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

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

Characterization of microbeads
The size and size distribution of PS micro

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

Dye attachment to PSI PVAL microbeads
A 300-mg amount of Cibacron Blue F3GA

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

BSA adsorption and desorption studies
Bovine serum albumin (BSA, lyophilized ,

Fract ion V; Sigma) was selected as a model
protein. BSA adsorption on the PS, PS/PVAL
and dye-attached PS/PVAL microbeads was
studied. Adsorption studies were performed at
different pH values . The pH of the adsorption
medium was changed between 4 and 8 by using
different buffer systems (CH 3COONa

CH COOH for pH 4-6, KzHPOcKHzP04 for
3 .

pH 7 and NH3-NH4Cl for pH 8) . Adsor~tlO.n

experiments were repeated at two different IOnIC

strengths (0.01 and 0.1, adjusted by using NaCl).
The initial BSA concentration was varied be
tween 0.5 and 7.0 mg/m!. In a typical adsorption
experiment, BSA was dissolved in 25 ml of buf
fer solution containing NaCl , 0.2 g of microbe ads
was added and the adsorption experiments were
conducted for 2 h at 25°C at a stirring rate of 100
rpm . At the end of equilibrium perio~, the
microbeads were separated from the solution by
centrifugation. The albumin adsorption capacity
was determined by measuring the initial and final
concentrations of BSA within the adsorption
medium spectrophotometrically at 280 nm [17
19].

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

RESULTS AND DISCUSSION

Characteristics of PS microbeads
As shown in Fig. 1, monosize (R.S.D. < 1% )

PS microbe ads with a diameter of 4 J,Lm were
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CIRCE at Orsay (France). AMI is a method
that is well adapted to large organic molecules
[18]. Details of the optimization procedure are
given elsewhere [10].

RESULTS AND DISCUSSION

EA phases in the normal-phase mode
The EA phases chosen for these studies were

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

The capacity factors of thirteen TCDD iso
mers on the EA columns obtained in the normal
phase mode are listed in Table I. The analytes
are hardly retained on the PFB-SG column,
more retained on the DNB-SG column and well
separated on the TCP, TCP5 and TNF-SG
columns with few co-elutions. Fig. 3 shows a
chromatogram of the thirteen TCDD isomers
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obtained on the TCP5-SG column. The isomers
are well separated with high selectivity. Only two
co-elutions were observed: 1238-/1478-TCDD
and 1236-1l267-TCDD.

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

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

TABLE I

ENERGY OF HOMO (EH O MO)' DIPOLE MOMENTS (JL) AND CAPACITY FACTORS (k') OF TCDDs ON ELECTRON
ACCEPTOR PHASES, CYANOPROPYL·SG (CP-SG) AND AMINOPROPYL·SG (AP·SG) WITH HEXANE AS MOBILE
PHASE
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congeners with more than four chlorine sub
stituents.

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

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

where qSH is the effective concentration of the
reactive SH groups in the beads, qoo is the
concentration of silver in the bead phase at

effectively stripped from the beads by acidic
solutions saturated with thiourea.

As cadmium-dialkyldithiophosphate complex
es have been reported to be non-associated in
dilute solutions of hydrocarbons [22], we con
sider the expression

K = D[H+];/[HSR]~el (6)

to be relevant in the extraction of Cd 2
+ . Fig. 8

shows a logarithmic plot of D versus the concen
tration of hydrochloric acid in the stripping
solution. The slope is close to 2 and fits eqn. 6.
A 9 M HCl concentration almost completely
strips cadmium from the beads.

Eqn. 1 can be expressed as follows:

+ K +
3Agaq+ 3HSRge1:;;::= [(AgSR)3]gel + 3H aq (7)

where K = k, 1k 2 is the equilibrium constant. K
is extremely high (2 . 1041 [21D. Considering that
interruption of the extraction process had no
influence on the kinetic curves (see Experimen
tal), we assume the process to be reaction
controlled [23]. This assumption is in accordance
with the SEM data showing the presence of
DTPA as a thin layer on the wall of the beads
(see Fig. 6).

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

aql at = kl[q~g,aqq~sR - (1IK)qq~,aq] (8)

where q is the effective DTPA-complexed silver
concentration in the beads, qHSR is the effective
concentration of DTPA in the beads, qH,aq is the
proton concentration in the aqueous solution
appearing as a result of the reaction (eqn. 7) and
qA is the silver concentration in the aqueousg,aq
solution.

