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Studies on a new cross-axis coil planet centrifuge for
performing counter-current chromatography

I. Design of the apparatus, retention of the stationary
phase, and efficiency in the separation of proteins with

polymer phase systems

Kazufusa Shinomiya®™, Jean-Michel Menet™, Henry M. Fales and Yoichiro Ito*

Laboratory of Biophysical Chemistry, National Heart, Lung, and Blood Institute, National Institutes of Health, Building 10,

Room 7N322, Bethesda, MD 20892 (USA)

(First received November 24th, 1992; revised manuscript received March 30th, 1993)

ABSTRACT

An improved model of the cross-axis synchronous flow-through coil planet centrifuge has been designed in light of previous
studiés. The apparatus has a versatile feature in that both analytical and preparative columns can be accommodated in both

off-center and central positions. Each has merit in separations.

Retention of stationary phase was examined with various two-phase solvent systems used for the separation of biopolymers.
Both analytical and preparative columns showed satisfactory retention of the stationary phase under optimum conditions. The
apparatus was evaluated in separation of a set of protein samples using a polyethylene glycol-potassium phosphate biphasic
system. In both types of columns all proteins were resolved with partition efficiencies of 260 to 670 theoretical plates. Further
studies indicated that the relatively low partition efficiency of proteins is mainly attributed to their high molecular mass or
molecular heterogeneity within each species rather than due to the high viscosity of the polymer phase system.

INTRODUCTION

Counter-current chromatography (CCC) has
been increasingly used for the separation and
purification of various natural and synthetic
products and biological samples [1,2]. In the

* Corresponding author.

* Visiting Scientist from College of Pharmacy, Nihon Uni-
versity, 7-7-1, Narashinodai, Funabashi-shi, Chiba 274,
Japan.

** Guest scientist from Laboratoire de Chimie Analytique,
Ecole Supérieure de Physique et de Chimie Industrielles
de Paris, 10 Rue Vauquelin, 75231 Paris Cedex 05,
France.

0021-9673/93/$06.00

past, development of CCC technology has been
focussed mainly on improvement of the retention
of stationary phase, peak resolution and separa-
tion times using organic—aqueous two-phase sol-
vent systems. Among various CCC models de-
veloped, the high-speed CCC centrifuge has
proven most useful since it provides advantages
in peak resolution and separation times in addi-
tion to durability and stability of the instrument
[3]. On the other hand, the apparatus shows
poor retention of the stationary phase when
using the aqueous—aqueous polymer phase
systems [4] so useful for the separation of macro-
molecules. This problem is apparently caused by
violent mixing of the two phases that tends to

© 1993 Elsevier Science Publishers B.V. All rights reserved
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produce emulsification; the result is loss of
stationary phase from the column.

The cross-axis coil planet centrifuge (CPC)
introduced in the mid-1980s has a unique mode
of planetary motion such that the column holder
rotates about its horizontal axis while revolving
around the vertical axis of the centrifuge [5,6].
This motion allows much better retention of the
stationary phase. The apparatus has been suc-
cessfully used for preparative-scale separations
of natural and synthetic products [7].

Recent studies have shown that retention of
the stationary phase in the cross-axis CPC can be
further improved by shifting the column holder
laterally along the rotary shaft. In this position,
the column is subjected to a strong lateral
centrifugal force component that acts across the
diameter of the tube to suppress emulsification.
The proper combination of coil orientation and
elution mode provides satisfactory retention of
the stationary phase for viscous, low-interfacial-
tension solvent systems [8].

Using aqueous-—aqueous polymer phase sys-
tems, a standard mixture of stable proteins [9],
lipoproteins {10] and recombinant enzymes from
Escherichia coli lysate [11] have been separated
using the type-XLL cross-axis CPC with a 10-cm
revolution radius equipped with a pair of multi-
layer coils at an off-center position 20 cm from

TABLE I

K. Shinomiya et al. | J. Chromatogr. 644 (1993) 215-229

the mid point of the rotary shaft. In this work it
was found that the ratio between the revolution
radius (X) and the lateral deviation (L) of the
column is an important parameter in retention of
the stationary phase. In general, an increase in
ratio L/X resulted in higher retention of station-
ary phase by reducing the phase mixing effect.
The present paper describes the design and
performance of a new cross-axis CPC which can
accommodate a pair of column holders in two
different positions, the off-center position (L/
X =1.5) or the central position (X =0). The
apparatus was evaluated for retention of the
stationary phase of four solvent systems each
providing a specific merit on the separation of
macromolecules as shown in Table I. Under the
optimized conditions for polyethylene glycol-
phosphate two-phase system (solvent 2), the
partition efficiency was measured in the separa-
tion of a set of stable proteins using both
analytical and preparative coiled columns.

EXPERIMENTAL

Apparatus

The cross-axis synchronous flow-through CPC
used in the present studies was designed in our
laboratory and constructed at the NIH machine
shop. Both analytical and preparative columns

FOUR TYPICAL SOLVENT SYSTEMS FOR PARTITION OF MACROMOLECULES

HPC = Hexadecylpyridinium chloride; PEG = polyethylene glycol.

No. Solvent systems

Target samples

Characteristic features

1 n-Butanol-
0.13 M NaCl (1:1) containing
1.5% (w/v) HPC

Polysaccharides:
chondroitin sulfate,
heparin, hyaluronic

No other efficient
solvent system
available

High retention,
good efficiency

High solubility for
proteins

acid
2 12.5% (w/w) PEG 1000, Proteins
12.5% (w/w) K,HPO,
3 4.4% (w/w) PEG 8000, Proteins
7.0% (w/w) dextran T500
4 4.0% (w/w) PEG 8000,

5.0% (w/w) dextran T500

Nucleic acids,
cell particles

Physiological pH and
osmotic pressure for
cell separation
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can be accommodated in two different positions,
off-center (X —1.5L) and central (L) locations.
Each position has its own merit on the separa-
tion of macromolecules with aqueous—aqueous
polymer phase systems.

Fig. 1 illustrates the design of the apparatus.
The motor (not shown in the diagram) drives the
central shaft and the rotary frame around the
central axis of the centrifuge. The rotary frame
consists of two pairs of side-plates: a pair of
inner side-plates is bridged by a pair of horizon-
tal plates at the upper and lower edges. These
rigidly support the outer side-plates with a set of
links. Column holders and counter-rotating tube
holders are mounted between the inner and
outer side-plates in two different positions on
each side of the rotary frame, i.e., an off-center
position (X — 1.5L position) as shown in Fig. 1
and a central position (L position). The planet-
ary motion of the column holder is provided by a
set of miter gears and countershafts as follows: a
stationary miter gear (45°) is rigidly mounted
coaxially around the central shaft on the bottom
plate of the centrifuge. This stationary gear is
engaged to an identical gear affixed at the
proximal end of the countershaft radially
mounted on each side of the rotary frame. The
above engagement produces synchronous rota-
tion of the countershaft on the rotating rotary
frame. This motion is further conveyed to each
column holder by coupling a pair of identical
pulleys, one on the distal end of the countershaft
and the other on the column holder shaft using a
toothed belt.

In order to prevent the flow tubes from being
twisted, a pair of counter-rotating tube holders is
placed one on each side of the rotary frame. The
plastic gear (10 cm in pitch diameter) mounted
on each tube holder is engaged to an identical
gear affixed on the neighboring column holder so
that the tube holder synchronously rotates with
the column holder in the opposite direction. The
positions of the column holder and the tube
holder are easily interchanged by loosening the
screws on each bearing block from the rotary
frame: When the column holder is mounted at
the off-center position (as shown in Fig. 1), the
tube holder is placed at the central position and
vice versa. The layout of the flow tubes shown in

217

Fig. 1B connects the pair of separation columns
in series and permits continuous elution through
the running columns without the use of a rotary
seal device. Each flow tube is lubricated with
grease and individually protected with a short
sheath of Tygon tubing at each projecting hole to
prevent direct contact with the metal parts.

The apparatus measures 60 cm wide, 60 cm
long and 34 cm in height. The speed of the
apparatus is regulated up to 1000 rpm by a speed
control unit (Bodine Electric, Chicago, IL,
USA). In the earlier model of the cross-axis CPC
a set of metal gears produced noise and vibra-
tion. This problem has been largely eliminated
by replacing the miter gears with plastic gears
and restricting the up-and-down movement of
the centrifuge shaft with shims. Consequently,
the noise level of the present apparatus became
acceptable, provided that the applied speed is
away from the resonance points ranging between
650 and 700 rpm.

Preparation of coiled columns

The measurement of stationary phase reten-
tion in the preparative columns was performed
using short coils of 2.6 mm I.D. polytetrafiuoro-
ethylene (PTFE) tubing (Zeus Industrial Prod-
ucts, Raritan, NJ, USA). Two columns were
prepared by winding the tubing directly around
the holders of 5- and 10-cm hub diameters
forming a single-layer coil with a total capacity of
19.8 ml and 41.0 ml, respectively. Both right-
handed and left-handed coils were used. Each
coiled column was firmly affixed on the holder
with several pieces of fiber-glass reinforced adhe-
sive tape. Each end of the column was connected
to a 0.85 mm I.D. PTFE flow tube by inserting a
series of smaller-diameter PTFE tubing into one
another.

The protein separations were performed by
three types of coiled columns shown in Fig. 2.
Column I is a preparative-scale multilayer coil
which consists entirely of left-handed coils of 2.6
mm [.D. PTFE tubing measuring 5 to 10 cm in
diameter. Each multilayer coil was prepared by
winding a single piece of PTFE tubing directly
onto the holder hub making a tightly packed coil
between the pair of flanges spaced 7.6 cm apart.
After completing each coiled layer, the whole
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Column I Column I Column I

Fig. 2. Three coiled columns used for protein separations.
I = Preparative multilayer coil; II=analytical eccentric coil
assembly (2.0 cm core diameter); III = analytical eccentric
coil assembly (5 mm core).

layer was wrapped with a piece of adhesive tape
and the tubing was directly returned to the
original side to start the next layer by winding
the tube over the interconnection tube. In order
to prevent excessive distortion of the coiled
column, interconnection tubes were evenly dis-
tributed around the holder with minimum over-
lapping. Two identical multilayer coils were
connected in series to make up a total capacity of
575 ml. Columns II and III are the eccentric coil
assemblies for analytical separations. Column II
consists of 8 column units each prepared by
winding a 0.85 mm L.D. PTFE tube onto a 7.6
cm long, 2 cm diameter stainless-steel core
forming left-handed coils. Column III consists of
32 units which are similarly prepared by winding
a 0.85 mm L.D. PTFE tube onto a 7.6 cm long, 5
mm diameter nylon pipe making tight left-hand-
ed coils. In each analytical column assembly, the
set of coil units is symmetrically arranged around
the holder in parallel to and at the same distance
(5 cm in column II and 4 c¢m for column III)
from the holder axis. Each pair of the coil
assemblies is connected in series. The total
column capacities of these analytical columns are
35.4 ml for column II and 34.0 ml for column III.

Reagents

n-Butanol was chromatographic grade and
purchased from Burdick & Jackson (Muskegon,
MI, USA). Polyethylene glycol (PEG) 1000 (M,
1000), PEG 8000 (M, 8000), cytochrome c
(horse heart), myoglobin (horse heart), oval-
bumin (chicken egg), hemoglobin (bovine),
serum albumin (human and bovine) and 1-hexa-
decylpyridinium chloride were purchased from
Sigma (St. Louis, MO, USA); dibasic potassium
phosphate and sodium chloride from J.T. Baker
(Phillipsburg, NJ, USA); potassium dichromate
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from Fisher Scientific (Fair Lawn, NJ, USA);
fumaric acid and maleic acid from Chem Service
(West Chester, PA, USA) and dextran TS00 (M,
500000) from Pharmacia (Sollentuna, Sweden).
All reagents are of reagent grade.

Preparation of two-phase solvent systems and
sample solutions

The composition of the four pairs of two-phase
solvent systems used in the present studies are
shown in Table I. Each solvent mixture was
thoroughly equilibrated in a separatory funnel at
room temperature and the two phases separated
after the clear two phases has been formed.

Samples were prepared by dissolving a mixture
of cytochrome ¢ (horse heart), myoglobin (horse
heart), ovalbumin (chicken egg) and hemoglobin
(bovine) in about equal volumes of the upper
and lower phases of the two-phase solvent
system.

Measurement of retention of stationary phase

A series of experiments was performed to
measure the volume of the stationary phase
retained in the column using single-layer coils of
2.6 mm 1.D. PTFE tube mounted on the holders
with 5 cm and 10 cm diameter.

In each measurement, the entire column in-
cluding the space in the flow tubes was filled with
the stationary phase. Then, the apparatus was
rotated at the desired speed while the mobile
phase was pumped into the column at a given
flow-rate using a metering pump (Milton Roy
Minipump, UDC, FL, USA). The effluent from
the outlet of the column was collected in a
graduated cylinder to measure the volume of the
stationary phase eluted from the column as well
as the total elution volume. The experiment was
continued until the total elution volume ex-
ceeded the capacity of the column. During the
experiment, the temperature inside the cen-
trifuge was controlled within 28 + 2°C by placing
a dry ice bag over the top plate of the centrifuge.
After the run was terminated, the column con-
tents were emptied into a graduated cylinder by
connecting the inlet of the column to a nitrogen
line (ca. 80 p.s.i.; 1 p.s.i. =6894.76 Pa). Then
the column was washed with ca. 100 ml of
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distilled water and flushed with the stationary
phase to be used for the next experiment.

The measurements of the stationary phase
retention were performed with four different
solvent systems at the maximum revolution
speed of 800 rpm and at a flow-rate of 3.0
ml/min. The retention of each solvent system
was measured under eight different experimental
conditions, i.e., all possible combinations of the
direction of revolution (P, = counterclockwise;
P, = clockwise), the head-tail elution mode
(H = head to tail; T = tail to head), and inward—
outward elution mode (I=inward; O=
outward). The inward-outward refers to the
direction of the elution along the holder axis:
“inward” is from the peripheral toward the
promixal against the action of the centrifugal
force field and ‘“outward” is in the opposite
direction. These studies required the use of both
right-handed and left-handed coils. The eight
elution modes at the off-center position (X —
1.5L) are summarized in Table II. The elution
modes applied to the central position (L) are
similarly defined by modifying the orbit of the
column rotation in P, and P,; shown in Table II.

After choosing the experimental conditions

TABLE II
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producing the highest retention of stationary
phase in each handedness of the coil, the reten-
tion of the stationary phase was further studied
under both reduced speeds (600, 400 and 200
rpm at a fixed flow-rate of 2.0 ml/min) and
flow-rates (2.0, 1.0 and 0.5 ml/min at a fixed 800
rpm of revolution). Retention data for each
mobile phase from each solvent system are
summarized in a diagram (Figs. 3 and 4) where
the percentage retention of the stationary phase
is plotted against either the applied revolution
speeds or flow-rates.

Similar experiments were performed to mea-
sure the retention of the stationary phase in the
analytical columns (column II).

CCC separation of proteins

A set of stable proteins, including cytochrome
¢, myoglobin, ovalbumin and hemoglobin, was
selected as test samples in the present study.
Using a two-phase solvent system composed of
12.5% (w/w) PEG and 12.5% (w/w) dibasic
potassium phosphate in distilled water, the parti-
tion efficiency of both analytical and preparative
columns was evaluated at the two different
column positions.

EIGHT DIFFERENT ELUTION MODES AT OFF-CENTER COIL POSITION (X —1.5L)

Planetary Head-tail Inward-outward Combined
motion elution mode elution mode elution
(handedness of coil)* mode”
Head — tail Inward (R) P-H-1
P, Head— tail Outward (L) P-H-O
Tail— head Inward (L) P-T-1
Tail— head Outward (R) P-T-O
Head — tail Inward (L) P,-H-I
Py Head — tail Outward (R) P,-H-O
Tail— head Inward (R) P,-T-1
Tail - head outward (L) P,-T-O

‘R = Right-handed; L = left-handed.
”H = head — tail; T = tail > head; I = inward; O = outward.
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Fig. 3. Phase retention diagrams obtained from the coaxial single-layer coils (2.6 mm 1.D.) at the off-center (X — 1.5L) position.
(A) Effects of revolution on the retention of stationary phase; (B) effects of flow-rate on the retention of stationary phase.
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For each separation, the coil was first com-
pletely filled with the PEG-rich upper stationary
phase and an appropriate amount of the sample
solution was charged into the column through
the sample port. Then, the phosphate-rich lower
mobile phase was pumped into the column at the
optimum flow-rate (2.0 ml/min for column I and
0.2 ml/min for columns II and III), while the
apparatus was rotated at a revolution speed of
800 rpm. The effluent from the outlet of the
column was continuously monitored with an
LKB (Stockholm/Bromma, Sweden) Uvicord S
at 280 nm and collected into test tubes (4 ml per
tube for column I and 0.4 ml/tube for columns II
and III) using an LKB Ultrorac fraction collec-
tor.

Since the direct tracing of the elution profile
by the uv monitor was often disturbed by
carryover of the stationary phase, each collected
fraction was manually analyzed with a Zeiss
(Hanover, PA, USA) PM6 spectrophotometer at
280 nm.

Evaluation of partition efficiency

The partition efficiencies of separations can be
computed from the chromatogram and expressed
in terms of both the theoretical plate number
~ (N) and peak resolution (R;). Both values are
based on the assumption that each peak repre-
sents the distribution of a single component.
Among the four proteins in the sample mixture,
ovalbumin produced an extremely broad peak
which gave low partition efficiencies in both
theoretical plate number and peak resolution.
We later found that the ovalbumin used in the
present studies produced two distinct bands in
sodium dodecyl sulfate—polyacrylamide gel elec-
trophoresis. Because of the heterogeneity of the
ovalbumin (third peak), the partition efficiencies
in the present studies are exclusively expressed
as the theoretical plate number of the second
‘peak (myoglobin), since the first peak (cyto-
chrome ¢) is eluted close to the solvent front
while the fourth peak (hemoglobin) is excessive-
ly retained in the column.

The theoretical plate number of the second
peak was calculated from the conventional equa-
tion:
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N=(4R/W)* 1)

where R denotes the retention volume or time of
the peak maximum and W the peak width
expressed by the same unit as R.

RESULTS AND DISCUSSION

Studies on stationary phase retention

Fig. 3A illustrates a set of phase retention
diagrams for four different solvent systems at the
off-center position (X — 1.5L position) obtained
by varying the revolution speed at a given flow-
rate of 3 ml/min. In this diagram, the upper
panel shows the retention of the lower stationary
phase obtained by eluting with the upper mobile
phase and the lower panel, the retention of the
upper stationary phase by eluting with the lower
phase. In each panel, the retention diagrams in
the first row were obtained from the coil
mounted on the 5-cm diameter holder and those
in the second row, from the coil mounted on the
10-cm diameter holder. Each diagram contains
two best retention curves, one obtained from the
right-handed coil and the other from the left-
handed coil, each being selected among four
possible combinations of the elution modes. In
general, retention of over 50% produces an
excellent result but 30% retention is considered
satisfactory if carryover of the stationary phase is
minimum.

The overall results of the experiments indicate
that the stationary phase retention is improved
by increasing the revolution speed up to the
maximum of 800 rpm. The butanol solvent
system (solvent 1) shows the highest retention
where the head—tail elution mode plays a signifi-
cant role in stationary phase retention. In the
aqueous—aqueous polymer phase systems (sol-
vents 2-4), the inward—outward elution mode
plays the most important role in the retention of
the stationary phase. The best retention is always
achieved by eluting the upper phase inward or
the lower phase outward through the coil. Dif-
ferent from the previous results with the X-LL
cross-axis CPC [8], the left-handed coil (white
square) yields only slightly higher retention of
the stationary phase than the right-handed coil
(black square) in the 5-cm helical diameter coil.
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Among three polymer two-phase systems the
PEG-phosphate system (solvent 2) produces the
highest retention especially in the 5-cm helical
diameter coil. This may be attributed to the
physical properties of the PEG-phosphate
system characterized by its relatively lower vis-
cosity and greater differences in density and
surface tension between the upper and lower
phases. In the PEG-dextran systems (solvents 3
and 4) the retention of the lower phase (upper
phase mobile) is always greater than that of the
upper phase (lower phase mobile). This may be
due to an extremely high viscosity of the lower
dextran phase. In general the use of the less
viscous phase as the mobile phase produces
better retention of the stationary phase. This
tendency is more pronounced in a small-bore
analytical coil as described later.

Fig. 3B illustrates the retention diagrams for
the same set of solvent systems at the off-center
position (X — 1.5L position) obtained by varying
the flow-rate from 0.5 to 3.0 ml/min at 800 rpm.
Among the two retention curves drawn in each
diagram, one was obtained from the right-hand-
ed coil (black square) and the other from the
left-handed coil (white square). The results indi-
cate that the retention of the stationary phase is
maximum at the lowest flow-rate of 0.5 ml/min
and decreases rather sharply with the increased
flow rate of the mobile phase. At a low flow-rate
of 0.5 ml/min, the retention of the viscous PEG-
dextran phase (solvent 3) is improved over 50%
of the total column capacity.

The similar sets of the phase retention dia-
grams for the central column position (L posi-
tion) are illustrated in Figs. 4A and 4B. The
results indicate that the coil mounted in the
central position yields slightly higher retention of
the stationary phase than the coil mounted in the
off-center position. In the central coil position,
the retention of the stationary phase is almost
entirely governed by the inward—outward elution
mode in all solvent systems including the
butanol-aqueous solvent system (solvent 1)
while other parameters such as direction of the
revolution and head-tail elution mode only play
a minor role in retention.

The retention of the stationary phase in the
analytical coil (column II consisting of three coil
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units) was also studied with the PEG-phosphate
systems (solvent 2) and PEG-dextran system
(solvent 3). The results are summarized in Fig.
SA and B where four retention curves obtained
from different elution modes are shown in each
diagram. Different from the results obtained
with the preparative coil, all elution modes
produce similar retention patterns that are very
sensitive to the flow-rate at a low range between
0 to 0.2 ml/min. The PEG-phosphate system
(solvent 2) produces substantially higher reten-
tion than the PEG-dextran system (solvent 3)
reaching 50% level at a low flow-rate of 0.1
ml/min. In both solvent systems, the use of the
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Fig. 5. Phase retention diagrams obtained from the analytical
eccentric coil assembly (0.85 mm I.D. and 2 cm core
diameter). (A) Effects of flow-rate on retention of 12.5%
(w/w) PEG 1000, 12.5% (w/w) dibasic potassium phosphate;
(B) effects of flow-rate on retention of 4.4% (w/w) PEG
8000, 7.0% (w/w) dextran T500.
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less viscous phase favours the retention of the
stationary phase, and this effect is clearly seen in
the PEG-dextran solvent system (solvent 3)
where the lower dextran phase has extremely
high viscosity close to 100 cP.

Separation of proteins with polymer phase
systems

The performance of the present apparatus was
evaluated in the separation of a set of four stable
proteins using both preparative multilayer coils
(column I) and analytical composite coil assem-
blies (columns II and IIT) each at the off-center
and central positions. A series of experimental
runs was performed with an aqueous two-phase
solvent system composed of 12.5% (w/w) PEG
1000 and 12.5% (w/w) dibasic potassium phos-
phate using a phosphate-rich lower phase as the
mobile phase.

Fig. 6 shows preparative separations of the
standard protein mixture by the present ap-
paratus equipped with a pair of multilayer coils
(column I) with a total capacity of 575 ml. The
separations were performed at 800 rpm and a
flow-rate of 1.0 ml/min with the column held at
the off-center position (A) and the central posi-
tion (B). Cytochrome ¢ and myoglobin were well
separated at both column positions while myo-
globin and ovalbumin were only partially re-
solved. The partition efficiencies computed from
the second peak (myoglobin) are 202 theoretical
plates (TP) for the column mounted at the off-
center position (Fig. 6A) and 169 TP for the
same column mounted at the central position
(Fig. 6B). The difference in TP between the two
coil positions indicates that the off-center posi-
tion yields slightly higher partition efficiencies
than the central position for the polymer phase
system used in the present study. This may be
mainly due to an efficient phase mixing produced
by the strong rotating centrifugal force com-
ponent acting on the off-center position (see Part
I [12]). Although the central coil position
produces less efficient separation compared with
the off-center coil position, it provides the ad-
vantage of retaining a greater amount of the
stationary phase in the column that allows appli-
cation of higher flow-rates of mobile phase to
shortening elution times without appreciable loss
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Fig. 6. Protein separations obtained from the preparative
multilayer coils (column I) (A) at the off-center (X —1.5L)
position at 1 ml/min; {B) at the central (L) position at 1
ml/min;.and (C) at the central (L) position at 2 ml/min.
Other experimental conditions were as follows: solvent
system, 12.5% (w/w) PEG 1000-12.5% (w/w) dibasic potas-
sium phosphate; mobile phase, lower phase; revolution: 800
rpm. SF = Solvent front; UP = the column was eluted with
the upper phase in the opposite direction.

in peak resolution. This effect was demonstrated
by increasing and flow-rate to 2 ml/min in the
central coil position but under the otherwise
identical experimental conditions (Fig. 6C). In
the chromatogram obtained at a higher flow-
rate, the theoretical plates calculated from the
myoglobin peak dropped to 104 TP while the
peak resolution between the cytochrome ¢ and
myoglobin peaks was unaltered.

Protein separations obtained by the analytical
columns (column II in Fig. 2) are shown in Fig.
7. All separations were performed at 800 rpm
and at a flow-rate of 0.2 ml/min. Among three
chromatograms, chromatogram A was obtained
from 27 mg of the protein mixture and chro-
matogram B from an increased sample size of 44
mg both using the column mounted at the off-
center position. The partition efficiencies com-
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Fig. 7. Protein separations obtained from the analytical coil
assembly (column II). (A) A 27-mg amount of sample
mixture at the off-center (X —1.5L) position; (B) 44 mg
sample mixture at the off-center position; (C) 44 mg sample
mixture at the central (L) position. Other experimental
conditions were as follows: solvent system, 12.5% (w/w)
PEG 1000-12.5% (w/w) dibasic potassium phosphate;
mobile phase, lower phase; flow-rate, 0.2 ml/min; revolu-
tion: 800 rpm. SF = Solvent front; UP =the column was
eluted with the upper phase in the opposite direction.

puted from the myoglobin peak are 670 TP for
chromatogram A and 505 TP for chromatogram
B. Chromatogram C was obtained from 44 mg of
the protein mixture using the same column
meunted at the central position (L position). In
this case, the partition efficiencies measured
from the second myoglobin peak is reduced to
228 TP.

The performance of the two analytical
columns (columns II and III in Fig. 2) was
compared by separations of 44 mg protein mix-
ture at the off-center column position. Separa-
tions were performed under the optimum ex-
perimental conditions for each column. The
result indicates that the chromatogram (Fig. 8B)
obtained from the 5-mm-core-diameter analytical
column (column III) gives substantially higher
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Fig. 8. Protein separations obtained from the analytical coil
assemblies: (A) column II and (B) column III (see Fig. 2).
Other experimental conditions were as follows: solvent
system, 12.5% (w/w) PEG 1000-12.5% (w/w) dibasic potas-
sium phosphate; mobile phase, lower phase; flow-rate, 0.2
ml/min; sample size, 44 mg; revolution, 800 rpm. SF=
Solvent front; UP =the column was eluted with the upper
phase in the opposite direction.

partition efficiencies of 402 TP for the myoglobin
peak compared to 260 TP for the same peak in
the chromatogram (Fig. 8A) obtained from the
2-cm-core-diameter analytical column (column
II). This result indicates that the smaller diam-
eter core produces a higher efficiency for a given
length of tubing.

Comparative studies on partition efficiency
Partition efficiencies of protein separations in
the polymer phase systems ranged from 100 to
200 TP which are considerably lower than those
obtained from separations of small molecules in
organic—aqueous biphasic systems. For example,
a preparative column with a 570-ml capacity
yielded 160 TP that correspond to 50 cm/TP
(length of the column required to produce one
TP) in protein separation whereas a similar
column produced a much higher efficiency of 5
cm/TP in dinitrophenyl amino acid separations
with chloroform-acetic acid-0.1 M HCI (2:2:1)
[13]. The low partition efficiency in the protein
separation may be attributed to high viscosity of
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the polymer phase system and/or some particu-
lar nature inherent to the protein molecule.
Further studies have been conducted to investi-
gate the cause of low partition efficiencies in
protein separation.

Using an analytical column (column III), a
series of experiments was performed to measure
partition efficiencies of various samples, includ-
ing both low- and high-molecular-mass com-
pounds, with the same polymer phase system
under the identical experimental conditions.
Since the TP values calculated from the same
chromatogram tend to decrease with increased
retention time of the solute, fair comparison of
the partition efficiencies should be made from
the samples with similar retention times. There-
fore, we have selected a set of samples with
similar partition coefficient values listed in Table
III. It should be noted here that the majority of
low molecular weight compounds distribute un-
ilaterally in the PEG-rich upper phase and,
therefore, the choice of the sample is extremely
limited.

Fig. 9 illustrates analytical chromatograms of
potassium dichromate (A), maleic acid (B) and
fumaric acid (C) obtained with the polymer
phase system composed of 12.5% (w/w) PEG
1000 and 12.5% (w/w) dibasic potassium phos-
phate in distilled water. Separations were per-
formed at a flow-rate of 0.2 ml/min at 800 rpm.

TABLE III
SUMMARY OF PARTITION STUDIES
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Fig. 9. Chromatograms of potassium dichromate (A), maleic
acid (B) and fumaric acid (C) obtained from the analytical
coil. Experimental conditions were as follows: solvent
system, 12.5% (w/w) PEG 1000-12.5% (w/w) dibasic potas-
sium phosphate; mobile phase, lower phase; flow-rate, 0.2
ml/min; sample size, 20 mg; revolution, 800 rpm. SF=
solvent front.

Both potassium dichromate (M, 294.22) and
maleic acid (M, 116.07) yield high TP values of
1340 and 1156, respectively. Fumaric acid, an
isomer of maleic acid, gives a considerably lower
TP value of 484, apparently due to the longer
retention time resulting from its high K value
(see Table III).

Fig. 10 shows a set of chromatograms of
protein samples obtained from the same polymer
phase system under the identical experimental
conditions. Among those, ovalbumin (A), bovine
albumin (C), and human albumin (D) have K
values similar to that of fumaric acid whereas
myoglobin (B) has K value close to those of

All data were obtained from the analytical column (column III) and the solvent system composed of 12.5% (w/w) PEG 1000 and

12.5% (w/w) dibasic potassium phosphate in distilled water.

Compounds M, Mol. vol. K Retention time TP
(10° A%) (Cy/CY (min)
Potassium 294.22 0.342 0.62 128 1340
dichromate

Maleic acid 116.07 0.512 0.78 136 1156
Fumaric acid 116.07 0.512 1.37 154 484
Myoglobin 18 800 48.4 [6] 0.76 128 253
Ovalbumin 45 000 102 7] 1.38 164 41°
Human albumin 68 000 180 [8] 1.66 158 119
Bovine albumin 68000 180 [8] 1.75 160 92

“This low TP value is due to the presence of an impurity which was detected by gel electrophoresis (see text).
® ¢, = Solute concentration in upper phase; C; = solute concentration in lower phase.
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Fig. 10. Chromatograms of ovalbumin (A), myoglobin (B),
bovine serum albumin (C) and human serum albumin (D)
obtained from the analytical coil. Experimental conditions:
solvent system, 12.5% (w/w) PEG 1000-12.5% (w/w) di-
basic potassium phosphate; mobile phase, lower phase; flow-
rate, 0.2 ml/min; sample size, 30 mg; revolution, 800 rpm.
SF = Solvent front.

potassium dichromate and maleic acid (see Table
ITL).

All protein samples yielded substantially lower
TP values compared with those obtained from
the low-molecular-mass compounds. Among
these four proteins, myoglobin with a low K
value (similar to that of maleic acid) produced
the best TP value of 253, while other proteins
with high K values (similar to that of fumaric
acid) showed much lower TP values of 41 for
ovalbumin (A), 92 for bovine albumin (C), and
119 for human albumin (D). The extremely low
TP value of ovalbumin suggested a heteroge-
neous nature of the sample. This possibility was
supported by the analysis of the original sample
with sodium dodecyl sulfate gel electrophoresis
that revealed two distinct bands at a calibration
point corresponding to M, 44000. Further
studies are being carried out to determine these
two products.

The overall results of the present studies
indicate that the low partition efficiency in pro-
tein separation is not primarily caused by the
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high viscosity of the polymer phase system but
more likely due to the high molecular mass and/
or some heterogeneity of the proteins.

CONCLUSIONS

The results of the present studies indicate that
the new cross-axis CPC can be used for separa-
tion of proteins at both analytical and prepara-
tive scales. As briefly mentioned earlier, the four
different two-phase solvent systems examined
each provide a specific merit for separation of
the biopolymers (Table I). Thus, solvent 1 (n-
butanol-aqueous solution containing NaCl and
hexadecylpyridinium chloride) has been effec-
tively applied to the separation of mucopolysac-
charides including heparin and chondroitin sul-
fate [14]. Because the hexadecylpyridinium
chloride in the solvent system acts as a surfac-
tant, the high-speed CCC centrifuge based on
the type J planetary motion fails to retain a
satisfactory amount of the stationary phase in the
column, while the present apparatus produces
excellent retention of the stationary phase.

Solvent 2 (PEG-potassium phosphate) sys-
tems have been most effectively used for separa-
tion of proteins [9-11]. In this polymer phase
system, the low-molecular-mass compounds are
generally partitioned unilaterally in the upper
phase regardless of the pH and the polymer
composition whereas the partition coefficients of
the proteins are broadly adjusted by pH and the
polymer composition.

Solvent 3 (7% PEG 8000 and 4.4% dextran
T500) systems form two phases by themselves
without an addition of salts. Although the
systems have high viscosity and require an appli-
cation of lower flow-rate of the mobile phase, it
can be effectively used for separation of proteins
and other macromolecules that tend to be salted-
out by a high salt concentration of the PEG-
phosphate systems (solvent 2).

Solvent 4 (4% PEG 8000 and 5% dextran
T500) systems have a low interfacial tension and
small difference in density between the upper
and lower phases. This particular physical prop-
erties of the solvent system cause emulsification
resulting in low retention of the stationary
phases in the present apparatus. However, this
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polymer phase system can be applied to separa-
tion of cell particles by adjusting the osmotic
pressure and pH to meet the physiological re-
quirements of the live cells. Since cell particles
are mainly partitioned between the upper phase
and the interface between the two phases, a
large amount of the stationary phase is not
required for the partition of cells. In this case,
phase emulsification may give a beneficial effect
for cell partitioning by providing a large interfa-
cial surface. Therefore, the present apparatus
also has a potential in cell partitioning with the
polymer phase systems.
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ABSTRACT

A comprehensive approach is introduced using parametric equations to describe the motion induced by type J and cross-axis
type coil planet centrifuges. The plots of a line parallel to the coil axis are given. The centrifugal forces are then analyzed in two
ways. Three-dimensional graphs show their geometry and the relative intensity of the lateral component is compared to that of
the perpendicular component. This allowed a better understanding of the differences in paths and acceleration fields induced by

the two types of counter-current chromatography devices.

INTRODUCTION

Type J [1] and cross-axis type {2] coil planet
centrifuges (CPCs) induce motions that are best
studied using parametric equations. Since the
global motions are separated, they allow a better
comprehension of the resulting path. The
parametric equations for the motion of a point
belonging to the column are given as well as
those for its acceleration. The B parameter [3],
the ratio of the coil radius to the radius of
rotation for the coil holder, is then introduced
for both units. The path of a line, parallel to the

* Corresponding author.

* Guest scientist from Laboratoire de Chimie Analytique,
Ecole Supérieure de Physique et de Chimie Industrielles de
Paris, 10 Rue Vauquelin, 75231 Paris Cedex 05, France.
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axis of the coil, is shown for type J CPC and
cross-axis CPC equipped with coils in various
positions. The plots allow examination of the
influence of 8 on the shape of the paths.

Two procedures are applied to study the
accelerations. First, the use of parametric defini-
tions provides simple plots of their three-dimen-
sional geometry. Alternatively perpendicular and
lateral components of the total acceleration are
considered relative to the axis of the tube.

Both procedures show the complexity of the
acceleration field for type J CPC and the im-
portant role of the lateral component of the
acceleration. The L position (central position of
the coil) on the cross-axis CPC shows a simpler
acceleration field while the lateral component
remains small compared to the perpendicular
acceleration. The X — 1.5L position (off-center
position) on the cross-axis CPC involves a quite
complex acceleration field, leading to a particu-

© 1993 Elsevier Science Publishers B.V. All rights reserved
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larly important lateral -component of the total
acceleration,

APPARATUS

Two classical CPCs are studied using our
theoretical investigations. One is a Type J CPC
from P.C. Inc. (Potomac, MD, USA). Its planet-
ary motion has been widely described in the
literature [1].

The other one is the fifth cross-axis prototype;
its mechanical principle has been described in
Part 1 [4]. The coil is made of a thin poly-
tetrafluoroethylene (PTFE) tube wound directly
onto a cylinder, whose axis is horizontal. This
column is mounted in a holder, turning around
the central (vertical) axis of the apparatus. Coils
of two diameters were used. The holder was
designed to accommodate the column in a cen-
tral position (its axis cuts off the central axis of
the CPC), named L, or the off-center position,
named X —1.5L.

The main geometrical characteristics of the
two devices are gathered in Table 1.

TABLE I
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Fig. 1. Type J motion. (A) Principle; (B) mathematical
study.

GEOMETRICAL CHARACTERISTICS AND MAXIMUM CENTRIFUGAL FORCE INTENSITIES FOR TWO COUN-
TER-CURRENT CHROMATOGRAPHY (CCC) DEVICES: TYPE J CPC UNIT AND CROSS-AXIS PROTOTYPE

n.d. = Not defined.

CCC device Type J CCC Cross-axis CCC

L position X —1.5L position
r (mm) 58.0<r<87.0 27.5 50.0 27.5 50.0
R (mm) 101.5 0 0 104 104
L (mm) n.d. 168.6 168.6 168.6 168.6
B 0.55<8<0.77 0.16 0.30 0.26 0.48
6, () n.d. 0 0 31.7 31.7
w (rpm) 750 800 800 800 800
Maximum number 280 160 195 180 250

of gravities obtained
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THEORY

All the calculations for the type J CPC have
previously been made for the path and accelera-
tion [5]. However, the goal here is to separate
the global motion into elementary motions in
order to provide better understanding of the
results. These procedures are applied below to
type J CPC, yielding the results previously com-
puted and the same technique is also applied to
the cross-axis type CPC.

Type J synchronous coil planet centrifuge

Analysis of the path. The motion can be
studied w1th _a_three-dimensional coordinate
system O; u u named (R). This system is
considered as the motionless reference system.
Another coordinate system O';1,J ,172 named
(R') is also introduced. O’ is a point undergoing
a circular motion around the z axis with radius R
at a constant angular velocity w. The principle of
type J motion is explained in Fig. 1A and all the
notations used for the mathematical studies are
shown in Fig. 1B. The circular motion of O’ is
described in the (R) system by the parametric
equations:

R cos(wt) u,
00’ = | Rsin(wt) u, (1)
0 u,

N

Let us consider an arbitrary point P, belonging to
the column. Its motion in the (R") system is a

circle of radius r, in the O; I, J plane, with an w
angular velocity around the z axis. The paramet-
ric equations are:

r cos(wt) 1
O'P = | rsin(wt) 7 (2)
0 u

)

Then these equations are given in the (R)

system:

R cos(wt) + r cos(2wt)

R sin(w?) + r sin(2wt)
0

OP = (3)

SEFLFEL
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The B ratio, equal to r/R, is introduced, leading
to

cos(wt) + B cos(2wt) u,
sin(wt) + B sin(2wt)  u, (4)
0 -

=

OP=R

&
B

N

Analysis of the acceleration. The acceleration,
defined in the (R) system by:
d*OP

df?

is then written in the (R) coordinate system:

a(P) = (5)

cos(wt) + 48 cos(2wt)
a_(f;) = —Rw?| sin(wt) + 48 sin(2wt)
0

U
u, (6)

—

N

Cross-axis synchronous coil planet centrifuge
Analysis of the path Two coordinate systems

are used. O,ux, u named (R) and O’,I,J u

) C‘;\E
t
£
]
x

Fig. 2. Cross-axis type motion. (A) Principle; (B) mathe-
matical study.
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named (R') were previously defined. O’ is a
point undergoing a circular motion around the z
axis with radius d at a constant angular velocity
w. The principle of cross-axis type motion is
explained in Fig. 2A. Fig. 2B gives all the
notations used for the following studies. The
length d is computed as d = VR*+ L? and angle
6, is defined by tan 6,=R/L. The circular
motion of O’ is described in the (R) system by
the parametric equations:

dcos(wt) u,
00’ | dsin(wt) u, (7)
0 u,

z
Let us consider an arbitrary point P, belonging to
the column. Its motion in the (R') system is a
circle of radius r, in the O’;J ,K plane, with an @

angular velocity around the O';I axis. The
parametric equations are:

TABLE II
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0 1
OP= | rcos(wt) J (8)
~r sin(wt) IZ

Then these equations are given in the (R)
system:

=

d cos(wt) — r cos(wt) sin(wt — 6,) u,
OP | d sin(wt) + r cos(wt) cos(wt — 6,)  u,

€

~<

-

—r sin(wt) u,

Analysis of the acceleration. Using the relation
5 in the (R) system, the acceleration is written:

d cos(wt) — 2r sin(2wt — 6,) u,
aﬁ;) = —w? | dsin(wt) + 2r cos(2wt — 6,) LTy
—r sin(wt) u,

(10)

PARAMETRIC EQUATIONS DESCRIBING THE POSITION OF A POINT BELONGING TO THE COLUMN AND ITS

ACCELERATION FOR TYPE J AND CROSS-AXIS CPCs

B is defined as B =r/R, except for the L-position for which 8 =r/L.

Column 6P a(_i’)
position
N cos(wt) + B cos(2wt) cos(wr) + 48 cos(2wt)
Type J CPC d ot R | sin(w?) + B sin(2wt) —Ro’ | sin{w?) + 48 sin(2wt)
efined 0 0
cos(wt) — B sin{wt) cos(wt) cos(wt) — 28 sin(2wt)
L L | sin(wt) + B cos’(wt) —Lo? | sin(wt) + 28 cos(2wt)
—B sin(wt) —B sin(wt)
V5 cos(wi) — B sin(wt — 6,) cos(w?) Lo V5 cos(wt) — 28 sin(2wt — 6;)
-Low
Cross-axis CPC X-LL 2 V5 'sin(wt) + B cos(wf) cos(wt — 8,) > V5 sin(wt) + 28 cos(2wt — 6,)
—B sin(w?) - B sin(wt)
\/fcos(wt) — B sin(wt — 7/4) cos(wt) \/Ecos(wt) — 2B sin(2wt — 7/4)
X-L L | VZsin(wt) + B cos(wt) cos(wt — m/4) ~Lo® | V2sin(wt) + 28 coswt — 7/4)
—B sin(wt) —B sin(wt)
d cos(wt) — r cos(wt) sin(wt — 6,) d cos(wt) — 2r sin(2wt — 6,)
General d sin(wt) + r cos(wt) cos(wt — 6,) —w? | d sin(wt) + 2r cos(Rwt — 6,)
—r sin(wt) —r sin(wt)
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Three positions of the coil were then studied.
The notations were defined by Ito [6]. The L
position corresponds to R =0, leading to d =L
and 6,=0. The X — L position corresponds to
R =L, leading to d=V2R and 6,=m/4. The
X — LL position is defined by L =2R and leads
to d = V5R and 6, defined by tan 6, = 1/2. Table
IT gathers all the parametric equations for type J
CPC and cross-axis CPC involving a coil in three
different positions, L, X — L and X — LL. Type
J equations were previously given in formulas 4
and 6, and general equations for cross-axis type
were also obtained in formulas 9 and 10. The
equations for the L, X — L and X — LL positions
are derived from the general ones, using their
geometric characteristics.

RESULTS AND DISCUSSION

All the equations given in Table II allow
three-dimensional plots of paths of points or
accelerations. In order to better understand the
motions induced by the two CPCs, we studied
the paths of a line drawn on the coil, parallel to
the axis of the latter. The accelerations of one
point were also studied.

Analysis of the path

All the equations given in Table II involve the
B ratio as a key parameter. Selected values were
then used to plot the paths for a line drawn along
the axis of the coil, for type J CPC and cross-axis
type CPC, with a coil in L, X—L or X—-LL
position. The shapes of the paths are all shown
in Fig. 3. The individual paths of five points were
plotted, allowing display of the path of the
interconnecting straight line parallel to the axis
of the coil.

For type J CPC, the shapes of the path are
greatly dependent on 8 [7]. They are only two-
dimensional, in the xy plane. For small 8 (8 <
0.25), the path is quite circular, but slightly
flattened. For B =0.25, the shape becomes
cycloidal. For 0.25 < B8 <0.25, the cycloidal path
is more pronounced. B values greater than 0.5
involve an inner loop, whose size increases with
B.
The shapes for the three positions L, X — L
and X — LL of the cross-axis CPC are very
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similar. All are three-dimensional. For small 8
values (B <0.4), the shape is again simple re-
sembling a circle, with a small component on the
vertical axis Oz. As the 8 value increases (0.4 =<
B <0.5), a deformation occurs near the Oy axis,
and at larger B values, this deformation evolves
from a “drop” of the path near the Oy axis to a
loop. The latter is shown for each of the three
positions when the radius of the coil is twice the
radius R.

These studies can be applied to the two CPCs
described in part Apparatus. The type J device
involves B values greater than 0.5; consequently,
the path always shows a loop. The cross-axis
prototype shows more simple paths, quite circu-
lar with a small component on the vertical axis.
No loop intervenes as the radii of the coils are
small compared to the R radius.

Analysis of the acceleration

The following explanations refer to the force
field which is opposite to the acceleration field.
Two different studies were carried out. First, the
geometric characteristics of the centrifugal force
fields were considered. The influence of the B
ratio has revealed to be important for the force
field created by the type J motion [8]. Therefore,
five plots are shown in Fig. 4, drawn in the xy
plane. For g = 0.1, the shape of the path is quite
circular, and the corresponding force field is
similar to that obtained with a completely circu-
lar motion. The direction of the force is almost
perpendicular to the path and the variations in
intensity are small. Where 8 =0.2, a modifica-
tion is seen near the Ox axis: the relative
intensity of the lateral component of the cen-
trifugal force field increases while the total
intensity of this latter greatly diminishes. For
B =0.25, the total intensity becomes equal to 0
on the Ox axis. For higher B8 values, the centrifu-
gal force field never cancels, but the relative
intensity of the lateral force becomes very im-
portant near the loop. The influence of 8 for the
centrifugal force field created by the cross-axis
CPC is less important than for the type J CPC.
Four plots are given in Fig. 5. Fig. 5A corre-
sponds to the L position of the coil with 8 =0.5
and two plots are necessary to represent the
force field, since it is three-dimensional. The
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Fig. 3. Paths of a line drawn along the axis of the coil belonging to a type J CPC or a cross-axis (X-axis) CPC; influence of the 8

ratio and of the position of the coil for a cross-axis CPC.

centrifugal field in the xy plane (Fig. 5A, 1) is
similar to that obtained with type J motion for
B =0.25, but it never cancels completely. Its
projection in the xz plane is shown in Fig. 5A, 2.
Fig. 5B refers to the X — L position of the coil
with 8 =0.5. The projections in the xy and xz
planes are given in Fig. 5B, 1 and 2. The
geometry of the centrifugal force field appears
similar to that for the L position of the coil, as

the axis of symmetry in the xy plane is no longer
Oy but a line defined by the 6, angle.

The second set of studies was done to examine
the influence of the total centrifugal acceleration
by analyzing its tangential (lateral) and normal
(perpendicular) components. For both CPCs, the
direction perpendicular to the tube is given by

vector O'P (see Figs. 1 and 2). The corre-
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] lv %E
ﬁ p=0.4 Yy
p=0.25 lv

Fig. 4. Type J CCC unit: relative magnitude and direction of
the centrifugal force field at various angles along the path of
a point. Influence of 8.

A. L-position

.

B. X-L-position .

Fig. 5. Cross-axis CCC unit: relative magnitude and direc-
tion of the centrifugal force field at various angles along the
path of a point. (A) L Position; (B) X — L position.

237

sponding normalized vectors ITT and LTN are
computed in the (R’) coordinate system. For
type J CPC, using the acceleration of point P,

a(P), given in formula 6 and rewritten in the
(R") system, its tangential component a, and
normal component a, are computed as:

a; =a?l;) U, = Ro” sin(wt)

—_— an
ay=a(P) uy= —Rw*[cos(wt) + 48]

For the type J apparatus (P.C. Inc.), 8>0.25;
consequently, the term cos(wt)+ 4B remains
always positive. The normal component of the
acceleration is thus always directed toward the
interior of the coil. Except for two angular
positions, which lead to sin(wt) =0, a lateral
component is involved but is always smaller than
a;. The maximum relative intensity of the lateral
acceleration is obtained when sin(w?) = 1, result-
ing in a;/ay = 1/4B. Using the smaller 8 values
of the type J CPC, this ratio is equal to 0.45,
which indicates the tangential acceleration repre-
sents up to 45% of the normal acceleration. For
the first half of the path (0<6 <180°), uy and
the lateral force have opposite directions, al-
though for the second half of the path (180 <8 <
360°), their directions are the same. The in-
fluence of that change of direction is more
important for 6 =~ 180° because the normal force
is smaller than that corresponding to 6 = 0°, thus
increasing the relative importance of the tangen-
tial force. This could be related to the settling
zone around 6 = 0° and the mixing zone around
6 = 180°, as described by Conway and Ito from
stroboscopic observations [9].

The same studies apply to the cross-axis
prototype. Using the acceleration of point P,

a(P), given in formula 10 and rewritten in the
(R') system, its tangential component a, normal
component ay and component a; on the O’; 1
axis are computed as:

a, =aﬁ’>) 1=-Lo*+2rw *sin(wt)
ar —a(P) 1 = wsin(wt)[R + r cos(wt)]

—rw? — cos(wt)w?[R + r cos(wt)]

(12)

ay :a(P) Uy =
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These expressions can be simplified for the L
position and lead to:

L
a;= rw2[2 sin(wt) — 7]
ar = re” sin(wt) cos(wt) (13)

—rwz[cosz(wt) + 1]

an

In that case, it is easy to study the relative
intensities of the three components of the total
acceleration. The geometrical dimensions of the
cross-axis prototype with a coil in the L position
(see Table I) are introduced in_formula 13.
Examination of the ratio a;/(\a’+a%) dem-
onstrates that the tangential component repre-
sents up to 16.5% of the total normal component
for the larger radius (r = 50.0 mm); it can repre-
sent up to 9% for the smaller radius (r=27.5
mm). Consequently, the total centrifugal force
acting on the fluids inside the tube involves three
forces: two are perpendicular to the tube, di-
rected toward the outside; the third is parallel to
the axis of the tube, acting with a small intensity
(a maximum 16.5% of the gathered two perpen-
dicular forces for the 50.0 mm coil radius) and
changing direction four times during one turn of
the central axis of the device. Whereas type J
CPC involves a maximum 280 g centrifugal force
and a lateral force representing up to 45% of the
perpendicular force, the lateral force for the
Cross-axis proptotype using a coil in the L
position is three times smaller and the maximum
centrifugal force is 195 g. The position X — 1.5L
was also studied as the geometrical characteris-
tics of the cross-axis prototype (given in Table I)
are introduced in formula 12. Whatever the
radius of the coil may be (2.75 cm or 5.0 cm), a,
is always negative, a; has the sign of sin(wt) and
ay is positive or negative. Analysis of the ratio
ar/(Va: + ak) allowed estimation of the relative
intensity of the lateral force compared to the
centrifugal force exerted perpendicularly to the
axis of the tube. For the small radius (r =2.75
cm), the maximum for the ratio is 0.9 and the
larger radius (r =5.0 cm) can lead to 1.25.

CONCLUSIONS

The results demonstrate that the two CCC
types create different force fields. The type J
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CPC induces a loop for B larger than 0.25,
leading to a specific force field. The intensity. of
the lateral component of the acceleration may
represent one half of the component perpen-
dicular to the axis of the tube. For the cross-axis
CPC, the positions of the coil lead to similar
paths but different acceleration characteristics.
The L position induces mainly an acceleration
perpendicular to the tube, with a small lateral
component representing a maximum of one sixth
of the total intensity of the forces perpendicular
to the tube. The X — 1.5L position greatly in-
creases the role of the lateral force, whose
intensity can be larger than that of the total
perpendicular centrifugal force.

Further investigations will be necessary to
correlate these acceleration studies with the
observed retention of the stationary phase re-
lated to the position of the coil and the direction
of elution or the elution mode. The use of four
two-phase solvent systems and statistical analysis
should help in this goal. In the following article
(Part III [10]), retention data of the four two-
solvent systems are analysed by reference to
these studies.
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ABSTRACT

Retention of the stationary phases of one organic—aqueous solvent system and three aqueous—-aqueous polymer solvent systems
was investigated on a cross-axis coil planet centrifuge. A graphic statistical treatment of all the data highlighted the prevailing
effect of the inward—outward elution mode. A simplified model was proposed and studies on the paths and accelerations of
cross-axis devices described in the previous paper provided explanations about the observed hydrodynamic behaviors.

INTRODUCTION

A series of experiments has been performed
on the latest version of the cross-axis coil planet
centrifuge (CPC) to measure retention of its
stationary phase; those were described in Part I
[1]. The results were obtained with one organic—
aqueous and three aqueous—aqueous polymer
two-phase solvent systems using a preparative
single layer column. When the coil is mounted in
the L position, retention of the stationary phase
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was found to be almost entirely governed by the
inward—outward elution mode. The lighter mo-
bile phase had to be eluted in the inward mode
while the heavier mobile phase requires the use
of the outward mode. When using the X — 1.5L
position, such results apply to the three
aqueous-aqueous polymer systems. The or-
ganic-aqueous system was also found to be
dependent on the head-tail elution mode. More-
over the coil mounted in the L position produced
a slightly higher retention of stationary phase
than that used in the X — 1.5L position.

In this Part, statistics based on graphic studies
are used to separate and evaluate the effects
produced by each factor, i.e., head-tail elution
mode, inward—outward elution mode, direction
of rotation and coil diameter. An explanation on
the great influence of the inward—outward elu-
tion mode is given. Then the studies of Part II
[2] are used to provide further explanations of
the experimental observations.

© 1993 Elsevier Science Publishers B.V. All rights reserved
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ANALYSIS OF PHASE RETENTION DATA

As described in Part I [1], the cross-axis coil
planet centrifuge allows use of 5.5 cm and 10 cm
diameter columns in the L or X —1.5L posi-
tions. Table I (5.5 cm diameter) and Table II (10
cm diameter) list all the results for the L posi-
tion, as Table III (5.5 cm diameter) and Table
IV (10 cm diameter) for the X — 1.5L position.
Each table shows the retention percentage of
stationary phase inside the apparatus for four
two-phase solvent systems with both upper and
lower phases used as mobile phase. All the
measurements were made with the short pre-

TABLE 1
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parative columns (one layer, 5.5 and 10 cm hub
diameter for 19.8 ml and 41.0 ml internal vol-
umes) described in part I [1] and a 3 ml/min
flow-rate at 800 rpm. With a fixed mobile phase,
eight retention data are shown. They are ex-
pressed from three factors: the direction of
planetary motion (P, and P, as shown at the
bottom of Table I); the head-tail elution mode
(H = head-to-tail; T = tail-to-head); and the di-
rection of elution along the axis of the column
(I=inward; O = outward). These data are ar-
ranged from top to bottom in decreasing of
phase retention. The measurements obtained with
left-handed coils are shaded in the four tables.

RETENTION (%) OF STATIONARY PHASE IN 5.5-cm HELICAL DIAMETER COIL, L POSITION

Mobile Solvent system’
phase
1: 2: 3: 4:
1-Butanol- PEG 1000 12.5%, PEG 8000 4.4%, PEG 8000 4.0%,
C.13 M NaCl (1:1) K,HPO, 12.5% dextran TS00 7.0% dextran T500 5.0%
containing 1.5%
(w/v) HPC
Condition® % Condition % Condition % Condition %
Upper PI-H-! 74.7 PII-T-1 55.6 P-H-1 46.0 9.3
742 53.0 Py-T-I 434 8.8
76 521 23 74
63.3 40.9 40.0 36
6.0 20 99 0
P-H-O 0 0 Pp1-H-O 9.5 0
PL-T-O0 0 18 0
0 0.5 0
Lower PL-T-O 758 PII-H-O 62.1 8.4 68
742 PI-T-O 61.1 79 PJI-H-O 10
726 55.8 6.1 0
721 521 P-T-O 55 P-T-O 0
42 74 19 0
3.0 37 0 Py 0
1.9 P1-T-1 30 Pp-T-1 0 Py1-T-1 1]
P-H-I 15 Pi-H- 15 Pr-H-I 0 P[-H-1 0
* Composition indicated in % (w/w) except the first one v/v; HPC = 1-hexadecylpyridinium chloride.
*P, = Planetary motion l ; P;; = planetary motion 1 ; H=head to tail; T=tail to head; I =inward elution,

O = outward elution: plain background = right-handed coil; shaded background = left-handed coil.
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TABLE 11

RETENTION (%) OF STATIONARY PHASE IN 10.0-cm HELICAL DIAMETER COIL, L POSITION
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Mobile Solvent system”
phase
1: 2: 3: 4:
1-Butanol- PEG 1000 12.5%, PEG 8000 4.4%, PEG 8000 4.0%,
0.13 M NaCl (1:1) K,HPO, 12.5% dextran T500 7.0% dextran T500 5.0%
containing 1.5%
(w/v) HPC
Condition® % Condition % Condition % Condition %
Upper 61.0 454 37.1 0
56.1 Pi1-T-1 40.0 35.1 0
53.7 35.6 34.1 0
50.0 29.8 29.8 0
13.9 PI-T-O 11.7 21.5 0
7.8 4.9 20.7 0
6.3 2.4 14.6 . 0
Y Y 12.2 Py1-H- 0
Lower 61.0 46.8 P-T-O 15 PFT-O 0
59.8 39.0 P-H-1 07 0
48.8 38.3 0 0
483 36.6 0 0
13.2 9.8 0 0
9.0 85 0 0
7.3 7.3 0 0
3.7 Pii-T-1 6.1 PI-T-1 0 Pii-T-1 0

*? See footnotes in Table L.

