injection port during
splitless injections and solvent polarity lead to
the appearance of the ghost peaks.

In addition to the solvating power and resi-
dence time of the solvent, the adsorption/de-
sorption behavior of weak acids is also a function
of the analytes’ acid strength and the rate of
gas—solid collisions which lead to adsorption. For
example, the splitless injection of water pro-
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duced larger ghost peak responses for mono-
fluoroacetic and monochloroacetic acids relative
to the weaker acetic acid. The rate of adsorption
of a gas to a solid surface is determined by the
sticking coefficient and the rate of gas-—solid
collisions. This collision rate has an inverse
square root relationship with molecular mass.
This influence is exhibited in the splitiess injec-
tion of water induced desorption responses of
acetic (pK, 4.7), propionic (pK, 4.9) and iso-
caproic (pK, 4.8) acids. Although they are
similar in acid strength, the ghost peak response
of acetic acid is larger in relation to the ghost
peak responses of the more massive propionic
acid which is in turn larger than the response of
isocaproic acid.

Monofluoroacetic acid—ethyl acetate solutions

In an effort to eliminate the adsorption/de-
sorption behavior observed with the water sol-
vent system, an organic solvent was investigated.
Monofluoroacetic acid was partitioned into ethyl
acetate by liquid-liquid extraction of a sodium
monofluoroacetate—1 M HCI solution, resulting
in a solution of monofluoroacetic acid in acidified
ethyl acetate. Based on calculations using the
pK, of monofluoroacetate, 1 M HCI should
protonate >99.9% of the monofluoroacetate.
Splitless injections of the monofluoroacetic acid—
ethyl acetate solutions (Table I, condition E),
resulted in a good chromatographic response for
monofluoroacetic acid. Acetic acid was added to
the ethyl acetate solution for use as an internal
standard and also exhibited good chromato-
graphic behavior. However, when reagent blanks
(ethyl acetate extract of 1 M HCI) containing the
internal standard were injected, a monofluoro-
acetic acid response was observed. This ghost
peak response persisted for numerous sub-
sequent injections of the reagent blank. The
signal was identified as a monofluoroacetic acid
response by its mass spectrum (Fig. 1). Syringe
carryover was eliminated as the source of the
ghost peak by use of separate syringes for
injecting standard solutions and blanks. Since
the only source of monofluoroacetic acid was the
standard solutions, it was apparent that the free
acid was being desorbed from the injection port
and/or the head of the column as described
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Fig. 1. Mass spectrum of monofluoroacetic acid. m/z 31=
fragment FC*; m/z 33 =FH,C"; m/z 45=HO-C=0"; m/z
61 =FH,C-C=0"; m/z 78=M".

previously. Injection port liners were silanized or
phosphorylated in an attempt to eliminate the
liner as the source of active sites in the injection
port. These procedures did not eliminate observ-
ance of ghost peaks responses. However, phos-
phorylation of the stainless steel seal in the
injection port did temporarily eliminate the
ghost peak responses. Apparently, the small
amount of water which partitioned into the ethyl
acetate promoted desorption of the acids from
the injection port. Attempts to dry the ethyl
acetate extract by centrifugation or addition of
sodium sulfate did not eliminate the ghost peaks.

Sodium monofluoroacetate—TFA solutions

The monofluoroacetic acid—ethyl acetate data
indicated that neither physical nor chemical
attempts to eliminate water from ethyl acetate
produced the desired effect. A TFA (pK, 0.3)
solvent system was pursued in an attempt to
eliminate or minimize the adsorption/desorption
behavior of monofluoroacetic acid. TFA could
provide a sufficiently acidic environment to
protonate monofluoroacetate and also buffer
sample extracts. However, since it is also a free
acid, TFA caused a chromatographic interfer-
ence during injections of a 100 pg/ml sodium
monofluoroacetate in 200 mM aqueous TFA
solution (Table I, condition F), and this ap-
proach was not pursued further.
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Sodium monofluoroacetate—1 M HCI solutions

Since 1 M HCI was an effective solvent for
desorbing monofluoroacetic acid present in the
injector system, it was investigated for use as an
injection solvent. As a sample extraction solvent,
this solution was also sufficiently acidic to
provide sample extracts with a pH similar to the
standard solutions. This would allow for direct
quantitative comparison of standard and sample
solutions.

The corrosive nature of this solvent necessita-
ted some procedural changes which were de-
signed to protect the analytical column. In addi-
tion to keeping the initial oven temperature
above 100°C to prevent condensation of the
corrosive solvent on the head of the column, the
guard column was used to further prevent
permanent damage to the analytical column.
Removal of the polyimide coating from the
capillary column was necessary because the 1 M
HCI reacted with the polyimide exposed in the
hot injection port. These procedures allowed for
prolonged use of 1 M HCI as an injection
solvent. The chromatographic performance of
monofiuoroacetic acid was retained with these
changes (Table I, condition G). However, elimi-
nation of the solvent effect deteriorated the
chromatographic performance of the internal
standard, acetic acid. Monochloroacetic acid was
chosen to replace acetic acid as the internal
standard. Fig. 2 shows a typical chromatogram of
a 1 M HCI solution containing sodium mono-
fluoroacetate and monochloroacetic acid under
these conditions.

Although the use of 1 M HCI as the injection
solvent resulted in excellent chromatography,
the desorption of the free acid continued to
produce ghost peaks. Following 20 to 30 injec-
tions of a solution of 100 pg/ml sodium mono-
fluoroacetate and 50 wpg/ml monochloroacetic
acid in 1 M HCI, a decreasing trend was ob-
served in the monofluoroacetic acid/mono-
chloroacetic acid detector response ratio. The
injection of reagent blanks also resulted in chro-
matographic responses from the two acids.

Since phosphoric acid had previously been
shown to deactivate the injection port, a 1-ul
injection of 7.4 M H,PO, was made after every
5 to 10 injections of standard solutions or sam-

25 S
MCA

20 -
4 MFA

Abundance {x 104)

L L

T T T T T Y T T
3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5

Time (minutes)

Fig. 2. Monofluoroacetic acid (MFA) and the internal stan-
dard monochloroacetic acid (MCA) in 1 M HCI (Table I,
condition G).

ples. This procedure prevented the occurrence of
ghost peaks in reagent and matrix blanks. H;PO,
was an excellent solvent for desorbing weak
acids which had been previously adsorbed and
prevented the adsorption of weak acids in sub-
sequent injections. As expected, phosphoric acid
(or pyrophosphoric acid which is present at the
injection port temperature of 200°C) damaged
the guard column. Typically, we observed de-
terioration of chromatographic performance
after approximately 50 injections of H,PO,.
Replacement of the guard column restored chro-
matographic performance. No visible corrosion
or other damage to the mass-selective detector
source was evident after several hundred injec-
tions of acidic aqueous solutions. In addition, the
quadrapole tuning parameters did not indicate
damage to the source components.

Selectivity, bias and repeatability

Three replicate sheepskin/wool samples for-
tified with the control formulation and nine
sheepskin/wool samples fortified with the sodi-
um monofluoroacetate containing formulation
were extracted with 1 M HCl to remove the
sodium monofluoroacetate residues. The pH
values of the sample extracts were less than 0.5
which allowed for direct quantitative comparison
to standard solutions of sodium monofluoroace-
tate in 1 M HCIl. No chromatographic interfer-
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ences were observed from the extraction of the
control samples. Recoveries of sodium mono-
fluoroacetate from samples fortified at 2.5, 50
and 100 mg were 85.5% (S.D.=2.2%, n=3),
80.0% (S.D.=5.8%, n=3) and 76.7% (S.D. =
2.5%, n=3) respectively. An analysis of var-
iance performed on these data demonstrated that
recovery did not vary significantly at the three
fortification levels. The lack of available wool
and skin samples precluded the analysis of more
than three replicate fortified samples.

Response linearity and limit of detection

Repeated injection of a 100 wg/ml sodium
monofluoroacetate and 50 wg/ml monochloro-
acetic acid in 1 M HCI solution typically pro-
duced detector response ratios with a relative
standard deviation of less than 2% from 5
consecutive injections. Response linearity was
demonstrated with two sets of six calibration
standards. The sodium monofluoroacetate con-
centration in the calibration standards ranged
from 5 to 200 wg/ml, and the internal standard
concentration was held constant at 50 wg/ml.
Each solution was injected in triplicate. The
monofluoroacetic acid/monochloroacetic  acid
detector response ratio was plotted as a function
of sodium monofluoroacetate concentration and
a linear regression analysis was performed on the
36-point data set.

Regression analysis generated a y-intercept of
0.002 and a slope of 0.007. The standard error of

TABLE 11

the y-intercept was 0.003 and the standard error
of the slope was 0.00002. The coefficient of
determination (r*) was 0.9996 which indicates a
linear relationship. Applying a 95% confidence
interval to the y-intercept data, it is found that
the y-intercept is not significantly different from
zero. Therefore, these data demonstrate that a
linear relationship exists between detector re-
sponse ratio and sodium monofluoroacetate con-
centration and that the ratio can be assumed to
be directly proportional to concentration over
the investigated range. As a result, a single-point
calibration was used to quantitate solutions con-
taining 5-200 pug/ml sodium monofluoroacetate.

The instrument limit of detection (ILOD) was
estimated from a monofluoroacetic acid chro-
matographic response which was approximately
10 times greater than the peak-to-peak noise in
the baseline of a chromatogram from a standard
solution. The ILOD was defined as the amount
of monofluoroacetic acid which would produce a
response corresponding to three times the peak-
to-peak noise. The instrument limit of detection
was determined to be 200 pg sodium mono-
fluoroacetate (200 ng/ml) when the mass-selec-
tive detector was operated in the SIM mode
(Table I, condition G).

Quality control results from sample analysis
This methodology was used for the determina-

tion of sodium monofluoroacetate residues on

sheepskin/wool samples collected during a pes-

RECOVERY OF SODIUM MONOFLUOROACETATE FROM QUALITY CONTROL SAMPLES

30- to 40-g wool and skin samples fortified with 50 mg sodium -monofluoroacetate.

Replicate Run
1(%) 2 (%) 3(%) 4 (%) 5(%) 6 (%) 7(%) 8(%)

1 83.2 81.6 88.3 76.8 79.8 76.3 89.4 85
2 85.7 79.5 87.7 97.3 79.7 76.4 91.8 77
3 87.6 82.0 85.1 85.8 - 84.5 87.2 82
4 - - - - - - 101 -
Mean % 85.5 81.0 87.0 86.6 79.8 79.1 92.4 81
S.D. (%) 2.2 1.3 1.7 10.3 - 4.7 6.1 4
R.S.D. (%) 2.6 1.6 2.0 11.9 - 59 6.6 5
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ticide registration study. Each time a set of
samples was analyzed, replicate quality control
samples were fortified with 50 mg sodium mono-
fluoroacetate. Analyte recovery for these sam-
ples is presented in Table II. Mean recoveries of
sodium monofluoroacetate from the quality con-
trol samples were in good agreement with the
recovery observed during method development.
The increased variability in the quality control
data from run 4 was attributed to deterioration
of the guard column. Replacement of the guard
column led to improved precision. The cause of
one high recovery value (run 7) was not iden-
tified.
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ABSTRACT

Supercritical fluid extraction (SFE) and hydrodistillation were compared as methods to extract essential oils from savory,
peppermint and dragonhead. Despite the high solubilities of essential oil components in supercritical CO,, the extraction rates
were relatively slow with pure CO, (ca. 80% recovery after 90 min). However, a 15-min static extraction with methylene chloride
as modifier followed by a 15-min dynamic extraction with pure CO, yielded high recoveries which agreed well with the results of
hydrodistillation performed for 4 h. Spike recovery studies demonstrated that compounds as volatile as monoterpenes can be
quantitatively (>90%) collected off-line from the SFE effluent. SFE recovered some organic compounds from each of the
samples that were not extracted by hydrodistillation, most notably C,,, C,,, C;,, and C,, n-alkanes.

INTRODUCTION

Supercritical fluids are receiving increasing
attention for performing analytical-scale extrac-
tions of samples ranging from environmental
matrices to food products because of the poten-
tial to perform rapid (often <30 min) extrac-
tions, to reduce the use of hazardous solvents,

* Corresponding author.

0021-9673/93/$06.00

and to couple the extraction step with gas, liquid
or supercritical fluid chromatography [1-3]. Re-
cently, supercritical fluid extraction (SFE) has
been applied to the determination of essential oil
components using both off-line SFE and SFE
coupled with GC [4-8]. While the majority of
reports have focussed on qualitative analysis,
SFE and SFE-GC have been demonstrated to
yield reasonable recoveries of spiked essential oil
compounds and reproducible recoveries of native
(not spiked) compounds [6,9]. However, high

© 1993 Elsevier Science Publishers B.V. All rights reserved
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recoveries of spiked compounds from aromatic
plants do not necessarily indicate high recoveries
of native compounds, since spiked compounds
are likely only associated with surface sites on
the plant matrix, while the native essential oils
are distributed throughout the plant material.

To further investigate the ability of SFE to
yield quantitative extractions of native essential
oil compounds, SFE recoveries from three
aromatic plants, savory [9], peppermint [10] and
dragonhead [11,12], were compared to those
obtained using hydrodistillation [13-15]. Both
the absolute quantities of each major essential
oil component (as mg extracted per gram of
plant tissue) and the distribution of the indi-
vidual compounds (as % composition of the
extracted essential oil) are compared in the SFE
and hydrodistillation extracts using capillary GC.
The use of organically modified CO, to increase
SFE rates is also described.

EXPERIMENTAL

Sample extractions

Three aromatic plants, savory (Satureja horten-
sis L.), dragonhead (Dracocephalum moldavica
L.) and peppermint (Mentha x piperita L.), were
used as received (air dried and coarsely ground).
All hydrodistillations were performed using trip-
licate 25-g portions of each sample for 4 h using
500 ml of water per extraction as previously
described [13-15]. Following hydrodistillation,
the extracted essential oils were quantitatively
transferred into a volumetric flask using several
rinses of methylene chloride and diluted as
appropriate for gas chromatographic analysis.

SFE was performed on replicate portions of
each sample using “SFE-grade” CO, (Scott
Specialty Gases, Plumsteadville, PA, USA) sup-
plied to an ISCO SFX-210 extraction unit by a
Model 260D syringe pump (ISCO, Lincoln, NE,
USA). All extractions were performed at 400
atm (1 atm = 101 325 Pa) and a temperature of
70°C. Stainless-steel extraction cells (2.5 ml)
supplied with the extraction unit were filled with
-each sample (500 mg) for all SFE studies. SFE
flow-rates were maintained at ca. 0.7 ml/min
(measured as liquid CO, at the pump) using
outlet restrictors made from 12 cm lengths of 32
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um ID. fused-silica tubing (Polymicro Tech-
nologies, Phoenix, AZ, USA) which were at-
tached to the extractor using a short (ca. 2 cm)
length of 1/16 in. (1 in. =2.54 cm) O.D. stain-
less-steel tubing and a “Swagelok” tubing union.
Since preliminary studies demonstrated that un-
heated restrictors frequently plugged (both from
water freezing at the restrictor outlet and from
extracted organic material at the restrictor inlet),
the restrictor heater previously described by
Burford et al. [16] was used at 100°C for all
extractions reported here. (The restrictor heater
sold with the ISCO unit was not available for this
study.) Except as otherwise noted, extracted
analytes were collected into 4 ml methylene
chloride placed in an 7-ml glass screw-top vial.
All extractions with pure CO, were performed
in the dynamic (continual flow) mode. The
extraction rates of individual compounds were
determined by collecting fractions at specific
time intervals during SFE, and analyzing in a
manner identical to that used for the other
extracts. All of the extractions performed with
the addition of organic modifier (either pesticide-
grade hexane, acetone or methylene chloride)
were performed by adding 0.5 ml of the modifier
to the sample in the 2.5 ml extraction cell and
immediately inserting the cell into the SFE unit
and pressurizing to 400 atm. The extraction was
then performed in the static mode for 15 min
(i.e., the outlet valve on the SFE unit was left
closed when the inlet valve was opened), then
the outlet valve was opened and the cell was
swept for an additional 15 min with CO, in the
dynamic mode. For the modifier experiments,
the extracted analytes were collected in 4 ml of
the same solvent as was used for the modifier.

Gas chromatographic analysis

All GC analyses were performed using a 12.5
m HP Ultra 1 column having a 0.2 mm L.D. and
a 0.33 um film thickness (Hewlett-Packard,
Avondale, PA, USA). GC-flame ionization de-
tection (FID) analyses were performed using a
Hewlett-Packard Model 5890 gas chromatograph
in the split mode with a temperature program of
50°C (hold for 2 min) followed by a temperature
ramp at 8°C min to 300°C. Quantitations were
based on the addition of dodecane as the internal
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TABLE 1
CONCENTRATIONS OF ESSENTIAL OIL COMPONENTS IN SAVORY BASED ON HYDRODISTILLATION AND SFE

Species Peak Hydrodistillation SFE, set 1 SFE, set 2
no.’

mg/g Composition mg/g Composition mg/g Composition

(%R.8.D.)" (%) (%R.S.D.)" (%) (%R.8.D.)" (%)
C,H, 1 0.13(10) 08=0.1 0.15(7) 0.7+0.0 0.13(7) 0.6+0.0
a-Pinene’ 2 0.19(9) 11+0.1 0.21 (6) 1.0+0.1 0.19(8) 0.9+0.1
B-Pinene’ 3 0.09 (10) 0.5+0.0 0.11(8) 0.5+0.0 0.10(7) 04+0.0
C,H,* 4 0.28(7) 1.6+0.1 0.33(7) 1.5+0.1 0.29(7) 13+0.1

6 5 0.46 (8) 2601 0.40 (14) 1.8+0.3 0.41(5) 1.9+0.1

p-Cymene* 6 1.25(7) 7.0£0.2 1.46 (3) 6.6x0.2 1.31(8) 5.9=0.5
v-Terpinene® 7 4.40(8) 246+1.1 5.08 (6) 229=+1.1 4.46 (8) 20.3*+1.6
C,H,,0,* 8 0.06 (51) 03+0.1 1.15(7) 4504 1.30(8) 52+04
Carvacrol® 9 12.14 (4) 59.5+1.5 14.31 (1) 55.9+1.0 14.85(0.2) 59.3x0.9°
C,H,,* 10 0.21(9) 1.0+0.1 0.30(5) 12201 0.31(4) 1.2+0.0
C,H,,* 11 0.22(4) 1.1+0.2 0.42(3) 1.6+0.1 0.44 (3) 1.7+0.0
C,H,,0,° 12 0.01(7) 0.1x0.0 0.49 (12) 1.9+0.2 0.48 (9) 1.9+0.2
Total 19.44 100 24.41 100 24.27 100

“ Peak numbers refer to the chromatogram in Fig. 1.
* Concentrations and percent relative standard deviations (%R.S.D.) were based on triplicate hydrodistillations performed on the
same day, and two triplicate sets of SFE extractions performed on two different days.
€ Composmons of each component were calculated for each individual extract, as the % (w/w) of the species listed in the table.
4 Tentative identification based on MS.
° Identification based on comparison of mass spectra and chromatographic retention times with those of standard compounds.