The dissociation of the silver-DTPA complex
is negligible, so a reasonable approximation is

(10)

(11)

(13)

(12)

qH = qSH; q = 0; 't = 0

Experimental and theoretical uptake data are
shown-in Fig. 9. Note that the U values obtained
for small (ro= 0.05 mm) and large (ro= 0.5 mm)
beads are almost identical. This is additional
evidence for the assumption that the kinetics are
reaction limiting. Had it been a diffusion-limiting
process, we should have obtained a strong de
pendence of U on ro [23]. The theoretical uptake
dependence calculated using eqn. 15 is shown as
a solid line. In calculations the following values
were used: qoo = 12.3 mol m-3, qSH = 700 mol

-3 d k 10-11 15 1-5 -1 Thm an 1 = 4.2 . m mo s. e qoo
and qSH values were found experimentally and k ,
was calculated. It can be seen (Fig. 9) that the
experimental and theoretical uptake data agree
fairly well.

equilibrium with the silver in the bulk solution
and r0 is the average external radius of the
beads.

Initial and boundary conditions are given as
follows:

U = qlqSH

Substituting eqns. 9 in eqn. 8, we have

aql at = k 1(qSH - q)3(Kq~ - q)1K

where qH is the proton concentration in the
beads.

The fractional attainment of equilibrium is
given by

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

[112(1- U)2] - [1I(KB -1)(1- U)]

+ [1/(KB -1)2] In[(KB - U)IK(I- U)]

= klq;Hr~(KB -1)rIKDc

= klq;H(Kq~ - qSH)tlK (14)

where B = qVqSH, t = Derlr~ and De is the
effective diffusion coefficient of silver in the
beads. Assuming K~ 00, eqn. 14 becomes

1/(1 - U)2 = 2klq;Hq~t (15)

(9)
qH,aq = qHSR = qSH - q ;

qAg,aq = qoo at O:s;; r e:r0
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Ion separations

20 40 60 80 100
Volume, ml

Fig. 11. Output curves obtained by displacement of Ni2+ and
Zn2

+ ion mixture in the column by Cd(CH3COO)2- and
Fe(N03)3-containing eluent. See Fig. 10 and Table I.

u

10 20 30 40 50
Volume, ml

Fig. 10. Output curves obtained by displacement of K + by
Ni2+ and Zn2+ ion mixture. Column (beads of system 4,
ro = 0.05-0.1 mm) was saturated with KN03, then
Ni(CH3COO)2 and Zn(CH3COO)2 solution was run. For
initial composition of the eluent, see Table I.

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

The main results of the experiments shown in
Figs. 10-12 are given in Table 1. It can be seen
that the separation factor a is in excellent
agreement with the extraction sequence of met
als by DTPA [7], viz., Ag::::= Hg > Pb > Fe(III) >
Cd> Ni > Zn ~ K. At equilibrium silver replaces
all other metals in the column.

In the experiments with the blank material

(16)

(17)

1008040 60
t, min

20

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

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

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

N = [±(V; - VJCin - ±V;CiJ/Q
I I

Frontal separations give information about the
equilibrium separation factor a:

Fig. 9. Rate of uptake of silver under vigorous agitation.
Initial concentration of AgN03 in water, 0.74 mM; initial
pH, 7.2; bead loading, 14.3 g I-I; temperature, 18°C. 0=
Data obtained with the beads made of system 3, average
diameter 1.0 mm; 6. = data obtained with the beads made of
system 4a, average diameter 0.1 mm; solid line = theoretical
dependence.

1

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

u
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Fig. 4. Separation of (A) 40, (B) the respective {3-tropine
form 4p and (C) the N-epimer 4q with mobile phase system
A (for eluent, see Table II).

analytes. There is a linear dependence of log k~

on chain length for both atropine and atroscine
derivatives (Fig; 3). This is opposite of the chro
matographic results with system A, where the
capacity factors of the (s)-enantiomers decreased
with increasing chain length of the alkyl chain in
the 8-position (except for 4a).

In both systems A and B the quaternary
tropane alkaloids with both R 1 and R, alkyl
groups of increasing size (4a, 4m, 4n; Sa, 5i) are
separated with higher separation factors. Esters
of o-tropanol were obviously resolved better
than the respective esters of f3 -tropanol (4b, 4p).
The separation of these compounds is similar to
that of compounds with larger equatorial alkyl
chains [(s)-configuration for N-alkyl-N-methyl
noratropine derivatives and (r)-configuration for
N-alkyl-N-methylnoratroscine derivatives]. With
mobile phase system B no separations of esters
of f3-tropanol were observed.

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

Influence of different modifiers
The above-mentioned correlations between re

tention behaviour and stereochemistry are also
valid for the subsequently investigated modifiers.

Alkylsulphonic acids. In addition to the al
ready described effects, the following dependen
ces of the separation on the alkyl chain of the
alkylsuIphonic acids can be observed (methane
sulphonic acid = MSA; butanesulphonic acid =
BSA; heptanesulphonic acid = HSA; camphor
sulphonic acid = CSA). With system A (Table
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IV) the capacity factors decrease with increasing
size of the alkyl groups of the sulphonic acids,
whereas no significant effect towards enan
tioselectivity is observed. In contrast, a minimum
of retention with BSA as modifier in mobile
phase system B (Table V) is found. The highest
a-values (except for the N,N-dimethyl deriva
tives 4a and Sa) are observed with HSA as
modifier.