The overall results show that the eight ex-
perimental conditions combined with the choice
of mobile phase and the four two-phase solvent
systems lead to different values for the retention
of stationary phase. It is difficult to give a direct
interpretation of all these results. Consequently,
statistical methods were applied to assess the
influence of each of the three factors (P—Py,
H-T or I-O) along with the diameter of the
column (5.5 cm or 10 cm), the choice of mobile
phase (lighter or heavier) and the position of the
column (L or X —1.5L).

Two statistical methods have been applied to
the measurements of retention of stationary
phase. One is called “experimental design” [3]
and allows an accurate estimation of the in-
fluence of each factor along with the possible
interactions between these factors. The other
method is based on graphic interpretations and
was previously introduced by Ito [4]. Thus, the

retention of stationary phase is plotted as one
parameter is changed between the horizontal
axis and the vertical axis. This is done for four
factors: the planetary motion Py vs. P; (Figs. 1
and 2 for the L and X —1.5L positions), the
tail-to-head vs. the head-to-tail elution mode
(Figs. 3 and 4 for the L and X — 1.5L positions),
the outward vs. the inward elution mode (Figs. 5
and 6 for the L and X — 1.5L positions) and the
10.0 cm vs. the 5.5 cm diameter (Fig. 7 for L and
X — 1.5L positions). Each figure includes a set of
four graphs showing the retention of stationary
phase in both 5.5 cm (A) and 10.0 cm (B)
diameter columns with the upper (left) or the
lower (right) phase used as the mobile phase,
except for Fig. 7 involving four graphs with a
mobile phase either heavier or lighter on both L
and X - 1.5L positions.

Each graph is separated in four squares by thin
horizontal and vertical lines. The upper right
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TABLE 111
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RETENTION (%) OF STATIONARY PHASE IN 5.5-cm HELICAL DIAMETER COIL, X — 1.5L POSITION

Mobile Solvent system”
phase
1: 2: 3: 4:
1-Butanol- PEG 1000 12.5%, PEG 8000 4.4%, PEG 8000 4.0%,
0.13 M NaCl (1:1) K,HPO, 12.5% dextran T500 7.0% dextran T500 5.0%
containing 1.5%
(w/v) HPC
Condition” % Condition % Condition % Condition %
Upper 85.0 38.7 44.4 6.5
Py-T-1 74.7 36.0 353 2.8
489 P-H-I 29.9 326 Pi-H-I 0
458 20.1 323 0
294 20 200 0
26.2 16 14,1 0
0 Pp-H-O 07 116 i 0
PI-T-O 0 PI-T-O 0 PI-T-O 0 PI-T-O 0
Lower 60.8 55.0 8.0 4.7
55.3 54.5 6.0 20
403 Pi-T-0 2644 28 0.9
28.5 244 0 0.5
26.8 37 0 0
Pi-T-O 53 3.0 PIT-O 0 PI-T-O 0
20 Pg-T-1 14 Pr-H-I 0 P-H-1 0
Pp-T-1 1.7 Pr-H-I 1.0 PpI-T-I 0 PII-T-I 0

“* See footnotes in Table 1.

square indicates a satisfactory retention of
stationary phase for the two values of the studied
parameter. The most important information is
provided by the thick diagonal line that separates
the diagram into two triangles. The data points
located on or near the diagonal line indicate the
studied effect has no influence on the retention
of the stationary phase. The deviation of the
point from that diagonal line indicates an effect
of the studied parameter, whose relative mag-
nitude is shown by the distance between the
point and the diagonal line. Each graph contains
16 points corresponding to the four solvent
systems and the four combinations between the
two remaining factors. The points are numbered
from 1 to 4 to show the solvent system used (see
tables for identification).

Fig. 1A consists in a pair of graphs showing
the retention of stationary phase with a column
in the L position for P;; vs. P, for the upper
(left) and the lower (right) phases used as mobile
phase. Each point is displayed as a specific
symbol, i.e., open circle for the head-to-tail
elution mode and solid circle for the tail-to-head
mode with arrows indicating the inward elution
mode if directed toward the right and the out-
ward mode if directed toward the left. All the
points are very close to the diagonal line with
either the upper or the lower phase as a mobile
phase. It demonstrates the direction of planetary
motion P; or P;; has little effect on the retention
of stationary phase with the 5.5 cm diameter
column. Fig. 1B also shows that no effect ap-
pears with the 10.0-cm diameter column as all
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TABLE IV

RETENTION (%) OF STATIONARY PHASE IN 10.0-cm HELICAL DIAMETER COIL, X — 1.5L POSITION
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Mobile Solvent system®
phase
1: 2: 3: 4:
1-Butanol- PEG 1000 12.5%, PEG 8000 4.4%, PEG 8000 4.0%,
0.13 M NaCl (1:1) K,HPO, 12.5% dextran T500 7.0% dextran T500 5.0%
containing 1.5%
(w/v) HPC
Condition” % Condition % Condition % Condition %
Upper 817 37.3 34.1 0
57.1 21.5 30.2 0
40.2 14.1 20.5 0
371 12.2 19.8 0
26.8 11.7 141 0
18.3 4.9 9.8 0
4.9 0 8.5 0
0 0 24 0
Lower 60.5 41.5 34 0
46.8 31.2 0 0
449 283 0 o
305 19.5 0 0
207 8.8 0 0
6.3 3.9 0 0
3.7 3.4 0 0
2.4 0 0

*? See footnotes in Table 1.

the points stay as close as they were for the
smaller diameter. Fig. 2A shows the same lack of
effect, except for the 1-butanol-0.13 M NaCl,,
(+HPC) system. Its retention of stationary
phase is enhanced by the combination of the P
planetary motion and the tail-to-head elution
mode with the a mobile upper phase or the Py
planetary motion and the tail-to-head elution
mode with a mobile lower phase, whatever the
diameter may be. No effect is involved in the
head-to-tail elution mode with the 5.5 cm diam-
eter column, whereas the P,;-H (upper phase
mobile) and P;-H (lower phase mobile) combina-
tions increase the retention of stationary phase
with the 10.0 cm diameter.

All the points in Fig. 3A and B are close to the
diagonal line. The head-to-tail or tail-to-head
elution modes consequently have no effect on
the retention of stationary phase with a column
in the L position. Neither does Fig. 4A charac-

terize a real effect of the (H) or (T) elution
modes. However, Fig. 4B illustrates a general
effect of the head-to-tail or tail-to-head elution
mode. With few exceptions, the combinations of
upper phase mobile/tail-to-head and lower phase
mobile/head-to-tail lead to the best retention of
stationary phase in a 10.0-cm diameter column in
the X — 1.5L position.

Fig. 5A and B show a strong effect of the
inward/outward elution mode. All the points are
located either below the diagonal line if the
upper phase is mobile and above, if the lower
phase is mobile. This indicates that for both
diameters the best retention of stationary phase
is obtained with the upper phase used as the
mobile phase with the inward mode or the
mobile lower phase with the outward mode. The
same effects are shown on Fig. 6A and B. They
are weaker compared to that shown for the L
position. The stationary phase retention is thus
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Fig. 1. L position: effects of planetary motion P, and P,; on the retention of the stationary phase. (A) 5.5-cm helical diameter
coil; (B) 10.0-cm helical diameter; left: upper phase mobile; right: lower phase mobile.

enhanced by the combinations of upper phase
mobile/inward mode and lower phase mobile/
outward mode, whatever the position and the
diameter of the column.

Fig. 7 illustrates the influence of the column
diameter. All the points with a retention of
stationary phase higher than 20% are located

below the diagonal line for both upper and lower
phases as mobile. The 5.5 cm diameter conse-
quently enhances the retention of stationary
phase for both L and X — 1.5L positions. When
the upper phase is chosen as mobile with the L
position, the data points corresponding to at
least 20% of retention have the arrows directed
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Fig. 2. X — 1.5L position: effects of planetary motion P, and P, on the retention of the stationary phase. (A) 5.5-cm helical
diameter coil; (B) 10.0-cm helical diameter; left: upper phase mobile; right: lower phase mobile.

toward the right. Sufficient retention of station-
ary lower phase is thus achieved with the inward
elution mode, while the use of stationary upper
phase profits by the outward elution mode.
These observations are correlated with the con-
clusions derived from Fig. 5 illustrating the
effects of the inward—outward elution mode. The

data points corresponding to the X —1.5L posi-
tion do not all show the same arrow direction,
pointing out the weaker effect of the inward-
outward elution mode for this position.

The above analysis shows the relative impor-
tance of all the factors studied and their possible
interactions. The inward—outward factor is the
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(B) 10.0-cm helical diameter; left: upper phase mobile; right: lower phase mobile.

strongest among those studied and it is corre-
lated only with the choice of mobile phase to
enhance the retention of stationary phase. For
both diameters, i.e., 5.5 cm and 10.0 cm, and for
both positions, i.e., L and X — 1.5L, the highest
levels of retention of. stationary phase are ob-
tained with an, upper mobile phase pumped in

the inward direction or a lower mobile phase
pumped in the outward direction.

The diameter of the coil is also an important
factor since the retention is increased by use of
the 5.5 cm coil whatever the values of the other
parameters. The head-tail elution modes and
the direction of planetary motions P; and Py
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have no effects with the L position. The head—
tail factor has an effect only with the 10.0 cm coil
in the X — 1.5L position: the best combinations
are the mobile upper phase pumped in the tail-
to-head mode or the mobile lower phase in the
head-to-tail mode. The direction -of planetary
motion has an even more restricted effect as it

applies only to the 1-butanol-0.13 M NaCl,,
(+HPC) system with the X —1.5L position of
the coil. When the upper phase is mobile, the
P,-T for 5.5 cm diameter and the P;-T and P;;-H
for 10.0 cm lead to the best retention of station-
ary phase. For the lower phase mobile, the P;-T
for 5.5 cm diameter and P;;-T and P;-H for 10.0



248

J.-M. Menet et al. | J. Chromatogr. 644 (1993) 239-252

L POSITION
A. 5.5-cm HELICAL DIAMETER COIL

UPPER PHASE MOBILE

LOWER PHASE MOBILE

b~
on

» OF

2

w
.
~
Lt
N
~
-0

(%) NOILNI13Y ISVHd H3ddN
3QOW NOILM3 QUVYMLNO JO 1D3443 IAILLVIAY

RELATIVE EFFECT OF OUTWARD ELUTION MODE
LOWER. PHASE RETENTION (%)
g

40,3

= i

0 50 100 0
LOWER PHASE RETENTION (%)

=)
|
1

50 100
UPPER PHASE RETENTION (%)

RELATIVE EFFECT OF INWARD ELUTION MODE  RELATIVE EFFECT OF INWARD ELUTION MODE
8. 10.0-cm HELICAL DIAMETER COIL

ILE
100 UPPER PHASE MOB!

LOWER PHASE MOBILE

Eld

° a1
3

P e

RELATIVE EFFECT OF OUTWARD ELUTION MODE
LOWER PHASE RETENTION (%)
R 8
~o
"~

(%) NOILN3134 3SVHd Y3ddN
3QOW NOILM3 GHYMLNO 40 103443 IALLVI3Y

) T g 100(0'

4444

LOWER PHASE RETENTION (%)

50 100
UPPER PHASE RETENTION (%)

EX)
RELATIVE EFFECT OF INWARD ELUTION MODE RELATIVE EFFECT OF INWARD ELUTION MODE

HEAD TO TAIL  TAIL TO: HEAD
P o .
Py a A

Fig. 5. L position: effects of the inward-outward elution mode on the retention of the stationary phase. (A) 5.5-cm helical
diameter coil; (B) 10.0-cm helical diameter; left: upper phase mobile; right: lower phase mobile.

cm enhance the retention. The effect of the coil
position was not studied but the overall retention
measurements suggest that its influence is very
small with the 5.5 cm diameter while the L posi-
tion enhances retention for the 10.0 cm diameter.

Consequently, to achieve the highest retention
of stationary phase, the three aqueous—aqueous
two-phase polymer systems (numbered 2, 3 and
4) require the 5.5-cm coil with the mobile upper
phase pumped inward or the mobile lower phase
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pumped outward with either the L or X —1.5L
coil positions. For the first solvent system, made
of an organic solvent mixed with an aqueous
phase, the L position requires the same combi-
nations as with the other solvent systems.
However, the X —1.5L position requires

more precise combinations: P;-T-I for the
upper phase as mobile and P,;-T-O for the
lower phase as mobile with a 5.5-cm diameter
coil.

These results are correlated with those previ-
ously obtained with a type X-LL cross-axis CPC
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[4,5]. There it was concluded that the highest
retention of stationary phase is obtained with the
upper phase as mobile and the P;-T-I and P;;-H-1
combination or with the lower phase as mobile
and the P;;-T-O and P,-H-O combination. These
results are similar to the requirements obtained

with the 1-butanol-0.13 M NaCl,, (+HPC)
system with the X — 1.5L position, except they
allow the choice of two combinations instead of
one when the mobile phase is chosen. For the
aqueous—aqueous polymer systems (not studied
on the previous X-LL prototype), the require-
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ments are shared with these for organic/aqueous
systems between the two cross-axis prototypes
but are less precise. Consequently, the head—tail
elution mode and the direction of planetary
motion show no effect with aqueous—aqueous
polymer two-phase systems while they have an
influence on  organic-aqueous  two-phase
systems.

SPECULATION ON THE HYDRODYNAMIC
MECHANISM

Fig. 8 is intended to explain the strong correla-
tion between the inward-outward elution mode
and the choice of the mobile phase. When the
lighter phase is mobile, the best retention of
stationary phase is achieved with the inward
elution mode, i.e., from the outside end to the
inside end of the column. Such a behavior is
explained in Fig. 8. The descriptive model is
highly simplified: it assumes the two phases are
completely separated along the column, the
heavier one accumulating toward the outside end
of the column, pushing the lighter phase toward
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Fig. 8. Influence of the inward—outward elution mode on the
retention of the heavier stationary phase inside a coil.

251

the inside end of the column. This model should
be close to actual behavior inside columns in the
L position since the head-tail elution mode has
no effect. It could also be applied to the X —
1.5L position as far as aqueous—aqueous poly-
mer two-phase solvent systems are considered,
where no head-tail effect is involved. In the first
case, the mobile phase is pumped in the outward
mode. The small volumes of lighter phase con-
tinuously brought inside the column can not go
through the heavier phase because they would
migrate against centrifugal forces exerted in the
heavier phase. Consequently, small amounts of
the heavier phase are expelled from the column.
In the other case, the lighter phase is introduced
at the outside end of the column. The small
volume of this phase continuously introduced in
the column goes through the heavier phase due
to a motion induced by the centrifugal forces
inside the latter. As a result, the inward elution
mode for the lighter mobile phase leads to better
retention of the heavier stationary phase as
observed in all of the experiments. However, the
outward elution mode for the lighter mobile
phase is able to provide a good retention of the
stationary phase for some cases [e.g., 1-butanol-
0.13 M NaCl,, (+HPC) system in the 5.5-cm
coil in the X —1.5L position and the P,-T-O
mode, leading to 30% of retention]. At least two
explanations are available. One is that the
column is made of many coils slowing the leak-
age of heavier phase in the first case and possibly
allowing the lighter phase to go through the
heavier one. The second possibility is that the
model may not apply as well to the coil in the
X — 1.5L position: the head-tail elution mode
intervenes for the 1-butanol-0.13 M NaCl,,
(+HPC) system. Consequently, the Archimedes’
screw force may interact with the centrifugal
force in the model, leading to lack of separation
of the phases along the column. Such a simplified
model also applies to a mobile heavier phase and
a stationary lighter one. When the Archimedes’
screw force appears to be small, as for coils in
the L position, the model is more applicable and
indeed, no reliable exceptions are shown in
Tables I and II.

An analysis of the paths and the accelerations
induced by cross-axis CPCs was performed in
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Part II [2]. All of the parametric equations were
used to plot the paths and forces induced by a
column in the L and X — 1.5L positions. The
results showed that the paths are very similar for
both coil positions: they appear as a circular path
with a small deformation out of the rotation
plane. The induced forces were separated into
two perpendicular components relative to the
tube of the coil, one in the plane of the coil, the
other perpendicular to that plane and in one
tangential component, in the plane of the coil.
The relative importance of the tangential force
over the two combined perpendicular forces was
then studied for the cross-axis prototype with the
L and X — 1.5L coil positions. Using the column
in the L position, the tangential force inside the
column compared to the added perpendicular
forces represents up to 16.5% with the 10.0-cm
diameter and up to 9% with the 5.5-cm diam-
eter. For the column in the X — 1.5L position,
this tangential force represents up to 90% with
the small diameter and up to 125% with the
large diameter of the combined perpendicular
force. Such values explain the influence of the
coil diameter. According to Fig. 7, the 5.5-cm
coil diameter enhances retention of the station-
ary phase for both L and X —1.5L positions.
This can be correlated with the relative influence
of the lateral force for each position; when the
diameter is increased from 5.5 cm to 10.0 cm,
the lateral force is increased in value compared
to the perpendicular forces. Consequently, the
role of the latter is lowered; as they take part to
the retention of the phases inside the column,
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the retention of the stationary phase decreases.
However, this explanation cannot be applied
between two coil positions as they induce differ-
ent force field geometries. For instance, the first
solvent system can be retained up to 76% in a
5.5 cm diameter coil in the L position and up to
85% with the same coil in the X — 1.5L position
while the relative influence of the tangential
force are 9% and 90%, respectively. One reason
for this effect could be the greater role of the
unilateral distribution tendency [6,7] involved
with the X —1.5L position as shown by the
influence of the head-to-tail or tail-to-head elu-
tion mode.

However as this tendency is not understood, a
precise explanation on the effects of all the
studied factors may be available only after a
thorough mathematical analysis of the results [8].
Other experiments must be studied with the
same solvent systems previously used on the
X-LL cross-axis prototype [4].
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ABSTRACT

A simple, effective and rapid high-performance liquid chromatographic (HPLC) method was developed for the separation of
crude-oils into different group types. The method can be used to separate crude oils, kerosenes, gasolines, middle distillates, fuel
oils, etc., into various classes of aliphatics (such as straight-chain, branched and cyclic), one-, two- and three-ring aromatics, polar
compounds, resins and asphaltenes. A discussion of the experimental details and data from several samples is presented.

INTRODUCTION

Group-type analysis of a given mixture is
useful, because often the separation of all the
compounds is not necessary and may be imprac-
ticable [1-3]. For the mineral oil industry and for
research purposes it is very important to know
the different group types in a given crude oil,
which will contain different amounts of
aliphatics, naphthenes, aromatics, naphtheno-
aromatics, heteroaromatics, polar compounds
and colloids [4]. Efforts are made to determine
all of these groups quantitatively. Doing this has
following advantages: (1) with the crude oil
characterization one can determine its quality
and can adjust the process conditions; (2) with
the knowledge of the starting material, the yield,
structure and quality of the final products can be
established; and (3) separation into group types
can be used as preseparation for further investi-
gations to determine structures using HPLC, GC
and mass and nuclear magnetic resonance spec-
trometry.

For this reason it is important to establish
economical methods to characterize crude oils

0021-9673/93/$06.00

more rapidly. Several HPLC methods [5-9] have
been reported. The aliphatics are separated by
HPLC and the remaining fractions are isolated
as aromatics and polar compounds with back-
flushing [6,10]. It takes about 200 min to sepa-
rate a crude oil into five fractions [11]. Quantita-
tive analyses of these fractions are carried out
gravimetrically, which is very time consuming.

EXPERIMENTAL

Solvents and chemicals

The solvents used were distilled n-hexane and
chloroform (Riedel-de Haén). Standard model
compounds were purchased from Aldrich and
were used as received. The crude oils used were
Suria, Shingli, Matrum, Jakarta Arco and
Scheerhorn oil.

Instrumentation

The HPLC system consisted of two pumps
(Model 510), a UV detector (Model 484) and an
RI detector (Model 410) (all from Millipore,
Waters Chromatographie). Maxima 820 chroma-
tography workstation software (Millipore, Wa-

© 1993 Elsevier Science Publishers B.V. All rights reserved
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ters Chromatographie) controlled the total
HPLC instrument. A high-pressure gradient
system and an electronic backflush valve were
used. The gradient system is shown in Table 1.
The three columns used were uBondapak-NH,
(Millipore, Waters Chromatographie) (300 mm X
3.9 mm 1.D.) with a particle size of 10 wm,
connected in series.

The gas chromatograph system was a Hewlett-
Packard Model 5980 Series 11, with flame ioniza-
tion (FID) and thermal conductivity detection
(TCD). A fused-silica (DB-5) capillary GC
column (30 m x0.25 mm I.D., 0.25 um film
thickness) was obtained from J&W Scientific.
The GC oven was held 35°C for 5 min and then
programmed at 5°C/min to a final temperature
of 310°C, which was maintained for 10 min. A
split-splitless injector was used in the split mode
with a splitting ratio of 50 for all fractions.

Quantification

The relative percentages derived for each
fraction required quantification by both HPLC
and GC. We used an RI detector for HPLC

TABLE 1

HPLC GRADIENT SYSTEM (LINEAR) FOR CRUDE
OIL SEPARATION .

Columns, 3 X amino phase (300 mm x3.9 mm [.D.) con-
nected in series. Mobile phase A = n-hexane; mobile phase
B = chloroform.

Time (min) Mobile phase Flow-rate
A (%) B (%) (ml/min)
Start 100 0 1.4
10 100 0 1.4
12 100 0 4.0
20 100 0 4.0
Backflush
24 90 10 4.0
32 90 10 4.0
35 50 50 2.0
60 50 50 2.0
Re-equilibration
75 100 0 3.0
85 100 0 3.0
90 100 0 1.4
100 100 0 1.4
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because it responds to both aliphatic and aro-
matic compounds, whereas a UV detector will
not respond to non-aromatics without an active
chromophore. For the quantification of
aliphatics, GC was used because it gives more
reproducible results. For the GC calibration, al}
of the compounds in Table III were used. The
response factor of the branched and cyclic
aliphatics was assumed to be the same as for the
corresponding normal aliphatics. To calibrate the
HPLC one-ring aromatic fraction a mixture of
ethylbenzene, p-isopropyltoluene and 1,3,5-tri-
methylbenzene (1:1:1, w/w/w) was used. The
two-ring aromatic fraction was calibrated with
naphthalene and 2-methylnaphthalene (1:1,
w/w), the three-ring fraction with anthracene and
phenanthrene (1:1, w/w) and the four-ring frac-
tion with pyrene. Standard compounds for the
polar and colloid fractions were not available, so
these fractions were collected and the amounts
of the substances present were determined
gravimetrically after drying. With these amounts,
the response factors were determined and ac-
curacy was checked (Error <3%) with five
different crude oils.

The HPLC or GC area counts for each frac-
tion were multiplied by the average response
factors obtained to give the relative amount of
each fraction present.

RESULTS

The major problem in the analysis of crude oil
is the complexity of this natural mixture, con-
taining hundreds of different aliphatic and aro-
matic components [12,13]. The aliphatics consist
of linear n-alkanes, branched-chain alkanes and
cycloalkanes, while the major aromatic compo-
nents are one-, two-, three- and four-ring
alkylated derivatives [13]. In addition, crude oil
also contains polar compounds, resins and as-
phaltenes [11]. Most often it is useful to separate
this mixture in group types. Because crude oil
contains compounds from those with very low
polarity such as aliphatics and naphthenes to
very polar compounds such as acids and colloids,
they cannot be separated and identified on one
column. We used a backflush technique and
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achieved the separation of crude oil into seven
different fractions within 60 min.

Because in each fraction compounds with
different chain lengths and substitution are pres-
ent, we first investigated the chromatographic
behaviour of some standard compounds. It has
often been reported that the long-chain alkyl-
substituted aromatics behave in chromatography
like alkanes and no longer like aromatics [11].
Table II shows clearly that with the use of above
method the separations of differently substituted
benzene compounds occur in a very close elution
range, but the pure alkane compounds separate
earlier (Table III).

A standard mixture of 60 different compounds
containing aliphatics (n-alkanes, isoalkanes and
cycloalkanes), monoaromatics, diaromatics and
poly- and heterocyclic compounds were selected
to optimize the separation procedure. The com-
ponents and their concentrations in the standard
mixture were selected so as to simulate the
complex chemical composition of crude oil. The
separation tests carried out helped to develop
and improve the analytical method.

First we investigated the 24 straight-chain
compounds from C, to C,,, three branched and

TABLE I

HPLC RETENTION TIMES OF MONOAROMATIC
MODEL COMPOUNDS

Substance No. of No. of Retention
substituents carbon time
atoms (min)
Benzene 0 6 8.57
Toluene 1 7 8.67
Ethylbenzene 1 8 8.67
Hexylbenzene 1 12 8.42
Dodecylbenzene 1 18 8.23
Octadecylbenzene 1 24 8.10
o-Xylene 2 8 8.93
m-Xylene 2 8 8.93
p-Xylene 2 8 8.91
p-Ethyltoluene 2 9 8.87
p-Isopropyltoluene 2 10 8.86
1,3,5-Trimethyl- 3 9 8.96
benzene
Tetralin - 10 9.03
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TABLE III

HPLC RETENTION TIMES OF STRAIGHT-CHAIN,
BRANCHED-CHAIN AND CYCLIC ALIPHATIC
MODEL COMPOUNDS

Substance No. of Retention time
carbon atoms (min)
Cyclohexane 6 7.03
n-Heptane 7 7.04
Cycloheptane 7 7.03
n-Octane 8 7.05
Isooctane 8 7.02
Cyclooctane 8 7.04
n-Nonane 9 7.06
n-Decane 10 7.06
n-Undecane 11 7.07
n-Dodecane 12 7.07
n-Tridecane 13 7.08
n-Tetradecane 14 7.09
n-Pentadecane 15 7.09
n-Hexadecane 16 7.11
n-Heptadecane 17 7.12
n-Octadecane 18 7.12
n-Nonadecane 19 7.13
Pristane 19 7.12
n-Eicosane 20 7.14
Phytane 20 7.12
n-Heneicosane 21 7.15
n-Docosane 22 7.16
n-Tricosane 23 7.18
n-Tetracosane 24 7.19
n-Pentacosane 25 7.21
n-Hexacosane 26 7.22
n-Octacosane 28 7.23
n-Triacontane 30 7.25
n-Dotriacontane 32 7.26
n-Tetratriacontane 34 7.28

three cyclic alkanes. Table III shows the reten-
tion times of all these compounds, which are
very close (A7 = 0.3 min). As expected, the long
straight-chain aliphatics elute slightly later than
the short-chain aliphatics. Further, the branched-
chain aliphatics separate slightly earlier than the
corresponding straight-chain compounds (see oc-
tane, nonadecane and eicosane in Table III).
Nevertheless, all these compounds elute very
close to each other.

Better resolution of the aliphatic fraction can
be achieved by GC [14-16]. A gas chromato-
gram of the aliphatic fraction is shown in Fig. 1.
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Fig. 1. Capillary gas chromatogram of the aliphatic fraction
of a crude oil. Solvent, dichloromethane. A 1-ul volume of
the solution was injected in the split mode. GC conditions
are given in the text.

The straight-chain compounds are separated very
well, along with the branched and cyclic com-
pounds.

Crude oils contain many different substituted
benzenes. For this reason we investigated thir-
teen different one-ring aromatics individually.
The HPLC results are given in Table II. There is
a noticeable substituent dependence of the reten-
tion time. Up to a propyl substituent single and
multiple substitution causes longer retention
times whereas longer chains [8], such as hexyl,
give short retention times.

The two-, three- and four-ring aromatic com-
pounds are listed together with their retention
times in Table IV. The compound classes are
very well separated. It is noticeable that the
condensed compounds need more time to elute
from the column (see naphthalene and biphenyl
and also anthracene and triphenylmethane). The
aromatic sulphur and oxygen heterocyclic com-
pounds are eluted as expected with the corre-
sponding aromatic fraction. Quantification of the
heterocyclic compounds is not possible because
they are not well separated from the corre-
sponding aromatic fraction. They are treated as
aromatics.

We did not make any attempt to separate
aromatics with more than four-ring systems,
because these compounds are not expected to be
present in high concentrations in crude oils
(<1%). These components are eluted together
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TABLE 1V

HPLC RETENTION TIME OF TWO-, THREE- AND
FOUR-RING AROMATIC MODEL COMPOUNDS

Substance No. of No. of Retention
aromatic carbon time
rings atoms (min)

Naphthalene 2 10 11.82

2-Methylnaphthalene 2 1 11.95

3-Methylnaphthalene 2 11 12.03

Biphenyl 2 12 11.78

Bibenzyl 2 14 12.31

Xanthene 2 13 13.25

Dibenzothiophene 2 12 14.09

Anthracene 3 14 16.06

Phenanthrene 3 14 15.39

Triphenylmethane 3 19 15.28

Pyrene 4 16 19.67

with polar compounds in the backflush fraction.
NH-, SH- and OH-substituted compounds are
very polar and for this reason they eluted after
the backflushing of the column. Resins and
asphaltenes are also eluted in the backflush
fraction, but with a mobile phase containing 50%
chloroform.

This method was used to separate and charac-
terize different crude oils. Fig. 2 shows a repro-
ducibility test with different amounts of crude oil
injected. The peaks were characterized quantita-

0.30

30 ul

20 ul
0.10 4 3
10 ul
0.05 ] 5
0.00 ; il ' - i : ‘
0 5 10 15 20 25 30 35 40 45
Time (min)

Fig. 2. HPLC of a crude oil dissolved in chloroform and
filtered with a 0.25-um filter. Volumes of 10, 20 and 30 w1 of
the crude oil solution were injected. Peaks: 1= alkanes;
2 = one-ring aromatics; 3 = two-ring aromatics; 4 = three-ring
aromatics; 5=four-ring aromatics; 6= polar compounds
(NH-, SH-, OH-substituted compounds); 7 = colloids (as-
phaltenes and resins). HPLC conditions are given in the text.
Solid lines, UV detection (254 nm); dotted line, RI detection.
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Fig. 3. HPLC of (A) diesel fuel, (B) petroleum fraction with
b.p. <190°C and (C) middle distillate. A 1-ul volume of the
undiluted fuel was injected. HPLC conditions are given in
the text. Solid lines, UV detection (254 nm); dotted lines, RI
detection.

tively with integration and the use of response
factors. Fig. 3 shows chromatograms of (A)
diesel fuel, (B) a petroleum fraction with b.p.

TABLE V
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<190°C and (C) a middle distillate. All these
chromatograms show the same group-type sepa-
ration as in Fig. 2 for crude oil except for the
colloid-fraction. Colloids are not present in
gasolines, kerosenes, middle distillates and fuel
oils.

All the crude oil fractions from Fig. 2 were
quantified and their relative percentages are
given in Table V. We compared the results with
those obtained using other methods, such as
chemical separation with solvents [17] (ethyl
acetate, pentane and toluene) and with column
chromatography [18-20]. The results agreed very
well with the classical methods, to within 10%.

CONCLUSIONS

The method described allows the separation of
crude oil, fuel oil and middle distillate in their
group types within 60 min. With this method one
can characterize the samples quickly and without
great expenditure. It is also possible to collect
each fraction and effect a separation by HPLC or
GC [21] (see Fig. 1), and to characterize them by
infrared or NMR spectrometry or GC-MS.

Quantification of the fractions is done by
integration of the corresponding peaks and using
the response factors. This method is much more
convenient and accurate than gravimetric meth-

RELATIVE QUANTITATIVE COMPOSITION (%) OF A CRUDE OIL DETERMINED USING THE HPLC METHOD
AND DATA OBTAINED FROM CHEMICAL SEPARATION WITH SOLVENTS (ETHYL ACETATE, PENTANE AND
TOLUENE) AND BY COLUMN CHROMATOGRAPHY (SEE TEXT)

Crude oil fraction HPLC/GC Chemical Column
separation chromatography

Low-boiling fraction - 6.8 6.8

Naphthenic and paraffinic fraction 16.9 - 15.3

One-ring aromatics 54.4

Two-ring aromatics 2.2 44.7

Three-ring aromatics 0.4

Four-ring aromatics 0.4

Polar compounds 3.0 - 32

Disperse medium 66.3

Colloids (asphaltenes and resins) 24.1 27.4 25.6

Insoluble residue 23 1.9

Total % 103.7 100.5 971.5
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ods, because with the latter one has to eliminate
the eluent first. Quantitative elimination of the
eluent is difficult and it is possible to lose some
of the compounds from the one- and two-ring
aromatic fractions in the drying process. .
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Reversed-phase high-performance liquid
chromatography and chemometrics, a combined
investigation tool for complex phytochemical problems
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ABSTRACT

The phenolic content in the bark of poplar trees was analysed by RP-HPLC with the aim of finding some evidence of a
relationship between the presence of phenols (either the total amount or the amount of an individual specific compound) and the
differential resistance to the fungus Dothichiza populea that is found in different clones of these trees. Direct comparison of
chromatographic results did not allow any useful information to be gleaned on this subject. On the other hand, the application of
principal component analysis and linear discriminant analysis methods to the quantitative chromatographic data gave very
promising results, allowing discrimination between resistant and susceptible poplars and the identification of phenolic compounds

that are important for such discrimination.

INTRODUCTION

A connection between the resistance of poplar
trees to infection by the fungus Dothichiza
populea and the presence in their bark of some
phenolic compounds providing a fungistatic ac-

tivity has already been found [1-3].

The aim of this study was to determine the
possibility of classifying genetically controlled
hybrids of poplar trees as resistant or susceptible
to the fungal infection on the basis of the phenol
content of their bark.

To this end, phenolic compounds present in
poplar bark were extracted, separated by re-
versed-phase HPLC and identified by comparing
their retention times with those of suitable stan-
dards. The chromatograms provided qualitative
and quantitative information that was not easily
exploitable to produce a definite classification

* Corresponding author.

0021-9673/93/$06.00

criterion, thus it became necessary to resort to
multivariate chemometric treatments, even
though the original sampling programme was not
formulated with a subsequent statistical treat-
ment in mind.

For the characterization of aromatic natural
products, gas chromatographic techniques cou-
pled with such treatments have already proved to
be effective in studies on olive oil [4], wine [5,6],
coffee [7], tea [8] and honey bees [9]. No report
of statistical treatments concerning classification
of resistant and susceptible hybrids of poplar
trees towards Dothichiza infection is currently
available. In this paper principal component
analysis (PCA) [10,11] and linear discriminant
analysis (LDA) [12-14] methods were applied to
the chromatographic data concerning poplar
hybrids sampled in two different places and at
regular intervals between December 1989 ‘and
June 1990. Qur objective was to discover the
most suitable chemical variables to perform an
effective classification of poplar trees of different

© 1993 Elsevier Science Publishers B.V. All rights reserved
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infection resistance and to evaluate the influence
of seasonal and geographic factors on such a
classification.

EXPERIMENTAL

Instrumentation

The HPLC equipment consisted of a Varian
5560 liquid chromatograph equipped with a UV
200 spectrophotometric detector and a 4290
integrator. The detector was operated at 270 nm.

The column was a LiChrospher RP-18 (250 x
4.6 mm 1.D.), 5 um particle size (Merck, Darm-
stadt, Germany). The injection was 10 ul, and
the flow-rate 1.0 ml/min.

Reagents

HPLC-grade methanol and acetonitrile and a
0.57% solution of acetic acid in Millipore Milli-Q
water were used as mobile phase constituents.

Chromatographic conditions

A gradient programme based on a ternary
mobile phase gave the best results: acetonitrile
(A), acetic acid (0.57%) water solution (B) and
methanol (C). The starting conditions were 6%
A, 88% B, 6% C. At 40 min the eluent composi-
tion was 6% A, 48% B and 46% C.

Sampling

The bark of three clones known to differ in
resistance to Dothichiza populea—(a) S. MAR-
TINO (S.M., resistant), (b) LUISA AVANZO
- (L.A., susceptible) and (c) 1-214 (intermediate)
—were sampled, in duplicate, in two different
places in Italy (Casale Monferrato and Scottine).
The sampling programme started in December
1989 and continued monthly until June 1990.
The total number of samples collected was 96:
two samples of each clone from each geographic
site for eight different sampling periods.

Sample preparation

The release of phenolic compounds from pop-
lar bark and the preparation of solutions for
analytical HPLC were HPLC were accomplished
by performing the following procedure. About
30 mg of previously liophilized bark were added
to 2.0 ml of 1.0 M sodium hydroxide in a filter
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tube. The air was removed from the tube by
flushing with nitrogen and the stopper secured.
The suspension was shaken at 20°C for 20 h and
subsequently filtered. The residue was washed
with water (total volume of filtrate ca. 2.0 ml).
The filtrate was acidified to pH 2.5 with 6.0 M
hydrochloric acid and diluted with water to a
final volume of 5.0 ml [1].

Standards

As standard substances we used the phenolic
compounds more frequently proposed in previ-
ous works [2-4] as involved in the mechanism of
defence against disease in poplar trees. They
were: 4-hydroxy-3-methoxybenzaldehyde, 4-hy-
droxy-3,5-dimethoxybenzaldehyde, 4-hydroxy-
benzaldehyde, 4-hydroxybenzoic acid, 4-hy-
droxy-3-methoxycinnamic  acid,  4-hydroxy-
cinnamic acid, benzoic acid, 2-hydroxybenzoic
acid, 3,5-dimetoxy-4-hydroxybenzoic acid,
cathecol, pyrogallol, 3,4-dihydroxybenzoic acid,
4-hydroxy-3-methoxybenzoic acid and 4-methox-
ybenzoic acid (Fig. 1).

4
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5 7
13
1
9 " 14
12
11

UL.J - L
r T T T
0 10 20 30 min

Fig. 1. Chromatographic separation of phenolic standard
substances. (For elution conditions, see Experimental sec-
tion.) Peaks: 1= 4-hydroxy-3-methoxybenzaldehyde; 2 =4-
hydroxy-3,5-dimethoxybenzaldehyde; 3 = 4-hydroxybenzal-
dehyde; 4 =4-hydroxybenzoic acid; 5= 4-hydroxy-3-meth-
oxycinnamic acid; 6= 4-hydroxycinnamic acid; 7=ben-
zoic acid; 8=salicylic acid; 9= 4-hydroxy-3,5-dimethoxy-
benzoic acid; 10 =cathecol; 11 =pyrogallol; 12=3,4-
dihydroxybenzoic acid; 13 = 4-hydroxy-3-methoxybenzoic
acid; 14 = 4-methoxybenzoic acid.



C. Baiocchi et al. | J. Chromatogr. 644 (1993) 259-267

Chemometric methods

The data was analysed by PCA and LDA. The
former is a pattern recognition method that
generates new orthogonal variables, the principal
components (PCs), linear combination of the
original variables, so that the maximum possible
amount of variance of the data is compressed in
few PCs. In fact, it is theoretically possible to
determine as many principal components as
original variables, however they are obtained in
order of decreasing contribution to the total
variance, so it is usually sufficient to consider the
first principal components and still retain most of
the variance, that is most of information present
in the original data.

PCA is a useful tool to perform variable
reductions for high-dimensional complex prob-
lems. Moreover, the analysis of the new variable
space (PCs space) often provides important
information on the pattern of the data (i.e.
clusters, systematic trends, etc.).

In LDA, as in the PCA technique, the aim is
to reduce the number of features. However,
while PCA selects a direction that retains maxi-
mal structure in a lower dimension among the
data, LDA selects a direction that achieves
maximum separation among the given classes.
The discriminant function obtained in this way
leads to a new variable which, as in principal
components, is a linear combination of the
original variables.

Once this direction has been found, it is
possible to perform a statistical test of the
significance of the separation of the groups two
by two and to assign new objects to any of the
two classes.

In the study we also applied a new classifica-
tion algorithm that generates orthogonal dis-
criminant directions, the orthogonal discriminant
analysis (ODA) [15]. This algorithm is advan-
tageous since it allows correct graphic visualiza-
tion of the discriminant directions. This graphic
visualization generally cannot be achieved with
the classical LDA algorithm, whose discriminant
directions are not required to be orthogonal one
to each other.

The data were autoscaled before any PCA
treatment in order to attribute the same a priori
importance to the variables.

261
RESULTS AND DISCUSSION

Fig. 1 shows the separation of fourteen stan-
dard phenolic compounds, whereas Fig. 2 re-
ports typical chromatographic runs regarding the
analyses of the bark extracts of the resistant (a
and c) and susceptible (b and d) clones. They
refer to the first and the last sampling periods
December and June, respectively. By comparing
the chromatographic profiles obtained from the
winter samples (Fig. 2a and b), definite quantita-
tive differences between the clones can be seen.
The differences are apparently remarkably re-
duced in the late spring samples (Fig. 2¢ and d).
Chromatographic runs of the clone of the inter-
mediate resistance (I-214) are not reported
because they were not significantly different
from those of the susceptible one (L.A.). Ten
peaks identified by comparison with the reten-
tion times of the pure standards indicated in the
chromatograms were used in the chemometric
study. They correspond to compounds 2-11 of
Fig. 1. A small number of other peaks remain
unknown.

By examining the area variations of the iden-
tified peaks among the three different clones, no
definite trends in the result could be found by
visual inspection. So, in order to set up a useful
correlation between phenolic contents and infec-
tion resistance of the poplar hybrids considered,
a chemometric study was performed, though the
sampling design was not programmed with a
subsequent statistical treatment in mind. The
chromatographic peak areas are not reported
here because their number is very high.

Since there was a large sampling variation, in
the total amount of phenolic compounds, owing
to the various combinations of clone, geographic
origin and date, but with an apparent conserva-
tion of the proportion between the areas, the
calculations were performed using the percen-
tage areas. The starting data set contained 96
samples described by ten variables each (the
phenolic compounds identified and listed in Fig.
1 from 2 to 11).

The starting analysis was conducted on the
whole data set containing samples of different
origin, sampling period and genetic origin which,
in principle, could significantly affect the phenol
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Fig. 2. Chromatographic separations of real samples (resistant and susceptible clones) at the start and the end of the sampling
period. (For elution conditions, see Experimental section.) (A) Luisa Avanzo (Dec. 1989), 0.0312 AUFS; (B) S. Martino (Dec.
1989), 0.0312 AUFS; (c) Luisa Avanzo (June 1990), 0.0156 AUFS; (D) S. Martino (June 1990), 0.0156 AUFS. Peak numbers as

in Fig. 1.

composition of the poplar bark extracts. After
autoscaling, the complete set of the original data
was subjected to PCA. The plot of the scores of
the first PCs allowed the detection of two out-
liers (i.e. two anomalous samples far from any
other sample), which were eliminated from the
successive analysis. The new data set containing
94 samples was again autoscaled and submitted
to PCA. The variance explained by the first four
PCs (eigenvalue greater or around 1.0) is listed
in Table 1, while Table II reports the loadings of

TABLE 1

VARIANCE EXPLAINED BY THE FIRST FOUR PCs
(CLONES 1, 2 AND 3)

PC Variance (%) Total variance (%)
1 40.2 40.2
2 14.9 55.1
3 10.7 65.8
4 9.7 75.5
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TABLE 11
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LOADINGS OF THE FIRST FOUR PCs (CLONES 1, 2 AND 3)

Compounds PC, PC, PC, PC,

4-Hydroxy-3,5-dimethoxybenzaldehyde 0.35 -0.02 -0.21 —0.46
4-Hydroxybenzaldehyde 0.28 -0.39 —0.26 -0.12
4-Hydroxybenzoic acid -0.47 -0.22 0.11 0.01
4-Hydroxy-3-methoxycinnamic acid 0.38 -0.21 —0.07 ~0.12
4-Hydroxycinnamic acid 0.30 -0.23 0.38 0.13
Benzoic acid 0.07 -0.27 -0.42 0.78
Salicylic acid 0.33 0.13 0.50 0.30
4-Hydroxy-3,5-dimethoxybenzoic acid 0.26 -0.43 0.24 -0.04
Cathecol 0.26 0.33 -0.47 0.04
Pyrogallol 0.30 0.55 0.12 0.17

the same PCs, i.e. the contribution of every
original variable to the definition of the PCs. The
scatter plots of the samples projected on these
PCs show that the PCs containing information
about the difference between the clones are the
second and the fourth ones. A plot of PC, and
PC, presents two clusters of objects corre-
sponding to the two clones, S.M. and LA,
slightly overlapping in the middle, and a third
cluster (clone 1-214) largely overlapping with the
other two (Fig. 3). Since the main interest lies in
the separation of resistant and susceptible
clones, PCA was performed on a reduced data
set containing only the hybrids S.M. and L.A.
(classes 1 and 3).

The variance explained by the first four PCs
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Fig. 3. Scatter plot of the scores of the objects (three types
of clones) on the PCs. *=S. Martino; A=214; O=
Avanzo.

(eigenvalue greater or around 1.0) is given in
Table III and the corresponding loadings in
Table IV. The scatter plot of the scores of PC,
and PC, is shown in Fig. 4. The situation is
clearer and there is an improvement in the
separation between the two classes, because of
the elimination of the data from the samples of
the intermediate resistance clone.

In order to better isolate the information
traceable back to a seasonal factor, we broke
down the previous general plot into a sequence
of eight distinct plots in order of sampling time
(Fig. SA and B). Every plot is updated with
respect to the preceding one according to the
sequence of sampling period, i.e. it shows the
preceding samples (open markers) plus the sam-
ples of the updated period (black markers). The
sample origin was not considered in this step
since it was found to be irrelevant in PC, and
PC,. As can be seen from Fig. 5, the separation
of the two clones remains satisfactory for almost
all sampling times. Only the data of the late

TABLE I

VARIANCE EXPLAINED BY THE FIRST FOUR PCs
(CLONES 1 AND 3)

PC Variance (%) Total variance (%)
1 37.41004 37.41004
2 18.27317 55.68321
3 10.54750 66.23071
4 8.550346 74.78105
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TABLE IV

LOADINGS OF THE FIRST FOUR PCs (CLONES 1 AND 3)
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Compounds PC, PC, PC, PC,

4-Hydroxy-3,5-dimethoxybenzaldehyde 0.20 -0.59 -0.25 0.01
4-Hydroxybenzaldehyde 0.22 -0.17 0.72 0.00
4-Hydroxybenzoic acid 0.09 0.60 0.11 —0.32
4-Hydroxy-3-methoxycinnamic acid 0.39 —0.15 0.10 —-0.06
4-Hydroxycinnamic acid 0.34 0.24 0.19 -0.06
Benzoic acid 0.26 0.09 0.14 0.83
Salicylic acid 0.46 —0.02 -0.24 -0.05
4-Hydroxy-3,5-dimethoxybenzoic acid 0.23 —0.27 0.30 —-0.42
Cathecol 0.37 0.29 -0.11 0.08
Pyrogallol 0.41 0.05 —0.43 —0.13

spring tend to mix together, as expected. It is
worth noticing that, within each sampling time,
the discrimination between the two clones is very
good.

However, as sampling time proceeds there is a
progressive shift in the relative and absolute
positions of the objects along the axes of the
diagrams. Such a shift should be caused by
changes in the extract composition as the season
advances. In fact, the change is not random and
can be explained by considering the composition
of the two PCs considered. In particular, by
taking into account the relative movements of
the two clones, it can be observed that there are
shifts along the axes attributable to changes,
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Fig. 4. Scatter plot of the scores of the reduced space of the
objects (only resistant and susceptible clones) on the PCs.
% =S. Martino; O = Avanzo.

equal for both clones, in the percentage of the
chemical components that mainly define the two
PCs. At the same time there are rotations of the
relative positions, which may be interpreted as
different behaviours of the same chemical com-
pounds in the two clones.

The most discriminant principal component is
PC,, which is mainly constituted by the variables
corresponding to 4-hydroxy-3,5-dimethoxyben-
zaldehyde and 4-hydroxybenzoic acid, while PC,
is mainly constituted by benzoic acid and 4-
hydroxy-3,5-dimethoxybenzoic acid.

Very little information is available to achieve a
geographic discrimination. It is apparent that the
geographic variable poorly affects the characteri-
zation of the clones, the main difference being
the genetic diversity and secondly the sampling
period effect.

After the PCA treatment, which provides
information on the pattern of the data and on
the seasonal changes in the composition of the
samples, we applied LDA to find the best direc-
tions for classifying the samples.

LDA was applied in turn to separate each of
the clones from the others. This provided three
discriminant directions. Table V reports the
statistical features of the three separations and
the normalized composition of the discriminant
directions. The angle between the discriminating
directions, easily determined from the scalar
product of the vectors along the directions, is
66.6° between R, , and R, ;, 132.6° between R, ,
and R, ; and 76.7° between R, ; and R, ;. These
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TABLE V
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STATISTICAL FEATURES OF LDA SEPARATIONS AND NORMALIZED COMPOSITION OF DISCRIMINATING

DIRECTIONS

Discrimination between classes 1 and 2: Mahalanobis distance: 16.20, F,, ,, = 20.51
Discrimination between classes 2 and 3: Mahalanobis distance: 10.60, F,, 5, = 13.67
Discrimination between classes 1 and 3: Mahalanobis distance: 20.60, F,, , = 20.60

Compounds
cosines:

Autoscaled director

Autoscaled director
cosines:

Autoscaled director
cosines:

4-Hydroxy-3,5-dimethoxybenzaldehyde =0.60
4-Hydroxybenzaldehyde -0.02
4-Hydroxybenzoic acid 0.06
4-Hydroxy-3-methoxycinnamic acid —0.34
4-Hydroxycinnamic acid 0.15
Benzoic acid 0.02
Salicylic acid 0.59
4-Hydroxy-3,5-dimethoxybenzoic acid 0.12
Cathecol —0.37
Pyrogallol —-0.06

0.16 —0.89
0.12 0.06
0.27 0.23
—0.03 —0.09
0.02 0.01
0.10 0.05
~-0.58 -0.13
-0.11 0.13
0.71 0.32
—0.13 —-0.03

directions are shown independently in Fig. 6,
from which it can be seen that all classifications
are satisfactory. The least separated classes are 2
and 3, for which the F-test provides a value of
13.67, which is still highly significant (Fs, ,, =4.2
at the 99% confidence level); this confirms the
results of the PCA step.

LDA was also applied to the separation of the
samples of different geographic origin, but a very
poor classification was obtained.

The application of a different LDA algorithm,
namely the ODA algorithm, which provides
orthogonal discriminant directions, led to the
results shown in Fig. 7. It is clear that all three
clones can be effectively separated on the basis
of the chemical composition of the extracts.

Summing up, it was impossible to discriminate
between the different clones by a direct visual
inspection of the raw data alone, these being too
complex. The discriminant features obtained by
the chemometric treatments are not single origi-
nal variables but linear combinations of vari-
ables. It is evident that the use of some multi-
variate statistical tools greatly improved the
possibility of analysing the data structure and
performing an effective classification of the
clones with different resistance to fungal infec-
tion.

In conclusion, it is worth noting that such

T VIRRWYV Y clone 1

A AN AA R ABNNA A A clone 2

W WAV WY clone 1

A A /Y- § . V.V V..V..V. clone 3

WY V VR EWW v clone 2

MAA  ARNBAAMM AL A clone 3

Fig. 6. Classification ability of the three clones by the
discriminant directions determined by the LDA procedure.
(a) Direction R, ,; (b) direction R, ;; (c) direction R, ,.
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Fig. 7. Plot of the objects in the space of the three discrimi-
nant directions obtained by a different LDA algorithm.

information was obtained from data not particu-
larly suitable for treatment with the method
adopted. A new sampling plan much more
tailored on the statistical requirements is almost
accomplished and a further chromatographic and
chemometric study is in progress in our labora-
tory.
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Retention behaviour of aromatic sulphonic acids in
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ABSTRACT

The capacity factors of phenylamine- and naphthylaminesulphonic acids in reversed-phase ion-pair liquid chromatography were
measured. The equations log k' = log k,, — S¢ and log k' =log k,, + A¢® — S¢ to describe the effects of methanol and acetonitrile
concentration were compared. It has been observed that the effect of organic modifier concentration up to ¢ =0 on retention
follows the empirical equation log k' = log &, — S¢. It was found that the effect of acetonitrile on retention is stronger than that of
methanol, which is the same as the order of their elution strengths observed in RP-HPLC.

INTRODUCTION

Reversed-phase ion-pair liquid chromatog-
raphy (RP-IPC) is widely used in separations of
organic and inorganic ions. Retention can be
regulated by the properties and concentrations of
the organic modifier and counter ion and by
using a competing ion with the same charge as
the analyte. Many models of RP-IPC have been
published [1-7] and excellent reviews have ap-
peared [1,8]. In recent years, the electrostatic
model with the use of the Gouy-Chapman
theory has been applied to IPC [9-14]. The
effects of chromatographic variables such as
organic modifier concentration [13], ion-pair
reagent [15], inorganic salt concentration [16],
column temperature [17] and solute properties
such as hydrophobicity and charge [18,19] on
retention have been investigated. It has been
observed that both hydrophobicity and solute
charge play a very important role in retention in
RP-IPC and in most instances the retention

* Corresponding author.

0021-9673/93/%06.00

order in RP-IPC for organic ions with the same
charge is the same as in RP-HPLC [20]. In this
work, the retention behaviour of sulphonic acids
in RP-IPC with tetrabutylammonium iodide as
ion-pair reagent and methanol and acetonitrile as
organic modifiers was studied.

EXPERIMENTAL

Materials

The phenylamine- and naphthylaminesul-
phonic acids (Table I) were obtained from the
Dyestuff Laboratory, Chemical Engineering De-
partment, Dalian University of Sciences and
Technology. Standard solutions were prepared in
water. Doubly distilled water was used through-
out. Methanol, tetrabutylammonium iodide
(TBATI), NaH,PO,, NaOH, KCl and HCI were
of analytical-reagent grade.

Apparatus

RP-IPC experiments were carried out on a
stainless-steel column (150 X 4.6 mm I.D.)
packed with Spherisorb-C,; (10 um) (Phase

© 1993 Elsevier Science Publishers B.V. All rights reserved
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Separations, Deeside, UK) at room temperature
(26°C). The column was packed at the National
Chromatographic R & A Centre, Dalian, China.
The mobile phases contained methanol, acetoni-
trile and water in different proportions with
constant concentrations of TBAI ion-pair re-
agent (4 mmol/1), NaH,PO, (10 mmol/l) and
KCI (10 mmol/1) and with a pH of 7.00. Mobile
phase was delivered with a Waters (Milford,
MA, USA) Model 510 pump. Eluates were
detected at 254 nm. Samples were loaded with a
U6K syringe-loading sample injector. The pH
value of the organic modifier solution was mea-
sured with an SA-720 pH meter (Orion Re-
search, Chicago, IL, USA). As discussed by
Karger et al. [21], with up to 25% of organic
modifier in the aqueous eluent, the systematic
error in pH measured pH in a mixed solvent and
standardizing with aqueous buffer is much less
than 0.1 pH unit. The flow-rate was 1.0 ml/min.
All experimental data was processed using a
personal computer.

RESULTS AND DISCUSSION
Relationship between retention and organic
modifier concentration

The retention times of each sulphonic acid
were measured twice with different methanol

TABLE I
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and acetonitrile concentrations from 0.22 to 0
volume fraction and the difference between the
two retention times in each instance was less
than 3%. Pre-equilibration of the column for 30
min was applied when changing the mobile phase
composition. The capacity factors of test solutes
calculated from retention times are given in
Tables I and II. In reversed-phase high-perform-
ance liquid chromatography (RP-HPLC), ac-
cording to the solubility parameter concept [22],
the relationship between solute retention and
organic modifier concentration can be described
by

log k' =log k, + Ap” — S¢ (1)

where log k, is the capacity factor obtained by
extrapolation of retention data from binary
eluents to 100% water, A and S are constants for
a given solute—eluent combination and ¢ is the
volume fraction of the organic modifier in the
aqueous eluent. Snyder er al. [23] showed that
over a volume fraction range of at most 0.1-0.9,
eqn. 1 can be simplified as a good approximation
to

log k' =log k, — S¢ 2)
In RP-IPC, a retention equation identical with

eqn. 2 was used to describe the effect of organic
modifier concentration on retention. The results

CAPACITY FACTORS OF PHENYLAMINE- AND NAPHTHYLAMINESULPHONIC ACIDS AT DIFFERENT METHA-

NOL CONCENTRATIONS

Solute Volume fraction of methanol, ¢(v/v)
0.22 0.15 0.08 0.04 0

1,3-Diaminobenzene-4-sulphonic acid 0.130 0.420 0.712 0.987 1.52
1- Aminobenzene-4-sulphonic acid 0.146 0.419 0.699 0.936 1.56
1-Aminobenzene-3-sulphonic acid 0.394 0.885 1.81 2.80 4.31
1,3-Diaminobenzene-4,6-disulphonic acid 0.441 1.02 2.70 4.00 6.91
1- Amino-4-methylbenzene-2-sulphonic acid 0.842 1.97 4.19 6.74 10.21
1-Aminonaphthalene-5-sulphonic acid 1.26 3.02 8.10 13.08 23.07
2-Aminonaphthalene-4,7-disulphonic acid 1.72 4.81 17.72 35.17 68.95
2-Aminonaphthalene-4,8-disulphonic acid 1.64 5.37 18.26 36.48 74.11
2-Aminonaphthalene-5-sulphonic acid 3.57 9.45 29.33 50.56 90.52
2-Aminonaphthalene-3,6-disulphonic acid 2.24 8.08 31.08 87.33 133.9
2-Aminonaphthalene-4,6,8-trisulphonic acid 2.95 10.02 45.19 95.57 191.3

2-Aminonaphthalene-3,6,8-trisulphonic acid 3.70

10.25 49.15 102.0 201.6
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TABLE 11

CAPACITY FACTORS OF PHENYLAMINE- AND NAPHTHYLAMINESULPHONIC ACIDS AT DIFFERENT ACE-
TONITRILE CONCENTRATIONS

Solute Volume fraction of acetonitrile, @(v/v)

0.22 0.15 0.08 0.04 0
1,3-Diaminobenzene-4-sulphonic acid 0.090 0.224 0.539 0.769 1.52
1-Aminobenzene-4-sulphonic acid 0.077 0.256 0.571 0.833 1.56
1-Aminobenzene-3-sulphonic acid 0.122 0.474 1.20 1.98 4.31
1,3-Diaminobenzene-4,6-disulphonic acid 0.135 0.635 1.80 3.09 6.91
1-Amino-4-methylbenzene-2-sulphonic acid 0.224 0.737 2.40 4.39 10.21
1-Aminonaphthalene-5-sulphonic acid 0.410 1.36 4.52 9.39 23.07
2-Aminonaphthalene-4,7-disulphonic acid 0.378 1.98 8.06 18.75 68.95
2-Aminonaphthalene-4,8-disulphonic acid 0.330 1.66 7.84 19.65 74.11
2-Aminonaphthalene-5-sulphonic acid 0.660 2.76 13.19 33.33 90.52
2-Aminonaphthalene-3,6-disulphonic acid 0.474 2.43 12.98 34.36 133.9
2-Aminonaphthalene-4,6,8-trisulphonic acid 0.680 4.24 24.04 53.41 191.3
2-Aminonaphthalene-3,6,8-trisulphonic acid 0.756 4.40 25.49 60.12 201.6
TABLE 111

LOG k_, S AND A IN EQN. 1 OBTAINED BY REGRESSION ANALYSIS OF THE EXPERIMENTAL DATA IN TABLES
I AND I

Solute Methanol-water Acetonitrile—water
Logk, S A r Logk, S A r

1,3-Diaminobenzene-4-

sulphonic acid 0.148 2.496 -9.528 0.9936 0.157 5.593 0.730 0.9980
1- Aminobenzene-4-sulphonic

acid 0.155 3.066 —6.030 0.9924 0.160 4.467 ~5.621 0.9970
1-Aminobenzene-3-sulphonic

acid 0.631 4.490 —-0.902 0.9994 0.596 5.962 —3.639 0.9971
1,3-Diaminobenzene-4,6-

disulphonic acid 0.836 5.365 -0.320 0.9993 0.800 6.070 —6.430 0.9974
1-Amino-4-methylbenzene-2-

sulphonic acid 1.009 4.590 —1.482 0.9999 0.991 7.923 2.263 0.9994
1-Aminonaphthalene-5-

sulphonic acid 1.362 5.939 0.865 0.9998 1.348 9.034 5.374 0.9997
2-Aminonaphthalene-4,7-

disulphonic acid 1.851 8.027 2.883 0.9995 1.790 11.38 6.572 0.9979
2-Aminonaphthalene-4,8-

disulphonic acid 1.870 7.708 0.828 1.0000 1.833 12.39 8.848 0.9989
2-Aminonaphthalene-5-

sulphonic acid 1.962 6.437 —0.004 0.9996 1.946 10.93 5.782 0.9999
2-Aminonaphthalene-3,6-

disulphonic acid 2.172 7.983 -1.662 0.9971 2.096 13.10 9.857 0.9993
2-Aminonaphthalene-4,6,8-

trisulphonic acid 2.299 8.403 0.093 0.9993 2.243 11.11 0.987 0.9987

2- Aminonaphthalene-3,6,8-
trisulphonic acid 2.333 8.878 3.391 0.9979 2.279 11.29 1.893 0.9995
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of regression analysis of the experimental data
shown in Tables I and II according to eqn. 1 are
given in Table III. The plots of log k' vs. ¢
according to eqn. 2 for the data in Tables I and
IT are given in Figs. 1 and 2; Tables IV and V
give the values of log k, and S in eqn. 2
obtained by taking or not taking into account,
respectively, the k' values at ¢ =0.