TABLE II
CONCENTRATIONS OF ESSENTIAL OIL COMPONENTS IN PEPPERMINT BASED ON HYDRODISTILLATION AND
SFE
Species Peak Hydrodistillation SFE, set 1 SFE, set 2
no.

mg/g Composition mg/g Composition mg/g Composition

(%R.S.D.Y (%) (%R.S.D.)" (%) (%R.S.D.)* (%)°
a-Pinene® 1 0.04 (4) 0.7+0.0 0.04 (8) 0.7+0.1 0.04 (4) 0.8+0.0
B-Pinene’ 2 0.09 (7) 1.4+0.0 0.07 (18) 1.3+£0.2 0.08 (18) 1.4x02
1,8-Cineole* 3 0.53(12) 73202 0.46 (4) 79+03 0.49 (8) 7.9+0.3
cis-Sabinenehydrate” 4 0.15(18) 21+£0.2 0.23 (6) 39+0.2 0.26 (12) 4.1x0.2
Menthone? 5 2.07(5) 28715 1.60 (6) 27512 1.70 (5) 27.4+14
Menthol® 6 3.33(12) 46.0+1.5 2.59(2) 44709 2.76 (8) 44+1.1
Menthylacetate® 7 0.31(3) 43x0.3 0.27 (11) 43x03 0.28 (5) 45x0.5
B-Carophyllene® 8 0.29(10) 4.0x0.1 0.22 (12) 3.8+0.5 0.24 (10) 39+0.1
C,H,, 9 0.26 (11) 3.6=0.1 0.23(4) 3.9+02 0.26 (16) 42+0.4
C,H,,* 10 0.14(13) 1.9x0.1 0.10 (14) 1.7+0.2 0.11 (23) 1.8+0.3
Total 7.21 100 5.81 100 6.22 100

“ Peak numbers refer to the chromatogram in Fig. 2.
* Concentrations and percent relative standard deviations (%R.S.D.) were based on triplicate hydrodistillations performed on the
same day, and two triplicate sets of SFE extractions performed on two different days.
Composmons of each component were calculated for each individual extract, as the % (w/w) of the species listed in the table.
“ Tentative identification based on MS.
° Identification based on comparison of mass spectra and chromatographic retention times with those of standard compounds.
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TABLE III
CONCENTRATIONS OF ESSENTIAL OIL COMPONENTS IN DRAGONHEAD BASED ON HYDRODISTILLATION
AND SFE
Species Peak no” Hydrodistillation SFE

mg/g (%R.S.D.)° Composition (% )° mg/g(%R.S.D.)’ Composition (%)°
Neral® 1 0.015 (46) 29+0.3 0.024 (2) 2703
Geraniol* 2 0.014 (40) 2501 0.030 (11) 33x0.1
Geranial® 3 0.021 (39) 38x04 0.063 (4) 7.1%+0.8
Thymol® 4 0.038 (40) 7.0=0.6 0.091 (11) 10220
Carvacrol’ 5 0.081 (48) 14916 0.123 (8) 13.7+2.0
Neryl acetate” 6 0.017 (34) 31+03 0.062 (5) 6.9+0.6
Geranylacetate® 7 0.360 (45) 65.8+1.1 0.511 (22) 56.1+5.6
Total 0.75 100 1.27 100

“ Peak numbers refer to the chromatogram in Fig. 3.

® Concentrations and percent relative standard deviations (%R.S.D.) were based on triplicate hydrodistillations and triplicate

SFE extractions.

¢ Compositions of each component were calculated for each individual extract, as the % (w/w) of the species listed in the table.

4 Tentative identification based on MS.

¢ Identification based on comparison of mass spectra and chromatographic retention times with those of standard compounds.

standard to each extract and on standard curves
generated from the pure standard compounds.
[When the pure compounds were not available
(as indicated in Tables I-III), the FID relative
response factors were estimated based on the
FID responses of the pure standards having the
same molecular formula.] GC-MS analyses were
performed using identical GC conditions on a
Hewlett-Packard Model 5989A GC-MS system.
Except as otherwise noted, all identifications
were based on comparisons of the mass spectra
and retention times of the pure standards with
those of the sample species.

RESULTS AND DISCUSSION

As noted above, the initial supercritical fluid
extractions were hampered by plugging of the
outlet restrictor which occurred intermittently
during SFE of each of the three samples. How-
ever, when the restrictor heater [16] was used to
heat the restrictor to 100°C, plugging from ma-
trix components was eliminated, although it was
important to ensure that the inlet end of the
restrictor (and not just the middle portion of the
restrictor) was heated. This arrangement heated
all of the restrictor except the outlet end of the

restrictor (ca. 4 cm) that was inserted into the
collection vial. Plugging at the restrictor outlet
(presumably from extracted water freezing at the
end of the restrictor) also occasionally occurred
as the solvent temperature dropped below 0°C
from the cooling effect of the expanding CO,.
This was easily avoided by simply placing the
collection solvent vial in a small beaker contain-
ing ca. 15 ml of room temperature water at the
beginning of the extraction.

The GC-FID chromatograms of the SFE and
hydrodistillation extracts from savory, pepper-
mint, and dragonhead are shown in Figs. 1-3
(peak identities are given in Tables I-1II) and, in
general, show the same major components as
would be expected from earlier reports [9-12].
Qualitatively, the chromatograms of the SFE
extracts were very similar to those from the
hydrodistillation extracts for all three samples,
although SFE did extract some additional species
from each of the samples (none of which were
present in SFE blanks). Most notably, all of the
SFE extracts contained plant wax odd-numbered
n-alkanes (primarily C,;, C,, C;; and C,;),
while none of these alkanes were detected in
significant quantities in any of the hydrodistilla-
tion extracts. (The presence of n-alkanes in the
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Fig. 1. GC-FID chromatograms of the SFE (top) and hydrodistillation (bottom) extracts of savory. Individual peaks are
identified in Table I (IS designates the internal standard). Chromatographic conditions are given in the text.

SFE extracts was also confirmed by the presence
of n-alkanes in liquid methylene chloride extracts
of the same plant materials.) While nearly all of
the additional species extracted by SFE were
relatively non-volatile and eluted much later
than the primary essential oil components (i.e.,
several minutes after the sesquiterpenes), the

SFE extract from savory contained significant
concentrations of two species (peaks 8 and 12 in
Fig. 1) which eluted with the primary essential
oil components (discussed later in the text).

Extraction with pure CO,
Preliminary development of the SFE condi-
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Fig. 2. GC-FID chromatograms of the SFE (top) and hydrodistillation (bottom) extracts of peppermint. Individual peaks are
identified in Table II (IS designates the internal standard). Chromatographic conditions are given in the text.

tions were performed using savory, with the goal
of obtaining quantitative (>95%) extraction of
the essential oils with an extraction time of 30
minutes. Since individual essential oil compon-
ents typically have high solubilities in supercriti-
cal CO, under the conditions used in this study,

it was hoped that pure CO, could be used for
quantitative SFE extractions. However, as
shown in Fig. 4 by the extraction rates of
carvacrol and vy-terpinene, SFE with pure CO, at
400 atm for 30 min only recovered ca. 75% of
the total extractable essential oil components.
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Fig. 3. GC-FID chromatograms of the SFE (top) and hydrodistillation (bottom) extracts of dragonhead. Individual peaks are

identified in Table III (IS designates the internal standard).

Even after 90 min of extraction with pure CO,,
ca. 15% of additional extractable components
remained in the savory matrix. Since the solubili-
ty of individual essential oil components is very
high (typically several %, w/w, ref. 17) and
since a 30-min extraction would utilize ca. 20 ml

Chromatographic conditions are given in the text.

of the supercritical CO,, the extraction rates
appear to be Kinetically limited (rather than
solubility limited) in a manner similar to that
previously described by a diffusion model for
SFE [18]. (Note that while the extraction rates
are described by the mathematics of the diffusion
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Fig. 4. Extraction rates of carvacrol and y-terpinene using pure CO,. Quantitative recovery (100%) was defined as the total
quantities of each component extracted by a combination of SFE for 90 min with pure CO, followed by an additional extraction
with methylene chloride modified CO, (15 min static followed by 15 min dynamic as described in the text).

model, matrix—analyte interactions and the re-
lated kinetics of the desorption process are likely
to fit the same mathematics, and appear more
likely to control SFE rates than diffusion of the
analytes in the matrix alone.) Because a primary
goal of the extraction method was to achieve
quantitative recovery with an extraction time of
no more than 30 min, the addition of organic
modifiers to the CO, was therefore evaluated.

Comparison of organic modifiers

The addition of organic modifiers to CO, can
be achieved either by utilizing a dual pumping
system, or by purchasing the modified CO, as a
pre-mixed fluid. A much simpler (and less expen-
sive) alternative is to simply add a measured
volume (0.5 ml in this study) of the modifier
directly to the extraction cell, an approach that
only requires one pump filled with pure CO,. To
ensure that the modifier was not rapidly swept
out of the extraction cell upon pressurization,
the initial extraction was performed in the static
mode (no flow out of the cell) after pressuriza-
tion with the CO, pump. After the 15-min static
extraction step, the outlet valve of the extractor
was opened and the extracted analytes were then
swept out of the cell with pure CO, for an

additional 15-min dynamic extraction (performed
in a manner identical to that used for the pure
CO, extractions discussed above).

While selection criteria for SFE modifiers are
not clear [3], we hoped to obtain high extraction
efficiencies using a modifier that has good
characteristics for subsequent GC injections, as
well as for efficient collection of the SFE-ex-
tracted analytes (19). Therefore, three modifiers
(hexane, acetone and methylene chloride) were
chosen for the initial modifier survey. To avoid
any potential GC injection problems that might
occur with mixed solvent systems, the SFE
extracts from the modifier survey were collected
in the same solvent as that used for the modifier.
Replicate samples of savory were sequentially
extracted three times with each modifier.

The relative extraction efficiencies (compared
to the yields from triplicate hydrodistillation
extractions) obtained after one and after three
sequential extractions with the three modifiers
are shown in Fig. 5. A single extraction with
hexane-modified CO, yielded poor recoveries
(ca. 40 to 60%), although three sequential ex-
tractions (a total extraction time of 90 min)
yielded recoveries similar to those obtained from
four hours of hydrodistillation. While the re-
coveries with acetone modifier were superior to
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Fig. S. Relative extraction efficiencies of representative essential oil components from savory using hexane, acetone and
methylene chloride modifiers in CO,. Three sequential extractions were performed with each modifier of replicat.e savory
samples. The bars indicate the quantity of the components extracted after one 15 min static/15 min dynamic extraction (30
min”") and after three sequential 15/15 min extractions (3 X 30 min”"). Extraction efficiencies are based on the amounts extracted

using hydrodistillation of triplicate samples.

the hexane modifier, three sequential extractions
were still required to obtain extraction efficien-
cies similar to those achieved using hydrodistilla-
tion. However, a single 30-min extraction (15
min static/15 min dynamic) with the methylene
chloride-modified CO, was sufficient to obtain
extraction efficiencies even higher than those
obtained using hydrodistillation. In addition,
three sequential extractions with methylene
chloride modifier failed to yield any significant
increase in the amounts of the essential oil
components that were extracted (Fig. 5). Since a
single extraction with methylene chloride-modi-
fied CO, yielded essentially quantitative extrac-
tion efficiencies with a total extraction time of
only 30 min, this method was used for all
subsequent extractions.

Collection efficiencies of volatile compounds
Many of the more volatile flavor and fragrance
compounds (e.g., monoterpenes) of interest in
this study have previously been shown to be lost
during off-line SFE when the extracted organics
are collected in liquid solvents, although with
careful choice of collection solvent conditions the
collection efficiencies of species such as a-pinene
have been increased to 90% [19]. If such losses

occurred during the dynamic SFE step because
of poor collection efficiencies, the resultant low
recoveries could mistakenly be blamed on poor
extraction (rather than poor collection) efficien-
cies. Therefore, the recoveries of spiked organics
(i.e., added to the sample rather than a native
component) using the methylene chloride-modi-
fied CO, procedure were measured to determine
if the extracted analytes were efficiently removed
from the extraction cell and efficiently trapped in
the collection solvent. Approximately 25 to 30
mg each of several representative flavor com-
pounds were spiked onto a savory sample that
had previously been exhaustively extracted (i.e.,
no detectable analytes remaining in the SFE
extracts) using four sequential methylene
chloride modified CO, extractions. The spiked
samples were then immediately extracted using
methylene chloride-modified CO, in the same
manner as that used for the normal samples (15
min static followed by 15 min dynamic SFE).
The average recoveries from three spiked sam-
ples were a-pinene (92%), y-terpinene (97%)
thymol (98%), eugenol (102%), geranyl acetate
(97%) and B-caryophyllene (102%), which dem-
onstrates that collection in 4 ml of methylene
chloride was sufficient for the compounds of
interest in this study.
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Comparison of SFE and hydrodistillation
extracts

Although the focus of this study was to de-
velop SFE conditions for essential oil compon-
ents, some interesting differences in the SFE
versus the hydrodistillation extracts were readily
apparent. First, the hydrodistillation extracts
were light yellow, while the SFE extracts were
dark green indicating the extraction of chloro-
phyll along with the essential oils (this was not
the case when using pure CO,, as the dark green
extracts only resulted from the modified CO,
extractions). Examination of the GC-FID chro-
matograms also showed the presence of odd-
numbered plant wax n-alkanes in the SFE ex-
tracts that were not detected in the hydrodistilla-
tion extracts (Figs. 1-3). The concentrations
found for these alkanes from the three test
samples are shown in Table IV, and are generally
lower than the major essential oil components of
savory and peppermint, however the n-alkanes
have concentrations similar to the most concen-
trated flavor compound (geranial acetate) from
dragonhead (Table III). Kinetic plots similar to
those shown in Fig. 4 demonstrate that these
alkanes are extracted more rapidly with pure
CO, than the essential oil components, which
might be expected since plant waxes are found
on the tissue surface. While these alkanes do not
interfere with the determination of the essential
oil components by GC-FID, their presence in
the SFE extracts requires that higher final chro-
matographic temperatures be used to ensure
their removal from the GC column.

TABLE 1V

CONCENTRATIONS OF n-ALKANES EXTRACTED BY
SFE FROM SAVORY, PEPPERMINT AND DRAGON-
HEAD

Concentration (mg/g plant tissue)

Savory Peppermint Dragonhead
Heptacosane (C,,) 0.09 0.05 0.13
Nonacosane (C,,) 0.17 0.11 0.48
Untriacontane (C,,)  0.33 0.22 0.77
Tritriacontane (C;;)  0.35 0.32 0.61
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The quantities of each of the major flavor and
fragrance compounds extracted using hydrodistil-
lation and SFE are shown in Tables I-III. The
quantitative reproducibilities of the two extrac-
tion techniques were similar for savory and
peppermint (Tables I and II), however, SFE
yielded much better quantitative reproducibili-
ties for the dragonhead sample. (It must be
noted that the relative standard deviations shown
in Tables I-III are based on the mg/g tissue of
each extracted species, and not on the percent
composition data. RSDs based on the percent
composition for each extract are typically lower,
e.g., 2 to 11% for the hydrodistillation extracts
of dragonhead compared to ca. 40% for the
mg/g data.) Initially there was concern that the
relatively small samples used for SFE (0.5 g)
might not be representative of the bulk sample.
However, the RSDs obtained using SFE clearly
demonstrate that the 0.5-g samples were suffi-
ciently large to be representative of the bulk
sample, since SFE obtained similar (or better)
reproducibilities than hydrodistillation per-
formed using 20-g samples. In addition, since the
RSDs obtained from replicate GC analyses of
single extracts were typically <2%, these results
demonstrate that the quantitative variations
shown in Tables I-III result from the extraction
processes, and are not a result of sample in-
homogeneity or the GC analysis.

SFE extracted slightly higher quantities of all
of the species from savory than hydrodistillation

- (Table I), while SFE extracted slightly lower

quantities from peppermint (Table II). The
average amounts of the essential oil components
extracted from dragonhead were much higher
using SFE. However, the total quantity of essen-
tial oils available in dragonhead for extraction is
much lower (ca. 1 mg/g tissue) than those
available from savory and peppermint (ca. 20
and 6 mg/g, respectively), which makes quan-
titative recovery of the extracted oils from the
hydrodistillation apparatus difficult. Although
care was taken to recover all of the oil from the
hydrodistillation (using solvent washes), it is
likely that the lower apparent recoveries (and the
poorer quantitative reproducibility based on the
mg/g data) shown for the hydrodistillation of
dragonhead is a result of an inability to quantita-
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tively recover the relatively small amounts of
essential oil from the hydrodistillation apparatus.

When the extraction results are compared
based on percent composition of the extracted
essential oil, all three samples showed good
agreement between the SFE and hydrodistilla-
tion extracts (Tables I-III), with the exception
of some very low concentration species (e.g.,
< 0.1 mg/g) such as geranial and neryl acetate
(from dragonhead, Table IIT) which showed ca.
two times higher concentrations in the SFE
extracts. The most significant difference found
between the SFE and hydrodistillation extracts
from all three samples used in this study was the
relative concentrations of peaks 8 and 12 in the
savory extracts [tentatively identified by MS as a
hydroxy- and methoxy-substituted phenyl pro-
pene isomer, C,H,,0, (M,=164), and a
C,H;,0, (M, = 166) isomer, respectively]. Both
of these species were found at concentrations 15
to 20 times higher in the SFE extracts than in the
hydrodistillation extracts (Table I), possibly
because hydrodistillation was not effective for
their extraction (as was the case for the n-al-
kanes). Alternatively, hydrodistillation has been
shown to cause degradation of some essential oil
components from exposure to high temperatures
and atmospheric oxygen [13] resulting in poor
recoveries. To determine whether these two
species were poorly extracted or degraded during
hydrodistillation, a 0.5-g portion of the savory
residue (after hydrodistillation) was extracted by
SFE. The SFE extract contained both species (as
well as small amounts of carvacrol and the two
sesquiterpenes, and all of the n-alkanes). How-
ever, the quantities of the two species that were
recovered were <1/3 of those expected based
on SFE of the original savory samples, indicating
that some degradation of those species during
hydrodistillation may have occurred.

The similarity in composition seen for the
more volatile compounds (e.g., monoterpenes) in
Tables I-III was particularly interesting since it
was initially suspected that the hydrodistillation
technique could result in significant losses of
such volatile species during the four hour extrac-
tion. However, since the spike recovery study
discussed above demonstrated the ability of SFE
to quantitatively collect monoterpenes, and since
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the SFE and hydrodistillation extracts showed
very similar distributions of the volatile com-
ponents, the results of this study suggest that
hydrodistillation does not result in significant
losses of the more volatile essential oil com-
ponents.