Halogen-containing modifiers. The influence
of halogen-containing modifiers was tested. The
following dependences of the separation on the
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as follows: concentration of chemiluminogenic
reagent solution, 3.0 mmol/l for 2-NPO and 10.0
mmol/l for hydrogen peroxide, in ethyl acetate
acetone (33: 67, v/v), delivered at a flow-rate of
100 ILl/min.

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

Calibration, detection limits and precision
The relationship between the peak height and

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

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

The results show that the sensitivity of the
proposed method is good, the detection limits
are better than those reported for other methods
[1,2,4-7] and the precision is satisfactory. It is
expected to have wide applications in environ
mental analysis and biochemical and fundamen
tal research.
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higher than the polarity of the initial compound,
so its elution is quicker and a decrease in its
capacity factor is observed with silver salt in the
mobile phase; and the retention times depend on
the number, type and position of the unsatura
tions, according to the complexation equilibrium
constants. Cis complexes, generally more stable
than trans complexes, show a greater affinity
with the mobile phase and elute earlier. This
explains the high separation efficiencies observed
with argentation chromatographic systems in the
analysis of geometric isomers.

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

EXPERIMENTAL

Chemicals
Fatty methyl esters and silver and potassium

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

The photoisomers of retinoic acid were ob
tained by irradiation of a 0.05 g per 100 ml
solution of trans-retinoic acid in ethanol solution.
Aliquots of 5 ml of this solution were poured
into a Pyrex crystallizing dish (50 mm diameter),
then irradiated with a Biotronic UV crystallizing
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dish (50 mm diameter), then irradiated with a
Biotronic UV system (Vilber Lourmat, Torey,
France) controlled by a microcomputer. Irradia
tions were performed at 365 nm (UVA) and 312
nm (UVB) simultaneously.

HPLC of fatty acid methyl esters
The chromatograph consisted of a solvent-de

livery pump from Altex (Touzart et Matignon,
Vitry sur Seine, France), a Rheodyne injection
valve (20-JLI loop), a Shimadzu SPD-2A vari
able-wavelength detector (Touzart et Matignon)
operating at 210 nm and a Kipp & Zonen BD-40
recorder (Cunow, Cergy St. Christophe,
France). The column was 300 mm x 4 mm J.D.
stainless-steel packed with Nucleosil CiS station
ary phase (7 JLm particle size) from Touzart et
Matignon. The initial eluent was methanol
water-perchloric acid (85:15:0.01, v/v/v) with
the addition of either silver perchlorate (concen
tration range 1.10-4-5.10-3 M) or potassium
perchlorate (concentration range 1.10-4_1.10-3

M). These mobile phases were degassed by
sonication and filtered through a 0.22-JLm mem
brane (Millipore, St. Quentin en Yvelines,
France). The flow-rate was set at 1 ml min-i.

HPLC of retonoic acid isomers
HPLC was performed using a Knauer pump

(Cunow) equipped with a Rheodyne injection
valve (5-JLlloop). Detection was carried out with
a Shimadzu SPD-2A variable-wavelength detec
tor (Touzart et Matignon) set at 345 nm and
connected with a Perkin-Elmer (Z.I. de Court
aboeuf, France) LCI 100 computing integrator.
A column (150 mm x 4.6 mm I.D.) packed with
a Spherisorb ODS-2 stationary phase (3 or 5 JLm
particle size) from SFCC (Neuilly Plaisance,
France) was used. The mobile phases consisted
of methanol-water-perchloric acid (80:0:0.02,
v/v/v) containing either a silver salt (nitrate or
perchlorate) (concentration range 1.10-3-5.

10- 2 M) or a potassium salt (nitrate or perchlo
rate) (concentration range 1.10-3-5.10-2 and
1.10-3-1.10-2 M, respectively). The flow-rate
was set at 1 ml min -1.
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are largely composed of macromolecules having
molecular masses of more than 1000 g mol-I.
Molecular mass distributions are used to charac
terize these water-soluble polymers and monitor
structural changes during physical, chemical or
biological degradation processes.

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

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

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

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

EXPERIMENTAL

Chromatographic conditions
The SEC system consisted of an Applied

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

A TSK G3000SE x L precolumn (750 mm x 7.5
mm I.D.) was used in combination with a TSK
G3000SWX L analytical column (300 mm x 7.5
mm I.D.) (Toyo Soda Manufacturing, Tokyo,
Japan). Its theoretical plate number, determined
with ethylene glycol (Merck, Darmstadt, Ger
many), was 41400. The void volume (Vo), de
termined with a pullulan standard (molecular
mass 853000 g/mol), was 5.74 ml. The permea
tion volume (~), determined with ethylene
glycol, was 12.71 ml. Molecular mass determina
tions were obtained using a 0.2 M sodium
acetate (Merck) mobile phase at a flow-rate of 1
ml/min. The mobile phase was adjusted to pH 7
with nitric acid (J.T. Baker, Deventer, Nether
lands), filtered (0.45-JLm filter, Millipore) and
purged with helium.

