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Abstract

The packing behavior and the stability of a spherical-particle, silica-based packing material and the operation of
an axial compression column are discussed. The coupling between the axial compression pressure and the inlet
pressure at constant flow-rate was investigated. The results demonstrated also an excellent column efficiency, a
rapid packing consolidation, and a long-term stability of the column performance. Reduced height equivalents of
theoretical plate (HETPs) around 2 were routinely obtained and the column did not show any sign of degradation
of its efficiency or stability after 700 h of continuous use. These results are attributed primarily to the spherical
nature of the material used. Finally, a procedure for opening the top flange of a column packed under axial
compression without loosing any stationary phase nor degrading the column efficiency is described.

1. Introduction

For over 'twenty years, a slow debate regarding
the relative superiority of spherical- and ir-
regular-shaped particles has been held without
yet reaching a conclusion. This problem seems to
have been of more serious concern to vendors
and manufacturers than to the scientific com-
munity, and very few systematic comparative
studies have been published. Admittedly, the
differences between the hydrodynamic and the
kinetic performance observed in analytical appli-
cations did not seem very significant compared to

* Corresponding author. Address for correspondence: De-
partment of Chemistry, University of Tennessee, Knoxville,
TN 37996-1600, USA.

0021-9673/95/$09.50
SSDI 0021-9673(95)00474-2

the differences of retention properties reported
between any two brands of silica material. As
reliable, accurate information is nearly priceless,
there was little incentive in taking the particle
shape into account when separation factors are
of so paramount importance.

Things have changed somewhat with the de-
velopment of preparative chromatography. The
cost of the packing material, although not the
most critical component of production costs [1—-
3], has become important. The cost of bulk
packing materials is higher when they are made
of spherical particles than when made of ir-
regular-shaped particles. For production pur-
poses, several elements other than the separation
factors must be taken into account. Therefore,
the issues of the relative technical advantages

© 1995 Elsevier Science B.V. All rights reserved
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and disadvantages of the two types of packing
materials is resurfacing. Although not always
convincingly, it is often claimed that the per-
formance of spherical particles is superior to that
of irregular-shaped materials.

The most important advantages claimed for
spherical particles are as follows. First, because
of the conditions under which they are prepared,
there is a better control over their particle-size
distribution. Whether a narrower size distribu-
tion is a real advantage, however, is still open for
discussion. It is said that the small particles
determine the column permeability whereas the
large ones control the column efficiency, but
systematic experiments are lacking. Second,
spherical particles can tolerate higher compres-
sion pressures than irregular particles and they
would be less susceptible to fragmentation into
smaller particles during handling, packing, and
consolidation. This mechanical superiority is
suggested by the preeminent strength of the
eggshells and cupolas. Packings do suffer during
consolidation [4] and materials made of spherical
particles seem to consolidate faster, under lower
pressures, and into a more compact, more resili-
ent bed than those made of irregular-shaped
particles [5]. The practical extent of these advan-
tages remains unclear and several systematic
studies are needed to understand the different
aspects of this complex issue. It should be
underlined that, even in preparative chromatog-
raphy, the issues of primary importance remain
(i) the separation factor and (ii) the saturation
capacity. The final choice of a packing should be
made between those materials which have the
best characteristics for these two properties and
give columns with a long useful life.

In previous publications [6--8] we have studied
the performance of dynamic radial and axial
compression columns packed with irregular-
shaped particles. The goal of this paper is the
description of experimental results obtained with
a material made of spherical particles when using
the methods we have previously developed for
the packing of dynamic axial compression col-
umns and for testing of these columns for long-
time durability.

2. Experimental
2.1. Dynamic axial compression column

The axial compression unit was an
LC.50.VE.500.100 Column Skid obtained from
Prochrom (Champigneulles, France). The col-
umn is made of a stainless steel cylinder (5.0
cm X 59.0 cm) with a maximum working pressure
of 100 bar. The axial compression is applied by a
hydraulic piston operated by a Haskel pump
(Burbank, CA, USA). The Haskel pump in turn
is assisted by compressed nitrogen from a cylin-
der.

2.2. Solvent delivery system

A Kiloprep 100 HPLC pump was obtained
from Biotage (Charlottesville, VA, USA). The
pump can deliver solvents at flow-rates up to 500
ml/min, at a maximum pressure of 138 bar. The
flow-rate is set manually. The system includes
also two solvent ports and an injection valve with
a 1.5-ml injection loop.

2.3. Stationary phase

All the columns used in this work were packed
with Kromasil C; (Eka Nobel, Bohus, Sweden).
This chemically bonded spherical silica has an
average particle size of 13.0 um and an average
pore size of 100 A. The axial compression
column was packed using the procedure previ-
ously described [8], at a pressure of 61.5 bar. All
experiments were carried out at this axial com-
pression pressure, except for those during which
the influence of the compression pressure was
studied.

Several analytical columns of different lengths,
all with an internal diameter of 0.46 cm, were
packed in our laboratory using the same station-
ary phase, and a conventional slurry packing
method at 483 bar, in agreement with the recom-
mendations of the manufacturer. The charac-
teristics of these columns are summarized in
Table 1.
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Table 1
Characteristics of the columns

Column properties Axial compression Analytical Analytical Analytical
column column #1 column #2 column #3

Dimension (cm) 20.0%x5.0 20.0 x 0.46 20.0 x 0.46 10.0 X 0.46

Total porosity 0.72 0.76 0.73 0.71
(solvent A)

Total porosity 0.67 0.75 not done 0.70
(solvent B)

Total porosity 0.74 0.74 0.75 not done
(from mass)

Phase ratio 0.39 0.32 0.37 0.40
(solvent A)

Phase ratio 0.48 0.34 not done 0.43
(solvent B)

Phase ratio 0.35 0.35 0.33 not done
(from mass)

k' (acetone) 0.37 +£0.01 na’ na 0.30+0.01

k' (phenol) 2.82+0.20 na na 2.84 £0.05

k' (cresol) 6.04 = 0.46 na na 6.18+0.12

* na = not available.

2.4. Chemicals

Acetone, m-cresol, phenol, methyl benzoate,
toluene, acetonitrile, nitric acid, ammonium bifl-
uoride, isopropanol, and methanol were all pur-
chased from Baxter (Atlanta, GA, USA) and
were 99.9% pure. Phenethyl alcohol was pur-
chased from Fluka (Buchs, Switzerland). Dis-
tilled water from the chemistry department plant
was filtered on a 1.2-um membrane before use.

2.5. Detector

A UV-Vis detector (Model 203-7083, Linear
Scientific, Reno, NV, USA) equipped with a
variable path length preparative cell was used to
collect chromatograms. With a short cell path
length the detector response remains linear up to
much higher concentrations than with conven-
tional HPLC detectors. The cell can be operated
under high pressures and can easily accommo-
date a 500 ml/min flow-rate. For HETP mea-
surements, the cell path length was kept to its
maximum (3 mm), so that a reasonable response
could be obtained with analytical-size injections.

2.6. Pressure sensor

The column inlet pressure was measured with
an Omega pressure transducer Model PX603-
2KG5V (Omega, Stamford, CT, USA). This
transducer gives a 1-5 V d.c. linear output. Its
response time is 1 ms. The output was adjusted
to read 0.402 V d.c. for 0 bar and 2.022 V d.c.
for 138 bar, for compatibility with the data
acquisition system. Calibration shows that the
inlet pressure [P (bar)] and the voltage output [V
(V)] are related by P=(V—0.402)/1.1745"
107%). The reading of the sensor at a zero inlet
pressure (no flow-rate) was checked periodically.

2.7. Displacement sensor

Dynamic changes of the column length were
measured with an Electro-Mike displacement
sensor Model PAA1555 (Reagan Controls, Char-
lotte, NC, USA). This sensor includes a displace-
ment transducer and a transmitter with analog
output of 2 to 9 V d.c. for a displacement
between 2.0 and 9.0 mm. The output voltage was
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attenuated to 2.2 V d.c. for our data system.
Calibration of the sensor output with known
targets shows the response to be linear in the
+2to +9 mm range, d (distance between target
and sensor in mm) and V (output in V) being
related by d = (0.20 =0.01)V + (0.18 £ 0.06).

Unlike in our previous work [8], the sensor
was hanged from a stand and the steel target was
clamped to the compression piston, in such a
way that an increase in target distance means an
increase in the column length. Depending on the
movement of the piston, the distance between
the sensor and the target increases or decreases.
Because of the nature of the device, a change of
0.01 mm in the column length can be detected
easily, while the actual column length is known
within only 0.1 cm. The actual length of a
packed column was measured by attaching a
long, thin electric wire to the piston rod, just
below the piston head, stretching it with a small
weight, and measuring the position of a small
mark on this wire. The zero reference is ob-
tained by raising the piston in an empty column
until it touches the top flange. This device
permits a measurement of the column length
with an accuracy of 0.1 cm.

2.8. Data acquisition system

The data system consists of a Waters System
Interface Module (SIM) with two A/D conver-
tors (Milford, MA, USA). This SIM is capable
of the simultaneous monitoring of four sensors
and/or detectors and can control three HPLC
pumps. The digitized data from the SIM was
collected by Waters Maxima 820 version 3.31
software loaded on a NEC computer. All the
data files were translated to ASCII format for
further use and uploaded to the computer net-
work of the University of Tennessee. For treat-
ment of these data, various DOS- and VMS-
based software was developed in our laboratory.

2.9. Methods
In the experiments reported here, two solvents

were used as the eluent. These were methanol
(solvent A) and a mixture of 40% methanol and

60% water (v/v, solvent B). The test samples
were low-concentration solutions of acetone (1.6
ml/]), phenol (0.4 g/1), and m-cresol (0.5 g/1) in
the eluent. Sample volumes for HETP measure-
ments were 1.5 ml, injected by filling an appro-
priate loop. For economic and waste manage-
ment reasons, the solvents were pumped in
closed circuit, with a 15-20 1 reservoir on the
solvent line. The solvent was replaced when the
baseline absorbance became significantly higher
than that of fresh solvent.

Three outputs were recorded in most of the
experiments, the UV-detector signal and the
outputs of the displacement and the pressure
sensors. The data from the pressure transducer
were converted to pressure units (bar), and the
output from the sensors to changes in the column
length (cm) and the pressure (bar). The chro-
matographic data were used to calculate the
column efficiencies, from the width at peak half-
height, and the retention factors. The reduced
velocities (v=ud,/D,, with u the linear ve-
locity, d, the average particle size, and D, the
molecular diffusivity) and reduced plate heights
(h=H/d,, with H the actual column HETP)
were fitted to the van Deemter equation [9],
using a nonlinear least-squares fit. The classical
Wilke—Chang [10] equation was used to estimate
the diffusion coefficients of the compounds used.
It gives as the molecular diffusivities of acetone,
phenol, and cresol, in solvent B, at 25°C, 7.39-
1075, 6.59-107°%, and 5.98-107° cm?/s, respec-
tively.

3. Results and discussion

The characteristics of the columns studied are
summarized in Table 1. The results of a long-
term stability test of the axial compression col-
umn are reported in Table 2. During this study,
several similar determinations of the dependence
of the column efficiency on the mobile phase
flow-rate were completed. Flow-rates and col-
umn efficiencies were converted into reduced
parameters, viz., reduced velocity and reduced
plate height, and fitted to the classical van
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Table 2
Compiled Van Deemter parameters for the axial compression columns
Column Solvent Sample a c R Vot Hours
no. used
i1 A acetone 1.62 0.089 2.42 4.50 10
11 A acetone 1.55 0.098 2.39 4.29 20
11 A acetone 1.68 0.080 2.44 4.74 46
11 B acetone 2.18 0.042 2.73 6.55
phenol 3.03 0.012 3.32 12.25 72
cresol 2.81 0.015 3.14 10.95
11 B acetone 2.09 0.052 2.70 5.88
phenol 2.80 0.025 3.22 8.49 123
cresol 2.86 0.016 3.20 10.61
11 B acetone 1.96 0.047 2.54 6.19
phenol 2.42 0.028 2.87 8.02 238
cresol 2.90 0.010 317 13.42
11 B acetone 1.96 0.051 2.57 5.94
phenol 2.67 0.026 3.10 8.32 263
cresol 2.47 0.024 2.89 8.66
11 A acetone 1.63 0.088 2.43 4.52 371
11 A acetone 1.62 0.084 2.40 4.63 391
11 A acetone 2.07 0.050 2.67 6.00
phenol 1.83 0.047 2.41 6.19 497
cresol 2.49 0.030 2.96 7.75

Deemter equation [9]. Since few data points
were collected at low flow velocities, the coeffi-
cient b of this equation was taken arbitrarily as
equal to 1.8, as in our previous study [8]. The
values of the coefficients a and c¢ are shown in
Table 2. Table 2 also contains the values of the
minimum reduced plate height (h_;,) and the
optimum reduced velocity (v,,,)-

As seen in Table 2, the column performance
did not change significantly over a period of 500
h. In fact, several other experiments, different
from the conventional testing done during the
first 500 h, were performed with this same
column for an additional 200 h (experiments
reported later, in Sections 3.4-3.8). After 700 h,
the column was briefly tested again and disman-
tled. Although a more limited data set was
acquired, the final test showed that the column
efficiency had not changed.

3.1. Column performance with pure methanol

As in previous papers [7,8], a preliminary
study of the column performance was done using

pure methanol as the mobile phase and a 1.5%
acetone solution as the sample. The results are
given in Table 2. Acetone was used as an
unretained compound for the determination of
the void volume [8], hence of the total porosity,
which is reported in Table 1. The total porosity
of analytical columns was also determined by
washing the column with pure methanol, un-
packing it and weighing the packing material
recovered, after drying it in an oven at 110°C for
12 h. The stationary phase volume was deter-
mined by assuming the density of silica to be 2.2
g/em’.

Fig. 1 shows a typical plot of the reduced plate
height versus the reduced mobiie phase velocity
for both the axial compression column and an
analytical column. The lines are derived from the
best fit of the respective data to the van Deemter
equation. The axial compression column showed
better efficiency than the analytical column (Fig.
1). This is not uncommon for spherical particles
[11] and might be explained either by a smaller
relative contribution of extra-column band
broadening or by a genuinely better packed
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Fig. 1. Typical Van Deemter plot obtained. Plot of the reduced plate height versus the reduced velocity for an axial compression
column (20.0 X 5.0 cm) and an analytical column (20.0 x 0.46 cm). The eluent was methanol and the sample a solution of acetone

in methanol.

column. Fig. 1 also contains data comparing
performance of the axial column after 46 and 500
h of use, respectively. As seen in Fig. 1, the
column performance was essentially the same
after 500 h of use as immediately after packing.
For this column the van Deemter parameters
were a =1.61, b=1.93, ¢=0.086, A, =2.42,
Vopt = 4.74 after 46 h and a=1.84, b=1.34,
c=0.068, h,,;,=2.44, v, =4.44 after 500 h of
column use. For the analytical column the van
Deemter parameters were a =2.86, b =0.53, c =
0.105, A, =3.33, and v, =2.22.

The data in Table 1 show that the values of the
total porosity and the phase ratio of the different
columns are consistent. Although there is some
scatter of the data for the analytical columns, the
axial compression column gives on the average a
systematically lower total porosity and a larger
phase ratio than the analytical columns.

3.2. Column performance with methanol-water
(40:60, viv)

Solvent B was used for the long-term stability
study of the axial compression column. A sample
containing acetone (k'=0.37), phenol (k'=
2.82), and m-cresol (k’=6.04) was used to
monitor the efficiency of the column at long time
intervals (see Table 2). These values of the
retention factors of our standard test compounds
are slightly higher than those found with the C,,
stationary phases previously used [7]. A high
surface density of the bonded alkyl chains on the
stationary phase could explain this change. It is
not due to an error in the mobile phase composi-
tion. The values obtained for the retention
factors on the axial compression column and the
analytical columns are in excellent agreement. It
is clear from the data in Table 1 that the
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performance of the axial compression column
did not degrade significantly after 500 h of use.

3.3. Column permeability and average particle
size determination

During the course of this study, the inlet
pressure of the axial compression column was
determined at different flow-rates, while deter-
mining the column efficiency. The values ob-
tained for the inlet pressure were corrected for
the contributions from the inlet and outlet frits
and the connecting tubes, as done in our previ-
ous study [8]. As shown by the plot of a typical
set of corrected inlet pressures versus the flow-
rate in Fig. 2, these data fit well to a straight
line. Introducing the slope of this straight line
into the Darcy equation gives a particle size of
12.2 um. The average particle size determined
independently by Coulter counter was 11.5 um

for the material used in the axial compression
column and recovered afterward and 11.2 um
for the virgin material. The nominal particle size
was 13.0 pm.

3.4. Inlet pressure and axial compression
pressure

Several sets of experiments were carried out to
investigate the effect of the axial compression on
the packing density and the permeability, hence
the inlet pressure of the axial compression col-
umn. If the axial compression increases the
packing density, the permeability should de-
crease and, in turn, the inlet pressure required to
sustain a given flow-rate should increase. In
these studies we have set the axial compression
pressure to a particular value and measured the
inlet pressure at different flow-rates. The results
obtained are illustrated in Fig. 3, which shows a
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Fig. 2. Plot of the column inlet pressure versus the flow-rate for the axial compression column. The solvent was methanol-water
(40:60, v/v). The average particle size obtained from this set of data was 12.2 pm.
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Fig. 3. Plot of the column inlet pressure versus the flow-rate at different axial compression pressures. Solvent methanol-water

(40:60, v/v).

plot of the inlet pressure versus the flow-rate at
three different axial compression pressures be-
tween 20 and 66 bar. The permeability does not
change significantly within the range of compres-
sion pressures applied. This suggests that the
consolidation of the bed has already been
achieved when the first experiment was started
and that the compressibility of the consolidated
bed is small. Indeed, the packed bed had been
consolidated under 66 bar during the initial
consolidation of the column, prior to these
experiments. Both results are in agreement with
other experimental findings which will be re-
ported soon [5]. Introducing the slope of the
straight line in Fig. 3 into the Darcy equation
gives an average particle size of 9.98 um.

3.5. Effective axial compression pressure
(EACP) versus flow-rate

The effective axial compression pressure is the
stress applied by the piston against the top of the

packing divided by the piston cross-section area.
Because a solid, the packing material, is stressed
in these compression experiments, the local
strain can vary widely across the column. It is
useful, however, to follow the variation of this
effective compression pressure during the oper-
ation of the column. Since the column inlet
pressure acts against the axial compression, the
effective compression pressure is the difference
between the applied axial compression pressure
and the inlet pressure. It depends on the flow-
rate if, as recommended by Prochrom, the axial
compression is kept constant. Results are shown
in Fig. 4. The linear decay of the effective
compression pressure with increasing flow-rate is
expected from what was reported above (Fig. 3).
However, it is interesting to note that at high
flow-rates the EACP can become negative. This
is technically possible because the equipment
used in this work for the dynamic axial compres-
sion of the column bed is designed in such a way
that the piston cannot be pushed back if the
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Fig. 4. Plot of the effective axial compression pressure versus the flow-rate for the axial compression column. The initial
compression pressures set were 20.5, 41.0, and 65.5 bar. Solvent: methanol-water (40:60, v/v).

compression pressure falls below the inlet pres-
sure. The bed remains compressed like the gas in
a tire as long as the pressure in the driving jack is
not released. Small leaks are possible, however,
and there is a slight compression release of the
bed, as we see now.

3.6. Column length and effective axial
compression pressure

The column length measured during the ex-
periments just described is plotted against the
effective axial compression pressure (EACP) in
Fig. 5. In this case, the EACP is varied by
varying the flow-rate at constant applied com-
pression pressure. As expected, the column
length decreases with increasing EACP and
tends toward a constant limit. The higher the
axial compression pressure applied, the lower
this limit. Fig. 6 shows the result of a com-
plementary experiment. It gives a plot of the
column length versus the EACP, at constant

flow-rate (110 ml/min) and with different values
of the axial compression. A similar behavior is
observed. Finally, the plot of the inlet pressure
versus the EACP shown in Fig. 7 illustrates the
relationship between the effective compression
pressure, that is the stress actually applied to the
bed, and the inlet pressure for a constant flow-
rate. The increase of the column inlet pressure at
constant flow-rate corresponding to an increase
of the EACP of 30 atm is 6% (31.5 bar to 33.5
bar).

3.7. Replacement of the top flange

It is frequently necessary to open the column
and change the top flange. Done without special
care, this operation results in a loss of stationary
phase, which can cause a problem, for example
when the exact amount of packing material used
needs to be known. This operation can be done
without loss or any disturbance of the packing by
the following procedure. A solvent which wets
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Fig. 5. Plot of the column length versus the effective axial compression pressure during the compression experiments in Fig. 4.

well the packing, methanol in the case of RPLC
packings, must be used. First the flow direction
of the mobile phase during the experiment is
reversed by pumping the solvent into the top
flange side. The piston is lowered by 2 cm and
held in the neutral position. Solvent is run
through the column for five minutes. After
flowing several column volumes of solvent while
using the top flange as the column inlet, it is safe
to open the column top. The top flange is
unfastened and opened. A large void, ca. 2 cm
deep, is found but the top of the packing is flat.
The piston is then moved up slowly by applying a
low axial pressure and is stopped when the top
flange would barely touch the bed if in position.
At this point the top flange is secured in place
and the solvent pump is restarted. This pro-
cedure is simple. Reversal of the flow direction
does not seem to be a problem for a dynamic
axial compression column. This procedure allows
rapid changes of the top flange or clean/change
of the frit.

3.8. Repairing a bad column by axial
compression

A void tends to form more or less slowly at the
inlet of conventional chromatographic columns,
causing a marked degradation of their efficiency.
In this last set of experiments, we tried to
simulate the formation of a void at the column
inlet and to measure its effect on the column
efficiency and inlet pressure. The solvent used
was methanol and the sample a 3% solution of
acetone in methanol. The flow-rate was 151 ml/
min. The procedure described in the section
above was used to open and close the top of the
column and move its top flange. After six hours
under a constant stream of mobile phase, the
column was tested. The results obtained are
shown in row 1 of Table 3. The subsequent
operations are also summarized in Table 3. The
next day the piston was lowered again by 1 cm as
shown in row 3. At this stage, the column
efficiency appeared to have been degraded quite
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Fig. 6. Plot of the column length versus the effective axial compression pressure at constant flow-rate. The solvent was

methanol-water (40:60, v/v).

significantly after eight hours of operation (Table
3, row 5). The previous level of column per-
formance was recovered by a succession of
upward movements of the piston (i.e. by de-
creasing the void space above the piston). The
maximum efficiency ever achieved with this
column was then obtained (row 9). Finally, the
piston was lowered again by 2 cm from the
position it occupied when the data in row 9 were
being recorded. Comparing the data in rows 5
and 9, we see that an efficiency gain of 69%
(from 1488 plates to 2521 plates) in number of
theoretical plates was achieved by restoring a
sufficiently large, positive effective axial com-
pression and by eliminating the void at the
column entrance.

The single most serious disadvantage of the
procedure is the increase of inlet pressure by
19%. It was surprising to observe that at no time
the column did exhibit any signs of channel
formation, even when a 2-cm long void had been

created at the column entrance by following a
procedure which, in many respects could be
qualified as operational failure if it had not been
carried out on purpose. The formation of large
cavities at the column inlet and their sealing
demonstrate the effectiveness of the dynamic
compression principle. It permits a change of the
flow direction in a dynamic compression column
when needed, without any apparent conse-
quences on the column performance.
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No. Condition of experiment Inlet pressure Efficiency

(bar) of column
1 No ACP? applied, piston just touching the bed and the piston held at neutral 13.05 2279
2 Same as #1 after over night (pump not in operation) 13.22 2181
3 Piston position lowered 1 cm from the position at #1 13.05 1534
4 Same as #3, after 2 h of pumping operation 12.88 1517
5 Same as #3, after 8 h of pumping operation 12.80 1488
6 Piston brought up 1 cm with low ACP and held at neutral 12.88 1919
7 Piston brought up 1 cm with low ACP and held at neutral 12.88 2362
8 Piston with ACP = 63 bar. After 2 h of operation, the column length was 17.2 cm 15.35 2482
9 Same as #8, after 6 h of pumping operation 15.18 2521
10 Piston brought down 2 cm from #9 13.22 2017

* ACP = axial compression pressure.
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Abstract

Plant material contains carbohydrates and phenolic compounds that interfere with derivatization and HPLC
analysis of polyamines. The use of strong anion-exchange resins was investigated for purification of polyamines in
plant samples. Results obtained indicate that anion-exchange resins produce equally good results as cation-
exchange resins. Polyamines are eluted from the anion-exchange resin with NaOH, and derivatization can be
performed directly on the eluate, resulting in enormous time savings. Optimum results were achieved with low
cross-linkage strong anion-exchange resins and the conditions for maximum recoveries of polyamines are reported.

1. Introduction

Since polyamines are involved in numerous
metabolic processes in plants [1], they have to be
quantified accurately. For HPLC analysis, pre-
column derivatization is commonly used [2-7],
being easy and relatively quick to perform. Post-
and on-column derivatization was also described
[8,9]. Since derivatization reagents do not only
react with amines but also with plant constituents
such as phenolic compounds, organic acids, and
carbohydrates, interferences can arise. To avoid
these problems, a sample clean-up is necessary.
Sample clean-up for polyamines is normally
performed with cation-exchange resins [3,10,11]

' Present address: Department of Agriculture, The Universi-
ty of Queensland, Brisbane, Qld. 4072, Australia.

0021-9673/95/$09.50
SSDI 0021-9673(95)00461-0

and polyamines are eluted with hydrochloric
acid. Before derivatization, HCI has to be re-
moved because most derivatization reagents are
acid-chlorides, being inhibited by chloride ions.
In addition, these reagents only react with poly-
amines in alkaline medium. The evaporation of
HCI in vacuum is a time-consuming and hazard-
ous step since HCl vapor is highly corrosive.
Therefore, the use of anion-exchange resins was
investigated as an alternative to cation-exchange
resins for sample clean-up. Although anion-ex-
change clean-up has been explored previously
[11], the authors did not elaborate on the resins
and procedures employed. In this paper, several
anion-exchange resins were tested for their ef-
ficacy in removing substances interfering with
HPLC analysis. In addition, the parameters
affecting the recovery of polyamines from anion-
exchange resins are described. The developed

© 1995 Elsevier Science B.V. All rights reserved
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procedure was applied to several plant samples
to test the applicability of the clean-up procedure
and to compare it to cation-exchange clean-up.

2. Experimental

Polyamine standards (putrescine, spermidine,
spermine, and diaminooctane) were purchased
from Sigma. Various anion-exchange resins were
tested for their efficacy in removing interfering
substances and for recoveries of polyamines.
Type I resins (trialkyl functionality): Bio-Rad
AG1-X4 (200-400 mesh), Duolite A101, Duolite
A101D, Duolite A113, Amberlite IRA-402, Am-
berlite IRN-78, and Dowex 1-X8. Type II resins
(alkylol-dialkyl functionality): Duolite A102 and
Duolite A116. All resins, apart from Bio-Rad
AG1-X4, were of technical grade with a 14-50
mesh and were milled to correspond to a 100-
200 mesh. Before use, the resins were converted
to the OH™ form with 1 M NaOH and washed
with deionized water to remove excess NaOH.

Plant material was homogenized in 5% (v/v)
cold perchloric acid (100 mg fresh mass per ml
PCA), extracted for 1 h on ice, and centrifuged
at 4200 g for 25 min at 10°C. An amount of 1 ml
of the supernatant was neutralized with 0.2 ml of
5 M NaOH and 0.5 ml loaded onto Poly-Prep
columns (Bio-Rad) containing ca. 1.2 ml anion-
exchange resin in the OH™ form. Polyamines
were eluted with 3.5 ml of a 0.01 M NaOH
solution. The eluate was collected in vials and
mixed with 0.2 ml of 5 M NaOH to ensure
sufficient alkalinity for derivatization. Poly-
amines were benzoylated for HPLC analysis
according to Refs. [12,13]. NaCl solution was
omitted after incubation. Polyamines were sepa-
rated by HPLC on a Spherisorb ODS2 reverse-
phase C,; column (250X 4.6 mm, 10 pm) at
35°C, equipped with a Waters Resolve C,, Guard-
Pak precolumn, and detected at 245 nm [3].
Separation was achieved isocratically at 1.7 ml
min~' with 44% solvent A (water) and 56%
solvent B (4% tetrahydrofuran, 96% methanol,
v/v).

3. Results and discussion

3.1. Elution profile of polyamines from the
anion-exchange column

The elution profile of putrescine, spermidine,
and spermine from the Bio-Rad AG1-X4 resin is
shown in Fig. 1. A similar elution profile is also
obtained with higher and lower molarities of the
eluent and with the Duolite A101D resin (data
not shown). The results indicate that the first 0.5
ml of the effluent does not contain polyamines
(the void volume of the column is ca. 0.3 ml).
Thereafter, polyamines elute from the column
and elution nears completion after 4.5 ml total
volume (1 ml sample volume plus 3.5 ml eluent)
have been applied to the column. Benzoylation
can be carried out directly on the eluate since a
reaction volume of up to 5 ml does not affect the
derivatization  of  individual = polyamines
(ANOVA, p>0.05, n=3). Hence it is not
necessary to concentrate the eluate, resulting in
considerable time savings.

3.2. Effect of sample pH and flow-rate on
polyamine recovery

Experimental results indicate that if 0.12 ml of
5 M NaOH are added to 1 ml of plant extract
before loading, the sample pH is neutral and the
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Fig. 1. Elution pattern of putrescine (O), spermidine (O),
and spermine (A) from the Bio-Rad AGI1-X4 resin in
relation to the volume of eluent (1 M NaOH) applied.
Elution was performed with gravity flow (1 mi min™").
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recoveries of polyamines are unsatisfactory.
Using 0.15-0.2 ml of a 5 M NaOH solution, the
sample pH is alkaline and the recoveries of
polyamines are higher (Table 1). Therefore, to
achieve maximum recovery of polyamines, 0.15-
0.2 ml 5 M NaOH should be used to alkalinize
the sample extract before loading onto the resin
column. An eluent flow-rate of 0.5-2 ml min~"
yields constant recoveries of polyamines. Lower
recoveries were only observed at a flow-rate of
0.25 ml min~" for spermine (70%), diaminooc-
tane (64%), and spermine (50%), whereas the
recovery of putrescine is independent of the
flow-rate. Using gravity flow, the flow-rates are
normally between 0.75-1.5 ml min~', which
yields constant recoveries for all polyamines.
The decreased recovery at low flow-rates is
probably due to diffusion and trapping of sper-
midine, diaminooctane, and spermine in the
three-dimensional network of the resin. Also,
non-specific retention of polyamines by the
anion-exchange column can occur. Thus, to
ensure adequate flow, the column should not be
packed too tightly.

3.3. Recovery of polyamine standards from
various resins

Different anion-exchange resins were tested
for the recovery of polyamine standards. Elution
was performed with various molarities of NaOH
solutions: 2 M (pH 14.3), 1 M (pH 14), 0.1 M
(pH 13), 0.01 M (pH 12), and with water
adjusted to pH 8 with NaOH. Type II resins
(Duolite A116, Fig. 2g; Duolite A102, Fig. 2h)
had lower recoveries, ranging from 20% for
spermine to 70% for putrescine. Thus, type II
resins cannot be recommended for clean-up as
recoveries of polyamines are unacceptably low,
probably due to hydrogen-bridge bonds between
the amino groups of polyamines and the alkylol
group of the resin. Type I resins had higher
recoveries, of up to 100% for putrescine (Figs.
2a—d), especially at lower pH (pH 8, pH 12).
The Bio-Rad AG1-X4 (Fig. 2e) resin has a poor
performance in comparison to many cheaper
resins. Polyamine recovery from the macropor-

Table 1
Effect of sample pH on recovery of polyamines from the
resin

pH of sample Area counts (X 107°%)

Putrescine Spermidine Spermine
pH 6-7 0.39 £ 0.07 1.34 £ 0.30 0.16"
pH 13-14 0.57 = 0.04 1.93 £0.01 0.30 +0.01

Plum buds were homogenized and 1-ml aliquots of the
supernatant were mixed with either 0.12 ml 5 M NaOH
(corresponding to pH 6-7) or 0.15 ml 5 M NaOH (pH
13-14). An amount of 1 ml of the resulting solutions was
loaded onto A101D columns. Results are means of three
replicates * standard deviation.

*Based on a single determination only due to co-elution of
spermine with impurities in the extract.

ous resin (Duolite A101D, Fig. 2b) is superior to
that from the standard type of resin (Duolite
A101, Fig. 2f). The high recovery of polyamines
from type I resins, especially with weakly al-
kaline eluents, is possibly due to the fact that the
amino groups of the polyamines (pK, ca. 11) are
protonated and therefore repelled by the posi-
tively charged functional groups of the resin.
Hence, it is suggested that the eluent be adjusted
to pH 8-12 for maximum recovery and low
cross-linkage or macroporous resins be used. If
the eluent is weakly alkaline (e.g. pH 8 or 12),
the eluate should be mixed with an additional 0.2
ml of 5 M NaOH. This ensures sufficient al-
kalinity for the derivatization reaction to proceed
optimally. If the molarity of the reaction mixture
is below 1 M NaOH, irreproducible results are
obtained (data not shown).

3.4. Polyamine concentrations in plant material

Plant material was subjected to purification
with Duolite A101D resin as described or ben-
zoylated directly. Values have been corrected for
recoveries of polyamines from the resin (putres-
cine 89%, spermine 89%, diaminooctane 80%,
and spermine 95%) and calculated according to
Ref. [14]. Alternatively, polyamines were quan-
tified against external standards, corrected for
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recoveries and normalized with the internal
standard. Results given in Table 2 indicate that
polyamine concentrations can be lower if sam-
ples are not purified, and in the case of citrus
shoot tips, no peak corresponding to spermine is
detected. The recovery of the internal standard
(diaminooctane) added to various plant materials
ranged between 75-100% (data not shown). It
was stated [3] that the benzoylation of poly-
amines is inhibited by some compounds present
in crude plant extracts leading to underestima-
tions of polyamine levels. The authors deter-
mined that only 3% of the free polyamines are

recovered as benzoylated polyamines if no clean-
up is done. However, other researchers, using
different plant materials, determined recoveries
of 70-95% even without a clean-up [15-17]. To
resolve this discrepancy, plum shoot tip homoge-
nates were also spiked with known amounts of
authentic polyamines and the recoveries evalu-
ated. The recoveries were 88% for putrescine,
82% for spermidine, and 67% for spermine for
column-purified samples and 108% for putres-
cine, 90% for spermidine, and 69% for spermine
in control samples. Since the recoveries are
similar, it can be assumed that substances inhib-
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Table 2
Polyamine contents in plant material
Putrescine® Spermidine® Spermine®
Pear shoot tips
A Control 31+4 78+ 7 22+9
Column 382 95+8 19«7
B Control 21+ 4 737 21x8
Column 262 88+ 9 18+ 8
Citrus shoot tips
A Control 33x3 382 0
Column 44x2 437 40
B Control 37+4 42+4 0
Column 47+£5 47+ 10 50

Apple shoot tips

A Control
Column 116 =0
B Control 1153
Column 119+4
Plum shoot tips
A Control 1036
Column 107+ 4
B Control 100+ 1
Column 1013

Not calculated because of co-elution of impurities with DOC

484 =21 39%5
476 = 42 45+7
498 + 38 39+6
379+ 17 90 =11
434+ 16 102 £ 20
373+ 36 8715
425+ 42 99 + 25

Plant extract was either purified with A101D resin (column) or benzoylated directly (control). Results are means * standard
deviation (n = 3). Quantification was performed with either DOC (diaminooctane) as internal standard (A) or against external

standards (B).
*In nmol g~ ' fresh mass.

iting the derivatization are apparently not pres-
ent in plum shoot tips. However, mature Citrus
leaves may contain inhibiting factors since mea-
sured concentrations are lower for unpurified
material. More importantly, no spermine could
be detected without a sample clean-up, highlight-
ing the necessity of the sample clean-up to obtain
meaningful results.

3.5. Qualitative results

In Fig. 3a, a chromatogram of polyamines in
plum shoot tips is shown. No clean-up was done
and a number of interfering peaks are present
that impair quantification of polyamines due to
co-elution. By comparison, Fig. 3b shows a
HPLC chromatogram of the identical sample
purified on Duolite A101D resin and eluted with
water adjusted to pH 8.

In Fig. 4a, plum leaf extract was purified with
a cation-exchange resin (Dowex 50W-X8) and
the polyamines eluted according to Ref. [3]. By
contrast, Fig. 4b shows a HPLC chromatogram
of the identical sample which was purified on a
Duolite A101D resin. The chromatograms in
Figs. 3 and 4 show that the clean-up is effective
in removing substances that give rise to interfer-
ing peaks on HPLC and also that the degree of
purification with the anion-exchange column
clean-up is similar to cation-exchange clean-up.
The purity of the sample is better if the eluent is
more alkaline (pH 13 or 14, data not shown).
However, since recoveries are lower, it should
be determined to what extent the sample needs
to be purified to obtain an optimum balance
between purity and recovery. Samples being low
in interfering substances can be eluted with
water adjusted to pH 8 to 12, whereas samples
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Fig. 3. (a) HPLC-chromatogram of benzoylated polyamines
in plum shoot tips. No clean-up was done and a number of
interfering peaks are present. The concentrations of the
polyamine peaks are: putrescine = 1.4 nmol, spermidine =
3.4 nmol, and spermine = 0.5 nmol. (b) HPLC-chromato-
gram of plum shoot extract purified with Duolite A101D
resin. Polyamines were eluted with water adjusted to pH 8.
Concentration of polyamines: putrescine =0.7 nmol,
spermine = 1.7 nmol, and spermidine = 0.3 nmol.

having numerous interfering peaks require a
higher molarity NaOH (0.1 or 1 M) to obtain
samples of suitable purity.
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Fig. 4. (a) HPLC-chromatogram of plum leaf extract purified
with Dowex SOW-X8 cation-exchange resin. The polyamines
were eluted according to Ref. [3]. Concentration of poly-
amines: putrescine =0.9 nmol, spermidine =1.6 nmol, and
spermine = 0.2 nmol. (b) HPLC-chromatogram of the identi-
cal sample which was purified on a Duolite A101D resin.
Concentration of polyamines: putrescine=1.2 nmol,
spermidine = 1.8 nmol, and spermine = 0.4 nmol.

4. Conclusion

Using anion-exchange column clean-up, plant
extracts can be successfully purified prior to
HPLC analysis. Polyamines can be eluted from
the amion-exchange resin without the need to
concentrate the eluate, resulting in tremendous
time savings. Therefore, the use of anion-ex-
change resins is a better option and many more
samples can be processed per day. In comparison
to cation-exchange clean-up, the recoveries of
polyamines are similar and the quality of purifi-
cation is comparable if not superior. The original
procedure of Ref. [13] was developed mainly on
herbaceous plants that have few interfering sub-
stances, unlike woody perennials. However, with
the method outlined, it is possible to effectively
remove these substances. Furthermore, if the
anion-exchange resin is used in the OH™ form,
no complicating anions are present in the eluate,
allowing for simple and rapid derivatization by
benzoylation. Phenolic substances, organic acids
and carbohydrates [18-21] are optimally retained
on anion-exchange resins in alkaline medium.
Since polyamines do not carry a net charge in
alkaline medium, they are unretained and elute
in the void fraction. It should also be determined
beforehand whether a sample clean-up is neces-
sary, as an increase in experimental error is
normally observed [16] due to the additional
experimental variables included.
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Abstract

Transforming growth factor 83 (TGF-83) is a dimeric protein (M, 25 444) which regulates the proliferation of
epithelial cells. A reversed-phase high-performance liquid chromatography (RP-HPLC) method was developed for
TGF-B3 in order to investigate the solution stability of TGF-83. Peak width and retention time were evaluated as a
function of (1) the initial percent of acetonitrile, (2) the gradient slope, (3) the percentage of trifluoracetic acid,
and (4) column temperature. By varying the above conditions, particularly temperature, it was possible to reduce
retention times and peak widths by a factor of 2 and 6, respectively. The observed temperature effects on peak
width were consistent with the concept that conformational changes can be induced in the protein during the
chromatographic migration. A balance was found between on-column degradation and improved peak width at
elevated temperatures. The final assay was found to be linear over a 10-150 pg/mi drug range with a correlation
coefficient of 0.998 and acceptable reproducibility (R.S.D. 2.09%, n = 6). The assay has been useful for monitoring
drug loss in ongoing stability studies; however, it was found to have poor resolving power when certain stressed
samples of TGF-B3 were applied, suggesting that complimentary assay methodologies must be developed.

develop an analytical reversed-phase high-per-
formance liquid chromatography (RP-HPLC)
assay for TGF-B83 which can be used to investi-
gate the solution stability of the protein. The
literature suggests that a number of variables can
affect chromatographic performance for RP-

1. Introduction

Transforming growth factors B (TGF-B) are a
family of structurally related dimeric proteins
which exhibit a wide variety of biological actions,
and in particular regulate the proliferation of

epithelial cells [1]. They are unique in that each
monomer contains nine strictly conserved
cysteines, one of which stabilizes the dimer via
an interchain disulfide bond [2,3]. The mono-
mers, each with a molecular mass of approxi-
mately 12 500, are stabilized by two identical
hydrophobic surfaces [3].

The objective of the present study was to

* Corresponding author.

0021-9673/95/$09.50
SSDI 0021-9673(95)00452-1

HPLC of proteins [4,5]. Unlike small molecules,
proteins have the added challenge that altered
conformation can impart on retention. The
change in conformation may occur due to inter-
action with the hydrophobic stationary phase,
the column temperature, or the mobile phase
components [5]. If more than one conformation
exists during the separation, broader bands are
expected relative to conditions where only on
conformer exists. Thus, one strategy to improv-

© 1995 Elsevier Science B.V. All rights reserved
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ing chromatographic performance is to purpose-
fully induce denaturation of the protein [5].

Most RP-HPLC assays for proteins utilize an
acetonitrile (ACN) gradient with trifluoracetic
acid (TFA) to reduce the pH and silanol ioniza-
tion [4]. In addition to modifying the pH, the
TFA may also act as a hydrophobic ion-pairing
agent and as a denaturant [4,5]. The choice of
the initial organic concentration can impact on
total assay time since at low organic concen-
trations proteins generally remain adsorbed on
the stationary phase until the appropriate con-
centration of organic is reached [6,7]. This re-
sults in an extremely steep negative slope when
the logarithm of capacity factor is plotted versus
the percent organic [8]. It has been shown that
increasing the gradient rate can dramatically
decrease peak width, and may lead to improved
recovery [4,5]. Increasing flow-rate can improve
resolution for some peptides; however, this may
also lead to a significant loss in sensitivity [4].
Thus, no attempt was made to vary flow-rate as
part of the present study. Effects of column
temperature on protein chromatography have
been proposed due to increased solubility in the
mobile phase, more rapid transfer between the
stationary and mobile phases, and on-column
conformational changes [5,9-11]. Improvements
in band width with increasing temperatures have
been noted for some proteins and peptides
[5,9,12]; however, this is apparently not general-
ly true [13,14]. Temperature can also be utilized
to vary selectivity [13].

Based on the above literature observations,
our approach for TGF-83 was to evaluate the
effect of altering (1) the initial percent of ACN,
(2) the gradient slope, (3) the percentage of
TFA, and (4) column temperature in order to
optimize overall chromatographic performance,
and peak width in particular.

2. Experimental

Samples (at 5°C) containing 120 ug/ml of
TGF-B3 were injected using a BIO-RAD Model
AS-100 HRLC automatic sampling system with a
20-ul loop. The gradient for the assay was

provided by the ConstaMetric 4100 solvent deliv-
ery system by LDC Analytical operated at 1
ml/min. A Vydac C, column (250 X 4.6 mm 1.D.)
and guard column were kept at a constant 45°C
(except during temperature studies) using a BIO-
RAD column heater. Samples were detected at
210 nm using the BIO-Dimension UV-Vis
monitor. Integration was performed using the
BIO-RAD HRLC system interface and the BIO-
RAD Series 800 HRLC system. The acetonitrile
(ACN, Fisher Scientific) and the triftuoracetic
acid (TFA, J.T. Baker) were both HPLC grade.
Milli-Q water was utilized for all studies. TGF-
B3 (lot PO1 1409) was used as provided by Ciba
Geigy.

Sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) was performed
under non-reducing conditions using a Phar-
macia Phast System (Pharmacia technique num-
ber 110). Pharmacia 8-25 gradient gels were
utilized, and staining was performed with
Coomassie Blue (Pharmacia technique number
200).

3. Results and discussion

An RP-HPLC assay using a C,, stationary
phase, 0.1% TFA, and an acetonitrile gradient
has previously been reported by Ogawa et al.
[15] for TGF-B2.3, a heterodimer of the TGF-B82
and TGF-B3 monomers. These authors observed
a peak width at half-height of approximately 1
min for this protein, which eluted at approxi-
mately 17 min with a linear acetonitrile gradient
and 0.1% TFA. Preliminary attempts to assay
TGF-B3 under similar conditions in our lab led
to peaks with this breadth or even wider. Thus,
we attempted to analyze those variables which
could lead to improvements in the peak width,
and thereby improve resolution from potential
degradation products.