CONCLUSIONS

SFE provides a rapid and quantitative method
for extracting essential oils from aromatic plants
that compares favorably with the results of
hydrodistillation. While essential oil components
generally have high solubility in pure supercriti-
cal CO,, the addition of an organic modifier
(methylene chloride) greatly increased the ex-
traction rates indicating that matrix—analyte
interactions are more important than bulk solu-
bility for controlling SFE extraction rates and
recoveries.
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ABSTRACT

The feasibility of employing peroxyoxalate chemiluminescence (PO-CL) detection in capillary electrophoresis (CE) was
demonstrated using a two-step approach for the CE separation and dynamic elution (elution under pressure) of the analytes. In
this approach, potential problems associated with incompatibilities between mixed aqueous—organic solvent and electrically
driven separation systems were avoided by switching off the CE power supply at an appropriate time and connecting the CE
capillary to a syringe pump to effect dynamic elution. The effects of dynamic flow-rate and PO-CL reagent concentration on the
CL signal intensity and/or peak width were examined for the measurements of three dansylated amino acids. The average limit of
detection for these analytes using this PO-CL method is about 1.2 fmol (ca. 85 nM) which is approximately 35-fold lower than UV

absorption methods.

INTRODUCTION

Due to the small sample volume requirement
in capillary electrophoresis (CE), the develop-
ment of new detection methods capable of
providing improvements in limits of detection
(LOD) is an important area of research. A wide
range of method based on well-known detection
principles have been demonstrated to be quite
useful for CE, including UV absorption [1-3],
fluorescence [4-6], mass spectrometry [7,8], con-
ductivity [9] and electrochemistry [10,11].
Among these methods UV absorption is the most
popular because most organic analytes possess
high molar absorptivities at the 210-nm region;
nevertheless, UV absorption method lacks sen-
sitivity primarily due to the short optical path-
length available across the capillary column. To
achieve significant gain in LOD, detection meth-
ods based on phenomena of high inherent sen-
sitivity, such as fluorescence, should be used. For

* Corresponding author.
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example, using a laser for fluorimetric excitation,
detection of zeptomole (10~>' mol) quantities of
analytes has been reported [5,6]. However,
laser-induced fluorescence methods possess some
disadvantages, such as the presence of significant
background noise, e.g., Rayleigh and Raman
scattering generated by the high-intensity laser,
and the high price and complexity of most laser
systems. These particular disadvantages could
be, however, largely overcome by performing
fluorescence measurements via chemical excita-
tion, i.e., the generation of fluorescence in which
the electronically excited state of the molecule is
provided by a chemical reaction (chemilumines-
cence).

Chemiluminescence (CL) has been shown to
be a highly sensitive method for detection in
conventional [12,13] and microcolumn [14] high-
performance liguid chromatography (HPLC).
Recently the feasibility of using CL as a detec-
tion scheme in CE has been demonstrated as
well using the luminol CL system for the sensi-
tive detection of two luminol derivatives [15]. It
should be noted that, however, among the most

© 1993 Elsevier Science Publishers B.V. All rights reserved
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common CL systems, e.g., luminol, lucigenin
and the peroxyoxalate (PO)-CL reaction, the
PO-CL system has been most widely used for
post-column detection in HPLC [16]. The popu-
larity of the PO-CL reaction, which is based on
the oxidation of an oxalate derivative in the
presence of a suitable fluorophore, is in part due
to its high quantum efficiency and, perhaps more
importantly, its ability to excite a wide range of
different fluorophores when compared to other
CL systems. Although the use of organic sol-
vents is required in most common applications of
PO-CL detection in HPLC involving reversed-
phase columns due to the low solubility and
instability of most oxalate derivatives in aqueous
solutions, the post-column addition of PO-CL
reagents to the column effluent containing the
fluorophores to generate CL emission can be
achieved with excellent sensitivity while main-
taining good separation performance under op-
timized experimental conditions [17]. The in-
volvement of mixed aqueous—organic solvent
systems, however, could present some major
difficulties in the use of PO-CL reaction as a
detection scheme in CE due to, for examples,
the influence of organic solvents on the migra-
tion behaviors of the analytes, which are strongly
dependent on their mobilities in the aqueous
electrophoretic buffer, and the possible effect of
high electric field strength on the stability of the
PO-CL reagents [18].

Camilleri et al. [19] have recently demonstra-
ted that CE separation of proteins and peptides
followed by elution under pressure (dynamic
elution) can be achieved with little loss of resolu-
tion, thus allowing the possible use of CE as a
micropreparative technique. In this paper a
similar two-step approach, involving switching
off the CE power supply at an appropriate time
and connecting the capillary to a syringe pump to
effect dynamic flow, was demonstrated for the
post-column detection of analytes in CE using
the PO-CL reaction. Using dynamic elution,
potential problems associated with incom-
patibilities between mixed aqueous-organic sol-
vent and electrically driven separation systems
are avoided. The effects of dynamic flow-rate
and PO-CL reagent concentration on the CL
signal intensity and/or peak width were ex-
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amined for the measurements of three
dansylated (Dns)-amino acids. LOD obtained
using the present PO-CL method were compared
to those of UV absorption method.

EXPERIMENTAL

Chemicals

Bis-(2,4,6-trichlorophenyl)oxalate (TCPO)
was prepared using the procedures described by
Mohan and Turro [20]. Dns-Glycine, Dns-L-ar-
ginine and Dns-L-leucine were purchased from
Sigma (St. Louis, MO, USA). Hydrogen perox-
ide (30%) and all other chemicals were of
analytical grade from Aldrich (Milwaukee, WI,
USA). TCPO was dissolved in ethyl acetate and
hydrogen peroxide was diluted with acetonitrile.
All buffer solutions were made with distilled and
deionized water.

Apparatus

CE separation was performed with a labora-
tory-built instrument consisting of an acrylic box
designed with a safety-interlocked door to pre-
vent operator contact with a+30 kV high-vol-
tage power (Glassman High Voltage, Whitehouse
Station, NY, USA), which was connected to the
buffer reserviors with platinum electrodes to
effect CE separation. For on-line UV absorption
detection, a detection window was created by
burning off a small section of the polyimide
coating at 40 cm from the anodic end of the
electrophoretic capillary (55 cm X 75 pm LD. X
144 um O.D.) purchased from Polymicrotech
(Phoenix, AZ, USA). Absorption of analytes
which migrate pass the detection window was
measured using a Spectra 100 UV-Vis detector
set at 210 nm (Spectra-Physics, San Jose, CA,
USA). For post-column CL detection, a post-
column reactor which consisted of various fused-
silica capillaries held within a Swagelock stain-
less-steel tee and a detection cell was con-
structed.

Fig. 1 shows a schematic diagram of the post-
column reactor. One arm of the tee contained
the electrophoretic capillary which was inserted
into the reaction capillary (10 cm X200 pm
I1.D. X400 um O.D.; Supelco, Bellefonte, PA,
USA) situated at the opposite arm of the tee.
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Fig. 1. Cross-sectional view of the post-column reactor.

The tee was connected to the detection cell via
an adaptor and both the electrophoretic and
reaction capillaries were inserted into the detec-
tion cell through the inner core of a PTFE tubing
(400 pm I1.D. x 1.5 mm O.D.), which served to
protect the thin and fragile wall of the fused-
silica capillaries. The reaction capillary extended
from the tee through the entire length of the
detection cell whereas the electrophoretic capil-
lary terminated at a fixed distance near the
center of the detection cell; an outlet capillary
with smaller dimensions (20 cm X 100 um I1.D. X
195 um O.D., Polymicrotech) was inserted into
the opposite end of the reaction capillary to
create a restricted area adjacent to the terminat-
ing end of the electrophoretic capillary to allow
for mixing of the PO-CL reagents and column
effluent containing analytes to occur within this
post-column region. Two reagent capillaries (15
cm X 75 pum I[.D.x144 pum O.D., Polymi-
crotech) inserted into the central arm of the tee
were used to deliver the PO-CL reagents (TCPO
and H,0,) intc the mixing area through the

Reagent capillaries

small gaps that exist between outer surface of the
electrophoretic capillary and inner surface of the
reaction capillary. Dynamic elution of electro-
phoretic buffer and transport of the PO-CL
reagents under pressure were achieved using two
Sage syringe pumps (Model 341B; Orion, Bos-
ton, MA, USA).

To detect CL emission generated within the
post-column mixing region, a detection window
on the reaction capillary was made by burning
off 2 mm length of the polyimide coating. The
CL emission was collected via one end of an
optical fiber bundle: 61 cm long X 1.6 mm diam-
eter with a numerical aperture of 0.55 and an
acceptence angle of 68° (Part No. 77520; Oriel,
Stratford, CT, USA) situated directly above the
detection window, and the other end of the fiber
bundle was interfaced to the detection system.
The CL emission was isolated by a 10-nm band-
pass filter centered at 520 nm (Corion, Holiston,
MA, USA) and was detected using a photomulti-
plier tube (Model 9558B; EMI, Plainview, NY,
USA) operated “at voltage between 700 and 800



312

V. The photocurrent was fed to a picoammeter
(Model 7080, Oriel) and the signal was recorded
on an integrator (Chromjet, Spectra-Physics).

Procedures

The CE separations were performed with a 20
mM sodium borate buffer (pH 8.9). Dns-amino
acid stock solutions were prepared by dissolving
appropriate amounts of the analytes into the
buffer solutions. After making serial dilutions to
obtain the desired concentrations, the sample
solutions were electrokinetically injected into the
CE system at the anodic end by applying 9 kV
for 5 s. The electrophoretic capillary was treated
by purging with 0.05 M NaOH for about 0.5 h
and then rinsed with the run buffer for 2 h
before use.

The CE separation of analytes followed by
dynamic elution was accomplished by first turn-
ing on the power supply at 16.5 kV for 3.2 min.
During this time, the syringe pump connected to
the reagent capillaries was turned on momentari-
ly to provide a fresh supply of PO-CL reagents
into the post-column mixing region. After 3.2
min, both the reagent supply pump and high-
voltage power supply were turned off. The
anodic and cathodic ends of the electrophoretic

120
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capillary were then removed from buffer re-
serviors and attached to a syringe pump and one
arm of the tee as shown in Fig. 1, respectively.
Immediately afterward, delivering of the PO-CL
reagents was resumed and dynamic elution of the
analytes was started by turning on the two
separate syringe pumps that were adjusted to the
appropriate flow rates.

RESULTS AND DISCUSSION

One of the most important factors which limits
detectabilities in PO-CL based HPLC systems is
that without the presence of fluorescent analytes,
a relatively low background CL signal can be
detected when the column effluent is mixed with
the PO-CL reagents [13,21]. Recent evidence
suggests that this background signal may arise
from reaction intermediates and/or products of
the PO-CL reaction, and its intensity can be
influenced by various experimental factors
[17,22]. We found that the flow-rate of the PO-
CL reagents (TCPO and H,0,) affected the
background signal intensity as follows: at 2.5
pl/min or lower, the background current was
found to remain relatively constant at 2.5 nA ,
and it increased by a factor of about 2 at flow-
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Fig. 2. Effects of (a) TCPO and (b) H,O, concentrations on the relative CL intensity of 54 uM of Dns-L-leucine. The
corresponding concentrations of TCPO and H,0, in (a) and (b) were fixed at 5 mM and 0.29 M, respectively. Dynamic elution

and PO-CL reagents flow-rate were set at 1.7 wl/min.
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rates higher than 4 ul/min (dynamic flow-rate of
the CE running buffer was kept at an optimum
rate of 1.7 ul/min, see below). Using a flow-rate
of 1.7 ul/min for both the CL reagents and
running buffer, Fig. 2a and b shows that the
concentrations of TCPO and H,O, which
produced the highest CL intensity for the post-
column detection of Dns-L-leucine were found to
be 5 mM and 0.3 M, respectively.

A major concern in using the present ap-
proach is that after CE separation, peak
broadening due to diffusion and/or other proces-
ses may occur, resulting in loss of resolution
during the dynamic elution process. Fig. 3 shows
the effects of flow-rate due to dynamic elution on
the relative peak width (measured at the
baseline) of three Dns-amino acids after CE
separation. When compared to the normalized
peak width of these analytes separated by CE
‘without the influence of dynamic elution and
detected by UV absorption detection method
(Fig. 3: relative peak width=1, at flow-rate =
0), it can be seen that broadening of the peak
widths indeed occurred at a flow-rate of 1.2
wl/min. This broadening effects were reduced
significantly as a result of an increase in the
flow-rate, with the peak widths approaching
those obtained without dynamic elution after
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Fig. 3. Effects of flow-rate due to dynamic elution on relative
peak width (at baseline) of three Dns-amino acids: (a) Dns-
L-argenine = 1.24 uM; (b) Dns-L-leucine = 1.08 M and (c)
Dns-glycine = 1.26 uM. Flow-rate for the PO-CL reagents
was 1.7 ul/min and the respective concentrations for TCPO
and H,O, were 4.5 mM and 0.29 M.
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about 2 u1/min; however, it should be noted that
in conjunction with the decrease in peak
broadening a loss in separation selectivity was
found at higher flow-rates. Fig. 4 shows the
effects of flow-rate due to dynamic elution on the
relative CL intensity of three Dns-amino acids. It
is clear that optimal CL intensity occurred at
lower flow-rates (<1.5 wl/min) and started to
decrease significantly, in particular for Dns-
L-leucine and Dns-glycine, at flow-rates higher
than ca. 1.7 wl/min. Importantly the results
obtained in Figs. 3 and 4 indicated that in
choosing a flow-rate for dynamic elution of the
three Dns-amino acids, a compromise has to be
made between separation and detection perform-
ance, and it appears that the optimum flow-rates
fall in the range between ca. 1.5 and 2.0 pl/min.

Using the optimized conditions that have been
determined for the flow-rates and PO-CL reag-
ent concentrations, the separation and detection
characteristics of the three Dns-amino acids after
CE separation followed by dynamic elution and
post column PO-CL detection are shown in Fig.
5a. For comparison purposes, Fig. 5b shows the
CE separation and detection of the same Dns-
amino acids without the influence of elution
under pressure and using on-line UV absorption
method. It can be seen that although the peak
widths of the three analytes were broadened as a
result of dynamic elution and post-column CL
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Fig. 4. Effects of flow-rate due to dynamic elution on the
relative CL intensity of (a) Dns-L-argenine, (b) Dns-L-leucine
and (c¢) Dns-glycine. Experimental conditions were as in
Fig. 3.
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Fig. 5. (a) CE separation of (1) 1.24 uM of Dns-L-argenine;
(2) 1.08 uM of Dns-L-leucine and (3) 1.26 uM of Dns-
glycine followed by dynamic elution and PO-CL detection.
Dynamic elution and PO-CL reagents flow-rate were set at
1.7 ul/min. Concentrations of TCPO and H,0, were 4.5
mM and 0.29 M, respectively. The arrow indicates the time
at which the high-voltage power supply was turned off. (b)
CE separation of (1) 62 M Dns-L-argenine; (2) 54 uM of
Dns-L-leucine and (3) 63 uM of Dns-glycine and detected
using on-line UV absorption method.

reaction (baseline peak widths increased by a
factor of about 3 to 4 at a flow-rate of 1.7 x1/min
as shown in Fig. 3), the separation of all the
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Dns-amino acids can still be achieved with
baseline resolution. The advantage of the pres-
ent method is in the improvement of LOD using
the PO-CL system for sensitive detection. When
compared to UV absorption detection, Table I
shows an improvement factor of 1 to 2 order of
magnitude in mass or concentration LOD was
achieved for the measurements of the three Dns-
amino acids using the present method. Average
relative standard deviation (n=3) on peak
height for the three dansyl amino acids measured
using the PO-CL method as shown in Fig. 5a was
about 4.1%.

In conclusion we have demonstrated the
feasibility of using the PO-CL system for the
post-column detection of analytes after CE sepa-
ration followed by elution under pressure. Clear-
ly, more investigations are needed to optimize
the various experimental factors which affect
detection and separation performance using the
present method. For examples, the use of deu-
terated running buffer may minimize the loss of
resolution due to slower rate of analyte diffusion
within the higher viscosity buffer solution [19];
modifications of the volume and geometry of the
detection cell and connecting hardware may lead
to less dispersion and/or higher degree of mixing
between analytes and reagents; and also, the
change in temperature, pH and the addition of
catalyst and organic modifiers may affect CL
efficiency and/or kinetics. Many of these factors
have already been investigated in detail for the
optimal determination of analytes in post-column
HPLC systems involving the PO-CL reaction
(12,17] and the knowledge gain in this area could
be directed toward the improvements of separa-

TABLE I

COMPARISON OF CONCENTRATION AND MASS
DETECTION LIMITS BETWEEN ABSORBANCE AND
CHEMILUMINESCENCE DETECTION METHODS

Dns-Amino acid LOD (S/N=3)

UV absorption PO-CL

42 fmol (2.4 uM)
32 fmol (2.3 uM)
50 fmol (3.8 uM)

1.2 fmol (71 nM)
1.0 fmol (69 nM)
1.5 fmol (114 nM)

Dns-L-Argenine
Dns-L-Leucine
Dns-Glycine
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tion and detection performance using dynamic
elution and PO-CL detection in CE.
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ABSTRACT

Fully automated derivatization prior to separation and the separation conditions were established for the determination of
p-valine in an excess of L-valine by preseparation derivatization with o-phthalaldehyde and N-acetylcysteine, separation of the
resulting diastereomers by micellar electrokinetic capillary chromatography and absorbance detection. The precision and
detection limit with absorbance detection are a factor of three worse than those achieved with HPLC and fluorimetric detection.
The application of the method at high enantiomeric excess or with chemically impure samples is limited by the detector of the

instrument.

INTRODUCTION

High-voltage capillary electrophoresis (CE) is
a very efficient separation technique that suffers
from a lack of detector sensitivity, but derivatiza-
tion is a means of improving this. Postcolumn
derivatization in CE has been shown to be
feasible, but peak broadening in the reactor
diminishes the efficiency benefit of CE [1].
Precolumn (preseparation) derivatization is an
alternative that does not affect the efficiency.

In high-performance liquid chromatography
(HPLC) the introduction of instrumentation for
fully automated sample handling brought both
the precision and the ease of use of precolumn
derivatization within acceptable levels. This
made precolumn derivatization in HPLC a popu-
lar technique and numerous suitable reagents for
several functional groups are now available.

