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produce emulsification; the result is loss of
stationary phase from the column.

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

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

Using aqueous-aqueous polymer phase sys­
tems, a standard mixture of stable proteins [9],
lipoproteins [10] and recombinant enzymes from
Escherichia coli lysate [11] have been separated
using the type-XLL cross-axis CPC with a lO-cm
revolution radius equipped with a pair of multi­
layer coils at an off-center position 20 cm from
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the mid point of the rotary shaft. In this work it
was found that the ratio between the revolution
radius (X) and the lateral deviation (L) of the
column is an important parameter in retention of
the stationary phase. In general, an increase in
ratio LIX resulted in higher retention of station­
ary phase by reducing the phase mixing effect.

The present paper describes the design and
performance of a new cross-axis CPC which can
accommodate a pair of column holders in two
different positions, the off-center position (LI
X = 1.5) or the central position (X = 0). The
apparatus was evaluated for retention of the
stationary phase of four solvent systems each
providing a specific merit on the separation of
macromolecules as shown in Table 1. Under the
optimized conditions for polyethylene glycol­
phosphate two-phase system (solvent 2), the
partition efficiency was measured in the separa­
tion of a set of stable proteins using both
analytical and preparative coiled columns.

EXPERIMENTAL

Apparatus
The cross-axis synchronous flow-through CPC

used in the present studies was designed in our
laboratory and constructed at the NIH machine
shop. Both analytical and preparative columns

TABLE I

FOUR TYPICAL SOLVENT SYSTEMS FOR PARTITION OF MACROMOLECULES

HPC = Hexadecylpyridinium chloride; PEG = polyethylene glycol.

No.

2

3

4

Solvent systems Target samples Characteristic features

n-Butanol- Polysaccharides: No other efficient
0.13 M NaCl (1:1) containing chondroitin sulfate, solvent system
1.5% (w/v) HPC heparin, hyaluronic available

acid

12.5% (w/w) PEG 1000, Proteins High retention,
12.5% (w/w) K2HPO. good efficiency

4.4% (w/w) PEG 8000, Proteins High solubility for
7.0% (w/w) dextran T500 proteins

4.0% (w/w) PEG 8000, Nucleic acids, Physiological pH and
5.0% (w/w) dextran T500 cell particles osmotic pressure for

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

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

In order to prevent the flow tubes from being
twisted, a pair of counter-rotating tube holders is
placed one on each side of the rotary frame. The
plastic gear (10 cm in pitch diameter) mounted
on each tube holder is engaged to an identical
gear affixed on the neighboring column holder so
that the tube holder synchronously rotates with
the column holder in the opposite direction. The
positions of the column holder and the tube
holder are easily interchanged by loosening the
screws on each bearing block from the rotary
frame: When the column holder is mounted at
the off-center position (as shown in Fig. 1), the
tube holder is placed at the central position and
vice versa. The layout of the flow tubes shown in
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Fig. 1B connects the pair of separation columns
in series and permits continuous elution through
the running columns without the use of a rotary
seal device. Each flow tube is lubricated with
grease and individually protected with a short
sheath of Tygon tubing at each projecting hole to
prevent direct contact with the metal parts.

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

Preparation of coiled columns
The measurement of stationary phase reten­

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

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

The measurements of the stationary phase
retention were performed with four different
solvent systems at the maximum revolution
speed of 800 rpm and at a flow-rate of 3.0
ml/min. The retention of each solvent system
was measured under eight different experimental
conditions, i.e., all possible combinations of the
direction of revolution (PI =counterclockwise;
PH =clockwise), the head-tail elution mode
(H = head to tail; T = tail to head), and inward­
outward elution mode (I = inward; 0 =
outward). The inward-outward refers to the
direction of the elution along the holder axis:
"inward" is from the peripheral toward the
promixal against the action of the centrifugal
force field and "outward" is in the opposite
direction. These studies required the use of both
right-handed and left-handed coils. The eight
elution modes at the off-center position (X­
1.5L) are summarized in Table II. The elution
modes applied to the central position (L) are
similarly defined by modifying the orbit of the
column rotation in PI and PH shown in Table II.