The effects of altering the initial percent
organic modifier are shown in Table 1. As
expected, shorter retention times were found
with increased initial ACN concentrations. How-
ever, there was little or no change in peak width
at half-height. Increasing TFA concentrations
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Table 1

Observed changes in retention

Initial TFA ACN/min Temp. Retention time Width at 1h
ACN conc. (%) (%) (%) (°C) (min) (min)
as 0.1 1.0 30 10.87 1.41
32 0.1 1.0 30 12.95 1.29
30 0.1 1.0 30 15.72 1.14
27 0.1 1.0 30 18.15 1.19
25 0.1 1.0 30 20.02 1.22
27 0.2 1.0 30 17.82 1.19
27 0.4 1.0 30 20.20 0.99
27 0.1 2.0 30 11.56 0.60
27 0.1 1.5 30 12.91 0.88
27 0.1 1.0 30 15.37 1.26
27 0.1 0.5 30 22.13 3.32
27 0.1 1.0 30 15.81 1.17
27 0.1 1.0 35 16.08 0.93
27 0.1 1.0 40 16.12 0.70
27 0.1 1.0 45 15.83 0.47
27 0.1 1.0 50 15.93 0.23
27 0.1 1.0 55 15.84 0.23
27 0.1 1.0 60 15.75 0.23
27 0.1 1.0 65 15.94 0.23

Values in bold face indicate the changed values.

altered peak width to a small degree only, and
complicated detection due to increased back-
ground. By increasing the gradient slope, it was
found that peak width could be reduced; how-
ever, the peaks appeared to be somewhat
asymmetric. Significant improvements were
made in the peak shape by increasing tempera-
ture (Fig. 1). With a 20 min gradient time and a
27-47% acetonitrile linear gradient, the peak
width decreased from 1.17 to 0.23 min on going
from 30 to 50°C, respectively. No additional
improvement was seen at 55 to 65°C.

The retention of proteins in reversed-phase
chromatography is complicated by conformation-
al changes that can occur on the column [16,17].
Hearn and co-workers [9] suggest that at a
constant gradient time, significant changes in
peak width are typically observed over a discrete
temperature range. They attribute the tempera-
ture effects to alterations in the conformation of
the protein in both the mobile and stationary
phases. Our observation of a five-fold decrease

in peak width over a 20°C range (30-50°C) is
consistent with this hypothesis. No improvement
in peak width was observed above 50°C, sug-
gesting that conformational changes were no
longer being induced.

One concern with the elevated temperatures is
that degradation might occur on the column. In
fact, at 50°C small shoulders were observed after
the main peak which were not observed at lower
temperatures (see Fig. 2). Were these due to
improved resolution or to degradation? The
areas of the peaks were analyzed to determine if
their size increased with increasing temperature.
The peak areas of the two late-eluting peaks do
increase with temperature, and thus, may repre-
sent degradation of TGF-83 on the column (Fig.
3). These data suggest that on-column degra-
dation should be minimal if a temperature of
45°C or less is utilized. To study this further, a
short-term stability study of 0.1 mg/ml drug in
mobile phase under approximate elution con-
ditions was conducted. Elution was calculated to
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Fig. 2. Chromatogram produced at 65°C column temperature
showing late-eluting shoulders which are present on TGF-83
peak.

occur at approximately 41% acetonitrile. Thus,
TGF-B3 was stored in a solution of ACN-H,0O
(41:59, v/v) with 0.1% TFA at 45°C for 90 min.
No increase in the area of the late-eluting shoul-
ders was observed for up to 90 min at 45°C,
which is consistent with the lack of degradation
of the drug on the column. Based on the results
of both studies, it appears that a 45°C column
temperature achieves a balance of on-column
stability and chromatographic performance. It is
interesting to note that the two shoulder peaks
are relatively sharp bands, suggesting that degra-
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dation occurred while the TGF-83 was adsorbed
to the stationary phase. Had the degradation
occurred in the mobile phase while elution was
occurring, the bands would presumably have
been broader. Thus, it is possible that degra-
dation could be minimized further by starting the
separation at a higher percentage of acetonitrile.

Based on the above analysis, subsequent
studies were performed using a RP-HPLC assay
which utilized an initial acetonitrile level of 27%,
a gradient of 1%/min for 33 min, 0.1% TFA,
and a column temperature of 45°C. The other
chromatographic conditions are given in the
experimental section. A reproducibility study
was conducted using 100 ug/ml standards pre-
pared in 20 mM acetic acid buffer, 20 mM acetic
acid in 25% acetonitrile, and 20 mM acetic acid
in 25% isopropanol. Each sample was injected
six times and the peak areas were recorded. The
relative standard deviations were 7.57%, 0.75%,
and 2.09%, respectively. A trend was observed
in the peak areas for the aqueous standards, with
peak areas increasing from the first injection to
the last by 18.6%. This trend is significant and is
characteristic of protein adsorption to the sys-
tem. The addition of an organic solvent would
appear to hinder adsorption. The linearity of the
assay was investigated over the 10-150 wg/ml
drug range for samples diluted with either 20
mM acetic acid in 25% acetonitrile or 20 mM
acetic acid in 25% isopropanol. The standard
curves for these solutions are given in Fig. 4. The
correlation coefficients were 0.999 and 0.998,
respectively. As a final assessment, the assay was
utilized to analyze a 100 pg/ml solution of TGF-
B3 in 25% isopropanol and 20 mM acetic acid
which had been stressed under a number of
conditions. These conditions included pH 12.0
(NaOH) and 25°C for 28 h, treatment with a
1000:1 molar ratio of hydrogen peroxide/protein
for 6 h at 5°C, heat treatment at 95°C for 2 h, pH
2.0 (HCl) and 25°C for 28 h, and fluorescence
light (intensity 6200 lm, 35°C) for 28 h. The
RP-HPLC results indicate no significant drug
loss for the low-pH and the light-box samples
(<4% loss of potency; chromatogram not
shown). However, the high-pH, peroxide, and
heat-treated samples did show significant degra-
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Fig. 3. Area percent of late-eluting shoulders shown in Fig. 2 as a function of column temperature. (M) Peak at 16.33 min; ()
peak at 16.57 min.

dation peaks. The chromatogram of the high-pH peak at 15.12 min was determined to be TGF-£83
sample (Fig. 5) shows two broad peaks, the by spiking the sample with additional drug).
parent peak (conc.=0.026 mg/ml) with a re- Sodium dodecyl sulfate polyacrylamide gel elec-
tention time of 15.12 min, and a late eluting trophoresis (SDS-PAGE) of this sample indi-
peak with a relative retention time of 1.19 (the cated that the late-eluting peak had a molecular

Peak Area (x 107)

0 T T T T
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T T ! I
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Fig. 4. Standard curves for the assay using two different sample matrices. (A) 25% Acetonitrile; ((0) 25% isopropanol.
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Fig. 5. Chromatogram of a TGF-B3 sample degraded at pH
12 (NaOH) and 25°C for 28 h.

mass indicative of the monomer. The degra-
dation product observed in the chromatogram
for the peroxide-stressed sample (Fig. 6) has
poor resolution from the TGF-83 peak*. SDS-
PAGE of this sample indicates no change in the
molecular mass from that of TGF-B3, suggesting
that the dimer is still present with some modi-
fication (presumably oxidation). Consistent with
the temperature study performed during method
development, a late-eluting shoulder was ob-
served for the heat-treated sample (Fig. 7)'. The
area percent of the late-eluting peak was
0.952%. As in the above stressed samples, the
assay was unable to resolve this peak from the
parent peak. In general, the assay does not
provide baseline resolution of TGF-83 from all
potential degradation products. Thus, com-

' At the time this chromatogram was obtained, the retention
time for TGF-B3 had changed to just under 17 min. We
believe this change occurred due to a partially clogged
in-line filter, which led to a slightly reduced flow-rate
(replacement of the filter returned retention times to under
16 min).

Absorbance

255
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0.00 10.75

T T
21.50 32.25
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Fig. 6. Chromatogram of a TGF-B83 sample treated with
excess hydrogen peroxide for 6 h at 5°C.

plimentary analytical techniques will need to be
developed in order to assess all of the potential
degradation pathways, as is done for most other
therapeutic proteins [18].

A significant finding of this study was the fact
that of all the variables studied, temperature was
the most effective for yielding narrow peaks
widths for TGF-B3. Although this large effect on
band width might not be expected for all pro-
teins, temperature should certainly be investi-
gated as a method of optimizing chromatograph-
ic performance.
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Abstract

A sensitive, high-performance liquid chromatographic method including postcolumn on-line UV irradiation and
electrochemical detection is described for the determination of pharmaceuticals with diuretic action. The
investigations on this liquid chromatography—photolysis—coulometric detection approach indicate that, depending
on the substituents of the compounds, oxidation of drugs containing an aromatic chloride and thiazide moiety
occurs at potentials as low as +200 mV. Parameters influencing the electrochemical response are given to optimize
the reaction conditions. The procedure presented allows the quantification of diuretics, and consequently of
chemically related substances, with good reproducibility and high selectivity at the picogram level.

1. Introduction

UV-Vis detection is the technique most com-
monly used in determinations of pharmaceuti-
cals. As its sensitivity and selectivity are very
limited, better systems of detection are necessary
in order to quantify low drug dosages.
Fluorimetry, which meets these requirements, is
usable only for a small group of drugs having
native fluorescence. The same problem arises
with electrochemical detection. To extend the
advarntages of this detection mode to a larger
group of substances, electrochemical detection
was combined with photolysis, because on-line
photochemical derivatization or photochemical
reaction detection has been found to be an
extremely useful technique for converting elec-

* Corresponding author.

0021-9673/95/$09.50
SSDI 0021-9673(95)00440-8

trochemically non-responding or poorly respond-
ing analytes into easily detectable derivatives
[1-4]. In photochemical reaction detection, a
photochemical reactor between the column and
detector is included in the HPLC system, creat-
ing a series of differing derivatization processes
[5-8].

Some studies [9-11} have shown that sub-
stances with an aromatic chloride are transform-
ed by irradiation with UV light into electro-
chemically active derivatives. We investigated a
group of drugs having this structure, hydrochlo-
rothiazide, bendroflumethiazide, butizide, chlor-
talidone, furosemide and etacrynic acid. For a
few of these diuretic substances, e.g. hydrochlo-
rothiazide and furosemide, there are methods for
quantitative analysis with UV [12-14] and elec-
trochemical detection (ED) [15-17]. A disadvan-
tage of these electrochemical methods is the high

© 1995 Elsevier Science B.V. All rights reserved
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working potential needed to produce electro-
chemical activity. The main thrust of our work
was therefore to use photolysis to reduce the
working potential and so to enhance selectivity
and sensitivity. In addition, we also tested the
influence of photolysis on UV absorption charac-
teristics with a view towards possible improve-
ment of detection limits.

2. Experimental
2.1. Drug standards and standard solutions

Hydrochlorothiazide and chlortalidone were
obtained from Ciba-Geigy (Basle, Switzerland),
bendroflumethiazide from Kwizda (Vienna, Au-
stria), butizide from Boehringer (Mannheim,
Germany), furosemide from Hoechst (Frankfurt,
Germany) and etacrynic acid from Merck
(Darmstadt, Germany). The substances were
weighed with an analytical balance (Sartorius).
A stock standard solution of each substance was
prepared by dissolving the substance (hydrochlo-
rothiazide 5.5 mg; bendroflumethiazide 5.5 mg;
butizide 5.3 mg; chlortalidone 5.3 mg;
furosemide 5.1 mg; etacrynic acid 5.1 mg) in
doubly distilled methanol (Loba-Chemie, Linz,
Austria) and diluted to 10 ml. A 1-ml volume of
each solution was diluted to 50 ml with metha-
nol-water (80:20). During our investigations on
the influence of irradiation, the final concen-
tration was about 60 ng in 6 ul. Only the
working standard solutions of hydrochlo-
rothiazide, bendroflumethiazide and butizide
were further diluted 1:1 with methanol-water
(80:20). Water for the mobile phase was purified
with a Nanopur cartridge purification system
(Barnstead, UK).

The HPLC mobile phase was prepared by
mixing methanol and water (80:20) and adding 2
g/l of LiClO,. The mobile phase was filtered
through a 0.2-um pore size membrane (Sar-
torius) and degassed with helium,

2.2. Instrumentation

The HPLC-photolysis—electrochemical system
includes a Perkin-Elmer Model 250 binary LC

pump and a Rheodyne Model 7125 loop injector
with a 6-ul loop. The precolumn (5X4 mm
I.D.) was packed with LiChrosorb RP-8
(Merck), 10 um particles. The analytical column
was a Brownlee Lab RP-18 (Bartelt, Graz,
Austria), Spheri 5 pm, 100 X 4.6 mm L.D. The
photochemical reactor was the Beam Roost
Reaction Unit (BB) (ICT, Vienna, Austria),
which employs a Sylvania GTE 8 W low-pressure
UV lamp, emission maximum 254 nm. The
irradiation coil was constructed from a PTFE
tubing. We used both commercial PTFE coils
from ICT, with I.D. 0.3 mm and O.D. 1.3 mm
and lengths of 10 and 20 m, and a laboratory-
knitted PTFE coil, I.D. 0.33 mm, and O.D. 0.77
mm, 20 m long. Injections were made via a
100-n1 syringe (Hamilton, Bonaduz, Switzer-
land).

Electrochemical detection was effected with a
Model 5100A Coulochem electrochemical detec-
tor (ESA, Bedford, MS, USA), a model 5020
guard cell and a Model 5010 analytical cell. The
working potential of the guard cell was +950 mV
vs. palladium as reference electrode. The operat-
ing potential of the main cell was between +200
and +500 mV for injections under irradiation
and was extended to +900 mV for injections
without irradiation. The range was 50 X 10, the
response time 0.4 s and the full output scale 10
mV.

The UV detector was a Perkin-Elmer LC 235
diode-array detector with a fixed wavelength of
240 nm, bandwidth 15 and sensitivity 0.05. This
detector was connected on-line to the BB and
the drug to be tested flowed directly from the BB
to the detector. The connections between the
column and irradiation coil were Upchurch fin-
gertight fittings.

The integration of the peak areas was carried
out with the Omega 235 software package and
the results were plotted on an Epson LQ 850.

2.3. Optimization of photochemical reaction
conditions

The irradiation time was varied either by
mounting two fixed-length PTFE irradiation coils
(10 and 20 m) to the photoreactor, or by varying
the flow from the normally used 0.5 ml/min to



M. Macher, R. Wintersteiger | J. Chromatogr. A 709 (1995) 257-264 259

0.25 ml/min. The influence of the thickness of
the coil on the effect of irradiation was tested
with the original coil from ICT and with the
laboratory-knitted thinner spaghetti coil. The
working standard solution of each tested drug
was injected into the HPLC-photolysis—electro-
chemical or HPLC-photolysis—UV detection sys-
tem and the responses were recorded under the
different conditions with and without irradiation.
To shorten the equilibration time of the ana-
lytical cell, investigations were started at the
lowest potential of +200 mV and then raised in
steps of +100 mV.

3. Results and discussion
3.1. Electrochemical detection

Influence of chemical structure

The structures of the compounds investigated
are given in Table 1. It is known that the
chloride substituent in hydrochlorothiazide is
replaced by H, OH or OCH, in aqueous or
methanolic solutions on photolysis [9,10]. Addi-
tionally, hydrolysis of the thiazide ring occurs
before and after photosubstitution reactions. To
investigate the influence of different substituents
on the electrochemical response, we chose sub-
stances with similar structures, such as bendrofl-
umethizide and butizide.

As the substances flow through a 20-m coil of
I.LD. 0.3 mm and O.D. 1.3 mm, they are ir-
radiated at 254 nm and then detected electro-
chemically. The three benzothiazides show an
electrochemical response at a working potential
of +200 mV vs. palladium. At this potential,
these drugs are not electrochemically active
without irradiation. Comparing the intensities of
the signals for hydrochlorothiazide, bendrofl-
umethiazide and butizide, it could be observed
that the signal for bendroflumethiazide is about
20% smaller and that for butizide is about 50%
smaller than the signal for hydrochlorothiazide.
If these three substances are detected electro-
chemically at a higher working potential of +500
mV with irradiation, the intensity of the peaks is
reversed. This means that the peak for butizide
is higher than that for bendroflumethiazide;

Table 1
Structures of the compounds

Substance Formula
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however, neither reaches the intensity of hydro-
chlorothiazide. Fig. 1 shows the assumed reac-
tions of butizide after UV irradiation.

The different electrochemical signal intensities
of bendroflumethiazide and butizide under UV
irradiation conditions can be attributed solely to
the structures of these drugs. Because there is a
similar phenomenon for two neuroleptics, i.e.,
fluphenazine, which is substituted with CF; and
not with a chlorine, as in perphenazine, the CF,
group could be responsible for the reduced signal
[18]. The decrease in intensity occurs at higher
operating potentials and it appears that chloride
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could be more easily replaced than CF;. The
substituent at position 3 of the thiazide ring,
which is common to both drugs, is a steric
hindrance for opening the thiazide ring, thus
reducing the signals compared with hydrochlo-
rothiazide.

Fig. 2 shows a comparison of the peak inten-
sities of the three substances at different working
potentials. Chlortalidone has the same substi-
tuted benzene ring, which a chlorine atom, as
butizide and hydrochlorthiazide and it is as-
sumed that photosubstitution occurs here. The
acid amide is hydrolysed [19] and a ben-
zophenone and carboxylic group result. Fig. 3
shows the product formed. Without irradiation,
chlortalidone has no electrochemical activity at
any potential. With photolysis it becomes elec-
trochemically active and is detectable at a work-
ing potential of +200 mV. The signal intensity in
this case is also only 50% of the intensity of
hydrochlorothiazide, which can be explained by
the absence of the benzothiazide structure. At
higher potential this percentage decreases with-

ELECTROCHEMICAL RESPONSE

’TM HCITH O BFIMH BUTIZ [

Fig. 2. Comparison of peak intensities of hydrochio-
rothiazide, bendroflumethiazide and butizide at different
working potentials. Hydrochlorothiazide (HCITH) (concen-
tration 30 ng per 6 u1), bendroflumethiazide (BFITH) (30 ng
per 6 ul) and butizide (BUTIZ (30 ng per 6 ul). Column,
Brownlee RP-18, Spheri 5 pm, 100 X 4.6 mm 1.D.; mobile
phase, MeOH-H,0 (80:20) + 2 g/1 of LiClO,; flow-rate, 0.5
ml/min; coil, 20 m X 1.3 mm O.D.
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Fig. 3. Proposed formation of chlortalidone derivative by
photolysis—ED.

out reaching the electrochemical response of
hydrochlorothiazide.

Furosemide was recognized as a photosensitive
drug which is photolysed at room temperature
under daylight conditions [20]. The chlorine
atom is also substituted in this molecule by OH.
This characteristic can be utilized for sensitive
and selective determination. Furosemide was
transformed by photolysis from an electrochemi-
cally inactive substance into an electrochemically
active derivative at a working potential as low as
+200 mV. Etacrynic acid has similar feature.
This drug is not electrochemically active without
irradiation, but may be detected with irradiation
at the same potential of +200 mV.

Stability of different PTFE tubing

The coils for the on-line postcolumn photolyic
derivatization are made of PTFE tubing. They
display good transparency to UV irradiation in
the 230-400 nm range commonly used in organic
photochemistry, are resistant to chemical solu-
tions and have oxygen permeability. The reactor
coils are made in a specific way by hand [21] or
by machine. This, however, produces deformed
tubes; this deformation is necessary to reduce
the development of parabolic flow profiles and
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subsequent peak broadening in the tubing. The
commercially available coil is tested for a maxi-
mum pressure of 350 p.s.i. The coulometric
analytical cell of the detector used produces a
back-pressure depending on age and duration of
utilization and if this back-pressure is too high,
the coil may burst. The ICT coil provides higher
stability against fluctuations in pressure because
of the greater thickness. The thinner spaghetti
coil reacts more quickly to fluctuations in pres-
sure, leading to leakage. Hence the thicker
tubing is to be preferred.

Optimization of photolysis conditions

The irradiation intensity influences the pro-
duction of electrochemically detectable com-
pounds and depends on four parameters: the
energy of the lamp used, the distance from the
reaction coil to the light source, the thickness of
the coil and the duration of irradiation. The
energy of the lamp is constant; an 8 W low-
pressure lamp was always used. The knitted
reaction coil was slipped over the light source to
minimize the distance to the coil. Therefore,
only the thickness of the coil and the duration of
irradiation were considered as parameters that
could be varied to optimize the photochemical
conditions.

Two coils with different thicknesses were
available. They had the same inner diameter to

Table 2
Influence of the duration of irradiation

guarantee identical conditions for peak form and
flow characteristics. The examinations with all
the diuretics resulted in an increased signal
intensity when the thicker reaction coil was used
for irradiation. These findings are opposite to
those produced in additional investigations with
benzaldehyde, which produces significantly high-
er signals when thinner tubing is used. The most
advantageous thickness of the coil depends on
the structure of the substance. If the highest
sensitivity is essential, each compound to be
analysed should be tested for optimum thickness
of the coil.

The duration of irradiation was tested first by
varying the length of the reaction coil; we
alternated fixed lengths of 10 and 20 m with an
O.D. 1.3 mm, and second by changing the flow
to extend or shorten the irradiation time. As
photochemical derivatization is an excellent
method for improving selectivity in the determi-
nation of pharmaceuticals and this advantage is
obtained with electrochemical detection at lower
potentials, the drugs to be determined were
tested for the effect of duration of irradiation at
+200, +300 and +400 mV (Table 2).

By comparing the peak areas obtained with
the 10- and 20-m coils, the factor increasing
signal intensity (F,) can be calculated. F; is the
ratio of the value for the 20-m coil to that for the
10-m coil. With the exception of butizide at a

Potential

Coil length  Hydrochlorothiazide  Bendroflumethiazide Butizide Chlortalidone  Furosemide Etacrynic
(mV) (m) acid
200 10 1.9 1.2 1.8 0.8 0.4 0.06
200 20 2.3 2.0 1.1 1.1 0.9 0.03
F, 1.2 1.7 0.6 1.4 23 0.5
300 10 1.9 0.9 1.8 0.7 0.5 0.6
300 20 3.2 2.2 23 2.0 1.6 0.3
F, 1.7 2.4 1.3 2.9 3.2 0.5
400 10 1.9 1.3 1.9 1.0 0.5 0.8
400 20 4.6 3.0 5.1 4.2 1.4 0.8
F, 2.4 2.3 2.7 42 2.8 1.0

Column, Brownlee RP-18, Spheri 5 um, 100 X 4.6; I.D. mobile phase, MeOH-H,O (80:20) +2g/1 of LiClO,; flow-rate, 0.5

ml/min; coil, 20 m X 1.3 mm O.D.
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potential of +200 mV and etacrynic acid at +200
and +300 mV, an increase in the detector re-
sponse was recognized using the longer reaction
coil. It appeared that a longer coil corresponding
to a longer irradiation time generally produces a
higher detector response, but the F; is individual
and depends on the substance. Fig. 4 shows the
different signals of bendroflumethiazide.

The effect of varying the flow-rate was tested
with chlortalidone. The irradiation time was
doubled by reducing the flow-rate from 0.5 to
0.25 ml/min. Under these, conditions the peak
area obtained with longer irradiation is only 23%
larger than the peak response obtained with a
flow-rate of 0.5 ml/min. The resulting peak
broadening is not significant but, together with
the longer retention, the sensitivity and selectivi-
ty decrease. Therefore, the first method is to be

20m

10m

——

| . |
T2 4 6 8min "2 4 6 8 min
Fig. 4. Influence of coil length on detector response. Ben-
droflumethiazide concentration, 65 ng per 6 ul; column,
Brownlee RP-18, Spheri 5 um, 100 X 4.6 mm 1.D.; mobile
phase, MeOH-H,O (80:20) + 2 g/1 of LiClO,; flow-rate, 0.5
ml/min; working potential, +400 mV; with irradiation, coils,
10 and 20 m X 1.3 mm O.D.
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preferred, i.e., influencing the irradiation time
by varying the length of the reaction coil.

Reproducibility and limit of detection (LOD)

The reproducibility of the method under ir-
radiation conditions was determined using 60 ng
per 6ul of chlortalidone (n=38). The relative
standard deviation was 2.9%. The LOD was
measured at a signal-to-noise ratio of 3. The
LODs at a potential of +400 mV with UV
irradiation were the following: hydrochlo-
rothiazide 0.8, butizide 1, bendroflumethiazide
1.6, chlortalidone 1.6 and etacrynic acid 8 ng per
6 ml. The LOD of hydrochlorothiazide at a
potential of +900 mV without UV irradiation is 1
ng per 6 ul and for the other analytes about 2 ng
per 6 ul. For etacrynic acid a comparison of the
LOD with and without irradiation is impossible
because of its lack of electrochemical response
without irradiation.

For all substances, a linear response is ob-
tained over the range 2 ng-2 pg, with the
exception of etacrynic acid (10 ng—10 ng). The
correlation coefficient for the function y =ax + b
was between 0.997 and 0.999.

3.2. Influence of irradiation on UV detection

Photolysis may improve the detectability of
substances not only by enhancing the electro-
chemical activity but also by influencing the UV
absorption behaviour. Although electrochemical
detection is more selective than UV detection, a
comparison with respect to sensitivity by irradia-
tion was of interest.

The drugs were detected by UV spectropho-
tometry at 240 nm without and with irradiation
using a 20-cm ICT coil and the peak areas were
compared. Only the detector response for ben-
droflumethiazide increased by about 30% with
irradiation. The signals for the other diuretics
generally decreased with irradiation. The de-
crease of the signal of butizide by 40% was the
highest and for etacrynic acid by 4% was the
lowest.

Comparing the sensitivities of these two detec-
tion methods, UV and ED with irradiation, it
was found that ED is more sensitive, because the
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LOD of hydrochlorothiazide with UV detection
was 4 ng per 6 ul. We found the same result for
the other substances. This LOD was lower than
the LOD for ED with irradiation only for
etacrynic acid. Therefore, photolysis in combina-
tion with UV detection has no advantages over
electrochemical detection and is not recom-
mended for these substances.

4. Conclusion

HPLC-photolysis-ED does not require ex-
pensive reagents and is a precise, convenient
method for determining diuretics which can be
transformed by on-line post-column photolysis
into electrochemically active derivatives. The
diuretics become electrochemically active by UV
irradiation at very low working potentials. Nor-
mally they become active at potentials of +800
and +900 mV. This increases the selectivity.
HPLC-photolysis—-UV detection usually leads to
a lower sensitivity.

The expectation that the chloride atom on the
benzene ring is replaced and that this substitu-
tion is responsible for electrochemical detec-
tability by photolysis could be verified. However,
comparison of the signals of hydrochlo-
rothiazide, bendroflumethiazide and butizide
indicated that hydrolysis of the benzothiazide
ring also has an influence on the transformation
into an electrochemically active substance. The
effect of the UV irradiation depends on the
preparation, thickness and length of the coils and
the flow-rate. The method presented will provide
the basis for pharmacokinetic studies on real
samples and will be published in a subsequent
paper.
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Abstract

The resolution of twenty-five 3-chiral and S-chiral 1,4-benzodiazepines and related compounds was studied on a
Chiral-AGP column. Relationship between the structure and enantioselective retention is discussed stressing the
role of hydrophobic and hydrogen-bonding interactions as well as the importance of the conformation of the
enantiomers. The majority of the benzodiazepines were separated with high separation factors and high resolution.
The enantioselectivity was influenced by the nature and the concentration of the organic modifier in the mobile
phase, as well as by the pH. Chiral chromatographic separation was compared with stereoselective binding on

native AGP.

1. Introduction

Centrally chiral benzodiazepines belong to a
special class of chiral compounds. Due to inver-
sion of the boat-shaped diazepine ring the en-
antiomers have opposite chiral molecular con-
formation that determines the sign of their
optical rotation [1].

Centrally chiral benzodiazepines can be con-
veniently resolved on various types of synthetic
chromatographic chiral stationary phases [2,3].
Among protein phases immobilized human
serum albumin (HSA) columns were successfully
used for resolution of series of different 3-chiral
1,4-benzodiazepines [4-6], dihydrodiazepam [7],
as well as tofisopam and its analogues [8,9]. The

* Corresponding author.

importance of these studies lies in the fact that
these chromatographic results were useful to get
information about the binding stercoselectivity
on the native protein [10,11]. Since in plasma
protein binding of benzodiazepines the contribu-
tion of albumin is dominating {12], binding
stereoselectivity on «,-acid glycoprotein (AGP)
has not been studied to our knowledge, and even
on the AGP column only very few benzodiaze-
pine separations have been published [13].

In this work we present the HPLC separation
on a Chiral-AGP column of a large number of
racemic 3-substituted (hydroxy, alkoxy, acyloxy
and alkyl) 1,4-benzodiazepines, 5-chiral 1,4-ben-
zodiazepines and analogues as well as a 2,3-
benzodiazepine drug, tofisopam. By studying the
stereoselective retention of 25 benzodiazepine
analogues we tried to get qualitative information
of the nature of the chiral discrimination process.

0021-9673/95/$09.50 © 1995 Elsevier Science B.V. All rights reserved
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2. Experimental
2.1. Chromatography

A Chiral-AGP column (ChromTech AB,
Hégersten, Sweden) (100 X 4.0 mm [.D.) with a
guard column (10X 3.0 mm I.D.) was used at
ambient temperature (22-25°C).

The chromatographic system consisted of a
Jasco Model PU-980 HPLC pump, a Rheodyne
Model 7125 injector with a 20-u1 loop, a Jasco
Model UV-975 detector set at 220 nm and
B.D.S. software (Barspec, Rehovot, Israel).

The mobile phase was 0.01 M phosphate
buffer (pH 5.0, 6.0, 7.0) containing 5% or 10%
(v/v) of isopropanol (IPA) or acetonitrile
(ACN); the flow-rate was 0.9 ml/min.

Sample solutions were prepared by diluting
(10 w1/1 ml eluent) the stock solutions (1 mg/2
ml ethanol).

Retention times (f,) were determined in three
parallel runs and corresponding capacity factors
(k" ={t. —t,}/t,) and separation factors (@ = k,/
k1) were calculated.

2.2. Chemicals

3-Chiral 1,4-benzodiazepines (compounds 1-
18; see Table 1) were synthesized as described
previously [4,5,10]. 5-Chiral 1,4-benzodiazepines
(compounds 19-22; Table 2) were obtained from
Chemical Works of Gedeon Richter (Budapest,
Hungary). Compounds 23-25 (Table 2) were
kindly donated by Ciba-Geigy (Basle, Switzer-
land). Tofisopam enantiomers were provided by
EGIS Pharmaceuticals (Budapest, Hungary).

2.3. Ultrafiltration

Ultrafiltration (two parallels) was carried out
in an Amicon (Oosterhout, Netherlands) MPS-I
system with YMT-membranes. Solutions con-
taining racemic compounds 12 or 20 as well as
native human AGP (Sigma, St. Louis, MO,
USA) were prepared in 0.01 M phosphate buffer
pH 7.0.

3. Results and discussion
3.1. Separation of 3-chiral 1,4-benzodiazepines

Table 1 summarizes the capacity factors and
separation factors for a series of 3-substituted
1,4-benzodiazepines. The mobile phase was 0.01
M phosphate buffer pH 7.0 with IPA (isopropan-
ol) or ACN (acetonitrile) modifiers. Comparing
the data obtained with 10% IPA and 10% ACN
as mobile phase additives it can be observed that
in the presence of ACN the enantioselectivity is
highly improved. The retention is also somewhat
higher. With the exception of compounds 2, 13,
17 and 18 all the racemates could be resolved. In
case of the unresolved compounds having either
hydroxy, acyloxy or alkyl substituent at the
chiral centre, the common structural feature is
R'=CH, and R* =H substitution. When the
detached aromatic ring has an ortho chlorine
substituent, even the N(1)-methyl derivatives
(4,14) could be resolved. Considering the series
of oxazepam (1) as well as its methylether (5)
and different esters (7-9) it can be seen that
increasing hydrophobicity of the R’ substituent
enhances both the capacity and the separation
factors. Oxazepam hemisuccinate (10) is a spe-
cial case. This acidic ligand is bound with low
affinity at pH 7 due to the net negative charge of
AGP at this pH, nevertheless, its separation was
very good (Fig. 1.). Comparing the 3-alkyl
derivatives (15 and 16) it can also be observed
that the more hydrophobic derivative has the
higher retention and somewhat higher enantio-
selectivity.

Considering the elution orders established by
using separated enantiomers, in most cases the
(S)-enantiomer is the more retained one. It
suggests that AGP similarly to other proteins
[2,14,15] prefers the “M”-boat conformation
(Fig. 2.). Nevertheless, the reversed elution
order obtained for the 3-alkyl compounds when
5% IPA mobile phase modifier was used, calls
attention to the fact that during chromatography
the chiral recognition is a complex process and
solvent-induced stereoselectivities may interfere
[16].

Summarizing the results obtained for the sepa-
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Table 1
Separation of racemic 3-chiral 1,4-benzodiazepines (pH 7.0)

267

™
| o
N
oS-
c =N ,
"
No. R' R” R’ 5% IPA 10% IPA 10% ACN
k| a Elution k, a k| o Elution
order order
1 H H OH 4.92 1 2.35 1 2.42 1.17
2 CH, H OH 4.35 1 2.00 1 2.56 1
3 H Cl OH 6.85 1 2.93 1 3.64 1.41
4 CH, Cl OH 9.11 1.22 4.48 1.73
5 H H OCH, 5.67 1 2.08 1 3.15 1.22
6 H Cl OCH, 6.39 1.10 2.48 1 3.69 1.56
7 H H OCOCH, 7.69 1.18 R,S 2.88 1 4.03 2.15 R.S
8 H H OCOCH,CH, 11.50 1.58 4.03 1.21 7.18 2.55
9 H H OCO(CH,),CH, 17.33 2.20 5.38 1.65 12.67 2.97
10 H H OCO(CH,),COOH 0.40 1.71 RS 0.18 2.93 R,S
11 H H OCO(CH,),COOCH, 11.23 1.52 5.00 2.44
12 H cl OCOCH, 9.39 1.33 RS 3.33 1.19 6.69 2.32 R.S
13 CH, H OCOCH, 5.68 1 1.92 1 3.08 1
14 CH, i OCOCH, 12.56 1.06 3.77 1 6.67 1.20
15 H H CH, 6.08 1.19 S.R 2.61 1.12 4.10 1.12 R,S
16 H H CH,CH, 11.50 1.29 S,R 3.45 1.21 8.20 1.40 RS
17 CH, H CH, 6.50 1 4.30 1
18 CH, H CH,CH, 11.08 1 8.35 1

ration of the enantiomers of 3-chiral 1,4-ben-
zodiazepines the following conclusions can be
drawn concerning the retention and chiral recog-
nition mechanism: (1) The retention is mainly
due to hydrophobic interaction; in this respect
isopropanol competes with the solute molecules
[16]. (2) The (S)-enantiomers having the “M”-
conformation are more retained than the (R)-
“P” enantiomers. The hydrophobic character of
R’ enhances the stereoselectivity. The solvent-
induced reversal of the elution order, found for
the 3-alkyl derivatives suggests a role of the
oxygen atom in R> during chiral discrimination.
(3) Hydrogen bonding via N(1)-H probably is
involved in chiral interaction, since R'=CH,
hinders separation. (4) Ortho chlorine substitu-

tion on the detached aromatic ring promotes
chiral separation, outweighing the effect of R'=
CH,.

3.2. Separation of 5-chiral 1,4-benzodiazepines

The data in Table 2 present the capacity
factors and separation factors obtained at pH 7.0
for S-chiral 1,4-benzodiazepines as well as for
related thiazepine and oxazepine compounds
having sulphur or oxygen atom at position 4. It
can be seen that compounds with this chiral
structure can be easily resolved on Chiral-AGP,
the only exception being the highly retained
compound 25. Comparing effects of the mobile
phase modifiers, the situation is not as simple as
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oxazepam
hemisuccinate

oxazepam

A

0 2 L 6 8 10 122 1 min

Fig. 1. Separation of rac-oxazepam (1) and rac-oxazepam
hemisuccinate (10) on Chiral-AGP. Mobile phase: 0.01 M
phosphate buffer pH 7.0 with 5% ACN.

found for the 3-chiral 1,4-benzodiazepines. In
the presence of ACN the retention of the first
eluted peaks is always higher than with the same
concentration of IPA. The enantioselectivity was
also affected by the nature of the organic modi-
fier. Higher separation factors were obtained for
compounds 21-24 using mobile phases contain-
ing ACN, whereas the enantioselectivity was
reduced for compounds 19 and 20. Compared to
the 3-chiral 1,4-benzodiazepines the effect of
R' = CH, substitution on the enantioselectivity is
also reversed. Furthermore, whereas for the 3-
chiral 1,4-benzodiazepines the N(1)-H group was
preferred in chiral discrimination, in this series
the presence of an N(1)-methyl group is
favoured. The high separation factor of
dihydrodiazepam (20) compared to its desmethyl
analogue (19) is striking, while the relation of
compounds 21 and 22 is less pronounced. Con-
sidering the effect of the heteroatom in position

H_ g3

(R)-"P" (S)-"M"
Fig. 2. Dominant conformers of 3-chiral 1,4-benzodiazepines.

4 (cf. 19 vs. 23 and 24) it can be observed that
while in the case of the thiazepine (24) the
retention of both enantiomers is highly in-
creased, the oxazepine compound (23) has the
higher enantioselectivity. Chlorine substitution
in the 2'-position provoked very strong retention
for both enantiomers of compound 25, and
resolution is lost.

The reversed elution order found for
dihydrodiazepam (20) and for its N(4)-car-
bamoyl derivative (22) is not surprising, because
carbamoylation exerts inversion of the seven-
membered ring (Fig. 3.), even reversing the sign
of the optical rotation, as proved by X-ray [17]
and chiroptical studies [18]. Thus, the higher
affinity of (+)-(5)-20 and (+)-(R)-22 on Chiral-
AGP suggests that discrimination is due to the
chiral conformation of the molecule rather than
to the absolute configuration at the C(5) centre.

3.3. Separation of tofisopam

Fig. 5 shows the chromatograms of rac-
tofisopam and its enantiomers obtained at pH
7.0 with 5% IPA and 5% ACN modifiers.

Tofisopam is a 2,3-benzodiazepine having a
chiral centre at the C(5) position. It was proved
by NMR and chiroptical investigations [19,20]
that tofisopam in solution exists in two con-
formations and conformers of the same enantio-
mer show opposite optical rotation (Fig. 4.). In
crystalline form the molecules are predominantly
in the thermodynamically more stable conforma-
tion in which the C(5)-ethyl group is pseudo-
equatorial with respect to the diazepine ring,
while in solution equilibrium is achieved within a
few hours [8]. The conformers as diastereomers
can be separated even by non-chiral reversed-
phase HPLC [21]. On an HSA-Sepharose col-
umn it is possible to separate the major confor-
mers of the two enantiomers, as well as the
conformers of the (§)-enantiomer [§].

The chromatogram obtained on Chiral-AGP
with IPA as modifier also indicates the sepa-
ration of the conformers of (§)-absolute configu-
ration (Fig. 5a). The first peak on the chromato-
gram of the racemate (Fig. 5¢) involves the total
amount of (R)-enantiomer as well as about 20%
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Table 2

Separation of racemic S-chiral 1,4-benzodiazepines and related compounds (pH 7.0)

No X R' R? 10% IPA 10% ACN
k| a Elution k; a Elution

order order

19 NH H H 2.39 1.46 4.00 1

20 NH CH, H 2.42 5.03 R,S 4.58 2.06 R,S

21 N-CONH, H H 1.43 1.53 1.65 1.65

22 N-CONH, CH, H 1.67 2.05 S,R 3.88 2.14 S.R

23 (@] H H 4.83 2.73 6.80 3.09

24 S H H 7.92 1.36 10.60 1.86

25 S H Cl 18 1 27 1

of the amount of the other enantiomer corre-
sponding to the (+)-(S)-conformer. When ACN
modifier was used the conformers of both en-
antiomers could be separated. It is interesting
that in the case of (§)-tofisopam the minor
conformer is more retained (Fig. 5d), which is
opposite to the elution order found with IPA
modifier. For the (R)-enantiomer, however, the
first eluted peak is the minor conformer (Fig.
5¢). The chromatogram of the racemate (Fig. 5f)
indicates that while the minor conformers are
nicely separated, the two major conformers show
identical retention. Such variance in elution
orders is presumably due to specific solvation
effects.

3.4. Effect of pH

Table 3 summarizes the capacity and sepa-
ration factors measured for several neutral 3-
chiral and 5-chiral 1,4-benzodiazepines and ana-
logues at pH 5.0, 6.0 and 7.0, both with ACN
and IPA modifiers. The retention of these com-
pounds was only slightly affected by the pH. The
fluctuation of the k' values found in some cases

is not significant enough to be caused by struc-
tural characteristics. By increasing the pH from 5
to 7 using mobile phases containing ACN, the
enantioselectivity increases for nine of the ten
compounds. For some compounds the effect was
more pronounced, i.e. for compounds 6, 7, 10
and 16. A very strong increase of the separation
factor was also observed for compound 20, using
mobile phases with 5 and 10% IPA. For com-
pound 20, contrary to the other compounds
presented in Table 3, it can be noted that a
higher enantioselectivity was observed when IPA
was used as modifier compared to ACN over the
pH range studied. These findings are in accord-
ance with previous observations for neutral com-
pounds made by Hermansson et al. [22,23]. The
charge of these compounds can not be affected
by pH [24]. This means that the effects on the
enantioselectivity could be assigned to changes
of the chiral bonding properties of the protein,
induced by the charge of the proteolytic amino
acid residues.

The acidic compound oxazepam hemisuccinate
(10), behaved in a different way with respect to
both the retention and the enantioselectivity,
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Fig. 3. Separation of (A) rac-dihydrodiazepam (20) and (B)
rac-uxepam (22) on Chiral-AGP. Mobile phase: 0.01 M
phosphate buffer pH 7.0 with 10% ACN.
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Fig. 4. The four species present in solution of rac-tofisopam.
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Fig. 5. Chromatograms of (S)-, (R)- and rac-tofisopam
obtained on Chiral-AGP. Mobile phase: 0.01 M phosphate

buffer pH 7.0 with 5% IPA (a,b,c) and 5% ACN (d,e,f).

Table 3

Influence of pH on the capacity factors and separation factors
of chiral benzodiazepines

No. pH 5.0 pH 6.0 pH 7.0
k, a k, a ky a
1 5% ACN 59 124 6.8 129 6.8 1.29
5% IPA 3.8 1 4.0 1 42 1
3 5% ACN 7.8 1.54 81 1.62
5% IPA 5.2 1 56 1 59 1
6 5% ACN 12.3 1.26 103 1.60 119 1.93
5% IPA 5.6 1 55 1 5.0 1.21
7 10% ACN 4.2 1.62 48 194 38 229
5% IPA 6.0 1.08 6.5 1.16 69 1.26
12 10% ACN 5.6 234 62 268 64 256
5% IPA 8.0 135 82 146 85 1.49
16 10% ACN 9.1 1 74 122 82 140
10% IPA 35(5) 123 34 120 35 1.21
20 10% ACN 438 1.7t 4.6 172 49 1.9
10% IPA 1.9 28 22 355 25 423
5% IPA 4.3 453 53 591 6.2 6.70
23 10% ACN 74 235 6.8 262 68 3.09
10% IPA 42 201 43 188 4.7 2.60
24 10% ACN 123 172 11.1 1.69 10.6 1.68
10% IPA 6.6 1.54 6.5 15 7.2 1.48
25  10% ACN 29 1 27 1 27 1
10% IPA 16 1 16 1 16 1
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compared to the neutral compounds, as demon-
strated in Figs. 6A,B. The enantioselectivity was
strongly improved by increasing the pH from 5
to 7. It can be noted that the separation factor is
1.0 at pH 5 with ACN as modifier, however,
increasing pH to 7 gives a separation factor of

5% ACN

10 -

{S)
B 5% IPA
@

5 -
(R °.
(s

5 6 7 pH
« B
3.0
5% ACN
o)
20+
5% IPA
x
—=®
tof o———
0 ! | 1
5 6 7 pH

Fig. 6. Effect of pH on the capacity factors (A) and the
separation factors (B) of oxazepam hemisuccinate (10) on
Chiral-AGP.

2.4. This behaviour has not been reported previ-
ously for acidic compounds. Normally the sepa-
ration factor increases for acidic compounds by
reducing the pH [22,23].