An analysis that is routinely performed in our
laboratories by HPLC with automated pre-

* Corresponding author.
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column derivatization is the determination of the
enantiomeric purity of amino acids and their
derivatives. The enantiomers are made to react
with a chiral reagent and the resulting dias-
tereomers are separated by reversed-phase
HPLC. Several of these diastereomeric deriva-
tives can be separated with equivalent resolution
in a shorter time by micellar electrokinetic capil-
lary chromatography (MECC) on a CE instru-
ment [2]. Therefore, it can be expected that in
CE the automation of preseparation derivatiza-
tion will be at least as important as in HPLC. A
prerequisite is that the instrumentation and re-
agents are generally available in sufficiently pure
form and do not have to be assembled or
synthesized, respectively.

The benefits of fully automated preseparation
derivatization on a CE instrument are not lim-
ited to derivatization with chiral reagents or
analyses of chiral compounds but stem from the
increased precision and convenience of automa-
tion of the derivatization compared with manual
operation on the one hand and the resolution
that can be obtained when separating on a

© 1993 Elsevier Science Publishers B.V. All rights reserved
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capillary system with voltage instead of pressure
as a driving force on the other.

In this paper we focus, as an example, on the
determination of p-valine in an excess of L-valine
by preseparation derivatization, separation by
MECC and absorbance detection.

EXPERIMENTAL

A P/ACE System 2050 (Beckman, Palo Alto,
CA, USA) performed both the precolumn de-
rivatizations and the separations and detection.
To verify the concentrations used for the calibra-
tion graph of the P/ACE detector, the absorb-
ance at 470 nm of solutions of potassium dichro-
mate of different concentrations were measured
in a 1-mm cell on a Lambda 15 spectrophotome-
ter (Perkin-Elmer, Norwalk, CT, USA). The
calibration graph was then obtained, based on
the assumption of a negligible effect of stray light
for the lowest concentrations used.

The HPLC system used to determine the
absorptivity of derivatives of several reagents at
the wavelengths available with the P/ACE
system, consisted of Gilson (Villiers-le-Bel,
France) Model 305/302 pumps, a Rheodyne
(Cotati, CA; USA) Model 7125 injector, a 50 x
4 mm 1.D. Nucleosil 120-5-C,; column (Mach-
erey—Nagel, Diren, Germany) and a Waters
Model 990 diode-array detector (Millipore, Bed-
ford, MA, USA). The eluent was a gradient
from 10 to 90% acetonitrile in 10 mM phosphor-
ic acid in 18 min at a flow-rate of 1 ml/min.
L-Serine was employed as a test compound.

The reagents used in the absorptivity experi-
ment were 1,2-phthalic dicarboxaldehyde (OPA)
(Janssen, Beerse, Belgium) with N-acetylcysteine
(NAC) (Janssen) [3] or N-acetyl-p-penicillamine
(NAP) (Fluka, Buchs, Switzerland) [4] as a
chiral thiol, 2,3,4,6-tetra-O-acetyl-B8-D-glucopy-
ranosyl isothiocyanate (GITC) (Polysciences,
Warrington, PA, USA) [5], 1-fluoro-2,4-dinitro-
phenyl-5-p-alanineamide ~ (Marfey’s reagent)
(Pierce, Rockford, IL, USA) [2] and (+)-1-(9-
fluorenyl)ethyl chloroformate (Flec) (Fluka) [6].
Each reagent was added sub-stoichiometrically
to prevent interference from unreacted reagent.

The sample solution consisted of the indicated
concentration of (total) amino acid in 0.12 M
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boric acid adjusted to pH 9.4 with 1 M sodium
hydroxide solution.

The reagent solution was made by addition of
14 mg of OPA and 17 mg of NAC to a solution
of 17% (v/v) ethanol and 83% aqueous 0.12 M
boric acid. This reagent solution was adjusted to
pH 9.4 with 1 M sodium hydroxide solution.

All other chemicals were of analytical-reagent
grade (Merck, Darmstadt, Germany). All water
was filtered through a Milli-Q apparatus (Milli-
pore) and all solutions were filtered through a
0.22-um nylon filter before use.

The eluting buffer for MECC was prepared by
dissolving 0.1% (w/w) methylhydroxyethylcellu-
lose 30000 (MEC) (Serva, Heidelberg, Ger-
many) and sodium dodecyl sulphate (SDS) to a
0.1 M concentration in 0.58 M acetic acid and
adjusting the pH to 3.7 with 1 M tris(hydroxy-
methyl)aminomethane (Tris) (USB, Cleveland,
OH, USA).

Owing to the high limit of detection with the
UV detector, a high concentration of analyte has
to be used, which necessitates a high buffer
capacity during the derivatization, which in turn
demands a high ionic strength of the separation
buffer. The low mobility of Tris keeps the
conductivity-to-buffer-capacity ratio of the
eluent to a minimum. The peak symmetry and
selectivity for the OPA-NAC derivatives is ex-
cellent at pH 3.7. A benefit of using 0.1% MEC
and buffering at pH 3.7 is the stability of the
retention times: the electroendosmotic flow is
suppressed and the (negative) electrophoretic
mobility of the derivatives dictates the retention.

Each new capillary was conditioned by a 10-
min rinse with 1 M sodium hydroxide solution
followed by several elongated blank runs. When
the retention times of the derivatives do not
decrease in consecutive runs the capillary is
ready for use (if the electroendosmotic flow is
still too large, no peaks may be detected at all).

RESULTS AND DISCUSSION

Detector linearity

The sensitivity of an absorbance detector is
approximately proportional to the path length of
the incident radiation in the detector. In CE this
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path length is the diameter of the separation
capillary, which is about 1% of the path length in
a standard HPLC detector. This limits the
dynamic range on the low absorbance side; stray
light is the limiting parameter in the high absorb-
ance region.

The percentage of stray light, S, can be calcu-
lated with the equation

0.26

0.05
AU

0.19 b

0.13

A—

0.06 -

0.00 I 1 ] ! 1 1 | 1 |
0.00 2.50 5.00 7.50 10.00 12.50
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Fig. 1. Calibration graph to test the linearity of the absorb-
ance detector. (b) Graph without stray light; (@) other
experimental data.

TABLE I
ABSORPTIVITY OF DIFFERENT DERIVATIVES
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(") = o8| 7y 75
OB\ P’/ T8 (PIP) + S

where P,=power of the incident beam, P =
power of the exit beam, without stray light, and
P’ = power of the exit beam.

A calibration graph with potassium dichro-
mate was obtained using the P/ACE system, a 50
pm L.D. capillary and a detector wavelength of
340 nm (Fig. 1). About 18% of stray light is
present and correction for non-linearity is neces-
sary above 0.1 absorbance. (The wide absorb-
ance bands of potassium dichromate make the
effect of band width on the non-linearity of the
detector negligible.)

Derivatization reagent

An increasing number of chiral reagents are
commercially available. To make a selection we
determined the absorptivity at five wavelengths
of five reagents for derivatization of (primary)
amines that are available to us. The results are
given in Table I. Several derivatives show con-
siderable absorptivity at 214 nm; unfortunately,
possible interferences are likely to absorb in this
low-UV region also. Marfey’s reagent has the
most favourable spectral characteristics. More-
over, this reagent has been shown to result in
exceptionally good enantioselectivities on MECC
separation systems [2]. However, with the pres-
ent P/ACE system the implementation of the
automated derivatization with Marfey’s reagent
requires elevated temperature or very lengthy
derivatization times, so to demonstrate the
feasibility of precolumn derivatization the fast

Reagent Molar absorptivity X107 (I mol™" em™)

200 nm 214 nm 254 nm 280 nm 340 nm
OPA-NAC 23.7 31.7 10.7 4.0 10.6
OPA-NAP 26 31.5 13.3 4.7 13.3
GITC 17 7.9 3.8 1.6 0.5
Marfey’s reagent 19 10 5.7 5.7 25
Flec 38 36 16 9.5 0
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reaction of p,L-valine with OPA-NAC was
chosen [3,7].

Reaction conditions

The full programme used for automatic de-
rivatization and separation is given in Table II.

First a capillary volume of sample is taken
(step 3), analogous to the precise method of
complete loop filling in HPLC [8]. Then a timed
amount of reagent is flushed backwards at fixed
pressure together with the sample into a micro-
vial (step 5) and a stream of nitrogen is used to
mix the contents of the microvial during the
reaction (step 7). The electrophoresis buffer is

TABLE II

PROGRAM FOR AUTOMATED DERIVATIZATION
FOLLOWED BY SEPARATION OF THE DERIVATIVES

Inlet vial® Contents Outlet vial Contents

1 Separation 1 Separation
. buffer buffer

12—x Analyte 2 Water

(x+1)-31 Empty 3 Reagent

microvial
33 Water 4 Water
34 © Water 8 Empty
10 Empty

Display Channel A with grid lines

Time: 0.00 to 10.00 Minutes

Channel A: -0.005 to 0.040 Absorbance

STEP PROCESS DURATION  INLET OUTLET  CONTROL SUMMARY

1 SET DETECTOR U¥: 340 nm Rate: 10 Hz

Normal Rise Range: (0200 -10%

Zero 2.0 min.

2 SET TEMP Temp: 25 °C

3 RINSE 2.0 min 12 8 Forward: High Pressure

4 WAIT 0.0 min 33 2

§ RINSE 1.5 min 22 3 Reverse

6 WAIT 0.0 min 22 4

7 RINSE 1.0 min 22 10 Reverse

8 WAIT 0.0 min 34 10

9 RINSE 1.9 min 11 10 Forward: High Pressure

10 INJECT 25.0s 22 10 Pressure

11 SEPARATE 10.0 min 11 1 Constant Voltage: 30.00 kv
Current Limit: 100.0 uA
Integrater On/Off

12 RINSE 3.5 min 11 10 Forward: High Pressure

“ x =21 for single analysis of ten samples; x = 16 for triplicate
analysis of five samples, etc.
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introduced into the separation capillary (step 9),
injection takes place (step 10) and in addition to
the separation (step 11) the capillary is cleaned
to prevent memory effects (step 12). In between
several steps carryover is eliminated by a dip in
water of the possibly contaminated capillary end.
The vial caps are constructed so that dilution by
liquid adhering to the outside of the capillary is
prevented.

The yield of the derivatization reaction is
dependent on the pH and the excess of reagent
in the microvial. Therefore, in addition to the
reagent the sample solutions were buffered at
the optimum pH of 9.4. At a reagent to sample
ratio of 6.0-6.7 the excess of reagent has no
significant influence on the result.

Quantitative analysis

The method of Table II was investigated for
the determination of the enantiomeric composi-
tion of pure valine at a high enantiomeric excess
of rL-valine using external standard methods.
When the chemical purity of the analyte is
known, only the peak of the p-valine derivative
has to be measured, which can be done at good
signal-to-noise ratios using concentrations of the
major derivative that may overload the phase
system.

Four different concentrations of p-valine in an
approximately constant total valine concentra-
tion were analysed in quadruplicate (see Table
III and Fig. 2). The calibration graph indicates
that the percentage of p-valine in this range can
be determined with a 0.1% precision (95%

TABLE III
CALIBRATION GRAPH FOR D-VALINE

Experiment Area of D-valine peak’
No.

A B C D
1 20.88 33.65 71.93 106.52
2 19.50 33.22 74.12 107.61
3 17.17 39.23 72.62 106.80
4 19.60 38.71 71.61

“ Total valine concentration and D-valine to L-valine ratio:
(A) 36.0 mM and 0.0050; (B) 35.9 mM and 0.0097; (®)
35.9 mM and 0.0191; (D) 36.7 mM and 0.0283.
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Fig. 2. Calibration graph for D-valine in excess of L-valine.
Data are shown at the 95% confidence interval.

confidence interval) and a limit of detection of
0.3% Db-valine in L-valine. A simpler one-point
calibration gives a relative standard deviation
(R.S.D.) of 6% at the 1% b-valine in L-valine
level.

Improvement of the method

The precision and detection limit with absorb-
ance detection obtained here are a factor of
three worse than those achieved with HPLC and
fluorimetric detection [7]. The precision could be
improved by using the p/L ratio of the analyte.
The ratio method also allows chemically impure
analytes to be analysed. The validity of the

TABLE IV
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improvement by the ratio method was tested on
a racemic mixture (see Table IV). It is clear that
this is a significant advance.

At a concentration of 34 mM L-valine elutes
under overload conditions: the local pH is not
well defined and the analyte peak is distorted
and absorbs in the non-linear range of the
detector (see Fig. 3A). To eliminate the distor-
tion the concentration must be decreased to 13
mM (Fig. 3B), which gives an unacceptable
increase in the limit of detection with the detec-
tor used.

A different buffer during the reaction with less
capacity can give some extension of the linearity
of the calibration graph at high analyte concen-
trations (e.g., by detection of the main com-
ponent in a less sensitive way at a different
wavelength than the trace component). While
this is a minor improvement, a laser-induced
fluorescence detector is likely to offer the sen-
sitivity needed, with additional selectivity [9].
Such a detector with a helium—cadmium laser is
being constructed in our laboratory.

Other means of improving the precision such
as standard additions or reagent addition by
capillary volume instead of a timed constant
pressure can be investigated when this detector is
installed

The promising resuits of this investigation
(i.e., the better resolution and a shorter separa-
tion time with MECC compared with HPLC) in

COMPARISON OF AREA AND AREA RATIO FOR PRECISION OF RESULTS

Experiment Areal Area?2 Area 1/area 2 Retention time (s)
No. _—
1, t,
1 302.698 322.966 0.9372 6.649 7.075
2 298.328 321.499 0.9279 6.551 6.968
3 306.909 321.108 0.9558 6.570 6.989
4 298.574 320.887 0.9305 6.572 6.992
5 307.495 326.802 0.9409 6.575 6.998
6 278.609 297.657 0.9360 6.592 7.018
7 302.348 319.821 0.9454 6.600 7.027
8 318.416 340.876 0.9341 6.589 7.020
9 298.680 314.274 0.9504 6.615 7.049
10 309.527 330.771 0.9358 6.609 7.044
R.S.D. (%) 3.4 35 1.0 0.4 0.5
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Fig. 3. Chromatogram of D,L-valine derivatives at the (A) 34 mM and (B) 13 mM levels.

our opinion warrant the research effort and
increased instrumental expense. With the instru-
ment manufacturers being aware of these de-
velopments, even more versatile software will
become available to suit user-specific applica-
tions.
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ABSTRACT

This paper describes the use and capabilities of capillary electrophoresis (CE) in the determination of two dimeric impurities
present in salbutamol sulphate drug substance. Acceptable measures of detector linearity of response over the typical impurity
range, detection limits, precision of peak area and migration times were obtained. The results obtained by CE were directly
compared to those obtained by HPLC and TLC. The data shows agreement between the three techniques.

INTRODUCTION

Capillary electrophoresis (CE) has previously
been used for the determination of drug-related
impurities [1-5]. In addition there have also
been a number of reports [5,6-9] of the separa-
tion of pharmaceuticals by the associated tech-
nique of micellar electrokinetic capillary chroma-
tography (MECC). Elegant separations have
been published showing the resolution of rela-
tively low-concentration test mixtures of specific
drug related compounds. However, there has
been little emphasis on showing that these meth-
ods are capable of use in working analytical
environments.

Salbutamol sulphate is a bronchodilator widely
used for the treatment of asthma, which is sold
under the Glaxo tradename of Ventolin. There
are a range of well characterised potential, and
actual, synthetic and degradative impurities pos-
sible [10]. HPLC methods have been developed
and reported for the determination of these
impurities [10,11]. There are several dimeric
impurities, largely arising from degradation.
These impurities are late eluters (>30 min) using
the HPLC methods employed which makes
quantitation of trace levels difficult. Two of these

0021-9673/93/%06.00

late eluting dimeric compounds of particular
interest are the “bis ether” impurity and “side-
by-side” impurity. The structures of these im-
purities and salbutamol itself are given in Fig. 1.

This paper describes the preliminary validation
experiments, and application of a free zone CE
method, for the determination of selected sal-
butamol-related impurities present at low levels
in drug substance.

EXPERIMENTAL

Sodium citrate (20 mM, pH 2.5) was obtained
from Applied Biosystems (San Jose, CA; USA).
Water was obtained from a Milli-Q system (Mil-
lipore, Watford, UK). A P/ACE 2000 CE instru-
ment (Beckman, Palo Alto, CA, USA) which
was connected to a Hewlett-Packard (Bracknell,
UK) data collection system was used for CE
analysis. The fused-silica capillaries used in this
study were purchased from Beckman. Samples
were obtained from within Glaxo.

Drug substance sample solutions were pre-
pared by accurately weighing 12 + 1.2 mg into 10
ml of distilled water. Bis ether standards were
prepared by diluting accurately weighed amounts
of bis ether standard to 10.0 ml of distilled

© 1993 Elsevier Science Publishers B.V. All rights reserved
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Fig. 1. Structures of salbutamol and dimeric salbutamol
impurities. I = Salbutamol; Il = bis ether; III = side-by-side.

water. Both samples and standards were pre-
pared in duplicate.
The separation conditions are described in

TABLE I

CAPILLARY ELECTROPHORESIS SEPARATION
METHOD

Step No. Conditions

I Rinse cycle 1: 0.5 M NaOH, 2 min

II Rinse cycle 2: run buffer, 4 min

I Set detector 0.02 AUFS

v 5.0-s hydrodynamic sampling

\' Operating voltage: +30 kV

Operating temperature: 25°C

Capillary dimensions: 57 cm X 75 pm fused silica
Run time: 10 min

Wavelength: 200 nm

K.D. Altria | J. Chromatogr. 634 (1993) 323-328

Table I, the method consisting of five automated
steps.

RESULTS AND DISCUSSION

Optimization of the CE separation procedure

The principal CE variable is carrier electrolyte
pH as this affects both solute mobility and
electroendosmotic flow (EOF) velocity [12]. An
electrolyte pH range of 2.5 to 11.0 was evaluated
and a low pH (pH 2.5) electrolyte was selected
which gave adequate separation with a run-time
of 10 min.

To minimise the analysis time the maximum
appliable voltage of +30 kV was used to perform
the separation. This presented no problem in
terms of joule heating whilst employing the
relatively low electrolyte concentration (20
mM).

The limits of detection are generally poorer in
CE compared to those obtained in HPLC.
However, it is possible with CE to employ
detection wavelengths as low as 190 nm where
many solutes have an enhanced absorptivity. For
example salbutamol has an eight-fold increase in
signal when monitoring at 200 nm compared to
the HPLC wavelength of 276 nm.

Viscosity influences the amount of solute in-
troduced in both electrokinetic and hydro-
dynamic sampling [13,14]. Therefore, both sam-
ples and calibrations solutions were prepared in
water to match the viscosities of the solutions.
Injection of aqueous samples and calibrations
also gives rise to a focussing, or pre-separation
concentration [15] of sample ions in the initial
portion of the separation capillary.

The use of rinse cycles is strongly advocated
by CE instrument manufacturers as these cycles
have been shown [16] to improve peak area and
migration time reproducibility. Standard cycles
used are an alkaline or acid wash followed by a
pre-separation rinse with the carrier electrolyte.