It can be seen that the regression coefficients
with eqns. 1 and 2 are higher than 0.99 for all
solutes, except for 1-aminobenzene-4-sulphonic
acid and 1,3-diaminobenzene-4-sulphonic acid in
Table 1V, the reason for which is probably the
low numerical value of k', giving a high uncer-
tainty. The values of log k,, and S obtained with
eqn. 1 are close to those given by eqn. 2 with
methanol as the organic modifier; their relative
difference is less than 10% for ten of the twelve
solutes. However, the relative difference be-
tween the values of S obtained with eqns. 1 and

3} fogk
21 49 t
12 44
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e S
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0 0.125 0.25

Fig. 1. Plots of log k' vs. ¢ according to eqn. 2 with
methanol as organic modifier. 1 = 1,3-Diaminobenzene-4-sul-
phonic acid; 2 = 1-aminobenzene-4-sulphonic acid; 3 =1-
aminobenzene-3-sulphonic acid; 4 = 1,3-diaminobenzene-4,6-
disulphonic acid; 5= 1-amino-4-methylbenzene-2-sulphonic
acid; 6 = 1-aminonaphthalene-5-sulphonic acid; 7 =2-amino-
naphthalene-4,7-disulphonic acid; 8= 2-aminonaphthalene-
4 8-disulphonic acid; 9 = 2-aminonaphthalene-5-sulphonic
acid, 10 = 2-aminonaphthalene-3,6-disulphonic acid; 11=
2-aminonaphthalene-4,6,8-trisulphonic  acid; 12 = 2-amino-
naphthalene-3,6,8-trisulphonic acid.
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Fig. 2. Plots of log k' vs. ¢ according to eqn. 2 with
acetonitrile as organic modifier. Compound numbers as in
Fig. 1.

2 is larger than 10% for eight of the twelve
solutes with acetonitrile as the organic modifier.
The regression coefficients with eqn. 1 are only
slightly higher than those with eqn. (2), which
means that both eqns. 1 and 2 describe well the
effect of organic modifier concentration on re-
tention in our experimental system. The value of
A in eqn. 1 varies from 3.391 to —9.528 with
methanol and from —6.430 to 9.857 with acetoni-
trile as the organic modifier. The reason is
probably the minor statistical weight in regres-
sion analysis giving high uncertainty to the A
values. The ¢” term in eqn. 1 makes a much
smaller contribution to the retention than the ¢
term does. In general, the effect of the e? term
on retention with acetonitrile as an organic
modifier is stronger than that with methanol as
an organic modifier. The regression coefficients
with eqn. 1 considering or not considering the
data at ¢ =0 are fairly close and the relative
differences in the parameters log k, and §
between two instances are less than 5% in most
cases. The above results mean that eqn. 2 can
accurately describe the effect of organic modifier
concentration on retention up to ¢ =0 in our
experimental system, but eqn. 2 is a better
approximation for methanol than for acetoni-
trile, which is usually observed in RP-HPLC.



H. Zou et al. | J. Chromatogr. 644 (1993) 269-275 273
TABLE IV
LOG k, AND § IN EQN. 2 OBTAINED BY LINEAR REGRESSION ANALYSIS OF THE EXPERIMENTAL DATA IN
TABLE I
Solute Not taking into account data at ¢ =0 Taking into account data at ¢ =0
Logk,, S r Logk, N r

1,3-Diaminobenzene-4-

sulphonic acid 0.230 4.768 0.9793 0.205 4.614 0.9855
1-Aminobenzene-4-

sulphonic acid 0.188 4.390 0.9817 0.191 4.403 0.9888
1-Aminobenzene-3-

sulphonic acid 0.638 4.699 0.9997 0.636 4.691 0.9998
1,3-Diaminobenzene-4,6-

disulphonic acid 0.836 5.426 0.9988 0.838 5.436 0.9993
1-Amino-4-methylbenzene-2-

sulphonic acid 1.027 4.980 0.9997 1.018 4.921 0.9997
1-Aminonaphthalene-5-

sulphonic acid 1.350 5.707 0.9996 1.357 5.747 0.9997
2-Aminonaphthalene-4,7-

disulphonic acid 1.829 7.357 0.9987 1.834 7.386 0.9992
2-Aminonaphthalene-4,8-

disulphonic acid 1.860 7.493 1.0000 1.865 7.524 1.0000
2-Aminonaphthalene-5-

sulphonic acid 1.968 6.474 0.9995 1.962 6.438 0.9996
2-Aminonaphthalene-3,6-

disulphonic acid 2.240 8.712 0.9978 2.182 8.352 0.9971
2-Aminonaphthalene-4,6,8-

trisulphonic acid 2.317 8.496 0.9991 2.299 8.382 0.9993
2-Aminonaphthalene-3,6,8-

trisulphonic acid 2.321 8.179 0.9961 2.313 8.124 0.9975

Relationship of retention values in different
mobile phases

Cross-comparison of the log k' values at the
same volume fraction of methanol and acetoni-
trile and the ion-pair reagent concentration in
the eluents revealed two effects: first, the reten-
tion order of sulphonic acids was not different
between the two organic modifiers, and second,
sulphonic acids were retained in the column
much longer by methanol-water than by acetoni-
trile—water mixtures. For instance, 2-amino-
naphthalene-4,6,8-trisulphonic acid eluted at 45
min with methanol-water (0.08:0.92). The same
compound eluted only at 24 min with acetoni-
trile—water (0.08:0.92). The parameter S in eqn.
2 with acetonitrile-water as the eluent is much
larger than that with methanol-water, which
means that there is a much stronger effect of

acetonitrile on the retention of sulphonic acids
than that of methanol in RP-IPC, which agrees
with the results observed by Bartha et al. [14]
that the effect of acetonitrile on the adsorbed
amount of ion-pair reagent is stronger than that
of methanol, and also agrees with the order of
elution strength as an organic modifier in RP-
HPLC. It is clear that the hydrophobic inter-
action plays an important role in the adsorption
of ion-pair reagents on the stationary surface and
the retention of ionic solutes in RP-IPC.

The results of linear regression of the log k'
values, log k, and S between the two organic
modifiers are given in Figs. 3, 4 and 5, respec-
tively. The regression coefficients for the correla-
tion of log k(cny V5. 10g k(meony and log &y acny
vs. log Kk, meon) are higher than 0.99, but that of
Scacny VS- Simeony 18 only 0.957. The lower
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TABLE V
LOG k, AND S IN EQN. 2 OBTAINED BY LINEAR REGRESSION ANALYSIS OF THE EXPERIMENTAL DATA IN
TABLE 11
Solute Not taking into account dataat ¢ =0 Taking into account dataat ¢ =0
Logk, N r Logk, S r

1,3-Diaminobenzene-4-

sulphonic acid 0.123 5.245 0.9981 0.153 5.430 0.9980
1-Aminobenzene-4-

sulphonic acid 0.194 5.7118 0.9920 0.193 57117 0.9951
1-Aminobenzene-3-

sulphonic acid 0.601 6.667 0.9944 0.618 6.773 0.9965
1,3-Diaminobenzene-4,6-

disulphonic acid 0.838 7.495 0.9935 0.839 7.501 0.9960
1-Amino-4-methylbenzene-2-

suiphonic acid 0.943 7.209 0.9998 0.977 7.418 0.9993
1-Aminonaphthalene-5-

sulphonic acid 1.266 7.531 0.9999 1.315 7.836 0.9988
2-Aminonaphthalene-4,7-

disulphonic acid 1.659 9.353 0.9993 1.750 9.917 0.9971
2-Aminonaphthalene-4,8-

disulphonic acid 1.686 9.831 1.0000 1.780 10.41 0.9975
2-Aminonaphthalene-5-

sulphonic acid 1.864 9.349 0.9998 1.914 9.659 0.9991
2-Aminonaphthalene-3,6-

disulphonic acid 1.943 10.33 1.0000 2.031 10.91 0.9977
2-Aminonaphthalene-4,6,8-

trisulphonic acid 2.192 10.61 0.9990 2.237 10.89 0.9989
2-Aminonaphthalene-3,6,8-

trisulphonic acid 2.229 10.63 0.9996 2.267 10.87 0.9994

?
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Fig. 3. Results of linear regression analysis of log k' values
between the two organic modifiers with volume fraction 0.08.
For experimental conditions, see text. Regression equation:
Log k{acny = —0.141 + 0.873 log k('MCOH), r=0.9972, n=12.

1.25

2.5 } log kw(ACN)

log ky (MeoOH)
0 .

0 1.25 2.5

Fig. 4. Result of linear regression analysis of the log k.
values between the two organic modifiers. For experimental
conditions, see text. Regression equation: Log Kk acwy =
—0.004 +0.935 log K, meomy, 7 =0.9964, n =12.
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11f S(acn)

S (meoH)

4.0 6.5 9.0

Fig. 5. Result of linear regression analysis of the S values
between the two organic modifiers., For experimental condi-
tions, see text. Regression equation: Scacny =0.987 +1.149
Semeony, 7 =0.9568, n=12.

regression coefficient for S ,cny V5. Simeon) MY
be caused from the facts that there is some
difference in selectivity between methanol and
acetonitrile mixtures and the low numerical
value for some solutes such as 1,3-diaminoben-
zene-4-sulphonic acid resulted in an uncertainty
of the S value. For example, the regression
coefficient is 0.973 for the eleven solutes exclud-
ing 1,3-diaminobenzene-4-sulphonic acid.
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High-performance liquid chromatographic separation
of enantiomeric amino acids on
bis[carbamoyl(alkyl)methylamino]-6-chloro-s-triazine-
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ABSTRACT

The synthesis and chiral recognition ability of a series of four chiral stationary phases (CSPs) containing 2,4-bis[car-
bamoyl(atkyl)methylamino]-6-chloro-s-triazine (designated phase A) are described. The synthesis of these CSPs is achieved
through amide formation by bonding 2,4-bis[carboxy(alkyl)methylamino]-6-chloro-s-triazine onto 3-aminopropyl silica gel. Such
phases are quite effective for high-performance liquid chromatographic separation of a racemic mixture of five typical amino
acids. The chromatographic behaviour of these CSPs was studied. Comparison of these CSPs with the s-triazine-derived CSP
(designated phase B), which bears a tripeptide chiral moiety, is also discussed. The present study clearly indicates that an
s-triazine-terminated CSP derived from certain L-amino acids (phase A), instead of tripeptide, is effective enough for the

separation of enantiomeric amino acids.

INTRODUCTION

In our previous report [1], a highly selective
s-triazine-modified C,; column for HPLC was
prepared. The chromatographic efficiency and
selectivity of the bonded phase were evaluated
from the separability of a mixture of twelve
aromatic hydrocarbons. Better performance was
achieved on the prepared column than on some
commercially available C;3 columns. Also, the
bonded phase so prepared showed better chemi-
cal stability. We therefore considered that the
presence of an s-triazine ring in the bonded
phase system not only led to a convenient
reproducible synthetic way of introducing a hy-

* Corresponding author.
* Present address: Department of Mathematics and Science
Education, National Teachers College, Tainan, Taiwan.

0021-9673/93/$06.00

drocarbon moiety to the silica surface but also
played an important role, possibly due to a 7—r
interaction with aromatic analytes, in the separa-
tion of aromatic hydrocarbons.

In a study of chiral stationary phases (CSPs)
for HPLC, Oi et al. [2] reported that the s-
triazine derivative of tripeptide ester bonded to
silica gel (Fig. 1, phase B), when used as a CSP
in HPLC, gave good enantioselectivity for di-
nitrobenzoyl (DNB)-derivatized enantiomers of
amino acids. It is possible that, by alternative
bonding with the s-triazine terminus, an L-amino
acid derivative instead of a tripeptide ester
derivative (Fig. 1, phase A) may be effective
enough in the chiral recognition process owing to
the increasing rigidity of this terminal moiety.
Furthermore, from the viewpoint of the synthetic
advantage, as we described previously [3,4], an
amide linkage could be formed effectively

© 1993 Elsevier Science Publishers B.V. All rights reserved
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Fig. 1. The structures of chiral stationary phases.

through an active ester transformation. Thus, an
amide formation would be more favourable than
a nucleophilic substitution for introducing the
chiral moiety of the s-triazine derivative to
aminopropylsilanized silica.

The aim of this work was to evaluate the
performance of s-triazine linking to different
positions of silanized silica in the separation of
enantiomeric amino acids by HPLC. Thus, bis(L-
amino acid)-substituted s-triazine-derived CSPs
were prepared and the chiral recognition ability
of these sorbents was investigated. It was found
that not only is the preparation of the s-triazine-
terminal CSPs favourable, but these phases also
exhibit excellent recognition ability for DNB-
derivatized racemic amino acids in reversed-
phase chromatography.

EXPERIMENTAL

Chemicals

The silica gel used was Nucleosil (pore size 100
A; particle size 10 pwm; surface area 350 m?/ g),
obtained from Macherey—Nagel.

All reagents used to prepare the bonded CSPs
were reagent grade: cyanuric chloride (Fluka),
3-aminopropyltriethoxysilane  (APS, Chisso),
dicyclohexylcarbodiimide (DCC, Merck), 1-
amino acids (Sigma) and N-hydroxysuccinimide
(Aldrich). The solvents used for HPLC were
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LC-grade methanol and reversed-osmosis deion-
ized water.

Preparation of s-triazine derivatives of L-amino
acids

Three derivatives of s-triazine prepared in this
study were 2,4-bis(1-alanyl)-6-chloro-s-triazine
(I), 2,4-bis(L-valyl)-6-chloro-s-triazine (II) and
2,4-bis(L-leucyl)-6-chloro-s-triazine (III). These
compounds were synthesized by a general proce-
dure as follows. Anhydrous sodium carbonate
(0.042 mol) and the r-amino acid (0.02 mol)
were dissolved in 50 ml of water, then a solution
of cyanuric chloride (0.02 mol) in acetone (10
ml) was added with stirring. The mixture was
heated at 45-50°C for 30 min. The product was
precipitated by acidifying with dilute hydrochlo-
ric acid, filtered, and washed with pure water
until no more chloride ion could be detected in
filtrate by silver nitrate solution, and dried under
vacuum in the presence of P,O; to give the
expected product quantitatively. The melting
points of compounds I, II and III were de-
termined to be 170-172, 166~168, and 70-72°C,
respectively. The characteristic IR data (potas-
sium bromide, cm ') for compounds I-II are
summarized: »(O-H) 2600-3600, »(C-H) 2970,
v(N-H) 3300, »(C=0) 1710, v(s-triazine ring)
1500-1600. '"H-NMR(C’H,0’H) showed peaks
at 61.2(d, 6H) and 84.4(q, 2H) for compound I;
60.79(d, 12H), 82.2(m, 2H) and §4.4(d, 2H) for
compound II; §0.98(d, 12H), §1.65(m, 6H) and
84.6(t, 2H) for compound III. Elemental analy-
sis showed: C:H:N =3.67:4.21:2.40 (calculated,
C:H:N =3.72:4.15:2.46) for compound I;
C:H:N = 45.20:5.81:20.33 (calculated, C:H:N =
45.15:5.79:20.26) for compound II; C:H:N=
48.09:6.33:18.89 (calculated, 48.19:6.43:18.74)
for compound III.

Preparation of APS-modified silica gel

Silica gel (3 g) dried at 180°C for 10 h was
suspended in dry toluene (100 ml). After APS (3
ml) had been added, the reaction mixture was
refluxed under nitrogen for 10 h with stirring.
After cooling, the APS-modified silica was col-
lected by filtration and washed exhaustively with
toluene, chloroform, methanol and diethyl ether,
and then dried under vacuum in the presence of
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TABLE I
CHARACTERISTICS OF APS-SILICA AND THE CSPs
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APS-silica CSP-1 CSP-I1a CSP-IIb CSP-IIL

Elemental analysis

C (%) 5.69 9.29 9.26 10.96 8.97

N (%) 1.65 2.60 2.87 2.85 2.69
Surface coverage’

(mmol/g) 1.17 0.17 0.17 0.17 0.15

(pmol/m?) 3.34 0.49 0.49 0.49 0.43
End-capped” - + - + +
“ The number of moles of s-triazine derivative of L-amino acids grafted per gram or unit surface area of APS-silica (based on

N%).
® + = End-capped by trimethylchlorosilane; — = not end-capped.

P,O.. The result of elemental analysis is given in
Table I.

Preparation of CSPs

CSP-1, CSP-IIa, CSP-IIb and CSP-III were
prepared by the following general procedure.
The s-triazine derivative (5 mmol) and N-hy-
droxysuccinimide (0.01 mol) were dissolved in
dimethylformamide (100 ml) and then DCC
(0.01 mol) was added. The mixture was stirred
first at 0°C for 1 h and thereafter at room
temperature for 24 h. After removal of the
suspended solid dicyclohexylurea, 3 g of APS-
silica gel were added and the mixture stirred
gently at 0°C for 1 h and then at room tempera-
ture for 48 h. The prepared CSP was collected
and washed thoroughly with dimethylformamide,
methanol, pure water, methanol and ether, and
dried under vacuum in the presence of P,O; to
give the uncapped CSP.

The uncapped CSP (3 g) was suspended in
toluene (100 ml), and trimethylchlorosilane (3
ml) was added at 0°C and stirred for 1 h, then at
40°C for 4 h under nitrogen. The reaction mix-
ture was filtered and washed with toluene,
methanol and ether, and dried under vacuum to
give the capped CSP. The results of elemental
analyses of all the prepared CSPs are given in
Table 1.

Chromatographic studies
Stainless-steel columns (250 mm X 4 mm L.D.)
were packed by the balanced-density slurry tech-

nique with methanol as mobile phase under a
head pressure of 720 kg/ cm’. The chromato-
graphic experiments were carried on Waters
HPLC system equipped with a Model 6000A
pump, a U6K injector and a Model 440 UV
(A =254 nm) detector. The analytes were de-
rivatized with 3,5-dinitrobenzoyl chloride by a
routine method before injection.

RESULTS

The CSPs were prepared conveniently by a
three-step reaction, as shown in Fig. 2. In the
first step, acetone—water binary solvents were
chosen as reaction solvents and the proper ratio
by volume was 1:5. Using this proper ratio of
acetone—water binary solvents, L-amino acids
without any derivatization were able to react
with cyanuric chloride to give the expected
disubstituted products in one step with high yield
and high purity (supported by elemental analysis
and m.p. results). It is noteworthy that the s-
triazine derivatives must be transferred to an
active ester before being bonded to APS-silica
gel in the second synthetic procedure. Without
active ester- formation, the dicyclohexylurea,
which was the by-product of amide formation,
could not be completely removed from the
reaction product and would exist in the prepared
silica gel. When this unpurified bonded silica gel
was .used for column packing, unusually high
column pressure and poor chromatographic res-
olution were obtained.
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TABLE 1I
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The presence of the s-triazine derived chiral
ligands on the silica surface of the prepared CSPs
was characterized by elemental analysis (Table
I). The surface coverage of the s-triazine chiral
moiety on the silica gel was found to range from
0.15 to 0.17 mmol/g (0.43-0.49 wmol/m?) based
on nitrogen percentage. Further surface charac-
terization was done by using the method of
trifluoroacetic acid hydrolysis and HPLC identifi-
cation [5]. The bonded-phase silica gel was
hydrolysed in hot trifluoroacetic acid aqueous
solution to cleave the amide linkage of the
bonded-phases and followed by an HPLC identi-
fication of the components of these hydrolysed
mixtures with the corresponding authentic sam-
ples (I-11I).

The chromatographic results for the separation
of five racemic amino acids on the prepared
CSPs are summarized in Table II. It shows that
there is little difference in @ values of four CSPs.
For convenience, CSP-II was chosen as the
representative CSP to be further investigated
and the typical chromatograms are shown in
Figs. 3 and 4. The enantiomers of five racemic
amino acids chosen in this study can be all
resolved in these prepared CSPs. The racemic
amino acids were reacted with dinitrobenzoyl
chloride before being injected into the HPLC
system and the chromatographic peaks were
identified with the corresponding optically pure
L-amino acids.

As shown in Table II, the capacity factor of a

HPLC SEPARATION OF DNB-DERIVATIZED RACEMIC AMINO ACIDS ON CSPs

The separation factor of the enantiomers, a, is the ratio of their capacity factors, and k; is the capacity factor for the first-eluted
enantiomer (D-form). The analytes were reacted with dinitrobenzoyl chloride before injection.

Analyte CSp-1° CSP-IIa® CSP-TIb* CSP-111°

ki a k; a ki « k a
Alanine 1.53 1.19 5.36 1.15 3.53 1.15 1.29 1.19
Valine 1.69 1.08 8.50 1.08 3.29 1.13 1.76 1.10
Leucine 2.34 1.21 8.86 1.15 4.88 1.15 2.82 1.19
Methionine 2.26 1.18 7.79 1.15 5.00 1.18 2.65 1.18
Phenylalanine 3.84 1.11 9.50 1.10 7.58 1.11 4.76 1.15

“ Mobile phase: 20% aqueous methanol-0.05 M ammonium hydroxide pH 6.8.
* Mobile phase: 20% aqueous methanol-0.01 M ammonium hydroxide pH 7.0.
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Fig. 3. The chromatogram for the resolution of dinitroben-
zoyl-D,L-leucine on CSP-IIb. Mobile phase: methanol-water
(20:80), 0.01 M ammonium acetate, pH 7.0, flow-rate: 1.5
mi/min.

given analyte on CSP-Ila is larger than that on
CSP-1Ib under the same chromatographic condi-
tions. Because the structure and the surface
coverage of the chiral moiety of CSP-Ila are the
same as that of CSP-IIb, the only difference is
whether or not the unreacted surface silanol was
end-capped by trimethylchlorosilane (Fig. 2).
The capacity factors of a given analyte on the
CSP-IIb were decreased when the pH values of

o]

| 1 I 1 |
0 8 16 24 32 min

Fig. 4. The chromatogram for the resolution of dinitro-
benzoyl-p,L-methionine on CSP-IIb. Mobile phase: meth-
anol-water (20:80), 0.01 M ammonium acetate, pH 7.0,
flow-rate: 1.3 ml/min.
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20+
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Fig. 5. The effect of the pH of mobile phase on the k; of
analytes for chromatographic resolution of racemic amino
acids on CSP-IIb. Mobile phase: methanol-water (20:80),
ammonium acetate 0.01 M. Amino acids analytes were
reacted with dinitrobenzoyl chloride before injection to
HPLC. k! is the first-eluted enantiomer of the amino acid
(p-form). O = Methionine; ® = alanine; A =leucine; A=
valine; [J = phenylalanine.

mobile phases were increased from pH 5.0 to
7.0. Fig. 5 shows the effect of the pH value of
the mobile phase on the capacity factor, ky, of
the analytes on CSP-IIb. Five amino acids, after
reaction with dinitrobenzoyl chloride, were
chosen as analytes. Chromatographic results

1.200
o e}
% .
.48/‘
1.100 4 A/A/D
&
w/
1.000 t + t
4 5 6 7 8

pH
Fig. 6. The effect of the pH of mobile phase on the a-values
of analytes for the resolution of enantiomers on CSP-IIb.
Mobile phase: methanol-water (20:80), 0.01 M ammonium
acetate. Amino acids analytes were reacted with dinitroben-
zoyl chloride before injection into the HPLC system.
Symbols as in Fig. 5.
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indicated that the &’ of p-valine, for example,
was 12.5 when the pH of mobile phase was 5.0,
but was only 3.3 when the pH of the mobile
phase was 7.0.

However, the separation factor of a given
racemic amino acid on the CSP-IIb is slightly
increased when the pH of the mobile phase is
increased from 5.0 to 7.0. Fig. 6 shows the effect
of the pH value of the mobile phase on the
separation factors, a, of enantiomers of analytes
on CSP-1Ib. Chromatographic results indicated
that the «-value of the racemic DNB-
methionine, for example, was 1.13 when the pH
of the mobile phase was 5.0 but increased to 1.18
when the pH of the mobile phase was 7.0.

DISCUSSION

Preparation and characterization of CSPs

In general, non-esterified amino acids are
poorly soluble in the organic solvents, while
cyanuric chloride is little soluble in water but is
soluble in organic solvent. In this study, it was
found that using the proper ratio of the acetone—
water solvent (1:5), a complete disubstituted
reaction of L-amino acid with cyanuric chloride
would occur at 40-50°C. In the preparation of
CSPs, the presence of N-hydroxysuccinimide not
only favours amide formation, but also leads to
easy exclusion of dicyclohexylurea, a by-product
precipitated from amide formation, before the
subsequent addition of APS-modified silica. As a
result, it prevents the extreme increase in
column pressure caused by the fine particles of
the by-product.

The double-bonded s-triazine structure on the
CSP (Fig. 2) was assumed as a result of the
synthetic procedure. But it was also supported
indirectly by the chromatographic peak shape in
the separation of DNB-derivatized amino acids
in the reversed phase. The fact that no peak
tailing occurred suggested the absence of carbox-
ylic groups, which would be the other end-
moiety of a single-bonded s-triazine derivative,
on the surface of CSP.

Chromatographic properties of CSPs
The hydrophobic character of the prepared
CSPs is illustrated by their chromatographic
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behaviours. As shown in Table II, the capacity
factors of analytes increase with an increase in
the carbon number of the analytes. Moreover,
the relationship between the capacity factors of
analytes and the pH of the mobile phase, as
shown in Fig. 5, also indicates that longer reten-
tion is obtained for the relatively hydrophobic
carboxylic acids in their acid form rather than in
carboxylate form of a given analyte on CSP-IIb.

The chromatographic results suggested that
the uncapped silanol groups on the silica surface
of CSP do not contribute to the discrimination of
the enantiomers of analytes chosen in this study.
As shown in Table II, the capacity factors on the
CSP-IIa, in which silanol groups were not
capped, are larger than those on the end-capped
CSP-IIb, but the separation factors are almost
unchanged on both CSPs. To this is attributed
the fact that the free silanol sites on the CSP-1la
contributed to longer retention for the analytes
but not to the chiral recognition.

In Fig. 6, the phenomenon of larger a-values
of the DNB-amino acids on CSP-IIb in a higher
pH mobile phase can be explained by the fact
that there is an effective stercoselective inter-
action between the analyte, in carboxylate form
in a high-pH solution, and CSP. Thus, the
carboxylate form, which provides a stronger
basic site, might form hydrogen bonds with the
acidic site (N-H) of the amide linkage in CSP.

Table II shows that the prepared s-triazine-
terminal CSPs afford effective enantioselectivity
for DNB-derivatized racemic amino acids and
that the p-enantiomer always elutes first in
reversed-phase conditions. Obviously, a w—m
interaction between the analyte (DNB deriva-
tive) and the s-triazine moiety of the CSP contri-
butes to the chiral recognition.

Comparison of phase A and phase B

Although both of the CSPs (Fig. 1) contain an
s-triazine moiety, phase A is derived from L-
amino acids and phase B is derived from a
tripeptide. Moreover, the bonding model of
chiral moiety to the silica surface is also differ-
ent. Phase B contains six chiral centres and four
amide functional groups with the s-triazine ring
on the inner part of the connection arm, while
phase A contains only two chiral centres and two
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amide groups with the s-triazine ring on the
terminal of the brush of CSP. It is suggested that
the terminal bis(L-amino acid)-substituted s-tri-
azine moiety on the CSP seems to be conforma-
tionally “stiffer”, and therefore more favourable
for chiral recognition.

CONCLUSIONS

The present results clearly indicate that the
CSP with an s-triazine ring on the terminal of the
brush (phase A), derived from rL-amino acids
instead of tripeptide, is effective enough to
resolve the enantiomers of amino acids. The
preparation of the CSPs is convenient by
bonding 2,4-bis[carboxy(alkyl)methylamino)]-6-
chloro-s-triazine onto APS-silica gel through
amide formation. The chromatographic results
reveal that the CSPs show hydrophobic character
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and can recognize DNB-derivatized racemic
amino acids in reversed-phase HPLC.
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ABSTRACT

RP-HPLC of analogues of oxytocifi containing a reduced peptide bond was studied using various columns and buffers.
Anomalous behavior of one analogue served as a basis for the discussion of possible conformational consequences of this

substitution.

INTRODUCTION

Reversed-phase liquid chromatography has
been used for conformational studies in peptide
chemistry by several workers [1-7], because the
interaction of a peptide with the rigid hydropho-
bic surface may provide information about the
flexibility of the peptide chain or about the
accessibility of various hydrophobic residues in
the chain, depending on its conformation. Exten-
sive studies in this field have been performed by
Hodges’ and Houghten’s groups [1-6], who
synthesized several model peptides containing
the same amino acid residues and showed that
their retention depends on their most probable
conformation. Another paper [7] speculated
about the similar conformation of a number of
oxytocin analogues based on the fact that their
retentions followed the same dependence as
those of similary modified benzene derivatives.

Recently we have synthesized a range of
oxytocin analogues with one peptide bond at a
time replaced with a CH,NH bond [8]. We found
that in almost all instances the biological activity
of these analogues was substantially decreased if
not completely eliminated. The two exceptions

0021-9673/93/$06.00

were the analogues with CH,NH replacement
between Cys and Tyr in positions 1 and 2 and
between Pro and Leu in positions 7 and 8. In the
former instance the analogue was a fairly potent
inhibitor and in the latter it was an active
agonist. We were interested in establishing
whether this activity change is reflected by a
change in retention on a reversed-phase materi-
al.

EXPERIMENTAL

The analogues used in this study were the
same as those synthesized earlier [8]. Isocratic
high-performance liquid chromatography
(HPLC) was carried out on an SP-8800 instru-
ment equipped with an SP-8450 detector and
SP-4290 integrator (all from Spectra Physics,
Santa Clara, CA, USA). We used columns of
Vydac C,4 (250 X 4 mm 1.D., 5 wm) (Separations
Group, Hesperia, CA, USA) and Separon SI C
(250x4 mm I.D., 5 pm) (Tessek, Prague,
Czech Republic). The mobile phases used were
mixtures of methanol with either 0.05% tri-
fluoroacetic acid in water or 0.1 M ammonium
acetate (pH 7.5). Chromatography was per-

© 1993 Elsevier Science Publishers B.V. All rights reserved
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formed at room temperature with a flow-rate of
1 m!/min.

RESULTS AND DISCUSSION

The retention times of the oxytocin analogues
containing the reduced peptide bond (II-IX)
were compared with those of oxytocin (I) using
two different columns with reversed phases and
buffers of acidic and neutral pH. As can be seen
- from Table I, reduction of reptide bond resulted
in the expected decrease in the retention times
with an acidic mobile phase, and therefore in
increased hydrophilicity, in all but one instance.
The most pronounced decrease was observed for
IV and VIII, where the reduced bond is situated
between Ile and Asn or at the carboxyterminus
of the molecule. This behavior can be explained
by the relatively high exposure of these bonds to
the exterior of the molecule (thus increasing its

Cys-Tyr-lle-Gin-Asn-Cys-Pro-Leu-Gly-NHp

Oxytocin

TABLE 1
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hydrophilicity), as they are claimed to connect
(in the native molecule) the corner residues of
putative B-turns. A relatively small decrease in
retention time was observed for IX, with the
reduced bond between Leu and C-terminal Gly.
However, II showed an increased retention in
the comparison with the parent molecule oxy-
tocin.

The overall hydrophobicities calculated from
the partial hydrophobicities of all the structural
elements in the molecules of II-IX are apparent-
ly identical (the secondary amino group is com-
pletely ionized) and therefore the higher reten-
tion of II in an acidic mobile phase can be
explained only by the better interaction of this
compound with the stationary phase. Inacces-
sibility of the generated amino group might
explain the smaller than expected decrease in
retention time, but it cannot explain its increase.

Retention times in a neutral mobile phase may
not reflect precisely the hydrophobicity of the
analogues, as under these conditions amino
groups might be ionized to different extents,
depending on the character of the amino acid
residue. Therefore, we did not attempt to draw
any conclusions from the behavior of the ana-
logues in a neutral mobile phase. The com-

RETENTION CHARACTERISTICS OF OXYTOCIN ANALOGUES

No. Analogue k’
Vydac C; Separon SI C,,
pH 2° pH 7.5° pH 2° pH 7.5¢
1 Oxytocin (OXT) 9.00 6.74 7.56 5.77
I {'¥*-CH,NH]OXT 13.25 7.89 10.62 6.13
11 (*¥’-CH,NH]OXT 2.37 11.86 2.46 9.93
v [*¥*-CH,NH]OXT 1.94 6.67 2.05 5.91
v [“¥°-CH,NH]JOXT 4.50 6.54 4.15 5.69
VI [*¥*-CH,NH]OXT 3.87 6.40 4.07 5.32
vil [*¥’-CH,N]OXT 2.37 4.86 2.53 5.12
vHI ["¥*-CH,NH]OXT 2.06 9.03 2.36 7.08
IX [*¥°-CH,NH]OXT 6.75 8.96 5.24 6.86
“27.5% MeOH.
*38% MeOH.
€ 45% MeOH.

?57% MeOH.
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parison of two mobile phases might be further
complicated by their different ionic strengths and
the use of different counter ions [3].

A peptide bond imposes certain restrictions on
the conformation of the peptide chain, which is
released when it is replaced with the CH,NH
group. We have shown recently [9] that the steric
fixation of the aromatic side-chain in position 2
in oxytocin had a dramatic effect on its biological
activity. It is well known (for a review, see, e.g.,
ref. 10) that the hydrophobicity of the amino-
terminal position of the oxytocin molecule is
responsible for the interaction with its uterotonic
receptor. A change in configuration of the aro-
matic amino acid in position 2 led to the design
of potent uterotonic inhibitors. Elimination of
steric restrictions by peptide group replacement
led to a similar result to a change in configura-
tion in this position. Also, in both instances the
retention on a reversed phase was substantially
increased. (For the behavior of analogues con-
taining D-amino acids in position 2, see refs.
11-13.)

We can speculate that the increased retention
of II in an acidic mobile phase on a reversed
phase reflects a conformational relaxation in the
amino-terminal part of the oxytocin molecule,
which correlates well with the properties of a
uterotonic inhibitor that were observed for this
analogue.
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ABSTRACT

Catechol-2,3-dioxygenase (EC 1.13.11.2) from Pseudomonas putida ‘as a model enzyme was purified from a bacterial crude
extract in one step using affinity chromatography on immobilized histamine. In order to understand better the nature of the
interaction, the adsorption of the enzyme on different gels having histidine and histamine coupled to Sepharose 4B was studied.
The dissociation constants determined in the temperature range 4-37°C by an equilibrium binding analysis are between 0.95 - 1077
and 2.8-10"7 M and between 2.6-1077 and 4.0-1077 M for histamine-carboxyhexyl Sepharose and histidyl-carboxyhexyl
Sepharose, respectively. The standard enthalpy and entropy changes are different for these two gels, reflecting the different

natures of the forces involved in the interaction.

INTRODUCTION

Amino acids have been used as pseudo-bio-
specific ligands in affinity chromatography for
several years [1]. For example, arginine, trypto-
phan and lysine have been coupled to Sepharose
for the purification of fibronectin, cellulase and
plasminogen [2-4]. Histidine has also been used
as a ligand to adsorb proteins [1,5-7]. Owing to
its numerous properties such as weak hydropho-
bicity and charge-transfer ability and a wide
range of pK, values [8,9], which make it unique
among the amino acids, it can be used as a
general ligand in pseudo-biospecific chromatog-
raphy [5]. Several workers have observed that
the fixation of the ligand to the matrix via a
spacer arm can greatly improve the binding
properties of the gel towards the molecule to be
separated. Thus El-Kak and Vijayalakshmi [7]
increased the binding capacity, yield and purifi-
cation factor during the purification of mouse

* Corresponding author.

0021-9673/93/306.00

IgG on immobilized histidine by using amino-
hexyl as a spacer arm. These parameters were
also improved by using histamine instead of
histidine. However, there is not much informa-
tion about the adsorption mechanism and the
nature of the interaction forces on which the
histidine-ligand affinity chromatography is based.

In this work, the interaction of catechol-2,3-
dioxygenase (C-2,3-D) (EC 1.13.11.2) from
Pseudomonas putida BL 3 as a model enzyme
with different supports with immobilized his-
tidine and histamine was studied. This enzyme is
an extradiol-type dioxygenase and catalyses the
conversion of catechol to 2-hydroxymuconic 6-
semialdehyde with the insertion of two atoms of
molecular oxygen [10]. The enzyme consists of
four identical subunits with a molecular mass of
35155 [11,12] and contains 4 g-atom of iron(1I)
per mole of enzyme [11,13]. It is unstable in air
owing to the oxidation of iron(II) to iron(III)
[14]. The enzyme, which has already been
purified by other methods [13], showed a high
affinity for histamine-carboxyhexyl Sepharose
(hista-CH Sepharose) and histidyl-carboxyhexyl

© 1993 Elsevier Science Publishers B.V. All rights reserved
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Sepharose (his-CH Sepharose) gels. This paper
describes the purification of the enzyme with
these gels and the determination of the thermo-
dynamic constants of the protein-ligand inter-
action by a non-chromatographic method using
equilibrium binding analysis in order to under-
stand better the nature of the interaction.

EXPERIMENTAL

Materials

Sepharose 4B and carboxyhexyl- and amino-
hexyl-Sepharose 4B were obtained from Phar-
macia (Uppsala, Sweden). 1-Ethyl-3-(3-di-
methylaminopropyl)carbodiimide, L-histidine
and histamine were obtained from Sigma (St.
Louis, MO, USA). All other reagents were of
analytical-reagent grade.

The Pseudomonas putida BL3 biomass was
supplied by Dr. Schopp (Department of Bio-
chemistry, University of Leipzig, Leipzig, Ger-
many). This strain, which is a derivative of the
strains BL1 and ATCC 33015 [15], obtained
after plasmid transfer by Ackermann [16], was
fermented on benzyl alcohol as carbon source.

Preparation of the gels coupling histidine and
histamine

His-CH Sepharose and histidyl-aminohexyl
Sepharose were prepared by coupling histidine
to carboxyhexyl Sepharose 4B and aminohexyl
Sepharose 4B, respectively, by carbodiimide at
pH 4.5-6 with constant stirring for 16 h at room
temperature as described by the manufacturer.
Hista-CH Sepharose was prepared in the same
manner by coupling histamine to carboxyhexyl
Sepharose 4B. Histidine Sepharose was prepared
as described previously [3] by coupling histidine
to Sepharose 4B activated with epichlorohydrin.
The proposed structures of the gels are shown in
Fig. 1.

Preparation of the enzyme crude extract

After suspension of the bacterial cells in 25
mM Tris—HCI buffer (pH 7.5) to an absorbance
of A =12, the cells were disrupted in an
Aminco French pressure cell at 5000 p.s.i. (1
p.s.i. =6894.76 Pa). The resulting suspension
was centrifuged for 2 h at 10000 g and the

(l}l COOH
3—0-04 s~ CH—CH,— N - C— H o~ C=————0CH

* .L |
N

Histidyl-Epoxy-Sepharose 48
I
%—m—(cuz)s—oo-m—clc—— CH,~C——
Ll

\vd

Histidyl-CH-Sepharose 48
2
%—NH—(CHz)G—hH— ©—C—MH,—C o
H |
N NH
Histidyl-AH-Sepharose 4B \o/

Histamine-CH-Sepharose 48

%—-m-—( CH,) — COOH
S

Carboxyhexy! Sepharose 4B

}‘NH-(CHz);CHs

Hexyl Sepharose 48

N

Fig. 1. Proposed structures of the various gels.

supernatant (crude extract), which had a protein
concentration of about 4 mg/ml, was directly
applied for chromatography.
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Chromatographic procedures

Purification was performed at 20°C using a
jacketed column (4 cm X 1.2 cm 1.D.) containing
hista-CH Sepharose which was thermostated
using a water-bath connected to a refrigeration
unit (Bioblock). The column was connected to
an automated Econo liquid chromatographic
system (Bio-Rad Labs.). Chromatography was
carried out at a flow-rate of 35 ml/h. A 3-10-ml
volume of the crude extract was injected into the
column after equilibration with 25 mM Tris-HCl
buffer (pH 7.5). Elution was performed at the
same flow-rate with 25 mM Tris—HCI buffer (pH
7.5) containing increasing amounts of sodium
chloride (0.1-1 M). The absorbance of the
eluate was measured at 280 nm; fractions of 2 ml
were collected. After each experiment, the
column was washed with three column volumes
of a 0.05 M sodium hydroxide solution followed
by water and finally by the equilibration buffer.

Enzyme assay

The activity of catechol-2,3-dioxygenase was
assayed spectrophotometrically by measuring the
increase in absorbance at 375 nm as described by
Nozaki [14]. One unit of enzyme activity is
defined as the amount that catalyses the forma-
tion of 1 wmol of the product per minute at
20°C.

Protein determination

The protein concentration was determined by
the method of Bradford [17]. Crystalline bovine
serum albumin was used as a reference protein.
In the crude extract, protein was determined
according to Kalb and Bernlohr [18]. This meth-
od uses the absorbances at 230 and 260 nm and
eliminates the interference of nucleic acids.

Native polyacrylamide gel electrophoresis

The purity of the separated enzyme was ana-
lysed by native polyacrylamide gel electrophore-
sis as described by Davis [19] using a 7.5% (w/v)
gel. The gel was stained with Coomassie Brilliant
Blue. The method described by Miiller et al. [20]
was used to stain for enzyme activity. The gel
was incubated for 10 min in a 1 mM solution of
ammonium iron(1I) sulphate in 25 mM Tris—HCI

buffer (pH 7.5), followed by a 1 mM solution of
catechol in the same buffer. A yellow band
appeared after a few minutes.

Equilibrium binding analysis

The equilibrium binding experiments were
carried out according to the method described by
Hutchens et al. [21]. The gel was equilibrated
with 25 mM 3-(N-morpholino)propane sulphonic
acid (MOPS) buffer (pH 7.5) (hista-CH Sepha-
rose) or 25 mM 2-(N-morpholino)ethane sul-
phonic acid (MES) buffer (pH 6) (his-CH
Sepharose) and then allowed to settle. A
homogeneous suspension was then prepared with
an equal volume of the equilibration buffer, 40-
w1 aliquots of which were added to a series of
Eppendorf incubation tubes (1.5 ml) in duplicate
containing 100 ul of the protein solution at
various concentrations in the equilibration buffer
(between 80 and 1000 wg/ml). For the equilib-
rium binding experiments, a twice rechromatog-
raphed and additionally gel filtration-purified
preparation of C-2,3-D was used (during prepa-
ration, buffer solutions containing 15% of etha-
nol were used to prevent oxidative inactivation
of the enzyme). The tubes were incubated for 30
min in a thermostated water-bath with intermit-
tent gentle rotation to give adequate mixing. The
period of 30 min was chosen from preliminary
incubation of a series of control tubes at differ-
ent temperatures, which did not show any
change in the supernatant protein concentration
after 20 min. The suspensions were then cen-
trifuged at 180 g for 30 s using a thermostated
centrifuge and 100 wl of the clear supernatant
were taken from each tube to determine the
concentration of the unbound protein.

The data were analysed according to Hutchens
et al. [21] using linear Scatchard plots obtained
from the equation [PL]/[P] = —1/Ky - [PL] + L,/
K, which was obtained from the Langmuir
adsorption isotherm after derivation and lineari-
zation. The slope gives the dissociation constant
K, of the protein-ligand complex and the inter-
cept gives the maximum binding capacity L.; [P]
is the concentration of unbound protein and [PL]
the concentration of the protein-ligand complex
at equilibrium. [PL] can be calculated from
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[PL] = [P,] — [P], where [P,] is the total protein
concentration applied to the gel.

The thermodynamic parameters for the ad-
sorption can be obtained by determining K, at
different temperatures. From the Van’t Hoff
reaction isotherm AG=AG°—-RTIn K, at
equilibrium when AG =0, the equation AG’ =
RT In Ky, is obtained. AG® can be calculated at a
given temperature from the dissociation con-
stant. The temperature dependence of K, is
given by the Van’t Hoff reaction isobar. In its
integrated form, In K, =AH’/RT +! ([ is an
integration constant), when plotting In K, versus
1/T, AH® is given by the slope if a straight line is
obtained (in this case, AH® does not depend on
temperature [22]). From the Gibbs—Helmbholtz
relationship, AG® = AH® — T AS°, the standard
entropy change AS® can be obtained.

RESULTS

The adsorption of catechol-2,3-dioxygenase on
a series of Sepharose gels was studied. The best
results concerning the adsorption and elution
conditions and the recovery of enzyme activity
were obtained with his-CH Sepharose at pH 6
and with hista-CH Sepharose at pH 6-8 (Table
I). On histidyl Sepharose and histidyl-amino-
hexyl Sepharose the adsorption was very low.
Carboxyhexyl Sepharose as a reference gel did

TABLE 1
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Fig. 2. pH dependence of the adsorption of catechol-2,3-
dioxygenase on (@) his-CH Sepharose and (M) hista-CH
Sepharose.

not adsorb the enzyme, whereas on hexyl
Sepharose no elution could be achieved under
mild conditions using 1 M NaCl in the elution
buffer.

The effect of the pH of the adsorption buffer
on the retention of catechol-2,3-dioxygenase on
hista-CH Sepharose and his-CH Sepharose was
investigated. The first gel showed an adsorption
of 100% of the enzyme which did not depend on
the pH, whereas for his-CH Sepharose the
retention was nearly 100% up to pH 6 but
decreased to 5% at pH 7 (Fig. 2).

RETENTION OF CATECHOL-2,3-DIOXYGENASE ON DIFFERENT SUPPORTS DEPENDING ON THE pH OF

ADSORPTION

RA is retained activity and ECA is eluted cumulating activity at 0.2-1 M NaCl in the elution buffer

Support pH6 pH7 pH S8
RA (%) ECA (%) RA (%) ECA (%) RA (%) ECA (%)

Histidyl Sepharose 20 12 0 0 0 0
Histidyl-AH Sepharose 23 10 0 0 0 0
His-CH Sepharose 100 70 5 5 0 0
Hista-CH Sepharose 100 65 100 100 100 100
Carboxyhexyl Sepharose 0 0 0 0 0 0
Hexyl Sepharose 100 0 100 0 100 0
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Chromatography on hista-CH Sepharose

Chromatography was carried out at pH 7.5 on
hista-CH Sepharose because the enzyme is un-
stable at pH values lower than 6.5.

The result of the chromatography on hista-CH
Sepharose is shown in Fig. 3. The first large peak
contains the unbound protein. Peak 2 contains
the protein eluted with 0.1 M NaCl in the buffer.
In these peaks no C-2,3-D activity could be
detected. The enzyme was eluted with 0.15 M
NaCl (peak 3), whereas peak 4 (0.3 M NaCl)
and peak 5 (1 M NaCl) did not contain any
enzyme activity. The specific activity of C-2,3-D
increased from 4.9 U/mg in the crude extract to
53 U/mg (purification factor 11); the affinity
yield was 42%.

In a native polyacrylamide gel electrophoresis,
peak 3 showed an intense protein band with only
traces of contaminating proteins (Fig. 4, lane 2).
Staining for enzyme activity proved that the
main band corresponded to C-2,3-D.

Equilibrium binding experiments

The equilibrium binding experiments were
carried out at different temperatures (see Table
II). In the Scatchard plots, straight lines were
obtained (Fig. 5). The K, and L, values calcu-
lated from the Scatchard plots are given in Table
II. The dissociation constant of the protein—
ligand complex decreases with increasing tem-
perature, ranging from 2.8-107 t0 9.5+ 107 M
for hista-CH Sepharose, and increases with in-

1.0 5

08

(U/ml)

A280

06 I

04|

02 A

-=== Activity

0.0
1] 50 100

Elution volume (ml)

Fig. 3. Elution pattern of the crude extract on hista-CH
Sepharose at 20°C. Elution with (A) 0.1 M NaCl, (B) 0.15 M
NaCl, (C) 0.3 M NaCl and (D) 1.0 M NaCl in Tris—-HCI
buffer (pH 7.5). The numbers 1-5 indicate the protein peaks
obtained.

Fig. 4. Native polyacrylamide gel electrophoresis of the
active fractions of the chromatography on hista-CH Sepha-
rose. 1= Crude extract; 2 = peak 3.

creasing temperature from 2.6-107" to 4.0-1077
M for his-CH Sepharose. The apparent maxi-
mum binding capacity was found to be between 4
and 6 mg protein/ml gel and between 1.8 and 2.2
mg/ml gel, respectively. In the plot of In K,
versus 1/T, straight lines were obtained (Fig. 6).
The AH® values calculated from this plot were
5.6 kcal/mol for hista-CH Sepharose and —2.2
keal/mol for his-CH Sepharose (Table II). The
AG° values calculated for the different tempera-
tures ranged from —8.3 kcal/mol at 4°C to —9.9
kcal/mol at 37°C and from —8.3 kcal/mol at 4°C
to —9.1 kcal/mol at 37°C, respectively (Table
II). The AS® values are 49.8 cal/mol-K for
hista-CH Sepharose and 22.2 cal/mol - K for his-
CH Sepharose (Table II).

The Kj, values of the protein-ligand complex
with hista-CH Sepharose were also determined
in the presence of different concentrations of
NaCl as neutral salt (relative to solvent structur-
ing ability [23]) and a cosmotropic salt
[(NH,),S0O,]. The results are shown in Fig. 7.
K, increases with increasing NaCl concentration
up to 0.2 M and then remains approximately
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TABLE II

DISSOCIATION CONSTANTS (K,) AND MAXIMUM BINDING CAPACITIES (L,) DETERMINED AT DIFFERENT
TEMPERATURES FOR HISTA-CH SEPHAROSE AND HIS-CH SEPHAROSE

r is the correlation coefficient in the linear regression, AH" is the standard enthalpy change, AS" the standard entropy change and
AG" the standard free energy change calculated from the dissociation constants.

Parameter Hista-CH Sepharose His-CH Sepharose

4C 15°C 26°C 37°C 4C 20°C 37°C
K, (1077 M) 2.8 2.3 1.6 0.95 2.6 3.2 4.0
L, (mg/ml) 4.5 4.3 6.0 5.6 1.9 2.0 2.2
r 0.98 0.98 0.98 0.98 0.99 0.99 0.99
AH" (kcal/mol)* 5.6 -22
AS® (cal/mol - K)* 49.8 22
AG® (kcal/mol)* -8.2 -8.7 -9.3 -9.8 -83 -8.7 -9.2

“1cal=4.184 J.

constant up to a concentration of 2 M. In
presence of (NH,),SO,, K}, reaches a maximum
at a concentration of 0.3 M whereas at higher
concentrations better adsorption is obtained. In
(NH,),SO, at a concentration of more than 1.3
M the enzyme protein is not fully soluble.

DISCUSSION

The difference in retention of the enzyme on
the different gels shows that adsorption depends
on several factors such as hydrophobic and
electrostatic interactions and hydrogen bonding,
which can change with the surrounding pH
depending on the pK values of the different
chemical groups involved; interactions are thus
modified, as can be seen for his-CH Sepharose
(Fig. 2). The increase in adsorption of the
enzyme on his-CH Sepharose as compared with
histidyl Sepharose might be due to the added
carboxyhexyl arm, as histidine is probably not
accessible by large molecules such as C-2,3-D.
Comparing the adsorption of the enzyme to his-
CH Sepharose and to carboxyhexyl Sepharose as
reference gel, we can conclude that the im-
idazole ring is necessary for adsorption. The
poor retention on histidyl-aminohexyl Sepharose
might be due to an electrostatic repulsion by the
positively charged amino group. Apparently,
coupling of a hexyl arm alone to Sepharose

renders the gel very hydrophobic and elution
cannot be achieved under mild conditions.
Chromatography on hista-CH Sepharose
shows that this gel has a good specificity for
C-2,3-D, which is expressed by the high affinity
(Kp =0.23 uM at 15°C; see Table II), and good
resolution. Starting from a bacterial crude ex-
tract containing a large number of proteins (Fig.
4, lane 1), we observed in the purest fractions
eluted with 0.15 M NaCl in native poly-
acrylamide gel electrophoresis an intense protein
band (Fig. 4, lane 2) which corresponds to C-2,3-
D, as revealed by an active coloration according
to ref. 20. In addition, elution was achieved
under very mild conditions. The specific activity
for the purified enzyme of 53 U/mg is less than
indicated in ref. 13, which is probably due to the
oxidative inactivation of the C-2,3-D during the
chromatographic procedures. This effect can be
overcome by the addition of 15% of ethanol to
all the eluting buffers, which also increased the
yield from 42% to about 80%. In this instance,
the elution pattern was not changed except that
the elution volumes decreased (data not shown).
We chose to work with hista-CH Sepharose for
the purification of the enzyme owing to the good
capacity and resolution of the gel and the pos-
sibility of working at pH values above 7 where
the enzyme is more stable. Chromatographic
results on his-CH Sepharose at pH 6 showed that
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Fig. 5. (a) Scatchard plots of the equilibrium binding analysis
of the adsorption of catechol-2,3-dioxygenase on hista-CH
Sepharose at different temperatures: B = 37; @ =26; & =15;
A =4°C. (b) Scatchard plots of the equilibrium binding
analysis of the adsorption of catechol-2,3-dioxygenase on
his-CH Sepharose at different temperatures: @ = 37; A =20,
B =4°C.

the activity yield is low but the resolution is
equal to that obtained with hista-CH Sepharose.

The interaction of C-2,3-D with his-CH Sepha-
rose and hista-CH Sepharose was studied more
thoroughly by using an equilibrium binding anal-
ysis. This method was put forward by Hutchens
and co-workers [21,24], who studied the interac-
tions of model proteins with immobilized transi-
tion metals. With a Scatchard plot, the dissocia-
tion constant of the protein—ligand complex and
the maximum binding capacity can be deter-
mined. The latter may be higher when deter-
mined in a dynamic mode owing to the forma-
tion of a Nernst layer on the surface of the gel
beads. As shown by Hutchens et al. [21], this
method gives the same results as those obtained

in Kp

.20 A i
3.0 3.5 4.0

T x1000 (1/K)

Fig. 6. Dependence of the dissociation constant of the
enzyme-immobilized ligand complex on temperature. B =
His-CH Sepharose; @ = hista-CH Sepharose.

by chromatographic methods (frontal analysis,
zonal elution). In addition, the requirement in
protein is low and the time of manipulation is
short.

We determined the dissociation constants for
the adsorption of C-2,3-D on the immobilized
ligand at different temperatures (Table II). The
increase in adsorption with temperature (Kp
decreases) as determined for hista-CH Sepharose
(Table II) implies that hydrophobic forces are
important for the interaction. Similar results
were reported by Cacace and Sada [25] for
hydrophobic adsorptions. With his-CH Sepha-

-1

InKp

16 N 2 " 1
0.0 1.0 2.0

[Salt] (M)

Fig. 7. Dissociation constant K, of the catechol-2,3-dioxy-
genase—hista-CH Sepharose complex at different concentra-
tions of (@) NaCl and (®) (NH,),SO,.
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rose the adsorption decreased with increasing
temperature, which is probably due to the sup-
plementary interaction possibility given by the
charged carboxyl group. For this gel, electro-
static forces and hydrogen bonding play a more
important role in the adsorption process than
with hista-CH Sepharose. As is already well
known, hydrophobic interactions are the only
ones of the interactions discussed above that
increase with temperature [26]. This is probably
due to a conformational change of the protein
molecule when adsorbed on a hydrophobic ma-
trix [27], which is facilitated at higher tempera-
tures. For his-CH Sepharose, the temperature
dependence of the dissociation constants is
smaller than for hista-CH Sepharose, indicating
that the contribution of hydrophobic forces and
the others discussed above to the interaction is
well balanced.