3.5. Chromatographic resolution and binding
stereoselectivity

Since the majority of the investigated ben-
zodiazepines could be conveniently resolved on
Chiral-AGP, it was of interest to check whether
these compounds show any stereoselective bind-
ing on native AGP. Binding studies were per-
formed with representatives of 5- and 3-chiral
compounds, i.e. dihydrodiazepam (20) and
lorazepam acetate (12). In case of dihydro-
diazepam the chiral separation was very good
with both modifiers, exceptionally high with IPA
(see Table 2), while the separation of lorazepam
acetate enantiomers was better in the presence
of ACN (see Table 1). Ultrafiltration of solutions
containing the racemic ligand and native AGP
were performed, and the free fractions for both
enantiomers were determined by comparing the
chromatograms obtained on Chiral-AGP for the
racemic ligand solution as well as for the ultrafil-
trate. The results can be seen in Table 4. In
accordance with the chromatographic behaviour,
in both cases the more retained ($)-enantiomers
indicated stronger binding, though to different
extents. In the case of dihydrodiazepam the
enantiomeric distribution was R/S=76/24,
while the chromatogram of lorazepam acetate
filtrate indicated only slight excess of the first
peak (R/S =54/46). The binding stereoselec-
tivities, i.e. the ratio of enantiomeric binding
constants (K*/K®) which can be calculated [25]
from these data, are 7.7 and 1.4 for compounds
20 and 12, respectively. These enantioselec-
tivities show correlation with the chromatograph-
ic results obtained with IPA modifier, but differ
from those measured with ACN modifier. Thus,
the high chromatographic selectivity of
dihydrodiazepam enantiomers on Chiral-AGP is
in agreement with its remarkable native binding
stereoselectivity. The case of lorazepam acetate,
however, indicates that good chromatographic
separation on Chiral-AGP does not necessarily
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Table 4

Stereoselective binding of dihydrodiazepam (20) and lorazepam acetate (12) studied by chromatographic analysis of ultrafiltrates

on Chiral-AGP (eluent: phosphate buffer pH 7.0, 10% ACN)

Dihydrodiazepam Lorazepam acetate
Ceae (M) 29 22
Cacr (uM) 50 50
Free fractions (%) (R): 64 =2 (R): 472
(5): 20+2 (85): 39x2
Binding constants (M ") K®=1.3x10" KR =2.6x10*
K*=1.0x%10° K*=3.6x10*
require highly stereoselective binding to the References

native protein.

4. Conclusion

Chiral-AGP can separate the enantiomers of
benzodiazepines with a broad range of struc-
tures. The effects of substituent on retention and
enantioselectivity within homologous series indi-
cate the role of hydrophobic and hydrogen
bonding interactions. Exceedingly high chiral
separation was found for 4,5-dihydrodiazepam,
for which the existence of a remarkably high
native binding stereoselectivity favouring the
(S)-enantiomer was revealed. Discrimination ac-
cording to chiral molecular conformations, which
is the special structural feature of benzodiaz-
epines, plays an important role in the separation
mechanism.
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Abstract

The determination of trace elements in sea water was carried out by means of ion chromatography (IC) coupled
with inductively coupled plasma mass spectrometry (ICP-MS). The elimination of the matrix by the chromato-
graphic technique allowed the determination of about twenty elements (rare earths, Co, Cu, Mn, Ni, Zn Pb and U)
at ultra-trace levels. The calibration of the ICP-MS system was carried out using multi-elemental standard aqueous
solutions. The use of a multi-elemental technique such as ICP-MS permitted the throughput of samples to be
increased because the separation of the different analytes was not required. The detection limits obtained for most
of the elements were in the range 1-50 ng/l and the recovery for all the elements under analysis was quantitative.

1. Introduction

The determination of trace elements, particu-
larly heavy metals, in samples from uncontami-
nated areas requires powerful techniques to
detect extremely low concentrations of analytes.
Inductively coupled plasma mass spectrometry
(ICP-MS) is applicable to trace multi-elemental
and isotopic analysis of a wide range of matrices
[1-4], although highly saline samples can cause
both spectral interferences and matrix effects
[5,6]. Typically, the elements of interest (transi-
tion metals and metalloids) are present at trace
levels, and the high concentrations of alkaline

* Corresponding author.
* Paper presented at the International Ion Chromatography
Symposium 1994, Turin, 19-22 September 1994.
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earth and alkali metals can cause significant
interferences in trace element determinations. In
this situation, separation of the matrix compo-
nents and preconcentration of analytes are fre-
quently necessary. In the preconcentration step,
metals are generally complexed by chelating
agents. The chelating agent could be used in an
immobilized form in a resin and packed into a
chromatographic column. Metals can be released
either by digesting the resin with acid [7] or by
changing the ionic form of the resin. One of the
most useful and frequently used methods em-
ploys an iminodiacetate chelating resin [8,9].
Recently, great importance was assumed by the
development of a highly cross-linked macropor-
ous poly(styrene—divinylbenzene) (PS-DVB)
resin containing iminodiacetate functional groups
with a high degree of physical integrity and

© 1995 Elsevier Science B.V. All rights reserved
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therefore with the possibility of operating at high
pressures without physical degradation or altera-
tion of the chemical properties of the resin. In
this paper, the use of an automatic chelation
system is described for matrix elimination and
on-line preconcentration of rare earth elements
(REE) and first-row transition metals in sea
water prior to determination by ICP-MS.

2. Experimental
2.1. Instrumentation

A metal-free high-pressure chelation system
(Chelation System 2; Dionex, Sunnyvale, CA,
USA) including a gradient pump (GPM-2,
Dionex) and a sample concentration module
(SCM-1, Dionex) and equipped with a MetPac
CC-1 column was used. The operation of all the
components in the system is controlled by the
operating program in the chromatography auto-
mation system (Autoion-400, Dionex), running
on a microcomputer (IBM PS/50) interfaced
through a computer interface module (CIM).
The gradient pump was employed for delivering
reagents during the matrix elimination, metal
elution and chelating column reconditioning
steps. A single reciprocating piston pump (DPQ,
Dionex) was used for sample preconcentration
on to the MetPac CC-1 column. The IC system
was connected directly to the cross-flow nebu-
lizer of the ICP-MS system with PTFE tubing.

Preconcentration and matrix elimination were
carried out on a MetPac CC-1 (Dionex) column
(50 mm x4 mm 1.D.) packed with a styrene-
based macroporous 12% cross-linked imino-
diacetate-functionalized chelating resin. The par-
ticle size was about 20 um and the capacity of
the resin was about 0.9 mequiv. Cu(IT)/g.

All the elemental measurements were made
on a Perkin-Elmer Elan 5000 ICP-mass spec-
trometer (Perkin-Elmer Sciex, Norwalk, CT,
USA), equipped with two mass-flow controllers,
a personal computer (IBM PS/2 70/386) and a
printer (Epson EPL 7100). The element elution
peaks were recorded in real time and stored on a

hard disk with Elan V2.2 transient signal analysis
software.

2.2. Reagents

Nitric acid (65%, w/v) and ammonia solution
(25%, w/v), Suprapur, were obtained from
Merck (Darmstadt, Germany) and 2.0 M am-
monium acetate buffer (pH 5.5), Ultrapure,
from Dionex. Deionized water (18 MQ) was
prepared with a Millipore water-purification sys-
tem.

Synthetic sea water was prepared according to
the ASTM D 1141 procedure [10] and sub-
sequently purified by treatment at pH 5.5 with
Chelex-100 resin (NH, form) [11].

Multi-elemental standard solutions were pre-
pared from a 10 mg/l multi-elemental atomic
absorption standard, ICP-MS Calibration Stan-
dard No. 1-2-3-4 (Perkin-Elmer), by dilution
with demineralized water or synthetic sea water.

In the literature there are many examples of
contamination derived from the pH probe, glass
bottles and the reagents [12]. For this reason, all
the sample and reagent preparations and hand-
lings were conducted under a laminar-flow clean-
hood (class 100) in order to reduce blank con-
taminations.

2.3. Procedure

A volume of 90 ml of the sample was buffered
to 5.5 pH by adding 10 ml of 2.0 M ammonium
acetate buffer solution (pH 5.5). An aliquot of
10 ml of this solution was loaded on to the
Dionex MetPac-CC1 chelation column at 3 ml/
min. The alkali and alkaline earth metals were
eliminated by elution for 3 min at 3.0 ml/min
with the ammonium acetate solution, and finally
the elements under investigation were eluted
with 2 M HNO, for 2 min at 3.0 ml/min. The
operating programme and a scheme of the ap-
paratus are reported in Table 1 and Fig. 1,
respectively. The use of a multi-elemental tech-
nique such as ICP-MS allowed us to elute all the
analytes in a single step with 2 M HNO, without
considering the chromatographic separation,
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Table 1
Ion chromatographic preconcentration programme
Step Time Flow-rate Eluent composition (%) Valve position Comments
No. (min) (ml/min})
H,O CH,COONH, HNO, \2 V,
1 0.0 1.0 100 - - 0 0 Start
2 0.1 3.0 - 100 - 1 1 Alkali metal elution
2f 2.9 3.0 - 100 - 1 1
3 3.0 3.0 - - 100 0 1 ICP-MS start reading
3f 5.5 3.0 - - 100 0 1 ICP-MS end reading
4 5.6 3.0 - - 100 1 1 Column washing
4f 7.5 3.0 - - 100 1 1
5 7.6 3.0 - 100 - 1 1 Column reconditioning
Sf 11.0 3.0 - 100 - 1 1
6 11.1 3.0 100 - - 1 1
7 14.0 3.0 100 - - 0 0 Stand-by

therefore reducing the analysis time (see Table
2).

3. Results and discussion

In order to check the retention efficiency of
the column with highly saline matrices, a series

ELUENT

ICP-MS

SAMPLE

“

Fig. 1. Schematic diagram of the IC concentration system.

of preliminary off-line tests were performed. In
these experiments we used the IC preconcen-
tration unit separately from the ICP-mass spec-
trometer, and therefore the analysis consisted of
two different steps: (1) loading of the sample
and elution of the analytes from the column; and
(2) the instrumental determination.

A multi-elemental standard solution (1 pg/l)
was prepared in synthetic sea water by diluting
the 10 mg/l multi-elemental atomic absorption
standards (Perkin-Elmer). Different volumes
(10, 100 and 500 ml) of the 1 pg/l multi-elemen-
tal synthetic sea water standard solution were
loaded on the column, the alkali and alkaline
earth metals were washed out according to the
procedure described above and the elements
under investigation were eluted with 10 ml of 2
M HNO,. In this way, concentration factors of
1, 10 and 50 were obtained. The quantitative
recoveries, calculated on the basis of three
replicates and reported in Table 3, confirm that
under the conditions tested the column permits
the treatment of large volumes of highly saline
samples.

In a second phase, in order to lower the
volume of acid used for the elution of the metals,
the handling of the samples and the consequent
contamination of the system, we directly con-
nected the IC and ICP-MS systems by means of
PTFE tubing about 500 mm long. The IC con-
centration system is shown in Fig. 1. An increase
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Table 2
Instrumental conditions for ICP-MS

Argon plasma flow (1/min) 14.5
Argon auxiliary flow (1/min) 0.95
Argon nebulizer flow (1/min) 1.00
Power (W) 1050
Sample uptake (ml/min) 1.0
Resolution (u) 0.8
Sweeps/readings 1
Readings/replicates 150
Point across peak 1
Dwell time (ms) 20

Scanning mode
Signal profile processing

Peak hop transient
Area integration

Element Mass Elemental equations

Mn 55

Co 59

Ni 60

Cu 63

Zn 66

Y 89

Cd 114 Cd'"* = Cd™* —0.02747 - Sn**®
La 139

Ce 140

Pr 141

Nd 144 Nd'** = Nd'** -~ 0.2064 - Sm"*’
Sm 152 Sm'? =8$m**? — 0.01276 - Gd'*’
Eu 153

Gd 158 Gd'*® = Gd"** - 0.003604 - Dy'®*
Tb 159

Dy 164 Dy'** = Dy** — 0.04669 - Er**°
Ho 165

Er 166

Tm 169

Yb 174 Yb'*=Yb'"* - 0.006632 - Hf'™®
Pb 208 Pb?® = Pb*® + Pb*"" + Pb**

U 238

in the sensitivity of detection and lower blank
values were observed with this instrumental
configuration.

A series of preliminary tests was carried out by
loading various sample volumes in the range
5-200 ml. A sample volume of 10 ml was chosen
as a compromise between the necessity for
having detection limits adequate for the ana-
lytical needs and not too long analysis times. As
an example, calibration with a blank and three
standard solutions needs about 3.5 h: 3.3 min for

Table 3
Recoveries (%) for preconcentration off-line tests on the
MetPac-CC1 column

Element Sample loaded (ml)®

10 100 500

(f=1" (f=10) (f=50)
Mn 105 102 102
Co 105 101 99
Ni 103 98 98
Cu 112 103 101
Zn 132 93 91
Y 106 111 100
Cd 85 95 96
La 101 102 100
Ce 104 104 99
Pr 103 99 99
Nd 106 99 98
Sm 102 96 96
Eu 99 96 96
Gd 102 100 99
Tb 97 96 96
Dy 88 96 97
Ho 87 95 95
Er 88 97 95
Tm 81 95 94
Yb 83 92 93
Pb 106 101 93
U 100 85 82

* Concentration of the multi-elemental solution=1 pg/l
(buffered at pH 5.5).

® f= Concentration factor: ml of solution loaded/m! of
HNO, eluted.

the loading and 14 min for the analysis of each
replicate, with three replicates for four solutions.

With very low concentrations of the analytes,
as good retention on the column was observed, it
will be possible to increase the enrichment factor
by loading larger volumes of the samples.

Calibration of the ICP-MS system was per-
formed by loading three times 10 ml of blank
solution and three different multi-elemental stan-
dard solutions (1, 5, and 10 wg/l) in synthetic
sea water. The linearity of the system was
checked by calculating, on different days, the
correlation coefficients of the curves; for all the
elements these were better than 0.990.

The decrease in matrix interferences was con-
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firmed by loading on the column 10-ml volumes
of 1 mg/l multi-elemental standard solutions
prepared in demineralized water and in synthetic
sca water and comparing the respective inten-
sitiecs. The ratios of the instrumental signals
(count/s), reported in Table 4, are close to 1 for
all the elements.

These results confirm the possibility of using
the Chelex 100 resin to eliminate the saline
matrix of samples and to determine the analytes
by ICP-MS after elution of trace metals with 2 M
HNO,.

In order to check the contamination that
occurs in the system, we compared the contents
of each analyte in the blank solutions: 10 ml of
ammonium acetate buffer and 90 ml of de-
mineralized water or synthetic sea water. As can
be seen in Table 5, whereas for the REE there is
no significant difference between the two ma-
trices, the concentrations of the most common
transition metals vary dramatically, confirming
the presence of these elements in the salts used
for the preparation of the synthetic sea water.
This fact negatively influences the detection
limits.

The detection limits for all the elements,
calculated as three times the standard deviation
of three replicates of the blank solution, are

Table 4
Signal ratio between 1 wg/l multi-elemental standard in
demineralized water and sea water solution

Element Ratio: Element Ratio:
sea water/ sea water/
demineralized demineralized
water water

Mn 1.05 Sm 0.93

Co 0.91 Eu 0.94

Ni 0.88 Gd 0.93

Cu 0.85 Tb 0.92

Zn 0.85 Dy 0.91

Y 0.89 Ho 0.92

Cd 0.90 Er 0.89

La 0.98 Tm 0.90

Ce 0.99 Yb 0.92

Pr 0.90 Pb 0.86

Nd 0.92 U 0.85

Table 5
Typical values for a blank solution

Element Concentration (ng/1)
Demineralized Sea
water water

Mn 80 141

Co 80 154

Ni 70 250

Cu 90 250

Zn 90 250

Y 3 7

Cd 20 186

La 4 14

Ce 20 82

Pr 1 4

Nd 3 8

Sm 10 19

Eu 4 i3

Gd 10 10

Tb 1 5

Dy 10 7

Ho 1 3

Er 4 7

Tm 2 5

Yb 5 6

Pb 20 85

U 3 8

Sample volume loaded: 10 ml.

reported in Table 6, where the results obtained
by loading a sample volume of 10 ml (demineral-
ized and sea water solutions) and 100 ml of sea
water solution are compared. The values ob-
tained for the REE in demineralized and sea
water are similar to those determined using the
continuous pneumatic aspiration system. This
means that the matrix elimination achieved by
the IC system permits the determination of REE
in sea water with the same detection limits as in
demineralized water. An increase in the sample
volume loaded resulted in a sensitive improve-
ment of the performance.

The same behaviour was not observed for the
transition and heavy metals, for which we noted
higher contamination problems when using syn-
thetic sea water. In this case only the values
obtained in the demineralized water are similar
to those determined by continuous aspiration; a
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Table 6
Detection limits (ng/1) for on-line concentration method

Element Continuous aspiration: On-line concentration
demineralized
water Demineralized Sea water
water,
10 ml 10 ml 100 mi

Mn 7 9 56 189
Co 19 8 14 25
Ni 36 49 102 104
Cu 11 50 63 37
Zn 44 100 123 102
Y 5 3 8 3
Cd 15 9 40 58
La 2 7 7 38
Ce 5 10 13 17
Pr 3 5 1 1
Nd 6 8 2 2
Sm 2 2 1 1
Eu 2 3 5 1
Gd 6 4 3 1
Tb 3 3 4 1
Dy S 1 6 1
Ho 1 4 8 1
Er 4 3 9 1
Tm 2 4 3 1
Yb 3 1 5 18
Pb 5 16 50 145
U 2 15 12 21

worsening of the results was observed on increas-
ing the sample volume from 10 to 100 mi.

We determined the precision of the determi-
nation by analysing three replicates of a 1 pg/l
multi-elemental standard solution and calculating
the relative standard deviation (R.S.D.). The
precision was about 1% for Y, La, Ce, Pr, Nd,
Sm and Eu, 2% for Gd, Tb, Tm and U, 3% for
Dy, Ho, Er and Yb, 5% for Co, Cd, Mn and Pb
and 10% for Ni, Cu and Zn. ‘

Further purification of synthetic sea water and
the insertion of a Chelex column in the buffer
solution line significantly reduced the amount of
metal ions introduced with the buffer or avoided
large blank values for certain metals owing to
accidental contamination of the buffer. This is
particularly true for Zn, which usually gives high
blank levels and is often subject to contamina-
tion from the laboratory environment.

4. Conclusions

Ion chromatography can be successfully used
with ICP-MS for the simultaneous determination
of transition metals and REE in sea water. The
system makes it possible to remove the saline
matrix and concentrate the analytes of interest.
The instrumental conditions adopted allow 22
elements to be detected with detection limits, for
10 ml of sample, in the range 1-50 ng/l.

The precision of the results found for 1 ug/1 of
different analytes in sea water varied between
0.5 and 3% for REE and between 5 and 10% for
transition elements. The use of a multi-elemental
technique such as ICP-MS, moreover, permitted
the throughput of the samples to be increased, as
no separation of the different analytes was re-
quired.

This work confirmed that on-line preconcen-
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tration is one of the best methods of sample
pretreatment in [CP-MS. The procedure requires
very few sample manipulations and reagent addi-
tions and for this reason very low blank levels
are obtained.
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Abstract

Using experimentally determined adsorption isotherm constants, a computer model of the performance
characteristics of thick-bed diffusive samplers was developed. The model has previously been used to calculate
effective uptake rates, and it is now shown that it will predict the loss of sample due to reversible adsorption. The
predicted losses of pentane, hexane, heptane and toluene from Tenax® TA and Chromosorb® 106 compare well
with experimental data. The samplers were exposed for 2-16 h, followed by desorption for 2-21 h. The largest
deviation between predicted and experimental values was found for pentane on Tenax TA, where the average
experimental loss was 30% and the average predicted loss was 41%. Pentane on Chromosorb 106 showed an
average experimental loss of 20% while the predicted loss was 19%. Possible applications are the measurements of
strongly bound compounds in air, determined with high accuracy, while doing screening measurements of weaker

bound compounds, with a less but estimated accuracy, on the same adsorbent.

1. Introduction

Diffusive sampling, where air pollutants are
collected on a sorbent by diffusion rather than by
active pumping, is a continuously growing tech-
nique. The applications include sampling of both
organic and inorganic compounds in air [1-5].
The growing interest in the technique is due to
its relatively low price and simplicity; no pumps
are needed and the sampler can be made small
and low-weight. Diffusive samplers are, there-
fore, well suited for long-time personal exposure
measurements and for other long-time measure-
ments requiring a large number of sampling
points.

0021-9673/95/$09.50
SSDI 0021-9673(95)00445-9

The practical use of diffusive samplers, con-
taining an adsorbent, is usually limited to com-
pounds that are strongly retained by the sorbent.
The uptake rate for strongly retained compounds
will essentially be constant, irrespective of con-
centration levels and exposure time. Weakly
retained compounds will not show constant up-
take rates, as the sorption is balanced by desorp-
tion. The problems are generally greater for
samplers designed for thermal desorption than
for samplers intended for liquid desorption, as
the adsorbents used for thermal desorption usu-
ally are weaker than those used for liquid de-
sorption.

In the present work a thick-bed tubular diffu-

© 1995 Elsevier Science B.V. All rights reserved
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sive sampler containing adsorbents designed for
thermal desorption has been studied in view of
this problem.

It is now possible to predict the effective
(reduced) uptake rates for thick-bed diffusive
samplers by a computer model based on ex-
perimentally determined adsorption isotherms
{6-8]. Prediction can also be based on retention
volumes [9,10]. However, the applicability of
retention volumes is limited to the linear region
of the adsorption isotherm, whereas an accurate
determination of the adsorption isotherm con-
stants gives the possibility to describe the ad-
sorption/desorption behavior of the sampler
over the entire range of the measured adsorption
isotherms.

Severe problems arise when adsorbents having
a weak interaction with a specific analyte are
used for monitoring of that compound if the air
concentration decreases. In such cases, a net loss
of the analyte will occur due to desorption. Such
desorptive losses can be large, and the suitability
of an adsorbent for specific analytes and sam-
pling conditions should be evaluated bearing this
in mind [11,12]. If the concentration of an
analyte varies greatly during the sampling
period, the average concentration could be
greatly underestimated if the analyte is lost by
reversible adsorption; high concentrations in the
beginning or in the end of a sampling period
would thus give different time weighted average
(TWA) concentrations. In terms of the error
bounds in diffusive sampling, the effects of such
sample losses on sampling precision have been
discussed by Underhill [11] and Bartley et al.
{12,13].

The loss of weakly sorbed analytes from differ-
ent types of diffusive samplers has been de-
scribed by assuming a linear sorption isotherm
[14,15]. This approximation is valid for liquid
sorbents, but for solid sorbents it is applicable
only over a limited concentration range. Some
adsorbent/adsorbate interactions, e.g. the ad-
sorption of benzene and chloroform on Tenax®
TA, are adequately described by linear adsorp-
tion isotherms at low concentrations [11]. At
higher concentrations the adsorption isotherms
for solid adsorbents are, in most cases, non-

linear [11,14], and thus the desorptive losses are
not accurately described by models based on
linear adsorption isotherms.

Van den Hoed and Van Asselen [7] presented
a computer program for predicting effective
uptake rates by thick-bed diffusive samplers,
based on experimentally determined adsorption
isotherms. Nordstrand and Kristensson [6] ex-
panded this program to include, among other
things, a model for net desorption effects due to
reversible adsorption. A test of the capability of
this computer model to estimate desorptive loss-
es is presented here. The method was to load the
sampling tube with the investigated compound
by diffusion and then study the loss of the
compound from the adsorbent in clean air. This
loss is not very dependent upon a stable expo-
sure concentration, as long as it is continuous
and at about the same level of concentration
over the whole exposure period. Chromosorb®
106 and Tenax TA were used as adsorbents, and
n-pentane, n-hexane, n-heptane and toluene as
adsorbates.

2. Experimental
2.1. Generation of test atmospheres

An exposure chamber consisting of a brass
tube (50 X3 cm 1.D.) with fittings to attach 12
diffusive samplers was fed with compressed air
via PTFE tubing. A short section of PTFE
tubing was replaced by silicon tubing which led
the vapour, via a fused-silica capillary, from the
vapour generator (vide infra) into the air stream.
The linear airflow, calculated from the airflow
and the cross-sectional area, was 12 cm/s.

The standard gas atmosphere was generated
either by diffusion cells or static pressure pumps.
The diffusion cell was a stainless steel container,
coupled to a piece of stainless steel tubing,
simplified after Schoene and Steinhanses [16] (no
electronic flow control valve or differential man-
ometer). A static pressure pump was obtained by
putting one end of a fused-silica capillary under
the surface of the liquid under investigation and
applying pressure with compressed air (Fig. 1).
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Fig. 1. Constant pressure pump for the exposure system. (1)
Inlet for compressed nitrogen, pressure controlled; (2) fused-
silica capillary; (3) Swagelock T-piece (1/16"); (4) steel
tubing (1/16"); (5) Swagelock reducer (1/16” to 1/4"); (6)
stainless steel canister; (7) liquid to be introduced into the
exposure system.

The free end of the capillary was placed in the
airstream by piercing the silicon tubing. The
liquid was pressed at a constant speed into the
air stream, vaporized, and further transported to
the exposure chamber. The dimensions of the
stainless steel tubing and fused-silica capillary
(length and internal diameter) as well as the air
pressure were adjusted to give the desired air
concentrations in the exposure chamber.

Due to the high heat of vaporization of some
analytes, such as pentane, water will condensate
from the air and freeze on the tip of the capil-
lary. To avoid this, a section of stainless steel
tubing was inserted into the air stream, after the
silicon tubing. The free end of the capillary was

put into contact with the wall of the stainless
steel tube, which would then conduct a sufficient
amount of heat to the tip of the capillary to keep
the capillary tip free from frost.

The concentrations generated were deter-
mined at the beginning and the end of each
exposure period by pumping air from the expo-
sure chamber (50-250 ml) through two or three
adsorbent tubes containing Tenax TA. The con-
centrations determined in this way differed in
most cases by less than 2%, but at the most by
20%. The largest differences occurred when long
exposure periods and low concentrations were
used. The diffusion cell was preferable when low
concentrations were desired, whereas the con-
stant pressure pump was used to generate the
higher concentrations.

The sample loss due to reversible adsorption
was studied in a separate chamber under a flow
of clean air. No special measures were taken to
filter the air, since no detectable amounts of the
investigated or other similar compounds were
found when sampling actively one litre of the air
onto an adsorbent tube.

2.2. Exposure of the diffusive samplers

Diffusive samplers, ATD (automatic thermal
desorption) diffusive tube (mean cross-sectional
area of 0.193 cm’, a mean air gap length of 1.51
cm [9]; Perkin-Elmer, Beaconsfield, Bucking-
hamshire, UK [17]), containing either Tenax TA
(60/80, Alltech Associates, Deerfield, IL, USA)
or Chromosorb 106 (60/80, Alltech), were ex-
posed at 22°C unless otherwise specified. Twelve
samplers could be exposed in each experiment.
There was no detectable difference in analyte
uptake among the twelve sampling positions.
After exposure, four samplers were used to
determine how much of the analyte had been
taken up, the other tubes were sealed and
removed to the clean air chamber for study of
the loss due to reversible adsorption. In each
experiment, four tubes were subject to the short
desorption time (time 1) and four to the long
desorption time (time 2), except where other-
wise stated. The tubes were removed from the
clean air chamber and sealed at the end of the
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desorption periods. Exposure times were be-
tween 2 and 16 h, followed by desorption in the
clean air chamber for 2 to 21 h.

2.3. Instrumentation

The samplers were analyzed on a Perkin-
Elmer automatic thermal desorption unit, ATD
50, coupled to a Perkin-Elmer GC-8500
equipped with a flame ionization detector (FID).
The desorption temperature varied between
~ 220°C and 250°C depending on the adsorbent/
analyte combination. Helium was used as de-
sorption gas. The cold-trap was packed with
Tenax TA, and the split flow was varied depend-
ing on the exposure concentration and sampling
time, so as to give good peaks on the GC. The
column was a CPWAX 52 CB (25 m X 0.32 mm
L.D., 1.2 um film thickness, Chrompak Interna-
tional, Middelburg, Netherlands) with helium at
1.6 ml/min as carrier gas. The temperature
programme was adjusted to suit the individual
analytes.

2.4. Determination of the adsorption isotherm
constants

The adsorption isotherms used in this study
have been measured for equilibrium concentra-
tions on Tenax TA up to 30 ppm for pentane and
up to 80 ppm for toluene [7]. The highest
concentrations used for Chromosorb 106 were
between 40 ppm (hexane) and 70 ppm (pentane
and toluene) [7]. Adsorption isotherm constants
for many compounds can be found in the litera-
ture. Adsorption isotherm constants for many
compounds on Tenax TA, Chromosorb 106,
Carbopack B can be found in Refs. [7,8,18,19].

3. Results and discussion

3.1. Experimental and predicted retention of
compounds by the adsorbent

Experimentally determined and calculated
exposure concentrations are presented in Tables
1 and 2. The calculated exposure concentrations

are based on the amount of the analyte adsorbed
by the adsorbent tube after exposure, the expo-
sure time, and the adsorption isotherm constants
[6,7]. These are used by the programme to
estimate sample loss due to reversible adsorp-
tion. The ratio between effective and ideal
uptake rates, (U,,/U,), shows the error that
results from using the ideal instead of the effec-
tive uptake rate for calculating the exposure
concentration. The analyte loss ratio (W, /W,
where x =1 or 2) after each desorption period is
calculated from the amount initially adsorbed in
each exposure experiment.

The deviations between calculated and ex-
perimental results are summarized in Table 3.
The average sum of the difference between the
calculated and experimental desorption losses is
a measure of the systematic deviation between
model and experimentat results. There is no
apparent general trend of the model to under- or
overestimate the loss. The size of the prediction
error is given by the average absolute differences
of the calculated and experimental desorption
losses. With the exception of pentane, the devia-
tions could result from imprecision in the de-
termination of the different ratios.

In the early studies of this computer model,
the relative standard error of the prediction of
effective uptake rates was determined to be 8%
[7]- The average experimental desorption loss in
the present study was 15%. The losses calculated
by the computer program differed, on average,
from the experimental value by 6% of the whole
(Table 3). In a study of sample loss due to
reversible adsorption, using trichloroethylene at
25 ppm and activated charcoal [14], the random
error for the deviation between model and
experimental results during the desorption
period was 6%.

The largest deviation between model and
experimental results in Table 3 is found for
pentane on Tenax TA, where the loss is overesti-
mated by more than 10%. This is the weakest
combination of adsorbent/adsorbate in this
study. It indicates a deficiency in the model when
used to describe either the transport from the
adsorbent to the air, or the transport within the
adsorbent bed, when high concentrations of
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Table 1
Experimental and calculated results from exposure of Tenax TA

Compound  C [ppm (v/v)] Exposure W) U./Uiy  Desorption Wi IW, Cale Desorption Wy /W, Calc
————  time(min) (R.S.D) time 1 (min)  (R.S.D.) W,/W,,,  tme2(min) (RS.D) Wy W,
Exp Calc

Pentane 34 Ex) 180 5.7 (5%) 0.51 147 0.81¢ (8%) 0.69 417 0.65 (6%) 0.54
Pentane® 51 54 131 72 (2%) 0.54 179 0.714 (2%) 0.62 361 0.65 (3%) 0.52
Hexane 046 03 635 039 (4%) 078 300 0.91 (7%) 0.88 530 0.80 (5%) 0.84
Hexane 7.8 7.6 240 2.8% (4%) 0.74 180 0.88¢ (5%) 0.83 360 0.749 (8%) 076
Hexane 15 13 26 459 4%) 070 182 0.87 (3%) 0.82 371 0.68 (3%) 0.74
Hexane 16 10 120 1.9 (3%) 0.81 182 0.81 (4%) 0.80 360 0.74 (4%) 0.73
Hexane 134 165 180 358(7%)  0.58 - - - 480 0.74 (8%) 0.61
Heptane 4.5 3.0 240 20° (6%)  0.97 183 0.97 (7%) 0.95 363 092% (7%)  0.93
Heptane 29 26 115 59 (4%)  0.90 175 1.02 (8%) 0.90 360 0.94 (5%) 0.87
Heptane 180 154 176 41 (1%) 0.67 183 0.76 (15%) 0.83 364 077° (8%)  0.78
Toluene 035 02 312 015°(1%) 1.0 251 1.02¢ (6%) 1.0 1252 0.90° (7%)  0.98
Toluene 04 025 971 054 (4%) 097 240 0.94 (4%) 0.98 739 0.85% (6%)  0.96
Toluene® 12 12 178 4.6% (8%) 0.95 363 0.89°(10%)  0.90 1130 0.80%(11%)  0.83
Toluene® 241 299 182 94 (1%) 0.74 181 0.76 (2%) 0.83 354 073 4%)  0.76
*T=23.5C.

® T =27.0°C.

¢ T=275°C.

9 n =3, all others n = 4.

C = Concentration of the analyte in air. Exp/Calc = measured experimental concentration/calculated concentration according to
computer program, collected mass and exposure time. W, = mass of analyte taken up by the adsorbent and relative standard
deviation (R.S.D.). U.,/U,, = the effective uptake rate calculated according to the computer program/the ideal uptake rate
according to the computer program. W,/W, = the mass of the analyte on the adsorbent after the desorption period, x (1 or 2),

exp
divided by W, . W,/W, , R.S.D. =relative standard deviation of the ratio, approximated as the square root of the sum of the
relative variances of the respective measurements. Calc W,/W,  =the mass of the analyte on the adsorbent after clean air

exposure, as calculated in the computer program, divided by W

analyte are present. The highest equilibrium mately 30 ppm [7]. The experiments in this study

concentration used for calculating the adsorption have thus been performed near the upper limit

isotherm for pentane on Tenax TA was approxi- of the described adsorption isotherm, and an

Table 2

Experimental and calculated results from exposure of Chromosorb 106

Compound  C [ppm(v/v)] Exposure Wexp(mg) U,/ Uiy Desorption W, /Wy Calc Desorption W /W Calc
———— time(min) (R.S.D) time 1 (min)  (R.S.D.) W Wy, time 2 (min)  (R.S.D.) W, I W,,,
Exp Cale

Pentane 12 12 29 55(5%) 088 215 0.81 (8%) 0.90 395 0.77 (5%) 0.84

Pentane® 51 45 122 97(8%) 092 354 0.85 (9%) 0.81 539 079 9%) 076

Hexane 040 038 760 0.58 (3%) 0.9 390 1.01 (5%) 0.98 715 1.01 (8%) 0.97

Hexane 132160 200 63 (11%) 095 235 079 (14%) 092 740 0.79 (14%)  0.84

Toluene 1.3 1.8 312 13 3%) 1.0 692 0.94° (4%) 1.0 1172 0.88° (3%)  0.99

Toluene U 27 180 94 (2%) 0.98 182 1.01°(10%) 0.9 353 0.94¢ 2%) 094

See Table 1 for explanation of headings and footnotes.
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Table 3

Summary of the deviation between calculated and experimental results

Adsorbent and Average experimental Average Average
compound desorption loss (%) (Calc — Exp) |Calc — Exp|
desorption loss (%) desorption loss (%)

Time 1 Time 2 Time 1 Time 2 Time 1 Time 2

Tenax TA

Pentane 24 35 +11 +12 11 12

Hexane 13 26 +4 -3 4 5

Heptane 9 12 +2 +3 6 3

Toluene 10 18 -3 -6 3 6

Chromosorb 106

Pentane 17 22 -3 +2 7 5

Hexane 10 10 -6 -1 8 4

Toluene 3 9 +2 -6 2 6

Average 12 19 +1 +0.4 6 6

Time 1/Time 2 = Shorter/longer desorption period in each experiment, see Table 1,2. Calc = calculated loss of analyte according

to computer program. Exp = experimental loss of analyte.

expansion of the isotherm could solve some of
the above problems.

When comparing C.yp and C,, in Table 1 and
according to Refs. [7,9], it seems possible to
estimate the exposure concentration for the poor
combination of pentane on Tenax TA in spite of
the strongly reduced uptake rate. This could give
a false impression of the possibility to analyze
pentane using diffusive samplers packed with
Tenax TA, since the possible errors due to
reversible adsorption and concentration fluctua-
tions, in this case, can be very high.

Table 1 shows that when pentane (33 ppm,
Tenax TA) is present in the first 180 min of the
597 min (10 h) total sampling period (exposure +
long desorption time) the sample loss equals
35%. For the whole sampling period of 597 min,
the correct TWA concentration should be 10
ppm (v/v). Applying the computer program on
the residual experimental mass after the end of
the 597 min gives an estimated concentration of
9 ppm, a deviation of 10% from the correct
TWA. If the exposure to pentane had been
performed in the last, instead of in the first, part
of the sampling period, the calculated concen-

tration would, instead, be 14 ppm, a deviation of
40%.

It is evident that the decrease in sampling rate
resulting from the high concentration pulse in
the beginning of the sampling period, has been
reduced in the computer model by the prolonged
total sampling period (exposure + desorption),
thereby counterbalancing the effects of sample
loss incurred by reversible adsorption. These
factors have the opposite effect for a concen-
tration pulse at the end of the sampling period.
It is therefore possible to use Tenax TA for
measuring pentane in a stable environment with-
out fluctuating concentrations, provided that the
adsorbent is not saturated during the exposure
period. In an environment with unstable con-
centrations, it would be possible to estimate
maximum sampling errors based on prior knowl-
edge, or assumption, of the fluctuation pattern in
the studied air.

It is interesting to note that a strong combina-
tion of adsorbent/adsorbate, such as toluene on
Tenax TA, also suffers from sample loss due to
high concentrations or long sampling times
(Table 1). The resulting loss is not negligible and
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should be considered when sampling toluene for
several hours, or at high concentrations, utilising
Tenax TA. However, the reduction in uptake
rate is a minor problem compared with the
potential net sample loss in an environment with
strongly fluctuating concentrations.

The calculations of effective uptake rates and
losses due to reversible adsorption are based on
the measured adsorption isotherm of the ad-
sorbent and the adsorbate in single combination
[7]. This works well in single-component atmos-
pheres where no interfering compounds are
present. However, the adsorption isotherm for a
particular compound may change if another
compound is present at high concentrations.
Vejrosta et al. [20] showed that the adsorption of
0.5 ppmv benzene, by Tenax GC, decreased
even in the presence of about 10 ppbv of o-
xylene. Increasing the concentration of o-xylene
by three orders of magnitude decreased the
partition coefficient of benzene by a factor of
approximately 5. Coadsorption could thus limit
the applicability of these methods when interfer-
ing compounds are present in the sampled at-
mosphere. This study [20] was performed under
equilibrium conditions. However, a prerequisite
for a well functioning diffusive sampler is that
equilibrium is never attained. More work has to
be done to investigate the severeness of competi-
tive adsorption during diffusive sampling.

4. Conclusion

For thick-bed diffusive samplers, the computer
program [6] offers the possibility to calculate
effective (reduced) uptake rates and estimate
possible net sample loss due to reversible ad-
sorption, provided that the adsorption isotherm
for the adsorbent/adsorbate pair is known. It is
then possible to calculate the effective uptake
rates and also to estimate sample loss due to
reversible adsorption during fluctuating concen-
trations of adsorbate. The errors can be esti-
mated and compared with the need for accuracy
of the measurement.

When screening for the presence of com-
pounds in air, the demand of accuracy of a TWA

is less than 50% expressed as relative overall
uncertainty [21]. If the adsorption isotherms are
determined, thick-bed diffusive samplers could
thus be used for the screening of many, weak
bound, compounds. For instance, it could be
possible to measure styrene with high accuracy
with Tenax TA and at the same time performing
screening measurement of hexane with a less,
but estimated, accuracy.

The presence of coadsorbing compounds in
the air could however change the adsorption
isotherm of the analyte on the sorbent [20]. This
could severely limit the applicability of the
suggested approach to describe the performance
of the diffusive sampler.
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Abstract

Micropacked columns of different types of chemically bonded n-octyl- and n-octadecyl stationary phases were
prepared and evaluated for the separation of light hydrocarbons under isothermal conditions. Column selectivities
and efficiencies varied with surface coverage and the functionality of the silanizing agents. As might be expected,
solute retentions are higher on the C,, phases than on the C; phases due to the increased effective interactive
surface between the solute and the stationary phase. Among the phases examined, the polymeric n-octadecyl
packings gave the highest plate number and better retention characteristics for the test solutes. The H versus u
plots obtained revealed the applicability of the columns for fast analysis at low linear carrier-gas velocities and
correspondingly low volumetric flow-rates without any substantial loss in efficiency. Within the temperature range
investigated, thermal-stability experiments indicate that the polymeric n-octadecyl phase can be used at tempera-

tures up to 250°C with little or no column bleed.

1. Introduction

The understanding of chemical evolution and
the origin of life in the solar system form part of
NASA’s exobiology program. Clearly such in-
vestigations require the development of analyti-
cal techniques that are both highly sensitive and
precise for the identification of compounds that
might be present in planetary atmospheres. Even
though conventional chromatography was suc-
cessfully used for in situ analyses of the atmos-
pheric constituents of Mars [1,2] and Venus [3],
the relatively long time required to complete
each analysis prevented the collection and analy-
ses of more samples while the probe descends
[4]. Similar problems are anticipated in future

0021-9673/95/$09.50
SSDI 0021-9673(95)00479-3

planetary missions such as the Galileo, Cassini,
Mars Pathfinder, Mars Surveyor, and Rosetta
missions. For instance, the proposed NASA-
ESA Cassini mission, planned to be launched in
1997 [5] to explore the atmosphere of Titan, will
involve the collection and analyses of complex
mixtures of low-molecular-mass hydrocarbons,
nitriles, dinitriles, CO, H,, and CO, in the
presence of large amounts of methane, N,, and
Ar during the probe descent.

To solve some of these problems, Do and
Raulin [6,7] studied the chromatographic be-
havior of PoraPLOT and Al,O,-KCl porous-
layer open tubular (PLOT) capillary columns for
the analysis of light gases. While the columns
produced good resolution of the test solutes in a

© 1995 Elsevier Science B.V. All rights reserved
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relatively short time, they were, however, found
unsuitable for gas chromatographic experiments
aboard spacecraft due to their poor mechanical
strength. Also, bleeding of the stationary phase
encountered during temperature programming
make CP-Sil-5 CB WCOT capillary columns
unviable for space applications [8]. Although a
Molsieve PLOT capillary column allows the
separation of permanent gases in the presence of
hydrocarbons and nitriles, its mechanical
strength appears too weak to withstand the
rigors of launch and space flight [9,10].

In the light of the aforementioned, mi-
cropacked columns might be a suitable alter-
native for capillary columns because of their high
sample-loading capacity, low flow-rate, low
bleeding of the liquid phase, and small value of
the mass-transfer coefficient, C, of the van
Deemter equation [11--14]. Such columns with
narrow inner column diameter (d, <1 mm) have
been shown to give high efficiency and outlet
flow-rates that satisfy the optimum flow con-
ditions into the mass spectrometer, making them
suitable for gas chromatography—mass spec-
trometry (GC-MS) coupling [15~17]. In view of
the anticipated limitations in terms of size,
weight, power, and consumables in future
planetary missions, the above properties of mi-
cropacked columns could be of special benefit
for GC-MS experiments aboard a spacecraft
[4,18].

More recently, de Vanssay et al. [10] showed
that molecular sieve 5A micropacked could be
used for fast analysis of permanent gases under
isothermal conditions with high efficiency and
low column-head pressure. However, the C,
hydrocarbons were poorly resolved on this col-
umn due to their long retention times and poor
peak shape. Therefore, micropacked GC col-
umns containing chemically bonded stationary
phases with the = Si—O-Si bond type may be a
better choice for the determination of low-mo-
lecular-mass hydrocarbons. Since this type of
packing material can provide high separation
efficiency, sample capacity, and high stability
capable of withstanding the rigors of launch and
space flight, its potential importance in future
space missions is currently under investigation.

The present paper describes the synthesis of a
series of alkyl-bonded silica packings using
mono-, di-, and trifunctional chlorosilanes. Data
on gas flow and chromatographic characteristics
of the columns, including van Deemter curves
for selected light hydrocarbons, are reported.

2. Experimental
2.1. Materials arid chemicals

Porasil C (particle size 149-177 um, surface
area 100 m*/g, pore diameter 300 A) silica was
purchased from Waters Associates (Millipore,
Milford, MA, USA). Octyldimethylchlorosilane,
octylmethyldichlorosilane, and octyltrich-
lorosilane were prepared by hydrosilation reac-
tion [19] of distilled octene (Aldrich, Milwaukee,
WI, USA) with the appropriate hydrosilane
(United Chemical Technologies, Bristol, PA,
USA). Each reaction was catalyzed by chloro-
platinic acid (Aldrich). Octadecyldimethyl-
chlorosilane and octadecyltrichlorosilane were
obtained from United Chemical Technologies
and used as received. Toluene, tetrahydrofuran,
methylene chloride, and methanol were obtained
from general sources and used as received.

2.2. Synthesis of stationary phases

Prior to the preparation of the stationary
phases, about 20 g of silica were refluxed with 3
M HCI at 100°C for 2 h, rinsed thoroughly with
deionized water, and dried overnight at ca.
150°C in an oven. The monomeric phases were
prepared under anhydrous conditions, as fol-
lows. About 3 g of silica was added to a warm
solution of 30 ml dry toluene and 10 ml of the
appropriate monofunctional silane in a 100-ml
two-neck round-bottom flask. The slurry was
refluxed for 4 h at 110°C under gentle helium
(99.999% UHP He) flow. After cooling, the
silylated silica was transferred into a sintered
glass crucible and washed with dry toluene,
methylene chloride, methanol, methanol-water
(50:50, v/v), and finally with methanol under
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suction. The cleaned particles were then end-
capped by refluxing for 2 h in a mixture of 30 ml
toluene and 8 ml HMDS-TMCS (hexa-
methyldisilaxane—trimethylchlorosilane, 1:1
molar ratio) at 100°C. The final product was
again washed as described above, dried under
vacuum in a desiccator, and stored in a dry
bottle for characterization. In a similar manner,
monomeric phases using di- or trifunctionai
silanes were prepared. However, prior to en-
deapping, the bonded phases were refluxed with
50% THF-H,O for 1 h at 80°C to remove any
unreacted chlorine atoms.