System performance assessment

Selectivity. Test mixtures containing known
amounts of authentic working standards for both
salbutamol and the related impurities were pre-
pared and analysed under the conditions given in
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Table I. Good resolution between the bis ether
impurity and side-by-side impurity from each
other and salbutamol was obtained within a run-
time of 10 min. Fig. 2 shows the migration order
and relative impurity levels in a typical sal-
butamol sample. The order of elution being side-
by-side, bis ether and lastly salbutamol.

This migration order can be explained in terms
of the charges and sizes of the individual solutes.
Electrophoretic mobility is related to the ratio of
the charge and hydrated ionic radius (HIR) of an
ion [17]. In this separation the dimeric species
have twice the charge of the salbutamol ion but
less than double its HIR. This gives them a
higher charge/HIR ratio and they therefore
elute before the salbutamol. The spatial orienta-
tion of the side-by-side in solution may be such
that its HIR is smaller than bis ether which may
explain the separation observed between these
dimeric species.

It is anticipated that variation in the method
parameters such-as capillary type and coatings,
addition of organic modifier, additives, tempera-
ture increase, and the electrolyte nature and
concentration may have a beneficial effect upon
the separation. Nielen [18] has reported the
effect of varying such parameters upon the
separation of aminobenzoic acid positional iso-
mers. However, the separation conditions given

14.007 0]
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Fig. 2. Typical electropherogram of a salbutamol sample.
Separation conditions: 20 mM sodium citrate pH 2.5, +30
kV, 25°C, 57 cm X 75 um fused silica (50 cm to detector), 200
nm, sample concentration 1 mg/ml in water, injection time 5
s. Peaks: I = salbutamol; II = bis ether; III = side-by-side.
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above gave a robust, selective, relatively un-
complicated analytical method with adequate
resolution, within an acceptable analysis time.

Sensitivity. A limit of detector (LOD) of
0.02% (w/w) of the salbutamol loading (1 mg/
ml) was obtained with a signal-to-noise ratio of
greater than 3. This is equivalent to an LOD of
200 ng/ml in solution. This figure is in line with
those reported previously [19].

Precision. To measure the performance of the
system in terms of reproducibility a variety of
tests were performed. Initially a single sample
solution was analysed sequentially six times. The
acceptable data obtained for the various mea-
surements of operating performance are given in
Table II.

External standardisation was also used to
quantify bis ether levels. This method consists of
preparing bis ether calibration solutions and
obtaining appropriate response factors. To assess
the repeatability of this. method, four individual
calibration solutions were prepared, and injected:
in duplicate, obtaining a mean overall R.S.D. of
4.0% for response factors. One of these calibra-
tion solutions was then injected seven times and
a R.S.D. figure of 2.45% was obtained for
response factor. This performance was consid-
ered acceptable given the low levels being quan-
tified.

Separation efficiencies. Separation efficiencies
as measured by theoretical plate count values
can be exceptional in CE. However, there is a
marked reduction in peak efficiency with in-
creased sample concentration. In this specific
example, salbutamol at a concentration of 1 mg/
ml gave an average plate count of 1600 whilst the
bis ether at ca. 0.3% (w/w) of the salbutamol
loading (equivalent to 0.3 wg/ml) gave an aver-
age plate count of 163 284.

This reduction of separation efficiency with
sample loading is largely due to increased distor-
tion of the conductivity profile along the capil-
lary with increased sample loading [20].

Migration times. Table Il shows relative mi-
gration times to have good reproducibility. The
larger variation for the impurity peak times
relative to salbutamol can be explained by the
poorer peak shape of the salbutamol peak giving
increased variability in measuring the peak apex.
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TABLE 11

ANALYSIS OF SIX REPLICATE INJECTIONS OF A
SALBUTAMOL DRUG SUBSTANCE SAMPLE

Peak area data

Salbutamol Dimer Bis ether
Maxima 583658 3056 2347
Minima 571094 2889 2238
Mean 578520 2967 2293
R.S.D. (%) 0.76 2.2 2.0
YJoarea/area with respect to salbutamol
Dimer Bis ether
Maxima 0.525 0.406
Minima 0.502 0.387
R.S.D. (%) 1.6 1.8
Relative retention time data
Dimer wrt Bis ether wrt Bis ether
salbutamol” salbutamol” wrt dimer”
Maxima 0.890 0.903 0.987
Minima 0.884 0.898 0.985
Mean 0.888 0.901 0.986
R.S.D. (%) 0.30 0.32 0.07
Theoretical plates count data
Salbutamol Dimer Bis ether
Maxima 1830 172530 195061
Minima 1319 148214 173506
Mean 1594 163284 185350
R.S.D. (%) 12.1 5.2 4.5

“ wrt = with reference’ to.

This variability can be reduced by calculating the
effective mobility [21] of the solute peaks.

Quantitation. There have been several reports
[22-26] concerning the reproducibility of peak
areas on automated instruments. Instrument
manufacturers typically quote that R.S.D.s of
less than 2% can be routinely obtained. Use of
rinsing routines can assist in reducing levels of
error to a level comparable to HPLC. By em-
ploying an internal standard, variability can be
reduced still further with typical R.S.D.s of
below 1% being obtained [26].
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The %area/area data for both the bis ether
and side-by-side (Table II) indicates good repro-
ducibility with R.S.D.s below 2%. The results
obtained for the salbutamol peak area are com-
parable to HPLC system performance. The
R.S.D.s obtained for the impurity peaks accept-
able given the variations obtained in measuring
such small peaks.

It is recognised [27] that in CE, peak areas are
directly proportional to both the sample concen-
tration and migration time. The latter is related
to the residence time that the peak spends in the
detection window i.e. for a sample injection
containing two solutes with identical UV re-
sponse and concentration the slower moving
peak will give a larger peak area. The extent of
the peak area increase is directly related to the
ratio of the two migration times.

Therefore it is necessary to normalise peak
areas to their migration times to quote %area/
area ratios. This normalisation simply consists of
dividing the peak area obtained by the migration
time of the peak [28].

The bis ether content was calculated for a
particular batch of salbutamol drug substance
using both the external standard calibration and
standard addition approaches. The result ob-
tained from the standard addition method
(0.34%, w/w) was in good agreement with that
calculated by external calibration (0.32%, w/w).

Linearity. Standard solutions of bis ether
equivalent to between 0.05 and 1.4% (w/w) of a
1 mg/ml salbutamol sample were prepared and
analysed in duplicate. A linear detector response
(peak area) with bis ether content was obtained
with a correlation coefficient of 0.999 and inter-
cept of less than 1% of typical values, the
gradient of the line was 7972. Typical levels of
these impurities in samples are in the region of
0.1 to 0.5 (as determined by TLC).

In addition a 1 mg/ml salbutamol sample was
spiked with known amounts of bis ether [be-
tween 0.1 and 1.4% (w/w) of the salbutamol
loading] using a standard addition type method.
A linear increase in detector response (peak
area), with bis ether content, was obtained using
this approach with a correlation coefficient of
0.993. The slope of this line was 7581. An
intercept value of 3120 was obtained as the batch
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of salbutamol used contained a residual amount
of dimeric impurities.

QUANTITATIVE ANALYSIS

Comparison of CE with HPLC and TLC

Bis ether levels were quantified (in duplicate)
in a range of batches by both HPLC and CE
employing external standards of the bis ether
compound. The results obtained (Table III)
agree well. A paired t-test at a 95% confidence
interval indicates than no significant difference
exists between the CE and HPLC bis ether
results.

Side-by-side levels were quantified by CE
employing response factors from the bis ether
standards. Side-by-side levels were generated by
HPLC using side-by-side external standards.

TABLE III

COMPARISON OF BIS ETHER AND SIDE-BY-SIDE
LEVELS IN EXPERIMENTAL SALBUTAMOL SUL-
PHATE DRUG SUBSTANCE BATCHES AS DETER-
MINED BY CE, HPLC AND TLC

Batch-  Bis ether (%, w/w) Dimer (%, w/w)

CE HPLC TLC CE HPLC TLC

1 0.14 0.16 0.18 0.08 0.08 0.09
0.14 0.16 0.08 0.08

2 0.10 0.11 0.19 0.06 0.07 0.12
0.10 0.1 0.07 0.06

3 020 0.19 0.24 0.13 0.11 0.16
020 0.19 0.14  0.10

4 0.12 0.13 0.20 0.07 0.06 0.13
015 0.14 0.08 0.05

5 0.13  0.14 0.12 0.08 0.06 0.08
012  0.13 0.07 0.05

6 031 0.28 0.32 0.18 0.17 0.23
0.31 0.26 0.19 0.15

7 0.07 0.09 0.12 0.05 0.04 0.06
0.08 0.10 0.06 0.03

8 0.38 0.38 0.45 020 0.18 0.28
0.4 038 022 0.19

9 0.37 038 0.36 019 0.17 0.30
037 0.35 0.19 0.17

10 0.75 0.66 0.69 039 033 0.45
0.77  0.67 040 0.35
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Analysis of residuals indicates that the CE side-
by-side data is typically 0.02 higher than that
obtained by HPLC. This is explained by the
different calibration procedures employed and
the level of discrepancy does not unduly impact
on the experimental results given the relatively
low levels of impurities being determined.

TLC results are the mean of four individual
analyses. TLC impurity levels were compared
against salbutamol standards as detected at 254
nm. This procedure may explain significant dif-
ferences between the results obtained by TLC
and those generated by CE and HPLC. However
the TLC results do serve to confirm the ranking
of the batches in terms of relative impurity levels
within this sample set.

CONCLUSIONS

This report demonstrates the use of a CE
based method for the determination of drug
related impurities in a working analytical en-
vironment. Acceptable levels of precision in
terms of both migration time and peak area were
obtained. The limit of detection for the related
impurities was found to be 0.02% of the sal-
butamol loading (equivalent to 200 ng/ml of the
impurity in solution) which is at least comparable
to that achieved by HPLC. Linearity of the
method was demonstrated by the use of both
external standardisation and a standard addition
method. Good cross-correlation for related im-
purity levels was obtained between HPLC, TLC
and CE. It is strongly suggested that the com-
plementary nature of CE based methods to
HPLC will increase their application in phar-
maceutical analysis for the quantitative determi-
nation of drug related impurities.
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ABSTRACT

A simple and rapid method for the simultaneous determination of six quaternary alkaloids (berberine, palmatine, jatrorrhizine,
magnoflorine, phellodendrine and berberrubine) in the Chinese herbal drug Phellodendrine Cortex by capillary electrophoresis
was developed. A buffer solution composed of 0.5 M sodium acetate solution (pH 4.6, adjusted with acetic acid)—acetonitrile
(1:1) was found to be the most suitable electrolyte for this separation, whereby the contents of the quaternary alkaloids in crude
and processed samples of Phellodendri Cortex could be easily determined. The differences in alkaloid contents of various
Phellodendri Cortex growing in different locations (China, Taiwan, Japan) were also investigated.

INTRODUCTION

Phellodendri Cortex is a commonly used Chi-
nese herbal drug having gastric, intestinal alter-
native, astringent and antiphlogistic effects and
contains five quaternary ammonium salts (ber-
berine, palmatine, jatrorrhizine, phellodendrine
and magnoflorine) (Fig. 1) as its major bioactive
components [1-4]. In addition, berberrubine,
obtained from heat-treated Phellodendron bark,
has been found to inhibit the growth of several
tumour cell lines [5].

Several methods have been reported for the
determination of some of these quaternary al-
kaloids, including spectrophotometry [6,7], thin-
layer chromatography [7-10], electron micro-
scopic analysis [11] and high-performance liquid
chromatography (HPLC) [12-16]. However,
none of these methods is entirely adequate
because their resolution is limited to at the most
four of the quaternary alkaloids [15]. So far,

* Corresponding author.
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there have been no reports dealing with the
determination of phellodendrine and berber-
rubine.

We describe here the development of a simple,
rapid and simultaneous method for determining
these quaternary alkaloids in crude and proces-
sed samples of Phellodendri Cortex by capillary
electrophoresis.

EXPERIMENTAL

Reagents and materials

Berberine chloride was purchased from Sigma
(St. Louis, MO, USA), sodium acetate from
Osaka (Osaka, Japan) and brucine, acetonitrile
and acetic acid from Merck (Darmstadt, Ger-
many). Palmatine and magnoflorine were iso-
lated from Phellodendron amurense Pupr. [3].
Jatrorrhizine was isolated from coptis rhizome
[17]. Phellodendrine was provided by Brion
Research Institute (Taiwan). Berberrubine was
obtained by heating berberine chloride at 150°C
for 30 min. P. chinense Schneid, P. amurense
Pupr. var. sachalinense Fr. Schm. and P. wilsonii

© 1993 Elsevier Science Publishers BV. All rights reserved
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Fig. 1. Molecular structures of alkaloids in Phellodendri Cortex.

Hayata et Kanehira were purchased from Chi-
nese herbal markets in China, Japan and Tai-
wan, respectively.

Preparation of Phellodendri Cortex extracts

A 0.5-g sample of pulverized Phellodendri
Cortex was extracted with 70% methanol (7.5
ml) by stirring at room temperature for 30 min,
then centrifuged at 1500 g for 10 min. Extraction
was repeated three times. The extracts were
combined and filtered through a No. 1 filter-
paper. After the addition of 2.5 ml of internal
standard solution (2 mg of brucine in 1 ml of
70% methanol), the Phellodendri Cortex extract
was diluted to 25 ml with 70% methanol. This
solution was passed through a 0.45-um filter and
ca. 1.1 nl (15-s hydrostatic sampling) of the
filtrate were injected directly into the capillary
electrophoresis system.

Apparatus and conditions

The analysis was carried out on a Waters
Quanta 4000 capillary electrophoresis system
equipped with a UV detector set at 280 nm and a
50 cm x50 wm L.D. uncoated capillary (Milli-
pore, Bedford, MA, USA) with the detection
window placed at 42.5 cm. The conditions were
as follows: sampling time, 15 s, hydrostatic; run
time, 9 min; applied voltage, 15 kV (constant
voltage, positive to negative polarity); and tem-

QL.
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berberrubine

perature, 24.5-25.0°C. The electrolyte was a
buffer solution consisting of 0.5 M sodium ace-
tate solution (pH 4.6, adjusted with acetic acid)-
acetonitrile (1:1). The electrolyte was filtered
through a 0.45-um filter before use.

RESULTS AND DISCUSSION

The quaternary alkaloids of Phellodendri Cor-
tex are mostly the same as those of Coptidis
Rhizoma. Therefore, we first tried to use the
same capillary electrophoresis conditions as for
Coptidis Rhizoma [18]. However, the magno-
florine peak of Phellodendri Cortex is much
higher than that of Coptidis Rhizoma and there
was interference with the solvent peak, hence
different conditions were necessary.

Both magnoflorine and berberrubine are easily
deprotonated in basic or neutral solution owing
to their acidic phenolic hydroxy groups and will
be partially overlapped by the solvent peak. As
carboxylate is a good counter ion for the posi-
tively charged nitrogen of the alkaloids [18], we
finally chose sodium acetate solution as the
buffer solution and increased its acidity with
acetic acid. The peaks of magnoflorine and
berberrubine then appeared before the solvent
peak, but other peaks were still partly over-
lapped and the electric current of the capillary
was too high. Increasing the concentration of
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sodium acetate improved the resolution and the
use of a 50 wm instead of 100 wm I.D. capillary
reduced the electric current.

After a series of experiments, it was found
that 0.5 M sodium acetate solution (pH 4.6,
adjusted with acetic acid) could separate all the
alkaloids well. At higher pH (4.8), the peaks of
berberrubine and phellodendrine could not be
separated. At lower pH (4.5), jatrorrhizine and
berberrubine were found to be partially over-
lapped. Addition of acetonitrile to the buffer
solution could make the peaks sharper, produce
a better separation effect and reduce the capil-
lary electric current. An acetonitrile concentra-
tion of 50% gave the best result.

An electrolyte consisting of 0.5 M sodium
acetate solution (pH 4.6, adjusted with acetic
acid)~acetonitrile (1:1) was found to give the
best resolution. Fig. 2 is an electropherogram
showing the separation of the six authentic
quaternary alkaloids with the following migra-
tion times: 5.5 min, berberine; 5.9 min, pal-
matine; 6.2 min, jatrorrhizine; 6.3 min, berber-

volts (x10%)
[4)]
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n
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Fig. 2. Capillary electropherogram of a mixture of quater-
nary alkaloids usually present in crude and processed Phel-
lodendri Cortex. Peaks: 1=berberine, 0.600 mg/ml; 2=
palmatine, 0.200 mg/ml; 3 = jatrorrhizine, 0.040 mg/ml; 4 =
berberrubine, 0.080 mg/ml; 5= phellodendrine, 0.030 mg/
ml; 6= magnoflorine, 0.080 mg/ml; 7=internal standard
(brucine), 0.200 mg/ml.
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rubine; 6.5 min, phellodendrine; 7.2 min, mag-
noflorine; and 7.6 min, internal standard
(brucine). The measurement of all the con-
stituents can be completed within 8 min. As the
methanol-water extracts of Phellodendri Cortex
were injected directly and analysed, the results
were as good as those obtained with pure chemi-
cal samples without interference with each peak,
as shown in Figs. 3-6.

Calibration graphs for quaternary alkaloids
Calibration graphs (peak-area ratio, y, vs.
concentration, x, mg/ml) were constructed in the
range 0.030-1.200 mg/ml for berberine, 0.010-
0.300 mg/ml for palmatine, 0.002-0.060 mg/ml
for jatrorrhizine, 0.003—-0.090 mg/ml for berber-
rubine, 0.010-0.100 mg/ml for phellodendrine
and 0.020-0.200 mg/ml for magnoflorine. The
regression equations of these curves and their
correlation coefficients were calculated as fol-
lows: berberine, y =12.35x +0.07 (r =0.9999);
palmatine, y = 14.96x + 0.02 (r = 0.9999); jatror-
rhizine, y =21.64x +0.01 (r=0.9999); berber-
rubine, y=15.84x+0.00 (r=0.9999); phel-
lodendrine, y =6.47x —0.01 (r=0.9997); and
magnoflorine, y = 4.96x + 0.01 (r = 0.9997).

Determination of quaternary alkaloids in
Phellodendri Cortex

When the test solutions of P. wilsonii Hayata
et Kanehira, P. chinense Schneid, P. amurense
Pupr. var. sachalinense Fr. Schm. and heat-
treated P. amurense Pupr. var. sachalinense Fr.
Schm. were analysed by capillary electrophoresis
under the selected conditions, the graphs shown
in Figs. 3-6 were obtained. The peaks were
identified by comparison with those obtained
from authentic samples of the alkaloids. By
substituting the area ratios of the individual
peaks for y in the above equations, the content
of each quaternary alkaloid in the Phellodendri
Cortex samples was obtained as shown in Table
I. It was found that there were great differences
in the alkaloid contents of Phellodendri Cortex
collected from different locations and also the
heat-treated sample. Further studies on the rela-
tionship between the origins of plants and the
contents of alkaloids and also the processing of
Phellodendri Cortex are in progress.
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Fig. 3. Capillary electropherogram of the extract of a P.
wilsonii Hayata et Kanehira sample (grown in Taiwan). Peak
numbers as in Fig. 2.
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Fig. 4. Capillary electropherogram of the extract of a P.
chinense Schneid sample (grown in China). Peak numbers as
in Fig. 2.