The standard free energy value calculated
from the dissociation constants is not different
for the two gels, but the additional carboxyl
group causes a change in the standard enthalpy
which is positive for hista-CH Sepharose and
negative for his-CH Sepharose, and the positive
standard entropy also decreases. This is not
surprising because hydrophobic interactions
cause a net disordering of the system and the
entropy increases. These results indicate that the
adsorption might be entropy driven with hista-
CH Sepharose and more enthalpy driven for
his-CH Sepharose. In the presence of an increas-
ing concentration of ammonium sulphate as
cosmotropic salt, hydrophobic interactions are
favoured, which is shown by the decrease in K
values for hista-CH Sepharose when using salt
concentrations higher than 0.5 M. In the pres-
ence of a neutral salt (NaCl) this effect was not
observed (Fig. 7).

In conclusion, we can say that histidine and
histamine can be successfully used as ligands in
affinity chromatography and proteins can be
specifically purified even from a mixture of a
large number of proteins such as a bacterial
crude extract. The contribution of the different
molecular forces to the adsorption process de-
pends thereby on different factors such as the
coupling mode of the ligand to the polymer
support, the presence or not of a spacer arm, the

structure of the adsorption site of the molecule
to be purified and the adsorption conditions. It
seems also that not histidine or histamine alone
but the ensemble of amino acid, spacer arm and
polymer support is the real ligand.
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ABSTRACT

Chromatographic conditions for the separation of twelve purine and pyrimidine ribonucleotides (mono-, di- and triphosphates)
by ion-exchange chromatography were investigated. Two types of anion exchangers with tertiary or quaternary ammonium
functionalities (DEAE and QAE types) were compared. Parameters examined included pH of the mobile phase, elution buffer
composition and flow-rate. Excellent resolution of all compounds in 50 min was achieved with a strongly basic anion exchanger in
the formate form using a linear gradient of ammonium formate with constant formic acid concentration in the mobile phase. The
proposed method utilizes (1) a strongly basic anion exchanger based on a macroporous hydrophilic organic polymer, (2) a volatile
elution buffer system which permits one-run purification of nucleotides (no further column operation is required, e.g., desalting)
and (3) low-pressure liquid chromatographic equipment with simple column preparation. The method was applied to the
purification of [U-'*CJadenosine-5'-diphosphate and other radiolabelled nucleotides and their analogues in order to obtain highly

radiochemically pure compounds.

INTRODUCTION

Forty years ago, a strong anion exchanger
(based on styrene—divinylbenzene copolymer,
Dowex type) was applied for the first time for
the separation of nucleotides [1], and sub-
sequently the same material has frequently been
utilized for this purpose [2—4]. DEAE-Sephadex
[5], PEI-cellulose [6], acriflavine gel [7] and, in
particular cases, cation exchangers [8,9] were
also applied for separations of nucleotide mix-
tures.

The introduction of microparticular materials
as efficient packing sorbents [10-12] allowed the
development of high-performance liquid chroma-
tography (HPLC). Several workers have re-
viewed methods of nucleotide analysis using
HPLC [13-15]. This area includes two method-

* Corresponding author.

0021-9673/93/$06.00

ologies: anion-exchange chromatography [16-21]
and reversed-phase chromatography on octa-
decyl-bonded silica gel [22-24]. The latter is
often used in a mode of ion-pair chromatography
employing tetra-n-butylammonium [25-27], tri-
methyl- or triethylammonium [28] and n-
heptyltriethylammonium [29] cations as counter
ions. Modern high-performance anion-exchange
chromatography mostly utilizes quaternary am-
monium functionalities and phosphate- or
chloride-based buffers. To increase the column
efficiency and/or selectivity of separation, water-
miscible organic modifiers [17,30-32] have been
introduced.

Our previous experience with nucleoside and
nucleotide separations using a strongly basic
anion exchanger of the benzyltrimethylam-
monium type [33] based on a rigid macroporous
hydrophilic copolymer of 2-hydroxyethyl meth-
acrylate and ethylene glycol dimethacrylate [34—
36] (Separon HEMA series) prompted us to use

© 1993 Elsevier Science Publishers B.V. All rights reserved
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in further studies medium-basic (diethyl-
aminoethyl type) and strongly basic (triethylam-
moniumethyl type) exchangers derived from the
same matrix. These commercially available ex-
changers exhibit very good mechanical proper-
ties, excellent chemical resistance at extreme pH
values and negligible volume changes caused by
variations in ionic strength and pH of the mobile
phase.

In this work, we studied the chromatographic
behaviour of twelve ribonucleotides with respect
to the pH and composition of the mobile phase,
flow-rate and type of anion exchanger used. The
influence of these parameters on the elution
order of the compounds is discussed. We found
conditions for the baseline separation of all
twelve components using a strongly basic anion
exchanger (QAE type) in the formate form. We
applied this chromatographic system to the puri-
fication of some *H- and '*C-labelled nucleotides
and their analogues intended for metabolic
studies. In all instances we achieved highly
efficient separations and obtained compounds
with radiochemical purities of more than 98%.

Although this chromatographic work is di-
rected towards the area of the micropreparation
of nucleotides from mixtures after chemical or
enzymatic synthesis at micromolar levels, the
method can also be used for the analytical
separation of nucleotides in biological materials.
Further studies concerning especially the influ-
ence of temperature on the nucleotide separation
and optimization of the anion-exchange packing
procedure are in progress.

EXPERIMENTAL

Separon HEMA-1000 Q (QAE type, particle
size¢ 10 um, 0.60 mequiv./g) and Separon
HEMA-1000 DEAE (DEAE type, particle size
15 pum, 1.22 mequiv./g) (the molecular mass
exclusion limit of the basic matrix is 106, de-
termined for dextrans), were obtained from
Laboratorni pfistroje (Prague, Czech Republic).
5'-Monophosphates of adenosine (AMP),
cytidine (CMP), guanosine (GMP), uridine
(UMP) and cytidine 5'-triphosphate (CTP) were
purchased from Sigma (St. Louis, MO, USA).

T. Cinld¥ and I. Rosenberg | J. Chromatogr. 644 (1993) 299-305

5'-Diphosphates of adenosine (ADP), cytidine
(CDP), guanosine (GDP) and uridine (UDP)
and 5'-triphosphates of adenosine (ATP),
guanosine (GTP) and uridine (UTP) were ob-
tained from Boehringer (Mannheim, Germany).

The liquid chromatograph consisted of an LCP
3001 high-pressure, pulse-free pump with a GP 3
gradient programmer (low-pressure side gradient
formation), a UV detector operating at 254 nm,
a TZ 4620 line recorder and a CI 100 computing
integrator (all from Laboratorni pfistroje). A
sample loop injector was purchased from Knauer
(Bad Homburg, Germany). A glass column (150
mm X8 mm I.D.) including adjustable end-
pieces was made in the Institute mechanical
workshop.

Preparation of the anion-exchanger column

Ion exchangers were converted into the
chloride form by gradual rinsing with sodium
hydroxide (1 mol/l; 50 ml per gram of the resin),
water, dilute hydrochloric acid (1 mol/l; 100 ml
per gram of the resin) and again with water to
neutral pH of the filtrate. Further decantation of
the resin in acetone (100 ml/g; three times)
provided dust-free material which was dried in
vacuo at room temperature for 15 h. A slurry of
the exchanger in water (20%, w/v) was trans-
ferred into the glass column at a flow-rate of 3
mi/min. After bed settling (bed height ca. 130
mm) the column was closed with an adjustable
end-piece and the bed was then compressed by
hand to the final height of 120 mm. The column
was washed either with potassium chloride solu-
tion (1 mol/l, 50 ml) or with ammonium formate
solution (2 mol/l, 100 ml) at a flow-rate of 3
ml/min and finally equilibrated with the appro-
priate starting buffer.

Chromatography

Chromatography was usually performed for 60
min at a flow-rate of 1 ml/min. The pressure
never exceeded 10 bar. Elution of nucleotides
from the resin in the chloride form was achieved
using a linear gradient of potassium chloride
from 0.05 to 0.35 mol/l at various pH values of
the leading buffer (potassium phosphate, 0.05
mol/l). The appropriate pH was adjusted by
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addition of dilute phosphoric acid or potassium
hydroxide solution.

In separations using a strong anion exchanger
in the formate form, a linear gradient of am-
monium formate from 0 to 0.6 mol/l at various
formic acid concentrations (ranging from 0 to
0.15 mol/1) was used.

A representative mixture of nucleotides was
injected into the column in microgram amounts
(10 g of each per 100 ul of the sample).

Determination of radiochemical purity

The samples (2 kBq) were analysed by ion-
pair HPLC using a 250 X 4.6 mm L.D. Separon
RPS SGX (7 um) column (Tessek, Prague,
Czech Republic). Elution buffer A contained
0.05 mol/l (NH,),HPO, and 0.003 mol/l tetra-
butylammonium hydrogensulphate (pH 6.8);
buffer B had the same composition but con-
tained 20% (v/v) acetonitrile. The separation
was carried out for 30 min with a linear gradient
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from A-B (95:5) to A-B (40:60) and with a
flow-rate of 1 ml/min. The radioactivity of 0.5-
ml fractions was measured using a Beckman
LS-6000A scintillation counter following the ad-
dition of 5 ml of Aquasafe 300 scintillation
cocktail (Zinsser Analytic, UK).

RESULTS AND DISCUSSION

Effect of pH and buffer composition

The pH of the mobile phase is one of the most
important factors for the resolution of species by
ion-exchange chromatography. In this work, the
effect of pH in the range 3-9 on the retention
time (expressed as the capacity factor, k') was
studied. Generally, both exchangers showed the
expected separation patterns (Fig. 1a and b).

At low pH, the retention was decreased owing
to the mutual weaker ionic interactions between
nucleotides and the exchanger. This is caused
both by suppression of phosphate group dissocia-.
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Fig. 1. Dependence of the capacity factor (k') of particular ribonucleotides on the pH of the mobile phase. Separations were
performed on (a) Separon HEMA-1000 Q and (b) Separon HEMA-1000 DEAE with a 60-min linear gradient of KCl from 0.05 to
0.35 mol/l at a flow-rate 1 ml/min. The mobile phase contained 0.05 mol/] potassium phosphate adjusted to a given pH.



302

tion and by protonation of the amino groups of
cytosine, adenine and guanine. In our experi-
ments, adenine nucleotides showed the largest
and uracil nucleotides the smallest shortening of
retention. Although the retention maximum of
most of the compounds started around pH 5,
such conditions interfere with the desired separa-
tion, especially of purine nucleotides, using
either exchanger.

As the pH increases to the basic region, the
retention of nucleotides decreases and different
behaviours of the two exchangers are observed.
The shortening of retention is greater for the
medium-basic anion exchanger because partially
deprotonated diethylaminoethyl groups of the
resin do not permit such strong interactions with
phosphate groups of the nucleotides.

The desired separation of nucleotides using
the QAE-type exchanger in the chloride form
was achieved at pH 3, where only the CTP-GDP
pair was not separated (Fig. 2).

In subsequent studies the QAE type of ex-
changer in the formate form was chosen. It was
observed that not only the ionic strength but also
the concentration of formic acid in the mobile
phase substantially affect the quality of separa-
tion. We kept the gradient slope and concen-
tration range of ammonium formate constant
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Fig. 2. Chromatography of a mixture of twelve ribonu-
cleotides on Separon HEMA-1000 Q under the conditions
described in Fig. 1. The pH of the mobile phase was adjusted
to 3.0.
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and in each run only the molarity of formic acid
was changed. It was found that formic acid at
concentrations up to 0.09 mol/l significantly
affected capacity factors of the nucleotides (Fig.
3). Above this concentration (up to 0.15 mol/l),
the capacity factors were found to be indepen-
dent of formic acid concentration (data not
shown). The best resolution of all twelve ribonu-
cleotides was achieved at 0.06 mol/l formic acid.
We also studied this separation system using a
basic pH of the mobile phase. In this instance
formic acid was replaced with ammonia solution.
However, the quality of the separation decreased
very significantly under these conditions.

An attempt to increase the efficiency of nu-
cleotide separation using organic modifiers in the
mobile phase [methanol and acetonitrile up to
50% (v/v) were used] failed completely. Con-
trary to expectation, we observed a significant
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Fig. 3. Dependence of the capacity factor (k') of individual
nucleotides on the concentration of formic acid in the mobile
phase. Separations were performed on Separon HEMA-1000
Q with a 60-min linear gradient of ammonium formate from 0
to 0.60 mol/l at a flow-rate 1 ml/min. The mobile phase
contained an appropriate concentration of formic acid.
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decrease in the efficiency of separation (data not
shown).

Effect of flow-rate

Under the most favourable chromatographic
conditions using the exchanger in the formate
form, we studied the influence of flow-rate on
the quality of resolution (expressed as the res-
olution factor R,) in the range 0.5-1.5 ml/min.
The separation of four pairs of nucleotides was
substantially affected by this parameter (Fig. 4).
We found the usual dependence for the well
separated pairs CDP-GMP, UDP-ADP and
CTP-GDP up to 1.2 ml/min. Higher flow-rates
decreased only the resolution of CDP-GMP.

A completely different behaviour was found
for the ADP-CTP pair. We did not observe any
significant resolution at flow-rates up to 1.0 ml/
min, but a dramatic change occurred at 1.2 ml/
min, where a baseline separation was obtained.

The optimum resolution of all twelve nu-
cleotides was achieved at a flow-rate of 1.2 ml/
min (linear speed 2.4 cm/min). Fig. 5 shows the
chromatogram for this run and Table I gives the
retention times (tz), capacity factors (k'), res-
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Fig. 4. Dependence of the resolution factor (R,) of four
neighbouring pairs of nucleotides on the flow-rate of the
mobile phase. The separations were performed on Separon
HEMA-1000 Q using a 60-min linear gradient of ammonium
formate from 0 to 0.60 mol/l. The mobile phase contained
0.06 mol/1 formic acid. Pairs of nucleotides: 1 = ADP-CTP;
2 = CDP-GMP; 3 = CTP-GDP; 4 = UDP-ADP.
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Fig. 5. Chromatography of a mixture of twelve ribonu-
cleotides on Separon HEMA-1000 Q under the conditions
given in Fig. 4. The flow-rate of the mobile phase was 1.2
ml/min.

olution factors (R,), number of theoretical plates
(N), heights equivalent to a theoretical plate
(HETP) and asymmetry factors (A,).

Use of the system for purification of
radiolabelled nucleotides

Chromatography on the strongly basic anion
exchanger was used to purify several radiola-
belled nucleotides and nucleotide analogues that
we needed with very high radiochemical purity
for metabolic studies.

[U-"*CJADP can be mentioned as an example
of such a purification procedure. Storage at
—20°C for several years resulted in partial de-
composition of this labelled compound and it
was necessary to remove the impurities before it
could be used. The one-step purification proce-
dure was performed as follows: 7.4 MBq of the
sample (specific activity 13 GBq/mmol) were
applied to a column of Separon HEMA-1000 Q
in the formate form and purified using a 30-min
linear gradient of ammonium formate from 0 to
0.3 mol/l with 0.06 mol/l formic acid. A 3-ml
fraction corresponding to the elution of [U-
"“CJADP was collected, evaporated and co-dis-
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TABLE 1
CHROMATOGRAPHIC RESULTS FOR RIBONUCLEOTIDE SEPARATION USING THE STRONGLY BASIC ANION
EXCHANGER SEPARON HEMA-1000 Q

Linear gradient of ammonium formate from 0 to 0.6 mol/l for 60 min. The mobile phase contained 0.06 mol/l formic acid.
Flow-rate, 1.2 ml/min.

Ribonucleotide tp (min) k' N HETP (2m) R, A,
CMP 4.9 1.0 3330 37 1.0
9.8
AMP 11.8 3.9 3090 39 1.1
1.7
UMP 13.7 4.7 2460 49 1.1
2.3
CDP 17.0 6.1 2510 48 1.3
1.2
GMP 18.8 6.8 1960 61 2.3
4.0
UDP 27.5 10.5 3140 38 1.6
1.3
ADP 29.7 11.4 3690 32 2.2
1.1
CTP 32.2 12.4 3990 30 2.1
1.3
GDP 350 13.6 3720 32 2.4
2.3
uUTP 41.5 16.3 4240 28 2.3
1.4
ATP 46.0 18.2 4056 30 1.9
1.3
GTP 50.6 20.1 3530 34 3.0
50
a b
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Fig. 6. Radiochemical purity of [U-"*CJADP (a) before and (b) after purification on Separon HEMA-1000 Q. Analysis was
carried out using ion-pair HPLC under the conditions described in Experimental.
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tilled several times with water on a Speedvac to
remove traces of the elution buffer components.
The radiochemical purity of the sample was
found to be higher than 98% using ion-pair
HPLC. Fig. 6 shows the purity of [U-'*C]ADP
before and after purification. Similar results were
achieved in the purification of [U-'*C]AMP, [U-
“C]JGMP and several *H- and '“C-labelled nu-
cleotide analogues.

Use of the volatile elution buffer system en-
ables the purification to be carried out rapidly
and simply and therefore this procedure is suit-
able especially for the purification of higher
phosphates of nucleotides because of their lower
stability.
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ABSTRACT

Coupled-column RPLC with UV detection using direct large volume injections of up to 4 ml can be used for the rapid and
sensitive determination of single polar pesticides in environmental water samples. The limits of determination for pesticides such
as bentazone and isoproturon are 0.1 p1g/1 in real-life samples and the sample throughput is 5—7/h. Linearity is observed over at
least three decades and the repeatability is satisfactory (relative standard deviations 3-7% at spiking levels of 0.1-0.5 ug/1). The
set-up is fully automated and shows good robustness. The coupled-column RPLC-UYV analyser has successfully been used in

several monitoring programmes.

INTRODUCTION

Today there is a growing concern over the
contamination of drinking-water sources by pes-
ticides. The European Community (EC) Direc-
tive on the Quality of Water Intended for
Human Consumption states (in paragraph OJI
229 30.80) that the concentration of pesticides
and related products should not exceed the level
of 0.1 pg/l for individual compounds and 0.5
g/l for total pesticides. Consequently, there is a

* Corresponding author.

0021-9673/93/$06.00

need for fast, sensitive and reliable techniques
for the determination of pesticides in aqueous
environmental samples. Ideally, it should be
possible to meet the above requirements by
injecting an aqueous sample of interest into an
analyser without any sample pretreatment.

In many laboratories reversed-phase column
liquid chromatography (RPLC) is routinely used
to determine polar pesticides in environmental
water samples. In almost all instances, however,
time consuming sample pretreatment is required
and the total analytical procedure cannot be
carried out on-line. Still, in recent years an
important step forward has been made by the

© 1993 Elsevier Science Publishers B.V. All rights reserved
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further development of so-called coupled-column
or column-switching procedures which involve
preseparation of a sample on the first —often
low-efficiency— column, heart-cutting of the
analyte-containing fraction to the second column
and final analysis of this fraction on the latter
—invariably high-efficiency— column. If such
procedures are based on RPLC-type separations
and are used for the analysis of aqueous samples,
it is an additional advantage that relatively large
volumes can be injected without causing exten-
sive band broadening. In other words, a certain
degree of on-line trace enrichment can be effect-
ed. Such approaches are well documented [1-8]
and do not require further discussion. However,
problems are encountered when highly polar
analytes have to determined. Retention now is
low even on highly hydrophobic C,,-bonded-
silica phases and, consequently, trace enrichment
becomes difficult because the analyte starts to
elute during injection. Moreover, clean-up
becomes less efficient, because the possibility of
separating the analytes of interest from the
invariably present early-eluting interferences will
be rather limited.

In recent papers, we have used the above

TABLE 1
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approach for the trace-level determination of
three very polar analytes, viz. chloroallyl alcohol
(CAAL) [9], ethylenethiourea (ETU) [10] and
methylisothiocyanate (MITC) [11]. When two
LC columns of essentially the same high ef-
ficiency were used in a coupled-column LC-UV
set-up, the solutes of interest could be deter-
mined in water samples down to a level of 1 ug/l
by means of direct large-volume (200-800 wl)
injections. The total time of analysis was a mere
5-7 min. Unfortunately, however, each of the
quoted analytes displayed one distinctly un-
favourable characteristic, viz. very low retention
on C,g-bonded silica (ETU), an extremely non-
selective detection wavelength (CAAL), or a
small molecular extinction coefficient (MITC)
(see Table I). This prevented a further improve-
ment of the on-line system performance to meet
the EC requirement of a 0.1 ng/1 detection limit.
(To achieve that, RPLC-UV had to be preceded
by off-line liquid-liquid extraction.)

Still, the simplicity of coupled-column LC and
its high sample throughput of 7-10 h make it
rather attractive for screening purposes if (single)
analytes that are somewhat less polar than ETU,
CAAL and MITC, and have similar or slightly

DETAILS OF POLAR COMPOUNDS ANALYSED BY MEANS OF LARGE-VOLUME-INJECTION COLUMN-SWITCH-

ING RPLC WITH UV DETECTION

Parameter Ethylenethiourea Chloroallyl alcohol Methylisothio- Isoproturon Bentazone
(ETU) (CAAL) cyanate (MITC)
(o] /C”J
CHy— NH. ¢ CHaOH cH, CH NPT
Formula T Nems Ne=d H3C—N=C=5 % —c—n/ |N \C“:
cHy— N/ w/ N cf, I New, 02
|
H
Water sol. (g/1) 20 Infinite 8 0.07 0.5
k' 1.6 7.0 20 >100 >100
A (nm) 233 205 237 244 220
€ (1/mol cm) 18 000 10000 3000 17000 25000
Sample vol. (ml) 0.20 0.20 0.77 4.00 2.00
LOD (ug/)* 1 1 1 0.1 0.1
Time of analysis (min) 5 7 7 10 10

“ On 5-pm Hypersil ODS; mobile phase, pure water for ETU/CAAL/MITC/isoproturon and aqueous 0.1% phosphoric acid for

bentazone.

® Detection limit (signal-to-noise ratio = 3) of analyte in ground, surface and rain water.



E.A. Hogendoorn et al. ./ J. Chromatogr. 644 (1993) 307-314

better UV detection characteristics, have to be
determined. In other words, coupled-column
RPLC-UV using direct large-volume injections
may well prove to be an elegant monitoring
method for a large majority of the many
medium-polarity pesticides in use today. In the
present paper this is demonstrated using iso-
proturon and bentazone, two typical representa-
tives of this class of compounds, as test solutes
(Table I).

EXPERIMENTAL

Materials

Isoproturon and bentazone (content > 99.5%)
were obtained from Dr. S. Ehrenstorfer (Promo-
chem, Wesel, Germany). Acetonitrile (HPLC-
grade S), methanol (HPLC grade) and phos-
phoric acid (analytical-reagent grade, 89% pure)
were from Rathburn (Walkburn, UK), Promo-
chem and Merck (Darmstadt, Germany), respec-
tively. HPLC-grade water was obtained by
purifying demineralized water in a Milli-Q
system (Millipore, Bedford, MA, USA). A 1000
pg/ml stock solution of each pesticide was
prepared in acetonitrile. For LC analysis the
stock solution of isoproturon was diluted in
HPLC-grade water and the stock solution of
bentazone in a 0.02 M phosphate buffer, pH 2.3.
The diluted solutions were kept in a refrigerator
at 4°C.

RPLC analyser

The schematic ot the coupled-column RPLC
analyser is shown in Fig. 1. The system consists
of two isocratic Model 305 LC pumps (P-1 and
P-2) from Gilson (Villiers-le-Bel, France), a
Model 232 autosampler (AS) from Gilson
equipped with a Type 7010 high-pressure
column-switching valve (HP) from Rheodyne
(Berkeley, CA, USA), a Model 116 variable-
wavelength UV-Vis detector (D) from Gilson
and two analytical separation columns, both
packed with 3-um C,; Microspher from Chrom-
pack (Bergen op Zoom, Netherlands) with di-
mensions of 50 X 4.6 mm 1.D. (C-1) and 100 X
4.6 mm 1.D. (C-2), respectively.
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Volume of water
sample In

Fig. 1. Schematic of the coupled-column RPLC analyser.
M-1, M-2 = first and second mobile phases; C-1, C-2 = first
and second C,, separation columns; P-1, P-2=L1C pumps;
AS = autosampler; HV = high-pressure switching valve; D =
UV detector; W = waste.

Procedures

Isoproturon. Approximately 20 ml of sample
were passed through a 0.45-um Millex filter
(Millipore) and collected in an autosampler vial
of 20 ml. A volume of 4.00 ml was taken from
this vial and injected onto C-1. After injection,
column-switching RPLC was carried out using a
clean-up volume of 5.85 ml (injection volume
included) of M-1 [acetonitrile—water (47.5:52.5,
v/v) at 1 ml/min], and, after switching C-1 on-
line with C-2, a transfer volume of 0.40 ml of
M-1 (duration, 24 s). In this instance, separation
on C-2 was performed with a. mobile phase, M-2,
having the same composition and flow-rate .as
M-1. UV detection was at 244 nm.

Bentazone. A 20 ml water sample was
acidified by adding 20 ul of phosphoric acid,
passed through a 0.45-um filter and collected in
an autosampler vial. A volume of 2.00 ml was
taken from this vial and injected onto C-1. After
injection, a clean-up volume of 4.65 ml (injec-
tion volume included) of M-1 [methanol-0.02 M
phosphate buffer, pH 2.3 (50:50, v/v)] at 1 ml/
min was used. Analyte transfer was carried out
for 27 s (0.45 ml of M-1) after switching C-1
on-line with C-2. Separation on C-2 was carried
out with methanol-0.02 M phosphate buffer, pH
2.7 (50:50, v/v), at 1 ml/min as mobile phase
M-2;. UV detection was at 220. nm.
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Both of the above procedures were fully
automated. Quantification was done by peak
height comparison after RPLC-UV of equal
volumes of aqueous standard and sample solu-
tions.

RESULTS AND DISCUSSION

In several earlier studies, the main parameters
governing analyte detectability and sensitivity in
coupled-column RPLC have been discussed, and
a general scheme for method development has
been represented [11]. Briefly, there are two
basic requirements. Firstly, one needs sufficient
preseparation between the analyte and UV-ab-
sorbing ionic species, such as anions and humic
acids, in order to enhance the selectivity of the
chromatographic process. Secondly, relatively
large sample volumes have to be introduced into
the RPLC system without undue band broaden-
ing in order to obtain the desired low limits of
detection. Table I shows the relevant properties
of the five compounds discussed in this paper. As
outlined in the Introduction, when only one out
of the three key characteristics (k', A,.., €max)
is unfavourable, direct 200-800 w1 sample analy-
sis still yields limits of detection of 1 ug/l.

Obviously, sample analysis using the coupled-
column RPLC analyser of Fig. 1 will permit one
to reach the EC drinking-water limit of detection
of 0.1 ug/l for all analytes having marginally
better characteristics than the three compounds
referred to above, i.e. for essentially all (polar)
pesticides and many related individual com-
pounds of current interest. In order to verify this
assumption, isoproturon and bentazone —which
can be considered to possess typically “average”
characteristics within the quoted class of com-
pounds— were selected as test solutes. As can be
calculated from their molecular extinction co-
efficients included in Table I, injection volumes
of about 4.00 ml (isoproturon) or 2.00 ml (ben-
tazone) should be sufficient to reach a 0.1 ug/l
detection limit. Because of the high &’ values in
purely aqueous solutions, such volumes can be
injected without causing serious additional band
broadening. However, one should bear in mind
that the total volume of mobile phase used in
this type of analysis typically is less than 10 ml.

E.A. Hogendoorn et al. | J. Chromatogr. 644 (1993) 307-314

In other words, a sample injection of more than
1 ml represents a significant part of the total
chromatographic process, i.e. the most polar
interferences will start to elute during injection.
To out it differently, in the proposed procedures
sample injection is the first step of a (multi)step-
gradient elution with the sample as the first
mobile phase. In practice, no additional band
broadening was observed by us for the present
large-volume injections of isoproturon and ben-
tazone. That is, the requirement concerning
analyte detectability can obviously be met.

As regards selectivity, it lies at hand to use an
earlier simulation programme for the develop-
ment of methods using step-gradient elution [12].
Unfortunately, this approach cannot easily be
used for the determination of polar compounds
in aqueous samples, because the interfering
peak(s) originating from the matrix cannot be
defined properly by plots of In k' vs. mobile
phase composition, as it required for this simula-
tion programme. Especially in the case of acidic
compounds such as bentazone, interferences
show up as a broad (tailing) hump, eluting in the
same region as the analytes [13]. Trial and error
seems to be the only way to obtain an acceptable
solution. Still, on the basis of earlier ex-
periences, we can define two major boundary
conditions, viz. (i) the clean-up volume, which is
the volume of mobile phase M-1 used on column
C-1, should at least be twice the dead volume of
that column, and (ii) the capacity factor of the
analyte in the mobile phases M-1 and M-2 should
be between 2 and 5, in order to achieve short
times of analysis and good sensitivity. On the
basis of the above considerations, coupled-
column RPLC-UYV procedures were elaborated
for isoproturon and bentazone. Since, in such
procedures, the somewhat contradictory de-
mands of large-volume injections and high sen-
sitivity/selectivity have to be met, large-diameter
(4.6 mm 1.D) analytical columns packed with
high-efficiency material (3-um Microspher C,g)
were invariably used.

Determination of isoproturon

Initial experiments showed acetonitrile to be
preferable to methanol because of slightly better
peak shapes and a lower operational pressure.
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Acetonitrile-water (50:50, v/v) —which gave
k' =3 for isoproturon— was the first choice as
mobile phase M-1. Under these conditions sam-
ple volumes of up to at least 4.00 ml could be
injected without any noticeable band broadening
compared with 100-u1 injections. Using the same
mobile phase compositions for M-1 and M-2, and
a suitably adjusted small transfer volume, iso-
proturon could now be determined down to a
level of 0.1 ug/l in aqueous standard solutions.
However, for spiked surface water samples the
separation between analyte and matrix interfer-
ences in the first part of the chromatogram was
not sufficient. Improved results were obtained by
lowering the eluotropic strength of both M-1 and
M-2 (47.5% instead of 50% of acetonitrile). The
application of gradient elution, i.e. the use of
different percentages of acetonitrile in M-1 and
M-2, did not improve selectivity and/or sensitivi-
ty substantially. Using a clean-up volume of 5.75
ml on column C-1—that is 4.00 ml of injected
water sample plus 1.75 ml of M-1 (!)— and a
transfer volume of 0.40 ml of M-1, isoproturon
could be determined in surface water samples

l 0.001 AU

-a— isoproturon
(0.50 ppb)

N

lllllllllll
0

5 .. 10
ty (min)
—T

Fig. 2. Column-switching RPLC-UV (244 nm) using direct
4.0-ml sample injection of (A) a surface water sample spiked
with 0.5 pg/l (ppb) isoproturon and (B) a blank surface
water. Displayed chromatograms start after clean-up on C-1.
For LC conditions, see Experimental section.
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down to alevel of 0.1 ug/l. A typical example of
a real-life analysis is shown in Fig. 2.

The repeatability of the procedure was tested
with surface water. Samples spiked with 0.2-0.5
g/l isoproturon showed a mean recovery of
98% and a relative standard deviation (R.S.D.)
of 2.8% (n = 8). Calibration curves were linear
(r =0.9998) over the range 0.1-200 ug/l (Five
data points in duplicate.)

Determination of bentazone

When analysing water samples for an acidic
compound such as bentazone, two additional
boundary conditions are important during meth-
od development. The pH of mobile phase M-1
should be as low as possible for the processing of
large sample volumes, pH 2.3 being about the
best one can achieve when working with alkyl-
modified silicas. In addition, modifier-based gra-
dients should be avoided in order to prevent
interferences due to the continuous release of
humic and/or fulvic acids from the column
during such a gradient.

The analytical columns, C-1 and C-2, were the
same as in the previous example. In this in-
stance, however, mobile phases based on metha-
nol-phosphate buffer were preferred (cf. Ref.
14). With pH 2.3-2.7, the capacity factor of
bentazone was about 3 when using methanol-
phosphate buffer (50:50, v/v) as mobile phase.
Under these conditions, a sample of up to at
least 2.00 ml could be injected on C-1 without
additional band broadening of the bentazone
peak.

Fig. 3 gives a nice impression of the problems
encountered in the development of the coupled-
column procedure for bentazone. As can be
seen, small changes in the mobile phase compo-
sition have a dramatic impact on the final result.
As in earlier studies, a conventional step gra-
dient was used. Fig. 3A shows the chromatogram
obtained with a step gradient from 50 to 60%
methanol, which, apparently, releases quite a lot
of interferences. However, omitting the step
gradient does not provide enough selectivity, as
is demonstrated in Fig. 3B. Fig. 3C shows that
the combined use of a modifier and a pH
gradient has a distinctly beneficial influence, but
quantification of bentazone will still be rather
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bentazone bentazone
(0.40 ppb) / {0.40 ppb)
E)OOA AU
bentazone
/ (0.40 ppb) E)ooa AV
bentazone
{0.40 ppb)
{
T T 1T S I T T 11 | L L L
0 !dmlnz 5 o min s ° min| 5 _\rﬂm_n)>
A, B. C. D.
- 50% MeOH, pH = 2.3 - 55% MeOH, pH = 2.7 - 50% MeOH, pH = 2.3 - 50% MeOH, pH = 2.3
- 60% MeOH, pH = 2.3 - 55% MeOH, pH = 2.7 - 55% MeOH, pH = 2.7 - 50% MeOH, pH = 2.7

Fig. 3. Selectivity effected with the different step gradients given above using coupled-column RPLC of a surface water
containing 0.40 ug/1 bentazone, using direct sample injection (2.00 ml). Clean-up volumes: A, C and D, 4.65 ml of M-1 and B,
3.75 mi of M-1; transfer volumes: A, C and D, 0.50 ml of M-1 and B, 0.40 m! of M-1; MeOH = methanol. For LC conditions, see

text. Displayed chromatograms start after clean-up on C-1.

difficult. In the end, restricting ourselves to a pH
step gradient only gave the best approach, as can
be seen from Fig. 3D. This figure alse shows that
the final goal of a coupled-column procedure
enabling detection at the 0.1 g/l level has been
reached. As an illustration of the potential of the
procedure, the results of RPLC-UYV analyses of
a drinking and a surface water sample spiked
with bentazone at the 0.1 ug/1level are shown in
Fig. 4. Compared with our earlier procedure,
which involved a manual liquid-liquid extraction
[14], the gain in sample throughput is consider-
able (total time of analysis, 8—10 min; seven
samples per hour).

It is an interesting feature of the present heart-
cutting procedures that only a small fraction of
the interfering material reaches the second
column, C-2, and subsequently, of course, the
detector. This is nicely illustrated in Fig. 5 for a
surface water sample; in this instance, the clean-
up time, ¢, is included in the RPLC-UV traces
shown. When processing a series of samples, the
next analysis can be started shortly (ca. 0.5 min)

Drinking water Surface water

0.0004 AU
bentazone bentazone
(0.11 ppb) {0.07 ppb)

{ i

"

4 .. 8 .
ty (min) ty (min)

Fig. 4. Column-switching RPLC~UV (220 nm) with direct
sample injection (2.00 ml) of a drinking water and a surface
water sample spiked with ca. 0.1 pg/l. For LC conditions,
see Experimental section. Displayed chromatograms start
after clean-up on C-1.
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TABLE II

DETERMINATION OF BENTAZONE IN SURFACE
WATER BY RPLC-UV USING LIQUID-LIQUID EX-
TRACTION (LLE) OR DIRECT LARGE-VOLUME IN-
JECTION

Sample No. Bentazone content (pg/1) found
using
LLE Direct sampling

1 0.06 0.08

2 0.37 0.40

3 <0.02 <0.05

4 0.66 0.71

5 0.35 0.33

after analyte transfer to column C-2. The real
time of analysis therefore is only about 8 min.
Calibration curves were linear (r=0.9999)
over the range 0.11-110 ug/1 (five data points in
duplicate). The recovery of bentazone form
drinking water spiked at the 1.1 and 0.11 ug/l
level was 98% (R.S.D., 0.5%; n=15) and 86%
(R.S.D., 5.7%; n = 6), respectively. Similar re-
sults were obtained for rain water. Two real-life
surface water samples containing bentazone were
analysed on five consecutive days. The re-
producibilities were 6.0% and 6.5% at the 0.40
pg/l and 0.08 ug/l level, respectively. Five
surface water samples were analysed both by the
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I
0 4 8 1y (min) 12
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Fig. 5. RPLC-UV (220 nm) of a surface water sample
containing 0.40 ug/l bentazone; injection volume, 2.00 ml.
Solid line, chromatogram obtained with the coupled-column
procedure (see Experimental section); dashed line, chro-
matogram obtained with the same two columns coupled
on-line without column switching using a mobile phase. of
methanol-0.02 M phosphate buffer, pH 2.7 (50:50, v/v) at 1
mi/min; ¢, clean-up time on C-1 with coupled-column
procedure.

¢’

TABLE I

TYPICAL RESULTS OF REAL-LIFE WATER SAMPLE ANALYSES USING THE COUPLED-COLUMN RPLC-UV

ANALYSER

Date Pesticide Type of sample No. of samples No. of positive Pesticide content
investigated samples (ng/l)

11/10/91 Bentazone Surface water 5 5 0.1-0.7

07/09/92 Bentazone Ground water 8 3 0.3-0.5

07/09/92 Isoproturon Surface water 5 0 <0.1

10/09/92 Methabenzthiazuron Surface water 7 0 <0.1

19/10/92 Linuron Surface water 12 12 2-8

30/01/93 Bentazone Ground water 12 4 0.4-90

09/02/93 Bentazone Ground water 10 8 2-10
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present method and by the earlier method in-
volving liquid-liquid extraction. As listed in
Table II, the agreement between the two sets of
results was fully satisfactory.

CONCLUSIONS

Coupled-column RPLC with UV detection
using direct large-volume injections is a highly
useful technique for the rapid trace analysis of
single polar pesticides in aqueous environmental
samples such as drinking, ground and surface
water. For compounds with LC retention and
UV detectability characteristics typical for this
class of compounds, detection limits are of the
order of 0.1 pg/l. The results presented in this
paper demonstrate the viability of this approach,
which features a throughput of 5-7 samples per
hour. The coupled-column RPLC-UYV analyser
used in our studies is fully automated and has
shown good robustness over a period of more
than 16 months. Typical resuits of monitoring
programmes carried out during this period of
time for bentazone and isoproturon as well as
two other pesticides, metribuzine and linuron,
are summarized in Table 1II. The development
of the various dedicated procedures was rela-
tively rapid in all instances.
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ABSTRACT

The enantiomers of the racemic coumarin anticoagulants phenprocoumon (PH) and metabolites (4'-, 6-, 7- and 8-hydroxy-PH),
warfarin (WA) and metabolites (6-, 7-hydroxy-WA and the two diastereomeric WA alcohols) and acenocoumarol were resolved by
column liquid chromatography using an immobilized «,-acid glycoprotein stationary phase; elution was performed using a
phosphate buffer and isopropanol gradient with and without dimethyloctylamine as modifier, and detection by ultraviolet or
fluorescence. The advantages of this method are: the procedure is simple and fast and does not require pre-column derivatization;
the configuration of the enantiomers can be assigned by comparison with a reference sample with already known absolute
configuration; the optical purities of these compounds can be analysed with high sensitivity; the method can be applied to the

determination of the enantiomers in biological samples.

INTRODUCTION

Column liquid chromatographic (HPLC) sepa-
ration of enantiomers on chiral stationary phases
has been extensively investigated during recent
years since many bioactive substances are chiral
and enantiomers may show different biological
activities [1-4].

The 4-hydroxycoumarin oral anticoagulants
phenprocoumon (PH) (1), warfarin (WA) (7)
and acenocoumarol (AC) (13) (Fig. 1) are used
in human therapy for the treatment and preven-

* Corresponding author.

0021-9673/93/$06.00

tion of thromboembolic disorders [5,6]. These
drugs are chiral but are available and adminis-
tered as racemates [7].

Pharmacokinetic studies concerning the enan-
tioselective elimination of coumarin anticoagu-
lants after racemic drug administration require
assays with resolution of enantiomers [7-10].
WA and PH have been previously resolved by
HPLC using chiral phases [11-13]; however,
only the metabolites from WA have been re-
solved, using a lengthy procedure with pre-
column derivatization, separation by normal-
phase HPLC and detection by fluorescence after
post-column aminolysis [14].

a;-Acid glycoprotein chiral stationary phases

© 1993 Elsevier Science Publishers B.V. All rights reserved
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No.
1 (RS) ~Phenprocoumon H H H CzHg H
2 (RS) -6~Hydroxy-PH H OH H CaHg H
3 (RS)-7-Hydroxy-PH OH H H CyHs H
4  (RS)-8-Hydroxy-PH H H H CiHg OH
5 (RS) -4 ' ~Hydroxy-PH H H OH CjyHg H
6 (RS)~4'-Chloro-PH H H €l CzHg H
7 (RS)~Warfarin H H H CHyCOCH3 H
8 (RS) -6-Hydroxy-wA H OH H CH3COCH3 H
9  (RS)-7-Hydroxy-WA OH H H CHyCOCH3 H
10 (RS)-4'-Chloro-WA H H Cl CH2CQSH3 H
11 (SR+RS)-Warfarin alcohol 1 H H H CHZC_ ~HOHCH3 H
12 (SS+RR)-Warfarin alcohol 2 H H H CHC" "HOHCHj3 H
13 (RS)~Acenocoumarol H H NO,; CHzCOCHj3 H

Fig. 1. Structures and configurations of oral anticoagulants and their metabolites [% and %% are chiral centres at C-9 and C-11,
respectively; compound numbers followed by a or b correspond to a configuration at C-9 of (§) or (R), respectively].

have been used for the separation of enantio-
mers and stereoisomers of a large number of
compounds [15-18]; in the present study we
report on the use of this phase for the direct
HPLC separation of the enantiomers of PH,
WA, their metabolites and AC.

EXPERIMENTAL
Chemicals

Racemic warfarin (7) and 4'-chlorowarfarin
(10) were commercially available (Sigma

Chemie, Deisenhofen, Germany); (RS)-phen-
procoumon (1), (§)-(—)-phenprocoumon (1a),
(R)-(+)-phenprocoumon (1b) and (RS)-4'-chlo-
ro-phenprocoumon (6) were gifts from Hoffman-
La Roche (Basle, Switzerland); (S)-(-)-
acenocoumarol (13a) and (S)-(—)-warfarin (7a)
were gifts from Dr. H.H.W. Thijssen, (Depart-
ment of Pharmacology, University of Limburg,
Netherlands); racemic acenocoumarol (13) was
obtained from Ciba-Geigy (Wehr, Germany).
Racemic hydroxy-phenprocoumon metabolites
(6-OH-PH, 7-OH-PH, 8-OH-PH and 4'-OH-
PH) (2-5), racemic warfarin metabolites (6-OH-
WA, 7-OH-WA) (8, 9) and the racemic dia-
stereomeric warfarin alcohols 1 and 2 (11, 12)

were obtained in our laboratories by chemical
synthesis [19-21].

WA alcohols 1 and 2 (11, 12) were obtained by
reduction of racemic WA (7) with sodium
borohydride, separation by silica gel column
chromatography and recrystallization [21]; al-
cohol 1 (11) (isolated from fractions 11-24)
showed m.p. 169-173°C (Lit. [21], 173-175°C),
R, 0.49 (Lit. [21], 0.46), '"H NMR (in C*HCl,),
8(ppm) (No. of protons)(multiplicity)(assign-
ment): 7.0-7.8 (9H) (m) (aromatic), 4.60 (1H)
(d,d) (C9-H), 3.8 (1H) (m) (C11-H), 2.1-2.5
(2H) (m) (C10-HH), 1.30 (3H) (d) (C12C-H3);
alcohol 2 (12) (isolated from fractions 32-56)
showed m.p. 159-165°C (Lit [21], 162-168°C),
R, 0.39 (TLC, Lit. [21], 0.21), '"H NMR (in
C*HCl,): 7.2-7.8 (9H) (m) (aromatic), 4.70
(1H) (tr) (C9-H), 4.0 (1H) (m) (C11-H), 2.1-
2.6 (2H) (m) (C10-HH), 1.35 (3H) (d) (C12C-
H3); UV spectra of 11 and 12 were identical to
those reported in the literature [22]. Warfarin
alcohols 1a (SR) (11a) and 2a (5S) (12a) were
obtained similarly by reduction of optically pure
($)-(-)-WA (7a) and were a gift from Dr.
H.H.W. Thijssen.

N,N-Dimethyloctylamine (DMOA) (99%)
was obtained from Fluka Feinchemikalien (Neu-
Ulm, Germany); reagents and solvents for chro-
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matography were analytical grade. Solvents for
HPLC were filtered and degassed with helium
before chromatography.

Equipment and chromatographic conditions

HPLC analysis was performed with a Model
1090 M liquid chromatograph with ternary sol-
vent delivery system, autosampler, UV-visible
photodiode-array detector, fluorescence detector
M1046 and a Model 79994A computer worksta-
tion for system control and data handling (Hew-
lett Packard, Waldbronn, Germany). The photo-
diode-array detection (DAD) wavelengths were
set at 276 and 312 nm and on-line spectra were
recorded in the range 210-400 nm; fluorescence
excitation and emission wavelengths were set at
292 and 380 nm, respectively; the enantiomers
were separated with a Chiral-AGP column
(100 x4 mm LD., spherical 5-pm particles;
ChromTech, Norsborg, Sweden) and a guard
column (10 X 3 mm) filled with the same materi-
al.

The following elution systems were used.
Elution system 1: solvent A, 0.01 M aqueous
phosphate buffer pH 7.0; solvent B, 2-propanol.
Elution system 2: solvent A, 0.1 M aqueous
phosphate buffer pH 7.0; solvent B, 2-propanol.
Elution system 3: solvent A, 0.01 M aqueous
phosphate buffer pH 7.0 modified with 0.001 M
dimethyloctylamine; solvent B, 2-propanol modi-
fied with 0.001 M dimethyloctylamine. For all
elution systems the same linear gradient parame-
ters were used: solvent B 0-20% in 10 min, 15
min with 20% B and 10 min equilibration with
100% solvent A before the next injection. The
solvent flow-rate was 0.9 ml/min and the operat-
ing pressure and temperature were 10-12 MPa
and 20-25°C, respectively. After an analysis
series the column was washed with an aqueous
10% 2-propanol solution for 15 min. Aliquots of
1-2 ul of methanolic solutions were injected;
larger volumes were injected in phosphate buffer
solutions.

Thin-layer chromatography was run on silica
gel plates with the solvent toluol—ethyl formate—
formic acid (10:5:1; v/v/v) [22] and the spots
were visualized under an ultraviolet lamp.

'"H NMR spectroscopy was performed on a
Bruker Model FT AM-360 instrument at 360

MHz; substances were dissolved in deuterated
chloroform or dimethylsulphoxide and tetra-
methylsilane was used as reference; spectra were
obtained by Dr. C. Deus and Professor Dr. H.
Friebolin (Institute of Organic Chemistry, Uni-
versity of Heidelberg, Germany); UV spectra (in
methanol acidified with 1% 0.1 M hydrochloric
acid) were run on a Kontron Model Uvikon 910
spectrophotometer.

RESULTS AND DISCUSSION

Enantiomeric separation

The structures of the oral anticoagulants and
metabolites are given in Fig. 1. HPLC separation
of the enantiomers of the racemic parent drugs
PH (1), WA (7) and AC (13) are shown in Fig.
2A-C; Fig. 3 shows the liquid chromatographic
separation of some metabolite racemates; Fig.
3A is from 4-OH-PH (5), Fig. 3B from 6-OH-
PH (8) and Fig. 3C from WA alcohol 2 (12).
Several solvent combinations and elution systems
were evaluated by varying the pH, ionic strength
and modifier; elution system 3 showed the best
enantiomeric separations of the individual race-
mates, with the exception of 6-OH-WA (8) and
7-OH-WA (9), which could, however, be sepa-
rated with systems 1 and 2, respectively. 4'-
Chloro-PH (6) and 4'-chloro-WA (10) were also
analysed as they are used as internal standard for
total PH and WA assays; 4'-chloro-WA (10)
could not be resolved. The (S) enantiomers of
PH (1a) and WA (7a) eluted before their respec-
tive (R) enantiomers, but for AC (13) the
elution order is reversed (Table I). Chromato-
graphic data are shown in Table 1. Only small
volumes (1-2 ul) of solutions in organic solvents
can be injected due to band broadening of
chromatographic peaks; aqueous solutions must
be used when injecting larger volumes. Reten-
tion times are reproducible within +2%. The
limit of detection of PH, WA and their metabo-
lites using fluorescence detection, and of AC
with UV detection, was 10-20 ng; the reported
main metabolites from AC, 6-hydroxy-AC and
7-hydroxy-AC, were not available. No racemiza-
tion was detectable during the solution or chro-
matographic procedures of pure enantiomers.
The standard chromatographic systems and pa-
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Fig. 2. HPLC separation of the enantiomers of racemic coumarin anticoagulants (elution system 3). (A) Phenprocoumon (1); (B)
warfarin (7); (C) acenocoumarol (13). Configuration assignments are indicated in the chromatograms.

rameters mentioned in the Experimental section chromatographic conditions showed higher selec-
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ary phases have been reported [2,3], the present type [13]; stationary phase stability is satisfactory

[« VI <] - - n o
I y o uaas 1eey b §
LRI i a4 B> I g4 O
11 D p ] ] -
183¢(s)- <—(R) 88? 881:(—S>S) <(§R]
° 0 781 0 70
g 9 b ] g ] WV
c 3 3
° 8 H 60 0 €87 Y
o 24T o E @ i c
0 o 0 5073 I 0 587 z
< sd | I ] C 15
o) I o 4017 | o 401
3 o 3 1 X 3 1 a
— 5 l pa— P o — P
(s N W 381 i W 304 l&
41 « jo ic
201 287 X
3 ] 3
2 187 J 18'5
————————— ; s 3
8.0 149.0 4.0 8.0 5.0 S.0
Time (min) Time (min) Time (min)
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4'-Hydroxyphenprocoumon (5); (B) 6-hydroxyphenprocoumon (2); (C) warfarin alcohol 2 (12).
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TABLE 1
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COLUMN CAPACITY FACTORS (k') AND SELECTIVITIES (¢) FOR THE ENANTIOMERIC SEPARATION OF
COUMARIN ANTICOAGULANTS AND THEIR METABOLITES

N.S. = No separation; (R) and (§) C-9 configuration assignments.

Compound Elution system 1 Elution system 2 Elution system 3
No.
k; k; a ki k; a ki ks o

1 8.02(S) 9.23(R) 1.15 9.13(5) 10.70(R) 1.17 7.15(S) 8.51(R) 1.18
2 6.80 (N.S.) 5.65(N.S.y 4.36 4.63 1.06
3 4.03 4.20 1.04 5.13(N.S) 2.82 2.92 1.03
4 4.78 5.09 1.06 5.90 6.03 1.02 4.69 5.08 1.08
5 9.24 10.77 1.16 10.51 13.02 1.23 8.36 9.48 1.13
6 12.7(N.S.) 10.97 (N.S.) 8.94 9.15 1.02
7 6.92(S) 7.57(R) 1.09 7.67(S) 8.44(R) 1.10 6.04 (S) 6.67 (R) 1.10
8 3.44 3.70 1.07 3.98(N.S.) 2.82 2.92 1.03
9 2.94 3.14 1.06 3.33 3.59 1.07 2.49(N.S))

10 11.10(N.S.) 8.92 (N.S)) 7.35(N.S)

11 6.50 (SR) 7.07(RS) 1.08 6.78 (SR) 7.60(RS) 1.12 5.42 (SR) 6.00(RS) 1.10

12 5.83(SS) 7.07(RR) 1.21 6.15(SS) 747(RR) 121 4,74 (SS) 591(RR) 124

13 6.67 (R) 8.14(S) 1.21 7.77 (R) 8.17(S) 1.05 5.72(R) 6.14(S) 1.07

as more than 800 analyses were performed
before loss of column efficiency.

Configuration assignment

The absolute configuration of the enantiomers
of PH, WA and AC (1, 7, 13) was determined
previously by chemical and chiroptical methods
[23-26]. The configurations of the parent drugs
were assigned in the present work by injecting
the pure enantiomers (1a, 1b, 7a, 11a, 12a, 13a)
in the HPLC system and comparing their reten-
tion times and UV on-line spectra; the present
HPLC method allows the determination of the
configuration of the anticoagulant drugs with
small samples.

However, the absolute configuration of the
enantiomers of the phenolic metabolites from
PH (2-5) and WA (8,9) has not been assigned
yet and pure metabolite enantiomers were not
available. The racemic diastereomeric warfarin
alcohols 1 (11) (9R, 11S +9S, 11R) and 2 (12)
(9R, 11R + 98, 11S5) were obtained by chemical
reduction of racemic warfarin and column chro-
matography according to Chan et al. [21]; the
chromatographic behaviour and the spectral and

physical properties of our synthetic compounds
corresponded to that of the literature [21,22]; the
denominations warfarin alcohols 1 and 2 were
based on migration rates on silica and have been
retained. The optically pure diastereomeric war-
farin alcohols 1a (11a) (95, 11R) and 2a (12a)
(95, 11S) were obtained by chemical reduction
of the (S) (—) WA enantiomer.

Optical purity

The optical purities of the compounds can be
evaluated quantitatively; a 1% impurity of one
of the enantiomers can be detected in the pres-
ence of the antipode with less material and
higher sensitivity than in polarimetry.

Analysis of biological samples

The HPLC enantiomer separation of the
coumarin anticoagulants and their metabolites is
fast and simple, and presents advantages over
those that require derivatization [10].

GC-MS analysis of methylated WA and PH
and their metabolites has been reported but this
requires the synthesis and administration of
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specific *C-labelled enantiomer mixtures (pseu-
doracemates) of the parent drugs [27,28]; how-
ever, these assays are not applicable to studies
with patients on long-term therapy with racemic
anticoagulant administration [7].

The described HPL.C method can be applied
to biological samples; although enantiomer pairs
are well resolved, different metabolites may
overlap during chromatography (see Table I).

CONCLUSIONS

Several advantages of the above-described
method for the direct liquid chromatographic
separation of the coumarin anticoagulant enan-
tiomers of phenprocoumon, warfarin, aceno-
coumarol and metabolites on a,-acid glycopro-
tein chiral stationary phase are reported: it is a
simple and fast procedure not requiring pre-
column derivatization; the absolute configuration
of the parent drugs can be assigned using small
amounts of material; the optical purities of these
compounds can be determined with high sen-
sitivity; it can be applied to the determination of
enantiomers in biological samples.

ACKNOWLEDGEMENTS

We thank Dr. H.H.W. Thijssen (Department
of Pharmacology, University of Limburg,
Netherlands), Hoffman-La Roche (Basle, Swit-
zerland) and Ciba-Geigy (Wehr, Germany) for
samples, Dr. C. Deus and Professor Dr. H.
Friebolin (Institute of Organic Chemistry, Uni-
versity of Heidelberg, Germany) for the 'H
NMR spectra.

REFERENCES

1 A.M. Krustulovic, J. Pharm. Biomed. Anal., 6 (1988)
641.

2 W.H. Pirkle and T.C. Pochapsky, Adv. Chromatogr., 27
(1987) 73.

3 W.H. Pirkle and T.C. Pochapsky, Chem. Rev., 89 (1989)
347.

4 D.W. Armstrong and S.M. Han, Crit. Rev. Anal. Chem.,
19 (1988) 175.

5 PW. Majerus, G.J. Broze, J.P. Miletich and D.M. Tollef-
sen, Goodman and Gilman’s The Pharmacological Basis
of Therapeutics, Pergamon Press, New York, 8th ed.,
1991, p. 1311.

6 E. Zimmermann and H. Morl, in G. Schettler and E.
Weber (Editors), Internistische Therapie in Klinik und
Praxis, G. Thieme, Stuttgart, 1985, p. 466.

7 J.X. De Vries, U. Volker and E. Weber, Himostaseologie,
11 (1991) 60.

8 N.H.G. Holford, Clin. Pharmacokin., 11 (1986) 483.

9 K. Williams and E. Lee, Drugs, 30 (1985) 333.

10 S. Toon, K.J. Hopkins, F.M. Garstang, B. Diquet, T.S.
Gill and M. Rowland, Br. J. Clin. Pharmacol., 21 (1986)
187

11 I.W. Wainer and Y.Q. Chu, J. Chromatogr., 455 (1988)
316

12 Y.Q. Chu and I.W. Wainer, Pharm. Res., 5 (1988) 680.

13 J.X. De Vries and U. Vélker, J. Chromatogr., 493 (1989)
149.

14 C. Banfield and M. Rowland, J. Pharm. Sci., 73 (1984)
1392.

15 J. Hermansson, J. Chromatogr., 269 (1983) 71.

16 J. Hermansson and M. Enquist, J. Lig. Chromatogr., 9
(1986) 621.

17 M. Enquist and J. Hermansson, J. Chromatogr., 519
(1990) 285.

18 1. Fitos, J. Visy, M. Simonyi and J. Hermansson, J.
Chromatogr., 609 (1992) 163.

19 L.D. Heimark, S. Toon, LW. Low, D.C. Swinney and
W.F. Trager, J. Labell. Comp. Radiopharmac., 23 (1985)
137.

20 E. Bush and W.F. Trager, J. Pharm. Sci., 72 (1983) 830.

21 K.K. Chan, R.J. Lewis and W.F. Trager, J. Med. Chem.,
15 (1972) 1265.

22 R.J. Lewis and W.F. Trager, J. Clin. Invest., 49 (1970)
907

23 B.D. West, S. Preis, C.H. Schroeder and K.P. Link, J.
Am. Chem. Soc., 83 (1961) 2676.

24 B.D. West and K.P. Link, J. Heterocycl. Chem., 2 (1965)
93..

25 C.R. Wheeler and W.F. Trager, J. Med. Chem., 22
(1979) 1122.

26 E.J. Valente, W.R. Porter and W.F. Trager, J. Med.
Chem., 21 (1978) 231.

27 E.D. Bush, I.K. Low and W.F. Trager, Biomed. Mass
Spectrom., 10 (1983) 395.

28 L.D. Heimark and W.F. Trager, Biomed. Mass Spec-
trom., 12 (1985) 67.



Journal of Chromatography, 644 (1993) 321-331
Elsevier Science Publishers B.V., Amsterdam

CHROM. 25 248

Analysis of paralytic shellfish poisoning toxins by
automated pre-column oxidation and microcolumn
liquid chromatography with fluorescence detection™

Mojmir Jane¢ek™™ and Michael A.-Quilliam*

Institute for Marine Biosciences, National Research Council of Canada, 1411 Oxford Street, Halifax, Nova Scotia B3H 3Z1

(Canada)

James F. Lawrence

Health Protection Branch, Food Research Division, Bureau of Chemical Safety, Food Directorate, Ottawa, Ontario, K1A 0L2

(Canada)

(Received April 19th, 1993)

ABSTRACT

Periodate oxidation of the toxins responsible for paralytic shellfish poisoning (PSP) yields fluorescent purines suitable for trace
analysis by reversed-phase LC. Mobile phases containing perfluorinated acids, such as heptafluorobutyric acid, as ion-pair agents
were found to provide high capacity factors for the oxidized products. Gradient elution on a microbore column with large volume
injections and fluorescence detection permitted the detection of femtomole quantities of PSP toxins. A fully automated
pre-column oxidation procedure was developed for an LC autosampler system in order to improve precision and allow unattended
analyses. The complete method was applied successfully to various samples, including shellfish and toxic phytoplankton.