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

Curie-point pyrolysis mass spectrometry
Curie-point pyrolysis was performed with a

FOM 4-LX pyrolysis unit [12]. Sample solutions
of 20 JLg (5 JLI of aqueous solution of 4 mg/ml)
were applied to a ferromagnetic wire and dried
under reduced pressure. The wire was inserted in
a glass liner, flushed with argon to remove air
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Fig. 4. Molecular mass distributions of (a) sodium lignosulphonate, (b) effluent from PWA Mannheim, (c) effluent from
Holtzmann and (d) effluent from PWA Aschaffenburg. Eluent: 0.2 M sodium acetate (pH 7).

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

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

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

TABLE I

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

Sample Mw Mn
Max. Mw PD a Dpb >5000c C

6C,
d

(g/mol) (g/mol) (g/mol) (%) (%)

Sodium lignosulphonate 16700 2700 144300 6.12 75 57 49

PWA Mannheim 8400 3300 20700 2.55 38 43 38

Holtzmann Karlsruhe 4900 3000 9700 1.67 22 29 33

PWA Aschaffenburg 4100 2600 11300 1.61 18 27 32

a Polydispersity, MjMn •

b Degree of polymerization (average structural unit masses 223 g/mol).
C Cumulative fraction >5000 g/mol.
d Cumulative fraction of phenylpropane structural units as determined by Py-GC-MS.
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4-methyl-6-chlorophenol, 2-methoxy-4-vinyl-6
chlorophenol, 2-methoxy-4-(prop-2-enyl)-6-chlo
rophenol, 2-methoxy-4-(propan-2-one)-6-chloro
phenol and 2-methoxy-4-(chloropropyl)phenol.
These chlorinated lignin structural units are
formed during the bleaching sequences which are
applied to the paper pulp in order to remove
residual lignins.

CONCLUSIONS

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

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

The combined HPASEC and Py-GC-MS data
show that the sodium lignosulphonate standard,
which is prepared under relatively mild condi
tions, is a relatively polydisperse polymer with a
large proportion of preserved phenylpropane
structural units. This water-soluble macromole
cule still contains features of a natural lignin
polymer. The lignosulphonates discharged by
paper pulp mills are more monodisperse macro
molecules of a lower molecular mass which are
modified to a greater extent.
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water and 2 ml of chloroform were added and
the tubes were blended and centrifuged. The
chloroform layers were transferred into other
tubes. The standard mixture contained pyruvic,
oxalic, lactic, fumaric, malonic and benzoic acid
(3 mg/ml of each in water). A small amount of
sodium hydroxide was added to get all of the
acids into solution.

Gas chromatography-mass spectrometry
The GC-MS system consisted of a VG

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

RESULTS

Analyses of standard mixtures
Results for standard mixtures of organic acids

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

With HPLC all volatile standard acids were
separated at room temperature (Table I) with
0.004 M sulphuric acid as the mobile phase.
However, the retention times (tR values) were
fairly long. For example, that of caproic acid was
about 60 min which is three times longer than
with GLC. The precision of the RRT values of
acids with HPLC was usually very high (R.S.D.
< 1% , n = 5; results not shown). Among the
non-volatile acids pyruvic, malonic, lactic and
fumaric acid separated as individual peaks. Ox
alic acid eluted immediately after the solvent
peak and was broad compared with the other

TABLE I

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

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

Acid

Formic
Acetic
Propionic
Butyric
Valerie
Caproic

HPLC

RRT" RFb,c R.S.D. Extraction
(%) efficiency(% )

0.24 0.33 ±0.01 3.0 64
0,27 0.48 ± 0.01 2.1 70
0.32 0.80 ± 0.23 28.8 84
0.40 0.88 ± 0.04 4.5 100
0.61 0.89 ± 0.01 1.1 100
1.00 1.00 100

GLC

RRTa

0.60
0.69
0.78
0.89
1.00

0.33 ± 0,01
0.88 ± 0.03
0.99 ± 0.06
0.91 ± 0.07
1.00

R.S.D.
(%)

3.0
3.4
6.1
7.7

a RRT = relative retention time with respect to caproic acid.

b (area)acid(mass)caproic
RF = response factor = ~~=-~:.::==

(area) caprOic(maSS) acid

c ± Values are standard deviations (S,D.) of five independent measurements including extractions of standard mixtures compared
with caproic acid, which was assigned a value of RF = 1.00 in each run.
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TABLE II