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

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

CCC separation of proteins
A set of stable proteins, including cytochrome

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

TABLE II

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

Planetary Head-tail Inward-outward Combined
motion elution mode elution mode elution

(handedness of coil)' mode"

cp Head-Hail Inward (R) P,-H-I

P, Head - tail Outward (l) P,-H-O
Tail- head Inward (l) P,-T-I
Tail- head Outward (R) P,-ToO

cp Head - tail Inward (l) P,,-H-I

P" Head - tail Outward (R) P,,-H-O
Tail- head Inward (R) P,,-T-I
Tail- head outward (l) P,,-T-O

, R = Right-handed; l = left-handed.
"H = head- tail; T = tail- head; I = inward; 0 = outward.
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TIME (min)

Fig. 10. Chromatograms of ovalbumin (A), myoglobin (B),
bovine serum albumin (C) and human serum albumin (D)
obtained from the analytical coil. Experimental conditions:
solvent system, 12.5% (w/w) PEG 1000-12.5% (w/w) di­
basic potassium phosphate; mobile phase, lower phase; flow­
rate, 0.2 ml/min; sample size, 30 mg; revolution, 800 rpm.
SF = Solvent front.
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CONCLUSIONS

high viscosity of the polymer phase system but
more likely due to the high molecular mass and/
or some heterogeneity of the proteins.

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

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

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

Solvent 4 (4% PEG 8000 and 5% dextran
T500) systems have a low interfacial tension and
small difference in density between the upper
and lower phases. This particular physical prop­
erties of the solvent system cause emulsification
resulting in low retention of the stationary
phases in the present apparatus. However, this
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potassium dichromate and maleic acid (see Table
III).

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

The overall results of the present studies
indicate that the low partition efficiency in pro­
tein separation is not primarily caused by the
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Fig. 3. Paths of a line drawn along the axis of the coil belonging to a type J CPC or a cross-axis (X-axis) CPC; influence of the f3
ratio and of the position of the coil for a cross-axis CPC.

centrifugal field in the xy plane (Fig. SA, 1) is
similar to that obtained with type J motion for
f3 = 0.25, but it never cancels completely. Its
projection in the xz plane is shown in Fig. SA, 2.
Fig. 5B refers to the X - L position of the coil
with f3 = 0.5. The projections in the xy and xz
planes are given in Fig. 5B, 1 and 2. The
geometry of the centrifugal force field appears
similar to that for the L position of the coil, as

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

The second set of studies was done to examine
the influence of the total centrifugal acceleration
by analyzing its tangential (lateral) and normal
(perpendicular) components. For both CPCs, the
direction perpendicular to the tube is given by-vector a'p (see Figs. 1 and 2). The corre-
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Fig. 2. X - 1.5L position: effects of planetary motion P, and Pn on the retention of the stationary phase. (A) 5.5-cm helical
diameter coil; (B) lO.O-cm helical diameter; left: ,upper phase mobile; right: lower phase mobile.

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

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

The above analysis shows the relative impor­
tance of all the factors studied and their possible
interactions. The inward-outward factor is the
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Fig. 1. The structures of chiral stationary phases.

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

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

EXPERIMENTAL

Chemicals
The silica gel used was Nucleosil (pore size 100

A; particle size 10 J-Lm; surface area 350 mZ/g),
obtained from Macherey-Nagel.

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

Preparation of s-triazine derivatives of L-amino
acids

Three derivatives of s-triazine prepared in this
study were 2,4-bis(L-alanyl)-6-chloro-s- triazine
(I), 2,4-bis(L-valyI)-6-chloro-s-triazine (II) and
2,4-bis(L-leucyl)-6-chloro-s- triazine (III). These
compounds were synthesized by a general proce­
dure as follows. Anhydrous sodium carbonate
(0.042 mol) and the L-amino acid (0.02 mol)
were dissolved in 50 ml of water, then a solution
of cyanuric chloride (0.02 mol) in acetone (10
ml) was added with stirring. The mixture was
heated at 45-50°C for 30 min. The product was
precipitated by acidifying with dilute hydrochlo­
ric acid, filtered, and washed with pure water
until no more chloride ion could be detected in
filtrate by silver nitrate solution, and dried under
vacuum in the presence of PzOs to give the
expected product quantitatively. The melting
points of compounds I, II and III were de­
termined to be 170-172, 166-168, and 70-72°C,
respectively. The characteristic IR data (potas­
sium bromide, cm -1) for compounds I-III are
summarized: v(O-H) 2600-3600, v(C-H) 2970,
v(N-H) 3300, v(C=O) 1710, v(s-triazine ring)
1500-1600. IH-NMR(CzH 3ozH) showed peaks
at 81.2(d, 6H) and 84.4(q, 2H) for compound I;
80.79(d, 12H), 82.2(m, 2H) and 84.4(d, 2H) for
compound II; 80.98(d, 12H), 81.65(m, 6H) and
84.6(t, 2H) for compound III. Elemental analy­
sis showed: C:H:N = 3.67:4.21:2.40 (calculated,
C:H:N = 3.72:4.15:2.46) for compound I;
C:H:N = 45.20:5.81:20.33 (calculated, C:H:N =
45.15:5.79:20.26) for compound II; C:H:N =

48.09:6.33:18.89 (calculated, 48.19:6.43:18.74)
for compound III.