INTRODUCTION

Paralytic shellfish poisoning (PSP) is a world-
wide problem caused by consumption of shellfish
that have accumulated potent neurotoxins pro-
duced by toxigenic dinoflagellates, such as those
belonging to the genus Alexandrium [1]. The
PSP toxins include saxitoxin (STX) and several
of its derivatives formed by addition of sulfo,
hydroxysulfate and N-1-hydroxyl groups (Fig. 1).

The AOAC mouse bioassay is used routinely

* Corresponding author.
* NRCC No. 34869.
** On leave from Institute of Analytical Chemistry, Czech
Academy of Sciences, Brno, Czech Republic.

by regulatory laboratories for the determination
of PSP toxins [2]. Although this method has the
advantage of being non-selective and therefore
well suited for protection of the public, it is
recognized that bioassay suffers from consider-
able variability [3] and gives little information on
toxin composition. In addition, there is pressure
from animal rights groups to discontinue such
tests; some European countries have banned
them already.

The most commonly used chemical method for
the analysis of PSP toxins is the combination of
liquid chromatography (LC) with on-line post-
column oxidation and fluorescence detection
[4,5]. This approach evolved from earlier work
by Bates and Rapoport [6] which showed that
STX could be oxidized to a fluorescent purine by
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STX = saxitoxin
NEO = neosaxitoxin

GTX = gonyautoxins
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Fig. 1. Structures of the principal toxins responsible for
paralytic shellfish poisoning (PSP).

hydrogen peroxide under alkaline conditions.
Since this original procedure proved unsuitable
for the N-1-hydroxylated PSP toxins, better
oxidizing agents such as tert.-butyl hydro-
peroxide [4] or periodate [5] are used in post-
column oxidation systems in order to detect all
PSP toxins. Unfortunately, the set up and oper-
ation of such equipment is quite complex and
requires considerable daily maintenance.
Recently, an alternative LC technique was
reported [7,8]. The method involves a pre-
column oxidation of the toxins followed by
reversed-phase gradient elution and fluorescence
detection of the oxidized products. Since the
products are more amenable to reversed-phase
LC than the precursor toxins, an octadecylsilica
(Cyg) column may be used to obtain better
separation efficiencies than those possible using
the PRP-1 column recommended in the most
commonly used post-column method [5]. A
mobile phase containing aqueous ammonium
formate was found to provide good peak shape
and reproducibility. In addition, the composition
of the reaction mixture for pre-column periodate
oxidation was optimized to improve fluorescent
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product yield and a solid-phase extraction clean-
up was established to reduce interference from
co-extractives and to perform group separations
of the toxins [8].

The objectives of the work described here
were as follows: (a) to investigate additional
mobile phases for the reversed-phase chromatog-
raphy of oxidized PSP toxins; (b) to improve the
sensitivity and reproducibility of the analysis by
using a microbore column, large volume injec-
tion, and fully automated pre-column oxidation
reaction; and (c) to apply the method to shellfish
and phytoplankton samples.

EXPERIMENTAL

Chemicals

Trifluoroacetic acid and acetonitrile were pur-
chased from BDH (Poole, UK), heptafluoro-
butyric acid (HFBA) and periodic acid from
Sigma (St. Louis, MO, USA), and trideca-
fluoroheptanoic acid from Aldrich (Milwaukee,
WI, USA). Distilled water was further purified
by passage through a Milli-Q (Millipore, Bed-
ford, MA, USA) water purification system
equipped with ion-exchange and carbon filters.
All other reagents were of analytical-reagent
grade. Purified standards of PSP toxins were
kindly provided by Dr. M.V. Laycock (Institute
for Marine Biosciences, Halifax, Canada).

Equipment

Chromatography was performed using an
HP1090M liquid chromatograph (Hewlett-Pac-
kard, Palo Alto, CA, USA) equipped with a
ternary DRS5 solvent delivery system, variable
volume injector/autosampler, and automated
pre-column sample preparation system. The
system was controlled by an HP7994A Pascal
ChemStation, which enables the user to custom-
ize and automate various sample manipulations
including pre-column derivatizations at ambient
and elevated temperatures. The LC effluent was
monitored with an HP1046A dual mono-
chromator fluorescence detector fitted with the
standard 4.5-ul1 flow cell. Stainless steel capil-
laries with internal diameter of 0.12 mm served
as connection tubing.
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A digital PMH63 pH meter (Radiometer,
Copenhagen, Denmark) was used for the mea-
surement of pH of mobile phases and oxidation
mixtures. A Model 5415 microcentrifuge (Brink-
mann, Westbury, NY, USA) was used for sample
preparation. A vacuum manifold system was
used for solid-phase extraction clean-up
(Supelco, Bellefonte, PA, USA).

LC columns

Stainless-steel columns (25 cm X 1.0 mm L.D.
and 10 cm X 2.1 mm 1.D.) were packed by the
slurry technique using an ethanol-glycerol
(50:50, v/v) suspension under a pressure of 50
MPa. LiChrospher-100 RP-18 (Merck, Darm-
stadt, Germany) with particle diameter of 5 um
was used as a sorbent. Packing solvent (ethanol)
was delivered by a single piston air-driven pump
(Shandon, Cheshire, UK). Packed columns were
tested on an apparatus consisting of an MPLC
Micropump (Applied Biosystems, Santa Clara,
CA, USA), a manual injector fitted with 0.5-ul
loop (Valco, Houston, TX, USA) and a uLC-10
UV spectrophotometer with 0.5-ul flow cell
(ISCO, Lincoln, NB). Anthracene was used for
measurement of column efficiency, with a mobile
phase of aqueous 80% acetonitrile at a flow-rate
of 50 or 200 wl/min (for 1.0 or 2.1 mm L.D.
columns, respectively) and detection at 260 nm.

Sample extraction

Shellfish tissue samples were extracted in 0.1
M HCI according to the AOAC mouse bioassay
procedure [2]. Extracts were cleaned using a
L.C-18 octadecylsilica solid phase extraction car-
tridge (Supelco) [7] or by ultracentrifugation
through a 10 000 NMWL filter (Millipore, Bed-
ford, MA, USA) at 10000 g for 20 min. Toxic
phytoplankton extracts were kindly provided by
Dr. A.D. Cembella (Institute for Marine Bio-
sciences, Halifax, Canada). Cells of the marine
dinoflagellate Alexandrium in unialgal culture
(isolate Gt429, CCMP Collection, Bigelow
Labs., Boothbay Harbour, ME, USA) and in
natural mixed phytoplankton assemblages (from
Gaspé, Québec, Canada) were sonicated in 0.03
M acetic acid followed by centrifugation (10 000
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g, 10 min) and filtration (0.22-um Millex filter,
Millipore).

Pre-column oxidation and LC analysis

Sample derivatization was based on a per-
jodate oxidation which converts all PSP toxins to
fluorescent derivatives. The composition of the
oxidation mixture and procedures for manual
reaction were the same as described earlier [8].
The oxidation mixture was prepared daily. Auto-
mated reactions and analyses were carried out
with reagents and samples placed in individual
crimp-top plastic vials in the HP1090 auto-
sampler. The latter were controlled through the
“Injector Program” which is part of the standard
HP7994A ChemStation software. The details of

TABLE 1

INJECTOR PROGRAM USED FOR AUTOMATED
PRE-COLUMN OXIDATION REACTION AND INJEC-
TION

LC conditions: 25 cm X 1.0 mm I.D. column packed with 5
pm LiChrospher-100 RP18 (N = 11 000); mobile phase: A =
10 mmol/] HFBA in water adjusted to pH 4.2 with NH,OH,
B = acetonitrile, gradient from 0 to 20% B over 20 min; 100
p1/min flow-rate; fluorescence detection (335 nm excitation,
400 nm emission). A 12-min column equilibration time was
used between analyses. Vial 0 = Periodate oxidation reagent
(1:1:1 mixture of 0.03 M periodic acid, 0.3 M Na,HPO, and
0.3 M ammonium formate adjusted to pH 9.0 with 1 M
NaOHj; prepared daily); vial 1= water for needle rinse; vial
2 = acetic acid (1:1 mixture of water and glacial acetic acid).

Line Function
1 Draw: 7.0 ul from: Vial: 0
2 Draw: 0.0 ul from: Vial: 1
3 Draw: 4.0 ul from: Sample
4 Draw: 0.0 ul from: Vial: 1
5 Draw: 7.0 ul from: Vial: 0
6 Mix: 7.0 ul cycles: 3
7 Wait: 1.7 min
8 Draw: 0.0 ul from: Vial: 1
9 Draw: 2.0 ul from: Vial: 2
10 Mix: 5.0 ul cycles: 2

11 Inject

Total injection volume: 20.0 ul
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the entire method, including reagent composi-
tions and LC conditions, are given in Table 1.

RESULTS AND DISCUSSION

LC conditions

The previously published pre-column oxida-
tion method [8] used a mobile phase of aqueous
ammonium formate (100 mmol/l, pH 6) with a
gradient from 0% to 5% acetonitrile and a
reversed-phase Supelcosil LC-18 column. Al-
though this system provided excellent perform-
ance for the oxidized PSP toxins, alternative
mobile and stationary phases have been investi-
gated in this work in an attempt to increase the
retention of the analytes. This was desirable in
order to facilitate high sensitivity analyses
through the use of large injection volumes (see
below).

In our past experience, we have found that
0.1% (v/v) (9 mmol/l) trifluoroacetic acid
(TFA) in aqueous acetonitrile is an excellent
mobile phase for the analysis of basic compounds
[9]. The acidic conditions (pH 2.1) suppress
interactions of the analytes with active silanol
sites in the column resulting in symmetrical peak
shapes, while the TFA anion acts as an effective
ion-pair agent resulting in increased retention.
Preliminary experiments, carried out on short,
narrow bore (10 cm xX2.1 mm I.D.) columns,
showed that most of the PSP oxidation products
behaved well with such a mobile phase in combi-
nation with several different stationary phases
(Zorbax Rx-C18, Vydac 201TP, LiChrospher RP-
18, etc.). LiChrospher RP-18 (5 um particle
size) was selected as the sorbent for the remain-
der of the project because it is commercially
available in bulk and proved most suitable in our
hands for the preparation of high efficiency
microbore columns (see below). Under isocratic
conditions, with 10% acetonitrile in the mobile
phase, it was observed that the retention times of
the analytes increased with increasing concen-
tration of TFA (up to 9 mmol/l). Since pH
varies with the concentration of TFA, experi-
ments were conducted to study the effect of pH,
independent of TFA concentration. The mobile
phase pH was controlled by the addition of
NH,OH. With a constant TFA concentration of
10 mmol/l and the pH adjusted over the range 2

M. Janeclek et al. | J. Chromatogr. 644 (1993) 321-331

E 8 - -o\o
g STX \
ot o)
Ee-
&
o
S NEO
B4 e
_3 \. o]
2 \o\
°
2 r T T T
2 4 6 8

Mobile Phase pH

Fig. 2. Effect of mobile phase pH on the retention of the
oxidized PSP toxins, saxitoxin (STX) and neosaxitoxin
(NEO), in isocratic reversed-phase LC. The mobile phase
contained 10 mmol/l trifluoroacetic acid (TFA) adjusted to
the specified pH with NH,OH. Other conditions as in Table
II.

to 8, the greatest retention was achieved at low
pH. Fig. 2 shows the effect of pH on the
retention times of oxidized NEO and STX.
These results can be attributed to the forma-
tion of strong hydrophobic ion pairs between the
oxidized toxins and the TFA. The toxins lose
their positive charge as the solution pH ap-
proaches their dissociation constants (for unoxid-
ized STX, pK, = 8.1), and consequently ion pairs
would not be created effectively at high pH.
Peak shape and separation selectivity appeared

TABLE 11

EFFECT OF ADDITION OF VARIOUS ACIDS TO THE
MOBILE PHASE ON THE RETENTION OF OXIDIZED
NEOSAXITOXIN (NEO) AND SAXITOXIN (STX)

Column: LiChrospher-100 RP-18 (10 cm X 2.1 mm 1.D.) at
ambient temperature; mobile phase: isocratic 10% acetoni-
trile, 10 mmol/1 acid, adjusted to pH 4.2 with 1 M NH,OH;
flow-rate: 200 w1/min.

Ion-pair agent Retention time (min)

(at 10 mmol/1)

NEO STX
Formic acid [HCOOH] 2.5 4.4
Acetic acid [CH,COOH] 2.6 4.5
TFA [CF,COOH] 3.6 7.9
HFBA [C,F,COOH] 13.1 23.6
TDFHA [C,F,,COOH] 41.5 72.3
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best at pH 4.2, so this was used for all sub-
sequent experiments.

In an attempt to further increase retention and
to test the ion-pair hypothesis, other acid
modifiers were investigated. As shown in Table
II, formic acid and acetic acid gave similar low

retention times for oxidized NEO and STX at

pH 4.2, but retention times were increased
dramatically with longer chain perfluorinated
acids. Retention with HFBA was approximately
triple that of TFA, and tridecafluoroheptanoic
acid (TDFHA) tripled that of HFBA. The
longer-chain perfluorinated acids presumably
form ion pairs with greater hydrophobicity, re-
sulting in a stronger retention of analyte on the
octadecysilica stationary phase. This means that
a higher percentage of acetonitrile can be used
with HFBA or TDFHA to give similar retention
values to those with TFA. It also means that a
larger volume of aqueous sample may be inject-
ed in a gradient elution experiment starting from
an initial 0% organic. As discussed below, this
feature was used to improve sensitivity and to
facilitate a fully automatic system. Since
TDFHA (a solid at room temperature) proved
difficult to dissolve, caused considerable foaming
of the mobile phase due to its surfactant nature
and is also quite expensive, HFBA was selected
as the ion-pair agent for subsequent work.
Initial gradient elution experiments were con-
ducted on the 2.1 mm L.D. LiChrospher RP-18
column. Using aqueous HFBA (adjusted to pH
4.2 with NH,OH) as solvent A and acetonitrile
as solvent B, the mobile phase was programmed
from 0 to 20% B over 10 min. This resulted in a
slight change in buffer concentration through the
run but this did not seem to cause any problems.
Fig. 3 presents some representative chromato-
grams for six individual toxin standards that were
available in high purity. The chromatogram for
GTX1 + 4 (data not shown) was very similar to
that of GTX2 + 3. C3 + 4 was not available to us
as a standard but a chromatogram for a mixture
of C1 to C4 indicated that the products of C3 + 4
are the same as those for C1 + 2. Recently, we
have reported the use of combined liquid chro-
matography—mass spectrometry (LC-MS) to
characterize the oxidation products of the PSP
toxins [10]. Fig. 4 presents the proposed struc-
tures of the major products. As can be seen in
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Fig. 3. Gradient elution LC analysis of oxidized toxin stan-
dards: (a) STX; (b) NEO; (c) GTX2 + 3; (d) B1; () B2; (f)
C1 + 2. GTX2 + 3 and C1 + 2 are equilibrium mixtures of the
epimeric toxins GTX2 and GTX3 and C1 and C2, respective-
ly. GTX1 + 4 gives a similar result to that of GTX2 + 3, with
a slightly larger peak 7. Oxidation reactions were performed
manually; toxin concentrations before the oxidation reaction
were approximately 100 pg/ml. LC conditions: gradient from
0 to 20% (over 10 min) acetonitrile in aqueous 10 mmol/l
HFBA (adjusted to pH 4.2 with NH,OH); 10 cm X 2.1 mm
LiChrospher RP-18 column; 200 wl/min flow-rate; 1 ul
injection volume; fluorescence detector gain set at 2°. For
peak Nos., see Fig. 4.

Figs. 3 and 4, STX and the GTX and C toxins
yielded primarily single products (1 and 5, re-
spectively) while NEO and the B toxins yielded
several products (1, 2, 3, 4 and 6) under the
oxidation conditions employed. Excellent peak
shapes were observed for all toxins and this
encouraged us to proceed with development of a
microcolumn (1 mm I.D.) LC method.

Microcolumn LC

One of the advantages of gradient elution is
the possibility of improving concentration detec-
tion limits through the on-column trace enrich-
ment effect [11]. This effect allows the use of
large injection volumes, provided that the sam-
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g< COO0-

Precursors

1 H H STX,NEO,(B1),(B2) 3 H dSTX, NEO, B1, B2, (STX)
5 H 0SO;H GTXI1-4,Cl4 7  OSOH (ClL-4), (GTX1-4)
6 SOH H B1, B2

2,4 unknowns
8 SO;H OSO,H (C1-4)

(dSTX), (NEO), (B1), (B2)

# Oxidation product number (peak no. in Figures).

b Ry, = either R, or Ry (see Figure 1).

() = minor product from these toxins.

Fig. 4. Proposed structures for the oxidation products of the PSP toxins. These were based on fluorescence and mass spectra, as
well as relative retention times {10]. Table III presents the relative yields and retention times of the products from the different

toxins.

ple is dissolved in a solvent with a low eluotropic
strength and that analytes have high retention
factors. From preliminary experiments, it was
found that up to 90 ul of oxidized reaction
mixture could be injected on the 2.1 mm I.D.
column using the HFBA mobile phase and
gradient elution described above, without sub-
stantial band-broadening. On a 4.6 mm I.D.
column, this translates to a 420-ul injection
volume. Although our LC autoinjection system
could have been reconfigured to allow such large
volumes, it was more convenient to keep the
system in the standard configuration (25 ul
maximum) required for other routine analyses.
Therefore, to fully utilize the trace enrichment
effect, we continued our work on 1.0 mm I.D.
microbore columns. Although such an approach
is more difficult to implement on conventional
LC systems, it has the advantage that less sample
is consumed to achieve the same concentration
detection limit (i.e., a lower mass detection
limit). As indicated later, this is very useful for
certain applications such as the analysis of
plankton samples.

LiChrospher RP-18 microcolumns (25 cm X

1.0 mm I.D.), prepared in our laboratory using
the slurry packing technique, gave moderately
high efficiencies (N = 11000, measured using a
micro-LC-UV detector equipped with a 0.5-ul
flow cell). When the columns were used on the
HP1090 LC system, a relatively high flow-rate of
100 pl/min was used to both decrease analysis
time and ensure compatibility with the pumping
system and the size of the flow cell (4.5 ul) in
the fluorescence detector. The large size of the
flow cell concerned us a great deal before start-
ing the experiment, since a 0.5-1-ul flow cell
size is normally used for microbore work. How-
ever, we were surprised to find that column
efficiency was deteriorated by only 20% over
that measured on the micro-LC system. This was
deemed quite acceptable, since the detection
sensitivity associated with a large flow cell com-
pensated for the extra band broadening. Our
observations are supported by a tecent report
[12] which showed that it is the design of the flow
cell and connecting tubing rather than the abso-
lute flow cell volume that is of primary impor-
tance, and that it is possible to use certain
commercially available LC detectors fitted with
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conventionally sized flow cells in microbore
column work. The HP1046A fluorescence detec-
tor used in our study seems to have a design
suitable for microbore work.

Using gradient elution with the HFBA-aque-
ous acetonitrile mobile phase, it was possible to
inject 20 ul of oxidation reaction solution with-
out significant band broadening. This represents
a 20-fold increase over the normal 1-ul injection
volume for a 1.0 mm LD. column. Fig. 5
demonstrates clearly the high-efficiency separa-
tions that are possible with such a system. Fig. 5a
shows the chromatogram from a 20-ul injection
of a mixture of GTX2 + 3 and NEQO, oxidized by
a manual reaction according to the earlier meth-
od [8]. Similarly, Fig. 5c shows the chromato-
gram resulting from a mixture of STX and B2. In

53

(b)

w%—#

4 4

© U o el

0 6 12 180 6 12 18
Time (minutes)

Fig. 5. Analyses of 2 standard PSP toxin mixtures by LC
using manual (a, ¢) and automated (b, d) pre-column
oxidation. Mixture 1 (a, b) contained GTX2 + 3 and NEO at
1.2 and 4.4 pg/ml, respectively. Mixture 2 (¢, d) contained
B2 and STX at 3.3 and 5.0 ug/ml, respectively. Peak 1 in (c,
d) is due to STX mainly, but there is a small contribution
from B2, especially in the manual reaction. LC conditions:
see Table I; 20 ul injection volume for both manual and
automated reactions; fluorescence detector gain set at 2''.

327

general, with this system, we have obtained
better separation efficiency, peak shape and
baseline stability than with the previous am-
monium formate mobile phase [8]. Some
changes in the order of elution of analytes were
observed, however. Table III provides a listing
of the retention times of the oxidized PSP toxins
on the microcolumn system.

Automated reaction system

Most pre-column derivatization methods suffer
from the disadvantage of being labor-intensive
and relatively imprecise due to potentially poor
volumetric and reaction time control. The latter
is quite important for the pre-column oxidation
procedure since both reaction time and the time
between completion of the reaction and LC
analysis can affect relative proportions and over-
all yields of oxidation products. A fully auto-
mated reaction could improve precision and
allow unattended analyses.

Several commercially-available LC auto-
sampler- systems permit automated derivatiza-
tions to be performed prior to LC analysis. The
HP1090 L.C system used in this study can per-
form such reactions through the HP Chem-
Station’s “Injector Program”. User-defined vol-
umes of reagents and sample may be drawn into
a reaction capillary where they are mixed, al-
lowed to react, and then injected on the column.
An injector program that allows the current pre-
column oxidation procedure is listed in Table I.
It uses a 4.0-u] aliquot of sample mixed first with
14 ul of oxidation reagent and then with 2.0 ul
of concentrated acetic acid. The entire injection
sequence including the 1.7-min reaction time
takes 3 min. It is important to note that the
oxidation reaction is pH-dependent. It was re-
ported previously [8] that the optimum pH for
the oxidation reagent was 8 for the manual
reaction, and that samples should be adjusted to
pH 8 before reaction to avoid buffer effects from
the sample matrix. For the automated reaction it
was observed that the fluorescence response for
STX and GTX2 + 3 reached a maximum at pH
9; the response for NEO decreased gradually
with increased pH over the range of 8 to 10.5.
An oxidation reagent pH of 9 was selected as a
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TABLE III
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RETENTION TIMES AND RELATIVE YIELDS OF OXIDATION PRODUCTS FOR VARIOUS PSP TOXINS USING

THE FULLY AUTOMATED OXIDATION PROCEDURE

Product Retention Relative yield (%)°
code”’ time
(min)” STX deSTX NEO B1 B2 GTX2+3 GTX1+4 Cl+2°
1 15.9 99 30 2 3
2 14.3 25 1 1 1
3 14.0 1 75 60 30 80
4 13.0¢ 10 2 12
5 11.2 99 96 75
6 11.2 65 2
7 4.8 1 4 10
8 3.8 15

¢ Oxidation product code numbers refer to structures in Fig. 4 and are used to identify peaks in chromatograms.

® Conditions: as in Table I.

° Approximate relative yield of products from each toxin estimated from relative peak heights; insufficient standards to give

relative sensitivities between toxins.
“ Broad peak.

° Expected products for C3 + 4 also, but no individual standards were available.

compromise. A pH meter was used to adjust pH
to ensure the best reproducibility.

Fig. 5b and d shows the chromatograms re-
sulting from the automated pre-column oxidation
of the same standard solutions analyzed after
manual reaction in Fig. 5a and c, respectively.
While there is no deterioration in the separations
due to the automated reaction, there are some
slight changes in relative responses for the tox-
ins. For the automated reaction of NEQ, there is
an increase of product 3 relative to products 1
and 4 (Fig. 5b vs. 5a). The same observations are
true for B2 (Fig. 5d vs. 5¢), which is converted to
essentially the same array of products as NEO in
addition to compound 6. In comparing Fig. 5¢
and d, it is important to keep in mind that B2
and STX contribute to peak 1, with B2 con-
tributing somewhat less in Fig. 5d due to its
increased conversion to 3. The reasons for the
different profiles with the automated system are
not completely understood at this time; the
profiles are highly reproducible, however.

Table III presents the retention times and
relative proportions of the oxidation products
observed for the automated analyses of all the
toxins that were available to us. Because toxin

standards with accurate concentrations were not
available, the relative sensitivities for each toxin
can not be presented at this time. Accurate
calibration will be very important for the future
implementation of this method, as the relative
molar response factors of the different toxins
appear to vary considerably. Of course, this has
also been a major problem with the post-column
oxidation LC method [4,5]. Since completion of
this project, accurate calibration solutions for
STX, NEO and GTX2 + 3 have become publicly
available from the NRC Marine Analytical
Chemistry Standards Program.

The reproducibilities of both the automated
and manual methods were compared by per-
forming replicate analyses. The results indicated
that the automated method is much more re-
producible than the manual method. The relative
standard deviations (R.S.D., n=6) for peak
areas of STX, NEO and GTX2 + 3 standards
were as follows: (a) 11, 18 and 18%, respective-
ly, for manual reaction; (b) 3.5, 3.4 and 2.2%,
respectively, for automated reaction. Retention
times for the gradient elution procedure were
also found to be very reproducible (0.1 to 0.2%
R.S.D.). It should be mentioned, however, that
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since the column was left at ambient temperature
in -our experiments, there were some variations
from day to day when the room temperature
changed. It is recommended that the column
temperature be thermostatically controlled for
the best long-term retention time reproduc-
ibility. Good linearity of response and zero
intercepts were observed for calibration curves
generated by the automated analysis of serially
diluted solutions of STX, NEO and GTX2
+3.

The combination of the large volume injection
with microbore LC makes this one of the most
sensitive methods for the measurement of PSP
toxins. An example of the trace analysis of a
diluted toxin standard mixture is shown in Fig. 6,
along with that of a blank reaction. Estimated
values for the detection limits of STX, NEO and
GTX2 + 3, listed in Table IV, are in the low
femtomole range. These are about 80 times more
sensitive than the Sullivan and Wekell post-
column oxidation method [5] based on mass
detection limits. Concentration detection limits
are as low as 0.35 pmol/l for GTX2+3 and 1
pmol/l for STX. Accurate estimates for the
detection limits of other toxins can not be
provided until reliable standards are available,

(2) 4 L. (b)

L

0 6 12 18 O 8 12 18
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Fig. 6. Automated pre-column oxidation LC analyses of: (a)
a low-level PSP toxin standard mixture, containing GTX2 +
3, NEO and STX at 16, 50 and 33 ng/ml, respectively; and
(b) a blank reaction. LC conditions: see Table I; fluorescence
detector gain set at 2*%.
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TABLE 1V

ESTIMATED DETECTION LIMITS ACHIEVED IN THE
FULLY AUTOMATED ANALYSIS PROCEDURE

LC conditions as in Fig. 5 and Table I, detector gain =2'%, 4
wl sample reacted (20 ul reaction mixture injected). MDQ =
Minimum detectable quantity injected on-column (estimate
for S/N =3); MDC = minimum detectable concentration in
the sample extract (estimate for S/N =3).

Analyte MDQ MDC

pg fmol ng/ml pmol/l
STX 1.2 4.0 0.30 1.0
NEO* 2.2 7.0 0.56 1.8
GTX2+3 0.6 1.5 0.14 0.35

* Based on the principal product (3) for NEO.

although from the present work they all appear
to be of the same order of magnitude.

Application to samples

Some practical applications of the automated
pre-column oxidation/microcolumn method are
illustrated in in Figs. 7 and 8. An extract of a
contaminated scallop liver currently being ex-
amined as a candidate reference material for PSP
toxins gave the chromatogram in Fig. 7a, after a
simple cleanup through a C,, solid-phase ex-
traction cartridge [8]. Two outstanding peaks
were observed corresponding to products from
GTX2+3 and STX; one very weak peak was
observed corresponding to the product from
NEO. Concentrations were estimated to be 23,
3.6 and 19 ug/g in the original tissue for
GTX2 +3, NEO and STX, respectively; these
results are in good agreement with those from
analyses using the post-column oxidation system
[5]. A similar chromatogram was acquired from
raw scallop liver extract after centrifugation
through a molecular mass 10000 filter. The
chromatogram from an extract of mussel tissue
contaminated at 1 pg/g total toxin (as deter-
mined by mouse bioassay) is given in Fig. 7b.
The presence of C’s, GTX’s, NEO and. STX is
indicated. This was confirmed using the post-
column oxidation system.
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Fig. 7. Analyses of extracts of shellfish contaminated with
PSP toxins using the automated pre-column oxidation proce-
dure: (a) scallop liver (candidate reference material); (b)
mussel tissue with 1 ug/g STX equivalent by mouse bioassay.
LC conditions: see Table I; fluorescence detector gain set at
2" for (a) and 2'7 for (b); 250 ug tissue equivalent injected
for each.

The monitoring of phytoplankton is an im-
portant activity that can allow warnings to be
issued to aquaculturists when plankton blooms
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Fig. 8. Analyses of phytoplankton samples containing endog-
enous levels of PSP toxins using the automated pre-column
oxidation procedure: (a) Alexandrium tamarense (Gt429),
equivalent of 60 cells injected; (b) Alexandrium excavatum in
a mixed phytoplankton sample, equivalent of 20 cells of
Alexandrium injected. LC conditions: see Table I; fluores-
cence detector gain set at 2'°.
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are starting or have occurred. A simple, rapid
and sensitive assay for PSP toxins would be a
useful tool for such monitoring programs to
determine if a bloom is in fact toxic. We have
tested a number of plankton samples and found
that the present automated pre-column oxidation
method should be very useful for screening
plankton samples. Fig. 8a shows the results
obtained for an extract of cultured A. famarense
(Gt429). The analysis was performed on the
equivalent of only 60 cells. Similarly, an extract
of Alexandrium excavatum cells in a natural
phytoplankton assemblage (Gaspé) gave the
chromatogram in Fig. 8b. This represents the
analysis of the equivalent of only 20 Alexan-
drium cells. The main toxins observed in this
sample were the GTX’s, but small amounts of
C’s, NEO and STX were also present. Non-toxic
plankton samples gave no significant peaks upon
analysis.

CONCLUSIONS

Automated pre-column oxidation coupled with
LC and fluorescence detection is a very sensitive
and reproducible method for the routine screen-
ing analysis of PSP toxins. The method is more
sensitive and far easier to perform on a routine
basis than is the post-column oxidation method.
However, due to the formation of identical
oxidation products from some toxins and multi-
ple products from others, the method is less
useful than the post-column oxidation for re-
search work directed at understanding the dis-
tribution of toxin structures.

The very high mass sensitivity provided by the
microcolumn-based technique makes it very use-
ful for the screening of phytoplankton samples
for PSP toxins. Since an analysis may be
achieved with fewer than 100 cells, it should be
relatively easy to perform “cell-picking” experi-
ments from mixed phytoplankton populations.

Although the microcolumns provide the high-
est mass sensitivity, it is important to keep in
mind that an automated pre-column oxidation
reaction is also applicable to conventional chro-
matographic systems. Indeed, we have had good
success with both 2.1 and 4.6 mm I.D. columns
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and we have been able to implement the method
on other manufacturers’ autosampler systems.
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ABSTRACT

Several vendor columns were employed .in a comparison of columns aimed at optimized separation and quantitation of
ultratrace (i.e., high pg/ml to low ng/mi) levels of anions in high-purity water. The anionic profile of feed water will vary
depending on the source; however, anions of most interest in high-purity water applications were chromatographed. The anions
tested included fluoride, acetate, formate, chloride, nitrite, bromide, nitrate, phosphate, sulfate, and oxalate. Isocratic methods
were used without exception and all separations were made under chemically suppressed conditions employing a Dionex
AMMS-1 suppressor with 12.5 mM sulfuric acid as regenerant. All eluents were prepared from either sodium carbonate—sodium
hydrogencarbonate or 50% (w/w) sodium hydroxide solution. Columns evaluated in this study included Dionex AS4A, AS9, and
AS10, Sarasep AN1 and AN2, and Waters IC-PAK Anion HR. Comparisons were made on the basis of chloride retention,
resolution of fluoride and acetate, column efficiency on nitrite and sulfate peaks, capacity, and run time. Column durability was
not thought to be an issue because of the nature of the samples. Dionex AS10, Sarasep AN2 and Waters IC-Pak Anion HR

columns were deemed acceptable though no single column met every requirement.

INTRODUCTION

Over the years, two methods have emerged as
on-line means of ultratrace analysis by ion chro-
matography. The first is merely a large volume
injection technique [1,2]. In this case, between
0.5 and 2.0 ml have been successfully injected
onto an ion chromatography column. The major
drawback to this technique is the huge ensuing
water dip that masks weakly retained species
such as fluoride, acetate, and formate. The
second and more popular method uses one or
two switching valves and a concentrator column
- which is loaded off-line from the analytical

column but switched in-line prior to elution of
" the solutes [3-5]. Large sample volumes, up to
100 ml, can be handled by this scheme as the
concentrator column interstitial volume is of the

* Corresponding author.

0021-9673/93/$06.00

order of 0.4 ml. Concentrator column proce-
dures are not as straightforward as they might
appear. Jackson and Haddad [6] have elegantly
described the complexities of this strategy.
Haddad and Heckenberg [7,8] have extensive-
ly studied factors that make up a precise and
quantitative preconcentration for single-column
ion chromatography (SCIC) and recommended a
single pump with two high pressure switching
valves. Jackson and Haddad [9] found the use of
a monovalent aromatic acid at pH <6 avoided
interference by bicarbonate and provided good
loading, washing, and backflushing characteris-
tics from the concentrator column. In addition,
they studied the effects of sample loading param-
eters [10] and ion-exchange capacity of the
concentrator column [11] on achieving optimal
preconcentration. Their aim was to achieve a
precise and quantitative loading of the compo-
nents in the sample such that these components

© 1993 Elsevier Science Publishers B.V. All rights reserved
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would be quantitatively transferred onto the
analytical column in a tight band with retention
characteristics: 4 <k’ <30 in an eluent compat-
ible with the requirements of SCIC.

Harvey [12] evaluated several Dionex columns
for a one-step gradient procedure separating
eleven anions of interest in nuclear power indus-
try applications. In particular, he cited the need
to separate fluoride, acetate, formate, and
chloride. Because of elution problems with hy-
drogencarbonate/carbonate eluents, he found
the Omni-Pac PAX 100 column with a hydroxide
step gradient and chemical suppression provided
the needed resolution and run time for this
application.

We have found the preparation of hydroxide
eluents for gradient use to be somewhat tedious
necessitating trap columns while maintaining a
CO, free headspace over the eluent [13]. In
addition, we have seen retention time shifts,
especially for weakly retained anions, from
eluent to eluent and baselines upon which it is
difficult for data systems to perform integration
without recalculation by the user. Also, gra-
dients necessitate a post run requilibration
period that usually requires about 10 column
volumes of eluent. For these reasons, we prefer
an isocratic separation with a stable and robust
eluent such as hydrogencarbonate—carbonate.

Aside from the work of Harvey [12], little has
been done to specify requirements for ultratrace
anion applications. Our application requires the
elution and separation of weakly retained anions
such as fluoride and acetate as well as strongly
retained anions such as sulfate in a suppression
mode. The recent introduction of new IC
columns of higher capacity, notably the Dionex
AS10 and Sarasep AN2, may offer an advantage
towards this end. In our work, the separation of
fluoride, acetate, and chloride is essential. Thus,
we have evaluated several low-capacity IC
columns (Dionex AS4A and AS9, Sarasep AN1
and Waters IC-Pac Anion HR) along with two
columns of somewhat higher capacity (Sarasep
AN2 and Dionex AS10). The comparison is
based on resolution of fluoride and acetate,
chloride retention, total run time, and column
efficiency. In addition, we desire baseline res-
olution of fluoride, acetate, chloride, nitrite,

bromide, nitrate, phosphate, and sulfate in twen-
ty minutes. Of less importance in our application
is the selectivity of these columns towards for-
mate and oxalate as these anions have been
observed in the work of others [12].

EXPERIMENTAL

Reagents

Reagent-grade water from a Milli-Q system
(Millipore, Bedford, MA, USA) was used
throughout this work. Sodium carbonate and
sodium hydrogencarbonate were standard refer-
ence materials obtained from NIST (National
Institute of Standards and Technology, Gaith-
ersburg, MD, USA). Sodium hydroxide, 50%
(w/w), was Fisher certified reagent (Fisher Sci-
entific, Fair Lawn, NJ, USA). Sulfuric acid used
to prepare regenerant was ULTREX Ultrapure
reagent (J.T. Baker, Phillipsburg, NJ, USA).
Sodium nitrate used to measure column
capacities was reagent-grade material (EM In-
dustries, Cherry Hill, NJ, USA). Anion stan-
dards for fluoride, chloride, nitrite, bromide,
nitrate, and sulfate were prepared from certified
1000 pg/ml stock solutions (Alitech, Deerfield,
IL, USA). The oxalate standard was prepared
from J.T. Baker primary standard oxalic acid,
formate from reagent grade sodium formate
(Aldrich, Milwaukee, WI, USA), and acetate
from suprapure sodium acetate (Alfa/Johnson
Matthey, Ward Hill, MA, USA).

Instrumentation

All column test chromatograms were per-
formed on a Dionex 4500i, polyether ether
ketone (PEEK) version (Dionex, Sunnyvale,
CA, USA) with a Spectra-Physics 8875 auto-
sampler (Spectra-Physics, Fremont, CA, USA)
and 20-ul loop. Sulfuric acid regenerant at 12.5
mM concentration was delivered with a Dionex
AutoRegen module. The Dionex system was
controlled and data acquired with a Dionex
Autolon 450. The columns and corresponding
eluents used in this study are found in Table I.
Flow-rates used with all columns was 1.0 ml/
min. A Waters 600E pump (Millipore, Milford,
MA, USA) equipped with a Rheodyne 9125
metal-free injector valve (Rheodyne, Cotati,
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TABLE 1
ANION-EXCHANGE COLUMN SPECIFICATIONS

Columns Manufacturer Dimensions Particle size Eluent
(mm) (m)

IonPac AS4A Dionex 250 x 4 15 1.4 mM Carbonate,

1.3 mM hydrogencarbonate
IonPac AS9 Dionex 250 x4 15 1.5 mM Carbonate,

0.56 mM hydrogencarbonate
TonPac AS10 Dionex 250x 4 8.5 90 mM Hydroxide
AN1 Sarasep 250 X 4.6 8 1.4 mM Carbonate,

1.3 mM hydrogencarbonate
AN2 Sarasep 250 x 4.6 8 1.6 mM Carbonate,

2.1 mM hydrogencarbonate
IC-Pak Anion HR Waters 75X 4.6 6 1.2 mM Carbonate,

1.1 mM hydrogencarbonate

CA, USA) was used with a Kratos 783 variable-
wavelength UV detector (Applied Biosystems,
Ramsey, NJ, USA) at 245 nm (this wavelength
was chosen to provide a 0.7 AU response with 10
mM nitrite) to measure column capacities. A
Waters 590 pump and events unit controlled a
Waters solvent switching valve and an Eldex
Model E series B sample pump in the trace
enrichment studies. Data acquisition for the
Waters systems was made with a Nelson 2600
through series 760 interfaces.

Column capacity studies

Columns were converted to the hydroxide
form by pumping with 1 M sodium hydroxide for
1 h. The excess base was pumped out with water
until the conductivity dropped to 1 uS. The
column was connected directly between the 9125
valve and the UV detector with a minimum of
0.010 inch I.D. PEEK tubing. While pumping
water at 1.0 ml/min, the data system was started
simultaneously with a switch from water to 10
mM sodium nitrite. An S-shaped curve was
obtained and the time required to achieve 90%
of the absorbance in the upper plateau region
was determined for ¢ (i.e., the nitrate break-
through time) in the equations below. The choice
of 90% absorbance was somewhat arbitrary but
reflected the fact that some of the curves were
not symmetrical in shape. The delay volume due
to the column alone, V,,, was obtained by
measuring the time required for an injected

water dip to elute from the column after conver-
sion of the resin to the nitrite form. The system
delay volume (Vp)por could be measured by
removing the column, replacing with a zero-dead
volume fitting, and repeating the eluent switch-
ing experiment. After returning to water, the
delay volume between the injector and detector,
(Vp)mg,» Was obtained by injecting 25 ul of
nitrite into water and measuring the time to the
beginning of the nitrite response. Pump flow
rates were verified gravimetrically with each
measurement. The column capacity could then
be calculated from the following relationship.

Ft=p)ror +Vmu— (Vp)imy + C/E

Solving the above equation for C, the capacity,
one obtains

C= [Ft - (VD)TOT - VM + (VD)INJ]E

In the above equations C is the column capacity
in pequiv., E is the eluent concentration in mM,
F is the flow-rate in ml/min, ¢ is the time to
achieve 90% maximum absorbance in min, and
the volume quantities are defined in the text
above and are in ml.

Trace enrichment studies

The Eldex pump had a bubble trap placed on
the inlet tubing just prior to the pump.head. This
pump was operated at a flow-rate of 1.50 ml/
min. A single switching valve design [3,4], where
the solutes are backflushed from the concen-
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TABLE II
TRACE ENRICHMENT PROGRAM

Time Event or action
(min)
0.0 Flush lines to injector valve with the sample
(analytical column off-line)
5.0 Load sample on the concentrator column
(analytical column off-line)
8.0 Backflush the solutes onto the analytical
column and data acquisition
10.0 Rotate valve back to load
33.0 End run and data acquisition

trator column, was employed and controlled by
the events unit of the Waters 590 pump. A
Dionex AS9 was used as the concentrator
column and loaded with water sample for 3.0
min. Most applications typically preconcentrate
10 to 30 ml of sample; however, we prefer
smaller volumes, of the order of 5 ml, to help
minimize spreading of weakly retained anions
along the concentrator column [5,10]. Between
samples, the inlet line to the Eldex pump was
purged with the next sample by opening the
bubble trap and allowing several milliliters to run
to waste as the solvent inlet line provides the
greatest dead volume between samples. The
anions were eluted by backflushing the concen-
trator column for 2.0 min onto the analytical
column. The program sequence may be found in
Table II. The analytical column was either a
Dionex AS9 or a Sarasep AN2 (Sarasep, Santa
Clara, CA, USA). A Dionex AMMS-1 suppres-
sor was used with 12.5 mM sulfuric acid deli-
vered at 2 ml/min pneumatically with helium. A
Dionex CDM-2 was employed as detector. Sam-
ples were collected in polypropylene bottles that
had been presoaked in high-purity water over-
night [4].

RESULTS AND DISCUSSION

There are several desirable features for a
routine analytical method for the determination
of trace anions in water. These applications
require pg/ml to low ng/ml level detection limits
for anions. Preferably, the method will be iso-
cratic. This eliminates the need for column re-

equilibration associated with running gradients,
thus increasing sample throughput. A run time
of less than 20 min is desirable. A robust
method, in particular, a stable easily maintained
eluent, is also needed.

There are ten anions that are commonly mea-
sured in high-purity water applications: fluoride,
acetate, formate, chloride, nitrite, bromide, ni-
trate, phosphate, sulfate and oxalate. In our
experience, we have chserved all of these with
the exception of formate and oxalate. Chloride is
always seen at some level. This may be a
combination of sampling and the ubiquitous
nature of chloride. Because of this, k' for
chloride of at least 1.0 for adequate retention is
essential.

Acetate is frequently observed in our applica-
tions and at exceptionally high levels (hundreds
of ng/ml). Because of its weak retention, separa-
tion from fluoride is important. Thus, a column
that gives resolution between fliuoride and ace-
tate of at least 1.0 is desirable.

In addition to the above criteria, there are
other features that are important although not
specific requirements for this method; viz.,
columns providing good efficiency (i.e., >15 000
plates/m) and good peak shapes. Also, if pos-
sible in this hypothetical isocratic run, baseline
resolution of all ten components would be an
ideal feature.

Table III gives a compilation of the columns
with emphasis on retention of fluoride, chloride,
and the last eluting anion. Figs. 1-6 are chro-
matograms of the ten anions on each column.
Only three columns meet the criteria of k' =1.0
for chloride (Dionex AS10, Sarasep AN2 and
Waters Anion Pak HR). In fact, the Waters

TABLE III
RETENTION OF SELECTED ANIONS

Columns |A k'(F) k'(Cl) k' (last)
Dionex AS4A 1.6 0.20 0.70 8.62
Dionex AS9 1.4 0.17 0.74 11.2
Dionex AS10 2.4 0.30 2.28 10.2
Sarasep AN1 2.9 0.46 0.83 4.82
Sarasep AN2 3.0 0.52 1.02 6.17
Waters HR 1.3 1.00 2.40 133




M.W. Martin and R.A. Giacofei | J. Chromatogr. 644 (1993) 333-340 337

2]

usS

T T

- T
0 5 10 15 20 25 30

Minutes

Fig. 1. Ten anions separated on a Dionex AS4A column.
Conditions can be found in Table I. The flow-rate is 1.0
ml/min. Peaks: 1=fluoride; 2 = acetate; 3 = formate; 4 =
chloride; 5 = nitrite; 6 = bromide; 7 = nitrate; 8 = phosphate;
9 = sulfate; 10 = oxalate.
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Fig. 2. Ten anions separated on a Dionex AS9 column.
Conditions can be found in Table 1. The flow-rate is 1.0
ml/min. Peaks as in Fig. 1.
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Fig. 3. Ten anions separated on a Dionex AS10 column.
Conditions can be found in Table 1. The flow-rate is 1.0
m}/min. Peaks: 1=fluoride; 2 =acetate; 3 =formate; 4=
chloride; 5 = nitrite; 6 = sulfate; 7 = oxalate; 8 = phosphate;
9 = bromide; 10 = nitrate.
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Fig. 4. Ten anions separated on a Sarasep ANI column.
Conditions can be found in Table I. The flow-rate is 1.0
ml/min. Peaks as in Fig. 1.
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Fig. 5. Ten anions separated on a Sarasep AN2 column.
Conditions can be found in Table I. The flow-rate is 1.0
ml/min. Peaks as in Fig. 1.

column shows appreciable retention of fluoride
(k' = 1.0). The criteria for a run time <20 mtin is
met or nearly met by all the columns studied
under the conditions of Table I.

Resolution of four pairs of closely eluting
anions is given in Table IV. The pair of primary
interest (fluoride and acetate) are well resolved
on the Dionex AS10, Sarasep AN2 and Waters
columns. The latter two actually meet the
criteria of resolution of 1.0 or greater. Res-
olutions of formate/acetate and sulfate/oxalate
are poor on the Sarasep AN2 column but of far
less importance because of the absence of for-
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Fig. 6. Ten anions separated on a Waters IC-Pak Anion HR
column. Conditions can be found in Table 1. The flow-rate is
1.0 ml/min. Peaks as in Fig. 1.

mate and oxalate in these samples. Other appli-
cations may require separation of the latter two
anions from acetate and sulfate, respectively.
Viewing the chromatograms obtained on each

TABLE 1V
RESOLUTION OF SELECTED PAIRS OF ANIONS

column, only the Dioxex AS10 and Waters
Anion Pak HR column are capable of resolution
of all ten anions. Haddad et al. [14] found the
Waters column to be superior to others used in
SCIC based on a number of criteria.

Table V compares efficiencies of the columns
as calculated from the width at half-height. For
the most part, all columns meet the somewhat
arbitrary conditions of 15000 plates/m. The
Dionex AS10 column has an exceptionally high
efficiency. This may be due to the design of this
pellicular/macroporous packing [15]. The peak
shapes exhibited on all columns are excellent
except for the Waters column where the peaks
are exceedingly asymmetrical with uncharacteris-
tic shoulders on the front and back of each peak.
This column is not normally used with carbon-
ate-type eluents and because of its methacrylate
structure may be subject to some hydrolysis at
high pH, although this was not confirmed in this
study.

A recent example from our laboratory will

Column R (OACc/F) R (OAc/COO) R (NO,/Br) R (S0O,/oxalate)
Dionex AS4A 0.39 0.58 2.50 4.45
Dionex AS9 0.00 0.00 2.98 4.42
Dionex AS10 0.88 1.88 2.37 4.79
Sarasep AN1 2.87 0.10 1.58 0.35
Sarasep AN2 2.17 0.26 1.89 0.61
Waters HR 1.39 1.54 4.04 3.66
TABLE V

COLUMN EFFICIENCIES AND CAPACITIES

Column N (nitrite)” N (sulfate)” Capacity

Dionex AS4A 22000 16 000 40

Dionex AS9 14000 14 000 38

Dionex AS10 44 000 36 000 140

Sarasep AN1 16 000 25000 39

Sarasep AN2 15000 21000 61

Waters Anion HR 18 000 18 000 41

“ All units are plates/m. Calculation based on the following equation: N =5.54 (t./w,)’, where w, is the peak width at

haif-height.
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Fig. 7. Trace enrichment of standard on Dionex AS9.
Conditions can be found in Table I. The flow-rate is 1.0
mi/min. Peaks: 1=fluoride; 2= chloride; 3= nitrite; 4=
nitrate; 5 = sulfate.

serve to illustrate the importance of acetate and
fluoride resolution. A chromatogram of a five-
anion standard (fluoride, chloride, nitrite, nitrate
and sulfate) on a Dionex AS9 column is shown in
Fig. 7. Note the fluoride peak eluting from the
inverted tail of the water dip. A sample run at
that time showed a large peak at the retention
time of fluoride; see Fig. 8. This peak was
initially reported as fluoride to the customer. On
further discussion with the customer, the possibi-
lity of so large a fluoride contaminant in the
water purification system seemed remote. Run-
ning an acetate standard, an identical retention
time with fluoride was confirmed.

uS 04 3

-4 A—————
0 5 10 15 20

Minutes

Fig. 8. Trace enrichment of ultrapure water on a Dionex
AS9. Conditions can be found in Table 1. The flow-rate is 1.0
mi/min. Peaks: 1= unknown; 2 = chloride; 3 = sulfate.
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Fig. 9. Trace enrichment of standard on a Sarasep AN2.
Eluent is 2.0 mM sodium carbonate and 2.5 mM sodium
hydrogencarbonate at 1.0 ml/min. Peaks: 1=fluoride; 2=
chloride; 3 = nitrite, 4 = bromide; 5 = nitrate; 6 = sulfate.

The Sarasep AN2 column was designed with
this high-purity water application in mind. In
Fig. 9, six anions (fluoride, chloride, nitrite,
bromide, nitrate and sulfate) are separated on
the Sarasep AN2 column. Note the fluoride is
well out of the water dip. On the date this
standard was run, another sample containing the
unknown peak that eluted at the retention time
of fluoride on the Dionex AS9 column was
received. Fig. 10 shows this chromatogram and
clearly the large anion in the sample is not
fluoride. An acetate standard showed a good
retention time and peak shape match with this
unknown peak.
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Fig. 10. Trace enrichment of ultrapure water on a Sarasep
AN2. Conditions as in Fig. 9. Peaks: 1=unknown; 2=
chloride; 3 = bromide; 4 = nitrate; 5 = sulfate.
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CONCLUSIONS

Six commercially available columns were
studied to determine suitability for a high-purity
water analysis. Traditional IC columns that are
used to separate the seven anions of primary
interest in general IC applications (fluoride,
chloride, nitrite, bromide, nitrate and sulfate)
were not suitable in an isocratic mode for this
high-purity water application. New columns that
combine excellent fluoride retention with reason-
able elution of the last peak are far superior in
this regard. An additional criterion of impor-
tance is resolution of weak organic acids such as
acetate from fluoride. Three vendor columns
were found to be suitable for most criteria,
although no column fulfilled all. Sodium hydro-
gencarbonate and sodium carbonate eluents are
preferred in suppressed IC because they are
easily prepared and stable. The salts are avail-
able from NIST providing a traceable source. It
must be stressed that each application will have
its own requirements. For example, if oxalate
and formate are impurities of interest, the
Sarasep AN2 column will not adequately resolve
these from sulfate and acetate, respectively.
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ABSTRACT

Two methods of nitrate measurement have been compared: colorimetric with salicylate and conductimetric with jon-exchange
chromatography. For samples with low nitrate concentrations, the salicylate method is similar to the ion chromatographic
method. However, for samples with high nitrate concentrations, such as wastewaters from biological plants, ion-exchange
chromatography is preferable: it is more accurate, even after dilution, and is not subject to interferences by organic or inorganic

constituents.

INTRODUCTION

Nitrate is the most oxidized form of nitrogen
compound produced by the biological decompo-
sition of organic matter. It is frequently found in
effluents after biological treatment. Nitrate in
river water can arise from sewage effluents,
drainage from agricultural land treated with
artificial nitrogen fertilizers and from effluents of
certain industries (e.g. chemicals, explosives and
fertilizers) [1]. Under certain circumstances, ni-
trates can stimulate the growth of algae to such
an extent as to cause problems for the aquatic
life (eutrophication).

The Italian law relevant to wastewaters is
Legge Merli No. 319/76, in which the limit for
nitrate nitrogen is either 20 or 30 mg/l (N),
depending on their use. More precisely, in this

* Corresponding author.

*Presented at the International lon Chromatography
Symposium 1992, Linz, September 21-24, 1992. The ma-
jority of the papers presented at this symposium were
published in J. Chromatogr., Vol. 640 (1993).
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law two references (Tables A and C) are fixed
for wastes in surface water or in public sewers.
The same law establishes the limits for chloride
and sulphate anions, respectively 1000 mg/1 and
1200 mg/1, in both surface water and sewers. In
Italy wastewater samples frequently contain
chloride concentrations near the maximum al-
lowable limit, whereas sulphate is usually much
lower than the allowable limit.

EXPERIMENTAL

Apparatus

For the salicylate method [2], a Beckman
DU20 spectrophotometer was used at 420 nm,
with matched silica cells of 1cm light path.
Chromatography was performed on a Dionex
system 2000i/SP ion chromatograph equipped
with a conductivity detector (range 30 uS) with
suppression (Model AMMS). A separator
column (HPIC-AS4A) with a guard column
(HPIC-AG4A) was used. The volume of the
sample loop was 50 ul. The integrator model was
HP 3390A. The eluent used was 1.8 mM sodium
carbonate plus 1.7 mM sodium bicarbonate at a

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



342

flow-rate of 2 ml/min. The suppressor was re-
generated with 0.0125 M sulphuric acid.

Reagents

Purified water was obtained from a Milli-Q
purification system (Millipore). All the solutions
were prepared from analytical reagent-grade
chemicals: sodium salicylate solution (0.5 g in
100 ml) and Seignette salt solution (sodium and
potassium tartrate 60 g in 1 1, basified with
sodium hydroxide 400 g in 1 1). The acidifying
agent was concentrated sulphuric acid.

Methods

The determination of nitrate is difficult
because of the relatively complex procedures
required, the high probability that interfering
constituents will be present and the limited
concentration ranges of the various techniques.
The official Italian method for nitrate in waste-
water is a colorimetric analysis with sodium
salicylate to form a coloured dye [3]. It allows
measurement of nitrate at concentrations be-
tween 0.5 and 5.0 mg/1 as nitrogen. Interlabora-
tory tests using this method have verified its
applicability {4].

A 1-ml volume of sodium salicylate was added
to 10 ml of sample in a porcelain dish and the
solution evaporated in a water bath. After cool-
ing the residue, 2 ml of concentrated sulphuric
acid was added and carefully mixed to complete-
ly rinse the dish surface. After 10 min, 15 ml of
deionized water and 15 ml of Seignette salt
solution were added and mixed. The resultant
yellow solution was analysed spectrophotometri-
cally at 420 nm [5].

The main disadvantage of this method is the
presence in most samples of interfering sub-
stances: coloured compounds, iron, nitrites and
chlorides. When the chloride concentration is
greater than 400 mg/l, treatment with silver
sulphate is suggested to precipitate silver
chloride. However, this procedure is not ideal
because of the precipitate is difficult to elimi-
nate.

Alternatively, ion-exchange chromatography
(IEC) provides a single instrumental technique
that may be used for rapid and sequential mea-
surement of common anions [6]. The minimum
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detectable concentration of an anion is a func-
tion of the sample size and the conductivity scale
used. In this work, with a range of 30 uS/cm and
a 50-ul sample loop, the minimum detectable
concentration is 0.05 mg/1 as nitrogen. The main
disadvantages of this method are: any substance
that has a retention time coinciding with that of
any anion to be determined will interfere; a high
concentration of an ion also interferes with the
resolution of the others [7]. Therefore, it is
necessary to respect the maximum tolerable
concentration of interfering anion. For example,
the concentration ratios for the nitrates are [8,9]:

NO;/Cl~  1:500 mg/1
NO, /Br~ 1:100 mg/1
NO;/SO2™  1:500mg/1

RESULTS AND DISCUSSION

The accuracy of the IEC method was verified
by analysing a stock standard solution of anhy-
drous potassium nitrate in deionized water, 2.50,
5.00 or 10.00 mg/l as nitrate. These solutions
were successively diluted (1:2.5, 1:5, 1:10) to
obtain the same final concentrations. The chro-
matography calibration was obtained using four
concentration levels of nitrate. One of these was
at a concentration near, but above, the minimum
detectable concentration, and the other concen-
trations were as near as possible to the expected
range of values found in real samples. The
working calibration curve was verified daily by
the measurement of the 5.00 mg/] nitrate cali-
bration standard.

In Table I the average experimental concen-
trations for the different dilutions are reported;
the relative error (RE) percentage was calcu-
lated by five repeated measurements. The results
show that the same concentrations obtained by
suitable dilutions give a similar relative error
percentage. For wastewater and sewage samples
analysed in this paper, RE was lower than 10%.