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

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

Acid HPLC GLC

RRT" RFb.c R.S.D. Extraction RRT" RFb,c R.S.D.
(%) efficiency (% ) (%)

Oxalic 0.42 0.69 ± 0.09 13.0 35 0.79 0.69 ± 0.05 7.2
Pyruvic 0.54 0.41 ± 0.04 9.:8 47 0.55 d 0.57 ±0.08d 14.0

0.75 d

Malonic 0.61 0.38 ± 0.01 2.6 42 0.94 0.97 ± 0.02 2.1
Lactic 0.76 0.27 ± 0.01 3.7 28 0.65 0:69 ± 0.10 14.5
Fumaric 1.00 1.00 100 1.00 1.00
Benzoic 1.12 0.84 ± 0.01 1.2

aRRT with respect to fumaric acid.

b (area)acid(mass)fUmaric
RF=

(area)fUmariC(mass)acid

c Standard deviation (S.D.) of five independent measurements including extractions of standard mixtures compared with fumaric
acid, which was assigned a value of RF = 1.00 in each run.

d Pyruvic acid decomposed under the conditions used and yielded two peaks. The areas of the two peaks were summed and
compared with fumaric acid.

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

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

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

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

The amounts of extracted acids were com
pared with unextracted standards using HPLC
(Table I). The recoveries were ca. 60, 70, and
80% for formic, acetic and propionic acid, re
spectively, and 100% for butyric, valerie and
caproic acid when the concentration of each acid
was 1 mg/ml or less. The extraction recovery of
butyric and longer chain volatile acids decreased
with increasing chain length and acid concen
tration. The extraction recoveries were smaller
for non-volatile acids, ranging from ca. 30%
(lactic acid) to 50% (pyruvic acid), with the
exception of fumaric acid, for which the recovery
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methods have been published based on non
chromatographic techniques such as indirect
fluorometric detection [2], 19F nuclear magnetic
resonance [3,4], and direct measurement of the
fluoride ion [5-7]. Many gas [8-21] and liquid
[22,23] chromatographic determinations require
pre-column derivatization of monofluoroacetic
acid. Although some of these chromatographic
techniques are capable of detecting low levels of
monofluoroacetic acid, the derivatization proce
dures are generally complex and time consum
ing. Esterification is particularly difficult due to
the presence of water in the sample extract.
Time-consuming drying steps are required and
low analyte recoveries are often obtained [17].
An analytical method using ion chromatography
was developed in this laboratory for the determi
nation of sodium monofluoroacetate based on
the separation and detection of the monofluoro
acetate ion [24]. This method has been used to
assay sodium monofluoroacetate technicals,
manufacturing use products, and aqueous formu
lations containing sodium monofluoroacetate. A
reversed-phase liquid chromatographic method
for the determination of the free acid has recent
ly been reported [25]. However, a procedure for
the gas chromatographic determination of sodi
um monofluoroacetate as the free acid has not
been reported to date.

Commercially available capillary columns have
been shown to be compatible with injections of
aqueous samples because of their bonded and
crosslinked phases. J & W Scientific presented
data [26] describing the DB-FFAP (free fatty
acid phase) column's ability to perform the
separation of weak fatty acids (C2-C7) in water
with pK values ranging from 4.7 to 4.9. Using
these types of capillary columns with minor
procedural modifications, we have developed a
procedure for the determination of monofluoro
acetic acid, a stronger acid with a pKa of 2.7.
This procedure requires the use of 1 M HCI as
the sample solvent, which minimizes adsorp
tion problems commonly encountered with the
chromatographic determination of free acids in
aqueous solutions. The gas chromatographic
procedure described below does not require a
derivatization procedure, provides high-resolu
tion separations, and allows for selective detec
tion of monofluoroacetic acid.

EXPERIMENTAL

Apparatus
A Hewlett-Packard Model 5890 gas chromato

graph equipped with a Hewlett-Packard 5970
series mass-selective detector was used for this
work. The mass-selective detector was equipped
with a Model 270 Granville-Phillips ion gauge
and controller to monitor pressure in the ion
source which was typically 4.10-5 Torr (1
Torr = 133.322 Pa). The electron impact ioniza
tion energy was 70 eY.

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

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

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

Reagents
Sodium monofluoroacetate (97%) and nig

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

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

Preparation of capillary guard column
The guard column was prepared by removing

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

Procedure
Biological samples consisting of sheepskin with

attached wool were fortified with an aqueous

TABLE I

SUMMARY OF GC AND DETECTOR PARAMETERS

SIM = Selected ion monitoring.