Preparation of APS-modified silica gel
Silica gel (3 g) dried at 180°C for 10 h was

suspended in dry toluene (100 mI). After APS (3
ml) had been added, the reaction mixture was
refluxed under nitrogen for 10 h with stirring.
After cooling, the APS-modified silica was col­
lected by filtration and washed exhaustively with
toluene, chloroform, methanol and diethyl ether,
and then dried under vacuum in the presence of





















































































320 J.x. de Vries and E. Schmitz-Kummer / J. Chromatogr. 644 (1993) 315-320

specific 13C-labelled enantiomer mixtures (pseu­
doracemates) of the parent drugs [27,28]; how­
ever, these assays are not applicable to studies
with patients on long-term therapy with racemic
anticoagulant administration [7].

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

CONCLUSIONS

Several advantages of the above-described
method for the direct liquid chromatographic
separation of the coumarin anticoagulant enan­
tiomers of phenprocoumon, warfarin, aceno­
coumarol and metabolites on a1-acid glycopro­
tein chiral stationary phase are reported: it is a
simple and fast procedure not requiring pre­
column derivatization; the absolute configuration
of the parent drugs can be assigned using small
amounts of material; the optical purities of these
compounds can be determined with high sen­
sitivity; it can be applied to the determination of
enantiomers in !Jiological samples.
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Fig. 4. Ten anions separated on a Sarasep ANI column.
Conditions can be found in Table 1. The flow-rate is 1.0
ml/min. Peaks as in Fig. 1.
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Fig. 1. Ten anions separated on a Dionex AS4A column.
Conditions can be found in Table 1. The flow-rate is 1.0
ml/min. Peaks: 1 = fluoride; 2 = acetate; 3 = formate; 4 =
chloride; 5 = nitrite; 6 = bromide; 7 = nitrate; 8 = phosphate;
9 = sulfate; 10 = oxalate.
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Fig. 5. Ten anions separated on a Sarasep AN2 column.
Conditions can be found in Table 1. The flow-rate is 1.0
ml/min. Peaks as in Fig. 1.
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Fig. 2. Ten anions separated on a Dionex AS9 column.
Conditions can be found in Table I. The flow-rate is 1.0
ml/min. Peaks as in Fig. 1.

9

5.00 10.00 15.00 20.00 25.00 30.00

Minutes

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

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

Resolution of four pairs of closely eluting
anions is given in Table IV. The pair of primary
interest (fluoride and acetate) are well resolved
on the Dionex AS10, Sarasep AN2 and Waters
columns. The latter two actually meet the
criteria of resolution of 1.0 or greater. Res­
olutions of formate/ acetate and sulfate/oxalate
are poor on the Sarasep AN2 column but of far
less importance because of the absence of for-
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column, only the Dioxex ASI0 and Waters
Anion Pak HR column are capable of resolution
of all ten anions. Haddad et al. [141 found the
Waters column to be superior to others used in
SCIC based on a number of criteria.

Table V compares efficiencies of the columns
as calculated from the width at half-height. For
the most part,- all columns meet the somewhat
arbitrary conditions of 15000 plates/m. The
Dionex ASlO column has an exceptionally high
efficiency. This may be due to the design of this
pellicular /macroporous packing [151. The peak
shapes exhibited on all columns are excellent
except for the Waters column where the peaks
are exceedingly asymmetrical with uncharacteris­
tic shoulders on the front and back of each peak.
This column is not normally used with carbon­
ate-type eluents and because of its methacrylate
structure may be subject to some hydrolysis at
high pH, although this was not confirmed in this
study.

A recent example from our laboratory will

305o

o

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

10 15 20 25

Minutes

Fig. 6. Ten anions separated on a Waters IC-Pak Anion HR
column. Conditions can be found in Table I. The flow-rate is
1.0 ml/min. Peaks as in Fig. 1.

TABLE IV

RESOLUTION OF SELECTED PAIRS OF ANIONS

Column R,(OAc/F) R,(OAc/COO) R,(N0 3/Br) R,(SO./oxalate)

Dionex AS4A 0.39 0.58 2.50 4.45
Dionex AS9 0.00 0.00 2.98 4.42
Dionex ASlO 0.88 1.88 2.37 4.79
Sarasep ANI 2.87 0.10 1.58 0.35
Sarasep AN2 2.17 0.26 1.89 0.61
Waters HR 1.39 1.54 4.04 3.66