Suitable amounts of the six quaternary al-
kaloids were added to a sample of Phellodendri
Cortex of known alkaloid content and the mix-
ture was extracted and analysed using the pro-
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Fig. 5. Capillary electropherogram of the extract of a P.
amurense Pupr. var. sachalinense Fr. Schm. sample (grown in
Japan). Peak numbers as in Fig. 2.
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Fig. 6. Capillary electropherogram of the extract of a heat-
treated P. amurense Pupr. var. sachalinense Fr. Schm.
sample. Peak numbers as in Fig. 2.

posed procedure. The recoveries of the alkaloids
were 98.5-103.3% with relative standard devia-
tions of 1.2-2.1%.

From the above results, it can be concluded
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TABLE I
CONTENTS OF ALKALOIDS IN PHELLODENDRI CORTEX

Sample®  Concentration (%)”

Berberine Palmatine Jatrorrhizine  Phellodendrine  Magnoflorine  Berberrubine  Total
1 4.621+0.038 0.141+0.011  0.067=0.003 0.364 =0.011 0.144x0.002 - 5.360 = 0.048
2 0.624+0.007 0.317+0.003 0.031+0.003 0.117 =0.004 0.809+0.007 - 1.923 +£0.011
3 2.993+0.019 0.253+0.004 0.105+0.004 0.281+0.011 1.141+0.028 — 4.747 £ 0.167
4 2.420+0.027 0.216=0.004 0.044+0.002 0.260 =0.008 0.940+0.012 0.342+0.007 4.222 +0.063

“ 1= P. wilsonii Hayata et Kanehira (grown in Taiwan); 2 = P. chinense Schneid (grown in China); 3 = P. amurense Pupr. var.

sachalinese Fr. Schm. (grown in Japan); 4 = heat-treated P. amurense Pupr. var. sachalinense Fr. Schm.

® Mean = standard deviation (n =35).

that the method for the simultaneous determina-
tion of the quaternary alkaloids in Phellodendri
Cortex by capillary electrophoresis as established
in this study has the advantages of the need for
only small amounts of sample, a short analysis
time and simple electrolyte preparation.
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ABSTRACT

Golay in 1964 posed the paradox that it should theoretically be possible to conduct an operation of single-component
chromatography with linear isotherm and high column loading in such a way that the entropy of the system is decreased. The
paradox is resolved by showing that the concentration dependence of the flow-rate, invoked by Golay, renders the system non-
linear despite the linear isotherm. The result of the non-linearity is that one of the concentration variations spreads, instead of
remaining sharp as it would in linear chromatography and as was assumed by Golay. This spreading negates the entropy decrease.

Golay [1] in 1964 posed a paradox, showing
that gas chromatography under idealized condi-
tions can defy thermodynamics by decreasing the
entropy of a closed system. It puzzled all those
attending the Gas Chromatography conference
at which it was presented, and its resolution [2]
still seems not to be generally known [3]. In
abbreviated form and in our current language of
wave theory (see, e.g., ref. 4) the paradox can be
formulated as follows:

A gas chromatographic column is loaded ini-
tially with two successive flat-top bands of the
same solute; the bands are adjacent, and the
solute concentration is higher in that on the
upstream side (see Fig. 1). The concentrations
are high enough for the volumetric flow-rate to
be axially non-uniform. Specifically, the flow-
rate is higher at higher solute concentrations [5].
This effect, sometimes called “sorption effect”,
arises because any solute present must be trans-
ported through the column cross-section in addi-
tion to the carrier gas, so that a higher molar and

0021-9673/93/$06.00

solute concentration

/ /
[ S/
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distance from inlet

Fig. 1. Initial, intermediate, and final concentration profiles
as postulated by Golay, shown in distance-time field; return
of concentrated band to starting position upon flow reversal
is included; thin dashed lines are wave trajectories in dis-
tance-time plane (schematic).
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thus, in gases, volumetric flow-rate is required
where the solute concentration is higher. The
effect becomes significant at moderate to high
mole fractions of solute. The isotherm is as-
sumed to be linear. Since non-idealities —specifi-
cally: finite mass-transfer rates, non-plug flow,
and axial diffusion— cause waves in linear chro-
matography to spread in proportion to the
square root of traveled distance (see, e.g., ref.
6), the column and the bands need only be made
sufficiently long for such spreading to remain an
insignificant fraction of the band lengths upon
passage through the column. Accordingly, for
the purpose at hand, bands can be assumed to
move like “box cars” between waves that remain
practically sharp. Granted this point, the band of
higher concentration, traveling faster because of
the sorption effect, will “swallow up” that of
lower concentration on its downstream side, so
that eventually all of the solute will be in a single
band at the higher concentration (see Fig. 1).
The initially more dilute band has in effect been
concentrated, and that amounts to a decrease in
entropy! In Golay’s imaginary world of “friction-
less chromatography”, this is achieved at no
expenditure in energy or free energy. Golay does
not say so but, granted his assumptions, flow
could be reversed to move the single, high-con-
centration band back box-car style to where the
two bands started, making it even more apparent
that enrichment has been achieved at no cost
(see Fig. 1).

The resolution of this paradox is simple and
requires neither mathematics nor thermody-
namics [2]. Golay makes mutually exclusive
assumptions when he postulates that (1) waves
spread in proportion to the square-root of
traveled distance, and (2) the flow-rate is higher
at higher concentrations. If condition 2 is met,
the rear of the concentrated band cannot remain
sharp: it contains high concentrations ahead of
low ones, that is, faster concentrations ahead of
slower ones, and therefore it spreads in propor-
tion to traveled distance (see Fig. 2). This propor-
tional spreading is in addition to the supposedly
negligible square-root spreading caused by any
non-idealities, and is an effect that cannot be
suppressed by a scale-up to greater lengths of
column and bands. As seen in Fig. 2, the real

solute concentration
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distance from inlet

Fig. 2. Actual initial, intermediate, and final concentration
profiles as resulting from sharpening and spreading behavior
of non-linear waves; return of solute to starting position upon
flow reversal is included (schematic; the slanting profiles are
not necessarily linear; the high-concentration plateau may
disappear earlier, or a portion of it may survive).

result of the operation is an asymmetrical peak
or band with sharp front and diffuse rear, rather
than Golay’s “box car” band of uniform high
concentration. By a reversal of the flow direc-
tion, the peak or band could be moved back to
where the two bands had started. The diffuse
flank would then regain its sharpness because, in
it, the faster, higher concentrations are now
upstream of the slower, lower ones. However, in
the other, still sharp flank the situations is the
reverse, and this flank would now spread (see
Fig. 2). Thus, the whole operation achieves no
more than trading the initial step profile for a
continuously slanting one, with no decrease in
entropy.

It is true that condition 1 can be met, for
instance, at concentrations low enough to make
the sorption effect negligible. However, this
would invalidate assumption 2, and the bands
would move side by side without change in
shape, that is, Golay’s effect would not material-
ize.

The spreading rear flank of the concentrated
band is what is commonly called a nonsharpen-
ing wave (or rarefaction wave in gas dynamics).
In ideal non-linear chromatography in the ab-
sence of the sorption effect, nonsharpening
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waves are well known to arise as a result of an
isotherm curvature that causes leading concen-
trations in the wave to move faster than trailing
ones [4,7,8]. For instance, a solute band has a
nonsharpening rear if the isotherm is of Type I
(i.e., with negative curvature), and a nonshar-
pening front if the isotherm is of Type II (with
positive curvature). In Golay’s case, the isotherm
is assumed to be linear. However, any effect that
makes leading concentrations in a wave travel
faster than trailing ones (granted non-idealities
are negligible) obviously produces proportional
spreading. It is immaterial whether the cause is
an isotherm curvature or the sorption effect. If
the sorption effect is significant, it could be
compensated by a slight Type II curvature of the
isotherm [9] so as to meet Golay’s postulate 1.
Then, however, the result is the same as with a
linear isotherm and negligible sorption effect:
The bands move side by side without change in
shape.

Golay admits the existence of non-idealities,
being content with rendering their effect neglig-
ible by scale-up to very large column and band
lengths. However, one could argue that, in a
mathematical world of strictly ideal chromatog-
raphy, the intermediate concentrations of the
nonsharpening wave at the rear of the concen-
trated band (i.e., those that form the spreading
wave in Fig. 2) never come into existence, so
that their velocities remain immaterial. The wave
could then keep moving as a discontinuity, and
the paradox would remain. Indeed, such
behavior is described by a mathematically cor-
rect “weak solution” [10,11] to the differential
mass balance and overall conservation of matter,
analogous to the weak solutions that describe the
shocks (i.e., traveling concentration discon-
tinuities) at the front of the low-concentration
band and between the two bands. That the weak
solution for the nonsharpening wave can have no
physical reality can be shown by a rather in-
volved argument that proves it would violate the
second law of thermodynamics [12,13]. An al-
ternative and much more simple argument is that
mathematics of ideal chromatography is of
practical interest only insofar as it provides a
reasonable approximation to real behavior. This
it does if it constitutes an asymptotic solution to
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real chromatography with non-idealities made
infinitesimally small. The weak solution for the
nonsharpening wave does not meet that criterion
because any non-ideality, even if only infinitesi-
mal, lets the intermediate concentrations become
physically realized and so causes the wave to
spread in a proportional pattern rather than
remaining ideally sharp [4].

Golay himself was on the right track when
seeking an analogy with shocks in gas dynamics.
He concluded correctly that the wave between
the high- and low-concentration bands would
have to be a shock —that is, a wave which
sharpens or remains sharp despite the spreading
effect of non-idealities— and so should produce
entropy in the same way as shocks in compress-
ible fluids are known to do. However, he was
unable to resolve his paradox because he missed
the key piece of the puzzle by not recognizing
the rear of the high-concentration band as a
nonsharpening wave (rarefaction wave in gas
dynamics). Thus it can be said that, ultimately,
the paradox arises from a failure to realize that,
despite a linear isotherm, the sorption effect
makes the system non-linear and thereby invali-
dates the familiar tenet of linear chromatography
that all waves spread in proportion to the square
root of traveled distance.

Much has been written about the complex
thermodynamics of entropy production by travel-
ing waves [12-14]. The only aspect of interest in
the present context is the following. In Golay’s
“frictionless’” world and granted the assumptions
of ideal chromatography, the travel of a non-
sharpening wave is entirely reversible and so
produces no entropy; this is because a reversal of
the direction of flow would make the wave self-
sharpening and so let it regain its original sharp-
ness while returning to its starting point. Like-
wise, the travel of an initially diffuse but self-
sharpening wave remains reversible because flow
reversal would cause the wave to spread to its
original diffuseness. However, this is true only as
long as the wave has not yet sharpened into a
shock (i.e., become a discontinuity). The travel
of a shock is irreversible and so produces en-
tropy even in the ideal world because a reversal
of the flow direction would make the wave
nonsharpening and cause it to spread. Entropy
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production or the lack of it can also be linked to
information theory, as Golay attempted but did
not fully succeed: in the ideal world, any wave
that is not a shock carries with itself complete
information about its degree of sharpness at any
previous point or time; in contrast, the shock
“forgets” much of its history, not remembering
for how long it has traveled as a shock. The
longer it may have done so, the greater is the
uncertainty about its original degree of sharp-
ness.

It may seem paradoxical that a spreading
(nonsharpening) wave does not produce entropy
whereas a traveling shock, remaining sharp,
does. As to the nonsharpening wave, we cannot
equate spreading with mixing or diffusion ef-
fects. Any spreading caused by non-idealities is a
dispersion in the usual sense, and so is irrevers-
ible and produces entropy. However, the spread-
ing caused by the isotherm curvature is of a quite
different nature: Being reversible, it does. not
increase the disorder of the system; we might say
the system has “stored” the free energy needed
to make the wave sharp again. As to the shock,
it travels without change of its profile, not
creating any apparent disorder, so how come it
produces entropy? The answer is that the shock
must not be viewed all by itself: It leaves the
system in a different state from which no return
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to the original state is possible without expendi-
ture of free energy. For instance, if the shock has
saturated a sorbent (e.g., acted as the front of a
peak), stripping (at the rear of the peak) would
entail a nonsharpening wave, for a net result of
solute dispersion, for which the shock is ulti-
mately responsible.
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ABSTRACT

A procedure based on curve-fitting techniques for the calculation of the retention data in linear programmed-temperature gas
chromatography was applied in order to calculate the elution temperature of fifteen polycyclic aromatic hydrocarbons on a DB-5
capillary column. The linear programmed-temperature retention data were calculated with a BASIC program starting from
isothermal retention times and the calculated values were compared with experimental data. For five different linear temperature
programmes the accuracy expressed as fractional difference was always better than 1% in spite of the simplifications introduced in

the calculation methods.

INTRODUCTION

Programmed-temperature gas chromatography
(PTGC) is widely used for the analysis of en-
vironmental samples containing compounds with
a wide range of boiling points owing to the
advantage of decreasing the analysis time and

* Corresponding author.

0021-9673/93/$06.00

improving the resolution for later eluting com-
pounds. The prediction of the temperature-pro-
grammed retention time from isothermal reten-
tion data has been reported by several workers
both using thermodynamic parameters or reten-
tion indices [1-19].

In a previous paper [20] it was shown that the
method proposed by Said [21,22] can be applied
without complex calculations for the prediction
of retention data in different temperature-pro-

© 1993 Elsevier Science Publishers B.V. All rights reserved
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grammed analyses. In this work, the retention
times in linear PTGC of fifteen polynuclear
aromatic hydrocarbons (PAHs) were calculated
starting from data collected during different
isothermal runs with the same column and were
compared with experimental results,

The fundamental equation for temperature
programming is
de  dl
A (1)

which when integrated gives

jpdt J’ dl @)

where L is the column length, d/ is the distance
travelled by the solute in time dt, #; is the
isothermal retention time of the same solute at
absolute temperature T and T, is the solute
retention temperature.

The isothermal retention time, g, changes
with temperature T according to

tgr=A+aexpb/T) 3)

In eqn. 3 some simplifications are made [21]: a
and b are constants and A is also a constant
equal to the dead time. This means assuming
that the mean gas velocity remains constant
during the temperature programming. This as-
sumption is not strictly valid [23] as the gas
velocity should decrease with increasing tem-
perature, but many instruments have a built-in
system that automatically increases the inlet
pressure in order to compensate for this effect
and maintain a constant flow-rate. A is therefore
approximately but not exactly equal to the dead
time and can be defined as the mean dead time.
With these simplifications, the three constants in
eqn. 3 can be evaluated from three isothermal
runs at different temperatures.

In linear PTGC, the column temperature is a
linear function of the analysis time, ¢:

T=T,+rt )
where T is the absolute initial temperature and r
is the programming rate in °C min ',

By substituting eqns. 4 and 3 in eqn. 2, we
obtain
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1 d¢ 5
9, A+aexp[b/(273 + 9)] )

or

RO ©)

where y(9) is the inverse retention time func-
tion:

1
YO = A expo/ (273 + 9] )

and 9, and 9, are inlet and outlet column
temperatures in °C.

The resulting integration has no analytical
solution and eqn. 6 can be solved with approxi-
mate or iterative methods. In this work we
applied the method proposed by Said [22], which
uses curve-fitting techniques to replace the in-
verse retention time function y() by a function
that can be integrated. It can be shown that the
normal distribution integral gives the best fit to
eqn. 7 up to a value from 50 to 70°C above the
inflection point ¥, which is the elution tempera-
ture range usually observed under experimental
conditions. An exhaustive description of the
theory can be found in Said’s original work and
our previous papers [20-22].

EXPERIMENTAL

The analyses were carried out using a Varian
(Palo Alto, CA, USA) Model 3400 gas
chromatograph, equipped with a standard flame
ionization detector and a split—splitless injector.
A narrow-bore DB-5 (5% phenyl-95% methyl-
polysiloxane bonded phase) silica column (J & W
Scientific, Folsom, CA, USA) (30 m x 0. 25 mm
1.D.) with a film thickness of 0.25 pwm was used.
Standard solution of PAHs in dichloromethane
at concentrations ranging between 0.1 and 0.5 g
17! were injected (1 wl) with a microsyringe in
the splitless mode. Highly purified nitrogen was
used as the carrier gas at an average flow-rate of
3 ml min~' into the column. The make-up gas
dispatched to the detector was set in order to
maintain constant flow-rate of 30 ml min ™" at the
flame tip. The detector and injector tempera-
tures were 300 and 250°C, respectively.
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Five replicate isothermal runs were performed
for each compound at temperatures ranging from
373 to 598 K, in order to obtain three values of
retention time with a reasonable temperature
interval. The temperatures of the isothermal
runs used for each compound were chosen in
order to approximate its elution temperature
(see Table I). Programmed-temperature runs
were carried out at a variety of combinations of
initial temperature and oven heating rate. The
assumption was made that the operator-set value
matches exactly the actual temperature of the
column oven; for the Varian 3000 series instru-
ments this is true to within +1.3°C. Calculations
were performed with an IBM personal computer
using a BASIC program [24].

RESULTS AND DISCUSSION

Five replicate isothermal runs were performed
for each compound at three temperatures (Table
I) in order to establish the reproducibility of
retention data in isothermal analyses. The mean
isothermal retention time, t, and overall stan-
dard deviation, o, are also given in Table I.

By using the equations described in the Intro-
duction, the programmed-temperature retention
times, ¢,, were calculated for various initial
temperatures and heating rates. The calculated
(t,) and experimental (¢,.) values are compared
in Table II. The percentage difference between
the experimental and calculated values, A (%) =
100(¢,. — t,0)/t,c, is very small (<1%), notwith-
standing the simplifications introduced above,
showing the adequacy of a normal distribution
integral to fit the inverse retention time function
y(3), giving an almost perfect fit to y(¥) up to a
4 value from 50 to 70°C above the inflection
point . The fifteen solutes examined elute from
the column more than 50°C above 9, as shown
in Table III.