The following procedure was employed for the
preparation of the polymeric phases using di- or
trifunctional silanes. About 3 g of silica were
dispersed in a warm solution of 30 ml dry
toluene and 10 ml of the appropriate silane in a
two-neck round-bottom flask. One milliliter of
water was immediately added to the mixture to
initiate self-polymerization of the silane and the
slurry was refluxed for 5 h under a slow helium
flow. The derivatized silica was filtered using a
sintered glass crucible and washed as described
above. Samples were dried under vacuum in a
desiccator and kept in dry bottles for evaluation.

The amounts of stationary phase on the
bonded supports were determined by elemental
carbon analysis of the dried samples.

2.3. Column packing

The bonded phases were packed into stainless-
steel tubes (2.0 m x1.07 mm 1.D.; No. 304)
which had been pretreated by washing succes-
sively with HCl (20%), distilled water, metha-
nol, and acetone and then purged with helium
gas. The tubes were fitted with Swagelok low
dead volume connectors. The columns were dry
packed in vertical position with one end, loosely
plugged with silanized glass wool, connected to a
vacuum pump and a small stainless-steel reser-
voir was attached to the open end. The packing
material was slowly added to the reservoir on
starting the vacuum pump and the particles were
continuously transported into the column while
moving a hand vibrator along the column. The
column was considered filled when there was no

reduction in the volume of the packing material
after a few minutes of vibration. The column
inlet was then sealed with silanized glass wool
and installed in the gas chromatograph. All
columns were conditioned overnight at 110°C
under helium-gas purge at 5 ml/min before use.

2.4. Gas chromatograph

The columns were evaluated on a gas
chromatograph equipped with a micro thermal
conductivity detector (TCD) and control (Carle
Instruments, Fullerton, CA, USA) and a Hew-
lett-Packard HP 3396 Series II integrator (Hew-
lett-Packard, Avondale, PA, USA). UHP helium
(99.999% He) was used as carrier gas for all
measurements. To remove traces of water and
oxygen from the helium, the carrier gas line was
connected to a Matheson Hydrox purifier, Model
8301 (Matheson Gas Products, Secaucus, NJ,
USA). A gas mixture of 1000 ppm each of
methane (C,), ethane (C,), propane (C;), and
butane (C,) in helium (Matheson Gas Products)
was used to evaluate the chromatographic per-
formance of the columns. The sample mixture
was injected into the column with an eight-port
Vaico (Alltech, Deerfield, IL, USA) valve fitted
with two 100-ul sample loops. All experiments
were performed under isothermal conditions.

2.5. Chromatographic parameters

The capacity factor, k', was determined from
the expression k' = (tgx —¢,)/t,, where ty is the
retention time of the solute and t, is the hold-up
time determined by injecting nitrogen as a
marker. The average linear gas velocity values
(u), calculated from the expression u =L/t
(where L is the column length in cm), were
obtained by varying the inlet pressures of the
carrier gas from 1.38 to 4.14-10° Pa at the
operating temperature. The carrier gas flow-rate
was measured at the column outlet using a soap-
bubble flow meter. Assuming the peaks to be
symmetrical and Gaussian, the theoretical plate
height, H, for the test solutes were calculated
from
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_ L w572
H‘5.54[ e ] ’ M
where w ; is the peak width at half height in
time units. The separation factor, @, and column
plate number, N, were calculated in the usual
manner.

3. Results and discussion

The objective of this study was to investigate
the viability of micropacked columns containing
alkyl-bonded silicas for GC analysis of light
hydrocarbons in planetary atmospheres. These
columns are considered suitable for this applica-
tion due to their high efficiency, speed, selectivi-
ty, and thermal stability when compared with
conventionally coated columns. The physical
characteristics of the packing materials are
shown in Table 1. The surface coverage of each
bonded phase was calculated from its percentage
carbon load (%C) according to the equation [20]

_ %Cx10°
~ 1200N, X Sger’

@

where N_ is the number of carbon atoms in the
bonded ligand and Sy is the surface area of the
silica as given by the manufacturers. As can be
seen, the carbon contents of the polymeric
phases are relatively higher than the corre-

surface coverage (wmol/m?)

Table 1
Characteristics of the bonded phases®

sponding monomeric phases and this, in a few
cases, results in exceptionally high surface cover-
age of the packing. Thus, beside the di- and
trifunctional silanes undergoing a 1:1 or 1:2
stoichiometric reaction with the silanols [21] as
expressed by Egs. 3 and 4, respectively, addition
of water to the reaction mixture probably in-
creased the carbon content of the phases by
increasing the amount of bonded chains through
self-polymerization of the hydrolyzed product of
the silanes according to Eqgs. 5a and 5b [22]:

= Si—OH + CI-Si(Me),(Cl),R —
= Si-0-Si(Me),(CI),R, 3)

= Si-OH + CI~Si(Me),(Cl),R—
= Si-0-Si(Me),(0-Si)(Cl), _,R, 4

CISi(Me),(Cl),R + yH,0— HO-
Si(Me),(OH),R + yHCI, (5a)

= Si-OH + HO-Si(Me),(OH),R—
= Si—~O~[R-Si(Me),~O-],-H, (5b)

where x=1 or 0 and y=1 or 2 for di- or
trifunctional  silane, respectively; R is
CH,(CH,),, —or CH;(CH,),-and » is an in-
teger equal to or greater than 1.

The gas flow properties of the columns are
presented in Table 2. Using a value of 2.018-
107* gecm ™' s7! for the viscosity, 7, of helium at
25°C [23], the specific permeabilities, k,, were

Column Phase type %C Surface coverage
no. (nmol/m®)

1 monomeric monofunctional C, 2.46 2.05

2 monomeric difunctional C; 3.58 3.31

3 polymeric difunctional C, 4.22 3.91

4 monomeric trifunctional C, 4.67 4.86

5 polymeric trifunctional C, 4.78 4.98

6 monomeric monofunctional C,, 8.60 3.98

7 monomeric trifunctional C,, 8.81 4.08

8 polymeric trifunctional C,, 10.72 4.96

* Silica: Porasil C, 80/100 mesh.
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Table 2
Columns gas flow characteristics®
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Column Packing Porosity, € Permeability, «,
no. density (g/cm”) (x107 em’)
1 0.508 0.404 2.74

2 0.497 0.402 2.69

3 0.502 0.398 2.57

4 0.499 0.405 2.78

5 0.510 0.398 2.57

6 0.498 0.401 2.66

7 0.500 0.400 2.64

8 0.503 0.407 2.83

Mean = S.D. 0.502 = 0.005 0.402 = 0.003 2.69 = 0.09
CV. (%) 1.0 0.7 0.3

* Columns: 2.0 m X 1.07 mm L.D.; helium, 25°C.
S.D. = standard deviation; C.V. = coefficient of variation.

determined from the slopes of the plots of F,
versus p. — p> derived from [24]

P30 107 Ax[p? - pl]

o , 6
nLp, ©

where F, is the carrier gas flow-rate at the
column outlet, A is the cross-sectional area of
the column, and p; and p, are the column inlet
and outlet pressure, respectively. The column
porosity, €, was calculated from the expression
€ =1—mp,/V,, where p, and m are the bulk
density and mass of packing, respectively, and V,
is the column volume. As can be seen, column
porosities were almost identical and very close to
the theoretical value of 0.42 reported for random
close packing of spheres with small diameter
range [25]. The insignificant differences in col-
umn permeability (coefficient of variation,
CV.=0.3%) and packing densities (CV.=
1.0%) showed that the packing procedure is
reasonably uniform and reproducible.

Fig. 1 shows the chromatograms illustrating
the separation performance of the selected col-
umns. Better separation of the analytes was
possible using the polymeric surface modification
process, as indicated by the resolution of the test
solutes which improved from monomeric to
polymeric phases. While baseline separation was
achieved only on the polymeric C,; column

(column 8), the overall time required for the
elution of butane (last peak) ranged from about
1.0 min in column 1 to 2.2 min in column 8§ at the
operating conditions.

The chromatographic properties of the col-
umns in terms of their capacity factor, selectivi-
ty, and efficiency of the solutes are listed in
Table 3. In general, higher k£’ and plate numbers
were obtained on the polymeric phases than on
the monomeric phases and these were greater on
octadecyl columns, as expected. Also, the sol-
utes were retained longer on the octadecyl
phases than on the corresponding octyl phases.
This is probably the result of their high carbon
content rather than the nature of the stationary
phase. Therefore, the analytes interact with the
bonded ligands almost exclusively by dispersive
forces which increase with the molecular contact
area between the solutes and the hydrocar-
bonaceous layer of the stationary phases. As
might be expected, the k' for methane remains
substantially constant (k' =0.06=0.01) on all
the columns, since it’s dispersive interaction with
the stationary phase is very small compared to,
for example, that of butane, where the overlap
between the chains leads to a significant disper-
sive interaction.

According to Ettre and March [26], plots of
resolution versus retention time for a given pair
of peaks provides a good comparison of the
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Fig. 1. Gas chromatogram of light hydrocarbons on 2.0 m x 1.07 mm 1.D. columns of various: (A) octyl- and (B) octadecyl
phases. (i). Monomeric monofunctional, (ii) monomeric trifunctional, (iii) polymeric trifunctional syntheses. Conditions:

temperature, 25°C; TC detector; carrier gas: He, 5.5 ml/min; 100-u1 injection loop. Peaks: (1) methane, (2) ethane, (3) propane,
(4) butane.
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Table 3
Chromatographic properties of columns®

Column Capacity factor Separation factor Efficiency®
no. (plates/m)
ke, ke, ke, ke, o} al o)
1 0.05 0.12 0.30 0.65 2.40 2.50 217 1112
2 0.06 0.18 0.38 0.85 3.00 2.11 224 1217
3 0.07 0.19 0.39 0.87 2.05 2.47 2.23 1264
4 0.06 0.15 0.34 0.76 2.50 2.27 2.24 1246
5 0.06 0.16 0.35 0.78 2.67 2.19 223 1263
6 0.06 0.19 0.50 1.30 3.17 2.63 2.60 1332
7 0.06 0.22 0.58 2.22 3.67 2.64 3.83 1477
8 0.07 0.28 0.85 2.67 4.00 3.04 3.14 1513

* Temperature: 25°C; column length: 2.0 m; carrier gas: He,
® Column efficiency based on butane peak.

“true” performance of different columns in gas
chromatography. Fig. 2 shows these plots for the
propane/butane peak pair for all the columns.
The resolution, R, for the two peaks was calcu-
lated from the expression
la—1 k'

R=t o 1+& 'V D
The differences in selectivity of the columns is
reflected in the shape of the curves. Thus, the
high retention capacity of the solutes on columns
7 and 8 results in high resolution. As shown in
Fig. 2, column 8 gave a much better resolution

6

oo, s, ,

Rs L x X X, N
3 x
a
atplmag e Jmo ° o
-0= *e . + L] °

21 . .

1 T T T T T

0.0 0.5 1.0 1.5 2.0 2.5 3.0

RETENTION TIME OF BUTANE, min

Fig. 2. Plots of resolution of the propane/butane peak pair
against the retention time of butane. Column identifications:
(®) 1, (B) 2, (+)3,(A)4,(0) 5, (x)6,(4) 7, (O) 8.

5.5 ml/min.

than column 7 in a short analysis time. The best
resolution that could be achieved on column 1 is
about 2.3, after which the resolution decreases
markedly with increasing analysis time. At high
velocities, the maximum R-values for columns 2,
3, 4, and 5 are almost identical. In general, the
resolutions of the octadecyl phases are signifi-
cantly higher than those of the octyl phases,
presumably due to their high hydrocarbon
character and hence high retention capacity of
the solutes.

Fig. 3 shows the column efficiencies expressed
in terms of HETP (height equivalent of a theo-
retical plate) as a function of average linear gas
velocity, u. The fit of the experimental data to
the van Deemter equation (H = A + B/u + Cu)
[27] by the least-squares method gave negative
values for the constant A. Therefore, in agree-
ment with previous data for packed columns
[28,29], a constant value of zero was assumed
and the contributions of B (axial diffusion in the
column) and C (mass transfer in the column
packing material) terms of the equation to the
total plate height for butane are listed in Table 4
together with the minimum column plate heights
(H,,;,) at optimum carrier gas velocities (i, )-
The plots show the expected improvement in
column efficiency as the B term contribution
diminishes, with each plot exhibiting a shallow
and broad minimum at the optimum region.
While the linear part of the curves for methane
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Fig. 3. Dependence of H on average linear gas velocity (1) of test solutes on 2.0 m x 1.07 mm L.D. columns of various (A) octyl-
and (B) octadecyl phases. (i) Monomeric monofunctional, (ii) monomeric trifunctional, (iii) polymeric trifunctional syntheses.
Carrier gas: helium, T =25°C. Symbols represent: ((0) methane, (@) ethane, (A) propane, (O) butane.
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Table 4
Kinetic properties of the columns for butane at 25°C

Column AP boin i, HETP,,, B c

no. (x10° Pa) (ml/min) cm/s) (mm) (em?®/s) (%107 s)
1 2.39 11.1 6.69 0.66 0.28 5.2

2 2.38 10.9 7.35 0.59 0.20 5.0

3 2.21 11.2 7.08 0.62 0.22 5.5

4 2.12 12.0 7.09 0.68 0.28 5.2

5 2.20 11.0 8.43 0.64 0.23 6.3

6 2.40 11.8 7.69 0.69 0.21 6.4

7 2.17 12.0 7.94 0.58 0.25 6.6

8 2.28 12.3 7.72 0.46 0.23 7.0

(least retained solute) remains almost constant at
high velocities, those of other solutes, especially
butane, increased slowly with increasing gas
velocity. This may be due to the low diffusion
coefficient of butane in the gas phase, which
probably leads to low plate heights at low veloci-
ties where the B term is large (B/u&z.Gt;Cu)
and large plate heights at higher gas velocities
where the C term predominates (Cu&z.Gt;B/u).

As shown in Table 4, the C terms for the
polymeric packings are slightly higher than those
of the corresponding monomeric phases. This is
probably caused by the low diffusion coefficient
of the solute within the cross-linked polymer
structure of the bonded ligands. The above
phenomenon might account for the relatively
high C-value of column 5 compared to that of
column 3. Thus, column 3 may be thought of
possessing a less cross-linked polymer structure
than column 5 and therefore offering a small
resistance to mass transfer. Since B is directly
proportional to the diffusion coefficient of the
solute in the carrier gas, which is the same for
molecules of the same size and shape, the value
of B is almost constant for all the columns.
Similar trends were observed for other solutes.
The minimum flow-rate, ¢,,. (mean=11.54 ml/
min; CV. =4.72%), and u,,, (mean =7.50 cm/s;
CV. =7.42%) are not significantly different in all
the columns and are within the range of values
obtained in gas-liquid chromatography [30].
From the data presented in Table 4, column 8,
which yields a minimum plate height of 0.46 mm
(2174 theoretical plates/m) with butane, ap-

peared to be the best column. This minimum
value of H was achieved at an average linear gas
velocity of 7.72 cm/s, corresponding to a flow-
rate of 12.3 ml/min and a pressure drop of
2.28-10° Pa.

The thermal stability of the phases was ex-
amined by determining the capacity factors of
the test solutes at 25°C after purging the columns
at high temperatures ranging from 100 to 250°C
for 2 h under dry helium flow. A change of about
10% or higher in k’-values indicates that the
packing material was affected at the purging
temperature. Fig. 4 shows the effect of the
purging temperature on the capacity factor of
butane. It can be seen that the k' of butane did
not vary greatly within the temperature range
investigated. In fact, increasing the purging tem-

41

k' (butane)

0 T T T T T 1
[} 50 100 150 200 250 300

Purging Temperature (°C)
Fig. 4. Effect of purging temperature on capacity factor, k£’ of
butane. Column identifications: (@) 1, (A) 4, (O) 5, (X) 6,
(A)7,(0O) 8.
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perature of columns 6, 7, and 8 to 250°C results
in 5.4, 6.0, and 6.5% loss, respectively, in k’-
values of butane, which could well be due to
removal of residual solvents from the pores of
the packings at elevated temperatures. Therefore
columns 6, 7, and 8 can be operated at tempera-
tures up to 250°C without any appreciable col-
umn bleed. This temperature is notably higher
than that obtained on isocyanate packings [31].
Consequently, the packing materials investigated
in this study, particularly the polymeric Cq
phase (column 8), can be employed with ioniza-
tion detectors where high stability and minimum
column bleed are required.

To further illustrate the performance of col-
umn 8§, being the most efficient column, Fig. 5
shows the chromatogram of a ten-hydrocarbon
mixture of C; to C, compounds. Although not
capable of producing baseline separation of all
the compounds (Fig. 5A), the analysis was much
faster (<6 min) than that obtained on isocyanate
columns (ca. 15 min) under similar conditions
but at a lower carrier gas flow-rate [31]. At a
column temperature of 50°C, the time required

(A) (2+3)

cs 0.5 ml/min

v -
1 2 3 6 8 min

for such analysis was reduced almost by half
(Fig. 5B). Even though propadiene and propene
and isobutane and butane co-eluted, respective-
ly, ethane was separated from ethene under
these conditions. Thus, column selectivity could
presumably be improved by temperature pro-
gramming and/or optimization of the column
parameters such as column length and particle
diameter. It is worth mentioning that the high
power consumption of temperature program-
ming may be detrimental to spacecraft applica-
tions since one of the major constraints in space
missions is power budget.

4. Conclusion

This study has demonstrated the potential
importance of micropacked alkyl-bonded silica
columns, particularly polymeric octadecyl pack-
ings, for GC analysis of light hydrocarbons due
to their good chromatographic performance
compared to conventional packed columns. Even
though a WCOT capillary column with chemical-

(8)

8+9

[

Fig. 5. Separation of hydrocarbon mixtures on polymeric octadecyl bonded phase (column 8). Conditions: temperature (A) 25°C,
(B) 50°C; TC detector; carrier gas: He, 8.34 ml/min; 100-x1 injection loop; chart speed (CS); 2.0 ml/min at start, changed to 0.5
ml/min at 3.0 min. Peaks: (1) methane, (2) ethane, (3) ethene, (4) propane, (5) acetylene, (6) propene, (7) propadiene, (8)

isobutane, (9) butane, (10) propyne.
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ly bonded stationary phase (dimethyl polysilox-
ane) provides fast and efficient analysis of low-
molecular-mass hydrocarbons and nitrile [8], the
high thermal stability of the present columns
coupled to the capability of micropacked col-
umns to handle much larger samples without
overloading appear to make them suitable for
GC instrumentation in future space missions. In
view of the complex nature of gas mixtures in
planetary atmospheres, the chromatographic be-
havior of the column with N-organics including
nitriles is worth investigating.
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Abstract

A selective and sensitive gas chromatographic method for the determination of saturated and unsaturated
aliphatic aldehydes in foods has been developed. After extraction of the sample with acetonitrile, aldehydes were
converted into their thiazolidine derivatives by the reaction with cysteamine, and then measured by gas
chromatography with flame photometric detection. The calibration curves for aliphatic aldehydes in the range
20-2500 ng were linear and the detection limits at a signal-to-noise ratio of 3 were ca. 4-100 pg injected. Aliphatic
aldehydes in foods could be selectively determined by this method without any interference from coexisting
substances. Overall recoveries of aldehydes added to food samples were 82-111%. Analytical results for the
determination of aliphatic aldehydes in various food samples are presented.

1. Introduction

Low-molecular-mass aldehydes, which have
unpleasant pungent odors, are usually present at
trace amounts in various complex materials such
as foods, tobacco smoke, air and water pollution
samples and physiological fluids. In fat-contain-
ing foods, these compounds are formed during
maturation by enzymatic and nonenzymatic reac-
tions, especially by oxidation of unsaturated fatty
acids [1-4]. Rancidity, caused by lipid peroxida-
tion, has long been recognized as a problem in
the storage of fat and oils. Lipid peroxidation is
also associated with numerous pathological con-
ditions such as atherosclerosis, cardiovascular
diseases, carcinogenesis, inflammatory disease,

* Corresponding author.

0021-9673/95/$09.50
SSDI 0021-9673(95)00478-5

mammographic dysplasia, chronic gastritis, pre-
cancerous dysplasia and postischemic reperfusion
injury [5-10]. Aldehydes formed during lipid
peroxidation are shown to be highly cytotoxic
and genotoxic [11-15] and to react with func-
tional groups such as amino and sulphydryl
groups of biomolecules, such as proteins, nucleic
acids, glutathione, cysteine, lysine and coenzyme
A [16-22]. Therefore, measurement of alde-
hydes in foodstuff is very important.

The determination of aliphatic aldehydes has
been carried out by high-performance liquid
chromatography (HPLC) or gas chromatography
(GC). However, these methods have some
inherent problems related to the difficulty in
handling low-molecular-mass aldehydes because
of their high water solubility, volatility and
reactivity. HPLC analyses of aldehydes with

© 1995 Elsevier Science B.V. All rights reserved
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ultraviolet (UV) [23-26] and fluorescence [27-
29] detection require derivatization in order to
increase the detection sensitivity. Although some
of the derivatization methods are very sensitive,
they require time-consuming preliminary clean-
up of the sample to remove excess reagent and
coexisting substances. Headspace GC analysis
[30,31] of underivatized aldehydes presents a
simple technique that measures volatile com-
pounds in equilibrium with liquid or solid sam-
ples, but it requires a closed system to prevent
loss of volatile aldehydes. On the other hand,
GC methods based on the derivatization with
2,4-dinitrophenylhydrazine [32-34], methylhy-
drazine [35], benzyloxyamine [36], pentafluoro-
benzyloxyamine {37,38], N-benzylethanolamine
[39], hydroxylamine/tert.-butyldimethylsilyl-
trifluoroacetamide [40,41] and morpholine [42]
by flame ionization detection, nitrogen—phos-
phorus detection (NPD), electron-capture detec-
tion and GC-mass spectrometry with selected-
ion monitoring have been reported. However,
with some of these methods the aldehyde peaks
are difficult to identify because of the inevitable
formation of both syn and anti forms. Therefore,
simultaneous determination of different alde-
hydes is almost impossible with these derivatiza-
tion methods. Moreover, some of these methods
require strong acidic conditions for derivatization
that may cause undesirable reactions, such as
decomposition of carbohydrates or proteins in
the case of food samples. Recently, Shibamoto
and co-workers [4,43-46] developed a new de-
rivatization method of saturated aldehydes with
cysteamine (2-aminoethanethiol) to form stable
thiazolidine derivatives. This method gives only
one derivative for each aldehyde with almost
quantitative yield under mild conditions, and
excess of the reagent (cysteamine) does not
interfere with GC analysis. Furthermore, the
resulting thiazolidine derivatives can be sepa-
rated perfectly with fused-silica capillary columns
and detected selectively with nitrogen—phosphor-
ous detection (NPD). However, this method has
not been applied to the determination of unsatu-
rated aldehydes.

In this work, we report a method for the
determination of saturated and unsaturated ali-

phatic aldehydes as their thiazolidine derivatives
by GC with flame photometric detection (FPD—
GC). By using this method, the contents of these
aldehydes in food samples, and the effects of
heat treatment and UV irradiation on the forma-
tion of aliphatic aldehydes by lipid peroxidation
of food oils were also studied.

2. Experimental
2.1. Reagents

Butanal (C,) and acetaldehyde (C,) were
purchased from Nacalai Tesque (Kyoto, Japan)
and E. Merck (Darmstadt, Germany), respec-
tively. Propanal (C,), isobutanal (i-C,), penta-
nal (C;), isopentanal (i-Cy), hexanal (C,), hep-
tanal (C,), octanal (C,), nonanal (C,), decanal
(Cyp), trans-2-hexenal (C,_,) and 2,4-hexadienal
(Cs4_,) were purchased from Tokyo Kasei Kogyo
(Tokyo, Japan). Each aldehyde was dissolved in
20% methanol to make a stock solution with a
concentration of 2 mg/ml and used after dilution
with 20% methanol to the required concentra-
tion (1-5 wg/ml). Phenyl sulphide (Tokyo Kasei
Kogyo) as an internal standard (I.S.) was dis-
solved in ethyl acetate at a concentration of 0.5
pg/ml. Cysteamine (Nacalai Tesque) was dis-
solved in distilled water at a concentration of 2
mg/ml. All other chemicals were of analytical-
reagent grade.

2.2. Preparation of samples

Food samples were purchased at local retail
markets and were treated for analyses on the
same day. Food oil samples (ca. 0.1 ml) and
solid fat samples (ca. 0.1 g) were extracted twice
with 0.5 ml of acetonitrile, and 0.1 ml of the
combined extracts was used as the sample for
derivatization. For solid samples containing
lipid, e.g. cheese, chocolate and potatochips, an
aliquot (ca. 1 g) was homogenized in 4 ml of
acetonitrile with a Model LLK-21 ultra-disperser
(Yamato Kagaku, Tokyo, Japan). After centrifu-
gation at 3000 g for 10 min, the precipitate was
re-extracted with 4 ml of acetonitrile. The super-
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natants were combined and 0.1 ml of the com-
bined solution was used as the sample for de-
rivatization.

2.3. Derivatization procedure

To the standard solution containing 20-2000
ng of each aldehyde or the sample prepared by
the above method were added 0.2 ml of 0.2
mg/ml cysteamine and 0.1 ml of 0.1 M sodium
hydroxide, and the total volume was made up to
1 ml with distilled water. The mixture was
shaken with a Model SR-II shaker set (Taitec,
Saitama, Japan) up and down at 3000 rpm for 10
min at room temperature and to the reaction
mixture 0.5 ml of distilled water was added.
After saturation with sodium chloride, the mix-
ture was extracted with 0.2 ml of ethyl acetate
containing 1 pxg/ml phenyl sulphide (I.S.) and 1
w1 of this extract was injected onto the FPD-GC
system. The derivatization process is shown in
Fig. 1.

2.4. Gas chromatography

GC analysis was carried out with a Shimadzu
Model 12 A gas chromatograph equipped with
FPD (S-filter). A fused-silica capillary column
(J&W, Folsom, CA, USA) connected DB-17 (15
m X 0.53 mm L.D., 1.0 pm film thickness) and
DB-210 (15 mx0.53 mm I.D., 1.0 um film
thickness) was used. The operating conditions
were as follows: column temperature, pro-
grammed at 6°C/min from 100 to 240°C; injec-
tion and detector temperature, 250°C; nitrogen
flow-rate, 10 ml/min (flow-velocity, 76 cm/s).
The peak height ratios against the I.S. were

NH, o H
N\
{ + \/c— R —» [ R
H s

SH

Cysteamine Aldehyde Thiazolidine

Fig. 1. Derivatization reaction of aldehydes. R = alkyl group.

measured and the peak-height ratios against the
I.S. were calculated.

2.5. Gas chromatography—mass spectrometry
(GC-MS)

A Hewlett-Packard Model 5890A  gas
chromatograph was operated in conjunction with
a VG Analytical Model 70-SE mass spectrometer
and a VG-11-250J mass data system. A fused-
silica capillary column containing cross-linked
OV-1 (Quadrex, New Haven, CT, USA, 25 m X
0.25 mm 1.D., 0.25 pm film thickness) was used.
Column temperature: programmed at 8°C/min
from 100 to 270°C; injection temperature, 280°C;
ion-source temperature, 270°C; ionizing voltage,
40 eV; helium flow-rate, 8 ml/min.

2.6. Heat treatment and UV irradiation of food
oil samples

Food oil (ca. 0.1 ml) was heated at 100°C in a
Model TB-320 hot block bath (Advantec Toyo,
Tokyo, Japan) or irradiated in a Model H-400
UV lamp (A = 250-400 nm) house (Irie, Tokyo,
Japan) from a distance of 40 cm for various times
and then the aldehyde content in the sample was
measured by the above method.

3. Results and discussion

Shibamoto and co-workers [44—46] developed
a new derivatization method based on the reac-
tion of aldehyde with cysteamine and applied to
the determination of various volatile aldehydes
in heated pork fat, cooking oils and automobile
exhaust after headspace sampling. Although this
method is sensitive and specific by using NPD, it
is time-consuming because of the two-phase
reaction with gaseous aldehyde and cysteamine
solution, and has not yet been applied to unsatu-
rated aldehydes. Therefore, we re-examined the
reaction conditions of saturated and unsaturated
aldehydes with cysteamine. The reaction of alde-
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Fig. 2. Effects of (A) reaction time, (B) cysteamine and (C) sodium hydroxide on the formation of thiazolidine derivatives of

aldehydes.

Fig. 3. Mass spectra of the thiazolidine derivatives of aldehydes. (A) Hexanal (C;), (B) trans-2-hexenal (C,_,), (C) 2,4-

hexadienal (C,_,).
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hydes with cysteamine proceeds rapidly in aque-
ous alkaline media. As shown in Fig. 2A B, with
0.4 mg of cysteamine the reaction is accom-
plished within 10 min at room temperature by
shaking. Although saturated aldehydes readily
reacted with 0.05 M sodium hydroxide, the
derivatization yield of unsaturated aldehydes
decreased by the excess of sodium hydroxide
(Fig. 2C). It seems that unsaturated aldehydes
are preferentially oxidized in stronger alkaline
media. Subsequently, the thiazolidine derivatives
produced by this reaction were extracted into the
solvent and injected onto the GC system. Of the
several solvents tested, ethyl acetate proved to
be the most satisfactory for the rapid and quan-
titative extraction of thiazolidines. Although
Shibamoto et al. used dichloromethane as ex-
traction solvent, sampling of the organic layer
was difficult because this solvent was found in
the bottom layer. By using this improved meth-
od, preparation of the derivative could be per-
formed within 15 min, and several samples could
be treated simultaneously.

The structures of the thiazolidine derivatives
of aldehydes were confirmed by GC-MS analy-
sis. As shown in Fig. 3, a molecular ion peak
[M]™ was observed for each of the derivatives
and other common ion peaks which were useful
for structure elucidation, were [M — 15]7 (CH,),
[M—88]" (SCH,CH,NHCH) and m/z 88. As
shown in Table 1, the derivatives of saturated
aldehydes were stable under normal laboratory
conditions, and no decomposition was observed
during GC analysis. On the other hand, the

Table 1
Stability of thiazolidines derived from aldehyde

(A) (B)

13

|

T T T T r T T T T T
0O 4 8 12 16 20 0 4 8 12 16 20
Retention time (min)

Fig. 4. Typical gas chromatograms obtained from standard
and food sample. (A) Standard (containing 100 ng of C,-Cq
and 500 ng of C,. C,,. C, , and C, ). (B) sesame oil (10
ml). GC conditions are given in Experimental. Peaks: 1=
acetaldehyde (C,). 2 = propanal (C,). 3 = isobutanal @-C,),
4 = butanal(C,). 5 =isopentanal (i-C,), 6= pentanal (C;),
7 =hexanal (C,). 8= trans-2-hexenal (C, ), 9= heptanal
(C,). 10=24-hexadienal (C,,), 11=octanal (Cg), 12=
nonanal (C,). 13=phenyl sulphide (L.S.), I4=decanal
(Coo)-

derivatives of unsaturated aldehydes were stable
for 24 h but decomposed to below 60% of their
original value over a 3-day period when these
derivatives were stored as ethyl acetate solution
at 4°C. This seems to be due to the oxidation of

Aldehyde Storage time" (days)

0 1 2 3
Propanal (C;) 2.02 =0.09 2.03x0.12 2.04 £0.10 1.93 +0.07
Hexanal (Cy) 0.82 +0.02 0.82 =0.05 0.84 =0.04 0.84 £0.03
Nonanal (Cy) 0.76 = 0.01 0.72+0.02 0.79 =0.04 0.73=0.02
trans-2-Hexenal (C,_,) 0.35+0.02 0.32+0.01 0.24 +0.01 0.20 = 0.01
2.,4-Hexadienal (C, ,) 0.52+0.03 0.48+0.03 0.42 =0.03 0.31 +0.02

* Samples were analysed immediately after derivatization and after 1, 2 and 3 days’ storage as thiazolidine derivatives in ethyl
acetate at 4°C. Each value. mean = S.D. (n =4). represents peak-height ratio against the I.S.
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the unsaturated bonds. Thus, the samples must
be analysed at least on the day after derivatiza-
tion. The within-run CV.s for the aldehydes
were 1.3-7.1% (n=4) and between-run CV.s
over a period of 4 days were 2.6-15.2% (n =4).
The derivatives were volatile and eluted as
separate symmetrical peaks within 18 min by
using connected DB-17 and DB-210 capillary
columns (Fig. 4A). The derivatives gave an
excellent FPD response and minimum detectable
amounts of C,,C., C,, C,, and C,, (at a
signal-to-noise ratio of 3 under the instrumental
conditions used) were ca. 4, 10, 60, 100 and 100
pg injected, respectively. In order to test the
linearity of the calibration curve, various
amounts of aldehydes ranging from 20-500 ng
(for C;, C,, i-C,, Cs, i-C;, C4, C, and Cy) and
100-2500 ng (for C,, C,,, C,_, and C,_,) were
derivatized in a mixture and aliquots represent-
ing 0.1-2.5 ng (for C,, C,, i-C,, Cs, i-Cs, Cq,
C, and C;) and 0.5-12.5 ng (for C,, C,y, C,_,
and C._,) were injected onto the FPD-GC
system. In each case, a linear relationship was
obtained and the reproducibility was found to be
satisfactory, when the peak-height ratios were
measured with reference to the I.S. (Table 2).
On the other hand, C, was detected with satis-
factory sensitivity, but reproducibility was poor
because of interference from background C,

60 7
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50 A

200 7
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L
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Table 2
Linear regression data for aliphatic aldehydes

Aldehyde® Regression line”
s b r

Propanal (C,) 1.886 —3.466 0.9926
Isobutanal (i-C,) 1.799 —3.450 0.9981
Butanal (C,) 1.750 -3.523 0.9942
Isopentanal (i-Cy) 1.869 —3.660 0.9982
Pentanal (C;) 1.778 —3.639 0.9975
Hexanal (Cy) 1.854 —3.795 0.9970
Heptanal (C,) 1.842 —3.968 0.9972
Octanal (Cy) 1.782 —3.991 0.9960
Nonanal (C,) 1.884 —5.202 0.9906
Decanal (C,,) 1.818 ~5.329 0.9905
trans-2-Hexenal (Cq_,) 1.963 —5.748 0.9941
2,4-Hexadienal (C,_,) 2.129 —6.035 0.9977

* Range: 20-500 ng for C,, i-C,, C,, i-C,, C,, C,, C, and C;
100-2500 ng for C,, C,,, C4_, and C,_,.

"log y=slogx+b; y=peak-height ratio, x=amount of
aldehyde (ng), s = slope, b =intercept, r = correlation co-
efficient (n = 15).

originating from the laboratory atmosphere and
the reagents used.

For aldehyde analysis of foodstuffs, acetoni-
trile was used as extraction solvent. Aliphatic
aldehydes were quantitatively extracted from
food samples by extraction twice with 0.5 ml of

Content (ug/mil)

0.5 1 3 6
Time (h)

Fig. 5. Effect of heat treatment at 100°C on the formation of aldehydes in (A) salad oil, (B) sesame oil and (C) corn oil.
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Table 3
Recoveries of aliphatic aldehydes added to food samples

Aldehyde” Added Amount found” Recovery
(%)
Non-addition Addition
Sesame oil (pg/ml) (mg/ml) (pg/ml)
C, 10 2.4+0.1 10.6 £ 0.6 82
i-C, 10 ND* 8.9+0.4 89
C, 10 6.9+0.3 15.9+0.9 90
i-C, 10 6.7+0.1 17.5+1.3 108
C, 10 ND 10.5+0.6 105
C, 10 4.0=0.1 13.1+0.5 91
C, 10 ND 8.4+0.2 84
Gy 10 ND 92+0.4 92
G, 50 11.9+0.7 58.8+1.7 94
Ci 50 ND 48.7+1.3 97
C,., 50 ND 41.6= 1.1 83
C.5 50 ND 46.3+ 1.8 93
Margarine (ng/g) (ng/g) (ng/g)
@ 10 1.9+0.2 11.6+0.4 97
i-C, 10 ND 10.2+0.4 102
C, 10 5.1+x0.4 15.8+0.8 107
i-C, 10 48+0.3 15.2+0.8 104
C, 10 ND 103+0.4 103
Cs 10 1.2=0.1 120+1.0 108
C, 10 ND 10.4+0.2 104
C, 10 ND 10.3+0.2 103
C; 50 8.6+0.8 53.1=1.1 89
Gy 50 ND 50.6 0.9 101
Gy 50 ND 49.2+33 98
C 50 ND 55.5+1.0 111

o
i
*

* C, = propanal; i-C, = isobutanal; C, = butanal; i-C; = isopentanal; C, = pentanal; C, = hexanal; C, = heptanal; C, = octanal;
C, = nonanal; C,, = decanal; C_, = trans-2-hexenal; C,_, = 2,4-hexadienal.

° Mean+S.D. (n =4).
“ Not detectable.

acetonitrile. Fig. 4B shows the chromatogram
obtained from a food sample. Although back-
ground peaks originating from the laboratory
atmosphere and the reagents used were observed
between i-C5 and Cs, and between C,_, and Cg,
aldehydes in the sample could be detected with-
out any interference from coexisting substances.
As shown in Table 3, the overall recoveries of
aliphatic aldehydes added to several food sam-
ples were 82-111% and the relative standard
deviations were 1.2-9.3% (n =4). The aliphatic
aldehyde contents in various food samples de-
termined by this method are summarized in

Table 4. It can be seen from our data that
sardine oil and chocolate contained high con-
centrations of C,, C,, C, and C,. Unsaturated
aldehyde C, , was found in milk and chocolate.
On the other hand, i-C,, Cs, C4, Cy and C; ,
were not detected at all in any of the sample
investigated in this study. By using this improved
method, production of aldehydes in salad oil
(mixture of soybean oil and rapeseed oil),
sesame oil and corn oil was measured during
heat treatment and UV irradiation. As shown in
Figs. 5 and 6, the total contents of aldehydes in
these food oils increased by 1.3-1.9 and 2.3-5.0
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Table 4

Aliphatic aldehyde contents in various foods from commercial sources

H. Kataoka et al. | J. Chromatogr. A 709 (1995) 303-311

Sample Aldehyde® content (ng/ml or g) (mean+S.D., n=4)

C; C, i-C, € C, C, G
Sesame oil 24+0.1 6.9x0.3 6.7+0.1 4.0=0.1 ND" 11.9+0.7 ND
Soybean oil 1.6+0.1 5.4x03 5.1x0.3 1.8%0.1 ND 8.1x0.5 ND
Rapeseed oil 2:520.1 5303 49+0.3 3.6x0.2 ND 10.6 0.6 ND
Cottonseed oil 1.6x0.1 5303 51%0.3 2.3+0.02 ND 10.0+0.6 ND
Corn oil 1.3x0.1 5.0%£0.2 4.0+0.4 2201 ND 9.5+0.2 ND
Olive oil 1.8+0.1 55+02 4.8+0.3 39502 ND 126 1.0 ND
Sardine oil 59+0.1 6.2+0.2 33=x0.2 6.5+0.2 53+0.2 23.7+1.2 ND
Beef fat 2.7+0.3 51+03 5.4%0.2 24x0.2 ND 12.6 % 1.7 ND
Lard 3.8=0.2 5.5+0.3 4.7+0.3 2.6=0.1 ND 9.0+0.9 ND
Butter 2:1.:20.1 4.9=0.2 9.1 203 2.0x0.2 ND 13.0+0.8 ND
Margarine 1.9+0.2 5.1x0.4 4.8+0.3 1.2+0.1 ND 8.6x0.8 ND
Mayonnaise 2.1+x03 3.8+0.2 3.8+0.4 2:22+02 ND 10.6 0.5 ND
Cheese 24%0.1 4.6+0.2 34+0.1 35+0.1 ND 22.8+1.3 ND
Egg yolk 2.7x0.3 4.0+0.2 3.5+0.2 1.5%0.1 ND 9.0+0.2 ND
Fresh milk 3.0+0.5 3.7+0.4 5.1+0.1 1.5+0.1 ND 9.4+0.5 17.8 +2.1
Chocolate 1.9x0.2 4.4%0.3 3.5+0.4 5.1x0.2 34%0.1 19.1+0.5 18.7+0.8
Potatochips 2.0%0.1 3.2%0.2 4.1+0.2 1.8+0.1 ND 9.9+0.9 ND

“ C, = propanal; C, = butanal; i-C; = isopentanal; C, = hexanal; C, = heptanal; C, = nonanal; C,_, = trans-2-hexenal.

® Not detectable.

fold during heat treatment and UV irradiation,
respectively. Particularly C, and C, increased
with time during both treatments. Increases of
these aldehydes were approximately 1.4-5.0 fold
for heat treatment (6 h) and 2.1-30.9 fold for
UV irradiation (5 h). The levels of the other
aldehydes were not affected by both treatments.
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4. Conclusion

A convenient and reliable method for the
determination of saturated and unsaturated ali-
phatic aldehydes in food samples has been estab-
lished by modification of Shibamoto’s method.
Although this method is less sensitive than
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Fig. 6. Effect of UV irradiation on the formation of aldehydes in (A) salad oil, (B) sesame oil and (C) corn oil.
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Shibamoto’s method, this method is more simple
and rapid, and suffictently applicable for various
foodstuffs. Moreover, with the present method
food samples can be directly analysed without
pre-treatment clean-up and without any interfer-
ence from other coexisting substances. There-
fore, we believe that this method provides a
useful tool for routine analysis of foodstuffs.
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Abstract

A gas chromatographic procedure is described for the determination of trichloroacetic acid in urine, the major
metabolite of trichloroethylene exposure. Trichloroacetic acid was derivatised to its methyl ester with BF,/
methanol reagent and then extracted into toluene and analysed by capillary gas chromatography using electron-
capture detection. The response was linear in the range 0.4-100 mg/l of trichloroacetic acid in urine and showed a
relative recovery of 99.6%. The procedure is suitable for monitoring occupational exposure to trichloroethylene.

1. Introduction

Trichloroethylene is widely used in industry as
a degreaser for metal parts, dry cleaning agent,
thinner for paints and lacquers, and for extract-
ing oils, fats and waxes from vegetable and
animal products. In occupational exposure, inha-
lation is the main route of absorption, however,
significant skin absorption can occur upon con-
tact with liquid trichloroethylene [1]. The ab-
sorbed trichloroethylene is mainly metabolised
into trichloroacetic acid (TCA) (18%) and tri-
chloroethanol (TCOH) (33%) which are elimi-
nated in urine. The fate of 20-30% of the
absorbed amount of trichloroethylene remains
unknown [2]. Minor metabolites, such as chloro-
form, chloral hydrate and monochloroacetic acid
have been suggested [3]. The relationship be-
tween the degree of exposure and excretion of

* Corresponding author.

0021-9673/95/$09.50
SSDI 0021-9673(95)00423-8

TCA remains linear if the exposure concentra-
tion does not exceed 50 ppm (268 mg/m?) in air
[2,4-6]. When measuring both major metabo-
lites, TCA and TCOH, the sampling time is
quite critical because of differences in elimina-
tion half-lives of the metabolites (TCA 50-100 h;
TCOH 12-26 h [7]). Hence, TCA concentration
in urine reflects exposure over the working week
while TCOH reflects exposure over the previous
day.

Our laboratory previously used a spectro-
photometric method based on the Fujiwara reac-
tion [8]. However, this method involved the use
of toxic solvents, such as pyridine, and it has
shown to lack selectivity, due to interferences
from similar halogenated organic compounds [9],
and to lack stability of the Fujiwara reaction
product. Other gas chromatographic methods
which require derivatisation with reagents such
as diazomethane [10-12] have the disadvantages
of needing the use of concentrated acid and the

© 1995 Elsevier Science BV. All rights reserved



314 G.E. O’Donnell et al. | J. Chromatogr. A 709 (1995) 313-317

performance of multiple solvent extractions to
achieve a reasonable extraction recovery.
Furthermore, the use of a dangerous, toxic,
carcinogenic derivatisation reagent is most unde-
sirable. Other methods which have been re-
ported include high-performance liquid chroma-
tography ([13], ion chromatography [14] and
headspace gas chromatography [15-17]. Head-
space analysis is attractive if one has an appro-
priate autosampler, but little time is saved due to
the long incubation period. Analysis using dual
columns and electron-capture detection (ECD)
offers good specificity comparable to that of gas
chromatographic-mass spectrometric determina-
tions, e.g. the difluoroanilide derivatisation
method [18]. The difluoroanilide derivatisation
method looses specificity by monitoring an ion
fragment which originates from the difluoro-
anilide reagent. Furthermore, difluoroanilide
derivatives have shown to be unstable due to
sensitivity to light [18]. Hence, the current meth-
od was developed to be simple, accurate and not
requiring the use of toxic reagents or solvents
such as pyridine. It involves the derivatisation of
TCA to its methyl ester using methanol/BF,
reagent. The ester is then partitioned into an
organic solvent and analysed by capillary gas
chromatography with electron-capture detection.
The results obtained using this procedure were
compared with those obtained using the Fuji-
wara spectrophotometric method.

The present method was developed to monitor
occupational exposure to trichloroethylene. The
occupational exposure limit is equivalent to 100
mg/1 [19]. Therefore, the method was developed
to monitor concentrations between 0.4 and 100
mg/l. The limit of quantitation of the method
was hence designed to be 0.4 mg/l as concen-
trations below this level are not considered
relevant to occupational exposure.