TABLE V

COLUMN EFFICIENCIES AND CAPACITIES

Column

Dionex AS4A
Dionex AS9
Dionex ASlO
Sarasep ANI
Sarasep AN2
Waters Anion HR

N (nitrite)" N (sulfate)" Capacity

22000 16000 40
14000 14000 38
44000 36000 140
16000 25000 39
15000 21000 61
18000 18000 41

Q All units are plates/m. Calculation based on the following equation: N =5.54 (tR lw h)2, where wh is the peak width at
half-height.
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tion in the presence of bromide ion [7,11]. A gas
chromatographic-mass spectrometric (GC-MS)
system fitted with a capillary column was used to
separate the difluoroanilide derivatives of HAAs
(CAAs and BAAs) and detect them selectively.
This method was employed for tap water analy­
sis, and laboratory chlorination experiments
were conducted to investigate the formation of
HAAs in the surface water of rivers.

EXPERIMENTAL

Apparatus
The system and operating conditions were as

follows: gas chromatograph-mass spectrometer,
JEOL JMS-AX505W; fused-silica capillary
columns (J & W Scientific), DB-17 (15 m x 0.53
mm 1.0., film thickness 1.0 JLm) and DB-5 (15
m x 0.53 mm 1.0., film thickness 1.5 JLm);
temperature programme, initially 100°C for 2
min, then increased at 8°C min -I to a final
temperature of 200°C; injection port tempera­
ture, 220°C; separator temperature, 230°C; ion
source temperature, 260°C; ionization current,
0.3 rnA; ionization voltage, 70 eV; and carrier
gas, helium at a flow-rate of 20 ml min -I.

Aliquots of 2 JLl of sample solution were intro­
duced directly into the column.

A Shimadzu GC-6A gas chromatograph
equipped with a 63Ni electron-capture detector
was used for the determination of THMs. A
glass column (3 m x 3 mm 1.0.) packed with
20% silicone DC-550 on Uniport HP was fitted.
The column oven temperature was 90°C, the
injection port temperature was 150°C and the
carrier gas was nitrogen at a flow-rate of 30 ml
min -I. Aliquots of 5 JLl of sample solution were
introduced.

Reagents
OFA and DCC were used as 1 M solutions in

ethyl acetate, as described previously (14].
Monochloroacetic acid (MCAA), DCAA and
TCAA primary standards were prepared in dis­
tilled water at concentrations of 1000 JLg ml- I

and stored in a refrigerator prior to use after
appropriate dilution. Monobromoacetic acid
(MBAA) and tribromoacetic acid (TBAA) were
obtained from Tokyo Kasei Kogyo (Tokyo,
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Japan). Dibromoacetic acid (DBAA) was ob­
tained from Aldrich (Milwaukee, WI, USA).
MBAA and DBAA primary standards were
prepared and used as aqueous solutions in the
same manner as the CAAs. Aqueous TBAA
standards (1000 JL g ml- I

) were used immediately
after dilution and were not stored. A mixed
standard solution of six HAAs was prepared
from each standard solution (1000 JLg ml- I

).

[2Hs]Naphthalene obtained from Cambridge Iso­
tope Laboratories (Woburn, MA, USA) was
dissolved in n-hexane. All organic solvents were
of a suitable grade for pesticide residue analysis.
Other reagents were of analytical-reagent grade.

Procedure
HAAs were derivatized as described previous­

ly [14]. Briefly, Ig of sodium chloride and 0.4 ml
of 10 M hydrochloric acid were added to a 50-ml
water sample. After adding 0.4 ml of 1 M DFA
solution and 0.4 ml of 1 M DCC solution, the
mixture was vigorously shaken with 15 ml of
ethyl acetate for 40 min. Following the addition
of 5 g of sodium chloride, the aqueous layer was
separated and then extracted with 5 ml of ethyl
acetate. The combined organic layer was succes­
sively washed with 5 ml of 3 M hydrochloric
acid, saturated sodium hydrogencarbonate solu­
tion and saturated sodium chloride solution and
then dried over anhydrous sodium sulphate. The
solution was concentrated to 10 ml and subjected
to instrumental analysis.

A 50-JLl volume of [2Hs]naphthalene solution
(2 JLg ml- I

) was added as an internal standard to
2 ml of the sample solution and aliquots of this
solution were injected into the GC-MS system.
Quantification was by comparison of the sample
peak area with that of the internal standard. For
calibration, 0.05-10-JLg amounts of each halo­
genated acid were added to 50 ml of distilled
water with the mixed standard solution of six
HAAs and the samples were subjected to the
derivatization procedure.

Laboratory chlorination experiment
Surface water samples were collected during

January 1991 from five rivers (A, B, C, 0 and E)
flowing through the city of Nagano. The samples
were vacuum filtered through glass-fibre filter
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