As pointed out in the Introduction, the ve-
locity of the carrier gas is temperature depen-
dent: an increase in temperature increases the
viscosity and the velocity of the carrier gas
decreases proportionally in a chromatographic
system having a constant inlet pressure. This
results in a linear dependence of dead time on
temperature, but this variation is relatively small

T.C. Gerbino et al. | J. Chromatogr. 634 (1993) 338-344

when compared with the exponential variation of
retention time with temperature. This effect is
further reduced by the constant-flow regulator of
the gas chromatograph used. Hence dead time
can be replaced with the constant A in eqn. 3,
where A is the mean dead time. Moreover, in
eqn. 3 the thermodynamic terms B exp(AS/R)
and —AH/R, where § is the column phase ratio,
AS is the molar entropy of solution, AH is the
molar enthalpy of solution and R is the gas
constant, are replaced with the constants a and
b, respectively, but some deviation from linearity
of the In t; vs. T ' relationship is possible,
owing to the variation of these thermodynamic
characteristics with temperature [12,14,25]. As
pointed out elsewhere [14], these variations do
not have a great effect on the calculated reten-
tion values because the decrease in the enthalpy
produces an increase in the entropy term owing
to the correlation of AH and AS through the
molar free energy of solution. The early-eluting
solutes with a retention time very close to the
dead time are more influenced by errors in
evaluating the hold-up time and therefore would
have less reliable isothermal data. Moreover, in
the time corresponding to the dead time the
solutes expand in the gas phase and are trans-
ported along the column; the distance travelled
can be non-negligible for solutes showing a small
retention time, particularly if high initial tem-
peratures are used. In order to ensure greater
accuracy, the three temperatures for evaluating
the constants in eqn. 3 should cover the whole
temperature range during temperature program-
ming because a greater contribution to the differ-
ence between calculated and predicted retention
times can be expected if the retention time of a
compound significantly exceeds the upper limit
of isothermal runs.

It should be noted that the accuracy of the
predicted retention values is fair over the whole
range of the programmed-temperature runs,
notwithstanding the fact that the isothermal
retention times were not measured for all the
compounds at the same temperature and in the
same isothermal runs. This is important from
both the theoretical and practical points of view.
It is in fact almost impossible to achieve the
elution of all the analyte compounds with a
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single isothermal analysis; at low temperatures
the retention time of high-boiling compounds is
too long and the peak shapes (tailing or very
wide) make correct measurement of retention
times difficult unless large sample amounts are
injected; at high temperatures, interference with
the solvent peak tail and elution of many peaks
within a very small interval impair the determi-
nation of early-eluting compounds.

The differences between the experimental and
calculated values are also due to non-instanta-
neous cooling of the sample from the heated
injector to the initial column temperature and to
the temperature lag between the column and
oven during programming. Probably this lag
makes the greatest contribution because the
difference between calculated and observed elu-
tion temperatures is always within +1.3°C (see
Table II1), which represents the observed devia-
tion between the set and actual temperatures of
the column oven. The thermal mass of the
capillary column and of its supporting cage is
relatively small, but it may contribute further to
the difference in the actual column temperature
with respect to set oven values, mainly with high
programming rates [26].

Notwithstanding these causes of error, the
prediction of the retention times in the linear
PTGC of complex mixtures of PAHs gives suit-
able results and can permit the identification of
these compounds in environmental samples on
the basis of retention data, without the need to
perform a series of isothermal runs for each
sample in order to identify compounds having a
wide range of boiling points. By determining
many standards, the flame ionization detection
(FID) responses of PAHs were found to be very
similar, as they are governed by their carbon
content, which is fairly uniform for different
compounds, and therefore they have very similar
FID response factors (response/mass) [27].
Therefore, the identification on the basis of
retention data and the similarity of response
facilitate the determination of PAHs in environ-
mental samples by reducing the number of
standard mixtures required.

The method, which is easily applied with
simple programming on personal computers, can
also be used as an analogue of the Van Deemter
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plot for optimization of carrier flow-rate, to
establish whether the column used can give a
satisfactory resolution of closely eluting peaks. If
the application of the equation with many PTGC
parameters does not give a sufficient difference
in retention times, this means that further ex-
periments in order to improve the resolution by
changing the analysis conditions will be useless,
and that other solutions must be tried, such as
the choice of longer columns, the use of station-
ary phases with greater polarity and the combi-
nation of different length of polar and non-polar
columns.
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ABSTRACT

Several a-alkyl-, a-cycloalkyl- and a-aromatic-substituted ethylamine enantiomers were separated with a cross-linked
polycyanoethyl vinyl siloxane—L-valine—tert.-butylamide fused-silica capillary column. Kovats retention indices of cyclohexane,
benzene, anisole and the derivatized amines on the chiral stationary phase (CSP) were determined and compared with those on
SE-30. By extrapolation of the retention behaviour, the chiral recognition mechanism of enantiomeric amides on diamide CSPs is

discussed.

INTRODUCTION

Since the first successful direct resolution of
enantiomers by gas chromatography (GC) in
1966 [1], a variety of enantiomeric pairs have
been separated on various chiral stationary
phases (CSPs) [2-5].

Amines are widely used as intermediates in
the synthesis of a large number of organic
compounds, including dyes, drugs, pesticides and
plastics. The enantiomeric separation of chiral
amines, generally derivatized as amines, has
been reported by several workers [4-12]. Oi et
al. [6] reported the direct separation of racemic
amines on optically active copper(II) complexes,
but the peak shapes were broad and tailing.
Generally, amines are derivatized as N-per-
fluoroalkyl derivatives before chromatography
on CSPs [13]. The enantiomeric separation of

* Corresponding author.

0021-9673/93/$06.00

derivatized chiral amines on cyclodextrin deriva-
tives (CD-CSPs) [4,5] and chiral hydrogen-bond-
ing GC phases such as peptide [10], diamide
[8,11,12] and even monoamide [7] CSPs has also
been reported.

In this work, a-alkyl-, a-cycloalkyl- and
a-aromatic-substituted ethylamines were enan-
tiomerically separated in a cross-linked poly-
cyanoethyl vinyl siloxane-L-valine—fert.-butyl-
amide fused-silica capillary column, prepared as
described previously [14]. The reasons for differ-
ence in the a-values (separation factor) of the
amides were investigated.

EXPERIMENTAL

Materials

Fused-silica capillary tubes (0.25 mm I.D.)
were obtained from Yongnian Optical Fibre
Manufacture. 2-Aminoheptane and 2-amino-
octane were purchased from Tokyo Kasei Kogyo
and a-phenylethylamine from Sigma. a-Cyclo-

© 1993 Elsevier Science Publishers B.V. All rights reserved
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hexylethylamine was synthesized from cyclohexyl
methyl ketone by the Leukart reaction [15].
Methoxy-substituted a-phenylethylamines were
prepared in our laboratory [12].

Derivatization

The amines were derivatized into N-tri-
fluoroacetyl (TFA), N-acetyl (Ac) or N-benzyl
(Bz) derivatives [16,17].

Chromatographic conditions

Cross-linked polycyanoethyl vinyl siloxane—
L-Val-tert.-butylamide and cross-linked SE-30
fused silica capillary columns were prepared as
reported previously [14,18]. The chromatograph-
ic separation was carried out with a GC R1A gas
chromatograph equipped with a split injector
and a flame ionization detector.

RESULTS AND DISCUSSION

The structures, separation factors («), peak
resolution (R,) and capacity factors (k') of the
N-TFA-amines tested are given in Table 1. They
have very similar structures and can all be
considered as substituted N-TFA-ethylamines.
The only difference among them is in the R
groups of the ethylamine a-positions.

N-TFA-2-aminooctane, N-TFA-a-cyclohexyl-
ethylamine and N-TRA-a-phenylethylamine
have the same carbon number. However, the
difference in their a-values is considerable, and
that of N-TFA-a-phenylethylamine is the high-
est, even at much higher temperatures.

The difference in «-values between a-aro-
matic-substituted ethylamines and a-alkyl- or
a-cycloalkyl-substituted ethylamines on mono-
amide CSPs has already been reported by Weins-
tein et al. [7]. In that case, the higher a-values of
aromatic-substituted ethylamines were explained
by an intercalation mechanism of the solutes into
the parallel arrangements of aromatic rings of
the monoamide CSPs. Unfortunately, this mech-
anism is not suitable to explain the difference in
a-values in our experiments, because there is no
aromatic ring in the diamide CSP used here.

For an optically active molecule, direct chiral
recognition can only be effected by another
chiral molecule (CSP). Although the amide
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TABLE I
a, R, AND k'(S) VALUES OF N-TFA-AMINES
Amines: CH,CH(R)NH,. « =[tyq,— o}/ [tray —t); R, =

[tR(Z) - tR(l)/[l/z(WbZ +Wh,)]; k'(S)= [tR(Z) —to]/t,, Wb=
width at base.

R @ R, k'(S)  Temperature (°C)
n-C;H,, 1.020 087 165 80
n-CH,, 1.022 108 320 8

b 1.016 1.10 8.19 110
@ 1.026 1.76 578 130

)
@0 - 0 8.87 130
@0&!3 1032 182 237 130

@ 1.033 195 254 130

0CHy

“No separation.

groups of the derivatized amines have two strong
interaction sites (oxygen and hydrogen) con-
nected directly to the asymmetric carbon, they
can only be considered as “one point” according
to the “three-point” rule suggested by Dalglish
[19,20]. It has also been demonstrated that one
strong attraction is sufficient for chiral recogni-
tion in many instances on a diamide CSP [21].
However, it is reasonable that the enantiomeric
selective interactions of other groups connected
to the asymmetric atom with the CSPs will
certainly affect the chiral separation.

The only difference in the N-TFA-amines is in
the R group. The higher a-values of a-aromatic-
substituted ethylamines might be due to the
stronger interaction of the phenyl group with the
CSP than that of the alkyl or cycloalkyl groups.

Kovats retention indices (), which are greatly
influenced by both structures of the solutes and
solvents, are the most widely used parameters
for qualitative analysis in GC. The higher the /
value, the stronger is the interaction between the
solute and the solvent. The diamide CSP used is
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an optically active polymeric siloxane stationary
phase. The Al values, the difference in Kovits
retention indices on the diamide CSP {for enan-
tiomers I=[I(S)+ I(R)]/2} and on the di-
methylsiloxane (SE-30) phase could be quali-
tatively assumed to be the contribution of the
chiral side-chain to the I value [22].

The I and Al values of the derivatized amines
and the R group in their a-positions, namely
cyclohexane, benzene and anisole, on the cross-
linked diamide CSP and SE-30 are given in
Table II. Benzene, cyclohexane and hexane have
the same carbon number, but both the I value on
the CSP and the Al value of benzene are much
greater than those of cyclohexane and hexane.
From Table II, it can also be seen clearly that
the Al values of all the N-TFA-a-aromatic-sub-
stituted ethylamines are much greater than those
of N-TFA-a-alkyl or -a-cycloalkyl-substituted
ethylamines. That is, in the derivatized amines,
the interaction of a phenyl group with the CSP is
much stronger than that of an alkyl or cycloalkyl

group.
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The introduction of a methoxy group in the
meta and para positions on the benzene ring
slightly improved the selectivity of enantiomers
[12]. This is probably because the introduced
group (methoxy) further enhanced the interac-
tion of the benzene ring of the solutes with the
CSP. The a-value of N-TFA-o-methoxy-
a-phenylethylamine is much lower than that of
the corresponding meta and para isomers owing
to the intramolecular hydrogen bonding of the
amide group [12]. The data in Table II show
that the I values on the CSP and SE-30 and the
Al value for N-TFA-o-methoxy-a-phenyl-
ethylamine are significantly lower than those for
the corresponding meta and para isomers, also
supporting the hypothesis of intramolecular hy-
drogen bonding.

The GC behaviour of N-Ac and N-Bz de-
rivatives of a-alkyl-substituted ethylamine,
2-aminoheptane and 2-aminooctane was also
studied (Tables II and III). On replacing N-TFA
with N-Ac or N-Bz, the interaction of the strong
interaction point, the amide group, with the CSP

TABLE 11

KOVATS RETENTION INDICES (/) AND DIFFERENCE IN KOVATS RETENTION INDICES ON THE CSP AND SE-30

@n

Solute 1 Al® Temperature (°C)

SE-30 CSP*

Cyclohexane 664.34 692.00 27.66 60

Benzene 657.74 760.38 102.64 60

Anisole 899.91 1060.95 161.46 60

N-TFA-2-aminoheptane 1064.62 1464.46 399.84 150

N-TFA-2-aminooctane 1160.57 1561.73 401.16 150

N-TFA-a-cyclohexylethylamine 1226.82 1644.28 417.46 150

N-TFA-a-phenylethylamine 1215.24 1724.80 509.56 150

N-TFA-o-methoxy- 1386.26 1817.26 421.00 150
a-phenylethylamine

N-TFA-m-methoxy- 1430.77 2002.14 571.37 150
a-phenylethylamine

N-TFA-p-methoxy- 1456.36 2020.04 563.68 150
a-phenylethylamine

N-Ac-2-aminoheptane 1269.04 1750.48 481.44 150

N-Ac-2-aminooctane 1362 70 1852.29 489.59 150

N-Bz-2-aminoheptane 1798.59 2329.92 531.33 180

N-Bz-2-aminooctane 1896.06 2429.28 533.22 180

“ For enantiomers on the CSP, I = [I(S) + I(R)]/2.

®For enantiomers, Al = {[I(S) + I(R)]/2} — I(SE-30); I(S), I(R) and I(SE-30) are the Kovits retention indices of the S or R
configuration on the CSP and those on SE-30.
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TABLE III

a, R, AND k'(S) VALUES OF N-Ac- AND N-Bz-AMINES
AND N-TFA-o-PHENYLETHYLAMINE

Solute a R, k'(S) Temperature
4

N-Ac-2-aminoheptane 1.017 1.21 14.55 110

N-Ac-2-aminooctane  1.021 1.50 24.25 110

N-Bz-2-aminoheptane 1.016 1.19 29.30 150

N-Bz-2-aminooctane 1.018 1.17 45.63 150

N-TFA-a- 1.024 1.68 2.38 150
phenylethylamine

is enhanced and the I and AI values increase, but
the comparatively weak interaction point, the
alkyl group (R), remains the same. The a-values
of the N-Ac and N-Bz chiral alkyl-substituted
ethylamines are not substantially improved
whereas the volatility is greatly reduced and a
much higher column temperature is needed.
Although the interaction of the carbonyl groups
of N-Ac and N-Bz with the CSP is stronger than
that of N-TFA, the «a-values of N-Ac or N-Bz
chiral alkyl-substituted ethylamines are still
much smaller, at the same temperature or even
at lower temperatures, than that of N-TFA-
1-phenylethylamine (Table IIT). Hence increas-
ing the interaction strength of the relatively weak

2
1
n

| )

A n

0 10 20 30 40 S0 min

Fig. 1. Chromatogram of N-TFA-chiral «-alkyl- and
a-cycloalkyl-substituted ethylamines. Column, cross-linked
polycyanoethyivinylsiloxane—L-Val-fert.-butylamide  fused-
silica capillary (20 m x 0.25 mm 1.D.); column temperature,
90°C; carrier gas, nitrogen. 1 = N-TFA-2-Aminoheptane; 2 =
N-TFA-2-aminooctane; 3 = N-TFA-a-cyclohexylethylamine
(R-enantiomers eluted first).

X. Lou et al. | J. Chromatogr. 634 (1993) 345-349

| I i

i 1 N i 2

0 10 20 30 40 50

Fig. 2. Chromatogram of N-Ac chiral a-alkyl-substituted
ethylamine. Column temperature, 110°C; other conditions as
in Fig. 1. 1=N-Ac-2-Aminoheptane; 2 = N-Ac-2-aminooc-
tane (R-enantiomers eluted first).

interaction point (R group) with the CSP, i.e.,
from an alkyl or cycloalkyl to a phenyl group,
has a greater effect on chiral recognition than
further increasing the strength of the strong
interaction point (amide group) with the CSP.

| L/

" n n 2 4

0 10 20 30 40
min

Fig. 3. Chromatogram of N-TFA chiral a-aromatic-substi-
increased at 4°C/min to 150°C; other conditions same as in
Fig. 1. 1=N-TFA-a-Phenylethylamine; 2= N-TFA-o-me-
thoxy-a-phenylethylamine; 3 = N-TFA-m-methoxy-a-phenyl-
ethylamine; 4 = N-TFA-p-methoxy-a-phenylethyl-amine (R-
enantiomers eluted first).

min
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The chromatograms of some amides enantio-
mers are shown in Figs. 1-3.

CONCLUSIONS

The separation factors (a-values) of chiral
a-aromatic substituted ethylamines are much
greater than those of both chiral a-alkyl- and
a-cycloalkyl-substituted ethylamines, derivatized
as amides, on the diamide CSP used. The I
values (Kovits retention indices) on the CSP and
SE-30 and the AJ values (difference in I values
on the CSP and SE-30) of the chiral ethylamines
and their substituents (R group) were tested.
The higher a-values of the chiral a-aromatic-
substituted ethylamines might be due to the
stronger interaction of the benzene ring than the
alkyl and cycloalkyl groups with the CSP.
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ABSTRACT

Forty-nine flavones, flavonols, flavanones and chalcones were analysed without derivatization by GC and GC-MS using an
OV-1 capillary column. Retention times are affected by the number, position and type of the substituents. The mass spectra show
the same typical fragmentation pattern as obtained by the direct inlet method. The effectiveness of the proposed method is
demonstrated by the GC and GC-MS analysis of a plant extract in which 21 different flavonoid aglycones could be identified.

INTRODUCTION

Flavonoid aglycones are valuable compounds
because of their many biological and pharmaco-
logical effects [1,2]. Further, they are often used
in chemotaxonomic studies [3]. Numerous chro-
matographic techniques have previously been
applied to their separation and identification,
e.g., column chromatography, paper chromatog-
raphy, thin-layer chromatography (TLC) and
high-performance liquid chromatography
(HPLC). However, these methods are time
consuming or limited in separation power [4].

* Corresponding author.

0021-9673/93/$06.00

Few reports have been published on the gas
chromatography (GC) of methyl or trimethylsilyl
ethers of flavonoids, only one of the polymethox-
ylated flavones [4,5].

In this paper we report the analysis of 49
flavones, flavonols, flavanones and chalcones
without derivatization by GC and GC-MS with
an OV-1 capillary column. Further, we demon-
strate the application of this rapid and sensitive
method to a plant extract containing 21 flavonoid
aglycones.

EXPERIMENTAL
Materials

Flavonoids were isolated from flowers of Ar-
nica species and from Heterotheca inuloides

© 1993 Elsevier Science Publishers B.V. All rights reserved
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Cass. [6-8], except for 22, 26, 27, 30, 42, 43 and
46, which were purchased from Roth (Karlsruhe,
Germany). All products were identified by com-
parison of UV, mass and "H NMR-spectra with
published data.

The plant extract examined was obtained from
flowers of Arnica alpina ssp. attenuata by gel
chromatography (Sephadex LH-20, methanol) of

TABLE I
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the methanol-soluble part of the methylene
chloride extract.