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

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

Condition Injection mode Oven program Mass-selective detector

A Split 135°Cisothermal 81M, m/z 41, 43, 45, 55, 57, 60, 74, 87

B Splitless 85°C (0.5 min)
15°C/min

) 245°C SIM, m/z 41, 43, 45, 55, 57, 60, 74, 87

C Splitless 85°C (0.5 min)
lS"C/min

) 230°C SIM, m/z 61, 78

D Splitless 60°C (0.5 min)
15"C/min

) 215°C SIM, m/z 41, 43,45,55,57,60,74,87

E Splitless 60°C (0.5 min)
15"C/min

, 215°C Scan, m/z 15~80 SIM, m/z 60, 78

F Splitless 110°C (0.5 min)
15°C/min

) 240°C SIM, m/z 61, 78

G Splitless; 110°C
15"C/min

) 200°C SIM, m/z 50, 78
guard column
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for the quantitation of sodium monofluoroace
tate in the sample extracts.

RESULTS AND DISCUSSION

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

Free acid-water solutions
Aqueous solutions of acetic, propionic and

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

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

Because less than 1% of the monofluoroace-

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

Free acid-ethyl acetate solutions
Splitless injections of the 100-J.log/ml standard

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

In addition to the solvating power and resi
dence time of the solvent, the adsorption/ de
sorption behavior of weak acids is also a function
of the analytes' acid strength and the rate of
gas-solid collisions which lead to adsorption. For
example, the splitless injection of water pro-
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11 17 23 29 35 41 47 53 59 65 71 77

m/z

Fig. 1. Mass spectrum of monofluoroacetic acid. mlz 31 =
fragment FC+; mlz 33=FH2C+; mlz 45 = HO-0=O+; mlz
61=FH2C-0=O+; mlz 78=M+.

duced larger ghost peak responses for mono
fluoro acetic and monochloroacetic acids relative
to the weaker acetic acid. The rate of adsorption
of a gas to a solid surface is determined by the
sticking coefficient and the rate of gas-solid
collisions. This collision rate has an inverse
square root relationship with molecular mass.
This influence is exhibited in the splitless injec
tion of water induced desorption responses of
acetic (pKa 4.7), propionic (px, 4.9) and iso
caproic (pKa 4.8) acids. Although they are
similar in acid strength, the ghost peak response
of acetic acid is larger in relation to the ghost
peak responses of the more massive propionic
acid which is in turn larger than the response of
isocaproic acid.
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Monofluoroacetic acid-ethyl acetate solutions
In an effort to eliminate the adsorption/ de

sorption behavior observed with the water sol
vent system, an organic solvent was investigated.
Monofluoroacetic acid was partitioned into ethyl
acetate by liquid-liquid extraction of a sodium
monofluoroacetate-1 M HCI solution, resulting
in a solution of monofluoroacetic acid in acidified
ethyl acetate. Based on calculations using the
pKa of monofluoroacetate, 1 M HCl should
protonate >99.9% of the monofluoroacetate.
Splitless injections of the monofluoroacetic acid
ethyl acetate solutions (Table I, condition E),
resulted in a good chromatographic response for
monofluoroacetic acid. Acetic acid was added to
the ethyl acetate solution for use as an internal
standard and also exhibited good chromato
graphic behavior. However, when reagent blanks
(ethyl acetate extract of 1 M HCl) containing the
internal standard were injected, a monofluoro
acetic acid response was observed. This ghost
peak response persisted for numerous sub
sequent injections of the reagent blank. The
signal was identified as a monofluoroacetic acid
response by its mass spectrum (Fig. 1). Syringe
carryover was eliminated as the source of the
ghost peak by use of separate syringes for
injecting standard solutions and blanks. Since
the only source of monofluoroacetic acid was the
standard solutions, it was apparent that the free
acid was being desorbed from the injection port
and/or the head of the column as described

previously. Injection port liners were silanized or
phosphorylated in an attempt to eliminate the
liner as the source of active sites in the injection
port. These procedures did not eliminate observ
ance of ghost peaks responses. However, phos
phorylation of the stainless steel seal in the
injection port did temporarily eliminate the
ghost peak responses. Apparently, the small
amount of water which partitioned into the ethyl
acetate promoted desorption of the acids from
the injection port. Attempts to dry the ethyl
acetate extract by centrifugation or addition of
sodium sulfate did not eliminate the ghost peaks.

Sodium monofluoroacetate-TFA solutions
The monofluoroacetic acid-ethyl acetate data

indicated that neither physical nor chemical
attempts to eliminate water from ethyl acetate
produced the desired effect. A TFA (pKa 0.3)
solvent system was pursued in an attempt to
eliminate or minimize the adsorption / desorption
behavior of monofluoroacetic acid. TFA could
provide a sufficiently acidic environment to
protonate monofluoroacetate and also buffer
sample extracts. However, since it is also a free
acid, TFA caused a chromatographic interfer
ence during injections of a 100 JLg/ml sodium
monofluoroacetate in 200 mM aqueous TFA
solution (Table I, condition F), and this ap
proach was not pursued further.
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Sodium monofluoroacetate-l M H'Cl solutions
Since 1 M HCI was an effective solvent for

desorbing monofluoroacetic acid present in the
injector system, it was investigated for use as an
injection solvent. As a sample extraction solvent,
this solution was also sufficiently acidic to
provide sample extracts with a pH similar to the
standard solutions. This would allow for direct
quantitative comparison of standard and sample
solutions.