2. Experimental
2.1. Reagents and chemicals
The borontrifluoride—methanol complex, 14%

BF; content was obtained from BDH Labora-
tory Supplies (Poole, UK); the toluene was

nanograde obtained from Mallinckrodt (Ger-
many); sodium trichloroacetic acid (97%) was
obtained from Aldrich (Milwaukee, OR, USA);
trichloroacetic acid methyl ester (>96%) from
Tokyo Kasei Kogyo (Tokyo, Japan); Biorad
Lyphochek Urine Metals Quality Control Level
1 from Bio-Rad Laboratories (Anaheim, CA,
USA); anhydrous sodium sulphate (99.0%) from
Ajax Chemicals (Sydney, Australia).

2.2. Apparatus

A Hewlett-Packard Model 5890 series II gas
chromatograph with an electron-capture detec-
tion system, Model 7673A automatic liquid sam-
pler and HP 3396 ChemStation data analysis
system was used. The gas chromatographic capil-
lary columns used were DB-17 (0.25 um film
thickness; 30 m X 0.32 mm 1.D.) and DB-5.625
(0.25 pwm film thickness; 30 m X 0.32 mm I.D.)
from J&W Scientific (Folsom, CA, USA).

2.3. Instrumental conditions

The gas chromatograph was used with dual
capillary columns of different polarities, as
above, to give added certainty to positive identi-
fication. A split injection mode was used as
electron-capture detection was highly sensitive to
the TCA-methyl ester. The inlet injection tem-
perature was 240°C and a detector temperature
of 300°C was used. The temperature program of
the chromatograph was initial temperature 55°C
for 0.5 min, then at a rate of 3°C/min to 80°C,
then at a second rate of 50°C/min to 280°C and
held for 4.17 min. This gives a total run time of
17.00 min. Hydrogen was used as carrier gas at a
flow-rate of 2 ml/min. The split vent was equal
to 40 ml/min and detector make up gas (5%
methane in argon) was equal to 80 ml/min. The
injection volume used was 1 ul. A 100 mg/l
spiked urine sample chromatogram can be seen
in Fig. 1.

2.4. Preparation of standards
A stock standard was prepared by weighing

0.5 g of sodium trichloroacetate and making up
to volume in a 1-1 volumetric flask with distilled
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Fig. 1. Gas chromatogram of 100 mg TCA/] urine using a
DB-17 (0.25 um film thickness; 30 m x0.32 mm I[.D.)
capillary column from J&W Scientific.

water. A range of working standards were pre-
pared from this stock by appropriate dilutions to
give a range of 0.5-100 mg/1. The sodium salt of
TCA was preferred to the acid form because it
was less hygroscopic. A Bio-Rad commercial
quality control sample was used to determine the
accuracy and precision of the method. The
absolute recovery of the procedure was deter-
mined using standards prepared from the TCA-
methyl ester made up directly in toluene.

2.5. Procedure

A 200-u1 aliquot of urine sample was added to
a 12-ml stoppered test tube. A 0.5-ml volume of
BF,-methanol complex was added to the sample
in the test tube. The mixture was heated at 60°C
for 30 min. After cooling, the sample was ex-
tracted with 8.0 ml of toluene for one hour on a
rotator. A 2-ml volume of the toluene extract
was then taken and shaken with anhydrous
sodium sulphate in a glass vial. A portion of this
dried toluene extract was then transferred to a
vial for gas chromatographic analysis.

The standards and the quality control sample
were prepared according to the same procedure
as used for the samples.

3. Results and discussion
Gas chromatographic analysis of chlorinated

hydrocarbons using electron-capture detection is
a very sensitive detection technique. Hence,

efforts were made in this procedure to optimise
the linear range of the detector to the con-
centration range encountered in occupational
exposures. A large volume of extracting solvent
was used to give the effect of (1) dilution and (2)
a satisfactory extraction efficiency of greater than
90%. It was found that at least a 1:2 ratio of
sample to derivatising reagent was necessary for
the maximum level of derivatisation to occur.

3.1. Recoveries

Absolute recoveries were quantified against a
TCA-methyl ester standard, which was diluted to
the appropriate concentration in nanograde
toluene. The absolute recovery of TCA-methyl
ester in water was 48.8% with a standard devia-
tion of 1.9 (n = 30) over the range 0.1-100 mg/1.
In urine the absolute recovery was 48.5% with a
standard deviation of 2.5 (n = 30) over the range
0.1-100 mg/}. The fact that both water and urine
have the same recoveries allows the use of water
as the standard matrix.

The relative recoveries were obtained by com-
paring the spiked urine results to the water
standards, which had both been subjected to the
same procedure. This gave a relative recovery in
urine of 99.6% (n = 30).

3.2. Accuracy and precision

The precision of the procedure was deter-
mined by using a commercially available quality
control standard known as Lyphochek Urine
Metals Control Level 1 obtained from Bio-Rad
Laboratories (Anaheim, CA, USA). The mean
value of this control was specified by the manu-
facturers as 24.4 mg/l with an acceptable range
of 19.5-29.3 mg/l. This control standard was
analysed, and gave a mean value of 28.45 mg/l
with a standard deviation of 1.14 mg/l (n = 11).
This gave a 95% confidence interval of the mean
as 27.7-29.2 mg/l based on the two-sided t-test
of x *rs/n'’*. A slightly higher bias can be
seen in the mean of the procedure when com-
pared to mean value given by the manufacturer.
However, the confidence limits of the mean lie
within the acceptable range given by the manu-
facturer.
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The precision of the procedure can be seen by
observing the relative standard deviations
(R.S.D.) over the range of concentrations shown
in Table 1. This concentration range of 0.1-100
mg/1 TCA gave a range of R.S.D. of 2.2-4.9%
with an overall mean of the R.S.D. of 3.3%.

3.3. Linearity

The procedure shows good linearity (Fig. 2)
over the range 0.4-100 mg/l with a correlation
coefficient of 1.000. However, to extend the
range of analysis to 0.05-100 mg/1 it was found
that a power function was necessary to achieve
the same correlation coefficient.

3.4. Detection limits

The detection limit of this procedure was
found to be 0.05 mg/1 based on a signal-to-noise
ratio of 5 and a power regression curve. This
detection limit can easily be lowered by using a
splitless chromatographic injection mode and
less toluene to extract the TCA-methyl ester.

3.5. Comparison to the Fujiwara method

Urine samples were taken in the field from 10
workers employed in a degreasing operation who
had been exposed to trichloroethylene. These
urine samples were analysed by both the above

Table 1

The absolute and relative recoveries of TCA in water and urine

Figure 2. Linearity of TCA Analysis in Urine
606

&

Area Counts
Thousands
g &

20 ;0 60 80 1(.)0 120
Concentration (mg/L)

Fig. 2. Linearity of TCA analysis in urine over the range
0.4-100 mg/! with a correlation coefficient of 1.000.

procedure and the Fujiwara method [8]. The two
procedures are compared in Fig. 3 which shows
the values obtained from the gas chromatograph-
ic procedure plotted against the values obtained
for the same samples analysed by the Fujiwara
method. For the procedures to give identical
values the points should lie on the 45° angle line.
There appears to be a positive bias towards the
Fujiwara reaction method. This is not unreason-
able as the Fujiwara reaction is not absolutely
specific for TCA [9]. This bias may be attribut-
able to chloroform and chloral hydrate which
have been suggested as a minor metabolites of
trichloroethylene [3].

Range Absolute Absolute Relative

studied recovery recovery recovery

(mg/1) in water® in urine® of urine to water”

Mean R.S.D. Mean R.S.D. Mean R.S.D.

0.1(n=6) . 509 21 46.4 31 91.2 3.7

0.4(n=16) 45.7 1.2 46.6 4.8 102.0 49
5.0(n=2¢6) 49.2 1.7 49.5 1.7 100.6 2.4

50.0 (n =6) 50.8 1.8 50.9 1.3 100.2 22

100.0 (» =6) 47.2 2.4 49.1 1.4 104.0 32

Overall 48.8 1.9 48.5 2.5 99.6 33

mean (n = 30)

* Values are in %.
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Figure 3. Comparision of GC to Fujiwara Method
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Fig. 3. Comparison of the gas chromatographic procedure to
the Fujiwara reaction method with 10 urine specimens taken
from trichloroethylene exposed workers.

4. Conclusion

The present method was developed for the
purpose of monitoring exposure of workers to
trichloroethylene in the workplace. Hence, it
was optimised to determine TCA in the range
0.4-100 mg TCA/1 urine. However, this method
could easily be made more sensitive by using a
splitless injection mode and a lower volume of
toluene for the extraction step and still achieve
satisfactory recoveries. It is a simple method
which gives an accurate and sensitive analysis
and does not suffer from the interferences of the
Fujiwara method and avoids the use of toxic
solvents such as pyridine.
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Abstract

Traces of fourteen organophosphorus pesticides in environmental samples such as river water, sediment and fish
were determined by capillary GC-MS with selected-ion monitoring. The pesticides could be determined within the
range 0.02-0.75 ng/ml in water with relative standard deviations (R.S.D.s) of 1.0-31.4% (except for MPP,
1.0-10.9%). The detection limits of the pesticides were 0.013-0.120 ng/ml in water. Their recoveries from river
water, sea water, sediment and fish samples were 101-132%, 103-145%, 93-166% (except for isoxathion) and
67-101% (except for isoxathion and phosmet), with R.S.D.s of 1.1-8.0%, 0.9-8.2%, 6.2-28.5% and 4.2-10.8%,

respectively.

1. Introduction

Organophosphates are well known as powerful
insecticides and organophosphorus pesticides
(OPs) have been widely used since the use of
organochlorine pesticides was prohibited, as they
do not have such adverse decomposition and
bioaccumlative properties in the environment.
However, care must be taken with the use of
OPs because they are cholinesterase inhibitors in
living bodies [1].

Chromatographic methods such as GC [2-7]
and LC [8-10] have been used for the simulta-
neous determination of pesticides. However, it is
very difficult to determine trace amounts in the
presence of various kinds of interfering sub-

* Corresponding author.

0021-9673/95/$09.50
SSDI 0021-9673(95)00477-7

stances that occur in the environment, especially
in fish samples. Moreover, few reports have
appeared concerning detection limits, which are
related to the standard deviations of the mea-
sured values at near zero concentrations of the
analyte.

The aim of this study was to develop a practi-
cal method for the determination of the OPs in
water, sediment and fish samples for use in an
actual survey. In this work, fourteen OPs were
selected for the survey on the basis of the
amounts manufactured, their forms of use and
other factors of concern to the Japan Environ-
mental Agency. A convenient method is pre-
sented for determining these OPs in environmen-
tal samples by capillary GC-MS with selected-
ion monitoring (SIM) and with detection limits
at sub-ng/ml levels. The analytical methodolo-
gies were improved by using a clean-up pro-

© 1995 Elsevier Science BV. All rights reserved
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cedure with both normal- and reversed-phase
column chromatography for fish samples.

2. Experimental
2.1. Reagents and apparatus

OP standards were obtained as pure solids or
liquids from Wako (Osaka, Japan). The struc-
tures of the fourteen OPs studied are shown in
Fig. 1. Phenanthrene-d,,, fluoranthene-d,, and
chrysene-d,,, used as internal standards, were
obtained from MSD Isotopes (Montreal,
Canada). Dichloromethane, acetone, hexane and
methanol of pesticides grade and the other
reagents used of special grade were purchased
from Wako and Tokyo Kasei (Tokyo, Japan).

Wako gel C-200 and polyamide C-200 of
column chromatographic grade were purchased
from Wako. Hydrated silica gel columns were
prepared as follows. Wako gel C-200 was acti-
vated overnight at 130°C and kept in a desic-
cator. A 100-g amount of the activated silica gel
was placed in a stoppered conical flask, then 5 or
40 ml of pure water were added and the flask
was shaken to ensure homogeneity and then
allowed to stand for 4-5 h. A 2-g amount of the
hydrated (100 + 5) silica or 5 g of the hydrated
(100 + 40) silica was packed in a 1 cm LD.
column chromatographic tube using the hexane
slurry method and anhydrous Na,SO, was added
to make a ca. 2 cm upper layer of the column
packing. The polyamide column was prepared by
packing 1 g of polyamide C-200:in 1 cm L.D.
column chromatographic tube using the metha-
nol-water (50:50) slurry method. The hydrated
(100 + 5) silica columns were used to clean up
sediment samples and the hydrated (100 + 40)
silica and the polyamide columns were used for
fish samples.

A Waters (Milford, MA, USA) Model 600E
liquid chromatograph equipped with a Model
717 autosampler and a Nihonbunko (Tokyo,
Japan) Model 870-UV absorbance detector ad-
justed to 210 nm was employed for the de-
termination of n-octanol-water partition coeffi-
cients and for pesticide degradation tests. The

analytical column used was a 25 cm X 4.6 mm
I.D. stainless-steel tube packed with Develosil
ODS-5 (Nomura Kagaku, Aichi, Japan).

A Branson B-220 ultrasonic extractor and a
Poly Toron PT10-30 homogenizer were used for
extraction from sediment and fish samples, re-
spectively. A Tomy Seiko (Tokyo, Japan) LC06-
SP centrifuge was employed for phase separation
of sediment or fish samples.

2.2. Gas chromatography—mass spectrometry

A Hewlett-Packard (Avondale, PA, USA) HP
5790 gas chromatograph and a Nihondenshi
(Tokyo, Japan) JEOL-DX303 mass spectrometer
with a DA-5000 data processing system were
employed. The analytical column used was
Ultra-2 cross-linked with 5% phenylmethylsili-
cone (25 m X 0.32 mm I.D., 0.52 um film thick-
ness). The GC temperature programme was an
initial temperature of 70°C, increased at 3°C/min
to 250°C. The temperatures of the injector,
transfer line and ion source were 250°C. The
carrier gas was helium at 7.5 p.s.i. (61 cm/s).
Samples were injected in the splitless mode with
1.5 min purge off. The mass spectrometer was
operated at 70 eV and 300 pA in the electron-
impact mode using scanning or SIM. The ions of
the pesticides and the internal standards moni-
tored are shown in Table 1. As the retention
times of the OPs vary widely, it is preferable to
use several internal standards, and in this work
three deuterated hydrocarbons whose retention
times covered the appropriate interval were
used. The m/z values monitored were selected in
consideration of selectivity and sensitivity. Fig. 2
shows typical GC-MS total ion and SIM traces
for the pesticides and the internal standards.

2.3. Analytical procedure

The procedure for the determination of the
OPs in environmental samples is outlined in Fig.
3. A 1000-m] volume of water sample was added
to 50 g of NaCl and extracted twice with 100 and
50 ml of dichloromethane, then the organic
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Table 1
Monitor ions for the pesticides and the internal standards

No. Compound Monitor ion (m/z)
a Phenanthrene-d 188
10 Salithion (183) 216
Diazinon (179) 304
1 IBP 204 (288)
b Fluoranthene-d , 212
2 MEP (260) 277
6 Malathion (127) 173
4 MPP (169) 278
13 «-CVP 323 (325)
14 B-CvpP 323 (325)
9 Methidathion (125) 145
7 Isoxathion (177) 313
c Chrysene-d,, 240
5 EDDP (173) 310
12 Phosmet 160 (317)
8 EPN (169) 185
11 Phosalone 182 (367)

The monitor ions in parenthesis are used for identification,
not for quantitation.

phases were combined and dehydrated by pass-
ing through anhydrous Na,SO,. The organic
phase was concentrated to 3—5 ml in a Kuderna—
Danish (KD) evaporative concentrator and fur-
ther evaporated to 0.5 ml under a stream of
nitrogen. A 0.5-ml volume of internal standard
solution (each 1 mg/l) was added and then an
aliquot was analysed by GC-MS-SIM.

For sediments, 10 g of sample were added to
30 ml of acetone with stirring and then sample
was extracted twice in an ultrasonic extractor for
10 min and then centrifuged at 3000 rpm (1600 g)
for 10 min. The supernatant solutions were
combined in a separating funnel and 200 ml of
5% NaCl solution and 50 ml of dichloromethane
were added, then the mixture was extracted,
dehydrated and concentrated to dryness. One
should be careful not to over-dry with heating,
otherwise the recovery will be low. Hexane (2
ml) was added to the dry sample, which was
subjected to hydrated (100 +5) silica column
chromatography. The column was first washed
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Fig. 2. Typical GC-MS TIC and SIM traces for the OPs and
the internal standards. (a) Phenanthrene-d,;; (b)
fluoranthene-d,,; (c) chrysene-d,,. Peaks: 1 =IBP; 2 = MEP;
3 =diazinon; 4=MPP; 5=EDDP; 6=malathion; 7=
isoxathion; 8 = EPN; 9 = methidathion; 10 = salithion; 11 =
phosalone; 12 = phosmet; 13 = «-CVP; 14 = 3-CVP.

with 20 ml of hexane and then the fourteen OPs
were eluted with 30 ml of acetone—hexane
(10:90). The eluate was treated using the same
procedure as for water samples.

For fish samples, 10 g of sample were
homogenized, centrifuged, extracted and con-
centrated to dryness in a similar manner to
sediment. Next, 2 ml of azobenzene in hexane
solution (500 mg/l) were added to the dry
sample and subjected to hydrated (100 + 40)
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Fig. 3. Flow scheme for the determination the OPs in environmental samples.

silica column chromatography. Azobenzene was
used as an elution marker, being observed vis-
ually as a yellow band in the column. The
hexane fraction was obtained using double the
volume (14 ml) used in azobenzene elution. As it
was difficult to charge the sample on the column
due to its low solubility in CH,OH-H,O
(50:50), the acetone—hexane (10:90) fraction (50
ml) was concentrated to dryness 0.3 g of poly-
amide was added to the residue and then the
adsorbed particles were charged on the poly-
amide column. The charged sample was washed
on the column with 120 ml of CH;OH-H,O
(50:50) to remove interfering biota components.
The eluate was extracted twice with 30 ml of
dichloromethane and then the organic phase was

dehydrated with anhydrous Na,SO,. The organic
phase and the preceding hexane fraction were
combined and the procedure was continued from
the asterisk marked in Fig. 3.

3. Results and discussion
3.1. Octanol-water partition coefficients

The n-octanol-water partition coefficients
(P,.,) of organic chemicals are an important
parameter for predicting bioconcentration fac-
tors for fish and their water solubility. It is easy
to calculate log P,, as a function of the
logarithm of the capacity factor with the use of a
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reversed-phase HPLC system [11,12]. Benzene,
bromobenzene and biphenyl were used for cali-
bration. The analytical column was used De-
velosil ODS-5 (25 cmx 4.6 mm LD.). The
mobile phase was CH,OH-H,O. (70:30) at a
flow-rate 1.0 ml/min. The log P, data for the
OPs are summarized in Table 2. The calculated
values of log P, were 1.90-3.97 and the ex-
perimental values were 1.8-4.30.

3.2. Degradation test

In any method, it is necessary to elucidate the
stability of the analytes. A degradation screening
test for the pesticides was investigated under
different pH conditions. Table 3 shows residual
percentage of the OPs after 1 h and 5 days at pH
5, 7 and 9, adjusted using the buffer solutions 65
mM KH,PO,, 65 mM KH,PO,-65 mM
Na,HPO, (40:60) and 65 mM Na,HPO,, respec-
tively. The pesticides did not decompose under
acidic conditions (pH 5), but EDDP, salithion
and phosmet decomposed at pH 7 and 9 and
malathion at pH 9. MPP decomposed on expo-
sure to light.

Table 2
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3.3. Clean-up procedure for column
chromatography

Clean-up of sediment extracts was carried out
with the use of the hydrated (100+5) silica
column. Fig. 4 shows typical elution pattern of
the OPs with hexane and acetone—hexane
(10:90) as eluents. The OPs were not eluted with
20 ml of hexane, but they completely eluted with
30 ml of acetone—hexane (10:90). For fish or
biota samples, it is difficult to apply a clean-up
procedure similar to that for sediment owing to
unavoidable interfering components in the sam-
ples. Most OPs are relatively polar compounds,
so the hydrated (100 + 40) silica column was
used. The polar acetone—hexane (10:90) fraction
was further cleaned up by means of polyamide
column chromatography in order to separate
biota interferents.

3.4. Calibration
The calibration graph for the OPs was ob-

tained by plotting the concentration ratio against
peak-area ratio of the analyte to internal stan-

HPLC capacity factors and calculated log P_, values for the pesticides

Compound Capacity Log k' Calculated Reported

factor (k')* log P, log P,,,
IBP 9.16 0.96 3.19 3.34°, 2.6 [7]
MEP 6.06 0.78 2.70 2.94°, 2.2 [7]
Diazinon 11.31 1.05 3.43 1.92°, 2.9 [7]
MPP 11.03 1.04 3.40 3.57°, 3.0 [7]
EDDP 10.18 1.01 3.31 2.31%, 2.6 [7]
Malathion 5.08 0.71 2.49 2.45°, 1.9 [7]
Isoxathion 13.14 1.12 3.61 3.93°, 2.9 [7]
EPN 17.88 1.25 3.97 2.00°
Methidathion 3.63 0.56 2.10 2.42°,2.5[7
Salithion 3.05 0.48 1.90 2.67°, 2.3 [7]
Phosalone 13.70 1.14 3.66 4.30 [12], 3.0 [7]
Phosmet 3.75 0.57 2.14 2.83[12], 1.8 {7]
a-CAVP 13.95 1.14 3.68 3.54°
B-Cvp 11.45 1.06 3.45 277
Benzene 3.97 0.60 2.13 [11)
Bromobenzene 6.97 0.84 2.99 [11]
Biphenyl 15.61 1.19 3.76 [11]

*k' = (tg = t,)/te; to =1.55 min.
° From materials supplied by Japan Environmental Agency.
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Table 3
Degradation tests for the pesticides at pH 5, 7 and 9
Compound pH Concentration Residual (%)
(mg/1)
After 1 h After 5 days
Dark Light
IBP 5 2.0 100 105 -
7 2.0 100 101 103
9 2.0 100 107 -
MEP 5 1.0 87 87 -
7 1.0 84 84 80
9 1.0 89 78 -
Diazinon S 3.0 103 32 -
7 3.0 95 86 84
9 3.0 105 83 -
MPP 5 2.0 94 81 -
7 2.0 95 70 30
9 2.0 98 90 -
EDDP 5 2.0 99 67 -
7 2.0 90 15 9
9 2.0 10 0 -
Malathion 5 5.0 109 102 -
7 5.0 107 7 52
9 5.0 59 0 -
Isoxathion 5 2.0 89 81 -
7 2.0 84 73 64
9 2.0 87 72 -
EPN 5 2.0 87 31 -
7 2.0 94 26 16
9 2.0 105 16 -
Methidathion 5 3.0 102 86 -
7 3.0 100 78 67
9 3.0 99 46 -
Salithion 5 1.0 108 74 -
7 1.0 84 0 0
9 1.0 103 0 -
Phosalone 5 2.0 90 63 -
7 2.0 97 57 51
9 2.0 94 19 -
Phosmet 5 1.0 112 84 -
7 1.0 63 0 0
9 1.0 0 0 -
a-CVP 5 1.0 87 95 -
7 1.0 98 98 95
9 1.0 109 103 -
B-CVP 5 2.0 96 107 -
7 2.0 97 95 94
9 2.0 98 101 -
dard. An example is shown in Fig. 5. The ratio with the use of a calibration graph and then
concentration ratio of the OPs to the internal the detected amounts were calculated from the

standards was determined from the peak-area amounts of internal standards added. The con-
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3.5. Preservation in river water

A 1000-ml river water sample spiked with 60—
750 ng of the OPs was stored in a refrigerator
and their concentrations were determined after 7
and 14 days. Fig. 6 shows stability of the OPs in
river water. Phosmet was somewhat decom-
posed, but the other OPs virtually did not
decompose in the river water when stored cool
and in the dark place for 7-14 days. However, it
is preferable that the analysis is carried out as
soon as possible after sampling.

Fig. 5. Typical calibration graphs for the OPs.

3.6. Detection limits and analytical precision

Table 4 reports the detection limits and preci-
sion for the OPs. A blank test was performed
with using 1000 ml of pure water and with other
chemicals used in the analysis. No blank peaks
corresponding to the OPs were observed in the
chromatogram. Detection limits (DL) were
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Fig. 6. Stability of the OPs in river water. Initial concen-
trations of the pesticides were as follows: (1) IBP 105; (2)
MEP 150; (3) diazinon 90; (4) MPP 150; (5) EDDP 450; (6)
malathion 300; (7) isoxathion 600; (8) EPN 750; (9)
methidathion 450; (10) salithion 60; (11) phosalone 600; (12)
phosmet 450; (13) a-CVP 150; (14) B-CVP 150 ng/l.

calculated from the sensitivity of the response
estimating the standard deviation as follows:
D=t,_, 405 0/ VnxdC/dR DL =3D
where D is detection potential and D is the
average value of D calculated using different
concentrations (DL were defined as three times
the detection potential), ¢, _, o ¢s) the t-distribu-
tion at 95% reliability, o the standard deviation
of the response, n the number of replicates, C
the concentration of the pesticides and R the
peak-area ratio of the analyte to the internal
standard.

The pesticides (except for MPP) were deter-
mined with relative standard deviations
(R.S.D.s) of 0.9-10.9% at levels in the range

0.035-0.750 ng/ml in water samples. The detec-
tion limits of the pesticides in water were calcu-
lated to be 0.013-0.120 ng/ml for 1000 ml of
water. The detection limits of several OPs ob-
tained using LC-MS~SIM [9,10] were reported
to be 1-100 ng (signal-to-noise ratio 3-6) and
those obtained using GC with nitrogen—phos-
phorus detection (NPD) [5] were 1 ng/l for
1000-4000 ml of water. Although they have been
defined differently, comparison of the detection
limits given by these methods showed that the
values with GC-MS-SIM might be superior to
those with LC-MS-SIM and inferior to those
with GC=NPD. However, the detection limits in
this work have been presented in order to assess
the overall analytical procedure on the basis of
statistical considerations with a view to using the
method in an actual survey.

3.7. Recovery test

Analyte recoveries were investigated by using
1000 m! of river and sea water and 10 g of
sediment and fish sample spiked with 120-1500
ng of the OPs. Table 5 gives the recoveries of the
pesticides from these environmental samples.
The OP recoveries were 101-145% from river
and sea water with R.S.D.s of 0.9-8.2%. For
sediment and fish samples, the recoveries were
93-166% (except for isoxathion) and 66-101%
(except for phosmet), with R.S.D.s of 6.2~
28.5% and 4.2-35.3%, respectively. Diazinon,
MEP, malathion, 8-CVP and phosalone could be
detected at sub-ng/ml or -ng/g levels in the
environment. Fig. 7 shows examples of their
chromatograms for non-spiked and spiked sam-
ples of river water, sediment and fish.

4. Conclusions

The proposed method involving a column
clean-up procedure and GC-MS-SIM determi-
nation may be useful for the routine analysis of
environmental samples at low-ng/ml levels. Es-
pecially trace levels of the OPs in fish samples
were successfully separated from interfering
biota materials with the use of both normal- and
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Table 4
Detection limits and analytical precision for the pesticides

Compound Detection limit Analytical precision
(ng/ml)
Concentration Response® R.S.D.
(ng/ml) (%)
IBP 0.027 0.035 117 7.7
0.070 272 8.7
0.105 387 5.3
MEP 0.032 0.05 108 10.9
0.10 204 4.1
0.15 306 3.7
Diazinon 0.013 0.03 116 2.9
0.06 224 8.3
0.09 306 21
MPP 0.120 0.05 58 31.4
0.10 152 9.2
0.15 222 25.7
EDDP 0.034 0.15 - 118 2.4
0.30 252 3.6
0.45 366 1.0
Malathion 0.044 0.10 108 7.1
0.20 238 4.3
0.30 348 4.3
Isoxathion 0.110 0.20 125 2.5
0.40 274 7.6
0.60 420 4.9
EPN 0.120 0.25 100 32
0.50 206 6.1
0.75 312 4.0
Methidathion 0.072 0.15 118 32
0.30 246 7.4
0.45 357 38
Salithion 0.013 0.02 11 0.9
0.04 206 7.6
0.06 258 6.5
Phosalone 0.073 0.20 109 5.8
0.40 242 6.3
0.60 363 1.4
Phosmet 0.048 0.15 123 3.0
0.30 250 5.6
0.45 384 13
a-CVP 0.023 0.05 121 7.8
0.10 276 8.1
0.15 402 1.2
B-CVP 0.024 0.05 123 4.1
0.10 258 7.5
0.15 372 3.0

* Average of four experiments.
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Table 5
Recovery of the pesticides from environmental samples
Compound Sample Sample Added Recovery Number of R.S.D.
amount (ng) (%) samples (n) (%)
IBP River water 1000 ml 210 123 4 5.4
Sea water 1000 ml 210 127 4 6.9
Sediment 10g 1000 119 7 13.1
Fish 10g 1000 96 7 4.6
MEP River water 1000 ml 300 116 4 1.2
Sea water 1000 ml 300 115 4 5.4
Sediment 10g 1000 113 7 25.8
Fish 10g 1000 99 7 6.6
Diazinon River water 1000 ml 180 122 4 2.3
Sea water 1000 ml 180 115 4 5.4
Sediment 10g 1000 97 7 6.2
Fish 10g 1000 91 7 4.7
MPP River water 1000 ml 300 112 4 1.1
Sea water 1000 ml 300 108 4 5.3
Sediment 10g 1000 109 7 219
Fish 10g 1000 97 7 4.7
EDDP River water 1000 ml 900 125 4 2.1
Sea water 1000 ml 900 122 4 4.7
Sediment 10g 1000 112 7 28.5
Fish 10g 1000 67 7 9.8
Malathion River water 1000 ml 600 126 4 3.5
Sea water 1000 ml 600 125 4 5.7
Sediment 10g 1000 93 7 14.8
Fish 10g 1000 101 7 7.1
Isoxathion River water 1000 ml 1200 128 4 3.4
Sea water 1000 ml 1200 145 4 3.2
Sediment 10g 1000 - 7 -
Fish 10g 1000 66 7 35.3
EPN River water 1000 ml 1500 101 4 2.6
Sea water 1000 ml 1500 104 4 1.8
Sediment 10g 1000 125 7 11.7
Fish 10g 1000 91 7 10.8
Methidathion River water 1000 m! 900 121 4 7.5
Sea water 1000 m! 900 125 4 5.0
Sediment 10g 1000 133 7 20.4
Fish 10g 1000 94 7 5.0
Salithion River water 1000 ml 120 101 4 33
Sea water 1000 ml 120 121 4 5.7
Sediment 10g 1000 102 7 17.7
Fish 10g 1000 89 7 5.1
Phosalone River water 1000 ml 1200 101 4 4.7
Sea water 1000 ml 1200 103 4 0.9
Sediment 10g 1000 166 7 15.5
Fish 10g 1000 85 7 8.7
Phosmet River water 1000 ml 900 132 4 3.7
Sea water 1000 ml 900 119 4 3.2
Sediment 10g 10000 113 7 6.4
Fish 10g 1000 11 7 23.9
a-CVP River water 1000 ml 300 128 4 8.0
Sea water 1000 ml 300 135 4 8.2
Sediment 10g 1000 114 7 16.9
Fish 10g 1000 93 7 4.4
B-CVP River water 1000 ml 300 125 4 7.2
Sea water 1000 ml 300 128 4 5.8
Sediment 10¢g 1000 116 7 15.7
Fish 10g 1000 90 7 4.2
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reversed-phase column chromatography. Deter-
mination of the OPs with this method could
probably be applicable to many other kinds of
chemicals in environmental samples.
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Abstract

Quantitation of nerve agent degradation products is needed to develop methods for analysis of environmental
samples for verification of the Chemical Weapons Convention. A procedure has been characterized which involves
formation of the trimethylsilyl esters of alkylmethylphosphonic acids using 1% trimethylchlorosilane in bis-
(trimethylsilyl)trifluoroacetamide as a derivatizing agent. Eight phosphorus-containing acids were extracted from
spiked water, wipes, and two soil samples at low ppm levels, prepared using solid-phase extraction with a strong
anion-exchange column, and derivatized. A gas chromatograph (GC) interfaced to an atomic emission detector
(AED) was used to quantitate the derivatives in order to determine the extraction and derivatization efficiencies for
environmental sample preparation. Because elemental response factors for the AED are independent of the type of
compound, quantitation can be accomplished using an external standard, for which dimethylmethylphosphonate
(DMMP) is used. The derivatization efficiencies ranged from 80% to 110% (six trials, with R.S.D. in the range
2-7%). The extraction efficiencies ranged from 13% to 99% in water, and they were lower from the soil and wipes.
Gas chromatography—mass spectrometry of the derivatives was used to provide positive identifications.

1. Introduction ucts. Because of the range of chemical warfare

agents that are included in the treaties, chemicals

International treaties regarding the use, pro-
duction, storage and destruction of chemical
warfare (CW) agents, as well as current bilateral
agreements between the United States and Rus-
sia, have created a need for analytical capa-
bilities for inspection and verification [1]. These
requirements include capabilities for sampling,
sample preparation, and analysis of CW agents,
precursors, byproducts, and degradation prod-

* Corresponding author.

0021-9673/95/$09.50
SSDI 0021-9673(95)00451-3

with a wide range of polarities and solubilities
must be detected.

One type of specified CW inspection, called a
“challenge inspection”, is required by the treaty
to be carried out in a way to protect the in-
dustrial and national security of the installations
that are inspected [1]. The best way to achieve
this requirement is by the use of instrumentation
that can be set up and operated “on-site”’, or at
the location of the site to be inspected. This
approach eliminates the need to transport sam-

© 1995 Elsevier Science B.V. All rights reserved
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ples to a remote laboratory, reducing chain-of-
custody requirements and improving the protec-
tion of confidentiality. GC-MS equipment is
now commercially available for use in on-site
analysis that gives analytical data of equivalent
quality to laboratory instrumentation [2,3]. In
addition to the availability of on-site equipment,
however, it is also necessary to develop sample
preparation methodologies that can be efficiently
carried out in non-laboratory settings. Optimal-
ly, the analytical procedures should be as simple
and general as possible to facilitate their use
on-site as well as to minimize the quantities of
solvents, consumables, and extra equipment that
must be transported. These methods must be
characterized to the greatest extent possible for
many different matrices in order to provide
results of the highest confidence in legally bind-
ing inspections.

Among the CW-related compounds are alkyl
methylphosphonic acids, which are degradation
products of nerve agents. These chemicals are
non-volatile and strongly acidic in water solu-
tion. The currently used methods for determi-
nation of these compounds on-site involve solid-
phase extraction, concentration, derivatization,
and analysis of the derivatized products by gas
chromatography—mass spectrometry (GC-MS)
[4]. The derivatizing agent is 1% trimethyl-
chlorosilane in bis(trimethylsilyl)trifluoro-
acetamide (BSTFA), which forms the trimethyl-
silyl (TMS) derivatives of the acids.

The goal of this study is the optimization and
validation of these methods in a variety of
matrices. The sensitivity of these methods has
been targetted for concentrations of 10 ppm or
more (by mass) for soil, water, and wipe samples
to give identifications with high confidence. The
analysis is by GC-MS with a full-scan mass
spectrum with library matching to give a positive
identification even in the presence of compounds
extracted from the matrices that may interfere.
This goal has been achieved for distilled water,
wipe, sandy loam soil, and sandy clay soil.
Distilied water was chosen as a benchmark
matrix, since the method involves water extrac-
tions from the other matrices which will add
impurities to the water. Additional work is in

progress to validate the methods in other ma-
trices, including a humic soil, decontamination
solutions, and environmental water samples, and
for other chemicals, including mustard-gas deg-
radation products. A parallel effort is under way
for the analysis of CW agents and other non-
polar, volatile compounds in these matrices.

Previously published studies have validated or
characterized similar methods for a smaller sub-
set of compounds [5-8]. However, no previously
published study has reported a systematic
characterization of a particular method for on-
site analysis of as wide a range of CW-related
compounds.

In order to optimize the methods for on-site
analysis, it is advantageous to know the ef-
ficiency of each step of the process, particularly
the derivatization efficiency and the extraction
efficiencies from water, soil and wipe matrices.
Quantitation can be accomplished using gas
chromatography coupled with phosphorus-
specific atomic emission detection (GC-AED).
AED has previously been evaluated as a screen-
ing method for CW-related samples [9]. The
compound-independent nature of the AED re-
sponse makes it ideal for quantitation [10-12].
An external standard which contains phosphorus
can be used to determine a calibration curve for
all phosphorus-containing compounds. In addi-
tion, AED is better suited for quantitative analy-
sis of TMS derivatives than some other methods.
For example, the flame-photometric and nitro-
gen—phosphorus detectors are fouled from silica
deposits which form on the detector when silyl
derivatizing agents are used. The deposits result
from injection of excess derivatizing reagent into
the detector. GC-MS requires standards of each
individual derivatized compound for quantita-
tion, even though it is used qualitatively to
confirm the identities of the derivatives in the gas
chromatograph.

A procedure for the quantitation of the alkyl
methylphosphonic acids using phosphorus-
specific atomic emission detection is described.
The quantitation of the derivatives enables calcu-
lation of the derivatization efficiencies of these
acids and the extraction efficiencies from the
various matrices. The relative standard devia-
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tions (R.S.D.s) of these quantities are used to
assess the reliability of the methods.

2. Experimental
2.1. Chemicals and matrices

The following standard chemicals were ob-
tained from the Edgewood Research, Develop-
ment, and Engineering Center (Aberdeen Prov-
ing Ground, MD, USA): ethylmethylphosphonic
acid (EMPA), isopropylmethylphosphonic acid

(IPMPA),  pinacolylmethylphosphonic  acid
(PMPA), cyclohexylmethylphosphonic  acid
(CMPA), isobutylmethylphosphonic acid
(IBMPA), ethylmethylphosphonothioic  acid

(EMPTA), and isobutylmethylphosphonothioic
acid (IBMPTA). Purity of the chemicals was
determined by NMR. Methylphosphonic acid
(MPA, 98%) was obtained from Johnson Mat-
they (Ward Hill, MA, USA). Hexane (HPLC
grade, 97% n-hexane) and acetonitrile (99.9%)
were from J.T. Baker (Phillipsburg, NJ, USA).
Dichloromethane (99.9%), methanol (99.9 +
%), ammonium hydroxide (ACS reagent), 2-
propanol (99.9%), and DMMP (97%) were
obtained from Sigma-Aldrich Chemical Co.
(Milwaukee, WI, USA). The derivatizing agent,
Sylon-BFT [1% trimethylchlorosilane in bis-
(trimethylsilyl)trifluoroacetamide, BSTFA], was
obtained from Supelco (Bellefonte, PA, USA).
Distilled/deionized water (18 M(}) was gener-
ated internally using a Barnstead (Dubuque, IA,
USA) Nanopure system.

Cotton wipe material was purchased from
VWR Scientific (Bridgeport, NJ, USA). Wipes
are used for collecting samples by wiping off
solid surfaces, possibly after wetting the surface
with solvent. This particular material was char-
acterized in order to be consistent with previous
international field trials.

The first soil type was a sandy soil from
California. It has been characterized in detail by
Kingery et al. [13]. In brief, it is neutral (6.6) in
pH and 88% sand. It has a fairly high phosphate
content (47 mg/kg), possibly because of modi-
fication with fertilizer. It was obtained from

farmlands near Lawrence Livermore National
Laboratory, California. Sorption of alkyl methyl-
phosphonic acids was measured to be low (53
wg/g for MPA, 3.3 ng/g for IPMPA, and 1.1
ug/g for EMPA). Degradation of EMPA on the
soil was observed in about 350 h, which was
attributed to biological activity, but this time
scale was much longer than the present measure-
ments. Degradation of IPMPA was first order
and much slower, indicating that no biological
degradation was involved.

The second soil type was a sandy clay, also
from California. It was characterized [13] to be
46% sand, 28% silt, and 26% clay. The pH was
7.9, more basic than the sandy soil. Phosphate
content was also high (76 mg/kg), and there was
higher potassium (156 mg/kg) and calcium (2280
mg/kg) than the sandy soil. Sorption of MPA,
IPMPA, and EMPA was low and very similar to
the sandy soil. EMPA decomposed after 150 h,
probably also due to biological activity, but
IPMPA degradation was again first order and
slow.

2.2. Equipment and chromatographic conditions

A Hewlett-Packard Model 5890 Series II gas
chromatograph interfaced to a Hewlett-Packard
Model 5921 A atomic emission detector was used
for all analyses. The gas chromatograph was
fitted with a 30 m x 0.25 mm 1[.D. HP-5 (cross-
linked 5% phenyl methyl silicone) fused-silica
capillary column, film thickness 0.25 pm.
Helium was used as a carrier gas at linear
velocity of 32 cm/s. The oven temperature was
set initially at 60°C, programmed from 60 to
200°C at 10°C/min. Splitless injections of 2 wl
were used with a solvent delay of 4.00 min for
the analytes and 1.80 min for the external
standard. The injector port temperature was set
at 275°C, the transfer line temperature at 300°C,
and the cavity block temperature in the AED at
300°C. Hydrogen, at high flow, was used as the
reagent gas. Peaks were detected by measuring
phosphorus emission at 186 nm. Sulfur emission
was monitored at 181 nm to help establish
retention times for the two thioic acids.

For mass spectral work, a Hewlett-Packard
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Model 5890 Series II gas chromatograph and
Model 5971 MSD were used. Similar GC con-
ditions were used, although the starting tempera-
ture was 60°C, held for 2 min, and ramped at
15°C/min to 250°C. The MSD was operated in
scan mode from 50 to 300 amu. The retention
times are different for the two instruments, but
the elution orders are identical.

2.3. Preparation of standards

DMMP standards were prepared gravimetri-
cally in acetonitrile and run on the AED. A
typical calibration curve is shown in Fig. 1. The
correlation coefficient of 0.9992 shows good
linearity. The curve also includes points for a
series of dialkyl methylphosphonates of varying
concentrations and molecular masses. The corre-
spondence between the calibration curve for
DMMP and the signals of the other compounds
is good.

Individual standards of the alkyl methylphos-
phonic and thioic acids were prepared in acetoni-
trile and hexane due to limited solubility in
hexane. An amount of 300 ul of the standards
was added to 200 ul of Sylon-BFT. The samples
were sealed and heated at 60°C for 15 min. The
derivatized acids were analyzed by GC-AED to

determine the efficiency of the derivatization for
each of the acids under these conditions, and five
trials were averaged (except for CMPA, for
which three trials were done). Measurements
indicated that there was no significant difference
in derivatization efficiency between hexane and
acetonitrile as solvents.

Standard solutions of a mixture of MPA and
the other acids were prepared in isopropanol and
were used to spike the soils, water, and wipes.

2.4. Sample preparation method

Samples were made by spiking the matrix with
stock solution, allowing the solvent to dry, and
extracting, all within a few hours. The samples
were then prepared in accordance with the
current standard method [4]. For water samples
or extracts, a volume of 10 ml aqueous solution
was concentrated using a strong anion-exchange
(SAX) solid-phase extraction cartridge (Baker-
bond Quaternary Amine, J.T. Baker, Phillip-
sburg, NJ, USA). Analytes retained on the
cartridge were eluted with 1.0% (v/v) ammo-
nium hydroxide in methanol. The eluent was
evaporated to dryness at 60°C under nitrogen.
The sample residue was derivatized using a
mixture of 200 ul of Sylon-BFT and 300 ul of
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Fig. 1. Calibration curve of the GC-AED using standard DMMP solutions (solid squares). Points for other phosphonates are also
shown to indicate that the signal is compound independent. Twelve compounds that were used of the type CH,PO,R R,, for R,
and R, selected from methyl, ethyl, isopropyl, n-propyl, pinacolyl (1,2,2-trimethylpropyl), hexyl, 2-methoxyethyl, 2-butoxyethyl,

and cyclohexyl. Amount is in nanograms of P.
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hexane, immediately sealed in an autosampler
vial, and heated at 60°C for 15 min. The derivat-
ized samples were analyzed by GC-AED or
GC-MSD usually on the same day and always
within a few days.

Soil (5 g sample weight) and wipe (1 g weight)
samples were extracted twice with approximately
10 ml each of water. The water was filtered and
analyzed following the same procedure as the
aqueous samples. Soil, water, and wipe samples
were spiked with the standard solutions of the
acids in isopropanol to 10 ppm by mass: wipes at
10 ng/1 g of sample, water at 100 wg/10 ml of
sample, and soil at 50 uwg/5 g of sample. Three
repetitions were done for each.

3. Results and discussion

Past studies have used several different types
of derivatives to analyze alkylmethylphosphonic
acids, including trimethylsilyl (TMS) [6], tert.-
butyldimethylsilyl (TBDMS) [5,7], methyl [8,15-
171, and perfluorobenzyl [14]. Each type of
derivative has some advantages.

Methylation of alkylmethylphosphonic acids
using diazomethane has been reported [15], but
the use of diazomethane is inappropriate for field
work due to its hazardous and difficult prepara-
tion and its lack of stability [16,17]. Methylation
using trimethylphenylammonium hydroxide by
co-injecting the underivatized acid and the hy-
droxide into a heated GC injector port has been
done [8]. However, results indicate that the
derivatization efficiency using this method is not
good, especially for low concentrations of acid,
and detection of MPA is difficult for solution
concentrations below 150 ppm [18]. In addition,
this method requires a GC injector port that is
heated to 300°C, which can be difficult to achieve
on some fieldable instruments due to limited
power. This technique requires additional de-
velopment work.

Perfluorobenzyl derivatives may provide great-
er sensitivity in negative chemical ionization MS
detection [14], although currently negative-ion
detection is not available on fieldable instru-

mentation. These derivatives may be valuable
with additional field-instrument development.