Gas chromatography

GC analysis was carried out on a Hewlett-
Packard HP 5890 gas chromatograph equipped
with a Permabond OV-1-capillary column (25
m X 0.25 mm I.D.) (Macherey—Nagel) and a

STRUCTURES OF FLAVONOID AGLYCONES AND THEIR RELATIVE RETENTION TIMES

Values are expressed relative to hispidulin, corrected for the dead time.

Flavones:
No. Compound Substituent RRT
R' R? R’ R’ R’ R’
1 Apigenin H OH H H OH H 1.02
2 Genkwanin H OCH, H H OH H 0.90
3 Acacetin H OH H H OCH, H 0.88
4 Apigenin 7,4’-di-Me H OCH, H H OCH, H 0.78
5 Chrysoeriol H OH H OCH, OH H 1.22
6 Diosmetin H OH H OH OCH, H 1.40
7 Velutin H OCH, H OCH, OH H 1.07
8 Pilloin H OCH, H OH OCH, H 1.24
9 Luteolin 7,3',4'-tri-Me H OCH, H OCH, OCH, H. 1.14
10 Hispidulin H OH OCH, H OH H 1.00
1 Pectolinarigenin H OH OCH, H OCH, H 0.87
12 Cirsimaritin H OCH, OCH, H OH H 1.32
13 Salvigenin H OCH, OCH, H OCH, H 1.15
14 Jaceosidin H OH OCH, OCH, OH H 1.19
15 Desmethoxycentaureidin H OH OCH, OH OCH, H 1.37
16 Eupatilin H OH OCH, OCH, OCH, H 1.27
17 Cirsilineol H OCH, OCH, OCH, OH H 1.55
18 Eupatorin H OCH, OCH, OH OCH, H 1.82
19 Tricin H OH H OCH, OH OCH;, 1.06
20 Apigenin 6,3',5'-Tri-OMe H OH OCH, OCH, OH OCH, 1.95
21 Nevadensin OCH, OH OCH, H OCH, H 1.29

(Continued on p. 352)



352 T.J. Schmidt et al. | J. Chromatogr. 634 (1993) 350-355

TABLE I (continued)

Flavonols:
No. Compound Substituent RRT
R? R’ R* R’ R’

22 Galangin OH H H H OH 0.52
23 Kaempferol OH H H OH OH 1.10
24 Kaempferid OH H H OCH, OH 0.99
25 Kaempferol 3,7-di-Me OCH, H H OH OCH, 0.83
26 Kaempferol 3,4'-di-Me OH H H OCH, OCH, 0.95
27 Kaempferol 7,4'-di-Me OCH, H H OCH, OH 0.84
28 . Kaempferol 3,7,4'-tri-Me OCH, H H OCH, OCH, 0.83
29 Isorhamnetin OH H OCH, OH OH 1.33
30 Tamarixetin OH H OH OCH, OH 1.57
31 Dillenetin OH H OCH, OCH, OH 1.43
32 Quercetin 3,7,3'-tri-Me OCH, H OCH, OH OCH, 1.10
33 Quercetin 3,7,4’-tri-Me OCH, H OH OCH, OCH, 1.30
34 Quercetin 3,7,3',4'-tetra-Me OCH, H OCH, OCH, OCH, 1.17
35 6-Methoxykaempferol OH OCH, H OH OH 1.09
36 Betuletol OH OCH, H OCH, OH 0.98
37 Penduletin OCH, OCH, H OH OCH, 1.38
38 Spinacetin OH OCH, OCH, OH OH 1.31
39 Quercetagetin 6,3',4'-tri-Me OH OCH, OCH, OCH, OH 1.42
40 Veronicafolin OCH, OCH, OCH, OH OH 1.69

41 Quercetagetin 3,6,7,4'-tetra-Me OCH, OCH, OH OCH, OCH, 1.92
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TABLE I (continued)
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Flavanones:
R4
RS
Rz 94
OH o}
No. Compound Substituent RRT
R’ R* R’
42 Naringenin OH H OH 0.60
43 Sakuranetin OCH, H OH 0.53
44 Isosakuranetin OH H OCH, 0.54
45 Naringenin 7,4’-di-Me OCH, H OCH, 0.47
46 Hesperetin OH OH OCH, 0.83
47 Eriodictyol 7,3'-di-Me OCH, OCH, OH 0.62
48 Persicogenin OCH, OH OCH, 0.71
Chalcone:
HO
CH30, O
o
No. Compound RRT
49 2,6-Dihydroxy-4'-methoxychalcone 0.27

flame ionization detector. The carrier gas was
nitrogen at a flow-rate of 1.3 ml/min, with a
splitting ratio of 1:50. The injector and detector
temperatures were 300°C and the column tem-
perature was 270°C (isothermal).

Relative retention times (RRT) are expressed
relative to hispidulin and were calculated after
subtraction of the dead time (dead time =0.94
min).

Gas chromatography—mass spectrometry
GC-MS analysis was carried out on a Varian-
MAT CH7 A mass spectrometer in the elec-

tron impact mode (70 €V), coupled to a Varian
1700 gas chromatograph with an OV-1 capil-
lary column. The carrier gas was helium and
the injector and column temperatures were
270°C.

RESULTS AND DISCUSSION

The various flavonoid aglycones investigated,
consisting of 21 flavones, 20 flavonols, 7
flavanones and 1 chalcone, with their relative
retention times, expressed relative to hispidulin,
are given in Table 1.
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Gas chromatography

Substitution at the various positions of the
flavonoid nucleus affects the retention times
characteristically. Conversion of a free hydroxyl
group at C-4’ or C-7 into the methyl ether
decreases the retention time significantly (1-4,
42-45), but in the latter instance only if C-6 is
unsubstituted. The retention times of 6,7-
dimethoxylated flavones and flavonols are much
higher than those of compounds unsubstituted at
C-6 (compare, e.g., 12/2; 13/4; 17/7; 18/8),
probably because of steric hindrance. Intro-
duction of a methoxyl group causes different
effects depending on the position. Methoxylation
at C-6 has a negligible effect on retention times
(compare, e.g., 1/10; 3/ 11; 5/14; 6/15), where-
as methoxylation at C-3' causes significantly
higher values (compare, e.g., 1/5; 10/14; 35/38;
42/46). The fact that hydroxylation at C-3 (com-
pare, e.g., 1/23; 3/24; 10/35; 11/36) does not
increase the retention times very much indicates
that substituents at this position are somehow
shielded.

The method is inapplicable to the examination
of flavonoid aglycones with o-dihydroxy groups,
such as luteolin, quercetin and patuletin, as they
decompose under the chosen GC conditions.
However, these compounds can easily be iden-
tified after TLC by their characteristic fluores-
cence after detection with diphenylboric acid,
ethanolamine complex and polyethylene glycol.

Mass spectrometry

Compared with direct inlet mass spectra, those
obtained by coupled GC-MS show the same
typical fragmentation pattern but with slight
differences in intensities. For 8-methoxyflavones
and -flavonols it is typical with the direct inlet
method, that the mass spectra show base peaks
resulting from the fragment ion [M-— Me] ™,
whereas in the spectra of 6-methoxyflavones and
-flavonols the molecular ion forms the base peak
[9]. Under the chosen GC-MS conditions this
differentiation based on mass intensities is not
possible. The mass spectra of 6-methoxyflavonols
exhibit base peaks formed by the fragment ion
[M —MeCO]", whereas in those of 6-methoxy-
flavones the base peaks are either the molecular
jon, the fragment ion [M — MeCO]" or m/z 69.

T.J. Schmidt et al. | J. Chromatogr. 634 (1993) 350-355

In the mass spectra of 6,7-dimethoxyflavones a
loss of [M — Me]" leads to the most stable ion.

Applications

Fig. 1 shows the chromatogram obtained for a
complex mixture of a plant extract containing 21
flavonoid aglycones belonging to different
classes. Closely related compounds were sepa-
rated and eluted as sharp peaks. In some in-
stances, where the peaks consist of more than
one compound, identities could be confirmed by
comparison with retention times and mass spec-
tra of the pure compounds. The combination of
the separating power of this technique with mass
spectrometry, which provides complementary
structural information, represents an attractive

45 411 1

43

27,

< i

5 10 15min
1 1

Fig. 1. Gas chromatogram of a crude fraction of flavonoid
aglycones from a plant extract. See Table I for peak identifi-
cation.
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Fig. 2. Gas chromatogram of isomeric flavones. See Table I
for peak identification.

and rapid method for the separation and identifi-
cation of flavonoid aglycones in complex mix-
tures. Hence the method described here is able
to play a valuable part in chemotaxonomic
studies.

Another application of the above-described
GC and GC-MS analyses is in the identification

355

of isomeric 3’-OH,4’-OCH,- and 3'-OCH,;,4'-
OH-flavones and -flavonols in mixtures. As these
pairs yield identical mass spectra and cannot be
distinguished by TLC, the only possibility of
identifying them in a mixture has, up to now,
been by '"H NMR [7]. Fig. 2 shows the separa-
tion of two isomeric pairs of flavones, velutin
(7)-pilloin (8) and jaceosidin (14)~desmethoxy-
centaureidin (15), by capillary GC. As com-
pounds with a methoxyl group at C-4’ have far
longer retention times than their C-3' isomers,
GC analysis represents a simple solution to the
above-mentioned separation problem.
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ABSTRACT

A good separation of the components of various chemical classes of alkaloids is possible by overpressured thin-layer
chromatography (OPTLC) on aluminium oxide plates with ethyl acetate alone as the mobile phase. The OPTLC method is
efficient, rapid (15 min) and combines the advantages of classical TLC and HPLC, i.e., large numbers of samples, high resolution
and speed and the use of selective reagents. It is possible to separate the most commonly used narcotic and toxic agents with this
method. For cannabinoids (narcotic phenolic compounds), the characterization requires the use of a binary eluent [hexane—ethyl

acetate (70:30, v/v)].

INTRODUCTION

Toxicological laboratories are constantly en-
gaged in studies of toxic and narcotic substances
from different sources (powders, cigarettes, syr-
inge residues, other pharmaceutical forms, etc.).
Alkaloids are the most important group of nar-
cotic and toxic agents and methods for the rapid
detection of different classes of these compounds
and their derivatives are required. Overpres-
sured thin-layer chromatography (OPTLC) can
be used for this purpose, as was demonstrated
previously for the separation of alkaloids [1,2].

As a continuation of our investigations and the
development of the process, we have applied
OPTLC to the determination of the most fre-

* Corresponding author.

0021-9673/93/$06.00

quently used narcotic and toxic agents such as
lysergide (LSD), heroin, cocaine, amphetamine,
nicotine and opium alkaloids such as morphine
and codeine.

EXPERIMENTAL

Apparatus

The samples were spotted with Minicaps
(Hirschmann  Laborgeridte, Eberstadt/Heil-

bronn, Germany). Chromatography was per-
formed with 20 X 20 cm aluminium oxide 60 F,
Type E 5713 precoated glass plates (Merck,
Darmstadt, Germany). The plates were impreg-
nated on three sides with Impress No. II polymer
suspension (Laborate, Budapest, Hungary).
OPTLC was performed with a Chrompres 25
chromatograph (Laborate). During chromatog-

© 1993 Elsevier Science Publishers B.V. All rights reserved
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raphy, the external pressure of the water cushion
was 15 bar, the starting mobile phase (ethyl
acetate) pressure was 7 bar and the flow-rate was
0.30 ml/min. The development of the plates (14
cm length) took 15 min.

Densitograms were recorded with a Camag
Model 76510 TLC/HPTLC scanner at 540 nm
after detection with Dragendorff’s reagent.

Preparation of standard mixture and solutions

All solvents were of analytical-reagent grade
from Merck. Before use, ethyl acetate was
filtered through a 0.45-um Millipore membrane
after sonication.

A standard mixture was prepared by dissolving
10 mg of each of the following reference sub-
stance in 1 ml of methanol: LSD (Sandoz),
heroin, cocaine, amphetamine, nicotine, mor-

phine and codeine. The sample of opium was a

tincture obtained by maceration for 24 h of 1 g of
opium powder in 10 ml of 60% ethanol.

The volume of the spots applied on the chro-
matographic plates was 2 ul, corresponding to 20
png for each sample. After elution the plates
were sprayed with Dragendorff’s reagent as
modified by Munier and Macheboeuf [3] or
potassium iodoplatinate reagent [4], which gave
characteristic shades for the different spots
(Table I), then read with the densitometer.

A 0.1-ug amount of cannabis resin was ex-
tracted by shaking at room temperature for 20
min with 10 ml of hexane, the filtrate was
evaporated to dryness and the residue dissolved
in 1 ml of toluene. A 20-ul volume of the
toluene solution was spotted on the plate.

Standard solutions of A°-tetrahydrocannabinol
(4°-THC) and cannabinol were obtained by
dissolving 1 mg of each in 5 ml of toluene.
Volumes of 20 ul of the cannabis resin extract,
corresponding to 2 g, and 2 ul of the 4°-THC
and cannabinol solutions, corresponding to 0.4
pg, were spotted on the chromatographic plates.

For cannabinoids, Fast Blue B Salt reagent
was used as the spray reagent [5].

RESULTS AND DISCUSSION

The most interesting result of this work is the
separation of alkaloidal drugs with use of only
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Fig. 1. Chromatogram of some narcotic and toxic alkaloids.
1 =Morphine; 2 = codeine; 3 = heroin; 4 = opium alkaloids;
5= nicotine; 6 = amphetamine; 7= cocaine; §=LSD. a=
Start of elution.

ethyl acetate as the mobile phase. This is a
significant improvement because usually in TLC
and OPTLC systems three or more components
in the mobile phase are required [6-11]. Such
mixtures of eluents are not easy to use with basic
components such as ammonia and diethylamine,
which can both affect detection by visualization
and determination by densitometry. The use of a
single solvent also ensures good reproducibility
of the method.

The procedure is also interesting because the

TABLE I

hR, VALUES OF THE DIFFERENT ALKALOIDS AND
THE COLOURS OBTAINED WITH IODOPLATINATE
AND DRAGENDORFF’'S REAGENTS

Alkaloid hR, Dragendorff’s Iodoplatinate
reagent reagent
Amphetamine 20 Yellow-orange Light pink
Codeine 26 Orange Pink-violet
Cocaine 92 Orange Violet
Heroin 61 Orange Yellow
LSD 67 Brown Pink-brown
Morphine 13 Orange Deep blue
Nicotine 77 Red-orange Black-blue
Noscapine 95 Orange Pink-brown
Papaverine 82 Orange Light pink
Thebaine 72 Orange Brown-violet
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different compounds studied are cleanly sepa-
rated. The chromatogram of opium alkaloids
(Fig. 1) shows an efficient separation which
permits the identification of all major alkaloids,
which is not always the case in the TLC separa-
tion of alkaloids.

For other narcotic and toxic agents we ob-
tained good separations. A list of the standards
studied and their AR values are given in Table
I.

The densitogram obtained from a standard
mixture containing LSD, heroin, cocaine, am-
phetamine nicotine and the principal opium
alkaloids morphine and codeine (Fig. 2) shows a
clean separation of the different compounds
after detection by dipping in or spraying with
Dragendorff’s reagent. Detection with iodoplati-
nate reagent gives different characteristic shades,
which permits rapid identification (Table I).

It was observed that it is often possible for
there to be a slight difference in migration if
standards are spotted alone or in mixtures.
These differences were observed particularly for
codeine and LSD (Fig. 1). However it is easy to
determine the nature of the compounds by the
specific coloration developed with the different
reagents used for spraying the plates (Table I).

———tn

JL

0 50 hRE

Fig. 2. Densitogram of standard mixture. 1 = Morphine; 2=
amphetamine; 3 =codeine; 4=heroin; 5=LSD; 6=
nicotine; 7 = cocaine.
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With ethyl acetate as the mobile phase, A°-
THC and other cannabinoids (narcotic phenolic
compounds) from Cannabis sativa var. indica
migrate up to the solvent front, but it is possible
to separate them by reducing the mobile phase
polarity by addition of hexane [hexane-ethyl
acetate (70:30, v/v)]. The characterization of
these compounds is as usual with Fast Blue B
salt reagent. In this instance a good separation of
cannabinoids is obtained, particularly of can-
nabinol, which is found in all cannabis species,
and A°-THC, which is the major active euphoric
principle. The AR values are 82 for cannabinol
and 77 for A°-THC.

CONCLUSIONS

The method reported is efficient, reproducible
and rapid (15-20 min per analysis). In com-
parison with the TLC of alkaloidal compounds
under the same experimental conditions,
OPTLC with ethyl acetate as the mobile phase
gives a better resolution with longer develop-
ment distances and the sensitivity is better
because there is less diffusion of the compounds
than in TLC. The same applies to the separation
of cannabinoids with hexane—ethyl acetate as the
mobile phase.
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J. Chromatogr., 609 (1992) 141-146.

Page 141, Introduction. The second paragraph contains three sentences that do not belong to this
paper. Below is. the whole Introduction as it should have read.

INTRODUCTION

Glutathione transferases (GSTs) are a wide-
spread family of isoenzymes implicated in the
detoxification of electrophilic xenobiotics as well
as in several endogenous functions. One isoform
is membrane-bound [1] and another is nuclear
[2]. Cytosolic GST isoenzymes are dimers of a
number of subunits with molecular masses of
about 25000 and have been grouped into four
classes with respect to physiological, structural
and genetic similarities: @, u, 7 and 6 [3,4].
1-Chloro-2,4-dinitrobenzene (CDNB) is used as
a universal substrate for GST isoenzymes.

A wide variety of structurally unrelated com-
pounds have been shown to increase hepatic
GST activity in a number of organisms, mostly in
laboratory animals (mice and rats). Ditferential
induction of GST isoenzymes has been reported
[5,6]. Induction of a particular isoform by a
given compound can be masked if only the
overall GST activity of a crude extract is ana-

J. Chromatogr., 624 (1992) 103-152.

lysed, hence the whole isoenzyme pattern needs
to be determined. To this ‘end, several methods
have been devised which include an initial affini-
ty chromatography step on GSH-Sepharose or
S-hexylglutathione—Sepharose [7,8] followed by
either chromatofocusing [9], isoelectric focusing
[10], hydroxyapatite chromatography [11] or
reversed-phase high-performance liquid chroma-
tography (HPLC) [12]. The latter method is
based on protein subunit determination and is
not dependent on the preservation of activity,
whereas the others are based on the quantifica-
tion of enzymatic activity. All rely on a similar
initial step that uses an affinity matrix to which
some of the isoenzymes do not bind or bind
loosely, lowering recovery yields [6,9,12].

This paper reports a single-step analytical
method based on ion-exchange HPLC with au-
tomatic on-line detection of activity for the rapid
determination of GST isoenzymes in crude bio-
logical samples, using CDNB as a non-specific
substrate.

Page 125, Table 10, third column, second row from bottom: “Cyclohexane—H folic acid” should read

“Cyclohexane~THF”.

Page 143, Table 21, third column, second row from bottom: “1.8% H,folic acid” should read “1.8%

THEF”.
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