The corrosive nature of this solvent necessita
ted some procedural changes which were de
signed to protect the analytical column. In addi
tion to keeping the initial oven temperature
above 100°C to prevent condensation of the
corrosive solvent on the head of the column, the
guard column was used to further prevent
permanent damage to the analytical column.
Removal of the polyimide coating from the
capillary column was necessary because the 1 M
HCI reacted with the polyimide exposed in the
hot injection port. These procedures allowed for
prolonged use of 1 M HCI as an injection
solvent. The chromatographic performance of
monofluoroacetic acid was retained with these
changes (Table I, condition G). However, elimi
nation of the solvent effect deteriorated the
chromatographic performance of the internal
standard, acetic acid. Monochloroacetic acid was
chosen to replace acetic acid as the internal
standard. Fig. 2 shows a typical chromatogram of
a 1 M HCI solution containing sodium mono
fluoroacetate and monochloroacetic acid under
these conditions.

Although the use of 1 M HCI as the injection
solvent resulted in excellent chromatography,
the desorption of the free acid continued to
produce ghost peaks. Following 20 to 30 injec
tions of a solution of 100 j.Lg/ml sodium mono
fluoroacetate and 50 j.Lg/ml mono chioroacetic
acid in 1 M HCI, a decreasing trend was ob
served in the monofluoroacetic acid/mono
chloroacetic acid detector response ratio. The
injection of reagent blanks also resulted in chro
matographic responses from the two acids.

Since phosphoric acid had previously been
shown to deactivate the injection port, a 1-j.LI
injection of 7.4 M H 3P0 4 was made after every
5 to 10 injections of standard solutions or sam-
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Fig. 2. Monofluoroacetic acid (MFA) and the internal stan
dard monochloroacetic acid (MCA) in 1 M HCI (Table I,
condition G).

ples. This procedure prevented the occurrence of
ghost peaks in reagent and matrix blanks. H 3P0 4

was an excellent solvent for desorbing weak
acids which had been previously adsorbed and
prevented the adsorption of weak acids in sub
sequent injections. As expected, phosphoric acid
(or pyrophosphoric acid which is present at the
injection port temperature of 200°C) damaged
the guard column. Typically, we observed de
terioration of chromatographic performance
after approximately 50 injections of H 3P0 4 •

Replacement of the guard column restored chro
matographic performance. No visible corrosion
or other damage to the mass-selective detector
source was evident after several hundred injec
tions of acidic aqueous solutions. In addition, the
quadrapole tuning parameters did not indicate
damage to the source components.

Selectivity, bias and repeatability
Three replicate sheepskin/wool samples for

tified with the control formulation and nine
sheepskin/wool samples fortified with the sodi
um monofluoroacetate containing formulation
were extracted with 1 M HCI to remove the
sodium monofluoroacetate residues. The pH
values of the sample extracts were less than 0.5
which allowed for direct quantitative comparison
to standard solutions of sodium monofluoroace
tate in 1 M HCl. No chromatographic interfer-
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ences were observed from the extraction of the
control samples. Recoveries of sodium mono
fluoroacetate from samples fortified at 2.5, 50
and 100 mg were 85.5% (S.D. = 2.2%, n = 3),
80.0% (S.D. = 5.8%, n = 3) and 76.7% (S.D. =
2.5%, n = 3) respectively. An analysis of var
iance performed on these data demonstrated that
recovery did not vary significantly at the three
fortification levels. The lack of available wool
and skin samples precluded the analysis of more
than three replicate fortified samples,

Response linearity and limit of detection
Repeated injection of a 100 JLg/ml sodium

monofluoroacetate and 50 JLg/ml monochloro
acetic acid in 1 M Hel solution typically pro
duced detector response ratios with a relative
standard deviation of less than 2% from 5
consecutive injections. Response linearity was
demonstrated with two sets of six calibration
standards. The sodium monofluoroacetate con
centration in the calibration standards ranged
from 5 to 200 JLg/ml, and the internal standard
concentration was held constant at 50 JLg/ml.
Each solution was injected in triplicate. The
monofluoroacetic acid/ monochloroacetic acid
detector response ratio was plotted as a function
of sodium monofluoroacetate concentration and
a linear regression analysis was performed on the
36-point data set.