Use of TBDMS derivatives of alkylmethyl-
phosphonic acids {5,7] has been reported to give
some advantages compared to TMS derivatives
in terms of hydrolytic stability and ease of MS
detection [7], although a direct comparison of
sensitivity or stability has not been done. It has
also been reported that, for some inorganic
oxygen-containing anions, the TMS derivatives
degrade rapidly at room temperature even in the
derivatization solution, while TBDMS deriva-
tives are stable [19], although this degradation
was not observed for phosphate. To see whether
this type of degradation was a problem for
alkylmethylphosphonic acids, solutions of the
acid derivatives still in BSTFA solution were
analyzed after being stored in sealed vials for
seven months at room temperature. It was still
possible to detect and positively identify all the
derivatives, although some degradation may
have occurred. In fact, EMPA, IPMPA, PMPA,
and MPA derivatives could be positively iden-
tified in BSTFA solutions prepared from wipe
and soil extracts at spiking levels of 5 ppm after
seven months of storage. Thus, degradation of
these TMS derivatives does not appear to be a
problem.

For the methods used in the current study,
TMS derivatization was chosen on the basis of
cost and availability of reagents and consistency
with established recommended operating pro-
cedures [20]. The current results indicate that
TMS derivatives are adequate for this purpose.
Bauer and Vogt [21] have reported that BSTFA
has a high hydrolytic sensitivity, requiring the
use of special vials for derivatization. In our
experience, Sylon-BFT can be routinely exposed
to air with no significant degradation. The re-
agent is added to autosampler vials and sealed
with crimp-type caps with no further precau-
tions. Bauer and Vogt also reported that a
variety of alkylphosphonic acids did not dissolve
in BSTFA without the use of methanol as a
solvent, which reacted vigorously to the BSTFA
[21]. The alkylmethylphosphonic acids in this
study are reproducibly derivatized without using
polar solvent. However, the acids that were
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spiked were all in the form of free acids rather
than salts. Some studies have indicated that
inorganic sodium or potassium salts are difficult
to derivatize with BSTFA because they do not
dissolve, although ammonium salts can be de-
rivatized when dissolved in dimethylformamide
[21,22]. This point will be addressed in more
detail later.

Hexane and acetonitrile were compared as
solvents for diluting the BSTFA. No significant
difference was observed for the derivatization
efficiency in hexane compared to acetonitrile.
Hexane was found to give much better chroma-
tography, since the GC peaks from solutions in
acetonitrile can give broad, poorly defined peaks
[7]. It is suspected that this problem is caused by
poor solvent focusing on the non-polar GC
column. The use of an uncoated precolumn or
the initiation of the GC run at 90-100°C, above
the acetonitrile boiling point, improved the chro-
matography.

Using the described methods, the spiked sam-
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ples were prepared, derivatized, and analyzed.
The peaks in the gas chromatogram were posi-
tively identified by using GC-MS. Fig. 2 shows a
total ion chromatogram, top panel, along with
extracted ion chromatograms for the ions of
mass 153, 169, and 225. MPA, which is doubly
substituted with TMS, has a base peak of 225
corresponding to the [M —15]" ion [23]. The
other alkylmethylphosphonic acid derivatives
have a base peak for the fragment ion at 153,
corresponding to the [CH,PO,HSi(CH,),]" ion,
making this ion very characteristic of TMS de-
rivatives of these compounds. This ion mass is
also fairly uncommon as the base peak in mass
spectra of other compounds, so it is a preferred
extracted ion for locating the derivatives in a
complex spectrum. The alkylmethylphosphonic
derivatives also give an ion of mass 169, corre-
sponding to [CH,PO,H,Si(CH,),]*. The
alkylmethylphosphonothioic acids have analo-
gous ions at 169 and 185, due to the substitution
of S for O. A custom library database was
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Fig. 2. GC-MS chromatograms for analysis of a mixture of alkylmethylphosphonic acids. Top panel: total-ion chromatogram.
Bottom panel: extracted ion chromatograms for ions of mass 153, 169, and 225. The peaks corresponding to the TMS derivatives
of the acids are labelled according to the abbreviations in the text.
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assembled from mass spectra taken of separate
standard solutions of each compound. The mass
spectrum for each peak of the prepared samples
was searched in the library and a positive identi-
fication was obtained. The elution order of the
derivatives was determined.

In addition to EI mass spectra, chemical
ionization mass spectra were collected of select-
ed samples to confirm the identifications.
Methane or ammonia were used as chemical
ionization reagents. Both reagents gave parent
ion signals for the TMS derivatives, although the
methane spectra showed more fragmentation
than the ammonia spectra for the acids with the
larger alkyl groups. These results will be pub-
lished separately.

A GC-AED chromatogram showing the sepa-
ration of the derivatized alkylmethylphosphonic
and thioic acids is shown in Fig. 3. The com-
pounds are baseline resolved with the exception
of EMPTA and MPA, which overlap slightly.

Table 1
Derivatization efficiencies of the alkyl methylphosphonic
acids

Compound Derivatization N %R.S.D.
efficiency (%)
EMPA 99 6 6.5
IPMPA 84 6 4.0
EMPTA 93 6 6.0
MPA 80 6 7.4
IBMPA 110 6 31
IBMPTA 86 6 4.2
PMPA 107 6 34
CMPA 109 3 1.8

The peak shapes are good. The separation time
is under 10 min.

The average derivatization efficiencies that
were determined are listed in Table 1. They
range from 80% for MPA to 110% for IBMPA.
The R.S.D.s are in the range of 2-7%. The
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efficiencies for IBMPA, PMPA, and CMPA,
which are above 100%, are high by more than
two standard deviations, suggesting that there
may be a small systematic error in determining
the concentrations. The volume change from
mixing the BSTFA and acetonitrile solvents was
measured and corrected for. In all cases, the
derivatization efficiencies are high enough to
give good recoveries of these compounds.

The efficiencies for recovery of the eight acids
from three matrices are listed in Table 2. The
recoveries are corrected for the derivatization
efficiencies. The recoveries for water range from
13 to 99% for the acids at a concentration of 10
png/mk.

The recovery for MPA is the lowest at 13%.
The pH of the 18-MQ water used in this study is
approximately 6. At this pH, the MPA is singly
ionized, which may affect its recovery. However,
the optimal pH for recovery of MPA from the
solution can only be determined experimentally.
Preliminary results indicate that MPA is not
observed from basic solutions, even though it
would be doubly ionized. It is possible that the
MPA forms a salt when the solution is dried and
the salt does not dissolve and derivatize in the
BSTFA, similar to salts of inorganic anions
[21,22]. This is consistent with results of Black et
al. [5], who reported that treating aqueous
extract by passing it through a cation-exchange
column (H" form) increased their sensitivity to
MPA substantially. Use of a cation-exchange
column would make the solution acidic, rather

Table 2

than basic, and it would remove metal ions that
could form salts with the MPA. However, we
have also found in preliminary work that basic
water solutions and basic extractions of the soil
improve the recoveries of the other
alkylmethylphosphonic acids. Since the recovery
at neutral pH is high enough to detect all the
acids by GC-MS, no changes to the sample
preparation method have been instituted. How-
ever, further research on the effects of pH and
metal-ion concentration is under way. If it is
found that improved recovery is required, it may
be necessary to determine the optimal pH and
change the method accordingly, although it may
not be possible to optimize for both MPA and
the mono-esters under the same conditions.
The R.S.D.s for the recoveries from water
solution are in the range of 15-20%. The source
of the error is not well characterized. In the
sample preparation procedure, it is necessary to
use a strong anion-exchange column in order to
trap the strongly acidic species, which are in
anionic form in pH 7 water. Non-polar cartridges
such as C,4 cartridges would be adequate for the
alkylmethylphosphonic acids with large alkyl
groups [14], but they will not trap smaller acids
such as MPA. In order to elute the acids off the
SAX cartridges, it is necessary to use a strong
base. This solution can also strip some of the
bonded phase and dissolve silicates from the
cartridge. These species appear to react with the
derivatizing agent, causing background in the
chromatograms and decreasing the amount of

Recovery efficiencies of each of the alkyl methylphosphonic acids from three matrices, along with the relative standard deviations

from three trials

Compound Water %R.S.D. Sandy soil %R.S.D. Swipes %R.S.D.
rec. (%) rec. (%) rec. (%)
EMPA 36 19 18 21 9 59
IPMPA 59 18 39 14 18 30
EMPTA 64 19 48 7 23 15
MPA 13 21 4 1 2 37
IBMPA 95 18 35 44 40 17
IBMPTA 64 14 41 11 42 15
PMPA 99 13 54 12 48 6
CMPA 79 15 2 10 29 14
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Table 3
Recovery efficiencies of the alkyl methylphosphonic acids
from sandy clay soil, using two different extraction conditions

Compound Recovery (%) Recovery (%)
Case 1° Case 2°
EMPA 14.5 52
IPMPA 15 47
EMPTA 15 48
IBMPA 29 74
IBMPTA 15 46
PMPA 22.5 53
CMPA 3 7

* Case 1: two sequential extractions of 10 ml each of water.
Average of two trials.

® Case 2: two sequential extractions, first 10 ml, second 20
ml. Fractions combined and then prepared the same as
Case 1. One trial.

reagent that is available to react with the ana-
lytes. This may give rise to some of the varia-
tions in the recovery efficiencies.

Previously, a procedure was used which called
for elution of the column with 10% ammonium

hydroxide in methanol. This method gave even
poorer R.S.D.s for the recoveries. Indeed, in
some cases some of the acids were entirely
missing from the chromatograms. This was at-
tributed to loss of derivatizing agent due to
reaction with chemicals that were stripped from
the cartridges. Measurement showed that twice
as much material by mass (silicates, etc.) was
eluted from the columns using 10% NH,OH
compared to 1% NH,OH. Reduction of the
ammonium hydroxide concentration to 1% im-
proved the R.S.D.s. Lower levels than 1%
hydroxide were not effective in eluting the acids
from the column.

The recoveries for the soils and wipe samples
are in general lower than that for the water
samples, as expected since the wipe and soil
samples involve the extra step of water extrac-
tion from the two media. This extraction intro-
duces an additional efficiency factor for each
acid, since each may have a different affinity for
the solid material. The wipes have the lowest
recovery values, indicating some affinity of the
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Fig. 4. GC-AED chromatogram with phosphorus detection of an extract from the sandy clay soil.
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acids for the wipe material. However, the wipe
samples also have the smallest quantity of spiked
chemical, which decreases the signal level and is
likely to be responsible for the high %R.S.D. On
the other hand, the R.S.D.s for some of the
sandy soil recoveries are smaller than the
R.S.D.s for the water extractions, which is likely
to be fortuitous.

Table 3 shows the recoveries of the mono-
esters from the sandy clay soil with two slightly
different extraction conditions. In the first case
(two trials), the previously described method was
done with two extractions of 10 ml of water. In
the second case (one trial), the first extraction
was 10 ml and the second was 20 ml. In both
cases, extracts were combined before passing
through the solid-phase extraction cartridge, and
the rest of the preparation was identical. The
second case shows a marked improvement in the
recoveries for all the acids. However, the first
case was adequate for positive identifications,
and it is advantageous to keep the volume of
water used for the extraction at a minimum.
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MPA was not spiked on these samples and was
not quantified, since it is being analyzed as a
separate set of runs, although a small amount
was present as a contaminant in some of the
mono-esters.

For these matrices, there are no interfering
compounds that prevent the identification of the
analytes of interest. The wipes contain some
extractable fatty acids which are derivatized and
can cause congestion in the chromatogram, but
which do not interfere in the identifications. The
sandy soil was quite clean.

The sandy clay soil had some extracted con-
taminants, but they did not present a problem.
Fig. 4 shows the GC-AED of one of the extracts
of the sandy clay soil. There are no major
phosphorus signals besides the acids of interest.
The EMPTA and MPA peaks, at retention times
of 5.782, were not resolved, since the EMPTA
has a strong signal and MPA was a minor
contaminant. Both were identified in the GC-
MS run in the extracted ion chromatogram of the
same sample, shown in Fig. 5. The TIC in the
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Fig. 5. GC-MS chromatogram of an extract from the sandy clay soil. Top panel: total-ion chromatogram. Bottom panel:
extracted ion chromatogram of the ions of mass 153, 169, and 225, with the scale expanded to show the baseline.
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top panel shows that many peaks are present
from contaminants. However, the extracted ion
chromatogram in the bottom panel shows that
the ions at mass 153, 169, and 225 can be used to
identify the peaks for the acid derivatives un-
ambiguously for this matrix. As a result, it is
appropriate to use these ions for a single-ion
monitoring (SIM) method to screen for these
types of compounds, although a SIM method
may not be considered to be a positive identifica-
tion for treaty verification purposes.

The soils contain phosphate, which is also
derivatized. The phosphate derivative does not
produce a significant peak in the GC-AED
chromatogram, possibly because it is obscured
by the tail from the acid peaks. It was found in
the mass spectra at very low levels by extracting
the 299 ion, which is the base peak of the mass
spectrum [22-24]. The retention time of the
triply derivatized phosphate is different from the
alkylmethylphosphonic acids, so it does not
interfere with the quantitation. In Fig. 5, it was
actually only a small shoulder on the interference
peak at 8.0 min.

Further trials are in progress to validate the
method for other matrices and, if necessary,
refine it further. If possible, the validation for
lower detection limits will also be obtained.

4. Conclusions

Gas chromatography coupled to an atomic
emission detector is a valuable tool for the
quantitation of trimethylsilyl derivatives of
alkylmethylphosphonic and thioic acids. The
quantitative results helped pinpoint areas for
method improvement. The results showed that
the derivatization efficiencies for all the acids
were sufficiently high for detection by GC-MS.
However, the extraction efficiencies, even from
water solution, using the solid-phase extraction
procedure are substantially lower, and the
R.S.D.s are rather high, suggesting that further
improvements are still possible. In general,
though, this procedure for  detecting
alkylmethylphosphonic acids in these matrices
gives reliable detection at the 10 ppm level, the

current goal, so it is adequate for reliable quali-
tative analysis of environmental samples for
treaty verification. Work is in progress to char-
acterize the methods for other matrices, includ-
ing salt water solutions and decontamination
solutions, and for other analytes of interest for
CW verification.
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Abstract

The supercritical fluid chromatographic behaviour of resin acids on an inert ODS-silica gel column using
supercritical carbon dioxide as the mobile phase was studied. The separation of resin acids could be achieved
considerably better by using methanol as a modifier. According to these results, the isomers of abietane-type acids
could be separated by SFC without derivatization, particularly esterification.

1. Introduction

Rosin is a natural resin obtained from coni-
ferous trees [1]. The main constituent of this
industrially very important material is a mixture
of several (usually seven to eight) diterpene
monocarboxylic acids known as resin acids, as
shown in Fig. 1 [2]. They are closely related to
one another in their chemical structures, among
which abietic acid and pimaric acid are repre-
sentative ones for their skeletal features.

In practice, the gas chromatographic analysis
of rosin is routinely carried out for quality
control in industry following the procedure based
on ASTM D3008 (3] using a packed column.
This method, however, requires methylation of
rosin to improve the volatility of resin acids.

* Corresponding author.
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Although a capillary column can easily accom-
plish a better resolution of resin acids [4], the
service life of capillary columns needs consider-
able improvement, in our experience.

The application of HPLC to the analysis of
rosin has had limited success [5,6). Otsuka and
Kubo [6] were able to separate pine oleoresin to
its components (resin acids) by HPLC on an
ODS-silica gel column only after extensive re-
cycling.

In recent years, supercritical fluid chromatog-
raphy (SFC) has been developed as separation
technique that is a bridge between GC and LC.
Carbon dioxide is usually used as the mobile
phase in SFC because of its properties, safety
and cost. However, the addition of a modifier to
the mobile phase is often required in order to
improve the retention behaviour and the peak
shapes [7-13]. An early study of the application

© 1995 Elsevier Science B.V. All rights reserved



346 A. Yamada et al. | J. Chromatogr. A 709 (1995) 345-349

Abietane type acids

ChHy
Ohy
¢t
Hye” “COOH Hae” " 'COOH
@ Abietic acid @ Neoabietic acid
CHg
oy
HyC” COOM H3C” " Co0H

@ Dehydroabietic acid

Pimarane type acids
CH=CH, CHy

" CH=CH,

"“CHy

HaC” " COOH HaC” ""COOH HaC

® Pimaric acid ® Isopimaric acid

"GO0

GOOH

CHj

CHy H36” “COOH HO0G” " 'CHy

® Dihydroagathic acid

Levopimaric acid
(Labdane type acid)

(Abietane type acid)

Structures of other resin acids

@ Palustric acid

CHy

" C=CH,

@ Sandaracopimaric acid

Fig. 1. Structures of resin acids in Chinese gum rosin.

of SFC to rosin analysis was reported by Gere
[14], who was able to separate abietic and
neoabictic acid on a polystyrene gel column.
However, other resin acids were not investi-
gated.

This paper describes the elution behaviour of
free resin acids without any derivatization by
SFC on an ODS-silica gel column.

2. Experimental
2.1. Apparatus

A Shimadzu (Kyoto, Japan) LC-6A pump was
used to deliver carbon dioxide. The pump head
was cooled so as to maintain a stable flow. An
Isco (Lincoin, NE, USA) Model 100 DM pump
was used to deliver modifier. A DKK (Tokyo,
Japan) LSA-M mixer was used for mixing carbon
dioxide and modifier. A Rheodyne (Cotati, CA,
USA) Model 7125 sample injector with a 20-ul
sample loop was used for sample injection. The
separation column was kept at 40°C in a column
oven from a Shimadzu LC-1 system. A Shimadzu

SPD-6A UV detector was used for detection at
210 nm. The flow-rate of the mobile phase was
controlled by a restrictor made of a capillary
tube of 300 mm X 50 wm [.D. This SFC system is
the same as described previously [15].

2.2. Materials

The separation column used in the SFC was an
L-column ODS (250 mm X 4.6 mm 1.D., particle
size 5 pm, pore diameter 120 A) from the
Chemicals Inspection and Testing Institute
(Tokyo, Japan). An ODS-silica gel column ap-
plied to the SFC separation of polar samples
using carbon dioxide as the mobile phase without
a modifier usually gives considerable tailing of
peaks and retardation of sample elution, because
polar compounds such as resin acids tend to
adsorb to the residual silanol groups of the
packing material. In the L-column ODS, the
residual silanol groups are minimal.

The rosin sample was a commercial gum rosin,
X grade, made in China, which is known to
contain seven diterpene resin acids [2]. An
aliquot of 0.5 ul of 5% rosin solution in chloro-
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form was used for injection. The authentic pure
resin acids, including levopimaric and dihydro-
agathic acids, used as the reference materials,
were conventionally isolated by known methods

2.

3. Results and discussion

The chromatogram of Chinese gum rosin ob-
tained by SFC without a modifier is shown in
Fig. 2. The identification of each peak was based
on the authentic reference materiais.

As can be seen, pimarane-type acids eluted
first in one peak followed by abietane-type acids.
However, the separation of these acids into
individual peaks was not accomplished and all
the peaks had considerable tailing, presumably
because of adsorption of resin acids on the
residual silanol groups still remaining in the
ODS-silica gel packing. The peak of neoabietic
acid became very broad and could not be iden-
tified, for example. The chromatographic sepa-
ration by SFC could not be improved by varying
the carbon dioxide pressure from 12 to 21 MPa.

To improve the separation of resin acids, three
types of modifier, water, 1,4-dioxane and metha-
nol, were evaluated. With water, a water content
of 0.31% (w/w) was the maximum amount that
can be added as a modifier owing to its solubility

Retention time (min)

Fig. 2. Chromatogram of Chinese gum rosin. Peaks: 1=
pimaric acid, isopimaric acid; 2 = dehydroabietic acid, palus-
tric acid; 3 = abietic acid. Conditions: CO, pressure, 12 MPa;
CO, flow-rate, 430 ml/min at room temperature under 760
mmHg; other conditions as in text.

in supercritical carbon dioxide. In such a case,
the chromatogram was almost the same as that
without a modifier (Fig. 2).

Using 2% (w/w) 1,4-dioxane as a modifier, a
considerably better separation with less peak
tailing compared with the result obtained with
water as modifier could be achieved. The use of
1.2% (w/w) methanol instead of dioxane gave an
even better result, as shown in Fig. 3. Although
the elution pattern of the resin acids using
methanol as a modifier was almost the same as
that of dioxane modifier, higher chromatograph-
ic resolutions calculated for two adjacent peaks
were obtained using methanol as a modifier, so
further detailed studies were conducted with
methanol as a modifier.

The elution behaviour of resin acids is affected
by the addition of a methanol modifier, hence
addition of less than 1% (w/w) of methanol
made the resolution poorer because of peak
tailing whereas too much methanol gave poorer
resolution. As a result, the addition of 1.2%
(w/w) methanol was adopted as the most suit-
able in further detailed studies. Fig. 4 shows the
relationship between log k' of resin acids and the
methanol concentration in the mobile phase.
Chloroform was used to obtain ¢, for calculating
k’. A linear relationship was obtained above a
concentration of about 0.5% (w/w) of methanol,

L 1 1 1 1 1

0 4 8 12 16 20

Retention time (min)

Fig. 3. Chromatogram of Chinese gum rosin [modifier: 1.2%
(w/w) methanol]. Peaks: 1= pimaric acid; 2=sandara-
copimaric acid, isopimaric acid, dehydroabietic acid; 3=
palustric acid; 4 = abietic acid; 5=neoabietic acid. Other
conditions as in Fig. 2.
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0 0.5 1 1.5 2
Concentration (w/w%)

Fig. 4. Effect of methanol concentration in the mobile phase
on k’. ¢ =Neoabietic acid; O = abietic acid; A = palustric
acid; X = dehydroabietic acid; < = sandaracopimaric acid,
isopimaric acid; © = pimaric acid.

although the elution order of the resin acids
remained unaltered. The difference between the
values obtained by extrapolating to the ordinate
and those observed seems to be caused by
adsorption of the resin acids on the residual
silanol groups.

Although the chromatogram shown in Fig. 3
was better, some efforts were necessary to im-
prove the separation of peaks 1-3 by connecting
the same type of columns. The chromatogram
obtained under the same conditions as in Fig. 3
except that three of the same ODS-silica gel
columns were connected in series is shown in
Fig. 5. The pressure of the mobile phase was
adjusted so that the same mean pressure calcu-
lated from the inlet and outlet pressures of the
columns could be established among three types
of column connection, that is, single, double and
triple connections. A three times longer analysis
time was necessary, as in LC analysis, but
considerably better resolution was obtained by
tripling the column length, as expected.

Using a 50 cm (2 X 25 cm) column length, the
elution behaviour of two important resin acids,
levopimaric and dihydroagathic acids, both ab-
sent from Chinese gum rosin, was studied. As
indicated before, levopimaric acid cannot be
separated from palustric acid by GC under the
current ASTM packed column standard condi-
tions [3], but this resolution is readily accom-
plished with  capillary  columns [4].

3 5

N A

t 1 2 1 1 1 ]

0 10 20 30 40 50 60

Retention time (min)

Fig. 5. Chromatogram of Chinese gum rosin on three col-
umns {modifier: 1.2% (w/w) methanol]. Other conditions as
in Fig. 2 and peak identifications as in Fig. 3.

Dihydroagathic acid, specifically contained in S.
East Asian pine resin (Pinus merkusii Jungh. &
de Vriese exudate) and easily separable by GC,
has a characteristic structure with two carboxyl
groups in the molecule. These two acids were
mixed with Chinese gum rosin and subjected to
SFC, giving the chromatogram shown in Fig. 6.

-

L 1 1 1 1

0 10 20 30 40
Retention time (min)

Fig. 6. Chromatogram of nine resin acids on two columns.
Peaks: 1=dihydroagathic acid; 2=pimaric acid; 3=
sandaracopimaric acid, isopimaric acid, dehydroabietic acid;
4 = palustric acid; 5 = levopimaric acid; 6 = abietic acid; 7=
neoabietic acid. Other conditions as in Fig. 2.
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Interestingly, dihydroagathic acid was eluted far
ahead of others and levopimaric acid was eluted
immediately after palustric acid.

4. Conclusion

The elution behaviour of resin acids by SFC
on an inert ODS-silica gel column using super-
critical carbon dioxide as the mobile phase was
studied. The separation of resin acids could be
considerably improved by using methanol as a
modifier. According to the results, the isomers of
abietane-type acids could be separated by SFC
without derivatization, particularly esterification.
Therefore, the development of a perfectly inert
column is still required for the SFC separation of
free resin acids (rosin per se without esterifica-
tion, for example) without a modifier.
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Abstract

This paper describes the application of combined orthogonal array design and overlapping resolution mapping to
the optimization of capillary zone electrophoresis for the separation of heterocyclic amines. The factors affecting
resolution, such as buffer pH, organic modifier, concentration of buffer solution, capillary tubing temperature, and
electric field strength, were studied in two steps. In the first step, orthogonal array design was used to determine
the most important factors and interactions. The experiments were carried out according to an OA (2**) matrix
through sixteen pre-designed trials. Based on the results of the first step, the second set of experiments was
performed according to a three-dimensional overlapping resolution mapping scheme, in which eleven pre-planned
trials were executed and global optimum conditions for the separation within a reasonable analysis time were
obtained. The proposed conditions were successfully applied in the separation of thirteen heterocyclic amines.

1. Introduction

Since 1976, a series of mutagens and car-
cinogens, heterocyclic amines (HCAs), have
been isolated and identified from heated amino
acids or cooked meat products. Later, some of
them have also been found in environmental
samples [1-4]. These compounds have been
found to be carcinogenic in rodents [5], non-
human primates [6], and potentially carcinogenic
to humans [7-13]. The knowledge of the dis-
tribution and contents of HCAs in environmen-
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tal samples is essential for human health risk
assessments and several methods have becn
developed for quantitating HCAs in various
matrices. The commonly used ones are negative
chemical ion GC-MS [14,15], LC-MS [16,17],
HPLC [18-21], and immunoaffinity chromatog-
raphy [22], but these techniques either require
sophisticated and costly equipment which is
beyond the reach of routine laboratories or are
restricted to the determination of a selected
group of HCAs.

Capillary electrophoresis (CE) has now been
established as a powerful separation tool. Com-
pared with HPLC, the technique is capable of

© 1995 Elsevier Science BV. All rights reserved
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achieving higher separation efficiency, uses less
organic solvents, and requires small amounts of
samples. However, the migration behavior of
ionized compounds is less well characterized
than their retention behavior in HPLC. For the
separation of compounds with very similar mo-
bilities, such as isomers and analogues, more
than one parameter (e.g. modifier concentration,
pH, electrolyte concentration, nature of capillary
tubing, capillary temperature, electric field
strength, etc.) need to be incorporated in the
optimization strategy to achieve an adequate
separation of such complex mixtures.

Strategies for the systematic optimization of
CE are few and most of the optimum separation
conditions have been achieved using simple
univariate optimization procedures. These tech-
niques have been proven to be ineffective in
locating the true optimum and are time-consum-
ing.

The simultaneous multivariate optimization
approach is usually the preferred method, but
the application of it is often limited by the large
trial size and the requirement of a sophisticated
statistical background to implement. To alleviate
these problems, systematic approaches are
necessary.

The Plackett-Burman statistical design [23]
has been used to optimize the resolution of
testosterone esters. But there were no fixed rules
for the selection of levels of factors and further
optimization needed to be executed before the
exact experimental conditions providing op-
timum separation could be determined. Other
techniques also suffer from the limited number
of parameters which can be varied, or from the
difficulty in calculating the response function.

In our previous work, orthogonal array design
(OAD) has been successfully applied in the
optimization of analytical procedures such as
chromatographic separation [24,25], solid-phase
extraction [26], and others [27-31]. Orthogonal
array design has some advantages over other
optimization techniques in that as one kind of
factorial design it can perform simultaneous
multivariate optimization. Furthermore, since it
is a fractional factorial design approach, the
number of trials may be reduced greatly com-

pared to the normal factorial designs by imple-
menting a well-balanced assignment of all the
factors and the interactions among them. In that
way, when the effect of a factor is calculated, the
influence of the other factors is canceled out.
Therefore the term “orthogonal” means ‘“bal-
anced”, ‘“‘separable”, or ‘“not mixed” in this

~approach. A common mathematical procedure

can be used to independently extract the main
effects from factors and interactions amongst
them quantitatively. The number of factors in-
vestigated can be up to thirty-one [32], which is
decided by the size of the trials, the complexity
of the system, and to what extent one warts the
information. It can deal with both continuous
and discrete factors. However, in the case of
continuous factors the optimum conditions de-
termined by OAD designs are limited to some
discrete points, and in some cases the global
optimum level lies between these points so that
subsequent optimization steps may be necessary.

One of the mixture designs, the overlapping
resolution mapping (ORM) scheme, has been
adapted for the optimization of CE separations
[33-35]. Although the considered number of
factors by the two-dimensional ORM scheme is
only two [33,34] and by the three-dimensional
scheme three [35], ORM is capable of locating
the global optimum within the selected range of
experimental conditions instead of levels or
points as in other approaches, and hence is faster
in locating the optimum conditions.

The purpose of the present work is to demon-
strate the advantages of combining the OAD
design with the ORM scheme in optimizing the
separation of eleven heterocyclic amines and two
co-mutagenic B-carbolines (Table 1) by capillary
zone electrophoresis (CZE).

2. Experimental
2.1. Chemicals

Chemicals and solvents were of HPLC or
analytical grade. Water was obtained from a

Milli-Q water purification system (Millipore,
Bedford, MA, USA). IQ, MelQx, 4,8-Di-
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Table 1
Heterocyclic amines used in this investigation

Chemical name

Abbreviation

2-Amino-3-methylimidazo[4,5-f]quinoline
2-Amino-4-methylimidazo[4,5-f]quinoline
2-Amino-3,8-dimethylimidazo{4,5-f]quinoxaline
2-Amino-3,4,8-trimethylimidazo{4,5-f]quinoxaline
2-Amino-3,4,7 8-tetramethylimidazo[4,5-f ]quinoxaline
2-Amino-1-methyl-6-phenylimidazo{4,5-b]pyridine
3-Amino-1,4-dimethyl-5H-pyrido[4,3-blindole
3-Amino-1-methyl-5H-pyrido[4,3-b]indole
2-Amino-6-methyldipyridof1,2-a:3’,2"-dlimidazole
2-Amino-dipyridof1,2-a:3’,2'-dJimidazole

2- Amino-9H-pyrido[2,3-b]indole
1-methyl-9H-pyrido[3,4-blindole, B-carboline
9H-pyrido[3,4-blindole, B-carboline

1Q

Iso-1Q
MelQx
4,8-DiMelQx
4,7,8-TriMelQx
PhIP

Trp-P-1
Trp-P-2
Glu-P-1
Glu-P-2

AaC

H

NH

MelQx, and 4,7,8-TriMelQx were kindly pro-
vided by Dr. K. Wakabayashi, National Cancer
Center Research Institute, Japan. Iso-1Q, H,
NH, PhIP, Trp-P-1, Trp-P-2, Glu-P-1, Glu-P-2,
and AaC were purchased from Toronto Re-
search Chemicals (Downsview, Ont., Canada).
The compounds were dissolved in methanol at
250 ng/ml as stock solution, and a mixture
solution containing 10 ng/ul of each compound
in methanol was prepared from the stock and
used as the working solution. Stock solutions of
1 M Na,HPO,, 1 M citric acid, and 1 M NaCl
were obtained by dissolving the appropriate salts
in water, and the buffer solutions were freshly
prepared before use. The pH of the buffer was
adjusted by adding H,PO,.

2.2. Instrumentation

The analysis was performed using a BioFocus
3000 automated capillary electrophoresis system
(Bio-Rad, Hercules, CA, USA) with a multi-
wavelength UV detector. The uncoated silica
tubing was 51 cm in length and the effective
length was 46.4. cm. Constant applied voltage
was 18 kV (current 38 wA). UV absorbance was
monitored at 190, 220, 240, and 263 nm. The
injection was by the pressure mode, 1 p.s.i. s (1
psi = 6894.76 Pa) of a standard mixture solution
(10 ng/wl). The capillary temperature was 25°C
and the autosampler temperature was 15°C.

3. Results and discussion
3.1. OAD scheme

The assignment of factors and their levels for
the first experiment is given in Table 2 according
to an OA,, (2") matrix. The interaction be-
tween factors was also indicated as an indepen-
dent factor in the table. Interaction is believed to
occur between factors when the state or value of
one factor influences the state or value of the
other factor. After implementing sixteen pre-
designed experimental trials and obtaining the
corresponding electropherograms, for each trial
the resolution between each adjacent pair of
peaks was calculated according to

R=2(t, —t;,)/(w, + w,) (D

The sums of all resolutions were calculated
and are also listed in Table 2 as responses. The
sums of responses at each level were computed
as K, in Table 2. Taking factor B as an example,
K, is the sum of responses at level 1 (trials 1, 2,
3, 4,9, 10, 11, and 12) and K, is the sum of
responses at level 2 (trials 5, 6, 7, 8, 13, 14, 15,
and 16). The sum of squares for each effect was
obtained by using

Q,=(K, +K,)a 2

where Q, is the sums of squares of factor A, a is
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Assignment of the factors and their levels of the first experiment by using an OA, (2'°) matrix along with the results of the
effects of selected variables on the responses

A B AXB C AxC EXF D* CxF AXE E AXF F BxF R°
pH NaCl BXxC BXE Temp. kV CXE
1 25(1) 0@ (1) 50(1) (1) ¢)) 1) (1) (1) 20(1) (1) 20(1) (D) 6.06
2 25(1) o) () 50(1) (1) (1) ) ) (2) 302)  (2) 15(2) (2) 10.91
3251 0 (1) 02 @) ) 1) 1) (1) 20(1) (2 15(2) (2) 8.05
4 25 o) @ 02) (2) ) (2) ) @) 302) 1) 20(1) (1) 8.20
5 25 302 (@ 50(1) (1) ) (1) 1) ) 302 (1) 201) (2 14.12
6 25() 301 () 50(1) (1) ) (2) ) (1) 2001) (@) 152) () 8.28
7 25(1) 30Q) (2 012) () (1) 1) (1) ) 3002 () 15(2) (1) 12.19
8 25(1) 302 (@ 02 @) 1) (2) (2) 4)) 20(1) (1) 20(1) (?) 13.36
9 3512 01 (@ 50(1)  (2) 1) 1) ) 1) 302) (1) 15(2) (2) 3.84
10 352 o) () 50(1)  (2) (1) ) 1) ) 20(1) () 20(1) (1) 5.13
11 35(2) 0@ (2) 02 Q) ) (1) ) 1 302) (2 20(1) (1) 0.66
12 3512 0@ (@ 0(2) (1) ) ) 1) ) 2001y (1) 15(2) () 2.67
13 35(2) 302 (1) 50(1) (2) ) (1) ) ) 20(1) (1) 152) @) 3.65
14 35(2) 302 @ 50(1) () 2) ) (1) 1) 302)  (2) 2001) (2) 0.32
15 3512 302 @ 02 1) ¢)) (1) () ) 20(1) () 20(1)  (2) 735 .
16 35(2) 302 @ 02y (@ (1) ) 1) (1) 302) (1) 152) Q) 2.09
K1 81.17 4552 46.63 5231 5214 6093 5592 50.63 42.66 54.55 53.99 552 46.26  106.88
K2 2571 6136 60.25 54.57 5474 4595 5096 56.25 6422 5233  52.89 51.68 60.62
A° 5546  15.84 13.62 2.26 2.60 1498 496  5.62 21.56 2.22 1.10 3.52 14.36

* Factor D was a dummy.
® Response = R — 15.00.
‘A= |K1 - Kz'-

the number of levels, and K|, K, are the sums of
responses at level 1 and level 2, respectively.

Factor D is a dummy and was used for error
estimation. During calculation, the sum of
squares of the errors along with those of in-
significant factors and interactions were com-
bined and treated as the estimation of pooled
error results so that the analysis of variance
(ANOVA) could be conducted for data analysis.

The ANOVA results are shown in Table 3. It
shows that within the selected range, buffer pH
(A) was the most important factor (large sum of
squares), and pH 2.5 was better than pH 3.5.
The concentration of organic modifier (metha-
nol) was the next important factor, and a buffer
with the organic modifier (B) was better than
one without it.

Although factors such as the concentration of
supporting electrolyte (C), the capillary tem-

perature (E), and applied voltage (F) were not
as important as A or B, the effects of interac-
tions between factor A and E, E and F plus B
and C, B and F plus C and E are within the
same order of magnitude as those of factor B or
the interaction between A and B. In order to
limit the trial number to a reasonable size, it was
not necessary to distinguish the differences
amongst these mixed effects. By some simple
calculations, the optimum combination of these
factors at certain levels could still be computed
and the results of two single interactions between
factors A and B along with A and E are shown
in Tables 4 and 5.

The electrophoretic buffer is of key impor-
tance in CE because its composition basically
determines the migration behavior of the ana-
lytes. The adjustment of pH changes electro-
osmotic flow (EOF), as well as the solute charge
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Table 3
An ANOVA table for the first experiment

Source of variance Sum of square Freedom Mean square F-value Significance™
A (pH) 192.38 1 192.38 125.4 p <0.001
B (MeOH) 15.68 1 15.69 10.2 p>0.01
AXB 11.59 1 11.59 7.6 p>0.01
EXF&BXC 14.03 1 14.03 9.2 p>0.01
AXE 29.05 1 29.05 19.0 p <0.005
BXF&CXE 12.89 1 12.89 8.4 p >0.025
C (NaCl) 0.32

AxXC 0.42

CxXxF&BXE 1.97

E (temp.) 0.31 9° 1.53°

AXF 0.08

F (voltage) 0.77

Errors 9.94

2 The critical F-value is 22.86 at 99.9% confidence, 13.61 at 99.5% confidence, 10.56 at 99.0% confidence, and 7.21 at 97.5%

confidence.

® The insignificant factors (C, E and F)) and interactions (4 X C, AX F, CXF & B x E) were pooled with the errors (D, dummy)

for F-test calculation.

Table 4
The optimum combination of levels for buffer pH and
capillary temperature of the first experiment (A, E,)

E, E,
A, 35.75 45.42°
A, 18.80 6.91

* This value was the best response.

and solute mobility. In CZE, both the electro-
phoretic mobility and electroosmotic mobility
contribute to the migration velocity. To prevent
elution of solutes before separation, a reduction
of EOF may be necessary in certain cases. In the
case of weak acids or bases, their degree of
ionization depends on the pH of the solution,
Table 5

The optimum combination of levels for buffer pH and
concentration of methanol of the first experiment (A, B,)

B, B,
A, 33.22 47.95*
A, 12.30 13.41

* This value was the best response.

which gives rise to differences in electrophoretic
and electroosmotic mobilities. HCAs are a group
of weak bases, hence they are converted to
protonated species at low pH. That is why pH
2.5 provided a better separation.

The existence of the organic modifier, metha-
nol, reduced the EOF significantly and improved
the separation of HCAs to some extent. In
addition, methanol improved the solubility of
HCAs in the buffer, interacted strongly with the
capillary wall, and therefore reduced the chance
of interaction between solutes and the wall [36].

The results of both Table 2 and 3 show that
factors such as concentration of buffer (C),
applied voltage (F), and capillary temperature
(E) are of less importance compared to pH (A)
and concentration of organic modifier (B) in the
selected experimental ranges, although all of
them affected the resolution. At the same time,
there were some strong interactions among these
factors and therefore some of the effects were
combined with each other.

Anions and cations present in the electrolyte
system may affect the current and hence the
electroosmotic flow, the heat generated, the
interaction of analytes with the wall of the
capillary, and the mobilities of the ions. The
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ionic strength has significant effects on solute
mobilities and separation efficiency. It has been
found that addition of NaCl reduced EOF by
decreasing the thickness of the double-layer [37].
In the present study, the existence of NaCl had
no significant effect on the separation of HCAs
within the selected variable ranges. The sum of
resolutions of a buffer with 50 mM NaCl was
even smaller than that of one without NaCl. It is
likely that the effect was masked by relatively
high concentrations of other electrolytes, such as
Na,HPO,, in the system. But the addition of
NaCl resulted in a competition between Na* and
amines for cation-exchange sites on the silica
surface and therefore reduced the adsorption of
HCAs on the wall. The adverse effect of NaCl
was that the increase of the ionic strength caused
heat accumulation within the capillary tubing
and therefore restricted further increment of the
applied voltage.

The capillary temperature affects the resolu-
tion in two ways. First, the nature of the buffer
medium will be affected by changes in tempera-
ture. As the temperature increases, the viscosity
decreases and both the EOF and electrophoretic
mobility increase. The mobility of most ions
increases about 2%/°C [38]. Second, if the
temperature gradients are steep enough, density
gradients in the electrophoresis buffer can be
induced, which in turn cause natural convection.
A convection will remix separated sample zones
and reduces separation performance severely.
The results show that there is no significant
difference between 20 and 30°C. However, the
combinations of 20°C with other factors at cer-
tain levels were better than those of 30°C with
the same factors.

The efficiency of separation is directly propor-
tional to the capillary length, provided the field
strength is kept constant. In other words, for a
certain length of tubing, a high field strength, i.e:
a high voltage, results in better resolution. In
practice, the voltage is limited by the design of
the instrument and the heat produced within the
capillary.

In this work, voltage was not the most critical
parameter in the resolution of the HCA mixture,
according to the OAD. Rather, after pH and

concentration of organic modifier, it was the
third most important factor. However, it is
acknowledged that this study considered only
one specific category of compounds, and this
observation may not be applicable to other
compound classes.

3.2. ORM scheme

Based on the results of the first experiment,
the optimum combination of minor conditions
was selected. In the second set of experiments,
emphasis was placed on the use of the three-
dimensional ORM to optimize the important
factors, namely pH and the concentration of
methanol, along with another factor, the con-
centration of Na,HPO,, which had not been
taken into consideration in the first experiment.

Since the principle and optimization strategy
of ORM have been discussed in detail previously
[33-35], only a brief description of the main
steps of the method is given here. The ORM
scheme consisted of a number of steps. First, the
criteria for the optimum conditions were set. The
criteria used were: (1) the resolution between all
adjacent pair of peaks should be greater than
unity and (2) the maximum analysis time should
not exceed 20 min. Secondly, a set of trial
experiments were chosen within the desired
experimental ranges for the three variables, pH
from 2.0 to 3.0, MeOH concentration from 15 to
35%, and concentration of Na,HPO, from 20 to
60 mM, as shown in Table 6.

After implementing the eleven trials, the res-
olution between each adjacent pair of peaks for
each trial was calculated (Eq. 1). The results are
shown in Table 7. Subsequently, the R-values of
each pair of peaks were fitted to the third-order
polynomial equation

R=ay+a X +a,X,+a,X,+a,X X,
+asX,X; +ag X, X, + a, X3 + ag X3+ a, X
+a,,X, X, X;, 3)
where a; are coefficients and the X, are the
proportion of each variable between the maxi-

mum and minimum values expressed in per-
centages. With the aid of a modified version of
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Table 6
Conditions of the eleven trials in the ORM scheme

Trial® pH MeOH (%) Na,HPO, (mM)
1 2.0 15 20
2 2.0 35 20
3 2.0 15 60
4 3.0 15 20
5 2.0 35 60
6 3.0 35 20
7 3.0 15 60
8 3.0 35 60
9 2.0 25 20

10 2.0 15 40

11 2.5 15 20

* Trials performed with 20 mM citric acid, 50 mM NaCl, 18
kV voltage, and capillary temperature at 25°C.

the Basic program given in Ref. [39], the co-
efficients for each pair of peaks were deter-
mined. The R-values at other experimental con-
ditions besides the eleven trial experiments were
calculated using the above equation. These R-
values were used to construct resolution plots.
As there were twelve adjacent pair of peaks,
twelve individual resolution plots were obtained.
By overlapping all the resolution plots and
retaining the minimum resolution values, the
conditions which could provide resolution equal

Table 7

to or greater than unity for the twelve pair of
peaks in the mixture could be determined.

Fig. 1 is the final overlapped resolution plot
for all twelve pairs of peaks, where the region
marked with “*” represents experimental con-
ditions which provide resolution greater than
unity for all peak pairs within the desired analy-
sis time of 20 min. It indicates that the increase
in concentration of the electrolyte, Na,HPO,,
did not result in improvement in separation. The
optimum region was found to lie in the pH range
from 2.0 to 2.1, and concentration of methanol
from 25% to 100%. The maximum response was
1.1936 at the point A =0, B=80%, and C=0
(marked as “1” in Fig. 1), which corresponds to
pH 2.0, methanol concentration of 31%, and 20
mM of Na,HPO,.