The accuracy and precision of the salicylate
and IEC methods were compared. Potassium
nitrate standard solutions, at different concen-
trations, were prepared and five determinations
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TABLE I
AVERAGE EXPERIMENTAL CONCENTRATIONS AND RELATIVE ERROR PERCENTAGE FOR THE DIFFERENT
DILUTIONS
Theor. 2.50 mg/1 5.00 mg/1 10.00 mg/1
conc.
Dilutions Average RE (%) Average RE (%) Average RE (%)
expt. conc. expt. conc. expt. conc.
(mg/1) (mg/1) (mg/1)
Just like 2.54 1.6 5.08 1.6 10.36 3.6
1:2.5 1.02 2.0 2.04 2.0 4.05 1.2
1:5 0.54 8.0 1.04 4.0 2.04 2.0
1:10 0.29 16.0 0.53 6.0 1.03 3.0
TABLE II
COMPARISON OF ACCURACY AND PRECISION FOR NITRATE STANDARDS
Nitrate Nitrogen Salicylate method IEC method
(mg/1) (mg/1) mg/IN mg/IN
x+S.D. RE (%) x=S.D. RE (%)
0.20 0.05 0.09 +0.0034 +80 0.051 £ 0.0026 +2
1.00 0.22 0.26 +0.0022 +18 0.230 £ 0.0020 +5
2.00 0.45 0.51 + 0.0046 +13 0.463 = 0.0029 +3
2.50 0.56 0.61 +0.0029 +9 0.576 +0.0011 +3
5.00 1.13 1.22 +£0.0050 +8 1.145 = 0.0022 +1
8.86 2.00 2.21+0.0036 +10 2.054 £ 0.0025 +3
10.00 2.26 2.46 +0.0015 -9 2.323 +£0.0026 +3

for each method were made. The standard
deviations of the average values and the RE
values are indicated in Table II.

A comparison of the linearity range and of the
minimum detectable concentration between the
different methods is shown in Table III.

The effects of chloride concentration on the
nitrate determination were studied because
chloride is present in all real samples. The
salicylate and IEC methods were compared in
three different chloride concentration ranges
(Fig. 1A): CI” >1000 mg/1; C1~ 100-1000 mg/1;
Cl™ <100 mg/l. It was verified that the IEC is
applicable in the following conditions:

(a) C1I” >1000 mg/l, when the concentration

of nitrate is greater than 2.0 mg/l, with dilution
1:10.

(b) C17100-1000 mg/l, when nitrates are be-
tween 1.0 and 20.0 mg/1, with dilution 1:5, and

TABLE III

COMPARISON OF LINEARITY RANGE AND MINI-
MUM DETECTABLE CONCENTRATION

Method Linearity range Minimum detectable conc.
(mg/lasN) (mg/l1asN)

Salicylate  0.5-5.0 0.5

IEC 0.05-4.00 0.05
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Cl- >1000 mg/1, Cl- 100 ->1000 mg/l Cl- <1000 mg/l

Just L|ke

WWNWUWNWW WN %

Fig. 1. (A) Chloride interferences in the nitrate determina-
tion. (B) Chromatograms of variable chloride—nitrate ratio.

when nitrates are higher than 20.0 mg/l, with
dilution 1:5 or 1:10.

(¢) CI" <100 mg/l, when nitrates are higher
than 0.2 mg/l, without dilution, and when ni-
trates are higher than 20.0 mg/l, with dilution
1:5, or 1:10.
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The most suitable dilutions for the simultaneous
determination of nitrate and chloride are shown
in Fig. 1B.

This study also verified that, in complex ma-
trices analysis, excellent results can be obtained
by IEC. The advantages include:

(1) Simultaneous reduction in interferences,
either organic or inorganic. Also, when the
chemical oxygen demand (COD) value was
higher than 100 mg/l as oxygen, it was possible
to determine nitrates without organic anion
interferences. Coloured compounds that may
influence the UV or visible measurements did
not cause any problems.

(2) Rapid and sequential analysis that allows
different anions to be determined simultaneous-
ly.

(3) Elimination of hazardous reagent use.

(4) Small samples volumes are required.

(5) The greater sensitivity of the IEC method
allows the analysis of samples with a low concen-
tration of nitrate, but high concentration of
chloride, for which the dilution is necessary.

For all these reasons, it is to be hoped that in
future the ion-exchange chromatography method
becomes an approved national procedure.
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ABSTRACT

The official method for the determination of organic nitrogen in surface water consists of a Kjeldahl distillation to reduce
nitrogen to ammonia, followed by colorimetric or volumetric determination. The purpose of this work is to determine whether the
Valderrama method can be used as an alternative procedure. The Valderrama method estimates total nitrogen, either organic or
inorganic, after oxidation to nitrate. The first step is an oxidative digestion in an autoclave in the presence of potassium
persulphate, boric acid and sodium hydroxide. Nitrate is then determined colorimetrically, after acidification by concentrated
sulphuric acid, or by ion-exchange chromatography, without acidification. This last procedure takes advantage of some important
features of ion-exchange chromatography: greater sensitivity than UV methods, rapid analysis, high selectivity and, thus, low

matrix interferences.

INTRODUCTION

Organic nitrogen substances in surface waters
arise principally from animal and vegetable pro-
teins and from synthetic organic compounds used
in agricultural practice (for example triazine
herbicides), or used as dyes in various manufac-
tures. They find their most important application
in the dyeing and printing of textiles, but are also
used to some extent for dyeing paper and
leather, in the preparation of certain inks
and in photography. Industrial wastes contain-
ing- proteins include food  processing
and canning wastes, gelatine manufacturing

* Corresponding author.

*Presented at the International Ilon Chromatography
Symposium 1992, Linz, September 21-24, 1992. The ma-
jority of the papers presented at this symposium were
published in J. Chromatogr., Vol. 640 (1993).
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wastes and slaughterhouse, dairy and tannery
wastes [1].

Decomposition of nitrogen organic matter by
either aerobic or anaerobic bacteria gives rise to
ammonia. The oxidation of ammonia by aerobic
bacteria (nitrification) produces first nitrites and
then nitrates. An undesirable effect of nitrate in
surface water destined for human consumption
has been featured in the medical literature [2]. It
has been shown that young infants receiving
artificial feeds of milk diluted with water con-
taining more than about 10-20 mg/l nitrogen as
nitrate may develop ‘“methaemoglobinaemia”.

EEC Directive No. 80/778, regarding the
characteristics of the water for human consump-
tion, imposes three classes of concentrations
(A,, A,, A,) for Kjeldahl nitrogen: 1, 2 and 3
mg/l as nitrogen, respectively. The analytical
procedures used in this work are the Kjeldahl [3]
and Valderrama methods [4].

The first method determines nitrogen in the

© 1993 Elsevier Science Publishers B.V. All rights reserved
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trinegative state. If ammonia nitrogen is not
removed in the initial phase of the procedure,
“organic nitrogen” can be obtained by subtract-
ing ammonia nitrogen from Kjeldahl nitrogen.
Alternatively, the Valderrama method proposes
an oxidation of the nitrogen to nitrate at ele-
vated temperature by persulphate in alKaline
medium. “Organic nitrogen” can be obtained as
follows: total nitrogen — (ammonia + nitrite +
nitrate) nitrogen.

EXPERIMENTAL

Apparatus

For the Valderrama method, a Perkin Elmer
5508 spectrophotometer was used at 220 nm,
with matched silica cells of 1 cm light path.
Chromatography was performed on a Dionex
. System 2000i/SP ion chromatograph equipped
with a conductivity detector (range 30 uS) with
suppression (Model AMMS). A separator
column (HPIC-AS4A) with a guard column
(HPIC-AG4A) was used. The volume of the
sample loop was 50 ul. The integrator model was
HP 3390A. The eluent solution (flow-rate 2.0
ml/min) consisted of 1.8 mM sodium carbonate
and 1.7 mM sodium bicarbonate; the regenerant
for AMMS was 0.0125 M sulphuric acid. For the
Kjeldahl method, the digestion and distillation
apparatus are described in ref. 5.

Reagents

Purified water was obtained from a Milli-Q
purification system (Millipore); all other reagents
(sulphuric acid, sodium carbonate and bicarbon-
ate) were of analytical reagent grade. The oxidiz-
ing solution was prepared from potassium persul-
phate (50 g/1), boric acid (30 g/I) and sodium
hydroxide (14 g/l). The reagents used in the
Kjeldahl method are listed in ref. 5.

Methods

The macro-Kjeldahl method was applied to
500 ml sample in an 800-ml Kjeldahl flask. A
50-ml aliquot of digestion reagent (sulphuric
acid, potassium sulphate and mercuric sulphate
catalyst) was carefully added to the distillation
flask [6]. The solution was heated until the
volume was reduced to about 25-50 ml, and
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copious white fumes were observed. The diges-
tion was continued for an additional 30 min, then
the solution was cooled, diluted to 300 ml with
water, mixed, and distilled. A distillate volume
of 200 ml was collected below the surface of 50
ml of a 0.02 M sulphuric acid solution and the
ammonia was determined spectrophotometrically
using the phenate method [7].

In the Valderrama method the water sample
(50 ml)-was pipetted into a glass bottle and
potassium persulphate, dissolved in sodium hy-
droxide solution, was added. The bottle was
closed, heated in an autoclave at 120°C for 1 h,
and then cooled. The oxygen available for the
oxidation appears from the equation:

K,S,0; + H,0 == 2KHSO, + 1/20,

The heating time must be long enough to de-
compose the excess persulphate. This requisite
excess is dependent not so much on the amount
of nitrogen in the sample, but rather on the total
amount of oxidizable substances, primarily or-
ganic matter. The chemical oxygen demand
(COD) value of the sample should not ap-
preciably exceed 10% of the oxygen available
from the persulphate [8]. In our river samples,
the COD value is 15-30 mg/1 as oxygen, there-
fore 0.09 mmol of K,S,0, in 50 ml of sample
were used. In this way, the presence of sulphate
due to persulphate decomposition does not inter-
fere in the determination of nitrate, because a
nitrate—sulphate concentration ratio of 1:500 is
maintained [9,10]. The obtained nitrates are
determined by ion-exchange chromatography
(IEC) or spectrophotometrically at 220 nm, after
acidification by concentrated sulphuric acid.

RESULTS AND DISCUSSION

In samples from the river Po, collected at
Pontelagoscuro (Ferrara), organic nitrogen was
determined by using the Kjeldahl, Valderrama
UV and Valderrama IEC methods. It has been
shown by many authors that ammonia, EDTA,
urea, carbamates, pyridine, glycine, proteins and
their partial decomposition products are quan-
titatively oxidized to nitrate, whereas the oxida-
tion of compounds containing nitrogen-to-nitro-
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COMPARISON OF RECOVERY PERCENTAGE FOR AMMONIUM SULPHATE, GLYCINE AND UREA STANDARDS

ADDED TO SURFACE WATER SAMPLES

Method Recovery (%)

Ammonium sulphate spike Glycine spike Urea spike

0.05 mg/IN 0.5mg/IN 0.05mg/IN 0.5mg/IN 0.05 mg/IN 0.5mg/IN
Kjeldahl ND 97 ND 98 ND 100
Valderrama UV 107 110 97 104 106 102
Valderrama IEC 101 100 99 106 100 99

ND = Not detected.

gen bonds seems to be incomplete [11]. In this
paper experimental trials were performed to
determine the recoveries by oxidation of the
following nitrogen compounds: ammonium sul-
phate, glycine and urea added to surface water
samples. For every compound tested, the for-
tified sample matrix technique was used. In the
laboratory, a known quantity of each analyte was
added to an aliquot of Po river sample. The
spiked field sample matrix was analysed exactly
as a field sample. In the recoveries from spiked
river Po water samples, the organic nitrogen
amount already present in the water sample was
subtracted, after having determined it by means
of the average values obtained by the IEC

TABLE 1I

Valderrama method. The obtained mean re-
covery percentages for two spike concentrations
are reported in Table I. The comparison be-
tween the organic-free water and surface water
recoveries was made to establish whether the
sample matrix affected the analytical results, but
no different recoveries was obtained. In Table I
the relative error percentage obtained by the
Valderrama UV and Valderrama IEC methods
for organic-free water spiked with ammonium
sulphate, glycine and urea standards at different
concentrations are reported. The mean recovery
percentages in Table I and the relative error
percentages in Table II are the results of five
replicate determinations.

COMPARISON BETWEEN VALDERRAMA UV AND VALDERRAMA IEC METHOD OF RELATIVE ERROR PER-
CENTAGE FOR AMMONIUM SULPHATE, GLYCINE AND UREA STANDARDS, ADDED TO ORGANIC-FREE

WATER
Theor. conc. RE (%)
(mg/1N)

Ammonium sulphate Glycine Urea

uv 1IEC uv IEC uv 1EC
0.50 +4 +6 +10 +3 +14 +3
1.00 +8 +5 +12 +4 +20 +3
2.00 +8 +3 +2 +4 -11 +1
3.00 -10 +4 -4 +3 -3 -2
5.00 -9 +6 -3 +2 -4 -5
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TABLE 111

COMPARISON OF MINIMUM DETECTABLE CON-
CENTRATION (MDC)

Method MDC
(mg/1N)
Kjeldahl 0.5
Valderrama UV 0.5
Valderrama IEC 0.05

A comparison of minimum detectable concen-
tration in the three examined procedures is
shown in Table III. In Fig. 1 a chromatogram of
river Po water, after digestion, is shown.

The Valderrama method for “total nitrogen”
determination is relatively simple and rapid and
allows the estimation of low concentrations of
organic nitrogen by subtracting the other nitro-
gen forms. It has been found experimentally that
nitrate determination by IEC is more accurate
than by the UV method as the relative errors
(RE) in Table II show, and that the minimum
detectable concentration is the lowest among the
three described procedures. However, the ac-

cr- [ ]

S04t

NO3-

AN

| I |
0 3 6
Time/min
Fig. 1. Chromatogram of river Po water after digestion.
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curacy of the analysis will be dependent on the
nature of nitrogen compounds and on their
relative concentrations. Unlike the spec-
trophotometric method, dissolved, coloured
compounds do not interfere with the IEC de-
termination. Recoveries of nitrogen substances
added to natural water samples, obtained by
Valderrama method, are very satisfactory, in-
dependent of their chemical nature (inorganic
salt, amide, amino acid). For each kind of
sample, it is advisable to adjust the amount of
peroxo reagent, depending on the organic matter
content of the sample. In this case, if it is not
possible to dilute the oxidized solution, the
sulphate must be eliminated before the IEC
injection.

The results obtained in this paper show that
the Valderrama method, modified by IEC, can
be successfully used in place of the Kjeldahl
method, to analyse surface water.
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ABSTRACT

A new design of an ‘alkali flame jonization detector (AFID) is presented and differs from other configurations in that the
enhancement source is introduced as an aerosol into a flame ionization detector (FID) rather than as a stationary solid bead
positioned above a FID flame. This aerosol enters the detector as a hydrogen flame located perpendicular to the FID jet. Because
the present design permits a constant and fresh supply of alkali salt to reach the detector, detector response does not fatigue over
time. This AFID design also allows for operation as a FID by implementing a simple pneumatic procedure. This paper will deal
with the performance and optimization of the detector in the phosphorous mode. The linear range for triethylphosphate exceeds
four orders of magnitude. Selectivity ratios are in the four orders of magnitude range and detection limits for organophosphorus

compounds studied ranged from 2.38 to 14.2 pg P/s.

INTRODUCTION

The earliest version of the alkali flame ioniza-
tion detector (AFID) [1,2] dates back to 1964. In
these initial designs an alkali salt was placed on
the collector electrode and heated by a conven-
tional flame. For phosphorus-containing com-
pounds, the sensitivity of response increased by
approximately two orders of magnitude com-
pared to the FID, although a drawback was un-
reproducible response. The lifetime of the alkali
source was limited by its volatilization which re-
sulted in detector instability and gradual fatigue
in response. Further improvements in detector
design have been reported by Coahran and
others [3-8] who positioned a compacted form of
the alkali salt upon the FID jet. Unfortunately,
this configuration where the alkali salt was
placed in a concentric manner around the FID
jet resulted in the same problems of limited life-
time and instability as the initial design.

* Corresponding author.
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In an alternative design, known as the flame-
less alkali sensitized detector (FASD), reported
by Kolb and Bischoff [9], the alkali salt com-
pacted in a more stable glass bead was ionized
electrically above the FID flame. Additional
designs involving electrical heating [10-14] have
been reported. These designs offered improved
performance in comparison with the earlier de-
signs, but exhibited decreased sensitivity over
time and necessitated frequent replacement of
exhausted alkali salt sources.

The enhancement mechanism is not well un-
derstood, although mechanisms have been sug-
gested [9,15,16] where nitrogen and phosphorus
compounds are converted into free radicals dur-
ing their elution into the flame. The free radicals
are transformed into organic anions by the
donation of electrons from alkali atoms (Li, Na,
K, Rb and Cs) through either a solid- or gas-
phase process. The ion current that is formed
through this operation is responsible for the
observed signal enhancement.

The proposed aerosol arrangement described
in this paper circumvents several of these earlier

© 1993 Elsevier Science Publishers B.V. All rights reserved
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problems including source replacement and
gradually fatiguing response over time by provid-
ing a constant introduction of the alkali salt
through ultrasonic generation. Previous work
using a pneumatic alkali salt design on packed
columns was performed in our laboratory [17].
The selectivity ratios, detection limits and op-
timization parameters of this detector in the
phosphorus mode are discussed for organophos-
phorus pesticides.

EXPERIMENTAL

Materials

The pesticides used in the study include
parathion (99% purity), diazinon (99%), chlor-
pyrifos (99.9%), malathion (98.5%) (ChemSer-
vice, West Chester, PA, USA) while azinophos-
methyl (99%) and methyl parathion (99.8%)
were supplied by the Environmental Protection
Agency, Research Triangle Park, NC, USA.
Reagent-grade triethylphosphate and tributyl-
phosphate were obtained from Eastman Kodak,
Rochester, NY, USA whereas hexamethylphos-
phoramide, triethylphosphonoacetate, and penta-
decane were acquired from Aldrich, Milwau-
kee, WI, USA. Organophosphorus standard solu-
tions were prepared in reagent grade acetone at
the following concentrations: phorate (4.23 ng/
1), disulfoton (6.30 mg/l), tetraethylpyrophos-
phate (TEPP) (4.02 ng/l), parathion (6.09 ug/
1), dimethoate (3.92 wg/1) and methyl parathion
(7.08 wg/1). Solvents used to dissolve the phos-
phorus compounds were carbon tetrachloride,
methylene chloride and n-hexane (J.T. Baker,
Phillipsburg, NJ, USA), n-tetradecane (Aldrich)
and cyclohexane (Alltech, Deerfield, IL, USA).
Reagent-grade alkali salts employed for aerosol
generation were potassium chloride, cesium
chloride (J.T. Baker), rubidium chloride, sodium
chloride (Fisher Scientific, Pittsburgh, PA, USA)
and lithium chloride (Mallinckrodt, St. Louis,
MO, USA).

Instrumentation

The gas chromatographic system was a Model
5890A (Hewlett-Packard, Avondale, PA, USA)
equipped with a split/splitless injector. An HP-1
fused-silica capillary column, 30 m X 0.25 mm
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1.D., film thickness 0.25 um, was utilized for all
separations. The injector and detector tempera-
tures were maintained at 220°C; helium was
employed as carrier gas and operated at a linear
velocity of 23 cm/s. The detector signal was
filtered through a resistance—capitance (RC)
circuit having a time constant of 1.03 s and
processed by an IBM-compatible computer
(Model ZW-248-82; Zenith Data Systems, Ben-
ton Harbor, MI, USA) using Lab Calc software
(Galactic Industries, Salem, NH, USA). All
chromatograms were digitally smoothed using
Savitsky—Golay five-point smoothing.

Glass-ware apparatus

The glass-ware apparatus used for aerosol
generation is depicted in Fig. 1 where an in-
verted 250-ml erlenmeyer flask (b) was
positioned to initially contain the aerosol pro-
duced from a home ultrasonic humidifier (a)
(Model 691-100, Sunbeam, Hattiesburg, MS,
USA). On the mouth of the flask was placed a 10
cm X 10 cm polystyrene film (c) which was se-
cured by silicon adhesive. Two glass tubes were

Fig. 1. AFID glass-ware apparatus. a = Ultrasonic nebulizer;
b =250-ml erlenmeyer flask; ¢ = polystyrene film; d = alkali
salt solution; e = hydrogen and nitrogen gas inlet; f= outlet
tube for desolvation system wrapped in heating tape; g =T-
joint adapter; h = condensation tube; i = 35-ml round-bottom
flask; j = alkali flame jet; k = stopcock; 1 =FID jet; m = tube
connecting condensation tube with alkali flame tip.
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attached to the flask. The first tube (e) (50
mm X 3 mm I.D.) to which was connected the
flame-support hydrogen and nitrogen flow
streams and a second tube (f) (240 mm X 10 mm
1.D.) 90° to the other tube contained the heated
aerosol stream. This latter tube exiting the flask
was fitted with a T adapter (g) which connected
a condensation tube (h) (Wheaton, cat. No.
333970) and a 35-ml round-bottom flask (i) to
collect condensate. Tube f was wrapped with
heating tape to maintain the temperature at
110°C. A stopcock (k) was installed on the round
bottom flask to facilitate removal of condensate.
An additional tube (m) (80 mm X7 mm 1.D.)
was connected to the top of the condensation
tube allowing a direct path to the detector
through the use of a 1/4 in. (1 in. =2.54 cm)
plastic nut and a stainless-steel 1/4 to 1.16 in.
reducing anion at the end of which was con-
nected a stainless-steel tube (j) (30 mm X 0.71
mm 1.D.). The stainless-steel tube (j) is located
perpendicular to the FID jet (1) in the detector
chamber and is used as the alkali metal salt flame
jet as illustrated in Fig. 2.

The original HP detector base was replaced
with one fabricated from brass (n) [60 mm

™ e
—{Jt+ AT T

Nitrogen Make-up
and Hydrogen
Gases

—

\ Capillary

Column

Fig. 2. Schematic diagram of the AFID. j = alkali flame jet;
1=FID jet; m=tube connecting condensation tube with
alkali flame tip; n = detector base; o = collector electrode.
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(length) X 40 mm (width) X 40 mm (height)] into
which holes were drilled to accommodate the
alkali flame jet (10 mm X 3 mm), (8 mm) for the
FID jet, (1 mm) air, (1 mm) for the electrical
ground of the FID jet, (2 mm) for the tempera-
ture thermocouple, and (10 mm) for the detector
heater cartridge. The end of the capillary column
was inserted at a position 1 mm below the tip of
the FID jet. A stainless-steel 1/8 in. Swagelok T
was used to modify existing flow channels which
permitted hydrogen and nitrogen make-up gas to
enter the FID jet. The collector electrode, which
was composed of a 24 mm diameter aluminum
disk, the heater, thermocouple, and FID jet
were all connected to the existing electronic
modules of the gas chromatograph.

RESULTS AND DISCUSSION

A solution containing 36.5 ng P/ul tri-
ethylphosphate in hexane was used for phos-
phorus optimization. With a 2-ul injection and a
column split ratio of 142:1 a final analyte mass of
0.51 ng P reached the TID. Optimization graphs
for five detector gases are presented in Figs. 3
and 4. For the alkali aerosol flame, nitrogen and
hydrogen gases were used to optimize two- vari-
ables, the flame temperature and the amount of
aerosol swept to the detector. These two gases
were found to yield the optimal signal response
at flow-rates of 90 ml/min and 47 ml/min for
nitrogen and hydrogen, respectively. For the

1.0
3 0.81
[=4
<]
o
3
[\d 0.6 1
o
2
8
® 0.4
o
0.2
L
0.0 T T

0 100 200

Flow-Rate (mV/min)

Fig. 3. FID hydrogen (+), make-up (®), and air (O) flow-
rate optimizations.
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Relative Response

0.0 T T 1
0 100 200 300

Flow-Rate (mUmin)

Fig. 4. Alkali nitrogen (O) and alkali hydrogen (@) flow-
rate optimizations.

FID jet, the make-up flow (nitrogen) was opti-
mized at 36 ml/min while the flow of hydrogen
was optimized at 38 mil/min. Because both
flames were housed in a single detector assemb-
ly, a single supply of air was used as the oxidant.
A flow-rate of 0 ml/min produced the maximum
peak response. This need for a rich flame is
demonstrated by noting increasing response with
decreasing air flow-rate. Because the detector is
not a completely closed system, atmospheric
oxygen is the sole contributor to6 flame support.
The vertical gap between the flame jets and the
horizontal displacement of the flame jets relative
to each other were optimized at 3 mm and 5 mm,
respectively, as shown in Fig. 5. Optimum re-
sponse was also noted when the alkali flame jet,
being electrically neutral, was positioned to be in
direct contact with the collector electrode. Dis-
tinct flame formations attached to the orifice of
each flame jet were observed when the collector
electrode was removed.

The effect of introducing 100 pg/ml aqueous
solutions of CsCl, RbCl, K(l, LiCl, and NaCl on
detector response was investigated. As displayed
in Fig. 6, maximum response is associated with
KCl and decreases with increasing molecular
mass. The effect of varying KCl concentration
from 0 to 1000 pg/ml on selectivity was also
explored and is illustrated in Fig. 7 for a separa-
tion of malathion and parathion in cyclohexane.
The condensation tube maintained at 0°C elimi-
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Relative Response

Distance {(mm)

Fig. 5. Detector flame and collector distances optimization.
Horizontal displacement distance of the flames (+), vertical
gap distance of the flames (O) and collector distance from
alkali flame jet (@).

nated the possibility of leaching and subsequent
transport of alkali vapors into the alkali flame
jet. Decreasing response for cyclohexane with
increasing salt concentration is observed along
with the high selectivity of the phosphorus-con-
taining analytes. A concentration of 400 ug/mi
KCl created the problem of coating the collector
electrode with a fine layer of salt over time and
thus creating an unstable baseline. However, a
concentration of 100 ug/ml KCl completely
alleviated this problem with no significant depo-
sition of salt on the FID jet or collector elec-
trode.

1.2
1.0
3
S 0.8
a
&
Py 0.6
2
ks
Q
L3 0.4
0.2
0.0
LiClt NaCl KCI RbClI CsCl
Alkali Metal Salts
(100 ppm)

Fig. 6. Alkali salt optimization. ppm = pg/ml.
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(a) (b) (c)

(d) (e) ()

[ .

Fig. 7. Effect of KCI concentration. Peaks: 1= cyclohexane;
2= parathion 2.67 ng P; 3 =malathion 2.31 ng P. KCl
concentrations: (a) blank, (b) 400 ng/ml, (¢) 4.00 pg/ml, (d)
40.0 pg/ml, () 400 pg/ml, (f) 1000 wg/ml. GC conditions:
column temperature, 150°C; split ratio- of 150:1; 2-ul injec-
tion.

Detection limits, linearity and selectivity

Minimum detectable mass rates were deter-
mined by dividing three times the standard
deviation of the baseline noise by the slope of
the calibration curve and the analyte peak at
half-height. The standard deviation of the noise
is given by sy =N, /r, where N, is the peak-to-
peak noise and r i1s 5 for random Gaussian noise
[18]. Minimum detectable mass rates for five
organophosphorus pesticides are presented in
Table I and range from 2.38 pg P/s for disulfoton
to 14.2 pg P/s for dimethoate. Detector linearity
was approximately 4.5 orders of magnitude de-
termined with triethylphosphate as the solute.
The separation of six organophosphorus pes-
ticides at the low nanogram level is displayed in
Fig. 8.

In Table II selectivity ratios for various or-
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TABLE I

MINIMUM DETECTABLE MASS RATE (MDMR) OF
SELECTED ORGANOPHOSPHORUS PESTICIDES

Compound MDMR (pg P/s)
Disulfoton 2.38
Phorate 2.81
Parathion 5.29
Methyl parathion 11.7
Dimethoate 14.2
3
4
5
i 2
6
T T T
20 40 60

Time (min)

Fig. 8. Separation of an organophosphorus pesticide mixture
with AFID detection. Peaks: 1=TEPP 1.23 ng P; 2=
phorate 0.80 ng P; 3 = dimethoate 0.76 ng P; 4 = disulfoton
1.02 ng P; 5 = methyl parathion 1.29 ng P; 6 = parathion 0.92
ng P. GC conditions: column temperature: 50°C (1 min),
2°C/min to 140°C (10 min), 10°C/min to 240°C (8 min); split
ratio of 3:1; 2-ul injection.

TABLE II

SELECTIVITY RATIOS OF SELECTED ORGANO-
PHOSPHORUS COMPOUNDS

Compound Selectivity ratio (g P/g C)
Hexamethylphosphoamide 10700
Malathion 20400
Methyl parathion 25400
Chlorpyrifos 26 800
Parathion 32700
Tributylphosphate 35200
Azinphosmethyl 39000
Triethylphosphonoacetate 73200
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ganophosphorus species are presented, which all
fall in the 10* range. The ratios were obtained by
calculating the ratio of the organophosphorus
compound response per mass unit of phosphorus
to the ratio of tetradecane response per mass
unit of carbon. The effect of chlorinated solvents
on contamination of the alkali source, known to
decrease the sensitivity of nitrogen—phosphorus
detectors, was also explored. An alkali salt
introduced in aerosol form circumvents this
situation. Repetitive one microliter injections
which corresponded to 16 ng of phorate and 21
ng of parathion in carbon tetrachloride were
made to monitor detector stability over a 9-h
period at 15-min intervals. Peak areas of phorate
and parathion were compared and found to be
constant and suggests no evidence of decreased
sensitivity due to contamination.

Applications
This detector design also permits one to re-
vert detector operation back to a FID by sim-

(o)
(b) i
1
(c) /
20 22 24 26

Time (min)

Fig. 9. Parallel FID and AFID chromatograms of gasoline.
(a) FID chromatogram; (b) FID chromatogram of tri-
ethylphosphate (TEP) spiked into gasoline; peak 1 repre-
sents 5.1 ng of TEP; (c) parallel AFID chromatogram of b.
GC conditions: column temperature: 30°C (1 min), 3°C/min
to 185°C (5 min); split ratio of 150:1; 2-u1 injection.

(o)

w1
4 5
6
/
(b)
2 3 7
1
| \ L
20 40 60
Time (min)

Fig. 10. Parallel chromatograms of gasoline spiked with six
organophosphorus pesticides with (a) FID and (b) AFID.
Peaks: 1= acetone; 2=TEPP 120 ng; 3 = phorate 141 ng;
4 = dimethoate 117 ng; 5= disulfoton 118 ng; 6= methyl
parathion 210 ng; 7 =parathion 181 ng. GC conditions:
column temperature: S0°C (1 min), 2°C/min to 140°C (10
min), 10°C/min to 240°C (8 min); split ratio of 50/1; 2 ul
injection volume.

ply shutting off the ultrasonic nebulizer and the
nitrogen and hydrogen flows supplying the al-
kali salt flame. Fig. 9a is a segment of a capil-
lary separation of a gasoline sample with FID
detection, while the chromatograms in Fig. 9b
and c illustrate the separation of gasoline
spiked with triethylphosphate (peak 1 at 5.1 ng
P). Fig. 9b is detected in the FID mode, while
Fig. 9c¢ illustrates the selectivity of the detector
in the phosphorus mode. Further applications
of detector selectivity are depicted in Fig. 10 of
several organophosphorus pesticides spiked in
gasoline and in Figs. 11 and 12 for commercial
pesticide preparations in a complex matrix.

CONCLUSIONS

Although commercial FASD versions may
offer improved detection limits and selectivity
ratios, the linear range of this aerosol configura-



E.D. Conte and E.F. Barry | J. Chromatogr. 644 (1993) 349-355

(a)
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(b)

" e cpmmamarnmtrnd e e
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10 20 30 40

Time (min)
Fig. 11. Paraliel chromatograms of a commercial Ortho
diazinon preparation with (a) FID and (b) AFID. Peak 1
represents 36.8 ng P diazinon. GC conditions: column
temperature: 40°C (5 min), 6°C/min to 250°C; split ratio of
150:1; 2-ul injection of 1:10 dilution of preparation in
acetone.

(0)

(b)

.

10 20 30 40

Time (min)

Fig. 12. Parallel chromatograms of a commercial Ortho
malathion solution with (a) FID and (b) AFID. Peak 1
represents 75 ng P as malathion. GC conditions as in Fig. 11.
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tion is comparable. In addition, modification to a
FID is easily implemented by a simple pneumatic
switching procedure. Moreover this detector
offers several other advantages, which include no
indication of fatigue and contamination with
chlorinated solvents, and the ability to rapidly
revert to the FID mode. In its present configura-
tion, this detector offers considerable potential
versatility, namely, by varying selectivity towards
other heteratoms can be demonstrated.
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Determination of polar pesticides by phase-transter
catalysed derivatization and negative-ion chemical
ionization gas chromatography—mass spectrometry
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ABSTRACT

A single-step procedure for the extraction and derivatization of carboxylic pesticides from aqueous samples is described. The
acidic compounds, including phenoxy herbicides, were extracted from aqueous samples using tetrahexylammonium hydro-
gensulphate as a catalyst and were subsequently derivatized with pentafluorobenzyl bromide to volatile stable and electron-
capturing derivatives. Analysis was performed by gas chromatography with electron-capture detection combined with negative-ion
chemical ionization mass spectrometry. The recovery of the compounds was 108 + 8%. Detection limits were typically 0.05 ug/l,
using mass unit resolution. Highly contaminated samples required increased resolution (1000 < R, < 4000) for reduced chemical
background and enhanced selectivity for detection at low-ppb levels. The method was applied to the determination of some
phenoxycarboxylic pesticides in surface water and in blood samples.

INTRODUCTION

Sensitive methods are needed for the determi-
nation of a wide variety of pesticides in water in
order to meet the present norms for drinking
water as set by the US Environmental Protection
Agency (EPA) and individual governments. In
most methods chromatographic techniques are
applied [1,2], but also immunoassays (3], e.g.,
enzyme-linked immunosorbent assay, and elec-
trochemical techniques, e.g., polarography [4],
are now being used for specific pesticides or
special applications. The use of different detec-
tion techniques in conjunction with adequate
isolation methods makes it possible to determine
pesticides with a wide range of polarities and
volatilities. The determination of polar pes-
ticides, however, is complicated concerning both

* Corresponding author.

0021-9673/93/$06.00

their isolation and their chromatographic separa-
tion and detection.

For the determination of polar pesticides,
high-performance liquid chromatography
(HPLC) appears to be the most appropriate
technique. In recent years, numerous methods
for the determination of polar pesticides have
been published [5,6]. In most methods clean-up
and concentration are achieved by solid-phase
extraction (SPE) or column-switching techniques
[7]. In addition, the coupled technique of LC
with mass spectrometry (MS) has been used for
confirmation and identification purposes [8].
Several interfaces have been described for cou-
pling these two techniques [9,10], but the ther-
mospray and particle beam interfaces have
become the most popular. However, it was
found that the behaviour and sensitivity of these
techniques for different pesticides may vary
widely. The behaviour appears to be mainly
determined by the chemical and physical prop-

© 1993 Elsevier Science Publishers B.V. All rights reserved
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erties of the analytes, but may also be dependent
on instrumental and analytical conditions. In
addition, LC-MS interfaces have restrictions
concerning flow-rate and eluent additives (buf-
fers, salts, etc). Further, LC is less useful for
screening purposes than gas chromatography
(GC), mainly because of its relatively low sepa-
ration efficiency. GC may be the preferred
technique for screening. The determination of
polar compounds by GC, however, often neces-
sitates prior chemical modification in order to
increase their extraction and/or enhance their
GC properties.

For polar pesticides, numerous isolation and
derivatization techniques have been published
[11]. Particularly isolation and SPE clean-up are
often used for a wide range of pesticides, also
because of the good possibility of automation for
routine analysis.

For acidic herbicides, isolation from aqueous
samples can be performed by liquid-liquid ex-
traction or on C,; SPE columns, followed by
alkylation (e.g., methylation with diazomethane)
and GC with flame ionization detection (FID) or
electron-capture detection (ECD) [12]. The lat-
ter technique can only be used for the detection
of compounds that have electron-capturing prop-
erties. Typical detection limits for such com-
pounds are in the range 0.05-0.1 ppb in water,
depending on the extent of concentration during
sample preparation. However, the detection of
non-electron-capturing compounds (e.g., ben-
tazone) can only be achieved by ECD after
derivatization with a reagent having an electro-
negative function.

In this paper, we describe a method for the
extraction and subsequent esterification of the
acidic functional groups with pentafluorobenzyl
bromide (PFB-Br). To ensure simplicity of the
method for screening purposes (i.e., rapid sam-

R-COO" + RyN* R-COO~R4N*

_—

aqueous phase 1| 1'
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ple clean-up and the use of small, easy-to-handle
sample sizes), we chose to extract and derivatize
the compounds of interest simultaneously using
phase-transfer catalysed (PTC) derivatization
[13]. This technique has been applied previously
in biochemical and pharmaceutical analysis, but
has not been used frequently in environmental
analysis [14,15].

PTC derivatization uses a complexing agent
(commonly a tetraalkylammonium compound)
which transports the compound of interest from
the aqueous sample into the organic layer, where
the derivatization occurs (Fig. 1). The derivatiza-
tion of the compounds is based on the alkylation
by an alkyl halide of the carboxylic moiety to the
corresponding ester. To achieve maximum sen-
sitivity, some constraints with respect to the
derivatization reagent are necessary: (1) the
reagent must be fairly stable towards hydrolysis
because of the presence of a two-phase system;
and (2) for sensitive measurements, compounds
with electron-capturing groups are preferred to
accomplish electron-capture negative ion chemi-
cal ionization MS (EC-NICI-MS) detection; con-
sequently, a halogen-rich reagent has to be used
to introduce the electron-capturing moiety into
all of the derivatives. The use of perfluorobenzyl
bromide satisfies these conditions and, in addi-
tion, yields stable and volatile derivatives.

In addition to the method development, the
application of the method to the determination
of some polar herbicides in different water
samples and in human blood is described.

EXPERIMENTAL
Chemicals and reagents

Before use, demineralized water was passed
through a Milli-Q reagent water system (Milli-

organic phase IL |L

R-COOR' + R4N* ——— R-COO'RN*

+ R-X

Fig. 1. Scheme of the phase-transfer alkylation of a carboxylic acid (RCOOH) with an alkyl halide (R’X) in the presence of a

tetraalkylammonium catalyst (R,N*X").
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pore, Milford, MA, USA), fitted with one
Super-C carbon cartridge, two Ion-Ex cartridges
and an Organex-Q cartridge.

The structures of the compounds studied are
shown in Fig. 2. Dalapon-sodium (2,2-dichloro-
propionic acid, sodium salt) was obtained from
Riedel-de Haén (Seelze, Germany), dicamba
(3,6-dichloro-o-anisic acid), endothal-sodium (7-
oxabicyclo[2.2.1]heptane-2,3-dicarboxylic  acid,
disodium salt), MCPA (4-chloro-o-tolyloxyacetic
acid), MCPB [4-(4-chloro-o-tolyloxy)butyric
acid], mecoprop [MCPP; (R,S)-2-(4-chloro-o-
tolyloxy)propionic acid], 2,4,5-T [(2,4,5-tri-
chlorophenoxy)acetic acid] and bentazone [3-iso-
propyl-1H-2,1,3-benzothiadiazin-4(3H)-one 2,2~
dioxide] from Dr. S. Ehrenstorfer (Augsburg,
Germany), dikegulac-sodium (2,3:4,6-di-O-iso-
propylidene-a-L-xylo-2-hexulofuranosonic  acid,
sodium salt) from Schmidt (Amsterdam, Nether-
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lands) and 2,3,6-TBA (2,3,6-trichlorobenzoic
acid) from the National Physical Laboratory
(Teddington, Middlesex, UK). Tetrahexylam-
monium hydrogensulphate was obtained from
Fluka (Buchs, Switzerland), pentafluorobenzyl
bromide and triethylamine from Pierce (Rock-
ford, IL, USA), acetonitrile from Rathburn
(Walkerburn, UK) and sodium dihydrogenphos-
phate monohydrate, anhydrous dipotassium hy-
drogenphosphate, orthophosphoric acid (85%),
fuming hydrochloric acid (37%), dichlorome-
thane and n-hexane from Merck (Darmstadt,
Germany). Anhydrous sodium sulphate (Baker,
Deventer, Netherlands) was heated at 450°C for
at least 4 h before use.

A 10 mM solution of tetrahexylammonium
hydrogensulphate in dichloromethane was pre-
pared freshly each week. Phosphate buffer (pH
7.4) was made by dissolving 14.96 g of
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Fig. 2. Structures of model compounds studied. M,, = Molecular mass.
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Na,HPO, -2H,0 and 2.16 g of KH,PO, in 100
ml of demineralized water.

Standard solutions of the individual pesticides
were prepared at a concentration of 1 mg/ml in
demineralized water. A pesticide standard mix-
ture with a final concentration of 0.5 ng/ml of
each pesticide in demineralized water was pre-
pared from the individual standard solutions and
stored at 4°C.

Derivatization

Simultaneous extraction and derivatization of
the compounds was carried out in test-tubes with
PTFE-lined screw-caps. To the water sample or
the pesticide standard mixture (9 ml) were added
1 ml of phosphate buffer (pH 7.4), 3 ml of
tetrahexylammonium hydrogensulphate in di-
chloromethane (10 mM) and 20 ul of penta-
fluorobenzyl bromide. The mixture was shaken
vigorously for 50 min in a horizontal position
with ca. 250 strokes/min. The reaction was
stopped by the addition of 350 ul of 6 M HCL.
After phase separation, the organic layer was
transferred into a clean tube, dried with anhy-
drous sodium sulphate and subsequently evapo-
rated to dryness with a small flow of nitrogen at
room temperature. Finally, the residue was dis-
solved in 200 ul of n-hexane and 2 wl of the
extract was subjected to GC-MS analysis.

Recoveries were calculated by comparison of
the yield of the aqueous derivatization with that

TABLE 1
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of a direct anhydrous derivatization. This direct
derivatization was carried out on dry residues in
50 wl of acetonitrile, to which 10 ul of penta-
fluorobenzyl bromide and 10 ul of triethylamine
were added. After incubation for 10 min at room
temperature, the derivatives were isolated by
adding 0.5 ml of 0.1 M HCI and 3 ml of ethyl
acetate. After extraction, 2 ul of the organic
layer were subjected to GC-MS analysis.

Gas chromatography—mass spectrometry

Experiments were performed on a Finnigan
4500 GC-MS system. GC separations were car-
ried out on a CP Sil 19CB fused-silica column
(25 m x0.25 mm 1.D., 0.25 um film thickness)
(Chrompack, Middelburg, Netherlands), con-
nected to a split—splitless capillary injector. The
injector and transfer line temperatures were
260°C and 2 ul of the final extract were injected
in the splitless mode. The oven temperature was
programmed from 70°C (held for 1 min) to 220°C
at 15°C/min, followed by an increase to 260°C at
5°C/min, the final temperature being maintained
for 10 min.

The mass spectrometer was operated in the
negative-ion chemical ionization mode with
methane as moderator gas [source pressure 0.30
Torr (1 Torr = 133.3 Pa)] and an electron energy
of 70 eV. The source and manifold temperatures
were 140 and 90°C, respectively. Multiple ion
detection (MID) was performed at the m/z

PESTICIDES INVESTIGATED AND THE PROMINENT FRAGMENTS OF THE CORRESPONDING PENTA-
FLUOROBENZYL ESTERS WITH THE RELATIVE INTENSITIES UNDER EC-NICI CONDITIONS

No. Compound Molecular mass Main ions (m/z)*
as PFB derivative
1 Bentazone 420 239.0490 (100), 241.0470 (5.8)
2 Dalapon 322 140.9510 (100), 142.9481 (64)
3 Dicamba 400 218.9616 (100), 220.9587 (65)
4 Dikegulac 454 273.0974 (100)
5 Endothal 546 199.0606 (100)
6 MCPA 380 199.0162 (100), 201.0135 (33)
7 MCPB 408 227.0475 (100), 229.0449 (33)
8 Mecoprop 394 213.0318 (100), 215.0292 (33)
9 2,4,5-T 434 252.9226 (100), 254.9197 (97)
10 TBA 404 222.9120 (100), 224.9091 (97)

“ Relative intensities (%) in parentheses.
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values listed in Table I. For identification pur-
poses, full-scan spectra were acquired in both
electron impact and positive-ion CI modes (1
scan/s).

High-resolution EC-NICI experiments (1000 <
R, < 4000) were carried out on a Finnigan MAT-
95 GC-MS system. The GC parameters were as
described above. The mass spectrometer was
operated in the MID mode with perfluoro-
kerosene (PFK) as reference gas. Methane was
used as moderator gas at a source pressure Of
0.15 Torr.

RESULTS

Derivatization

The most important parameters affecting the
reaction kinetics are the pH of the aqueous
phase, the polarity and solvatation ability of the
organic layer and the concentration of the coun-
ter ion.

Fogelquist et al. [16] showed that at high pH
(>9) a significant increase in the amount of
by-products occurred, which could hamper the
determination of the compounds of interest. At
pH 7.4 the derivatization was complete within 50
min, without the formation of excess by-products
interfering the EC-NICI-MS measurements at
low levels. However, the extracts were not clean
enough for direct GC-ECD measurements at

TABLE II
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trace levels, owing to- the lack of selectivity of
this detection method. Allender [17] described a
method for an additional SPE clean-up of PFB
extracts on Florisil for analysis by GC-ECD of
the PFB esters of some chlorophenoxy her-
bicides.

The PTC derivatization of the pesticides was
quantitative when compared with the anhydrous
derivatization. The overall recovery of the PTC
derivatization was 108 = 8% (Table II).

GC-MS analysis

As shown in Fig. 3, the PFB derivatives of
acidic pesticides possess favourable GC prop-
erties. Although co-elution - occurred for some
compounds, no interference was found when
MID was performed. EI- and positive-ion CI
measurements were carried out to confirm the
identity of the derivatives. Negative-ion CI mass
spectra contained intense fragment ions at [M —
181]" for most of the derivatives investigated
(Fig. 4). After ionization, the esters were sub-
jected to a unique tailor-made fragmentation to
yield the neutral 2,3,4,5,6-pentafluorobenzyl
radicals and [M — 181] " as the highly specific and
diagnostic carboxylate anions [18]. For the doub-
ly derivatized (aliphatic) pesticide endothal, the
fragmentation pattern was different: rearrange-
ment of the substituents occurred on both car-
boxylic moieties, yielding a monomethyl ester

COMPARISON OF THE YIELD OF THE AQUEOUS PHASE-TRANSFER CATALYSED DERIVATIZATION WITH
THAT OF THE DIRECT ANHYDROUS DERIVATIZATION METHOD

Compound PTC* Direct” Recovery of PTC method
(n=2) n=3) (direct = 100%)
Bentazone 4.66 4.61 101
Dalapon 8.69 6.99 124
Dicamba 4.53 4.33 105
Dikegulac 1.73 1.71 101
Endothal 1.12 0.96 117
MCPA 4.11 4.01 102
MCPB 1.99 1.81 110
Mecoprop 5.11 4.94 103
2,4,5-T 1.44 1.34 108
TBA 3.29 3.12 105
Mean: 108=8

“ Response of the derivatized compound versus that of an injection standard added to the final extract (i.e. tetrachloro-p-phthalic

acid dimethylester in n-hexane).
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Fig. 3. Reconstructed ion chromatogram of a derivatized
carboxylic pesticide mixture. Numbers on the peaks refer to
Table I. Time in min:s.

(via proton transfer) in conjunction with a singly
charged carboxylate anion [M — 347]".

In the absence of an additional clean-up, the
detection limit was mainly determined by the
chemical noise introduced from both the sample
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and the derivatization procedure. In drinking
water and relatively clean surface water samples,
the selectivity of the method was high enough for
detection and identification based on retention
times and isotope ratios, permitting determina-
tions at low-ug/l levels (=0.05 ng/1). The cali-
bration graphs for the individual pesticides were
straight and passed through the origin. An exam-
ple is shown in Fig. 5 for dikegulac. Results of
the determination of some polar acidic pesticides
in samples from different origins are given in
Table III. Groundwater, spiked at a level of ca.
0.2 ug/l of each pesticide, showed recoveries of
ca. 106%. In polluted surface water, no
significant difference was found in the results
with or without removal of the solids by
means of centrifugation prior to the PTC
derivatization.

Further, the method was tested on whole
blood samples from a subject suspected to have
been exposed to mecoprop. After removal of the
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Fig. 4. (A) EI and (B) NICI mass spectra of the PFB derivative of MCPA.
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Fig. 5. Calibration graph for dikegulac in water using PTC
derivatization with selected ion monitoring at m/z 273 (i.e.,
[M—PFB]"). ppb=png/l.

red blood cells by centrifugation, 400 wul of the
clear supernatant were diluted with water and
subjected to the PTC derivatization, followed by
GC-MS on a quadrupole instrument. No meco-
prop could be found in the sample, but the
addition of mecoprop to the sample before the
centrifugation step at a level of 1.2 mg/I resulted

TABLE III
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in a high response for the mecoprop—PFB de-
rivative. Under these conditions, the limit of
detection for mecoprop in blood was found to be
ca. 7 pg/l at a signal-to-noise ratio of 10.
Obviously, the PTC derivatization was suitable
for the determination of acidic pesticides without
further sample clean-up for difficult samples such
as human blood.

Increased resolution MS analysis

Although mass unit resolution analysis on a
quadrupole instrument gave sufficient selectivity
for most samples, increased selectivity was re-
quired for low-level analyses of dirty samples.
Addition of mecoprop at the 0.1 ug/l level to
such a sample (ground water), showed no identi-
fiable peaks above the background at unit res-
olution (Fig. 6). At a resolution of 1000 the
background was significantly reduced, but the
measured isotope ratio from chlorine (theoretical
ratio 33%, measured 5.4%) was indicative of a
peak impurity. Elimination of the interfering
chemical background was achieved at a resolving
power of 4000, with a moderate decrease in
sensitivity.

LEVELS OF SOME ACIDIC PESTICIDES IN SURFACE WATER

All measurements were performed at mass unit resolution.

Sample Concentration (ug/l)

Bentazone  Dalapon Dicamba Dikegulac MCPA Mecoprop 2,4-D
Ground water 1 0.15 0.05 0.05 0.36 <0.05
Ground water 2 0.14 0.05 0.05 2.19 <0.05
Ground water 3 0.20 0.05 0.06 0.07 <0.03
Ground water 4 0.16 <0.05 0.08 0.06 0.06
Ground water (add.)’ 0.22(0.21) 0.20(0.18) 0.21(0.19) 0.22(0.19) 0.19(0.20)
River water 1 0.31
River water 2 0.36
River water 3 <0.05
Drinking water 1° 688 790 523 853
Drinking water 2° 793 87 <0.05 107
Drinking water 3° 570 805 783 690
Drinking water 4° 549 <0.05 <0.05 <0.05

? Measured values of blank ground water with addition of ca. 0.2 ug/l (in parentheses) of the pesticides.
® Drinking water samples contained additions of several pesticides, used to investigate the behaviour of organic micropollutants

during slow sand filtration.
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Fig. 6. Influence of increased mass resolution measurements of mecoprop at 0.1 g/l in a dirty ground water sample.

DISCUSSION

PTC derivatization was found to be a rapid

and reliable method for the determination of
polar acidic pesticides using GC techniques. For
(phenoxy-)carboxylic pesticides, the PTC de-
rivatization technique was found to be suitable
for screening purposes. Although it is not pos-
sible to use this method with an ECD system
without any further sample clean-up, MS detec-
tion provides sufficient selectivity and sensitivity
in the negative-ion CI mode. An electron-captur-
ing functionality is introduced into the com-
pound by derivatization; hence the presence of
an electron-capturing group in the original pes-
ticide is not a prerequisite.
" Confirmation and determination down to the
0.05 ug/l level were easily achieved on a quad-
rupole instrument with mass unit resolution.
However, increased resolution may be necessary
when high chemical background levels are ob-
served (e.g., with dirty samples).

Future research will be focused on the ap-
plicability of this screening method to other
(phenoxy-)carboxylic pesticides and the applica-
tion of the two-phase system derivatization tech-
nique to pesticides containing other classes of

functional groups (e.g., OH or NH/NH,
groups).
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ABSTRACT

The determination of pesticides in water is often based on liquid-liquid extractions combined with concentration by
evaporating the organic solvent followed by analysis with capillary GC. The use of selective detection such as thermionic
detection (NPD) or flame photometric detection (FPD) makes the use of additional clean-up unnecessary in many instances. To
obtain detection limits in the sub-ppb range with these detectors, typically the equivalent of approximately 1 ml of sample is
injected. Hence, micro-extraction techniques, transferring the pesticide content of 1 ml of aqueous sample to a capillary GC are
feasible. In this study, micro liquid-liquid extraction with methyl fert.-butyl ether was combined with GC-FPD in a fully
automated set-up, using GC sample introduction volumes of 500 w1, which were transferred via an on-column interface equipped
with an early vapour exit. The organophosphorus pesticides diazinon, chlorpyriphos-methyl, malathion, chlorpyriphos-ethyl,
chiorfenvinphos-cis, bromophos and azinphos-ethyl were determined in pond water spiked at the 0.5 pg/l level. In most cases
recoveries were over 70%, while the detection limit allowed quantification at the level of the EC maximum residue limits for
water intended for human consumption (0.1 mg/l). This communication demonstrates the practicality of an on-line micro
liquid-liquid extraction procedure which eliminates the need to use a phase separator, resulting in a set-up robust also in the
hands of relatively inexperienced personnel.

INTRODUCTION vapour exit developed by Grob and co-workers

[1,2], which allow the introduction of almost any

Recent developments in LC-GC coupling
open new ways for on-line sample handling in
capillary GC. In particular, the solvent evapora-
tion LC~GC interfaces equipped with an early

* Corresponding author.

0021-9673/93/$06.00

volume of solvent in a gas chromatograph, are
extremely powerful.

The use of sample enrichment on non-polar
solid phases coupled with LC-GC-type large-
volume injections is described by Noroozian et
al. [3] and more recently by Vreuls et al. [4].
Other approaches to automated sample enrich-
ment coupled to gas chromatography are dis-

© 1993 Elsevier Science Publishers BV. All rights reserved
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cussed by Zlatkis [5] and Kaiser and Rieder [6],
who described the extraction of analytes into the
stationary phase film of the GC column. Major
drawbacks of these approaches concerned low
extraction efficiency (slow diffusion process) and
poor reconcentration before on-line GC analysis
(low phase ratio).

This paper deals with liquid-liquid extraction
techniques coupled to capillary GC. Today, the
gas chromatographic analysis of pesticides in
aqueous environmental samples is focused on
nitrogen- and phosphorus-containing pesticides,
which are either deemed to reach the ground-
water due to their mobility or found in surface
water due to their extensive use. Detection with
the readily available selective thermionic (NPD)
and flame-photometric (FPD) detection systems
is relatively simple: Owing to the selectivity of
these detectors clean-up procedures by using, for
example, adsorption chromatography can usually
be omitted. In LC~GC this means that it is not
necessary to use the LC part in a LC-GC system
for clean-up. Standard procedures for the de-
termination of nitrogen and phosphorus pes-
ticides involve liquid—liquid extraction or solid-
phase extraction of large sample volumes, typi-
cally 500-1000 ml, with appropriately volatile
extraction solvents. In these procedures the
extracts are concentrated down to a few milli-
litres, of which 1 or 2 ul are injected splitless or
on-column into a capillary GC, thus introducing
only about 0.1% of the original sample. LC-GC
technology offers the possibility to inject larger
samples, of the order of 1 ml, into a GC system.
This gives the opportunity to combine the use of
micro-extraction techniques and GC analysis.
The comparison of conventional and micro-ex-
traction techniques presented in Table I clearly
illustrates the attractiveness of the latter ap-
proach.

Preference for either a liquid-liquid or a solid-
phase extraction is primarily determined by the
nature of the environmental problem under
consideration. In wastewater and surface water
analysis one is usually interested in the total
sample, including pesticides adsorbed on particu-
late matter; the same is true for rain water if the
total deposition is to be estimated. In ground-
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TABLE 1

COMPARISON OF CONVENTIONAL LIQUID-LIQUID
EXTRACTION AND MICRO LIQUID-LIQUID EX-
TRACTION TECHNIQUES

Conventional extraction Micro extraction

1000 ml water— 1 ml 1 ml water —1ml
extract extract
1 pg/l —1 pg/ml 1 ng/ml —1ng/ml

1 pl injection — 1 ng 1 ml injection— 1 ng

water analysis, however, one is usually interested
in the liquid phase of the sample only. If one is
interested in the contents of the total sample,
liquid-liquid extraction is to be preferred, since
one can handle the total sample without filtra-
tion.

The disadvantages of conventional liquid-liq-
uid extraction are: (i) the low sample throughput
due to the laboriousness of first use, and then
evaporating hundreds of millilitres of organic
solvent and (ii) the waste problem created by the
use of these amounts of organic solvent. If
liquid-liquid extraction is preferred it is there-
fore highly attractive to use miniaturized extrac-
tion procedures which, in addition, are more
easily automated.

Liquid-liquid extraction using segmented flow
systems followed by flow injection-type phase
separation coupled on-line with capillary GC has
been utilized for chlorinated pesticides [7],
aromatic hydrocarbons [8] and halocarbons [9],
and for chlorinated anilines and carboxylic acids
using a phase-transfer derivatization [10]. A
similar approach was used for interfacing re-
versed-phase LC with capillary GC by on-line
extraction of the analytes from the aqueous LC
eluent into solvents of lower polarity [11].

Modern LC autosamplers are able to perform
operations such as reagent addition, solvent
mixing, collection and liquid-liquid extraction.
This paper describes the application of such a
sampler for micro liquid-liquid extraction cou-
pled on-line with an LC-GC interface, thus
providing the automated sample handling of
aqueous environmental samples whilst eliminat-
ing the insertion of a phase separator.
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EXPERIMENTAL

Chemicals

Pesticides with a purity of >99% were pur-
chased from Promochem (Wesel, Germany).
Stock solutions were prepared in acetone
(Promochem, nanograde). Dilute solutions for
direct LC-GC analysis were prepared in n-
pentane (Baker resianalysed grade), methyl tert.-
butyl ether (MTBE) (Baker HPLC grade) or
dichloromethane  (Promochem, nanograde).
MTBE used in the LC pump was degassed
ultrasonically under light vacuum each day.

Equipment

In order to perform automated micro liquid—
liquid extractions the original Dualchrom 3000
LC-GC system was modified. The LC-GC
equipment consisted of a Dualchrom 3000
HPLC-HRGC system from Carlo Erba
Strumentazione (Milan, Italy) equipped with a
Model 232 Bio autosampler from Gilson (Vil-
liers-le-Bel, France), in combination with a
Model 401 dilutor from Gilson equipped with a
5.0-ml syringe and 3.0-ml PTFE transfer tubing
for solvent delivery and sample manipulation
(Fig. 1). Since it is not necessary to use an LC
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Fig. 1. Schematic representation of the equipment used for
automated micro liquid-liquid extractions. A = Auto-
sampler; Dil = dilutor; P =PTFE transfer tubing; R =rack
with samples; HP = high-pressure six-way valve; L = 500-ul
storage loop; W = waste; I = on-column interface; E = early
vapour exit; D = flame photometric detector.
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column, the UV-Vis LC detector of the Dual-
chrom 3000 was also removed.