To confirm the validity of the ORM scheme,
experimental conditions corresponding to points
1 and 2 in Fig. 1 were chosen from the regions
represented by the symbols “*”” and ““ -, respec-
tively. High resolution (R>1.0) was expected
for the condition represented by point 1 whereas
poor resolution (R =<0.5) was expected for the
condition represented by point 2. Typical elec-
tropherograms corresponding to these two con-
ditions are shown in Figs. 2 and 3. Just as
expected, not all peaks in Fig. 3 are well sepa-
rated. In the case of Fig. 2, all the peaks are

3

Resolution (R) between adjacent peaks calculated by using migration times obtained for the trials listed in Table 6

R Trial
1 2 3 4 5 6 7 8 9 10 11
1 2.55 4.95 3.65 3.33 10.3 7.29 5.64 2.02 4.20 3.47 6.93
2 16.0 3.60 3.60 17.5 4.32 1.16 2.51 4.84 11.3 14.6 5.49
3 3.95 8.03 0 6.20 1.64 0 3.15 3.99 5.91 5.78 0
4 2.10 1.33 0 4.56 4,95 0 2.94 2.02 5.84 4.25 4.73
5 0 2.83 2.24 1.44 2.44 2.24 0 0.39 1.99 0.97 1.27
6 2.08 8.49 0 1.90 0 0 1.18 0.67 1.47 0.91 2.36
7 0 0.79 0 1.21 0 1.72 6.26 1.88 4.51 1.47 2.22
8 1.20 0.93 0.93 2.34 1.07 2.19 0 1.11 1.26 0 1.06
9 1.50 3.35 2.73 1.94 2.73 0 1.52 1.21 0 1.57 1.03
10 1.59 1.94 2.66 1.24 2.66 1.8 2.34 1.57 3.47 1.47 6.70
11 0 2.82 1.25 1.10 0 2.82 2.78 1.04 1.15 0.73 0
12 1.06 0.52 1.36 1.74 2.16 2.57 0.71 0.78 2.77 2.27 9.01
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Fig. 1. Overlapped resolution diagram for the twelve pairs of
HCA peaks. The minimum values of resolution among all the
fifteen individual resolution diagrams are plotted in this
overlapped diagram. The highest value of resolution (R =
1.1936) was obtained at point 1, which corresponds to x, =
0%, x,=80%, and x, =0%. Point 2 represents a typical set
of conditions which give poor resolution. Notation: (-) R <
0.5, (-)05<R=07, (+)0.7<R=1.0, (*) 1.0<R.

baseline separated and the analysis time is within
a reasonable range ( <20 min).

4. Conclusions

In this paper, the combination of the ortho-
gonal array design and the overlapping resolu-
tion mapping scheme for the optimization of
separation of a group of heterocyclic amines was
demonstrated. The orthogonal array design
method was used to perform preliminary screen-
ing to identify the important factors affecting
resolution. Subsequently, the overlapping res-
olution mapping scheme was used to determine
the global optimum conditions within the ex-
perimental ranges of the variables under consid-

—1-
8 10 12

Fig. 2. Optimized electropherogram of the separation of the
thirteen HCAs at point 1 (x, = 0%, x, = 80%, and x, = 0%)
in ORM scheme. Electrophoretic conditions are given in the
Experimental section. Peak identifications: 1=1Is0-IQ, 2=
IQ, 3=NH, 4=Gl-P-2, 5=H, 6=Glu-P-1, 7="Trp-P-2,
8=AaC, 9=Trp-P-1, 10=MelQx, 11=DiMelQx, 12=
PhIP, 13 = TriMelQx (see Table 1).

eration. The combination of the two methods
overcomes the disadvantages of each individual
method when used alone, and provides a power-
ful approach which can be utilized for the op-
timization of separation of complex mixtures.

7.2
6.2
9+10
52
4.2 S

3.2

22

1.2

0.2

MIN

Fig. 3. Electropherogram of the separation of the thirteen
HCAs at point 2 (x, =80%, x,=20%, and x,=0%) in
ORM scheme. Electrophoretic conditions are given in the
Experimental section. Peak identifications are as given in Fig.
2.
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Abstract

The use of a 20:80 (w/w) mixture of keto-derivatized and underivatized poly(styrene—divinylbenzene) copolymer
for the selective solid-phase extraction (SPE) of pollutants in environmental water samples is described. In
previous paper work, this technique was used for phenol determination with amperometric detection. In this
modification, the use of a selective separation technique such as capillary zone electrophoresis (CZE) limits the
necessity for obtaining a selective class separation with the extraction procedure. In this case, the same extract as
used for phenols was analysed by CZE in phosphate buffer with UV detection, and the cationic species of interest,
aromatic amines, were well separated from all the other non-ionic and anionic compounds. Experimental
conditions for the use of CZE and the extraction technique are described. Different recoveries of aromatic amines

in environmental samples, linearity and detection limits are discussed.

1. Introduction

Substituted anilines and benzidines are widely
used in the chemical industry as intermediates in
the production of dyes, pesticides, pharmaceu-
ticals, etc.. These compounds are very well
known because of their high toxicity and sus-
pected carcinogenicity [1]. Owing to their high
solubility in water, aromatic amines can easily
permeate through soil and contaminate ground-
water.

* Corresponding author.
* Presented at the International Ion Chromatography Sym-
posium 1994, Turin, 19~-22 September 1994.

0021-9673/95/$09.50
SSDI 0021-9673(95)00435-1

This paper is based on previous research on
the determination of phenolic compounds, also
widely used in the chemical industry, in soil and
groundwater of a heavily contaminated area.

The previously proposed method for the de-
termination of phenolic compounds [2] was sub-
ject to interference due to contemporaneous
extraction of compounds with an ArNH, group,
so we sought an analytical method with high
selectivity towards this category of substances,
based mainly on differences in ionicity of the two
classes. The most common technique used for
the determination of aromatic amines in environ-
mental samples is gas chromatography coupled
with mass spectrometry (GC-MS). However,
the use of this technique requires long and
cumbersome purification steps before the analy-

© 1995 Elsevier Science B.V. All rights reserved
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sis. The high sensitivity of GC-MS is not always
needed in investigations of known events and a
simple, but highly selective, technique for a
rapid throughput would be more convenient.

The use of capillary zone electrophoresis
(CZE) allows the group separation of cationic
aminocompounds from both neutral and anionic
phenolic compounds present in SPE extracts,
based on different migration times [3-5]. The
same extract can be used to perform the two
different analyses without changing the sample
- preparation steps dramatically.

2. Experimental
2.1. Instrumentation

A CES-1 capillary electrophoresis system
equipped with a variable-wavelength spectromet-
ric detector (Dionex, Sunnyvale, CA, USA)
operating at 280 nm was used. Data manipula-
tion and the operation of all components in the
system were controlled by AI-450 chromato-
graphic software (Dionex) interfaced via an
Advanced Computer Interface ACI-2 (Dionex)
to a 80486-based computer (Compaq, Milan,
Italy). Water samples were extracted using the
same glass apparatus as described in a previous

paper [2].
2.2. Reagents and standard

Phosphoric acid, sodium dihydrogenphos-
phate, anhydrous sodium carbonate, anhydrous
sodium sulfate and, 1,3-diaminopropane were of
analytical-reagent grade (Novachimica, Milan,
Italy) and acetonitrile, acetone and methylene
chloride were of HPLC grade (Carlo Erba,
Milan, Italy).

Standard of all amines were free base reagent
grade with the exception of benzidine hydrochlo-
ride (Novachimica, Milan, Italy).

All reagent solutions were prepared daily with
ultra-pure deionized water (DI water), with
conductivity <0.1 uS at 25°C, obtained using a
Milli-Q system (Millipore, Milford, MA, USA).
A standard solution of each amine (1 g/l) was

prepared by dissolution in acetonitrile. Working
standard solution of amine mixtures in the con-
centration range 0.5-100 mg/1 were obtained by
serial dilution of stock standard solutions with
150 mM H,PO,.

2.3. Groundwater samples

Water samples were adjusted to pH 6.5-8 and
then filtered through a 0.45-um filter. Before
use, the SPE cartridge was activated with se-
quential application of 5 ml of acetone, 5 ml of
acetonitrile and 5 ml of DI water. This cartridge
was made by filling an empty commercial SPE
cartridge with a 20:80 (w/w) mixture of un-
derivatized and keto-derivatized poly(styrene—di-
vinylbenzene) copolymer prepared as described
previously paper {2,6], Applying nitrogen pres-
sure to the sample reservoir, 1 L of water sample
was then passed through the cartridge at a flow-
rate of 5 ml/min.

The cartridge was then dried under nitrogen
for 5 min and retained compounds were eluted
with 2 ml of 150 mM H,PO, in water—acetone
(80:20). The eluate was concentrated under a
flow of nitrogen, diluted to a final volume of 1 ml
and then analysed by CZE.

2.4. Soil samples

A 50-g amount of homogeneous soil sample
from the dye industry was mixed with 50 g of
sodium sulfate—sodium carbonate (2:1), washed
with methylene chloride and over dried at 250°C.
The mixture was then extracted twice with 50 ml
of methylene chloride. The organic extract was
collected over anhydrous sodium sulfate in a
flask and evaporated to 5 ml with a rotary
vacuum evaporator. The solution was mixed with
2 ml of 150 mM H,PO,, shaken and, after phase
separation, the aqueous layer was analysed by
CZE.

2.5. CE analysis

Capillary electrophoresis was performed in 65
cm (ca. 60 cm from injection to detection) X 50
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Fig. 1. Electropherogram for a standard solution of aromatic amines. Peaks: 1 = pyridine (35 mg/l); 2= p-phenylenediamine (8
mg/1); 3 = benzidine (16 mg/1); 4 = o-toluidine (16 mg/1); 5 = aniline (8 mg/1); 6 = N,N-dimethylaniline (8 mg/1); 7 = p-anisidine
(8 mg/1); 8 = p-chloroaniline (8 mg/1); 9 = m-chloroaniline (8 mg/1); 10 = ethylaniline (8 mg/1); 11 = a-naphthylamine (36 mg/1);
12 = diethylaniline (8 mg/1); 13 = N-(1-naphthyl)ethylenediamine (36 mg/l); 14 = 4-aminophenazone (16 mg/1); 15 = o-chloro-
aniline (16 mg/1); 16 = 3,4-dichloroaniline (16 mg/1); 17 = 3,3'-dichlorobenzidine (36 mg/1); 18 = 2-methyl-3-nitroaniline (16
mg/1); 19 = 2 4-dichloroaniline (36 mg/1); 20 = 2,3-dichloroaniline 16 mg/1); 21 = 2,5-dichloroaniline (36 mg/1). Buifer, 50 mM
NaH,PO,-7 mM 1,3-diaminopropane (pH 2.35, adjusted with H,PO,); capillary, underivatized silica, 65 cm x50 um L.D.;
applied potential, +30 kV; detection, UV at 280 nm.

pum L1.D. fused-silica capillaries. The voltage was conditions were summarized in Table 1. 1,3-
+30 kV (constant-voltage mode) and the capil- Diaminopropane as a surface modifier [7] was
lary was cooled by an external forced air flow. added to 50 mM phosphate buffer solution. pH
Samples were injected by gravity raising the 2.35 was chosen as the best compromise between
sample to 100 mm for 30 s. All experimental analysis time and resolution, as shown in the
Table 1

Instrumental conditions used in the determination of aromatic amines by capillary zone electrophoresis

Capillary Uncoated fused silica, 65 cm X 375 pm O.D. x50 pum L.D.

Buffer 50 mM NaH,PO,-7 mM 1,3-diaminopropane, adjusted to pH 2.35 (H,PO,)
Rising cycle Destination 6 s; capillary 120 s; source 6 s

Injection Gravity at 100 mm for 30 s

Temperature control Air cooling

Applied potential +30 KV constant voltage

Current ca. 55 pA

Wavelength 280 nm
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Fig. 2. Migration times of aromatic as a function of pH. Peaks as in Fig. 1. Buffer, 50 mM NaH,PO,-7 mM 1,3-diaminopropane
with PH as shown; capillary, underivatized silica, 65 cm x 50 pm 1.D.; applied potential, +30 kV; detection, UV at 280 nm.

electropherogram of an amine standard solution
shown in Fig. 1. The influence of pH on the
mobility of different amines is shown in the
electropherograms in Fig. 2.

3. Results and discussion

3.1. Linearity, recovery and retention time
stability

Linearity for all amines was verified by de-
termining seven different concentrations of each
amine in the range 0.5-100 mg/l. Regression
coefficients and characteristics of the calibration
plot were calculated. As shown in Table 2, good
linearity for all amines was achieved over more
than two orders of magnitude of concentration.
The limits of detection ranged from 0.06 to 1.8
pg/ml; the limit of detection was calculated
according IUPAC guidelines [8]. Recoveries
were calculated from “CE clean” surface waters
spiked with aromatic amine standards, and for

the amines considered were better than 82%
except for the most hydrophilic ones, the re-
covery of which ca. 60% under the same ex-
traction conditions. In Table 3 are summarized
the recoveries for representative amines.

In order to limit wall interactions and reduce
retention time drift, a surface modifier such as
1,3-diaminopropane at a 7 mM concentration
was added to the buffer.

3.2. Real samples

CZE was a valuable tool in the determination
of cationic species in multi-component samples
such as SPE extracts that we used in HPLC with
amperometric detection for the determination of
phenols. This analysis showed interfences due to
aromatic amines, because of the sample origin,
while GC-MS was complicated by a very large
number of other compounds. Electropherograms
b and c in Fig. 3 show a simplified “‘fingerprint”
with few peaks certainly cationic and absorbance
characteristics typical of aromatic substances.
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Table 2

Parameters of calibration graphs and limits of detection for aromatic amines

Analyte a b-10° r? L.O.D?
Pyridine —1.679 0.505 0.989 0.65
p-Phenylenediamine ~0.373 0.134 0.997 0.12
Benzidine —0.399 0.152 0.999 0.17
o-Toluidine —0.359 0.199 0.998 0.44
Aniline —0.308 9.801 0.997 0.12
N,N-Dimethylaniline —0.244 9.507 0.998 0.12
p-Anisidine -0.107 5.049 0.998 0.07
p-Chloroaniline —-0.145 4.638 0.999 0.06
m-Chloroaniline -0.234 8.006 0.996 0.11
Ethylaniline —0.146 4.912 0.999 0.07
a-Naphthylamine -0.072 0.370 0.989 0.56
Diethylaniline —0.084 8.003 0.998 0.11
N-(1-Naphthyl)ethylenediamine —0.566 0.335 0.997 0.59
4-Aminophenazone —0.477 8.542 0.999 0.18
o-Chloroaniline —0.527 7.825 0.999 0.33
3,4-Dichloroaniline —0.334 4.716 0.999 0.26
3,3'-Dichlorobenzidine —1.331 0.136 0.992 1.5
2-Methyl-3-nitroaniline -0.472 5.821 0.999 0.24
2,4-Dichloroaniline 0.145 6.275 0.992 1.8
2,3-Dichloroaniline 0.273 2.076 0.995 0.35
2,5-Dichloroaniline 1.627 6.612 0.975 1.6

Amount (mg/1) =a + b - response (area units).

*mg/l; L.O.D. calculated according IUPAC. Gravity injection at 100 mm for 30 s.

Identification of some of these peaks was
achieved by spiking the sample with aromatic
amines and cross-confirmation by GC-MS.

The sensitivity of the method is sufficient to
give good accuracy in the determination of

Table 3
Recovery of some representative aromatic amines from

surface water samples by using SPE

Analyte Recovery (%)° R.S.A. (%)
Benzidine 47 6.0
Aniline 58 4.1
p-Anisidine 58 3.7
m-Chloroaniline 91 2.5
Diethylaniline 89 1.8
o-Chloroaniline 87 2.2
3,4-Dichloroaniline 87 1.4
3,3’-Dichlorobenzidine 82 2.4
2-Methyl-3-nitroaniline 97 1.1

* Surface water samples spiked with 20 ug/ml of amine;
mean results (n =3).

macro-contaminants, and further the intrinsic
selectivity of the analytical approach helps to
simplify the chromatograms. This kind of selec-
tivity allows simpler sample preparation and
purification and make this technique suitable for
rapid control screening in situations that require
evidence of contamination or accidents. On the
other hand, the selectivity cannot compensate
for the sensitivity, as can be seen in electro-
pherogram a in Fig. 3, where there are no peaks,
whereas the same sample analysed by GC-MS
showed trace amounts of aromatic amines. As
shown in Fig. 3¢, for a soil sample, the suitability
of the method for the analysis of samples ex-
tracted with a liquid—liquid extraction procedure
was also verified.

The proposed method is simple and fast and
its selectivity limits interferences from similar but
differently charged compounds in complex ma-
trices so that a complex procedure for sample
preparation is not required. Conversely, it does
not meet the sensitivity limits required by the
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Fig. 3. Electropherograms of real samples after 1000-fold SPE preconcentration. (a) Tap water. (b) First layer groundwater.
Peaks: 3 =benzidine (2.7 pg/l); 5= aniline (1.8 ug/l); 7=p-anisidine (1.5 ug/l); 10 = ethylaniline (0.5 pg/l); 15=o0-
chloroaniline (9.9 ug/1); 16 = 3,4-dichloroaniline (2.9 ng/1); 19 = 2,4-dichloroaniline (1.1 pg/1). (c) Soil sample from industrial
plant. Peaks: 4 = o-toluidine (600 pg/kg); 5= aniline (801 wg/kg); 7= p-anisidine (11.2 ug/kg); 15 = o-chloroaniline (15.2
wng/kg); 16 = 3,4-dichloroaniline (1.8 png/kg). Sample preparation as described. Buffer, 50 mM NaH,PO,~7 mM 1,3-diaminop-
ropane (pH 2.35, adjusted with H,PO,); capillary: underivatized silica, 65 ¢cm X 50 um LD.; applied potential, +30 kV;

detection, UV at 280 nm.

inherent toxicity and danger of the compounds
concerned. This method could be useful in those
situations of evident contamination or accidents,
and when it is necessary to monitor rapidly a site
of pollution in order to establish the borders of
the contaminated areas.
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Abstract

A capillary electrophoretic method to detect CN™ and some related compounds (CNO™, SCN™, and NO;)
using a prototype laser-based indirect fluorescence detector has been developed. This method avoids interferences
from Cl~, SOi_, CO§', HCO;, and CIO™ and allows the detection of CN ™ in less than 4 min and the detection of
related compounds in less than 8 min with precise migration times (R.S.D. about 1%). The measured detection
limits of CN~ [5x10°® M with DR=90 (dynamic reserve)] are close to the expected theoretical value
[TR.y =0.44 (transfer ratio)]. For the related compounds, the measured detection limits ranged from 107° to
2% 107° M, depending on noise conditions (DR = 300). The results showed that the chosen analytical conditions
were appropriate and the detection limits could be improved using techniques to further decrease the noise
(probably due to mechanical vibrations). Peak-height precision was about 10% R.S.D. and log-log regressions had
slopes lower than one. These results seem to be due to instabilities in the indirect signal. The analysis of a
quasi-real sample has been achieved, allowing identification of the related compounds present in a CN™/SCN™
sample oxidized with CIO~ and determination of the CNO~ formed in this alkaline oxidation.

1. Introduction

Free cyanide (CN~ and HCN) is a very toxic
contaminant with biocide effects that have to be
controlled before reaching the environment. The
presence of cyanide in natural waters is mainly
due to the uncontrolled discharge of treated
wastes from certain industrial processes (elec-
troplating, ore cyanidation). The most extensive
treatments of industrial water to eliminate CN~
are based on the alkaline oxidation with CIO™ to
produce non-toxic CNO~ and, in a further

* Corresponding author.

0021-9673/95/$09.50
SSDI 0021-9673(95)00446-7

oxidation step, HCO; and N, [1,2], as well as
UV oxidation [3,4], which yields the species
CNO~, NO;, CO?", and HCO; . The species
SCN™ could be also present in some cyanide
processes [5] or could be formed by the reaction
with HS ™ [6].

The classical procedures to determine total
cyanide in liquid samples consist of acid distilla-
tion, collection of the released HCN(gas phase)
on NaOH [7,8], and the determination of CN"
by colorimetric (LOD 0.5-20 ppb), electrochem-
ical (LOD 3-50 ppb), or titrimetic methods
(LOD 100-1000 ppb) [9-11]. When some metal—
cyanide complexes and other species such as

© 1995 Elsevier Science B.V. All rights reserved
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NO;, CO:™, and HCOj are present as interfer-
ence, the distillation procedure will require sam-
ple pretreatment. The cited method can detect
neither free cyanide (CN~ and HCN) nor CNO ™
and SCN™ in the initial sample and is time-
consuming. This prompts the development of
new analytical methods for determining individ-
ually the amounts of free cyanide and cyanide-
related species. These should be fast enough in
total analysis time and should be able to detect
total cyanide in concentrations lower than that
required by law (normally from 10 to 50 ppb) to
facilitate monitoring of cyanide in-processes and
in the environment.

There are several instrumental methods to
analyze free cyanide and cyanide species.
Atomic absorption spectroscopy (AAS)-based
methods could only analyze metal-cyanide com-
plexes with very good detection limits (0.2 to 2
ppb of cyanide) but with long analysis time [12].
GC methods could only analyze derivatized free
cyanide also with very good LOD (0.3 to 100
ppb) [9-11]. HPLC-based methods show accept-
able analysis time and selectivity. Several mo-
dalities and detection methods allow the detec-
tion of 20-500 ppb of metal-cyanide complexes
[13] and 10-50 ppb of free [14] or derivatized
cyanide [15]. As an alternative approach, capil-
lary electrophoresis (CE) methods open the
possibility of shorter analysis time, good res-
olution of sample components, and reasonable
detection limits. Several metal-cyanide complex-
es have been separated in less than 5 min by
using CE [16,17]

As CN~ and CNO~ do not absorb in the
UV-Vis region [18,19], indirect detection meth-
ods have been used. Indirect detection tech-
niques are based on the quantitation of the
decrease of the signal due to the displacement of
the chromophore ions by the sample ions. This
method is used in LC and CE in combination
with several detectors (refractive index, conduc-
tivity, polarimetry, absorption, and fluorescence)
[20]. In the case of CE, indirect fluorescence is
one of the most sensitive indirect detection
methods and has been widely used for the
detection of organic and inorganic anions
[21,22]. For these reasons, a study on the de-

termination of CN~ and some related com-
pounds (CNO~, SCN™, and NO;) by CZE
using a laser-based indirect fluorescence detector
will be discussed.

In this technique, the detection limits are
directly proportional to the concentration of
fluorophore and inversely proportional to the
dynamic reserve (DR) and transfer ratio (TR)
[21]. TR-values increase when the mobility of
the analyte is close to the mobility of the fluoro-
phore to a maximum value given by the ratio
between analyte charge and fluorophore charge.
Low concentrations of other co-ions (e.g. OH")
improve the TR. The DR improves with absorp-
tion coefficient, quantum yield, and a stable
excitation intensity. Increasing the fluorophore
concentration and the optical power of the laser
increases the signal, but noise is also increased,
so it is necessary to operate at low concen-
trations and low optical power to obtain good
DR-values [23].

2. Experimental
2.1. Instrumentation

In both detection modes that were used (in-
direct absorption and fluorescence) a bare fused-
silica, 75 pum I.D., 360 pum O.D., capillary
column (Polymicro Technologies, Phoenix, AZ,
USA) was used. The total lengths used were 70
and 73 cm and the detection lengths were 44 and
38 cm for the case of indirect absorption detec-
tion and indirect fluorescence detection, respec-
tively.

To operate in the absorption detection mode,
the column was connected to a commercial
electrophoresis instrument (ISCO, Model 3140;
Lincoln, NE, USA). Data were collected using
commercial software on an IBM-compatible 286
computer.

Fluorescence detection was achieved by re-
placing the absorption detector by a prototype
fluorescence detector as shown in Fig. 1. The
excitation source consisted of a 488-nm beam
from an argon ion laser (1) (Model 2211-10SL;
Cyonics, Uniphase, San Jose, CA, USA) that
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Fig. 1. Laser fluorescence detector setup. The different parts
of the setup are explained in the text.

entered to a plexiglass box (2) through a 488-nm
interference filter (3). The unfocused laser beam
was directed perpendicularly to the capillary
window. The capillary was connected to the
commercial instrument by using a capillary hol-
der (4). The fluorescence was collected by a
10 X microscope objective (5) placed in an objec-
tive holder (6) (Edmund Scientific, Barrington,
NJ, USA) and was sent to a silicon photodetec-
tor (9) (HC 220-01; Hamamatsu, Bridgewater,
NJ, USA) through a 500-nm long-pass cutoff
filter (8) using a kinematic mirror mount (7)
(Melles Griot, Irvine, CA, USA). Data were
collected using an integrator (Datajet, Spectra-
Physics, San Jose, CA, USA).

2.2. Operating conditions

The buffer solutions were filtered using a 0.2-
pm membrane filter (Alltech, Deerfield, IL,
USA) and were degassed for 15 min under
vacuum with ultrasonication. After that, the
buffer was stabilized at the running voltage for
4-5 h. Because the use of voltages above 25 kV
requires increasing the stabilization time, equal
or lower applied potentials were used. In all
cases, a minimum optical power of 4 to 5 mW
was used to avoid dark noise. The sample was

introduced in the system by using vacuum injec-
tion.

2.3. Chemicals

Fluorescein disodium salt, 2-hydrate
(C,H,(Na,O,-2H,0, M, =412.3) was pur-
chased from Eastman Kodak (Rochester, NY,
USA). Sodium cyanate and sodium hypochlorite
were obtained from Jansen Chimica (Gardena,
CA, USA). The other cited chemicals were
purchased from Fisher Scientific (Fair Lawn, NJ,
USA).

2.4. Solutions and reagents

The main problem with free-cyanide samples
is that hydrogen cyanide has a pK, of about 9.2,
so the pH has to be kept above this value to have
more than 50% of free cyanide as CN ™. Another
problem is that CNO™ is an expected species
when starting from CN~ in aqueous medium, so
the oxidizing properties of the sample matrix and
buffer have to be taken into account [24].
Fluorescein solutions between 100 and 2000 uM
adjusted to pH between 9.3 and more than 11
with NaOH or KOH were tested. Solutions
below 100 uM were avoided because they would
probably compromise the buffering capacity.
The sodium cyanide standards were prepared
every 2 or 3 days in concentrations from 1 to 10
g/1 and were stored in the dark. Solutions above
10 ppm of NaCN were prepared each day and
solutions lower than that concentration were
prepared just before the analysis. Other solu-
tions were prepared also every 2 or 3 days.

3. Results and discussion
3.1. Initial tests

Before using the prototype fluorescence detec-
tor, indirect absorption detection of CN ~ at 238
nm using fluorescein was performed in order to
check the chosen samples and the CE instru-
ment. The best results are shown in Fig. 2(A),
where a 1 mM fluorescein solution (pH 11) was
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Fig. 2. Comparison of the indirect detection of CN": (a) 10~°
M; (b) 4x107° M; (c) 107 M; and (d) 2x107* M. (A)
Absorption at 238 nm (1 mM fluorescein at pH 11, 5 kPa-s
and 20 kV); (B) fluorescence at 4 mW (0.1 mM fluorescein at
pH 10, 25 kPa-s and 25 kV).

used. It can be seen that detection limits were

around 1 ppm of NaCN (2X 107> M) and the -

analysis time was about 9 min.

One important factor to enhance indirect
fluorescence detection is to apply high voltages
and to operate with high net mobilities for the
fluorophore to reduce bleaching. One can thus
increase the background signal and reduce analy-
sis time. The high pH-values and voltage used in
these experiments produced these two effects
[23]. Fluorescein samples were thus studied using
direct fluorescence detection in order to evaluate
system linearity and the extent of bleaching. The
chosen optical power was 22 mW and the injec-
tion time and pressure was set to 5 kPa-s.
Beyond this setting the peak height did not
increase perceptibly, indicating the elimination
of bleaching. LOD was around 2 X 10™'° M and

the plot of the logarithm of peak height versus
the logarithm of concentration (13 measure-
ments) was linear (r>0.998) in the range 2 X
107'° to 107° M with a slope of 1.07 = 0.01.

3.2. Indirect fluorescence detection of CN~

After the above tests, solutions with lower
concentrations of fluorescein and with different
pH were tested in order to optimize the LOD of
CN™. The buffer solution had to be changed to
0.25 mM fluorescein and pH 9.6 to achieve an
LOD similar to that for indirect absorption
detection. By decreasing the concentration to
100 uM of fluorescein and pH 9.3 similar results
were obtained, but the peaks were deformed.
This is consistent with the fact that the chosen
pH was close to the pK, such that the sample
was a mixture of CN~ and HCN with decreased
TR.

After these observations, it was decided to
increase the pH to see if there was some interfer-
ence in the sample displacement by the fluoro-
phore. The best results obtained for the detec-
tion of CN~ are shown in Fig. 2(B), where a
10~* M fluorescein solution at pH 10 (KOH) was
used. In this figure, it can be seen that the CN
peak shape is satisfactory. To the degree that we
can optimize each detection mode, the LOD was
better for indirect fluorescence compared to
indirect absorption, and the analysis time was
shorter.

Table 1 shows some analytical results for CN~
and related compounds. The detection limits of
all the anions studied were calculated from the
peak height that is two times the peak-to-peak
noise width of the same electropherogram [25].
In the case of CN~ the detection limit -corre-
sponds to 130 ppb. The dynamic reserve (DR)
was calculated from the noise width and the
measurement of the background signal obtained
after blocking the laser beam and adjusting the
output to zero. Depending on conditions, DR-
values were between 75 and 300 for 100 uM
fluorescein solutions. Operating under similar
analytical conditions, the main factors affecting
the noise were found to be mechanical vibration
of the optics (movements in the order of 75 pm)
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Table 1
Detection performance for various anions

CN~ CNO~ SCN- NO;
Migration time 3.7+1.4° 5.7x1.1 6.3+0.9 7.9+1.0
(min * %R.S.D.)
LOD (M) 5%107° 2X107°-9%x107° 2x107°-107° 2x107°-107°
DR 90 =300 =300 =300
TR 0.44 0.07 0.05 0.05

* For CN™ n =6, and for the other anions n = 10.

and the stabilization time of the solution in the
column. This means that the experimental detec-
tion limits could be reduced if we were able to
reduce the noise and further increase the DR.

Knowing C,,, (calculated as 0.5 times the
LOD), DR-values, and fluorophore concentra-
tion, one can calculate the value of TR near the
LOD. For monovalent anions, the maximum
value of TR would be 0.5 because fluorescein at
alkaline pH has two negative charges. The ob-
served value of TR for CN is very close to the
theoretical value. This means that the buffer was
correctly optimized. Since sample displacement
is charge based, one would reduce TR when the
concentration of OH " is similar to or larger than
that of the chromophore. However, TR in-
creases when the electrophoretic mobility of the
analyte is similar to that of the chromophore.
The mobility of OH™ is very high compared to
that of the chromophore, so it is not possible to
match the mobilities. Therefore low concentra-
tions of the chromophore at a reasonably high
pH were used as a compromise [26].

The LODs achieved are good, although margi-
nal compared to the limit required by law and
close to the theoretically expected values. The
precision of the CN™~ peak height was low, even
when the samples were prepared just before the
analysis. The linear regression of the logarithm
of the concentration on the logarithm of the
peak height from 107> to 2x 10™> M showed a
slope that was different from one. Since for the
direct detection of fluorescein with the same
setup the slope was one, this deviation has to be
due to the indirect technique that was used and
not due to the instrument. Actually, TR-values

are dependent on the concentrations of the
sample and OH ™. Therefore this deviation in the
slope could be expected.

3.3. Indirect fluorescence detection of related
compounds

In this work, the detection of some anions
related to CN~ (CNO ™, SCN™, NO,;) and
possible interfering anions (Cl~, SO;”, and
CO2™/HCOj;) were studied. Mixtures of these
anions were analyzed using buffer solutions with
fluorescein concentrations and pH in a similar
range as used for CN ™~ detection. The separation
of CNO™, SCN™, and NO; from CI" and SO;~
was achieved, as shown in Fig. 3. In this electro-
pherogram Cl~ and SO2™ were not resolved.
This is, however, not important because it is only
important to know if these two anions would
interfere in the positions of the anions related to
CN™. In order to know.the extent of the interfer-
ence of these two anions, concentrations of Cl
and SO} eleven times higher than that used in
Fig. 3 (28 ppm Cl and 210 ppm SOZ7), which
correspond to concentrations higher than those
present in natural waters, were tested. The
results showed that detection of CNO™ and
SCN ™ was possible even under these conditions.

Compared with other references [27,28], the
relative elution order of the anions studied is the
same, except for CI~ and SO; . The CcoO; /
HCO; peak was not detected with the positive
applied voltage because of their mobilities. All
peaks showed tailing which would indicate that
the anions have mobilities higher than those of
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Fig. 3. Electropherogram of the indirect fluorescence analysis
at 5 mW [0.1 mM fluorescein at pH 10 (KOH), 25 kPa s and
25kV]. Peaks: 1 =CNO~ 4.6 X107 M;2=SCN 3.9x 107’
M;3=NO; 3.4x107° M; 4=Cl” 7.2x10™° M; 5=802"
2.0x107* M; and S = system peaks.

the buffer anions [29]. This tailing is probably
due to the relatively high concentration of OH™.

Table 1 also shows the analytical parameters
of CNO™, SCN7, and NOj . It can be seen that
one of the advantages of this method is that it is
possible to analyze all anions of interest in less
than 8 min, with good precision in the migration
times. Once the fluorophore concentration and
pH were chosen, the control of mechanical
vibrations and stabilization of the buffer in the
column became the limiting factors. By control-
ling the attachment of the detector to the instru-
ment, the base leveling, vibration deadening,
and by using a column stabilization time of 40 h,
the results obtained were improved, as shown in
Fig. 4, where it can be seen that C1” and SO}~
were clearly separated at low concentrations.
The detection limits calculated from this figure
are the lower values shown in Table 1. This low
noise level lasted for several hours but it was not
always possible to reproduce it. So, normal
values for the detection limits with a good
attachment of the detector and a stabilization
time of 4 to 5 h were included in Table 1 as the
higher values. Under these conditions DR values
of 300 were obtained. Comparing the TR results

+== FLUORESCENCE

4 6 8 10

Time (min.)

Fig. 4. Electropherogram of the analysis of anions near their
LOD under favorable noise conditions [indirect fluorescence
at 5 mW, 0.1 mM fiuorescein at pH 10 (KOH), 25 kPa - s and
25 kV]. Peaks: 1=CNO~ 2.7%x 10 °M;2=SCN~2.3x 10°°
M;3=NO; 20x107° M; 4=Cl" 4.3x107* M; 5=S0%"
1.2x 107> M; and S = system peaks.

between anions (including CN7) in Table 1, it
can be seen that they are consistent with the fact
that TR increases when the mobility of the anion
is closer to the mobility of the fluorophore. The
calibration curves of the three anions of interest
were plotted from concentrations close to the
higher LOD to about 10™* M of each anion. The
precision of the peak heights and the linearity
are similar to those for CN ™. Baseline fluctua-
tions prevented us from evaluating the linearity
of the response based on peak areas.

3.4. Study of the alkaline oxidation of CN~ and
SCN~™ :

In order to assess if the analytical method is
suitable for the study of the alkaline oxidation of
cyanide with ClO ", a sample of 100 ml consisting
of 1.1x107* M of NaCN and 5.5x 107> M of
KSCN at pH 10 was oxidized using CIO ™. The
oxidation method was based on standard assays
[7,8] in which the same ClO~ molar concen-
tration (24.8 g active chlorine/l) and the same
oxidant-to-sample ratio were used. The sample



V. Marti et al. / J. Chromatogr. A 709 (1995) 367-374 373

to be oxidized was placed in a dark kitasatos to
avoid transformation due to sunlight. Through
the top part of the kitasatos a pH electrode was
inserted through a rubber stopper in order to
monitor the alkalinity of the sample. The lateral
part of the kitasatos was used to introduce
solutions with the help of teflon tubes connected
to plastic syringes. The oxidation consisted of the
stepwise introduction of CIO~ solution (5 ml
each 15 min) for one hour in the stirred sample,
adding the necessary volume of 1 M NaOH to
keep the pH between 10 and 11. Once this
operation was completed, the solution was
placed in a volumetric flask and made up to 200
ml by adding NaOH pH 10. In order to analyze
the oxidized sample, 100 ul of this solution was
diluted to 5 ml with the running buffer.

The electropherogram of this diluted sample is
shown in Fig. 5. In this figure we can identify
CIO ", CNO ", and system peaks by their migra-
tion times. The CNO™ anion was also identified
by the addition of standard and was found not to
be interfered with by CIO™ and other by-prod-
ucts. By using this method, the concentration of

s|!
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o 2 4 6 8 10
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Fig. 5. Electropherogram of an oxidized sample of CN~ and
SCN™ (see text) diluted 1/100. Indirect fluorescence detec-
tion at 5 mW, 0.1 mM fluorescein pH 10 (KOH), 25 kPa-s
and 25 kV. Peaks: 1 =CNO"; § = system peaks; and P = by-
products (C1O0~, Cl).

CNO~ was found to be between 1 and 2 x 107*
M in the oxidized sample, but it was not possible
to independently determine if all the CNO™
came from the CN~ plus SCN  oxidation or only
from CN .
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Abstract

As an extension of previous methods for enantiomer analyses of diacylglycerols, a highly sensitive HPLC method
was developed for the determination of the absolute configuration and optical purity of monoacylglycerols. Chiral
derivatization by a fluorescent (S)-TBMB carboxylic acid followed by a normal-phase HPLC separation of the
derived diastereomeric di-(§)-TBMB-carbonyl-sn-1- and -sn-3-monoacylglycerols provided useful tools to de-
termine the chirality of a series of saturated and unsaturated monoacylglycerols (C,,.,—C 4.0, Cig.1> Cigp and
Cig.3) [(S)-TBMB = (§)-(+)-2-tert.-butyl-2-methyl-1,3-benzodioxole]. In addition, the HPLC elution times of each
diastereomeric isomer were correlated with the chain length (carbon number) and the double bond numbers of acyl

groups.

1. Introduction

The development of a simple method to de-
termine the enantiomeric distribution of mono-
acylglycerols (sn-1 and sn-3) will contribute to
stereochemical studies of fatty acids, e.g., to
study the stereoselectivity of lipase reactions or
the biological functions of naturally occurring
monoacylglycerols. Thomas et al. [1] developed
a simple method to separate sn-1- and sn-3-
monoacylglycerols from the sn-2-isomer by TLC
on silica gel impregnated with boric acid. Other
methods have been proposed for separating the
homologous monoacylglycerols by reversed-

* Corresponding author.

0021-9673/95/$09.50
SSDI 0021-9673(95)00460-2

phase HPLC without derivatization [2-4], but
the enantiomeric separation of monoacyl-
glycerols could not be achieved. Recently,
Takagi and co-workers [5,6] reported the first
successful separation of the enantiomeric mono-
acylglycerols using a chiral HPLC column cou-
pled with di-3,5-dinitrophenylurethane derivati-
zation.

Previously, we have reported highly sensitive
methods for determining the optical purity and
absolute configuration of diacylglycerols base on
the fluorescent derivatization with (S)-(+)
-2-tert.-butyl-2-methyl-1,3-benzodioxole [(S)-
TBMB] carboxylic acid followed by HPLC sepa-
ration of the derived diastereoisomers [7,8]. In
this work, we extended this approach to mono-

© 1995 Elsevier Science B.V. All rights reserved
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acylglycerols and propose a simple and highly
sensitive HPLC method for separating the en-
antiomers. Various normal-phase silica gel HPLC
modes were tested for the diastereomeric sepa-
ration of a series of monoacylglycerols (C,,.,—
Cis0o Cig1r Cigp and Ciqy), and this paper
describes the HPLC results, which allowed com-
plete separation between the sn-1- and sn-3-
isomers and also the sn-2-isomer within 80 min.

2. Experimental
2.1. Chemicals

Racemic monoacylglycerols with C,,.,—C 5.,
Cis.1» Cis., and C 4 acyl groups were purchased
from Sigma (St. Louis, MO, USA). Optically
active 3-monopalmitoyl-sn-glycerol and 2-mono-
palmitoylglycerol were also obtained from
Sigma.  (§)-(+)-2,2-Dimethyl-1,3-dioxolane-4-
methanol was obtained from Tokyo Kasei
(Tokyo, Japan) for the preparation of homolo-
gous diastereomeric 1,2-di-O-(S)-TBMB-car-
bonyl-3-O-acyl-sn-glycerol  derivatives (C,,.,,
Cis:00 Cisi05 Crairy Cugp and Cpq3). (S)-TBMB-
COOH (100% e.e.) was synthesized according to
the previously described method [9].

2.2. Di-(S)-TBMB derivatization of
monoacylglycerols

Monoacylglycerols were derivatized with (S)-
TBMB carbonyl chloride [8] as follows. A dry
pyridine solution [0.2 ml containing 10% of 4-
dimethylaminopyridine (DMAP)] of (S)-TBMB-
COCl (20 mg, 0.08 mM) was added to a solution
of 1-monopalmitoyl-rac-glycerol (7.0 mg, 0.02
mM) in dry CH,Cl, (2 ml) with stirring at room
temperature. After 2 h, the reaction mixture was
diluted with CH,Cl, (10 ml) and washed with
saturated NaHCO, solution (3 x10 ml) and
water (20 ml). The methylene chloride solution
was dried over MgSO,, the latter was removed
by filteration and the solvent was evaporated in
vacuo at 40°C to afford 1,2-di-O-(S)-TBMB-car-
bonyl-3-O-palmitoyl-rac-glycerol, which was

purified by preparative TLC [n-hexane—ethyl
acetate (10:1, v/v)] (13 mg, yield 81%).

Di-(§)-TBMB-carbonyl derivatizations of 3-
and 2-monopalmitoyl-sn-glycerols and other
commercially available racemic monoacylgly-
cerols (Ciz.0, Cia05 Cigior Crgirs Crgir and Cigi5)
were conducted in the same manners.

Optically active other homologous diastereo-
meric 1,2-di-O-(S)-TBMB-carbonyl-3-O-acyl-sn-
glycerols (Ciz, Cisi0o Cigos Cisiyr Cisp and
C,g.3) were prepared via five steps (benzylation,
deisopropylidenation, di-(S)-TBMB carbonyla-
tion, catalytic debenzylation and acylation using
the corresponding acyl chloride) from an opti-
cally active (§)-(+)-2,2-dimethyl-1,3-dioxolane-
4-methanol in a similar manner to that described
in a previous paper [8] for the preparation of the
3-0-(S)-TBMB -carbonyl-1,2-di-O-acyl-sn-
glycerol derivatives.

2.3. HPLC separations

Prior to the HPLC injection, the reaction
mixture of di-(S)-TBMB-carbonyl-monoacyl-
glycerol derivatives was preliminarily purified on
silica gel TLC sheet [n-hexane—ethyl acetate
(10:1, v/v)]. The TLC band of the derivatives
was cut off from the TLC sheet and extracted
with the HPLC solvents.

HPLC separations were conducted with a
Jasco (Tokyo, Japan) Model 880-PU instrument
connected to a Tosoh Model FS-8010 fluorescent
detector with excitation at 310 nm and emission
at 370 nm. Separations were performed on a
Develosil 60-3 (Nomura Chemical) silica gel
column (stainless steel, 50 cm X 4.6 mm 1.D.).
The analyses were carried out isocratically using
HPLC-grade n-hexane—tert.-butyl alcohol
(250:1, w/w; flow-rate 0.6 ml/min) as the mobile
phase at ambient temperature. For quantitative
determination, peak areas were calculated with a
Model 807-IT integrator (Jasco).

3. Results and discussion

(S)-TBMB-COOH used in this study is opti-
cally pure to determine directly the optical
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purities of monoacyiglycerols as their dias-
teromeric  di-(S)-TBMB-carbonyl derivatives.
Di-(S)-TBMB-carbonyl derivatization of mono-
acylglycerols was performed in more than 80%
yield using more than a four-fold excess of (S)-
TBMB-COCI according to the optimized reac-
tion conditions detailed under Experimental
(Fig. 1). The same derivatization procedure as
described under Experimental could be applied
for analytical purposes to a sub-ug level of
monoacylglycerols. In this case, the reaction
mixture was directly spotted on the TLC sheet
and developed with r-hexane—ethyl acetate
(10:1, v/v). The fluorescent spots (R,=0.30—
0.35) corresponding to  di-(§)-TBMB-car-
bonylated monoacyiglycerols were cut off from
the TLC sheet and extracted with the HPLC
solvents (n-hexane—tert.-butyl alcohol) for direct
HPLC injection. This simple and convenient
work-up procedure prior to the HPLC analysis
was also employed in our previous study for the
determination of diacylglycerols [8]. This pro-
cedure, taking a few minutes using a ready-made
aluminium TLC sheet (5 ¢cm X5 cm), is rec-

1 —0H
sl—ocor

3-O-acyl-sn-glycerol
(2R-configuration)

> Me—1i;2t:j$

ommended for eliminating pyridine and DMAP
and their salts, which are unfavourable towards
the silica column.

In contrast to the case of diacylglycerols in our
previous study [8], the separation of enantio-
meric monoacylglycerols as the (S)-TBMB-car-
bonyl derivatives could not be achieved straight-
forwardly. Various investigations of the HPLC
conditions led us finally to use a longer silica gel
column (Develosil 60-3, 50 cm) and n-hexane-
tert.-butyl alcohol (250:1, w/w) as the mobile
phase. Under these conditions, the separation of
enantiomeric monoacylglycerols was accom-
plished in 80 min with a resolution factor (R,)
above 1.50.