For sample introduction the on-column inter-
face equipped with an early vapour exit using
partially concurrent solvent evaporation of the
Dualchrom was utilized.

Solvent evaporation was performed in a 6 m X
0.53 mm L.D. phenyl-silyl deactivated retention
gap obtained from Gimex (Diren, Germany)
connected via a pressfit connection to a 3 m X
0.32 mm 1.D. DB-5 retaining precolumn with a
film thickness of 0.25 um (J&W Scientific, Fol-
som, CA, USA). The GC separation was
achieved on a 22 m X 0.32 mm L.D. DB-5 capil-
lary column with a film thickness of 0.25 um
obtained from J&W Scientific, which was cou-
pled to the retaining precolumn by means of a
three-way pressfit. The third exit of the three-
way pressfit was connected to a 0.4 m X 0.32 I.D.
fused-silica capillary connected to the early va-
pour exit. The oven temperature was pro-
grammed as follows: 65°C for 10 min, 20°C/min
to 150°C, 5°C/min to 260°C, 30 min hold at
260°C. The helium inlet pressure was set at 100
kPa.

Detection was- performed with a Model 700
flame photometric detector from - Carlo Erba
equipped with two photomultiplier tubes for
phosphorus and sulphur detection, using filters
of 526 nm and 394 nm, respectively. The detec-
tor body temperature was 180°C and the detector
base temperature 300°C. The volumetric flow-
rates of the flame gases hydrogen and air were
set at 90 ml/min and 140 ml/min, respectively.
A volumetric flow-rate of 22 ml/min helium was
used as make-up gas.

Spiked samples were prepared from stock
standard solutions in acetone, ensuring an ace-
tone content of less than 1% in the final solution.
All calibrations were performed by large-volume
injections following essentially the same proce-
dure as for the extracts of the samples.

RESULTS AND DISCUSSION
Instrumental set-up

The commercially available Dualchrom equip-
ment provides two options for sample intro-
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duction: the loop-type interface and the on-
column interface. In this study the use of the
on-column interface was preferred since this
injection technique is more versatile with respect

to the more volatile compounds, a group of.

compounds that is certainly relevant for the
development of future applications.

Choice of extraction solvent

The selection of extractants used in micro-
extraction techniques is based on the applicabili-
ty of the solvent in the interface introduction in
combination with its properties for the extraction
of moderately polar pesticides from water. The
GC introduction technique requires a low boiling
solvent; the application of the technique to polar
pesticides requires a relatively polar organic
solvent. Technically a solvent with a density
lower than water should be preferred in order to
transfer the organic layer efficiently to the GC
column. In early experiments diethyl ether was
tested as extraction solvent. However, this re-
sulted in difficulties with the handling of the
liquid in the PTFE transfer coil of the auto-
sampler (Fig. 1) due to evaporation of the
solvent in the aspirator tubing. In order to
prevent cross-contamination, an airplug is aspi-
rated between diethyl ether and the solvent
present in the remainder of the dilutor system.
Apparently, the combination of the airplug with
the evaporation of diethyl ether inside the trans-
fer tubing causes overpressure in the PTFE
transfer coil. Hence, diethylether is partially lost
during the extraction procedure. MTBE was
tested in the same procedure without the prob-
lems caused by undesired solvent loss during the
manipulations performed by the autosampler.
Apparently, the application of very volatile sol-
vents in combination with solvent manipulation
by an autosampler should be avoided due to
solvent loss and solvent evaporation in the sam-
ple vial in which the extraction is performed. At
this moment, the application of volatile solvents
seems to be limited to closed on-line extraction
systems in combination with a phase separator.
With regard to automation, solvents with a
density lower than water are manipulated by the
autosampler more easily, without the risk of
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aspirating water which is situated below the
extraction solvent.

Micro liquid-liquid extraction

De Ruiter et al. [12] used autosamplers for
their micro liquid-liquid extractions. They de-
scribed an extraction of phenolic steroids that
were derivatized by a phase transfer-catalysed
dansylation in a two-phase system consisting of
an aqueous solution and dichloromethane or
chloroform. By aspirating the mixture repeatedly
in the coiled PTFE transfer capillary of the
sampler, they created a segmented flow in which
efficient extraction took place. In the quoted
paper, the introduction of the segmented
aqueous/organic mixtures into the capillary
caused cross-contamination; therefore rinsing
with acetone and water was necessary. To pre-
vent this problem we performed the extraction
procedure by aspirating the organic phase only.

Micro liquid-liquid extraction was carried out
using 4-ml autosampler vials closed with a cap
containing a PTFE inlay to prevent solvent
evaporation during the process. These vials
contained 1.5 ml of the water sample, to which
the dilutor added 1.5 ml of MTBE. Automated
liquid-liquid extraction was carried out by let-
ting the dilutor aspirate —at the correct needle
depth— 1.0 ml of solvent at a flow-rate of 100
wl/s. After raising the needle to a level of 4 ml,
dispensing was performed at a flow-rate of 1600
ul/s, forcing the organic solvent into the water
phase and thus extracting the pesticides. After 1
min —the time needed to separate the two
immiscible phases— the procedure was repeated
six times.

Optimization of GC introduction

After extraction, 1.0 ml of the organic fraction
was injected through a 500-ul storage loop
situated at the six-way valve of the autosampler
(Fig. 1). The extract was transported from the
loop to the on-column interface by means of the
LC pump of the Dualchrom. In order to com-
pensate for the volume of the transfer lines an
additional 100 ul of MTBE were introduced,
yielding a total injection volume of 600 wl of
MTBE to be transferred into the GC column.
Sample introduction took place over 3 min at a



G.R. van der Hoff et al. | J. Chromatogr. 644 (1993) 367-373

flow-rate of 200 wl/min, using an oven tempera-
ture of 65°C and a helium pressure of 100 kPa.
The required closure time of the early vapour
exit was determined by igniting the solvent
vapours leaving the exit tube.

Solvent vapours arrived after 14 s, counting
from the moment the GC introduction com-
menced, which can be considered as the dead
time of the retention gap and retaining pre-
column. Flame extinction after GC introduction
was observed after 267 s, closure of the early
vapour exit was set at 282 s, a delay of 15 s after
completion of solvent evaporation. Hence, the
time needed for the evaporation of 600 ul of
MTBE can be estimated correcting of the total
sample introduction time (267 s) for the dead
time of the retention gap/solvent vapour exit
system (14 s), yielding an evaporation time of
253 s. The corresponding evaporation rate can
be calculated by division of the volume intro-
duced in GC (600 ul) by the evaporation time
(253 s), which resulted in an evaporation rate of
142 wl/min MTBE, which is in agreement with
the evaporation rate for MTBE found by
Schmarr et al. [2]. The introduction rate (200
pl/min) leaves approximately 175 ul to be
evaporated after completion of the sample trans-
fer. It can be concluded that the flooded zone is
rather high in comparison with those reported by
other authors [2]. Prediction of the allowable
flooded zone is complicated, because it depends
on the wettability of the retention gap surface.
The relatively low surface tension of ethers in
combination with the retention gap used in this
study partially explains the large flooded zone
that can be handled. It should be mentioned
here that too large a flooded zone should result
in irregular flames during the experiments for the
determination of the evaporation rate. However,
no such effect was observed.

Application of automated micro liquid—liquid
extraction

After stabilization of the LC-GC-FPD
system, 4-ml vials containing aliquots of the
pond-water samples were placed into a rack of
the autosampler. Automated micro liquid-liquid
extraction was performed by the autosampler,
which applied the extraction procedure discussed
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above. Six-fold repetition of this procedure gave
plateau conditions for the analyte recovery for
all seven organophosphorus pesticides tested.
Table II shows an event schedule of the whole
procedure of automated micro liquid-liquid ex-
traction coupled to GC-FPD.

Table III shows that the total on-line extrac-
tion-GC-FPD system showed good perform-
ance at the sub-pg/l level, with bromophos
being a notable exception. The reason for this
anomalous behaviour is as yet unknown.

Fig. 2 shows a chromatogram obtained for a
1.5-ml pond-water sample using the procedure
described above. Detection was performed by
means of dual-FPD detection; that is, chromato-
graphic traces in the P- and S-mode are recorded
simultaneously. Unfortunately, however, even
with the Model 700 FPD system, the S-mode is
not sensitive enough to detect sub-ug/1 levels of
the pesticides in the small sample volumes used.

Micro liquid-liquid extraction coupled on-line
to a GC system is attractive for volatile pes-
ticides, since losses due to evaporation can be
minimized because one uses a closed system
during the evaporation step. In order to test the
applicability of this set-up to volatile pesticides,
dichlorvos (DDVP), a volatile organophos-
phorus pesticide, was used as a model com-
pound. The application of MTBE as solvent to
introduce DDVP into GC turned out to be
unsuitable: no peak appeared in the chromato-
gram, probably because of co-evaporation of the
pesticide with the evaporating MTBE despite the
use of an on-column interface.

As regards the selection of an alternative
extractant, a distinctly polar solvent is required
to extract the polar DDVP efficiently from water
samples. Besides, because of GC introduction,
the selected solvent should be low boiling. Di-
chloromethane appears to be the only sufficiently
pure solvent available to meet these require-
ments. Unfortunately, the density of dichlorome-
thane is higher than water, hence, the organic
phase is situated below the aqueous sample
phase. Therefore the organic phase has to be
transferred through the aqueous phase, intro-
ducing a source of contamination, or even drop-
lets of water.

Preliminary experiments applying liquid-lig-
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TABLE II

EVENT SCHEDULE OF THE AUTOMATED LIQUID-LIQUID EXTRACTION OF WATER SAMPLES COUPLED
ON-LINE TO GC-FPD

G.R. van der Hoff et al. | J. Chromatogr. 644 (1993) 367-373

Step Time Event(s) that take(s) place
(min:s)
1 0:00 LC autosampler starts extraction procedure, rinsing of the PTFE transfer tubing
2 0:30 Addition of 1.5 ml of MTBE to sample vial (first extraction), stabilization of two mixed phases
3 1:30 Aspiration of 1.0 ml of MTBE from sample vial
4 1:40 Dispensing of 1.0 ml of aspirated MTBE into sample vial (second extraction) and stabilization
of two mixed phases
5 2:40 Aspiration of 1.0 ml of MTBE from sample vial
6 2:50 Dispension of 1.0 ml of aspirated MTBE into sample vial (third extraction) and stabilization of
two mixed phases
7 3:50 Aspiration of 1.0 ml of MTBE from sample vial
8 4:00 Dispension of 1.0 ml of aspirated MTBE into sample vial (fourth extraction) and stabilization
of two mixed phases
9 5:00 Aspiration of 1.0 ml of MTBE from sample vial
10 5:10 Dispension of 1.0 ml of aspirated MTBE into sample vial (fifth extraction) and stabilization of
two mixed phases
11 6:10 Aspiration of 1.0 ml of MTBE from sample vial
12 6:20 Dispensing of 1.0 ml of aspirated MTBE into sample vial (sixth extraction) and stabilization of
two mixed phases
13 7:20 Transfer of 1.0 ml of MTBE extract of the water sample to a 500-u1 storage loop
14 7:30 Start of GC introduction of the MTBE extract and start of temperature programme
15 10:30 End of GC transfer of the MTBE extract
16 11:57 End of solvent evaporation
17 12:12 Closure of the solvent vapour exit
18 61:23 End of temperature programme, GC oven starts cooling.
19 68:00 GC oven stabilizes on introduction temperature while LC autosampler starts extraction cycle
from step 1
TABLE I

TRACE-LEVEL DETERMINATION OF ORGANOPHOSPORUS PESTICIDES IN POND WATER USING ON-LINE
MICRO LIQUID-LIQUID EXTRACTION-GC-FPD

No. Compound Spiking level Recovery” LOD®

(ng/l) (ng/l)
Extr. 1 Extr. 2 Extr. 3 Mean (%) R.S.D. (%)

1 Diazinon 0.50 107 98 102 102 5 0.02

2 Chlorpyriphos-methyl 0.56 85 74 80 80 5 0.01

3 Malathion 0.44 75 72 76 74 2 0.03

4 Chlorpyriphos-ethyl 0.65 75 67 73 72 4 0.02

5 Chlorfenvinphos-cis 0.43 105 80 97 94 13 0.09

6 Bromophos 0.43 44 42 43 43 1 0.05

7 Azinphos-ethyl 0.53 113 92 109 105 11 0.02

? Recovery values for the three separate extractions are given, as well as the mean recovery and the relative standard deviation
(R.S.D.).
® Limit of determination defined as a signal-to-noise ratio of 3.
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Fig. 2. Automated liquid-liquid extraction coupled on-line
to GC-FPD analysis (P-mode; att. 16) of a pond-water
sample spiked with seven organophosphorus pesticides at 0.5
wng/l, using MTBE as extraction solvent. For peak assign-
ment, see Table II.

uid extraction with dichloromethane were per-
formed: 1.5 ml of water sample were transferred
into a vial of 4 ml, after which 1.5 ml of
dichloromethane were added. This vial was
shaken for 30 s, and subsequently 600 ul of the
organic extract were transferred into an auto-
sampler vial, which was placed in the auto-
sampler. The dichloromethane extract was intro-
duced into the GC system by means of an on-
column interface at an oven temperature of 50°C
using a dichlormethane flow-rate of 150 ul/min.
Water spiked with DDVP at the 0.4 ug/1 level
resulted in a chromatogram with a large solvent
peak tailing up to a retention time of 20 min,
probably caused by strong phase soaking of the
stationary - phase in the retaining precolumn,
which resulted in a very broad DDVP peak.
Apparently, for the extraction of very volatile
pesticides other extraction solvents are needed,
because the use of dichloromethane can cause
damage to the introduction system and the
quartz windows of the FPD system. Also, soot
formation inside the flame detector can occur.
An additional drawback of dichloromethane is
that its applicability for NPD is limited [11].

CONCLUSIONS

Micro-extraction techniques offer distinct ad-
vantages over conventional-size liquid-liquid ex-
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tractions because of the ease of on-line coupling
to LC-GC interfaces (and their automation), the
increased sample throughput and the distinctly
lower organic solvent consumption.

The present communication demonstrates the
practicality of a simple micro liquid-liquid ex-
traction procedure which eliminates the need to
use a phase separator. This certainly makes the
set-up robust even in the hands of relatively
inexperienced personnel. As an example, a
number of organophosphorus pesticides are de-
termined in pond water at the 0.1-1 ug/l level.

Problems are still encountered when highly
volatile and polar analytes (and organic solvents)
have to be used. Future research will involve a
more detailed study of the compatibility of a
wide range of organic solvents with the proposed
technique.
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ABSTRACT

A previously developed difluoroanilide derivatization method was used for the determination of trace levels of halogenated
acetic acids (HAAs), including bromoacetic acids, in water. The derivatives formed by the reaction were separated with a gas
chromatograph—-mass spectrometer equipped with a fused-silica capillary column and detected by selected ion monitoring. Five
acids (chloro- and bromoacetic acids) in water could be determined at ug 17! levels. The recoveries for 10 ug 17" of analyte in
natural waters (lake and sea waters) were greater than 85%. However, under the conditions used, tribromoacetic acid could be
determined only at higher concentration levels. The proposed method was successfully used to determine concentrations of HAAs
in a range of natural waters. HAA formation from raw river water was investigated by laboratory chlorination experiments.

INTRODUCTION

Dissolved organic compounds such as humic
substances are known to form halogenated acetic
acids (HAAs) in natural waters, especially chlo-
roacetic acids (CAAs), by reaction with chlorine
[1-4]. Among the chlorination products in drink-
ing water, attention has been focused almost
exclusively on volatile chlorinated organic com-
pounds, particularly trihalomethanes (THMs)
[1,5]. However, there has been an increased
awareness that CAAs may represent potential
hazards. CAAs seem to be the principal fraction
of non-volatile chlorinated organic compounds in
drinking water [2-4], with several researchers
reporting concentrations of trichloroacetic acid
(TCAA) and dichloroacetic acid (DCAA) up to
160 wg 17 [6-11]. In Japan, both DCAA and
TCAA have been found in drinking water at
concentrations up to 35 mg 17 [12]. Specific
regulation may be needed to control the forma-

tion of these chlorination by-products formed
during disinfection of drinking water [13).

Previously, a novel but simple difluoroanilide
derivatization method was developed for trace
amounts of CAAs in water [14]. The CAA
derivatives formed by a reaction with dicyclohex-
ylcarbodiimide (DCC) and 2,4-difluoroaniline
(DFA) were separated and determined by gas
chromatography with electron-capture detection
(GC-ECD). This method permits the CAAs in
water to be converted into the derivatives suit-
able for GC analysis and extracted into an
organic phase in one step. In practice, this
method is convenient for the detection and
determination of CAAs in tap water and waste-
water after disinfection. However, the use of
packed GC columns has limitations with respect
to the separation of the derivatives.

In this work, the direct derivatization method
was applied to bromoacetic acids (BAAs), which
are expected to be formed during water chlorina-
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tion in the presence of bromide ion [7,11]. A gas
chromatographic—mass spectrometric {GC-MS)
system fitted with a capillary column was used to
separate the difluoroanilide derivatives of HAAs
(CAAs and BAAs) and detect them selectively.
This method was employed for tap water analy-
sis, and laboratory chlorination experiments
were conducted to investigate the formation of
HAAs in the surface water of rivers.

EXPERIMENTAL

Apparatus

The system and operating conditions were as
follows: gas chromatograph—mass spectrometer,
JEOL JMS-AXS505W; fused-silica capillary
columns (J & W Scientific), DB-17 (15 m x 0.53
mm 1.D., film thickness 1.0 xm) and DB-5 (15
mX0.53 mm I.D., film thickness 1.5 um);
temperature programme, initially 100°C for 2
min, then increased at 8C min~' to a final
temperature of 200°C; injection port tempera-
ture, 220°C; separator temperature, 230°C; ion
source temperature, 260°C; ionization current,
0.3 mA; ionization voltage, 70 €V, and carrier
gas, helium at a flow-rate of 20 ml min .
Aliquots of 2 ul of sample solution were intro-
duced directly into the column.

A  Shimadzu GC-6A gas chromatograph
equipped with a *’Ni electron-capture detector
was used for the determination of THMs. A
glass column (3 m X3 mm I.D.) packed with
20% silicone DC-550 on Uniport HP was fitted.
The column oven temperature was 90°C, the
injection port temperature was 150°C and the
carrier gas was nitrogen at a flow-rate of 30 ml
min~". Aliquots of 5 ul of sample solution were
introduced.

Reagents

DFA and DCC were used as 1 M solutions in
ethyl acetate, as described previously [14].
Monochloroacetic acid (MCAA), DCAA and
TCAA primary standards were prepared in dis-
tilled water at concentrations of 1000 g ml™’
and stored in a refrigerator prior to use after
appropriate dilution. Monobromoacetic acid
(MBAA) and tribromoacetic acid (TBAA) were
obtained from Tokyo Kasei Kogyo (Tokyo,
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Japan). Dibromoacetic acid (DBAA) was ob-
tained from Aldrich (Milwaukee, WI, USA).
MBAA and DBAA primary standards were
prepared and used as aqueous solutions in the
same manner as the CAAs. Aqueous TBAA
standards (1000 wg ml ') were used immediately
after dilution and were not stored. A mixed
standard solution of six HAAs was prepared
from each standard solution (1000 g ml™").
[*H,]Naphthalene obtained from Cambridge Iso-
tope Laboratories (Woburn, MA, USA) was
dissolved in n-hexane. All organic solvents were
of a suitable grade for pesticide residue analysis.
Other reagents were of analytical-reagent grade.

Procedure

HAAs were derivatized as described previous-
ly [14]. Briefly, 1 g of sodium chloride and 0.4 ml
of 10 M hydrochloric acid were added to a 50-ml
water sample. After adding 0.4 ml of 1 M DFA
solution and 0.4 ml of 1 M DCC solution, the
mixture was vigorously shaken with 15 ml of
ethyl acetate for 40 min. Following the addition
of 5 g of sodium chloride, the aqueous layer was
separated and then extracted with 5 ml of ethyl
acetate. The combined organic layer was succes-
sively washed with 5 ml of 3 M hydrochloric
acid, saturated sodium hydrogencarbonate solu-
tion and saturated sodium chloride solution and
then dried over anhydrous sodium sulphate. The
solution was concentrated to 10 ml and subjected
to instrumental analysis.

A 50-u1 volume of [*Hg]naphthalene solution
2 ug ml_l) was added as an internal standard to
2 ml of the sample solution and aliquots of this
solution were injected into the GC-MS system.
Quantification was by comparison of the sample
peak area with that of the internal standard. For
calibration, 0.05-10-ug amounts of each halo-
genated acid were added to 50 ml of distilled
water with the mixed standard solution of six
HAAs and the samples were subjected to the
derivatization procedure.

Laboratory chlorination experiment

Surface water samples were collected during
January 1991 from five rivers (A, B, C, D and E)
flowing through the city of Nagano. The samples
were vacuum filtered through glass-fibre filter
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paper (Whatman GF/C). The formation of
HAAs and THMs in these filtrates following
chlorination in the laboratory without pH adjust-
ment was investigated.

Sodium hypochlorite solution was added to 11
of each of two filtered river water samples (from
A and B) at an initial free chlorine concentration
of 10 mg 17" and kept in sealed bottles in
darkness at 20°C. Sodium sulphite (to quench
the chlorine residue in samples) was added to
50-ml water samples taken periodically from the
bottles to follow the kinetics of CAA formation.

The formation of these compounds was also
studied in eight surface water samples collected
from the five rivers (A, B1, B2, C1, C2, D, E1
and E2). There were two sampling stations in
rivers B, C and E, as indicated by the numbers 1
(upper) and 2 (lower). In each instance, the
lower sampling station was several kilometres
downstream from the upper one. Sample waters
were chlorinated for 24 h at an initial free
chlorine concentration of 5 mg 17" under the
same conditions as described above. HAA con-
centrations were measured according to the
procedure outlined above. THM concentrations
were measured by n-hexane extraction and GC-
ECD [15]. Residual chlorine in the treated
water was measured by the N,N-diethyl-p-
phenylenediamine (DPD) method with a com-
parator [16].

RESULTS AND DISCUSSION

Difluoroanilide derivatization of BAAs

The difluoroanilide derivatization method
which was developed for CAA determination
was tested here for its application to other
HAAs. Aqueous solutions of BAAs produced
derivatives when subjected to the same reaction
conditions as applied to CAAs. Electron impact
(EI) ionization mass spectra were measured for
the products of the difluoroanilide derivatization
of each of the BAAs (MBAA, DBAA and
TBAA) (Fig. 1). Molecular ion peaks were
observed at m/z 249, 327 and 405 for MBAA,
DBAA and TBAA, respectively, which con-
firmed the formation of the difluoroanilide
derivatives, 2,4-difluoromonobromoacetanilide
(MBA-DFA), 2,4-difluorodibromoacetanilide
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Fig. 1. EI mass spectra of the difuoroanilide derivatives of
BAAs. (a) MBAA derivative (MBA-DFA); (b) DBAA
derivative (DBA-DFA); (c) TBAA derivative (TBA-DFA).

(DBA-DFA) and 2,4-difluorotribromoacetanil-
ide (TBA-DFA).

The MBAA derivative had a base peak at m/z
129, corresponding to a fragment ion [M — 76]",
which can be explained by the elimination of
ketene from the rearranged molecular ion M™.
The derivatives of DBAA and TBAA, which
possess two or more bromine atoms per mole-
cule, exhibited base peaks at m/z 156, corre-
sponding to a fragment ion [CONH — C;H,F,]"
which can be explained by cleavage of the
carbon—carbon bond of the acetyl group. These
base peaks for the derivatives of BAAs (from
MBAA to TBAA) are similar to those observed
for the CAA derivatives (from MCAA to
TCAA). For the MCAA, DCAA and TCAA
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derivatives, base peaks were observed at m/z
129, 156 and 156, respectively [14].

Separation and detection of HAA derivatives

In the previous study, difluoroanilide deriva-
tives of CAAs were separated on packed
columns with the stationary phases DEGS +
H,PO, and/or Apiezon grease L + H,PO, [14].
In this study, fused-silica capillary columns with
bonded stationary phases of slight polarity (5%
diphenyl-95% dimethylpolysiloxane phase), DB-
5, and of intermediate polarity (50% phenyl-
50% methylpolysiloxane phase, equivalent to
OV-17), DB-17, were tested for the separation of
the HAA derivatives. Slight tailing of the chro-
matographic peaks was observed on both
columns, especially for monohalogenated acetic
acid derivatives. However, the intermediate po-
larity stationary phase yielded cleaner peak
shapes.

With increasing number of chlorine and
bromine atoms in an HAA molecule, the reten-
tion times of the corresponding CAA and BAA
derivatives were prolonged (Table I). Monitor-
ing ions for detection of the CAA [14] and BAA
derivatives by selected ion monitoring (SIM)
were chosen from the mass spectra (Fig. 2 is a
typical SIM chromatogram obtained from a
mixed standard solution of six HAAs at 200 pg
17" each). The molecular ion peaks at m/z 205
and 249 or the fragment ion peak at m/z 129

TABLE I

COLUMN RETENTION OF THE DIFLUOROANILIDE
DERIVATIVES OF HAAs

Acid Relative retention time’
DB-5 DB-17
MCAA 1.00 1.00
DCAA 1.19 1.16
TCAA 1.40 1.34
MBAA 1.26 1.32
DBAA 1.66 1.74
TBAA 2.13 2.28

“ Relative retention times were calculated on the basis of the
retention time of the MCAA derivative on each column (15
m X 0.53 mm 1.D.).

H. Ozawa [ J. Chromatogr. 644 (1993) 375-382

Time (min})

s i 4 $ L4 1P 2

329 7]

2713 3

249 ‘]L
ey ’n
2
21 205 1
4

56 k 23 0 g

A
136 LS,
N
129 ! 4
T 260 400 T 600 i 800

Scan number

Fig. 2. SIM chromatogram of the difluoroanilide derivatives
of HAAs obtained from a standard solution (200 pg 17* of
each acid). Peaks: 1=MCAA; 2=DCAA; 3=TCAA; 4=
MBAA; 5=DBAA; 6=TBAA; LS.=["H,]naphthalene
(internal standard).

were monitored for the MCAA and MBAA
derivatives, respectively. The DCAA, TCAA,
DBAA and TBAA derivatives were monitored
by the fragment ion peak at m/z 156. HAA
calibration graphs were prepared by normalizing
the area of the ion peaks to the area of the
molecular ion peak of the internal standard.
Good linearity was shown by both the CAA
derivatives over the range examined and by the
MBAA and DBAA derivatives at concentrations
of several ug 17'. However, the TBAA deriva-
tive gave no peak at such low concentration
levels. The detection limits of MCAA, DCAA,
TCAA, MBAA and DBAA were 0.5, 0.5, 0.5, 2
and 1 pg 17", respectively, in a 50-ml water
sample. TBAA could be detected only at con-
centrations higher than ca. 100 pg 17' under
these conditions. Monitoring at m/z 156 was of
interest for the detection of HAAs with two or
more halogen atoms, as mentioned above. Five
HAA derivatives eluted with retention times
from 5.5 to 10 min and the TBAA derivative
eluted at 12.8 min (Fig. 2).

Stability of derivatives

A mixed standard solution of six acids (20 ug
17! each) was derivatized and stored in a glass
tube under various conditions to compare their
stabilities (expressed as a percentage of the
concentration remaining in an identical solution
stored in darkness at 4°C) (Table II). TBAA
could not be detected at the concentrations
tested in this experiment and no data were
obtained for it.
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TABLE II
STABILITY OF THE HAA DIFLUOROANILIDE DE-
RIVATIVES

Percentage of the concentrations measured in a standard
solution stored in darkness at 4°C.

Acid Darkness” Fluorescent lamp” Sunlight*
(48 h) (24 h) (3 h)

MCAA 105 104 91
DCAA 101 90 83
TCAA 97 82 68
MBAA 86 80 90
DBAA 93 69 54
TBAA - - -

* The derivatives were kept in darkness at 20°C for 48 h.

> At 20°C under 2000 Ix illumination provided by a white
fluorescent lamp for 24 h.

¢ Qutdoors in direct sunlight for 3 h.

The other five HAA derivatives were stable in
darkness at 20°C, but exposure to light dimin-
ished their peak area even at a constant tempera-
ture. When the analytical solution was allowed to
stand for 1 day exposed to the light from a
fluorescent lamp, most of the derivatives were
reduced to 70-90% of the original concentra-
tions. Exposure to direct sunlight reduced all the
derivatives to 50-90% of the original concen-
trations after only 3 h.

TABLE III

RECOVERY OF HAAs FROM SPIKED NATURAL WATER
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The halogen atoms in HAAs appeared to
affect the stability of the HAA derivatives. Acids
with an increasing number of halogen atoms
tended to form derivatives of lower stability.
BAA derivatives were less stable than CAA
derivatives in light. The analytical solution
should be protected from light as much as
practical and, if stored, it should be kept in a
refrigerator.

Recovery experiments and tap water analysis

Six acids were added to lake and sea water
samples at a concentration of 10 ug 17'. The
concentrations of these acids were then deter-
mined according to the procedures described
above. In the analysis of sea water, the initial
addition of sodium chloride to the sample water
was omitted. Five HAAs showed recoveries of
greater than 85% in both lake and sea water
(Table III). Apparently inorganic salts other
than sodium chloride in sea water exert hardly
any influence on the derivatization reaction.

Drinking water was collected in winter in
Nagano city at a water supply services tap.
Residual chlorine in that sample was decom-
posed with sodium sulphite. DCAA and TCAA
were detected in drinking water at concentra-
tions of 4.5 and 7.5 ug 17", respectively (Fig. 3).
MCAA was measured at 0.8 ug 17'. However,
no BAAs were detected.

Lake water and sea water stored at 4°C were spiked with HAAs and: analysed. (n = 3).

Acid Concentration Lake water Sea water Monitored ion
(rg1™ (m/2)

Average R.S.D. (%) Average R.S.D. (%)
recovery (%) recovery (%)

MCAA 10 95 1.5 97 4.1 129

DCAA 10 99 0.7 102 1.6 156

TCAA 10 96 1.9 103 2.5 156

MBAA 10 87 6.6 86 4.0 129

DBAA 10 104 1.8 92 1.5 156

TBAA 10 - - - - 156
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Laboratory chlorination experiments

The time course of CAA formation by chlori-
nation was followed in river water from sampling
sites A and B (Fig. 4). Immediately after sodium
hypochlorite had been added to filtered river
water, the CAA concentrations increased rapid-
ly. The formation rate slowed after about 6 h.
However, the concentrations of CAAs were still
increasing even 1-2 days after chlorination. The
two different river water samples showed similar
time courses of CAA formation. The ratio of
DCAA to TCAA was almost constant (ca. 1:2)
and was independent of reaction time. This ratio
(DCAA/TCAA) has been reported to be depen-
dent on the chlorine-to-carbon ratio, that is,
relatively large amounts of DCAA were formed
in comparison with TCAA during chlorination
under low chlorine-to-carbon ratio conditions
[3]. For this experiment, the observed DCAA/
TCAA ratio is consistent with a high chlorine-to-
carbon ratio during chlorination.

The potential formation of HAAs in different
river waters was compared by measuring the
HAA concentrations after a given period follow-
ing chlorination (Table IV). After 24 h, the
residual chlorine concentrations were not less
than 10% of the initial concentration (5 mg17").
CAA formation totalled 2.9-11 ug 17" for
DCAA and 4.5-25 ug 17! for TCAA. MCAA
formation was considerably less, below 1 ug 17",
DBAA was undetected except for one river

Time (min)
6 8

Response

136
M

200 ) 400 ’ 600 ' 800
Scan number

Fig. 3. SIM chromatogram for tap water. Peak numbers as in

Fig. 2.
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Fig. 4. Formation of CAAs as a function of reaction time
from filtered river water samples coliected at (a) site A and
(b) site B. @ =TCAA; A=DCAA; O=total CAAs. The
pH values of the river samples were 7.3 and 7.4 at sites A
and B, respectively. Reaction conditions: 10 mg 17" chlorine
dose; in darkness at 20°C. Residual free chlorine concen-
trations after treatment for 48 h were (a) 1.8 and (b) 2.8
mg 17",

water-sample collected from site C2 (discussed
below). In the rivers from which both upstream
and downstream samples were collected, CAA
formation tended to increase longitudinally
downstream.

River water with high THM formation rates
also had high HAA formation rates. There was a
strong correlation between chloroform formation
and total CAA formation (MCAA + DCAA +
TCAA) represented by the equation [total
CAAs] = 1.2[chloroform] —1.1 (units=pug 177,
r*=0.949; Fig. 5). The correlation between
major components of total CAAs and chloro-
form was also high, e.g., [TCAA]=
0.87[chloroform] —2.4 (ug 17", r*=0.936) and
[DCAA] = 0.31{chloroform] +0.64 (ug1~', r* =
0.970).

HAAs were not detected in the raw river
water before treatment but were detected after
treatment. Among BAAs, DBAA formation was
found (at trace levels) only in the sample from
station C2 (Fig. 6). Unlike all the other river
samples, bromine-substituted THMs dominated
total THM formation (31 mg 17') at site C2.
During water chlorination in the presence of
bromide ions, chloroform formation is sup-
pressed and there is a shift towards the forma-
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TABLE IV
LABORATORY CHLORINATION OF RIVER WATER
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Chlorination conditions: 5 mg 17" chlorine dose; in darkness at 20°C for 24 h.

Sampling pH Residual HAAs (pgl™') THMs (ng17")"
station” free
chlorine MCAA DCAA TCAA MBAA DBAA CHCl, CHBrCl, CHBr,Cl CHBr,
(mg17)
A 71 2.8 N.D’ 4.1 7.2 N.D. N.D. 11 4.8 1.9 N.D.
B1 7.8 39 N.D. 9.6 24 N.D. N.D. 30 4.0 0.4 N.D.
B2 84 33 N.D. 11 25 N.D. N.D. 32 5.5 0.8 N.D.
C1 7.5 42 N.D. 2.9 4.5 N.D. N.D. 8.8 5.7 3.3 N.D.
c2 74 24 0.7 3.3 6.5 N.D. Trace 8.0 10 10 2.8
D 79 39 N.D. 8.2 21 N.D. N.D. 25 6.8 1.4 N.D.
El 89 32 0.9 5.6 7.7 N.D. N.D. 17 7.5 34 N.D.
N.D. N.D. 17 8.6 39 N.D.

E2 81 0.6 0.7 7.0 14

“1 and 2 indicate the upstream and downstream sampling stations in each river, respectively.
® Detection limits of THMs: chloroform = 0.5 ug 17'; bromodichloromethane = 0.1 Ke 17'; dibromochloromethane = 0.2 ug 174

bromoform =1 pg 17"
°N.D. = Not detected.

tion of brominated THMs [17-19]. Non-volatile
brominated organic compounds are also pro-
duced under such conditions [20}, and these
might include BAAs. It can therefore be as-
sumed that there was a comparatively high
concentration of bromide ions in the river water

50

a0}
~ o
i o]
o
Z30r o
2
< o)
a2t
[}
°
= o

wf ©°

o)
0 10 20 30 40 50

Chlorotorm (pg )

Fig. 5. Relationship between the formation of chloroform
and total CAAs in filtered river water samples. Reaction
conditions: 5 mg 17* chlorine dose; in darkness at 20°C for
24 h.

at site C2 before treatment. DBAA has been
found to be the most prominent HAA in Dutch
drinking waters prepared from surface waters
[11].

In conclusion, the difluoroanilide derivatiza-
tion method is applicable to BAAs. Five HAAs
(except TBAA) were determined by GC-MS at
the mg 17" level and good recoveries from
natural waters were obtained in the recovery

Time (min)
2 4 ; 7 0
5
329
2 3 -
@
2l
% 5
g 156
- |
IS,
136 A
1 T T T T T Y T T T T Foce
200 400 600

Scan number

Fig. 6. SIM chromatogram obtained from the chlorinated
surface water collected at site C2. Peak numbers as in Fig. 2.
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experiments. The proposed method is useful for
the simple determination of HAAs in water.
However, the problem of the very high detection
limit of TBAA remains to be solved.
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ABSTRACT

A protocol which employs a methyl silicone gum capillary column for gas chromatographic analysis of the products of the
acid-catalyzed reaction of furfurylamine with aldehydes is presented, and its efficacy is demonstrated.

INTRODUCTION

The synthesis of difurfuryl diamines (Fig. 1)
via amido derivatives of furfurylamine has re-
cently been reported [1]. Difurfuryl diamines are
excellent curing agents for epoxy resins [2]. In
addition, they are readily converted to the corre-
sponding diisocyanates, which can be utilized in

HzNCHr& o) &—Ic:;& 0 &‘CH2NH2
H

Fig. 1. Difurfuryl diamines.

* Corresponding author.
* Present address: The Upjohn Company, 7000 Portage
Road, Kalamazoo, MI 49001, USA.

0021-9673/93/$06.00

the preparation of polyurethanes [3,4] and adhe-
sive resins [5]. These compounds are of particu-
lar interest to the composite wood products
industry because they can be derived from re-
newable resources (biomass), rather than pet-
roleum.

The condensation reaction of furfurylamine
with an aldehyde in the presence of hydrochloric
acid offers a simpler route to difurfuryl diamines
[6] than that previously reported [1]. Design and
optimization of reactors for carrying out this
reaction on a commercial scale necessitate the
development of mathematical models which de-
scribe how reaction rates depend on temperature
and on reactant and catalyst concentrations. To
obtain the data on which such models are based,
one requires a method for measuring the concen-
trations of amino species in sample aliquots from
a reaction mixture. Although products of the

© 1993 Elsevier Science Publishers B.V. All rights reserved
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industrially important aniline—formaldehyde con-
densation reaction have been analyzed by TLC,
HPLC, GC and gel permeation chromatography
[7-9], chromatographic methods suitable for the
analysis of the analagous reaction products of
furfurylamine have not been previously reported
in the literature. The purpose of this investiga-
tion was to develop a simple, reliable method for
the analysis of mixtures of furfurylamino com-
pounds by capillary column GC. The utility of
the method that was developed is illustrated for
the reaction of furfurylamine with formaldehyde
to give 5,5-methylene difurfurylamine via the
intermediate 5-hydroxymethyl furfurylamine.

EXPERIMENTAL

Synthesis of standards

A pure sample of 5,5'-methylene difur-
furylamine (Fig. 1; R =H) was prepared from
furfurylamine (QO Chemicals; Memphis, TN,
USA) by the method described in the literature
[1]. S5-Hydroxymethyt furfurylamine was pre-
pared by the reaction at 30°C in 6 M hydrochlo-
ric acid (Baker, Phillipsburg, NJ, USA) of 8.0 g
of furfurylamine with 7.1 g of 35% (w/w) formal-
dehyde solution (Fisher, Fairlawn, NJ, USA).
After 15 min, the reaction mixture was quenched
with 104 ml of 6 M sodium hydroxide and 14.3 g
of hydroxylamine hydrochloride. The mixture
was then extracted with three 150-ml portions of
chloroform. Crude 5-hydroxymethyl furfuryl-
amine (2 g) was recovered from the second and
third extracts. The crude compound was purified
by vacuum distillation. A pure sample of fur-
furylamine (Aldrich, Milwaukee, WI, USA) was
prepared by vacuum distillation. The identity
and purity of all standards were verified by
HPLC, by 'H NMR, C NMR and IR spec-
troscopies, and by GC-mass spectrometry.

Preparation of standard solutions

A series of 10 standard solutions was em-
ployed for the determination of relative response
factors for furfurylamine, 5,5'-methylene difur-
furylamine and 5-hydroxymethyl furfurylamine.
The standard solutions were prepared by careful
dilution of a chloroform stock solution of the
compounds of interest in volumetric flasks con-

M.S. Holfinger et al. | J. Chromatogr. 644 (1993) 383-387

taining pre-weighed quantities of the internal
standard (methyl stearate). Solute concentrations
ranged from 0.20-20 mg/ml. The approximate
concentration of the internal standard in all
standard solutions was 2 mg/ml. If stored in a
freezer, the standard solutions were stable for
several months.

Instrumentation

Instrumentation consisted of a Hewlett-
Packard Model 5890A gas chromatograph
equipped with flame ionization detection (FID)
and a Model 7670 automatic sample injector.
Peak areas were measured with a Hewlett-
Packard Model 3387 electronic integrator.

Column and conditions

An HP-1 (Hewlett-Packard) wide-bore capil-
lary column (5 m X 0.53 mm I.D., 2.65 um film
thickness) was employed for separations. The
flow-rate of carrier gas (helium) was 17 ml/min,
and the split ratio was approximately 9:1. No
make-up gas was used. The initial column tem-
perature was 40°C. After 1.5 min, the column
temperature was increased to 200°C at a pro-
grammed rate of 30°C/min. A column tempera-
ture of 200°C was maintained for the remainder
of the analysis. An injection volume of 1 ul was
employed in all experiments. Samples were ana-
lyzed in triplicate.

Sample preparation and analysis

A 1-ml sample from the reaction mixture of
furfurylamine and formaldehyde in hydrochloric
acid was pipetted directly into a quench solution
containing a slight stoichiometric excess of 6 M
sodium hydroxide and 0.20 g of hydroxylamine
hydrochloride. Then, the resultant mixture was
extracted with chloroform (4 X3 ml). The ex-
tracts were combined with a known amount of
internal standard. A sample of the resultant
solution was injected into the gas chromato-
graph.

Recovery studies

The recovery of the chloroform. extraction
procedure was examined for the reaction of
furfurylamine with formaldehyde. A 1-ml aliquot
from a reaction of furfurylamine and formal-
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dehyde in 6 M HCl at 30°C was withdrawn after
30 min. The sample was neutralized with 6 M
NaOH and quenched with hydroxylamine hydro-
chloride. Then, the sample was extracted with
chloroform (3 x4 ml) by the standard proce-
dure, but without combination of these extracts.
A known amount of internal standard was added
to each extract, and each was analyzed by gas
chromatography.

Accuracy studies

To examine the accuracy of the method, six
representative samples were prepared by mixing
various amounts of the furfurylamine, 5-hy-
droxymethyl furfurylamine, and 5,5'-methylene
difurfurylamine standards. The concentrations of
furfurylamine (reactant) and 5,5’-methylene di-
furfurylamine (product) increased in reverse
order in this set of samples, as would be ex-
pected for samples from an actual kinetics ex-
periment. Each sample was diluted with 2.85 ml
of a “reaction matrix” consisting of 6 M hydro-
chloric acid (8 ml), 6 M NaOH (12.4 ml), 34.7%
(w/w) formaldehyde (0.47 ml), and hydroxyl-
amine hydrochloride (1.52 g). Samples were
worked up and analyzed by the standard proce-
dure.

RESULTS AND DISCUSSION

The results obtained indicate that the products
from the reaction of furfurylamine with alde-
hydes can be determined by a GC-FID method.
A gas chromatogram obtained by the procedure
utilized is depicted in Fig. 2. The chromatogram
in Fig. 2 corresponds to a sample from the
acid-catalyzed reaction of furfurylamine with
formaldehyde. Chromatographic peaks for fur-
furylamine (reactant), S5-hydroxymethyl fur-
furylamine (intermediate) and 5,5'-methylene
difurfurylamine (product) are well separated
from one another and from peaks associated
with the solvent and internal standard.

Data from the recovery studies are summa-
rized in Table 1. These data indicate that both
" furfurylamine and 5,5'-methylene difurfuryl-
amine are quantitatively recovered from the
aqueous reaction mixture by the standard extrac-
tion procedure. By contrast, the recovery of
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5.5 -methyleue difurfurylamine

5-hydroxymethy! furfurylamine
methyl stearate

furfurylamine

solvent
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Fig. 2. Typical chromatogram for mixtures of furfurylamine,
5-hydroxymethyl furfurylamine, 5,5’-methylene difurfuryl-
amine and the internal standard (methyl stearate).

5-hydroxymethyl furfurylamine was much less
than 100%. Favorable interactions of the pri-
mary hydroxyl of 5-hydroxymethyl furfurylamine
with the aqueous reaction matrix are believed to
be primarily responsible for its preferential dis-
tribution into the aqueous phase.

Plots of measured vs. actual amounts of com-
pounds based on data from the accuracy studies
are depicted in Fig. 3. For both furfurylamine
and 5,5'-methylene difurfurylamine, there is
excellent agreement between measured and actu-
al values, as indicated by the proximity of the
data points to the line y =x (see Fig. 3). The
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TABLE 1
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ANALYSIS VIA GAS CHROMATOGRAPHY OF SUCCESSIVE CHLOROFORM EXTRACTS (3 ml) FROM A REAC-
TION MIXTURE (1 ml) OF FURFURYLAMINE AND FORMALDEHYDE

Extract No. Chromatographic peak area

Furfurylamine 5-Hydroxymethyl 5,5'-Methylene Internal

furfurylamine difurfurylamine standard

1 3484714 453783 1493 609 517749
2 245 836 265413 88303 519497
3 - 200 655 - 507 600
4 - 137109 - 506 137
agreement between actual and measured (trimethylsilyl)acetamide (BSA), Pierce, Rock-

amounts establishes the accuracy of the method
for the analysis of these compounds. Due to
incomplete recovery of 5-hydroxymethyl fur-
furylamine by the chloroform extraction proce-
dure, the data for this compound fall close to the
line y =0.68x (see Fig. 3). The slope of this line
represents the overall recovery (68%) of 5-hy-
droxymethyl furfurylamine by the extraction
procedure. In kinetics experiments, this value
was employed for correction of the concentration
data for this compound.

For analysis of amino compounds, derivatiza-
tion is often employed to minimize the strong
interactions of this functionality with surface
sites in the GC column [10]. In initial work, both
Schiff base (acetone) [11] and silyl ether [bis-

g 120 A

A h y=x
s
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[~} 80 -

g

-«

g y = 0.68x
540 4
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= }

0 +=~ T T LI LI
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Fig. 3. Plots of measured vs. actual amounts of (O) fur-
furylamine, (A) 5,5'-methylene difurfurylamine and (O) 5-
hydroxymethyl furfurylamine.

ford, IL, USA] [12] derivatives were evaluated.
The Schiff base derivatives could not be formed
quantitatively, whereas chromatographic peaks
arising from the BSA derivatizing agent inter-
fered with the determination of furfurylamine.
Consequently, derivatization of the amino group
is not employed in the present method.

The chromatographic method described above
was used to determine concentration vs. time
profiles for the reaction conditions of interest
(see Fig. 4). These representative data are for
reaction of furfurylamine and formaldehyde in
4.5 M hydrochloric acid at 50°C. The lack of
appreciable scatter in the data, especially at long
reaction times where the concentrations of the
various species are approaching their asymptotic

1.4
1.2 g
1.0 4
0.8 -
0.6 -
0.4

0-0 L v T v : ) :-

0 20 40 60 80 100 120

Reaction Time (minutes)

& o
&

Concentration (mol,/liter)

Fig. 4. Concentration profiles determined by gas chromatog-
raphy for the reaction of furfurylamine and formaldehyde in
4.5 M HCI at 50°C. O = Furfurylamine; A = 5,5'-methylene
difurfurylamine; O = 5-hydroxymethyl furfurylamine.
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values is indicative of the good precision of the
method.

CONCLUSIONS

A GC-FID method for the determination of
products of the acid-catalyzed reaction of fur-
furylamine with aldehydes has been developed
and demonstrated. The method involves the
chloroform extraction of the compounds of inter-
est from reaction mixtures followed by analysis
on a methyl silicone gum (HP-1) capillary
column. The method uses an internal standard
(methyl stearate) for quantitation.
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ABSTRACT

The ionic species that are formed during the microbial growth of Escherichia coli were determined by capillary isotachophoresis
as a function of the time of cultivation. This formation was indicated by the change in a sum parameter, the impedance of the
nutrient broth, measured by a special electrode system. Based on the determination of the individual ions formed under the given
conditions (identified as acetate, lactate, a-ketoglutarate, fumarate, ammonium and probably a simple amine), the change in
conductivity was calculated and compared with that obtained by the impedance measurement of the bulk medium. From the
results it can be concluded that the change in the sum parameter as a function of time is originated by the ions determined.

INTRODUCTION

Examinations of bacterial contamination are
routine procedures in the fields of food hygiene,
cosmetics, pharmaceuticals and medicine. How-
ever, also in fields in which microorganisms are
used for production processes, in biotechnology,
methods of bacterial examination are of high
relevance. As conventionally used standard
methods are very time consuming, the develop-
ment of automatic methods is of general interest.
The so-called impedance method is one of these.
With this method, microbial metabolic processes
that produce electrically measurable changes in
the nutrient broth are used to detect bacteria.
There, nutrients are converted by the metabo-
lism into smaller, charged components, which
contribute additionally to the transport of cur-

* Corresponding author.

0021-9673/93/$06.00

rent. As a consequence, the electrical impedance
of the nutrient medium will decrease.

At the Institute of Fundamentals and Theory
of Electrotechnics a measuring system was de-
veloped, based on the so-called Impedance-split-
ting method (IS method [1]), which allows the
separation of the impedance of the nutrient
medium, Z,,, and that of the electrode system,
Z.. The latter is caused by ionic layers in the
vicinity of the electrodes. Thus, two separate
parameters are available for the determination
and characterization of microbial growth. Which
of them is used for routine examination, Z,,, Z¢
or both, depends on the application and is
discussed elsewhere [2—4].

A comparison of the registered time courses of
the changes in Z, and Z; during microbial
growth showed that both similar and contradic-
tory time courses are observed. Large changes in
Z.. with negligible changes in Z, also occurred.
To understand and interpret these different

© 1993 Elsevier Science Publishers B.V. All rights reserved
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effects, it is necessary to know which nutrients
are converted by the metabolism into which ionic
substances.

Several metabolic pathways for the conversion
of the different nutrients such as glucose, pro-
teins, peptides, amino acids and lipids are pos-
sible. In addition, the bacteria are able to change
the pathways during the growth depending on,
e.g., the oxygen content or the composition of
the nutrient broth. It is therefore virtually im-
possible to predict the amount and also some-
times the species of the secreted molecules. As a
consequence, chemical analysis is necessary to
solve first the question of which molecules con-
tribute most to the changes in the electrical
conductivity, k, and second to provide a basis for
investigations on the more difficult questions of
what happens near the surface of the measuring
electrodes and what causes the changes in Z.

The aim of this work was to solve the first
question for the bacterium Escherichia coli,
which was chosen because it is a very common
and well known species. After identification and
determination of at least the main components,
that are formed in the nutrient broth by the
metabolism, attempts were made to calculate the
contributions to « of the different ions, their sum
being compared with the changes in Z,, recorded
by the IS method.

It can be expected that the ionogenic com-
ponents formed during such metabolism are
relatively simple organic acids and bases. These
have been described in general for the different
metabolic pathways in the biochemical literature
[5-7] and are summarized in Table I, but the
individual species formed under the conditions
applied in this investigation cannot be predicted
in detail. Therefore, the analysis of the cultiva-
tion media must focus on the determination of
such ionic species.

This attempt was carried out by capillary
isotachophoresis (ITP) with conductivity detec-
tion, which has been favourably applied to the
investigation of other aspects of bacterial metab-
olism [8-12]. This method combines separation
by electromigration (based on effective
mobilities, u.) with the principle of electrical
conductivity detection (which is based on the
same analyte property). In contrast to capillary
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TABLE 1

ANIONIC SUBSTANCES THAT MAY OCCUR IN THE
NUTRIENT BROTH DURING THE GROWTH OF E.
COLI, FORMED BY THE DIFFERENT METABOLIC
PATHWAYS OR BY CELL LYSIS [5-7]

Monobasic Dibasic Tribasic
Formate Oxalate Citrate
Acetate Fumarate Phosphate
Propionate Malate
Butyrate Tartrate
Lactate Malonate

a-Ketoglutarate

Adipate

Glutarate

zone electrophoresis, this combination is favour-
able owing to the concentration adjustment in
ITP, leading to relatively high concentrations of
the sample components after separation, which
are detected without the presence of a back-
ground electrolyte. Because this method is ap-
plied in a closed system without electroosmotic
flow (EOF), the overall migration properties of
the analytes, which are used for identification,
are insensitive to wall adsorption effects com-
pared with electrophoresis carried out in the
presence of EOF (e.g., micellar electrokinetic
chromatography or zone electrophoresis with
EOF). This is a decisive advantage especially
when the samples contain complex matrices at
high concentration and are injected directly,
without further pretreatment.

ITP can also be favourably applied in some
instances rather than ion chromatography
because, in contrast to the latter method, no
stationary phase is present here to be contami-
nated and thus modified by the matrix. Solvent
gradients for the elution of higher charged
analytes are also unnecessary.

EXPERIMENTAL

Chemicals

The following chemicals were used for the
preparation of the buffers: hydrochloric acid,
butyric acid, acetic acid, morpholinoethane sul-
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phonic acid (MES), pB-alanine, tris(hydroxy-
methyl)aminomethane (Tris) and potassium hy-
droxide. All chemicals were of analytical-reagent
grade (Merck, Darmstadt, Germany).

As nutrient broth for the bacteria, a mixture
with the following common composition [13-16]
was used (without sodium chloride): peptone
from meat (tryptically digested, 7.8 g/l), pep-
tone from casein (tryptically digested, 7.8 g/1),
D-(+)-glucose monohydrate (1.0 g/1) and yeast
extract (2.8 g/l).

In order to suppress electroosmosis, hydroxy-
ethylcellulose (HEC) (Fluka, Buchs, Switzer-
land) was added to the leading electrolyte buffer
solution. Water used for the preparation of the
buffers was doubly distilled from a quartz ap-
paratus.

Apparatus

For the measurement of the impedances, the
BacTrac 4100 system (SY-LAB, Vienna, Aus-
tria), based on the impedance-splitting method,
was used. It consists of an incubation block
which allows temperature control from 4 to
65°C. The sample cells were made from glass (10
ml content) and were equipped with four stain-
less-steel electrodes for impedance measure-
ment. A microprocessor-controlled electronic
recorder registered data for the simultaneous
determination of Z,; and Z on up to 40 sample
cells. A personal computer was used to supervise
up to six incubation blocks and showed on the
screen the time courses of the relative decreases
—AZ,, and —AZ_ (as a percentage) of the
absolute values of Z,, and Z, respectively.

The concentration of bacteria (colony-forming
units per ml; cfu/ml) was determined by the
standard plate count method.

TABLE II
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The pH of the nutrient broth was measured
with a combined glass—calomel electrode (Por-
tamess 654; Knick, Berlin, Germany) and abso-
lute values of k were additionally determined
with a conductimeter (CG858; Schott, Hofheim,
Germany).

Isotachophoretic measurements were carried
out with a Trace 1 instrument (United Research,
Vienna, Austria) equipped with a conductivity
and a UV detector (at 254 nm) on-line. The
separation capillary (20 cm X 200 um L.D.) was
made from a mixed polymer of polyethylene and
polypropylene. Separation was carried out at a
constant current of 50 wA. The injector was
made of ceramic and had a constant volume of
0.20 pl. The control of the instrument and the
data aquisition were done with a personal
computer.

Procedure

The sample cells were filled with the de-
scribed nutrient broth and inoculated with E.
coli from an overnight culture, so that the
initial bacterial concentration was about 10°
cfu/ml. At the start and at 1-h intervals
samples of the bacterial suspension were taken.
One part of each sample was used for the
determination of the number of bacteria (cfu/
ml) and the other part was immeditately steril-
ized by using a membrane filter technique
(Minisart Plus, 0.2 pm; Sartorius, Goéttingen,
Germany) to stop growth and metabolic
activity. From this part the pH value, the
absolute values of « and the kind and concen-
tration of the ions were determined, the latter by
ITP (for the buffering electrolyte systems, sce
Table II).

BUFFERING ELECTROLYTE SYSTEMS USED FOR THE ISOTACHOPHORETIC MEASUREMENTS

System Leading Concentration  Counter pH HECadded Terminating Concentration Counter pH  Additive
ion (mol/1) ion (%, wiw) ion (mol/1) ion

Anionic,pH7.5 CI” 0.01 Tris 7.5 0.05 MES 0.01 Tris 6.0 None

Anionic,pH3.5 CI° 0.01 B-Alanine 3.5 0.05 Butyrate 0.01 B-Alanine 4.0 None

Cationic K* 0.01 Acetate 54 0.05 Tris 0.01 Acetate 5.0 None
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RESULTS AND DISCUSSION

Identification of the ions formed by the
metabolism of E. coli

In Figs. 1 and 2, typical isotachopherograms
obtained from the nutrient broth at the begin-
ning and end of the incubation time after 8 h are
shown for the anionic and cationic modes. It can
be seen that at the start of the growth a number
of steps can be observed for the anions, but only

Fig. 1. Isotachopherograms of anions of the nutrient medium
of E. coli at the beginning of the incubation period (dotted
line) and after 8 h of growth (solid line). The electro-
pherograms were measured at pH 7.5 of the leading elec-
trolyte with a conductivity detector. The humps occurring at
the front of the upper four zones are caused by substances
migrating in the “enforced” mode. For conditions, see
Experimental. R = Electrical resistance; ¢ = time.

amine (unidentified)
AN

\( - Na:/ 5s

N

+

NH ( —_—t

Fig. 2. Isotachopherograms of cations of the nutrient
medium of E. coli at the beginning of the incubation period
(dotted line) and after 8 h of growth (solid line). The
electropherograms were measured at pH 5.4 of the leading
electrolyte with a conductivity detector. R = Electrical resist-
ance; ¢ = time.
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one step between the leading and terminating
electrolytes occurs in the cationic mode. The
occurrence of such steps is obvious, because the
nutrient medium (see Chemicals) contains a
variety of different ionic substances that may
appear in the mobility region under considera-
tion.

Identification of the components was attempt-
ed by comparison of the step heights of the zones
in the isotachopherogram of the samples with
those obtained from (pure) reference compounds
according to Table 1. The measured step heights
were not used for a final identification, however,
but they allowed a preselection of the analytes.
Based on this selection, a closer identification
was carried out by adding the corresponding
reference ions to the samples.

It can be seen from Fig. 2 that prior to the
incubation only one long zone for cations was
observed, which was identified as sodium. This is
surprising because, in contrast to the common
recipes [13~16], no sodium chloride was added
to the nutrient broth. The result of the iso-
tachophoretic measurement was, however, con-
firmed by atomic emission spectrometry.

After the 8-h incubation period, a second zone
occurred in the mobility range between sodium
and potassium, the leading ion. As this ion has
no UV absorbance at 254 nm (the wavelength of
the detector), it must be a simple organic cation,
probably an amine, but no further information
about the nature of this substance was found in
the literature. The formation of another cation
can also be observed indirectly from the iso-
tachopherogram, because the time of appearance
of the first ion after the leading ion was shifted
with high reproducibility to higher values for the
samples taken after 8 h, compared with the
initial solution. This must be the result of the
migration of a (non-UV-absorbing) cation
formed, which has about the same ionic mobility
as potassium. This is most plausibly ammonium,
which can be indirectly determined in this way.
This assumption was supported by the expected
increase in the length of the leading zone when
NH, standard was added to the samples before
injection.

It can be seen from Fig. 1 that after 8 h of
cultivation the lengths of four zones of anions
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increase remarkable. An approach to the identi-
fication of the ionic components of this solution
will thus focus on these zones. According to the
anions that can be expected (given in Table I),
identification was carried out at two different pH
values of the leading electrolyte, namely 3.5 (not
shown) and 7.5. It was found that the same
number of anions in about the same amount was
observed in the isotachopherograms at both pH
values. This result allows the conclusion that the
substances detected are not amino acids, because
these compounds would not migrate as anions at
pH 3.5 owing to their zwitterionic character.

In both anionic electrolyte systems the relative
step heights (with respect to acetate) were de-
termined for the anions listed in Table I and
were compared with the step heights of those
zones which increased with incubation time. For
final identification reference components were
added to the samples, as already mentioned.

The results of this procedure allowed the
identification of the compounds formed as fuma-
rate, a-ketoglutarate, acetate and lactate. The
most pronounced increase in zone length was
observed for acetate and lactate.

Quantification
The determination of those components which
showed an increase in concentration in the

TABLE 111
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nutrient broth during the growth of E. coli was
carried out in the usual way using calibration
graphs obtained from the solutions of the differ-
ent pure reference compounds. These graphs
relate the zone length in the isotachopherogram
to the concentration of the analyte. Based on
these graphs, the increase in concentration was
determined over an 8-h period by taking samples
at 1-h intervals as described under Procedure.
The results of the measurements of the concen-
trations are given in Table III. The change
within the first 3 h was too small for the anions
to allow quantification. The maximum increase
in the concentrations for both anions and cations
is ca. 107* mol/1. It can be seen from Figs. 1 and
2 and Table III that the sum of the increase in
concentration, Ac, relative to the initial concen-
tration of ionic components at the beginning of
growth (¢ = 0) is about 25%. The precision of the
measurements (expressed by the relative stan-
dard deviation) was very high for subsequent
injections, namely in the range of a few tenths of
percent. The long-term precision was more than
one order of magnitude lower (5-7%).

It can also be seen from Table III that the sum
of the increase in cations is higher than that for
anions. This is obvious because the different
species stem from different metabolic pathways.
Electroneutrality is established, however, as the

INCREASE IN CONCENTRATION, Ac, OF DIFFERENT IONIC COMPONENTS FORMED DURING AN 8-h CULTIVA-

TION OF E. coli DETERMINED BY ITP

Time (h) Ac (mol/1)
Cations Anions
Ammonium Unidentified amine Fumarate a-Ketoglutarate Acetate Lactate
0 0 0 0 0 0 0
1 3.3-107* - - - - -
2 52-107* - - - - -
3 8.8-107* - - - - -
4 2.4-107° - 1.7-107¢ 2.4-107* 1.0-107° -
5 29-107° - 7.0-107* 9.6-107* 2.8-107° -
6 32-107° - 1.1-107° 1.3-107° 53-107° 3.6-107*
7 3.2-107° 8.4-107* 1.3-107° 2.1-107° 6.5-107° 1.1-107°
8 3.7-107° 1.7-1072 1.3-107° 22-107° 7.8-107° 1.5-107°

“ Dashes indicate concentrations too low to be determined.
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free amines and acids released undergo
protolysis reactions with the various buffering
components in the broth (proteins, peptides,
etc.).

Comparison of the measured and calculated
conductivity changes

From the results of the ITP measurements
given above, the corresponding changes in the
conductivity, k, can be calculated, based on the
increase in concentration, ¢;, as given in Table
I, and the effective mobility, u,., of the
components of interest, i, at the pH of the
nutrient broth, by « =X Fcu,, F being the
Faraday constant.

The time dependence of the pH of the nutrient
medium is shown in Fig. 3: the pH remains
constant at the first 3 h, but then decreases
steeply from the initial value of 6.8 by more than
one unit to 5.6 after 8 h, indicating the formation
of acidic constituents.

A similar shape is observed for the depen-
dence of the number of organisms as a function
of time, as shown in Fig. 3: after an initial time

cfu/ml [x 10°] pH T

sk N &

L L 6.4

—{ 6.0

— 5.8

et @ 5.6
2 3 4 5 6 7 8

—» t[h]

Fig. 3. Change in pH of- the nutrient medium (@) and
increase in the number (cfu/ml) of E. coli bacteria (initial
concentration ca. 10° cfu/ml) (M) as a function of the time
(t) of cultivation.
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Ax [mS/cm]

T 0.35
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0.00 /T/ g/
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Fig. 4. Calculated increase in conductivity (Ax) due to the
formation of the individual ionic compounds during the
cultivation of E. coli, based on the results of the iso-
tachophoretic = measurements. 0= Ammonium; V=
unidentified cation (plausibly a simple amine); © = acetate;
A = fumarate; O = a-ketoglutarate; * = lactate. ¢ = Time.

of about 3 h (where the number increases,
however, by 2.5 orders of magnitude, a fact that
is not visible from the bilinear plot in Fig. 3), a
steep increase can be seen simultaneously with
the decrease in pH.

TABLE IV

CHANGES IN CONDUCTIVITY, Ax, OF THE NUTRI-
ENT BROTH DURING THE BACTERIAL GROWTH AS
CALCULATED FROM THE ITP RESULTS AND MEA-
SURED WITH A CONDUCTIMETER

Time (h) Ak (mS/cm)
Calculated Measured

0 0 0

1 0.02 0.05
2 0.04 0.06
3 0.07 0.12
4 0.25 0.26
5 0.41 0.38
6 0.58 0.54
7 0.69 0.74
8 0.79 0.79
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The result of the calculation of x, which is
based on the increase in the isotachophoretic
zone lengths with time, considering the change in
the pH of the nutrient broth, is shown for the
different components in Fig. 4. It can be seen
that in agreement with the pH and the cfu/ml
versus time courses, Ax remains nearly zero
during the first 3 h and then increases steeply,
the most dominant increases stemming from
acetate on the anionic side and from NH, at the
cationic side, which finally contribute about 0.3
mS/cm each, compared with the initial condi-
tions.

The values obtained for the calculated changes
in k by summing the individual contributions of
the ions and the changes in « obtained by
conductimetric measurements are given in Table
IV. The values exhibit a high linear correlation
(r = 0.996).

For a comparison with the relative decrease
—AZ,, (as percentage), measured by the im-
pedance-splitting method, the relative decrease
in the specific resistance was calculated for the
two conductivities shown in Table IV. The results

-Ap - Apc, -AZy []

20 ;
: o]
e
15 El
©
10 o
5
0o

0 2 4 6 8
———»t [h]

Fig. 5. Relative decreases in the measured and calculated
specific resistances (O = —Ap,, and 0= —Ap,, respectively)
and the decrease —AZ,, of the impedance of the medium
(solid line) as a function of time () of cultivation.
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are shown in Fig. 5 and agree over the entire
time period to within about 10%, which can be
considered as an excellent correlation. From
these findings it can be concluded that those
species formed during the bacterial growth which
are determined by ITP are in fact identical with
those which cause the change —AZ,, during the
incubation period. The change —AZ,, as a bulk
property can indeed be interpreted by the
changes in the concentration of the individual
ions determined.
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High-performance liquid chromatographic separation of
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v-cyclodextrin as stationary phase
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ABSTRACT

7v-Cyclodextrin chemically bonded to silica was used as a stationary phase for the HPLC separation of the two fullerenes, C,
and C,,. C,, is much more strongly retarded than C, on this stationary phase. Chromatography on the corresponding unmodified
silica showed no separation of the two fullerenes, indicating that the separation is due to the selective interaction with the

y-cyclodextrin moieties.

INTRODUCTION

The discovery of buckminsterfullerene (Cq,)
and the more recent development of methods to
obtain fullerenes in larger amounts have opened
up a highly active field of research [1,2]. Numer-
ous scientists are now working on the synthesis
and structural characterization of new fullerenes
[3-5]. For all these investigations, chromato-
graphic methods for the purification and analysis
of fullerene mixtures are needed. So far, ful-
lerenes have been successfully chromatographed
on typical normal-phase systems using silica
[3,6], alumina [7] or graphite [8] as the stationary
phase and n-hexane as the mobile phase. Re-
versed-phase silica with C,; modification [9,10]
and the Pirkle type of stationary phase (N-3,5-
dinitrobenzoylphenylglycine bonded to amino-

* Corresponding author.

0021-9673/93/$06.00

propylsilica) [6,11] have also been used for the
chromatographic separation of fullerenes. The
latter shows high selectivity for the separation of
the C,, and C,, compounds. Therefore, semi-
preparative separations have also been per-
formed on this type of phase. Recently, a syn-
thetic polymer (polystyrene) has been used as a
stationary phase for the gel permeation chroma-
tography of fullerenes [12].

Cyclodextrins are cyclic oligosaccharides which
are known for their ability to form inclusion
complexes with different substrates [13]. As a
result of this property, cyclodextrins can dif-
ferentiate between structural, geometrical and
optical isomers. This has been used for the
chromatographic separation of compounds either
by adding cyclodextrins to the mobile phase
[14,15] or by their chemical bonding to the
stationary phase [16,17]. Recently, y-cyclodex-
trin has been used as a complexing reagent for
C¢o» resulting in a water-soluble fullerene [18].

© 1993 Elsevier Science Publishers B.V. All rights reserved
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The incorporation of Cg in azacrown ethers
which are oriented in a monolayer has also been
reported [19]. It was therefore of interest to see
whether 7y-cyclodextrin chemically bonded to
silica (ChiraDex-GAMMA) could be a specific
stationary phase for the chromatographic separa-
tion of fullerenes.

In this paper, the efficient HPLC separation of
Co and C,, fullerenes on this stationary phase is
described.

EXPERIMENTAL

Chemicals and reagents

A C4—C,, fullerene mixture was obtained
from Aldrich (Steinheim, Germany). Pure Cg,
was supplied by Fluka (Neu-Ulm, Germany).
n-Hexane and toluene used for chromatography
were of LiChrosolv grade (Merck, Darmstadt,
Germany).

HPLC columns

LiChroCART LiChrospher Si 100, 5 um (250
mm X 4 mm 1.D.), and LiChroCART ChiraDex-
GAMMA (y-cyclodextrin chemically bonded to
silica), 5 pm (250 mm x4 mm I1D.), were
obtained from Merck.

HPLC instrument

All chromatographic separations were carried
out on a Merck-Hitachi HPLC system with a
. Rheodyne injection valve, an L-6200 intelligent
pump, an L-4000 detector and a D-2500 inte-
grator. Temperature experiments were per-
formed with an Inlabo F 10-UC thermostat.

RESULTS AND DISCUSSION

v-Cyclodextrin chemically bonded to silica
(ChiraDex-GAMMA) was investigated as a
stationary phase for the chromatographic separa-
tion of C,, and C,, with n-hexane as the mobile
phase (Fig. 1a). A single injection of Cg, onto
ChiraDex-GAMMA showed that C,, is eluted
after the C,, fullerene with a difference of
almost 40 min in retention time. This indicates a
much stronger interaction of C,, with the
stationary phase. Attempts to separate the ful-
lerene mixture on the corresponding unmodified
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Fig. 1. Separation of C,, and C,, on ChiraDex-GAMMA.
Chromatographic conditions: {a) mobile phase, n-hexane;
flow-rate, 1 ml/min; temperature, room temperature; detec-
tion, UV at 298 nm; injection volume, 10 pl; sample, 2 mg of
C.—C,, (ca. 10:1) dissolved in 10 ml of toluene; (b) as (a)
except flow-rate, 2 ml/min and temperature, 30°C.
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Fig. 2. Chromatography of Cg,—~C,, on LiChrospher Si 100.
Chromatographic conditions: mobile phase, n-hexane; flow-
rate, 1 ml/min; temperature, room temperature; detection,
334 nm; injection volume, 10 ul; sample, 2 mg of Cy—C,g
(ca. 10:1) dissolved in toluene.
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Fig. 3. Influence of the amount of toluene in the mobile
phase on the separation of (A) C, and (®) C,, on
ChiraDex-GAMMA. Chromatographic conditions: mobile
phase, n-hexane—toluene; flow-rate, 1 ml/min; temperature,
room temperature; detection, 334 nm; injection volume, 10
ul; sample, 2 mg of C,,—C,, (ca. 10:1) dissolved in toluene.
RT = Retention time.

silica (LiChrospher Si 100) under comparable
conditions failed (Fig. 2). Therefore, it is clear
that the retention and separation of the two
fullerenes is due to interactions with the v-
cyclodextrin moieties of the stationary phase.
However, the previously described separation is
not optimum for routine analyses, because of the
long retention times and strong peak broaden-
ing. As expected, an increase of temperature
(30°C) and flow-rate (2 ml/min) resulted in a
considerable decrease in the retention times
(Fig. 1b).

Despite the good separation of the two ful-
lerenes under these conditions, the poor solubili-
ty of the compounds in n-hexane makes this
separation useful only on an analytical scale. As
toluene is one of the best solvents for fullerenes,
the influence of toluene as a component of the

z 0 1+-0,768

hydrophobic
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Fig. 4. Separation of C4~C,, on ChiraDex-GAMMA. Chro-
matographic conditions: mobile phase, n-hexane-toluene
(70:30, v/v); flow-rate, 1 ml/min; temperature, room tem-
perature; detection, 334 nm; injection volume, 10 pl; sam-
ple, 2 mg of C,,-C,, (ca. 10:1) dissolved in toluene.

mobile phase on the separation of ChiraDex-
GAMMA was studied. An increase in toluene
concentration in the mobile phase caused a
strong decrease in the retention times and
eventually resulted in a loss of separation (Fig.
3). These results indicate that there is competi-
tion between toluene and fullerene molecules for
the interaction with the stationary phase. How-
ever, a mobile phase containing 30% (v/v) of
toluene in n-hexane gave a sufficient difference
in the retention times to allow a good separation
of C,, and C,, (Fig. 4). Under these conditions
it would be possible to perform separations on a
preparative scale.

Concerning the mechanism leading to the
separation of C, and C,, on ChiraDex-
GAMMA, at present we can only suggest the
following interpretation. Chromatographic ex-
periments have clearly shown that the -

1,53 nm

hydrophilic

cavity

¥-Cyclodextrin
Fig. 5. Chemical and geometrical structures of y-cyclodextrin.

entrance
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Fig. 6. Chemical and geometrical structures of Cy, (7.1 A
diameter [20]) and C,, (6.9 A diameter at centre, 7.8 A
longitudinal axis [21]).

cyclodextrin moieties of the stationary phase are
responsible for the separation of Cg, and C,
fullerenes. As y-cyclodextrin is a cyclic oligosac-
charide, formed by eight chiral p-glucose mole-
cules (Fig. 5), it possesses a cavity, in which
molecules of different structures can be included
[13]. Therefore, it is possible that the fullerene
molecules form at least partial inclusion com-
plexes with y-cyclodextrin. This would explain
the retardation of C¢, and C,, on ChiraDex-
GAMMA in contrast to almost no retention and
consequently no separation on the corresponding
unmodified silica stationary phase. Moreover,
the observed decrease in retention times caused
by toluene, which was added to the mobile
phase, can be explained by competitive interac-
tions of toluene with the y-cyclodextrin mole-
cule, thereby occupying the cavity. These expla-
nations, however, give no answer as to why C,,
is much more strongly retarded than C, in the
presence of y-cyclodextrin moieties. C, and C,,
are, however, different in size and shape (Fig.
6). It may therefore be that the geometry of C,,
is more favourable for the interaction with the
y-cyclodextrin molecules.

In conclusion, vy-cyclodextrin chemically
bonded to silica (ChiraDex-GAMMA) is another
highly selective stationary phase for the HPLC
separation of C,, and C,; fullerenes. As the
separation of these two fullerenes is probably
due to the formation of at least partial inclusion
complexes with y-cyclodextrin, which is a chiral
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moiety, it would be very interesting to try the
separation of other fullerenes, especially chiral
molecules [4].
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ABSTRACT

A reliable method is presented for the determination of the total isocyanuric acid, i.e. the sum of isocyanuric acid plus its chloro
derivatives, in typical swimming pool waters. The method involves using ion chromatography with an Omnipac PAX-500 column,
28.8 mM sodium hydroxide solution with 3.5% methanol as mobile phase and UV detection at 213 nm. The analytical range was
20-240 mg/l1 and the detection limit was 0.5 mg/l. No interference by “free” chlorine or nitrate was observed.

INTRODUCTION

The N-chlorinated derivatives of 1,3,5-tri-
azine-2,4,6-trione or isocyanuric acid (ICA) are
products currently used as sources of chlorine in
swimming pools, the most popular chemicals
being trichloroisocyanuric acid (TCICA) and
the sodium salt of dichloroisocyanuric acid
(DCICA). Their action is attributed to the
presence in solution of “free’” chlorine, i.e.
HOCI and OCl™ arising from various hydrolytic
equilibria described in detail together with
mathematical models in a paper by Solastiouk
and Deglise [1]. Companies involved in pool
chemical manufacture have sought for some time
to find a reliable and quick method of determin-

* Corresponding author.

0021-9673/93/$06.00

ing the isocyanuric acid content in swimming
pools.

Although there are a few analytical methods
available in the literature, e.g. turbidimetric
[2,3], gravimetric [4], UV absorbance [2,5], thin-
layer chromatography [6] and high-performance
liquid chromatography [2,7-9], the first four are
not reliable enough or are time-consuming, and
in all of them interference of ICA with “free”
chlorine/nitrate or other pool contaminants (e.g.
algicides) is likely to occur.

The HPLC—ion chromatography (IC) method
developed by Downes et al. [2] is interesting
because of the use of a Parlisil SAX column and
a tris(hydroxymethyl)methylamine sulphate buf-
fer of pH 7.8, so an anion exchange/ion-pairing
mechanism should be expected. Unfortunately,
the relevant chromatogram was not reproduced,
and according to the authors only a single peak
was observed, although a small peak at the same

© 1993 Elsevier Science Publishers B.V. All rights reserved
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retention time as ICA was present in a sample in
which no ICA was used. This was explained as a
carry-over phenomenon, although it seems that
interference by “free” chlorine/nitrate is also a
possibility. Therefore, the development of a
reliable, precise, interference-free method was
necessary.

Initially an HPLC method was developed in
our laboratory based on the use of a Nucleosil
diol column, 0.001 M ammonium hydrogen
phosphate solution as mobile phase and UV
detection at 213 nm. Although the method
provided almost complete separation of ICA
from “free” chlorine/nitrate, the chromato-
graphic conditions deteriorated rapidly (loss of
separation), so the method had to be abandoned.

This situation prompted us to develop a new
ion chromatographic method based on a strong
interaction between ICA and reversed-phase/
anion exchanger stationary phase.

EXPERIMENTAL

Instrumentation

We used a Dionex 4500i ion chromatograph
system equipped with a VDM-2 Dionex variable-
wavelength detector at 213 nm, a Dionex 4270
integrator, a manual-pneumatic injector with 10-
unl sample loop, a Dionex Omnipac PAX-500
guard column (50 X 4.0 mm I.D.), a Dionex
Omnipac PAX-500 analytical column (250 x 4.0
mm 1.D.) and an Omnipac PAX-100 with guard
column.

Chemicals and reagents

ICA, DCICA and TCICA were analytical-
reagent grade. The mobile phase was prepared
from analytical reagent-grade sodium hydroxide
and HPLC-grade (Burdick & Jackson) meth-
anol. Water was purified through a Milli-R04/
Milli-Q plus Millipore water purification system.
The mobile phase was 28.8 mM sodium hydrox-
ide in 3.5% methanol with a flow-rate of 1.0
cm’/min.

Sample preparation
Samples were filtered through a 0.45-um
nylon filter prior to injection.

RESULTS AND DISCUSSION

Typical chromatograms obtained from swim-
ming pool water samples treated with TCICA
are illustrated in Figs. 1A (PAX-500 column) and
2 (PAX-100 column).

Standards of ICA, DCICA and TCICA were
injected separately using the same conditions as
in Figs. 1 and 2, and all of them produced single
peaks with retention times equal to peak No. 2
on both figures. The same situation occurred
when using the HPLC method (developed previ-
ously and mentioned in the Introduction), except
that the elution order was reversed and the

w - i -

0o 5 10 15 Y 5§ 10 15
Time (min)

Time (min)

Fig. 1. Ion chromatogram of swimming pool samples. Condi-
tions: column, Omnipac PAX-500; injection volume, 10 pl;
mobile phase, 28.8 mM sodium hydroxide-3.5% methanol;
flow-rate, 1.0 cm®/min; detection, UV 213 nm. (A) Sample
treated with TCICA. Peaks: 1=0Ct /NO;; 2=ICA. (B)
Sample treated only by calcium hypochlorite. Peak 1=
OCl™/NO;.
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Fig. 2. Ton chromatogram of swimming pool sample treated
with TCICA. Conditions: column, Omnipac PAX-100; injec-
tion volume, 10 ul; mobile phase, 28.8 mM sodium
hydroxide-3.5% methanol; flow-rate, 1.0 cm’/min; detec-
tion, UV 213 nm. Peaks: 1=OCI"/NO;; 2=ICA.

peaks were not as well separated. Moreover, in
the HPLC experiments ICA, DCICA and
TCICA produced identical UV spectra when
scanned by a diode-array detector. (Unfortu-
nately the diode-array detector could not be used
in the present ion chromatographic experiments
because of the possibility of damage caused by
the sodium hydroxide solution in the mobile
phase.) The calculated response factors (peak
area/M) for each individually injected standard
of ICA, DCICA and TCICA were the same.

To explain the above phenomena one should
remember that ICA and its chloro derivatives
are in dynamic equilibria in solution, which are
fast enough to produce one single common peak
for all of these compounds. The observed broad-
ness of the second peaks on Figs. 1A and 2 may
be explained by this effect. This is in agreement
with observations made by Pinsky and Hu [10].

Therefore, all of the ICA-related components
present in swimming pool waters are probably
converted into ICA under the high pH condi-
tions [1] and are contained in the one peak.
Thus, it is not possible to measure the concen-
trations of the individual chloro derivatives.
Attempts, however, were made to calculate
them by Solastiouk and Deglise [1].

Fig. 1B shows a chromatogram of the sample
taken from a swimming pool treated exclusively
with calcium hypochlorite. The retention time of

2 80
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Fig. 3. Calibration graph for ICA. y =5.245 + 0.224x; R®=
0.998. ppm = mg/I.

peak 1 in this figure should be identical to the
retention time of peak No. 1 in Fig. 1A, so one
can conclude that both represent “free’ chlorine
t.e. hypochlorite ion.

After further examination it was found that
peak No. 1 in Figs. 1A and B and 2 are mixtures
of hypochlorite and nitrate. Unfortunately, it
was not possible to separate these two anions
with this set of columns. By comparing Figs. 1

TABLE 1

THE TOTAL MAXIMUM ICA CONTENT IN SWIM-
MING POOL SAMPLES DETERMINED BY THE TUR-
BIDIMETRIC METHOD [3] AND ION CHROMATOG-
RAPHY

Omnipac PAX-500 column, 28.8 mM sodium hydroxide-
3.5% methanol

Sample No. Total maximum ICA concentration
(mg/1)
Turbidimetric Ton
method chromatography
method
1 97 96
2 107 104
3 130 113
4 125 118
5 75 72
6 48 50
7 37 42
8 49 41
9 85 75
10 60 67
11 0 0
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and 2 one can conclude that retention of ICA is
caused primarily by strong ion interaction
(column PAX-100 does not possess the reversed-
phase features of column PAX-500 and is a
stronger anion exchanger than the latter).

The calibration graph of ICA peak height
versus concentration is shown in Fig. 3. The
detection limit was estimated to be 0.5 mg/1. The
method was tested by adding known concen-
trations of ICA to a typical pool water sample
and then determining the total amount present.
The results expressed as percent recovery varied
between 100.4 and 105.4. The variation based on
five consecutive measurements of one of the
typical samples was estimated to be +0.8% as
relative standard deviation.

The preliminary results of the total maximum
ICA content in typical swimming pools by ion
chromatography (PAX-500) and the turbidimet-
ric method [3] are shown in Table I, which shows
good agreement between two methods. The
proposed ion chromatography method is a reli-

able analytical tool for monitoring the total
maximum isocyanuric acid content in swimming
pool waters.

REFERENCES

1 B. Solastiouk and X. Deglise, Can. J. Chem., 66 (1988)
2188.
2 C.J. Downes, J.W. Mitchell, E.S. Viotto and N.J. Eggers,
Water Res., 18 (1984) 277.
3 P. Scotte, Fau. Ind., 64 (1982) 36.
4 J. Saldick, Appl. Microbiol., 28 (1974) 1004.
5 G. van de Haar, F.M. Pijper-Noordhoff, K. Strikwerda,
H,0, 12 (1979) 420.
6 E. Knappe and I. Rohdewald, Z. Anal. Chem., 223
(1966) 174.
7 J.A. Jessee, C. Valerias, R.E. Benoit, A.C. Hendricks
and H.M. McNair, J. Chromatogr., 207 (1981) 454.
8 T.V. Briggle, L.M. Allen, R.C. Duncan and C.D. Pfaffen-
berger, J. Assoc. Anal. Chem., 64 (1981) 1222.
9 L.M. Allen, TV. Briggle and C.D. Pfaffenberger, Drug
Metab. Rev., 13 (1982) 499.
10 M.L. Pinsky and Hua-Ching Hu, Environ. Sci. and
Technol., 15 (1981) 423.



Journal of Chromatography, 644 (1993) 404-406
Elsevier Science Publishers B.V., Amsterdam

CHROM. 25 237

Short Communication

High-performance liquid chromatographic determination
of the major saponin from Opilia celtidifolia Guill. Perr.

F. Crespin, E. Ollivier, R. Elias, C. Maillard and G. Balansard*
Laboratoire of Pharmacognosy, Faculty of Pharmacy, 27 Boulevard Jean Moulin, 13385 Marseille Cedex 5 (France)

(First received July 29th, 1992; revised manuscript received April 13th, 1993)

ABSTRACT

A reversed-phase high-performance liquid chromatographic method for the identification of four bidesmosidic saponins of
Opilia celtidifolia Guill. Perr. leaves is produced. The determination of the major saponin was realized with an external standard.
The method was validated and two samples of leaves were analysed.

INTRODUCTION

For many years, high-performance liquid chro-
matography (HPLC) has been used for quali-
tative and quantitative analyses for the con-
stituents of crude drugs and extracts. Many
papers concerning the separation of saponins by
HPLC have been reported. The reversed-phase
method is the most often described and the
solvent generally used is a mixture of water and
acetonitrile either in the isocratic mode or with
an elution gradient [1-3]. Acids (orthophos-
phoric acid and trifluoroacetic acid) have been
added to the mobile phase to improve the
separation of monodesmosidic saponins or
saponins including glucuronic acid [4,5].

This paper describes the separation and de-
termination of bidesmosidic saponins of Opilia
celtidifolia leaves. Opilia celtidifolia Guill. Perr.
is an African medicinal plant known for its

* Corresponding author.
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traditional therapeutic applications. The bark is
used as an anthelmintic and the leaves are
employed in the treatment of oedema and dental
abcesses [6-8]. Previously we reported the isola-
tion of six saponins from barks and leaves [9].
Their structures were elucidated by mass and 'H
and ">C NMR spectrometry (Fig. 1). Until now,
no method has been described for assaying opilia
raw materials. In this paper we propose the
determination of the major bidesmosidic saponin
(2) by HPLC using an external standard and
identification of the other known bidesmosidic
saponins (3-6).

EXPERIMENTAL

Plant material

Leaves of Opilia celtidifolia were collected
from the Ivory Coast (Bouake) (sample 1) and
Burkina Faso (sample 2).

Sample preparation
An extract of Opilia celtidifolia was prepared

© 1993 Elsevier Science Publishers B.V. All rights reserved
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Saponins R1 R2 R3
1 H H Agud — ! Rham
2 il Glu -
3 OH Glu .
1 Rham
3"
4 H Gla Aglu
2
\l Glu
5 H Glu Aglu
1 Rham
3=
6 H Glu Aglu
2 1%yl
1 Glu
2
Arvensoside C H Glu Glu
(7) 3
N cal

Aglu : 8-D-glucuronopyranoside ; Glu : $-D-glucopyranoside
Xyl :g8-D-xylopyranoside : Rham : a-L-rhamnopyranoside
Gal :B-D-galactopyranoside.

Fig. 1. Structures of saponins.

by extracting 10 g of leaves with 100 ml of 80%
aqueous methanol after 12 h of maceration.

Saponin standards (Fig. 1) were obtained by
extraction and purification from Opilia celtidi-
folia {9]. Samples were dissolved in methanol to
give a concentration of 1 mg/ml.

Apparatus and conditions

The liquid chromatograph consisted of an
automatic sample injector (Waters WISP 712),
two solvent-delivery systems (Waters M510) and
a variable-wavelength UV detector (Waters
Model 490), connected to a computer to monitor
chromatographic parameters and process data.

The column was Nucleosil C (5 wm) (250 X
4.6 mm ID.) from Interchim (Montlugon,
France) and a uBondapak C,; guard column (10
pm), Guard-Pak insert (Waters), was also used.
The eluent was acetonitrile (HPLC grade; Carlo
Erba, Milan, Italy)-water (pH adjusted to 2.65

405

with concentrated orthophosphoric acid) (33:67,
v/v). Solvents were filtered through a Millipore
filter (0.45 wm). The flow-rate was 1 ml/min, the
injection volume was 20 w1 and detection was at
210 nm.

RESULTS AND DISCUSSION

Chromatograms of two extracts of Opilia cel-
tidifolia leaves are shown in Fig. 2. Complete
separation of four saponins was achieved in 35
min. All peaks were well resolved. Bidesmosidic
saponins in the samples were identified by com-
parison with the retention times of standards
(Table I). Saponin 1 is not eluted with this
system. The same saponins were found in the
two opilia leaf samples. Saponin 3 was not
present in the leaves (Fig. 2).

Determination of saponin 2 in these extracts
was achieved by the external standard method.

040
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Fig. 2. Chromatograms of extracts of Opilia celtidifolia
leaves. For identification of peaks, see Table I and Fig. 1
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TABLE I
RETENTION TIMES OF SAPONINS

Saponin tg (min)

11.1
15:5
18.5

5.9
30.5

NN W

Method validation

The method was tested on saponin 2. The
linearity of the response versus concentration
curve was investigated in the range of 0.6-3
mg/ml. Data for least-squares regression analysis
of the calibration graph were y =2.36-1077 x —
1.33-107% (r =0.9992), where y = concentration
in mg/ml, x=peak area and r= correlation
coefficient.

The reproducibility of the method was calcu-
lated by assaying ten replicates of the same
sample at a concentration of 1 mg/ml. For
saponin 2 the relative standard deviation was
estimated to be 1.17%. The reproducibility of
standard preparation was tested by assaying five
preparations at a concentration of 1 mg/ml. The
relative standard deviation was estimated to be
0.57%. The reproducibility of the extraction
method was tested for saponin 2. Five extrac-
tions were tested. The relative standard devia-
tion was 2.76%.

TABLE IT

DETERMINATION OF SAPONIN 2 IN TWO OPILIA
CELTIDIFOLIA LEAF SAMPLES

Sample Saponin 2
(g per 100 g)
1 (Ivory Coast) 3.86

2 (Burkina Faso) 332

F. Crespin et al. | J. Chromatogr. 644 (1993) 404-406

The detection limit was calculated to be 3
pg/ml for saponin 2 at a signal-to-noise ratio of
2:1.

These results indicate that the method is
suitable for the determination of saponin 2 in
Opilia celtidifolia leaves.

Determination of saponin 2

The determination of saponin 2 was carried
out by external standardization in two opilia
leaves samples. The results are given in Table II
and Fig. 2.

CONCLUSIONS

The identification of bidesmosidic saponins in
Opilia celtidifolia leaves and the determination
of the major compound (saponin 2) is possible
by the proposed method.
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ABSTRACT

This work deals with a new approach to fractionation of polyhydroxyl compounds and amphoteric ions. The new technique is
based on isotachophoresis of borated polyols leading to pH gradient formation. The Theoretical section contains a number of
equations to determine pH values for different borated polyol ion zones on the basis of their absolute electrophoretic mobilities or
concentrations. The Experimental section gives a description of tentative experiments demonstrating the possibility of

isotachopoietic separation of polyhydroxyl compounds.

INTRODUCTION

Boric acid can react with substances of polyhy-
droxyl nature to form borated polyols (BPs).
This reaction is exploited to detect polyols and
boric acid as well as to carry out electrophoresis
of polyols [1]. Structurally, such complexes of
boric acid and polyhydroxyl compounds are
commonly presented as dissociable acid:

R-CH-CH-R

o + H*
0O O

\ /

B(OH)?2"

Compared with free boric acid, the complexes
formed are stronger and more mobile in electric
field acids.

* Corresponding author.
* Author deceased.
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It has previously been demonstrated that a
borate—polyol system (BPS) can be used to
produce pH gradients that can be applied
to isoelectric focusing of proteins [2-4] and
even cells [5]. BPS has some advantages
over the widely used standard ampholine
gradients, a disadvantage being their compara-
tively low temporal stability at alkaline pH.
This is caused by appreciable BP electrophoresis
in the alkaline region and has for a long time
prevented BPS from becoming popular in re-
search.

We have attempted to change BP electropho-
resis from a destructive factor into the stabilizing
one for both BP pH gradients and the electro-
phoretic system as a whole.

It has been reported [6] that boric acid may act
as a complexing agent in the separation of
substances by isotachoporesis. Provided ITP of
complexes of boric acid and polyhydroxyl com-
pounds is achieved, a discontinuous pH gradient
will appear.

© 1993 Elsevier Science Publishers BV. All rights reserved
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THEORETICAL

From the molecular structure of BPs it can be
concluded that observed differences in the elec-
trophoretic mobilities of various complexes must
be explained by differences in the composition or
space configuration of the polyols used. For
example, mannitol and sorbitol, which are
stereoisomers, under identical conditions move
at different velocities in an electric field. It seems
natural to expect Kohlrausch boundary forma-
tion in an electrophoretic system into which
polyols have been placed according to their
mobilities. As voltage steps are formed on the
boundaries of different polyol zones, mixing in
the electrophoresis is likely to disappear. In
other words, if the order of placing polyols into
electric field in the presence of boric acid is
correct, ITP is sure to take place.

Equilibrium in an ITP system is generally
described by the widely used Kohlrausch equa-
tion:

C, m, m, +m,

.= (1)

C, m+m, m,

where C, and C, are ion concentrations, m, and
m, are their absolute electrophoretic mobilities
and m is absolute mobility of the common
positive ion. The same equation is appropriate
for the determination of polyol concentrations by
ITP. BP absolute mobilities are given in ref. 3.
On the other hand, net mobility, U, in boric acid
solution is dependent on polyol concentration,
C, according to the equation cited in refs. 2 and
3:
(1-g)C, + 107"

s )

where m is the absolute mobility of the BP ijon,
C, is borate salt concentration and g is its degree
of hydrolysis.

The fraction on the right side of the equation
is the degree of BP complex dissociation. Since
the dissociation of free boric acid and its salts is
negligible in comparison with BP complex dis-
sociation, practically all hydrogen ions and cat-
ions of the salt not participating in hydrolysis will
act as counterions towards BP anions.

We have expressed C by means of eqn. 2 and

U=m

substituted C, and C, in the Kohlrausch equation
for the formula obtained. Taking into account
the ITP condition, i.e. U,/U, =1, we get:

107" 4+ (1-g)C, _mytm,
1072+ (1-g)C, my+m,

3

Such a complicated expression of pH zone corre-
lation is not very convenient for practical appli-
cation, although it allows pH values to be related
to the ion mobilities given in refs. 2 and 3. That
is why we have obtained another expression
including empirical, easily determined constants.

According to refs. 2 and 3, boric acid solution
pH is known to depend on polyol concentration
C owing to:

pH=e+flogC 4)

where e and f are constants characteristic of a
certain polyol in boric acid of the given concen-
tration.

Many reports in the literature (especially ref.
1) contain data on the boric acid solution pH vs.
polyol electrophoretic mobility dependence. This
relation is known to be of a typically sigmoid
nature. We attempted to deduce empirically an
equation that would express satisfactorily the pH
vs. net mobility sigmoid curve. Sufficient accura-
cy here, as it happens, may be obtained from:

U
pPH=g+log7—F (5)

where g and h are polyol-characterizing con-
stants (Fig. 1).

Provided that ITP of two different polyols
(with concentrations C,; and C, and acidities pH,
and pH,) is attained, i.e. U, =U,, it becomes
possible to describe the correlation between all
parameters of the two zones by means of empiri-
cally obtained egns. 4 and 5 with the help of
simple transformations.

Because of this we have to take the anti-
logarithm of both sides of eqn. 5 and express U
through the obtained equality. We then apply
this expression of velocity to polyol zones 1 and
2, equalize the right sides of velocity equations
for the two zones as is conditioned by ITP,
express 10°7'1/10P"2 and logarithmically obtain
an expression for pH difference between the two
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Fig. 1. Relative ionophoretic mobility (U) of various carbo-
hydrates vs. pH (in the alkaline region) [1]. Glucose mobility
(<pH 10) was chosen as a unit. Experimental data (X) are
approximated with the curves drawn on the basis of eqn. 5:
(a) glucose, g =8.1, h = 14.6; (b) mannose, g =7.9, h =9.5;
() rhamnose, g=8.3, h =5.5; (d) cellobiose, g =8.9, h=
3.7.

zones. Then we substitute 10" for C-10° in the
right side of the equality for each of the zones.
“Such a substitution is possible as soon as the
antilogarithm of eqn. 4 has been taken.

Since the “g” constant of different polyols
varies very little and its value is close to 8.5, it
could be considered to be a common constant for
all compounds of this type. Under the condition
of stable borate concentration, ‘e’ values for
different polyols are obviously also identical.

If 10°, 10% and log(h,/h,) are thus designated

K., K, and K,, the expression for ITP of two
polyol zones is as follows:
H oK 1 K, + K.} ;
— = + —_—
pH, n 7108 K, +K,C 22 (6)

With this expression being applied, it becomes
easy to describe the pH gradient that occurs
when a polyol set is used in ITP.

EXPERIMENTAL

Chemicals
Polyhydroxyl compounds used included dul-
citol, mannitol, sorbitol, galactose, glycerol, suc-

rose, maltose (in decreasing order of electro-
phoretic mobility in boric acid solution). Sodium
hydroxide or tris(hydroxymethyl)aminomethane
was added to obtain the required pH value of
buffer solution with boric acid. All the chemicals
were of analytical grade and were purchased
from Serva (Heidelberg, Germany), including
reagents for obtaining polyacrylamide gel. Of
these, only galactose and dulcitol were from
Sigma (St. Louis, MO, USA). The water used
was twice distilled.

Instruments

The instruments used for vertical electro-
phoresis in tubes and horizontal electro-
phoresis in layers of polyacrylamide gel were
manufactured by Hiju Kalur (Tallinn, Estonia).
Ultrathin gel layers were obtained with a set of
appliances from Serva. Voltage gradient in gels
was measured with a platinum electrode,
positioned with high precision by a device of our
own design.

Preparation of solutions and gel

Below is given a concrete and simple example
of a system in which one could observe Kohl-
rausch zone formation and ITP of polyols and
proteins.

The basic buffer was 0.05 M boric acid and
0.0125 M tris(hydroxymethyl)aminomethane,
pH 8.1. The anode solution was prepared by
dissolving 0.05 M dulcitol in the buffer; the
cathode solution was obtained by dissolving 0.05
M maltose in the buffer.

The following solution was prepared: 5 g of
acrylamide, 140 mg of bisacrylamide and the
anode solution mentioned above to a final vol-
ume of 50 ml. To 5 ml of that solution after
deaeration was added 0.1 ml of mixture contain-
ing 200 mg of ammonium persulphate and 50
pg of N,N,N’N’-tetramethylethylenediamine
(TEMED) in 1 ml of distilled water. Slab gel,
125 mm X 50 mm X 0.3 mm, was formed using
the solution described. Electrode wicks were
soaked with anode or cathode solution. The
electric current density in cooled gel layers was
about 0.12 mA/m”.
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RESULTS AND DISCUSSION

BP compounds are known to be unsteady
complexes that exist in aqueous solutions. It is
because of their unsteadiness that it has been
impossible to isolate them. This explains the
importance of showing the possibility of ITP
separation of unsteady-in-time BP ions.

ITP of polyols was observed both in a free
solution without a supporting medium and in
tubes and layers of polyacrylamide gel. In the
first case (ITP in free solution), one should take
into account the phenomenon of the solution
density change on the Kohlrausch zone
boundaries as well as the possibility of a charge
of polyol concentration during ITP. The resultant
solution density gradient may have the opposite
direction to the one of the gravitation field,
which brings about a mixture of zones.

Boundaries of different polyol zones can be
registered by measuring the electric potential or
heat emission gradient, a striking change in
optical refraction or pH indicator colour, etc.

The anode solution used in our experiments
contained a high-mobility polyol, such as man-
nitol or dulcitol. The cathode solution contained,
as a rule, such low-mobility polyols as glycerol or
sucrose.

A mixture of polyols to be separated was
placed directly onto gel, if the separation process
was to be carried out in vertical tubes, or by
sample applicator strips onto a horizontal gel
layer.

After the electric field is applied, one can
observe even visually the process of Kohlrausch
boundary formation between the separating
polyols as well as their motion as sharp steps of
optical refraction. As in any ITP, the total
electrical resistance of the system increases with
time, which makes it necessary that the voltage is
increased to maintain constant current.

Zone quantity and dimensions depended on
the proportional composition of the sample mix-
ture. If the mixture contained any proteins with
distinct isoelectric points, their narrow bands
divided by polyols were determined with
Coomassie staining. BP bands were detected by
means of voltage gradient measurement. One of
the simplest cases is shown in Fig. 2.

Vi voltage
-1004, drop
- 50
off-cathode
distance
-1 T Y - mm
50 100

Fig. 2. Voltage gradient formed in a dulcitol-glycerol-mal-
tose ITP system. The steepest part is associated with maltose,
which is a carbohydrate of the lowest mobility; the almost
horizontal part is associated with dulcitol, a polyol of the
highest mobility and lowest specific electric resistance in this
system.

In this very case a gel layer was prepared in
the way described above, i.e. it contained dul-
citol. A cathode paper wick was soaked with
cathode solution containing 0.025 M maltose and
0.025 M glycerol. Fig. 2 shows that separation of
maltose (the steepest part of the gradient) and
glycerol (the mid-part of the gradient) occurred.
This is evidence of how easily BP ITP in pH
alkaline region can be performed.

CONCLUSIONS

The mobility of borated polyols is known to be
inversely proportional to their dissociation con-
stant in most cases [2,3]. Consequently, if poly-
ols are gleaned correctly, the natural discrete pH
gradient appears and becomes stable in the
course of isotachophoresis. The acid part of this
gradient belongs to the area of more mobile
zones. There appears to be the possibility of
using borate—polyol pH gradients not only for
the traditional acid range but for the whole pH
range. Such gradients can be applied to separa-
tion of amphoteric ion mixtures, in particular
proteins. Moreover, this is an inexpensive meth-
od of purifying and separating substances of
polyhydroxyl nature and non-amphoteric ions.
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ABSTRACT

Capillary zone electrophoresis was used for the analysis of the aldonic acids, D-galactonic and D-gluconic acids. The dependence
of the resolution on the pH of the running electrolyte was examined. Separation with the resolution 1.2 was achieved at both pH
4.1 and 5.0. The chiral mobile phase additive, B-cyclodextrin, showed no additional optimizing effect on the separation at the

optimum pH.

INTRODUCTION

Capillary zone electrophoresis (CZE) is an
efficient method for the separation of charged
components. Since the aldonic acids are partly
ionized in aqueous solution, they are suitable
candidates for CZE investigations. In the study
described here we successfully applied the CZE
technique to separate the free p-galactonic and
p-gluconic acids.

Previously, p-galactonic and p-gluconic acids
have been analysed using liquid chromatographic
(LC) systems based on strong basic anion-ex-

* Corresponding author.

0021-9673/93/$06.00

change resin [1-3]. Recently, however, separa-
tion of the aldonic acids by high-performance
liquid chromatography (HPLC) was examined.
The analysis was carried out on an anion-ex-
change column, but no separation was achieved
[4]. In the same reference separation was
achieved by applying pre-column derivatization
followed by capillary gas chromatography (GC).
The above-mentioned methods can only be ap-
plied to aldonic acids that have been altered by
derivatization or complexation.

When the CZE technique is utilized to analyse
the aldonic acids, detection is a challenging
problem owing to the very low UV absorbance of
the aldonic acids. A similar problem is encoun-
tered when investigating carbohydrates. This
problem can be solved by derivatization [5,6],
complexation [7] or by combination of both [8—

© 1993 Elsevier Science Publishers B.V. All rights reserved
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10]. Alternatively, indirect photometric detec-
tion can be applied using sorbic acid as both
carrier electrolyte anion and chromophore.
Using this method various aldonic acids were
examined at pH 12.1, but separation of p-galac-
tonic and D-gluconic acids was not achieved
[10,11].

By investigating the effect of pH on the
resolution we separated and detected the free
p-galactonic and D-gluconic acids applying the
CZE technique and indirect photometric detec-
tion.

EXPERIMENTAL
Materials
Standard solutions of D-galactonic acid

(Sigma, St. Louis, MO, USA) and p-gluconic
acid (Merck, Darmstadt, Germany) were pre-
pared in purified water obtained from a Milli-Q
purification system (Millipore, Bedford, MA,
USA) at concentrations of 0.4 mg/ml (pkK,
values of the aldonic acids are approximately
3.6). The buffers employed were prepared by
dissolving 0.67 g of sorbic acid (Merck) in 1000
ml of Milli-Q water to yield a final concentration
of 6 mM (pK, of value of sorbic acid is 4.8).
When working with B-cyclodextrin (Sigma) 1.7 g
of B-cyclodextrin were added to 100 ml of the
buffer, resulting in concentrations of 15 mM.
The pH was adjusted with 1 M sodium hydrox-
ide. The final electrolytes were filtered through
HYV 0.45-um filters (Millipore) and degassed in a
vacuum for 30 min.

Equipment

All the experiments were performed on a
Quanta 4000 capillary electrophoresis system
from Waters (Waters Chromatography Division,
Millipore, Milford, MA, USA). The Quanta
4000 was equipped with an untreated fused-silica
capillary (Waters) of total length 100 cm and
internal diameter 50 pum. The capillary was
ventilated to ensure a uniform temperature.
Hydrostatic injection was performed by raising
the injection end 9.8 cm relative to the detector
end for 10 s. Detection was carried out by on-
column measurement of UV absorption at 254
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nm at 7.6 cm from the detection end using a time
constant of 0.1 s.

The electrophoretic data system was a Millen-
nium 2010 chromatography manager (Millipore)
operated on a PowerMate 386/33i computer
(NEC Technologies, Boxborough, MA, USA).
The data were collected at a rate of five data
points per second.

Capillary conditioning

Every new fused-silica capillary was washed
with 1 M sodium hydroxide for 1 h followed by
0.001 M sodium hydroxide for 20 min. In be-
tween runs the capillary was treated with 1 M
sodium hydroxide for 2 min, and then with 0.001
M sodium hydroxide for 2 min, and finally it was
equilibrated with the buffer for 8 min. When the
capillary was stored for more than 24 h it was
flushed with Milli-Q water.

All experiments was carried out at room
temperature.

RESULTS AND DISCUSSION

The p-galactonic and D-gluconic acids shown
in Fig. 1 are chiral 4-epimers, and therefore their
electrophoretic mobilities differ only slightly.
Since the components are acids, the difference
between the electrophoretic mobilities depends
on pH. Therefore, we examined how the res-
olution depends on pH from pH 3.8 to pH 11.0
using the conditions described in the Experimen-

1 2
COOH COOH
H—C—O0H H—(IJ—OH
HO—CII—H HO—(IJ—-H
HO—C—H H—(I}—OH
H—CIJ—OH H—(lz-—OH
CI!HZOH (ltHZOH

Fig. 1. Constitutional formulas of the 4-epimer aldonic acids.
1 = D-Galactonic acid; 2 = D-gluconic acid.
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Fig. 2. Effect of pH on the resolution of p-galactonic and
D-gluconic acids. Electrolyte: 6 mM sorbate at pH 3.8, 3.9,
4.0,4.1,42,48, 49,50, 5.1, 5.2, 5.4, 6.0, 7.0, 8.0, 9.0,
10.0 and 11.0. Current: 0.4-4.2 uA. Temperature: room
temperature. Capillary: fused silica of length 92.4 cm and
internal diameter 50 pm. Voltage: 20 kV. UV detection:
indirect at 254 nm. Injection: hydrostatic in 10 s.

tal section. The results are depicted in Fig. 2 in
terms of resolution versus pH of the buffer
solution. The resolution, R, is calculated from
the equation, R, = 2(t,,,, — ¢,.,)/ (W, + W,), where
!, is the migration time and W is the peak width
at baseline using tangent lines drawn through
50th percentile points until they intercept the
baseline.

It was noted that the resolution is very sensi-
tive to changes in pH around 4 and 5. Therefore
the resolution in the pH range 3.8-5.2 was
further investigated. The best resolutions were
obtained at the pH values 4.1 and 5.0, and the

TABLE I
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results at these pH values are reported in Table
I

In Fig. 3a we show the baseline separation of
the 4-epimer aldonic acids at pH 4.1. The tailing
is due to a higher mobility of the electrolyte
compared with the mobility of the sample at this
low pH. Fig. 3a and Table I show separation
with resolution 1.2 was achieved at pH 4.1. The
number of theoretical plates per metre is around
10%, and the migration times are more than 30
min. Correspondingly, Fig. 3b shows the separa-
tion of the aldonic acids at pH 5.0. By altering
the pH from 4.1 to 5.0 it is noted from Fig. 3b
and Table I that the number of theoretical plates
is enhanced by an order of magnitude, and the
separation of the aldonic acids is achieved with a
migration time of approximately 25 min. The
shorter migration time is due to an increase in
the electro-osmotic flow, because the higher
electrolyte pH enhances the ionization of the
silanol groups on the surface of fused-silica
capillaries.

Equal concentrations were analysed during all
runs. At a signal-to-noise ratio of 3 the detection
limit is 18 fmol at pH 4.1. Correspondingly, the
detection limit is 18 fmol at pH 5.0 with a
signal-to-noise ratio of 5.

The chiral mobile phase additive, B-cyclodex-
trin (B-CD) has yielded good results in the
separation of chiral compounds by CZE [12]. In
order to optimize the separation, 15 mM B-CD
was added at various pH values ranging from 4.1

EFFECT OF pH ON NUMBER OF THEORETICAL PLATES AND MIGRATION TIMES

Conditions: electrolyte: 6 mM sorbate. Temperature: room temperature. Capillary: fused silica of length 92.4 cm and internal
diameter 50 wm. Voltage: 20 kV. Current: 0.8 A at pH 4.1 and 1.6 pA at pH 5.0. UV detection: indirect at 254 nm. Injection:

hydrostatic in 10 s.

pHin Standard amount Resolution Number of theoretical plates per m* Migration time (min)
electrolyte (pmol)
Galactonic acid Gluconic acid Galactonic acid Gluconic acid
4.1 3 1.2 8000 12000 33.1 34.8
5.0 3 1.2 75 000 100 000 24.8 25.3

“ Number of theoretical plates: N =‘/16(t/W)2, where ¢ = migration time, W= peak width at baseline using tangent lines drawn

through 50th percentile points until they intercept the baseline.
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Fig. 3. CZE separation of the 4-epimer aldonic acids. (a)
Electrolyte: 6 mM sorbate at pH 4.1. Current: 0.8 uA.
Temperature: room temperature. Capillary: fused silica of
length 92.4 cm and internal diameter 50 wm. Voltage: 20 kV.
UV detection: indirect at 254 nm. Range: 7 mAu. Injection:
hydrostatic in 10 s. (b) Electrolyte: 6 mM sorbate at pH 5.0.
Current: 1.6 pA. All other conditions as in (a). Identifica-
tion: 1 = D-galactonic acid; 2 = D-gluconic acid.

to 7.9. The results are shown in Fig. 4 in terms of
resolution versus pH of the electrolyte solution.
The results show that the effect of B8-CD de-
pends on pH, but the separation is not further
improved.

CONCLUSIONS

The potential of the CZE technique for
separating the free aldonic acids, D-galactonic
and D-gluconic acids, has been demonstrated. It
is shown that the separation of the chiral com-
pounds by the CZE technique is very sensitive to
the pH value of the buffer. Addition of 8-CD to
the buffer did not improve the separation at the
optimum pH.
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Fig. 4. The resolution of D-galactonic and D-gluconic acids as
a function of pH with 15 mM B-cyclodextrin added to the 6
mM sorbate buffer. The experiment was performed at pH
4.1, 5.0, 6.0 and 7.9. Current: 0.2-2.1 uA. Temperature:
room temperature. Capillary: fused silica of length 92.4 cm
and internal diameter 50 pm. Voltage: 20 kV. UV detection:
indirect at 254 nm. Injection: hydrostatic in 10 s.
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Book Review

Advances in Chromatograpy, Vol. 31, edited by J.C. Giddings, E. Grushka, J. Cazes and P.R. Brown,
Marcel Dekker, New York, Basle, Hong Kong, 1992, XIX + 393 pp., price US$ 150.00 (USA and
Canada), US$ 172.50 (rest of world), ISBN 0-8247-8568-1.

Volume 31 continues in the well established
tradition of this series in presenting first-rate
articles written by leading experts in various
fields of chromatography. It contains six con-
tributed chapters.

An excellent review of the fundamentals of
non-linear chromatography, the theoretical back-
ground for preparative-scale HPLC overloaded
separations, by Katti and Guiochon gives a
comprehensive survey of recent progress in this
exciting field. The authors have succeeded in
presenting the topic to the full extent whilst
limiting to absolute minimum the complex
mathematical descriptions connected with the
theoretical models discussed. The major part of
this chapter deals with the predictive simulations
of the band profiles in both the elution and
displacement modes of non-linear chromatog-
raphy, using various numerical approaches to the
problem. The authors show that the theory of
non-linear chromatography has been developed
to the point that any concentration signal at the
column outlet can be predicted, provided that
the parameters of the distribution isotherms
necessary in these calculations can be accurately
determined. The methods for the determination
of single- and multi-component (competitive)
isotherms are presented in detail and strategies
for optimization of the experimental conditions
aimed at achieving the maximum production rate
in preparative chromatography are surveyed.
This chapter provides reading that will be ex-
tremely useful not only for those working in the
field of preparative chromatography, but for
everyone seriously interested in the theoretical
fundamentals of chromatography.

The second chapter, written by Dubin, gives a

survey of commercially available packings for
aqueous size-exclusion chromatography (SEC)
and deals with solute—substrate interactions in
“non-ideal” SEC, discusses pitfalls connected
with using ‘“‘universal calibration” in aqueous
media and presents a brief outline of the applica-
tions in the field of chromatography of proteins
and of surfactant micelles.

Gaspari¢ surveys the principles and applica-
tions of partition thin-layer chromatography on
layers impregnated with organic stationary lig-
uids. A survey of recent publications demon-
strates that this technique is still viable as it
makes possible many chromatographic separa-
tions that are comparable in quality to but less
expensive than those using more convenient
thin-layer chromatography on chemically bonded
materials. In addition to analytical applications,
this chapter reports the use of partition TLC in
studies on quantitative structure—activity rela-
tionships and, with 650 citations, provides a
useful source of information for the selection of
separation conditions for many pharmaceuticals,
naturally occurring compounds and environmen-
tal pollutants.

The contribution by Knight describes the his-
tory and development of countercurrent chroma-
tography and discusses future possibilities of this
technique to meet the needs of peptide separa-
tions on analytical, preparative and industrial
scales.

In the last two chapters, Singhal and De Silva
present recent advances in the affinity chroma-
tography of biomolecules based on the interac-
tions with immobilized boronate ligands and
Motohashi, Kamata and Meyer review chro-
matographic methods for determining car-
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cinogenic benz[c]acridine, including column,
paper chromatography, TLC, HPLC and GLC.

The volume is nicely produced and contains
many useful tables, diagrams and references to
the original literature. All the chapters are
valuable for chromatographers working in the
specific areas concerned, but because of the
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specialized character of the individual contribu-
tions (with the exception of the first chapter and,
possibly, the third), most workers are likely to
be interested in reading only one or two of them.

Pardubice (Czech Republic) Pavel Jandera
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Elvent : pH2.0 0.5N HCIO.-NaCiO.aq Eluent PH2.0 0.5N HCIO,-NaC0.aq.
/CH,CN=60/40 /CH,CN-60/40.
Fiow Rate ~ 0.5mi/min. Flow Rate  0.5mi/min.
Detection 254nm (UV) Detection . 254nm (UV)
Temperature: 25°C Temperature: 26°C

For more information about CHIRALCEL OD-R column, please give us a call.

DAICEL CHEMICAL INDUSTRIES, LTD.

CHIRAL CHEMICALS DIVISION 8-1, Kasumigaseki 3-chome, Chiyoda-ku, Tokyo 100, JAPAN
Phone: +81-3-3507-3151 Facsimile: +81-3-3507- 3193

AMERICA EUROPE ASIA/OCEANIA
CHIRAL TECHNOLOGIES, INC. DAICEL (EUROPA) GmbH DAICEL CHEMICAL (ASIA) PTE. LTD.
730 SPRINGDALE DRIVE Ost Street 22 65 Chulia Street #40-07
DRAWER I EXTON, PA 19341 4000 Diisseldorf 1, Germany OCBC Centre, Singapore 0104.
Phone: 215-594 —2100 Phone: +49—211—-369848 Phone: +65—-5332511
Facsimile: 215—594 —2325 Facsimile: +49—211-364429 Facsimile: +65—5326454
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