Fig. 2 shows typical HPLC profiles of mono-
acylglycerols as the fluorescent diastereomeric
di-(S)-TBMB-carbonyl derivatives. The sn-2-
monoacylglycerol isomer could also be complete-
ly separated both from the monoacyl sn-1- and
sn-3-isomers. The HPLC studies using chiral
monoacylglycerols with known configurations
indicated that the sn-1-isomers were eluted faster
than the sn-3-isomers for any saturated and

Q°
}“Me
C\ (o] E
\0 'Bu

OCOR

\
C—O

1,2-Di-O-(S)-TBMB-carbonyl-3-O-acy!l-sn-glycerol

! —OCOR
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(2S-configuration)

(2S-configuration)
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2,3-Di-0-(S)-TBMB-carbonyl-1-O-acyl-sn-glycerol

(2R-configuration)

Fig. 1. Scheme for the direct derivatization of monoacylglycerols with (§)-TBMB-COCI forming diastereomeric derivatives:
(S)-TBMB-COCI, pyridine, 4-dimethylaminopyridine (DMAP), room temperature.
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Fig. 2. Typical HPLC separations of each di-(§)-TBMB carbonylated homologous saturated and unsaturated monoacylglycerol.
(a) rac-Monopaimitoyl-; (b) sn-3-monopalmitoyl-; (¢) sn-2-monopalmitoyl-; (d) monopalmitoyl mixture [(a) + (b) + (©)]; (e)
rac-monolauroyl-; (f) rac-monomyristoyl-; (g) rac-monostearoyl-; (h) rac-monooleoyl-; (i) rac-monolinoleoyl-; and (j) rac-
monolinolenoyl-; sn-1, sn-2 and sn-3 in each chromatogram represent each position of the monoacyl group. HPLC conditions:

silica gel column (Develosil 60-3, 50 cm X 4.6 mm 1.D.); A
w/w); flow-rate, 0.6 ml/min; temperature, 22-24°C.

ex

unsaturated monoacylglycerols  (C;,.0—Cis.0,
Cis.1> Cigp and Cpg.4) examined here. Although
the separation of enantiomeric mono-
acylglycerols took longer with a longer silica
column compared with the analysis of diacylgly-
cerols (Develosil 60-3, 25 cm, R, >2.0), all
enantiomers of saturated and unsaturated mono-
acylglycerols studied here could be separated
with nearly identical separation coefficients (a =
1.05) and peak resolutions (R, = 1.60), as shown
in Table 1.

In Fig. 3, we have plotted the logarithm of the
retention volume (log V,) versus the acyl carbon
numbers (CN) and double (olefinic) bond num-
bers (DN) for each homologous series of iso-
meric sn-1- and sn-3-monoacylglycerols. Al-
though some plots for the logarithmic retention

=310 nm, A

= 370 nm; eluent, n-hexane—tert.-butyl alcohol (250:1,

? em

volumes (log V,) and various DN showed slightly
positive deviations from the linear equation (Fig.
3B), their relationship could be approximated by
the following equations: for the log V, versus CN
of saturated monoacylgtycerols, log V, (sn-1) = —
0.011 CN +1.67, log V, (sn-3)=-0.012 CN +
1.70 and E(CN) =log V. (sn-3) —log V, (sn-1) =
0.03; and for log V, versus DN of unsaturated
monoacylglycerols, log V., (sn-1)=0.027 DN +
1.47, log V. (sn-3)=0.028 DN +1.49 and
E(DN)=1log V, (sn-3)—log V, (sn-1)=0.02,
where E is the diastereomer separation factor.
In order to confirm the reproducibility and the
quantitative aspects of the present method,
monopalmitoylglycerols with known optical
purities were derivatized with (S)-TBMB-COCI
and subjected to the HPLC analysis (Table 2).
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Table 1
Chromatographic data for homologous monoacylglycerols as
their di-(S)-TBMB-carbonyl derivatives

Acyl group Position V, (ml) k' a R,
Monolauroyl sn-1 34.64 5.66

sn-3 36.33 5.94 1.05 157
Monomyristoyl ~ sn-1 32.88 5.37

sn-3 34.54 5.64 1.05 1.60
Monopalmitoyl ~ sn-2 18.38 3.00 1.69  19.95

sn-1 31.11 5.08 1.05 1.58

sn-3 32.56 5.32 ’ ’
Monostearoyl sn-1 29.75 4.86

sn-3 31.01 5.07 1.04 1.55
Monooleoyl sn-1 31.03 5.07

sn-3 32.40 5.29 1.04 154
Monolinoleoyl sn-1 33.16 5.42

sn-3 34.90 5.70 1.05 1.60
Monolinolenoyl  sn-1 35.77 5.85

sn-3 37.57 6.14 1.05 1.67

V, =retention volume corrected by column void volume
(6.12 ml); k’ = capacity factor; a =separation coefficient;
R, = peak resolution.

Good agreement could be obtained for the
optical purities assessed by the present HPLC
method before and after the (S)-TBMB-carbonyl
derivatization within the usual limit of variation
(S.D.=2.07, n="7). The very small but signifi-
cant deviation (ca. 2%) might be due mainly to
the partial racemization of commercially avail-
able 3-monopalmitoyl-sn-glycerol during storage.
In any event, this result showed that the peak

log Vr )

155

145 T T T T

10 12 14 16 18 20 CN

areas of the two diastereomeric di-(S)-TBMB
carbonylated monoacylglycerols can be used
directly to determine the optical purities of
original monoacylglycerols within a ca. 2% error
without a calibration process. The detection limit
of 3-monopalmitoyl-sn-glycerol (2R-configura-
tion) as its di-(S)-TBMB carbonylate (2S-con-
figuration) was 0.3 pmol on-column (signal-to-
noise ratio = 3) owing to the fluorescence of the
(S)-TBMB carbonyl chromophore.

We applied the method to check the racemiza-
tion of chiral 3-monopalmitoyl-sn-glycerol under
the acidic to basic conditions of pH 4.0 (phtha-
late buffer), 6.9 (phosphate buffer) and 9.2
(Na,HCO, buffer). The results revealed that no
racemization occurred in the pH range 4.0-9.2 at
least for 1 week at room temperature; the optical
purity of 3-monopalitoyl-sn-glycerol, initially ca.
96% e.c. as can be seen in Table 2, was kept
constant at 95-96% e.e in all the pH solutions
examined for 1 week. These results will be useful
for studying the stereoselectivities of lipase-cata-
lysed reactions at various pH values or the other
enzymic and chemical reactions of glycerolipids.

In this work, we have extended our previous
analytical strategy for diacylglycerols using (S)-
TBMB-carbonyl labelling and HPLC analysis to
monoacylglycerols to determine the optical puri-
ty and the absolute configuration. Under the
present HPLC conditions using a normal-phase
silica column (Develosil 60-3), the sn-1- and

log Vr ®

1.55

1.45 T T DN

2 3 4

o

Fig. 3. Relationships between log V, (retention volume) and (A) CN (number of acyl carbon atoms, C.0—Cis0) and (B) DN
(number of double bonds, C,,.,—C,,.;) for homologous and isomeric monoacylglycerols as their (5)-TBMB derivatives separated
by HPLC on a silica gel column (Develosil 60-3). O = Log V, (sn-1); 0 =log V, (sn-3).
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Table 2

Comparison of optical purities before and after the derivatization of standard monoacylglycerols

Standard monoacylglycerol mixtures before derivatization®

After derivatization with (S)-TBMB-COCI®

1-Monopalmitoyl- 3-Monopalmitoyl- Calculated Average observed S.D.
rac-glycerol sn-glycerol optical purity optical purity (% e.e.)

(racemate) (mg) (sn-3) (mg) (% e.ce.)

1.0 0 0 0.0 (n=4) 2.83
0.82 0.42 33.9 30.6 (n=4) 0.26
0.41 0.84 67.2 65.1 n=4) 1.69
0 1.0 100 96.3 n=7) 2.07

* Each standard solution was prepared by mixing the racemate and 3-monopalmitoyl-sn-glycerol in the appropriate ratio, and their
optical purity was calculated from the ratio of the racemate and 3-monopalmitoyl-sn-glycerol contents [% e.e. before

derivatization = sn-3/(racemate + sn-3)- 100].

® The HPLC peak areas of di-(S)-TBMB-carbonyl-monoacylglycerol derivatives (sn-1 and sn-3) derived from each standard
monoacylglycerol mixture were used directly to determine the optical purity of the mixture of monoacylglycerols without
correction [% e.e. after derivatization = (peak area of sn-3 — peak area of sn-1)/(peak area of sn-1 + peak area of sn-3)- 100].

sn-3-monoacyl enantiomers and the sn-2-isomer,
in addition to the corresponding diacylglycerols,
were simultaneously separated from each other
within 80 min, and the analysis could be per-
formed with less than 1 pmol of mono- and
diacylglycerols, taking advantage of the strong
fluorescence of the (§)-TBMB-carbonyl group.
We shall apply this approach to study the
stereoselectivities of lipase reactions producing
mono- and diacylglycerols and to clarify the
separation mechanism of the enantiomeric
mono- and diacylglycerols with this agent.
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Abstract

Rutin was used as a chelating reagent to form ternary complexes with metal ions and hexadecyltrimethyl-
ammonium bromide (cetyltrimethylammonium bromide, CTAB). The retention behaviour of ternary complexes of
Cr(VI) and W(VI) on a Nucleosil C,, column were examined. For chromatographic analysis the sample solution
had to be changed because these ternary complexes did not give any peaks in aqueous medium. A solid-phase
extraction step with polyethylene as sorbent and methanol as eluent was introduced. Cr(VI) and W(VI) complexes
in methanolic medium gave sharp peaks in the chromatogram and were separated from each other and other metal
ions by using a mobile phase of 42.5% (v/v) tetrahydrofuran containing 0.003 M CTAB. The method was applied

to the analysis of chromate in geological samples.

1. Introduction

The application of surfactants in the photo-
metric measurement of metal ions has been
studied intensively for many years. The intro-
duction of surfactants greatly increases the solu-
bility of the metal complexes and the sensitivity
of the photometric method; however, the selec-
tivity of the method is not considerably im-
proved.

High-performance liquid chromatography
(HPLC) has the advantages of high sensitivity,
selectivity and the possibility to simultaneously
detect several analytes and has been widely used
for the separation and determination of binary
(metal ion and ligand) metal-ion complexes.
Many metal ions that suffer from interference by

* Corresponding author.
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other ions in spectrophotometry, can be sepa-
rated and determined by HPLC. However, very
little information is available in the literature on
the direct HPLC analysis of ternary complexes
with surfactants [1], although in some studies
surfactants have been introduced into the mobile
phase to increase the solubility of the metal
complexes [2-5].

Rutin can form ternary complexes with Cr(VI)
and W(VI) in the presence of cetyltrimethyl-
ammonium bromide (CTAB) [6,7]. Because
their maximum absorption coefficients are very
similar, Cr(VI) and W(VI) complexes can not be
determined by spectrophotometry. The aim of
this work was to examine the application of
ion-pair reversed-phase chromatography to the
analysis of these two ternary complexes. After
solid-phase extraction the Cr(VI)- and W(VI)-
rutin~-CTAB ternary complexes in methanolic
medium were separated with a mobile phase of

© 1995 Elsevier Science B.V. All rights reserved
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42.5% (v/v) tetrahydrofuran containing 0.003 M
CTAB. CTAB, a surfactant with positive charge,
was added to the mobile phase to improve the
selectivity of the separation, whereas solid-phase
extraction was used to change the sample
medium in order to reduce the retardation of the
ternary complexes.

2. Experimental
2.1. Apparatus

The liquid chromatograph consisted of a Bis-
choff 2200 pump, an injection valve with an
injection volume of 20 wl, a Bischoff Lambda
1000 UV-Vis detector and a Shimadzu C-R6A
integrator. A Nucleosil C;; column (250 X 4 mm
I.D.) (Macherey-Nagel) was employed.

The spectral measurements were carried out in
a Spectronic 20 D Model spectrophotometer
(Milton Roy Company). The pH was adjusted
with an E516 pH meter (Metrohm, Herisau).

A cartridge (plastic container, 60 X 9 mm 1.D.)
pre-packed with 250 mg of polyethylene was
used for solid-phase extraction. The cartridge
was connected to a SPE-21 vacuum pump (J.T.
Baker), and the solutions were aspirated
through. The cartridge was pre-conditioned by
passing 2 ml methanol, then 2 ml acetic acid-
sodium acetate buffer. At this stage the poly-
ethylene in the cartridge had to be maintained
moist.

2.2. Reagents

Rutin (Sigma) was dissolved in methanol to
give 0.001 M solutions. Hexadecyltrimethyl-
ammonium bromide (CTAB) was obtained from
Merck. A 0.01 M solution of CTAB was pre-
pared by dissolving the solid in water. Acetic
acid-sodium acetate (0.2 M, pH 5) buffer was
used to control the pH of the pre-column de-
rivatization. All chemicals used were of ana-
lytical-reagent grade.

2.3. Method

To a solution containing 5-100 g CrO;~ and
WO?3~ were added 2 ml of 0.001 M rutin, 2.5 ml
of 0.01 M CTAB and 2.5 ml of 0.2 M acetic
acid-sodium acetate buffer. The mixed solution
was diluted to 25 ml with deionized water and
kept for 15 min in an ultrasonic bath for colour
development.

A 5-ml volume of the above solution con-
taining metal-ion complexes was aspirated
through the pre-conditioned cartridge. The car-
tridge was then flushed with 2 ml of buffer. After
drying of the column, the rutin—metal-CTAB
ternary complexes were slowly eluted from the
cartridge with 2 ml of methanol.

2.4. High-performance chromatography

A 20-u1 methanolic sample solution was in-
jected onto the liquid chromatographic system.
The complexes were eluted with a mobile phase
of 42.5% (v/v) [for the separation of Cr(VI) and
W(VI)] or 40% (v/v) [for the determination of
Cr(VI)] tetrahydrofuran containing 0.003 M
CTAB at a flow-rate of 1 ml min~'. The com-
plexes were detected by a UV-Vis detector at
408 nm.

2.5. Determination of chromate in geological
samples

A 0.1-0.5 g amount of sample was fused in an
aluminium oxide crucible with 4 g of sodium
peroxide at 700°C for 7 min. The melt was
cooled and dissolved in 50 ml of water. The
hydrogen peroxide was removed by boiling the
solution for 10 min. After cooling, the solution
was transferred to a volumetric flask and diluted
to 100 ml with deionized water. A 5-ml volume
of sample was transferred to a 25-ml flask and
neutralised with diluted acetic acid. By using the
above mentioned method chromate complexes
were formed and then transferred to the metha-
nolic medium by solid-phase extraction. Finally a
20-u1 aliquot of the methanolic sample solution
was injected onto the HPLC system.
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(2) Rutin OH

(b) Reactions of rutin

NaAc OH *— Boric acid
[ Tonisation complex
OH
0—C12H2109

Fig. 1. Structure and reactions of rutin.

The amount of chromate in the sample solu-
tion was determined by measuring the peak
height and comparison with calibration curves.

3. Results and discussion

3.1. Pre-column derivatization and solid-phase
extraction of rutin complexes

The structure and reaction characteristics of
rutin are shown in Fig. 1 [8]. With the hydroxyl
group on C5 and the keto group on C4 rutin can
form stable complexes with metal ions [9]. If the
medium is not very acidic, the sugar moiety is
stable [6] and the hydroxyl groups at the 3', 4’
and 7 positions of rutin can be deprotonated

differently. Therefore, rutin complexes are nega-
tively charged and can form micellar ion-associa-
tion compounds with CTAB. Table 1 shows
some properties of the Cr(VI) and W(VI) ter-
nary complexes. These two complexes are rela-
tively stable and their extinction is stable for a
period of at least two hours. The retention
properties of the Cr(VI), W(VI) and other
metal-ion complexes are discussed in Ref. [6].

Direct injection of non-pretreated aqueous
solutions of Cr(VI) and W(VI) complexes did
not yield any chromatographic peaks. This could
be due to the strong hydrophobic character of
the complexes. To reduce their adsorption on
the stationary phase, the complexes were trans-
ferred to a methanolic medium by means of
solid-phase extraction with polyethylene as the
sorbent. The methanolic sample solution was
injected onto the chromatographic system and
separated peaks of the Cr(VI) and W(VI) com-
plexes were obtained.

3.2. Chromatographic separation of ternary
complexes of Cr(VI) and W(VI)

Table 1 shows that the ternary complexes of
Cr(VI) and W(VI) have not only a similar A_,,
but also a similar optimal pH. This non-selectivi-
ty of the complexation reactions leads to difficul-
ties in the spectrophotometric detection but is a
prerequisite for the simultaneous determination
of metal-ion complexes by means of HPLC.

Separation of the Cr(VI) and W(VI) ternary
complexes could be achieved by reversed-phase
chromatography when the concentrations of
tetrahydrofuran and CTAB were suitably selec-
ted. The rutin peak eluted early in the chromato-
gram and did not interfere with the solute peaks

Table 1

Properties of ternary complexes of rutin with metal and CTAB

Metal A, (M) Apax (nmM) PH,,, Metal/ligand
(water) (methanol) (molar-ratio)

Cr(VD) 429 416 5.0 1:2

W(VD) 417 408 44-5.1 1:2
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because the rutin ternary complexes were more
strongly retained by the column than non-com-
plexed rutin.

The concentration of tetrahydrofuran in the
mobile phase had a significant effect on the
separation of the Cr(VI) and W(VI) complexes.
The Cr(VI) and W(VI) complexes could be
separated with a tetrahydrofuran content of 40%
(v/v), but the retention time of the W(VI)
complex was very long (15 min) and the peak
was very wide. When the tetrahydrofuran con-
tent was higher than 45% (v/v), the Cr(VI)
complex peak overlapped with the system peak
and the Cr(VI) and W(VI) complexes could not
be separated. A concentration of 42.5% (v/v)
tetrahydrofuran was chosen for the separation of
the Cr(VI) and W(VI) complexes. The mobile
phase was carefully handled in a ultrasonic bath
to prevent volatization of tetrahydrofuran.

The effect of CTAB in the mobile phase on
the retention of Cr(VI) and W(VI) complexes
was examined. With 42.5% tetrahydrofuran but
no CTAB in the mobile phase the chromato-
graphic peaks of the Cr(VI) and W(VI) com-
plexes could not be resolved from each other and
from the solvent peak. In contrast to the usual
behaviour described in the literature [5], the
addition of CTAB did not result in a decrease,
but in an increase of the retention of the metal-
ion complexes on the stationary phase. CTAB
can act as counter ions in this system forming
ion-pairs with complexes containing opposite
charge. CTAB has a large hydrophobic group
and can be adsorbed on the surface of the
stationary phase. In this way a positively charged
layer is formed on the surface of stationary
phase. When the sample solution together with
the mobile phase flows through the column, this
positively charged layer competes with the
CTAB in the mobile phase for the negatively
charged binary rutin—metal-ion complexes. The
higher the concentration of CTAB in the mobile
phase, the more CTAB will adsorb on the
stationary phase and the stronger the retention
characteristics of the stationary phase. Because
the W(VI) complexes were more sensitive to
changes in the concentration of CTAB than the
Cr(VI) complexes, the two ternary complexes

could be separated. However, a too high con-
centration of CTAB gave an inferior baseline
and resulted in a turbid mobile phase due to the
limited solubility of CTAB. A concentration of
0.003 M CTAB was appropriate for the sepa-
ration of the Cr(VI) and W(VI) complexes.

The pH of the eluent was 5.85. An increase or
decrease of the pH neither improved the peak
shape nor reduced the retention. Thus the eluent
was used without pre-adjustment of the pH. In
contrast to the results found with other ion-pair
reversed-phase chromatographic separations of
metal-ion complexes the addition of ligand and
buffer to the mobile phase did not lead to any
noticeable improvement in the separation of the
complexes; it did however result in deformed
peak shapes. Therefore, only 42.5% (v/v) tetra-
hydrofuran containing 0.003 M CTAB was .
chosen as the mobile phase.

It must be emphasised that the complexes of
Cr(VI) and W(VI) could be not separated on a
new column. Even when the tetrahydrofuran
content in the mobile phase was increased to
60% (v/v), no W(VI)-complex peak did appear,
whereas the Cr(VI) complex eluted together
with other components with less retention. With
the ageing of the column the retention of the
Cr(VI) complex did not decrease substantially,
whereas the retention of the W(VI) complex
decreased dramatically. Thus, the Cr(VI) and
W(VI) complexes could be separated on a used
column with 42.5% (v/v) tetrahydrofuran con-
taining 0.003 M CTAB.

An interesting phenomenon was observed in
this experiment. When Cr(VI) and W(VI) were
first mixed, coloured and then handled by solid-
phase extraction, the peak height of tungstate
was smaller than that of chromate, although the
concentration of tungstate was 4-fold higher than
that of chromate (Fig. 2a). When Cr(VI) and
W(VI) were coloured separately, extracted and
then mixed, a completely different chromato-
gram was obtained (Fig. 2b). The peak heights
of the W(VI) and Cr(VI) complexes were almost
identical, although the concentration of tungstate
was only twice that of chromate. The reason
could be that the chromate complex is more
stable than the tungstate complex. Thus, the
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Fig. 2. Separation of the ternary complexes of Cr(VI) and
W(VI). (a) Cr(VI), W(V) were first mixed, coloured and
then handled by solid-phase extraction; concentration: 2 mg
17! (chromate), 8 mg 17 '(tungstate); (b) Cr(VI), W(VI) were
coloured first respectively, extracted and then mixed; con-
centration: 1 mg 17" (chromate); 2 mg |~ '(tungstate). Mobile
phase: 42.5% (v/v) tetrahydrofuran containing 0.003 M
CTAB; column: Nucleosil C,;, 250 X 4 mm [.D.; flow-rate: 1
ml min~"; detection: Vis (408 nm).

Table 2

relatively stable complex between rutin and
chromate is eluted first. Only excess of rutin is
able to complex the tungstate completely; this
will lead to a low absorbance of tungstate.

3.3. Determination of chromate in geological
samples

Because no samples containing detectable
W(VI) could be found, only the ion-pair reverse-
d-phase chromatographic determination of the
chromate—rutin—-CTAB complex was performed
as an example of the practical application of the
method developed above (section 3.2). In order
to obtain a more accurate measurement of the
peak height, the concentration of tetrahydro-
furan in the mobile phase was reduced to 40%.

This method was very sensitive. Even at a
chromate concentration of 5 ug 17!, the chro-
mate peak could be still detected. The calibra-
tion curve is linear at least over the range 0.02—
0.2 mg 17" of chromate in the initial aqueous
solutions.

Four geological samples were analysed and the
results are summarised in Table 2. In order to
evaluate the quantitative performance of the
HPLC method, a photometric method [10] was
used to compare the results. The results from the
two methods show good agreement for the
determination of chromate in geological samples.

The proposed HPLC method should be applic-
able to the determination of tungstate in the
appropriate samples.

Comparison of results for the determination of chromate in geological samples by HPLC and spectrophotometry [10]

Sample Chromate content® (mg kg™ ')

Proposed HPLC method Spectrophotometry
Ore 174 £ 1.50 172 £ 0.52
Sediment 214 x2.07 230+ 0.61
Grey soil 282 +3.49 260 = 0.54
Red soil 910 = 0.57 990 + 0.09

*Mean = R.S.D.% (n=75).
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4. Conclusions

A new ternary complex system has been
developed for the separation of Cr(VI) and
W(VI) by reversed-phase chromatography.
Solid-phase extraction was used to transfer the
ternary rutin—metal-CTAB complexes from an
aqueous to a methanolic phase. Thus the inter-
action between the complexes and the stationary
phase was reduced and separation of the com-
plexes could be achieved. Due to the limited
availability of samples the method was only
applied for the determination of chromate in
geological samples. When suitable samples are
available the method should be applicable to the
determination of tungstate or the simultaneous
determination of chromate and tungstate.
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Abstract

The O-benzylhydroxylamine hydrochloride derivatization of aldehydes, like most other aldehyde derivatization
procedures, has historically been carried out under acidic conditions. An adaption of this procedure to basic
samples, namely triethanolamine, is now reported whereby no acidification of the sample is required. This method
has been shown to be capable of quantitatively determining up to at least the C,, aldehydes. Analysis by gas
chromatography with flame ionization detection gave detection limits in the low pg/ml (ppm) range.

1. Introduction

Ethanolamines are commercially produced by
reaction of ethylene oxide with ammonia. The
various amines produced are separated by dis-
tillation to give monoethanolamine (MEA),
diethanolamine (DEA) and triethanolamine
(TEA). While MEA and DEA are usually water
white in color, it is not uncommon for TEA to
be highly colored. The color-producing im-
purities have been ascribed to the presence of
aldehydes which are either impurities carried
into the process with the ethylene oxide or are
formed as a result of ethanolamine degradation.
In order to study color formation during the
production of these amines, it was necessary to
have a method capable of determining trace
levels of aldehydes in this matrix.

The determination of aldehydes either in total
or as individual aldehydes has been described by
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many investigators. Gas chromatographic (GC)
determination of free aldehydes present difficul-
ties due to their reactive nature. Determination
using liquid chromatography requires UV detec-
tion at 200 to 220 nm and presents a sensitivity
issue since extinction coefficients of these alde-
hydes are not high. An alternative to direct
determination is to react aldehydes with a de-
rivatization agent which imparts either thermal
stability for GC analysis or a more strongly
absorbing chromophore in the UV or visible
spectral range for liquid chromatographic analy-
sis.

One of the most common derivatization agents
for aldehydes is dinitrophenylhydrazine which
when reacted with aldehydes produces a hy-
drazone product that is both thermally stable and
has a strong chromophore. This method has
been used for colorimetric [1-3], GC [4-6] and
liquid chromatographic [7-9] determinations.
This derivatization procedure, however, is an
acid-catalyzed reaction which would require

© 1995 Elsevier Science BV. All rights reserved
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acidification of a basic triethanolamine matrix.
Acidification of this basic matrix could result in
heat generation which would, in turn, increase
the likelihood of losing the more volatile alde-
hydes. A second procedure involving the reac-
tion of pentafluorobenzyloxyamine (PFBOA)
with carbonyl compounds has been used for
trace level detection of aldehydes [10-12]. Sam-
ples containing these fluorinated oxime derivati-
zation products have been analyzed by GC with
electron-capture detection (ECD). These reac-
tions have been carried out in aqueous solutions
and in media which are slightly acidic. A third
method which involves formation of aldehyde
oxazolidine derivatives is used extensively in air
pollution work for screening and determination
of various low-molecular-mass aldehydes. The
most common reagent is  2-(hydroxy-
methyl)piperidine which is coated on XAD-2
resin for packing in solid adsorbent tubes [13].
This reagent was found by Kennedy and co-
workers [14,15] to give the fastest reaction time
for this class of reagents. This derivatization
reaction has primarily been used in adsorbent
tube reactions for gas-phase reactions rather
than for solution-phase derivatizations.

This paper reports on an extension of the
PFBOA procedure which demonstrates that the
non-fluorinated O-benzylhydroxylamine (BOA)
reagent is capable of derivatizing aldehydes in
basic media to form aldehyde oxime products
which can be quantitatively determined by GC
using flame ionization detection (FID). While
PFBOA gives good ECD sensitivity, this halo-
genated derivative decreases the FID response
due to quenching of the flame signal by the
fluorine. Therefore, the non-fluorinated BOA
was chosen to maximize FID sensitivity.

2. Experimental
2.1. Reagents
O-Benzylhydroxylamine hydrochloride (Al-

drich, Milwaukee, WI, USA) was prepared as a
5000 wg/ml solution in deionized (DI) water

(Millipore, Bedford, MA, USA). Standard solu-
tions (2500 wg/ml) of formaldehyde (Aldrich),
acetaldehyde (Aldrich), propanal, butanal,
pentanal, hexanal, heptanal (Alltech, Deerfield,
IL, USA) were also prepared in DI water.
Octanal and decanal standards can also be made
in water but only at lower concentrations due to
the limited aqueous solubility of these aldehydes.
These solutions were diluted with DI water to
prepare standards for standard addition and
recovery studies. Similar standards were also
prepared using TEA as a solvent. Hexane (Bur-
dick & Jackson, Muskegon, MI, USA) was used
for extractions.

2.2. Instrumentation

A Hewiett-Packard 5890A gas chromatograph
equipped with a flame ionization detector was
used for analysis. A 30 m X 0.25 mm L.D. DB-
210 (J & W Scientific, Folsom, CA, USA) fused-
silica capillary column (0.25 pm film thickness)
was used for GC analysis. Helium was used as
the carrier gas at 1.1 ml/min. The column
temperature program was 50°C isothermal for 1
min, programmed to 200°C at 6°C min, held for
1 min, ramped again at 25°C/min to 225°C and
held for 2 mins. Injection port and detector
temperatures were held at 225 and 250°C, re-
spectively.

2.3. Derivatization procedure

A 1-ml volume of sample was accurately
weighed into a 4-ml screw-capped vial and 1 ml
of the 5000 pg/ml BOA solution was added. The
mixed solution was allowed to react at room
temperature for 2 h. The derivative product was
then extracted in the same vial with 1 ml of
n-hexane by shaking vigorously for 1 min. The
hexane extract was transferred to another vial
using a transfer pipet and was shaken well with 4
ml of 0.15 M H,SO, for 30 s. This removed
excess TEA and BOA from the derivative prod-
uct. The hexane layer was removed and analyzed
for aldehyde content.
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3. Results and discussion

BOA reacts with carbonyls (shown below) to
form the corresponding oximes. Nonsymmetrical
carbonyl compounds (R, #R,) such as acetal-
dehyde react with BOA to give two geometrical
isomers (based on the position of the R groups
relative to the free electron pair of the nitrogen)
and two peaks in the chromatogram when a
polar column is used. Symmetrical carbonyls
(R, =R,) such as formaldehyde form a single
isomer and give a single peak in the chromato-
gram. Doublet peaks in the chromatogram of an
unknown will therefore give qualitative infor-
mation regarding the presence of nonsymmetri-
cal carbonyls.

R,

|
C,H,~CH,-O-NH, + 0=C—

RZ
R, R,
| 1
CH,-CH,-O-N=C + C;H,~CH,-0-N=C + H,0

| l
R2 Rl

H,0

The work presented here shows that this
method works effectively for linear straight-chain
aldehydes up to at least C,, as well as for
crotonaldehyde. Fig. 1 shows a standard chro-
matogram of the C,—C,, aldehyde derivatives
and illustrates that formaldehyde gives a single
peak while the non-symmetrical aldehydes
produce doublets.

The time required to carry out a BOA reac-
tion was studied on TEA samples. A 1-ml
volume of a 5000 ug/ml BOA solution was
mixed with 1 ml of a TEA solution that had been
spiked with known amounts of formaldehyde
and acetaldehyde. The high concentration of
BOA was used to ensure an excess of BOA. The
vials were held at room temperature for periods

Cy C; C3 Cy Cs CgCy Cy
1249
Cio
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GC Response
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Fig. 1. Gas chromatogram of C,—C,, straight-chain alde-
hydes using BOA derivatization.

of time ranging from 1 to 36 h. The TEA
solutions were then extracted with hexane and
analyzed. The results, shown in Fig. 2, indicate
that the reaction reached completion in 1.5 to 2
h. The derivatives remained stable for at least 36
h in the TEA-BOA mixture and were also
found to be stable in the hexane extract for an
equivalent period of time. Since formaldehyde
and acetaldehyde are often found in TEA, they
were used for optimizing the reaction time.
However, crotonaldehyde, hexanal and heptanal
were also tested for optimum reaction conditions

Response
g § &8

E

4500 L L L Il i} 1 1 L f
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Fig. 2. Plot of flame ionization response versus BOA reac-
tion time. A = Formaldehyde; 00 = acetaldehyde.
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and they were found to react quantitatively and
within the same time frame.

The derivatization method was confirmed in
the TEA matrix by studying the spike recovery.
TEA samples were spiked with known amounts
(from 20 to 250 pg/ml) of formaldehyde, acetal-
dehyde, butyraldehyde and crotonaldehyde. The
spiked samples were then analyzed using the
above procedure and their typical recovery per-
centages are shown in Table 1. As predicted, two
peaks were detected for each non-symmetrical
aldehyde with recoveries calculated at greater
than 90% for each.

A standard addition method was also used to
confirm the concentration of aldehydes in a TEA
sample. The concentrations for formaldehyde
and acetaldehyde were found to be 18 and 50
ng/ml, respectively, as compared to 19 and 48
mg/ml using an external standard calibration.
Since there did not appear to be any matrix
effects, the external standard method was used
for analyzing TEA samples.

Several TEA samples were then screened for

Table 1
Spike recovery results for triethanolamine

individual aldehydes using the above procedure.
Table 2 shows aldehydes found in the various
TEA samples with the corresponding color de-
scription of the TEA. In all cases, only formalde-
hyde and acetaldehyde were found. It could not
be determined whether formaldehyde and acetal-
dehyde are responsible for imparting color, how-
ever, they correlate with the color in these
solutions. Since the method was tested for alde-
hydes only up to decanal, it could not be de-
termined whether the TEA samples contained
aldehydes higher than decanal or if higher-mo-
lecular-mass aldehydes were present which either
did not elute from the column or which de-
composed in the injection port of the chromato-
graph. At this time, another method [7-9] in-
volving derivatization with dinitrophenylhydra-
zine was also explored for analyzing aldehydes in
TEA samples using HPLC. It was found, how-
ever, that the method showed no reproducibility
of response for various aldehydes especially
formaldehyde and acetaldehyde present in TEA
matrix. The non-reproducibility of response

Compound Amount spiked Amount recovered Recovery
(wg/ml) (pg/ml) (%)
Formaldehyde 20 18 90
50 52 104
100 96 96
150 138 92
250 235 94
Acetaldehyde 20 19 95
’ 50 47 94
100 101 101
150 140 93
250 230 92
Butanal 20 18 90
50 53 106
100 90 90
150 142 95
250 238 95
Crotonaldehyde 20 21 105
50 46 92
100 93 93
150 154 103
250 228 91
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Table 2

Aldehyde analysis in triethanolamine samples

Process Formaldehyde Acetaldehyde APHA" color
sample (ng/ml) (pg/ml) scale
1 3 24 25
2 6 100 45
3 5 100 55
4 7 110 70
5 7 150 300
6 17 180 500
7 12 260 1500

2 Official method for color (APHA scale) issued by the American Oil Chemists’ Society (AOCS), document no., TD1B, 1964.

could be attributed either to the formation of an
unstable hydrazone derivative in TEA or degra-
dation of the hydrazone derivative due to the
extreme basic nature of TEA. No other methods
were investigated further and the proposed
method of BOA derivatization was used for
routine aldehyde analysis in TEA.

3.1. Method sensitivity

To verify the linearity of the BOA derivatiza-
tion method, a calibration for the analysis of
formaldehyde, acetaldehyde, butyraldehyde and
crotonaldehyde was done over a wide concen-
tration range. The method was found to be
linear from the detection limit of 1 ug/ml to
approximately 2000 pg/ml with a correlation
coefficient of 0.9998. A higher concentration of
BOA solution can be used to obtain linearity for
samples containing excessive amount of alde-
hydes. The upper detector linearities of octanal
and decanal were 600 and 250 pg/ml, respective-
ly, due to their limited solubilities.

Precision of this method was also investigated.
Standards with known amount of formaldehyde
and acetaldehyde were analyzed repeatedly up to
10 times. The relative standard deviation ob-
tained for this method was 2.76%.

4. Conclusions

A method has been described for the de-
termination of aldehydes in a basic medium,

namely triethanolamine. While most aldehyde
derivatization procedures are carried out under
acidic conditions, this method provides the
analyst with the additional capability of basic
derivatization. This eliminates the need for any
acidification of the sample prior to derivatiza-
tion. The derivative products were found to be
thermally stable and thus could be easily ana-
lyzed by GC. Excellent linearity of response with
a correlation coefficient of 0.9998 was obtained,
along with spike recoveries of greater than 90%,
for all aldehydes studied.
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Applied Pyrolysis Handbook, edited by Thomas P. Wampler; Marcel Dekker, New York, Basel, Hong
Kong, 1995, ix + 361 pp., price US$ 135.00, ISBN 0-8247-9446-X.

About a decade ago a number of books on
pyrolysis appeared at a time when the technique
was rapidly emerging. In recent years such
publications have been scant despite the wider
application of the technique with improved chro-
matography due to the almost universal use of
capillary columns and enhanced detection em-
ploying mass spectrometry, tandem mass spec-
trometry and Fourier transform infra-red spec-
trometry.

The work consists of 11 chapters, the first
entitled “Analytical Pyrolysis: An Overview” by
the editor illustrates briefly the principal degra-
dation mechanisms and then introduces applica-
tion to some of the major groups of materials
most of which are further treated in subsequent
chapters. Chapter 2 introduces pyrolysis instru-
mentation and analytical techniques and summa-
rises the improvements that have evolved over
30 years. A disadvantage of Curie—Point systems
is indicated to be possible catalytic effects due to
the metals of the Curie-Point wire; however
these metals are in part comparable to the
constituents of resistively heated filaments. With
filaments the resistance of the entire system must
remain constant if the same energy is applied
with the intention of providing the same tem-
perature. Contact of parts of the filament and
alloying must be avoided.

Chapter 3 describes Pyrolysis Mass Spec-
trometry and briefly shows instrument design,
then chemometrics or methods of data analysis

SSDI 0021-9673(95)00547-1

where multivariate statistics, techniques of
Principal Component Analysis and artificial neu-
tral networks are each described.

The Microstructure of Polyolefins forms Chap-
ter 4 and here the various branching structures of
polyethylene, the microstructure of poly-
propylene and the sequence distribution in ethyl-
ene—propylene copolymers are considered. It is
apparent that the alternative to pyrolysis—gas
chromatography in the measurement of these
quantities is ’C NMR and that the agreement of
the two techniques is poor.

Chapter 6 entitled The Application of Ana-
lytical Pyrolysis to Cultural Materials is of con-
siderable interest. Many common types of ma-
terials are considered but two additional features
are described: (1) the effect of often centuries of
exposure and (2) the representative nature of the
sample. With the small samples available the
analysis may be of a restorative material rather
than of the original.

Environmental Applications of Pyrolysis forms
Chapter 7 and a series of applications related to
(1) air, i.e. smoke aerosols, vehicular traffic
particulate matter and pollutants from thermal
decomposition, (2) solids, i.e. waste plastic re-
cycling, sewage sludge, soils and sediments, and
(3) water, i.e. pulp mill effluents and ground-
water, are decided.

The Examination of Forensic Evidence forms
Chapter 8 and the examination of almost every
material in common use, including paints, adhe-
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sives, rubbers, fibres, oils and fats, cosmetics and
inks, is considered. A particular feature of the
chapter is the use of pyrolysis derivatization. In
conventional chromatography derivative forma-
tion is a standard procedure and with pyrolysis
high temperature derivative reactions have been
developed where tetraalkylammoniumhydroxide
reacts with hydrolyzable groups on pyrolysis
products to produce alkyl derivatives which are
readily detected.

The Characterization of Microorganisms by
Pyrolysis—Gas Chromatography, Pyrolysis—Mass
Spectrometry and Pyrolysis—Gas Chromatog-
raphy—Mass Spectrometry forms Chapter 9 and
although the individual techniques are described
the advantages/disadvantages of each technique
could be clearer. Selected applications include
examples of gram-positive and gram-negative
bacteria and of fungi.

Chapter 10 entitled Pyrolysis of Polar Macro-

molecules considers the pyrolysis of some syn-
thetic polymers including polyalkyl methacryl-
ates, polyethers, aromatic polyesters, cationic
surfactants and sulphonamides.

The final chapter of the work is a compilation
of 65 sample pyrograms of materials in common
use. While the pyrolysis temperatures are shown
the chromatographic conditions are omitted and
this makes the collection of limited value.

The work assembles together many of the
recent advances made in pyrolysis. Over half the
citations have appeared in the last ten years and
the work is recommended as an addition to the
bookshelf of all interested in analytical pyrolysis.
It is a pity that mass spectrometry as a detection
method has not been treated in more detail and
that the use of Fourier transform infrared detec-
tion has not been included.

J.K. Haken

Kensington, Australia
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Chromatography in the Petroleum Industry, Journal of Chromatography Library Series No. 56, edited
by E.R. Adlard, Elsevier, Amsterdam, lausanne, New York, Oxford, Shannon, Tokyo, 1994,
XVIII + 434 pp., price Dfl. 435.00, ISBN 0-444-89776-3.

I can not claim to have read all, or even most,
of the text in this book. In fact it is the kind of
book that almost no-one would — or could - read
all of. This is not a criticism. The book covers, so
far as I can judge, the entire spectrum of
common and uncommon chromatographic analy-
ses carried out on petroleum or fractions thereof,
and as such it encompasses a broader range than
single individuals (certainly this individual) will
have experience of. I personally was most inter-
ested in two of the chapters (Ch. 1 ““The analysis
of hydrocarbon gases” and Ch. 5 ‘“Chromatog-
raphy in petroleum geochemistry’”), but then I
am a geochemist. These were well written,
although I found the chapter on petroleum
geochemistry somewhat too concise (i.e. short)
to be of practical use. This is not a criticism of
the authors, who were presumably writing to a
prescribed format.

Funnily enough, I found no chapter devoted to
plain, straightforward gas chromatography, de-
spite the fact that the editor states in the
Foreword that “gas chromatography in particular
is the most important analytical technique in
petroleum analysis” (no-one would argue with
that). After all, there are entire chapters on
HPLC and column liquid chromatography (Ch.
12), supereritical fluid chromatography (Ch. 11),
hydrodynamic chromatography (Ch. 4) and
capillary electrophoresis (Ch. 14). It is true that
gas chromatography is covered a lot along the
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way, for example in chapters 2 (“‘Advances in
simulated distillation” — remarkable for a com-
plete absence of figures), 3 (“The chromato-
graphic analysis of refined and synthetic waxes’)
and 9 (““Multi-column systems in gas chromatog-
raphy”’), but why not a chapter devoted to the
fundamental applications of this most important
of techniques? This could have been in the form
of an introductory chapter to the more special-
ised sections above. And why were the chapters
dealing mostly with gas chromatography not
grouped together, which would have been more
logical and made it easier to grasp the scale and
scope of the applications? As it 1s, the ordering
of the chapters appears almost random.

Compared to the coverage of the basic gas
chromatographic analysis, I thought there was an
excessive amount of detail on rather less-com-
mon detectors. Microwave plasma detectors (Ch.
7) did not really merit 42 pages in my opinion,
nor did the sulphur chemiluminescence detector
(Ch. 8) demand so much as 29 pages.

As with all books, one has to put the question
“who is going to read this?”’ The editor intends
this one to be “primarily for those concerned
with the analysis of crude oil and its
products . . .”’. That encompasses a lot of people,
but I am not sure that all of them will get much
out of this book. Those already experienced
people working in companies with well-de-
veloped methods probably will not read it — even
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if they should-as it contains too much ex-
perimental detail for them. It could however be
a good starting point for those trying to set up
shop and who want to get a feel for how things
are done. Despite the editor’s undoubtedly cor-
rect belief that “many of the chapters have much
broader applications”, the apparent narrowness

of the content suggested by the title may stifle
the hope that “many outside the immediate
sphere of petroleum analysis will find...it a
worthwhile purchase.”

Stavanger, Norway Richard Patience



\:

ELSEVIER

Journal of Chromatography A, 709 (1995) 397

JOURNAL OF
CHROMATOGRAPHY A

Book Review

Advances in Chromatography, Vol. 35, edited by P. Brown and E. Grushka; Marcel Dekker, New York,
1995; XVIII + 425 pp., price US$ 165, ISBN 0-8247-9361-7.

This volume, dedicated to Dr. J. Calvin Gid-
dings, compiles a series of review articles dealing
with the most rapidly developing areas in the
field of chromatography and electrophoresis. In
the Preface the editors quote Roy Keller who in
the first volume of this series wrote that “even
the explosive growth of chromatography (he
meant mainly GC) has made it difficult for any
single individual to maintain a coherent view of
the field’s progress”. What was true some thirty
years ago is valid even more today. In my
opinion the editors of this volume succeeded
very well in selecting the right topics. On the
other hand, in contents the volume is a bit
diversified spanning from Optical Detectors for
Capillary Electrophoresis (E.S. Yeung), Capil-
lary Electrophoresis Coupled with Mass Spec-
trometry (K. Pomer, L.J. Deterding and C.E.
Parker), Approaches for Optimization of Ex-
perimental Parameters in CZE (H.J. Isaaq,
G.M. Janini, K.C. Chan and Z. E1-Rassi) and
Pharmaceutical Analysis by CE (S.F.Y. Li,
Choon Lan Ng and Chyl Peng Ong) to a review
on chiral separations by C.J. Welch (Crawling
out of the Chiral Pool: The Evolution of Pirkle-
type Chiral Stationary Phases) and one review
which is considerably more on the application
side: R.E. Pauls, Chromatographic Characteriza-

tion of Gasolines. The last two chapters deal

with reversed-phase ion pair and ion interaction
chromatography and error sources in the de-
termination of chromatographic peak size ratios.

SSD1I 0021-9673(95)00561-7

When reading the book I was, for personal
reasons, tempted to begin with the articles on
capillary electrophoresis. Then I decided to start
from the end with Veronika R. Meyer’s contribu-
tion on Error Sources in Chromatography. This
is a didactically sound piece of work. Moreover
it is very valuable because particularly the new-
comers to the field being impressed by the
computerized systems are frequently over-
whelmed by the beautiful peaks not realizing
that without careful sample treatment the peaks
need not necessarily reflect the reality. And they
have to realize the limits of the procedures used,
too.

It is always difficult with a good multiauthored
book to stress one chapter and omitting the
others. All of the reviews presented in this
volume are not only pleasant to read but they
offer a good survey of the latest achievements in
the field, so they indeed help to invalidate the
quotation of Roy Keller with which I started this
report. Also in formal appearance the book is
done on a highly professional level and the
editors should be congratulated for a well done
job. For its price the volume is a good buy.
Except for the gasoline analysis review which is a
bit too narrow-oriented, all the others, I believe,
will find a very broad audience among chro-
matographers.

Prague, Czech Republic Zdenék Deyl
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