Regression analysis generated a y-intercept of
0.002 and a slope of 0.007. The standard error of

the y-intercept was 0.003 and the standard error
of the slope was 0.00002. The coefficient of
determination (r2

) was 0.9996 which indicates a
linear relationship. Applying a 95% confidence
interval to the y-intercept data, it is found that
the y-intercept is not significantly different from
zero. Therefore, these data demonstrate that a
linear relationship exists between detector re
sponse ratio and sodium monofluoroacetate con
centration and that the ratio can be assumed to
be directly proportional to concentration over
the investigated range. As a result, a single-point
calibration was used to quantitate solutions con
taining 5-200 JLg/ml sodium monofluoroacetate.

The instrument limit of detection (ILOD) was
estimated from a monofluoroacetic acid chro
matographic response which was approximately
10 times greater than the peak-to-peak noise in
the baseline of a chromatogram from a standard
solution. The ILOD was defined as the amount
of monofluoroacetic acid which would produce a
response corresponding to three times the peak
to-peak noise. The instrument limit of detection
was determined to be 200 pg sodium mono
fluoroacetate (200 ng/ml) when the mass-selec
tive detector was operated in the SIM mode
(Table I, condition G).

Quality control results from sample analysis
This methodology was used for the determina

tion of sodium monofluoroacetate residues on
sheepskin/wool samples collected during a pes-

TABLE II

RECOVERY OF SODIUM MONOFLUOROACETATE FROM QUALITY CONTROL SAMPLES

30- to 40-g wool and skin samples fortified with 50 mg sodiummonofluoroacetate.

Replicate

1
2
3
4

Mean %
S,D. (%)
R.S,D. (%)

Run

1 (%) 2(%) 3 (%) 4(%) 5 (%) 6(%) 7(%) 8(%)

83.2 81.6 88,3 76,8 79.8 76,3 89.4 85

85.7 79.5 87,7 97.3 79.7 76.4 91.8 77

87,6 82,0 85,1 85,8 84.5 87,2 82
101

85,5 81.0 87,0 86,6 79.8 79.1 92.4 81

2.2 1.3 1.7 10.3 4,7 6,1 4

2,6 1.6 2.0 11.9 5.9 6.6 5
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ticide registration study. Each time a set of
samples was analyzed, replicate quality control
samples were fortified with 50 mg sodium mono
fluoroacetate. Analyte recovery for these sam
ples is presented in Table II. Mean recoveries of
sodium monofluoroacetate from the quality con
trol samples were in good agreement with the
recovery observed during method development.
The increased variability in the quality control
data from run 4 was attributed to deterioration
of the guard column. Replacement of the guard
column led to improved precision. The cause of
one high recovery value (run 7) was not iden
tified.
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ABSTRACT

Supercritical fluid extraction (SFE) and hydrodistillation were compared as methods to extract essential oils from savory,
peppermint and dragonhead. Despite the high solubilities of essential oil components in supercritical CO" the extraction rates
were relatively slow with pure CO, (ca. 80% recovery after 90 min). However, a IS-min static extraction with methylene chloride
as modifier followed by a IS-min dynamic extraction with pure CO, yielded high recoveries which agreed well with the results of
hydrodistillation performed for 4 h. Spike recovery studies demonstrated that compounds as volatile as monoterpenes can be
quantitatively (>90%) collected off-line from the SFE effluent. SFE recovered some organic compounds from each of the
samples that were not extracted by hydrodistillation, most notably C'7' C'9' C3 P and C33 n-alkanes.

INTRODUCTION

Supercritical fluids are recervmg increasing
attention for performing analytical-scale extrac
tions of samples ranging from environmental
matrices to food products because of the poten
tial to perform rapid (often <30 min) extrac
tions, to reduce the use of hazardous solvents,

• Corresponding author.

and to couple the extraction step with gas, liquid
or supercritical fluid chromatography [1-3]. Re
cently, supercritical fluid extraction (SFE) has
been applied to the determination of essential oil
components using both off-line SFE and SFE
coupled with GC [4-8]. While the majority of
reports have focussed on qualitative analysis,
SFE and SFE-GC have been demonstrated to
yield reasonable recoveries of spiked essential oil
compounds and reproducible recoveries of native
(not spiked) compounds [6,9]. However, high

0021-9673/93/$06.00 © 1993 Elsevier Science Publishers BV. All rights reserved
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tively recover the relatively small amounts of
essential oil from the hydro distillation apparatus.

When the extraction results are compared
based on percent composition of the extracted
essential oil, all three samples showed good
agreement between the SFE and hydrodistilla
tion extracts (Tables I-III), with the exception
of some very low concentration species (e.g.,
< 0.1 mgl g) such as geranial and neryl acetate
(from dragonhead, Table III) which showed ca.
two times higher concentrations in the SFE
extracts. The most significant difference found
between the SFE and hydro distillation extracts
from all three samples used in this study was the
relative concentrations of peaks 8 and 12 in the
savory extracts [tentatively identified by MS as a
hydroxy- and methoxy-substituted phenyl pro
pene isomer, ClOH 120 2 (M, = 164), and a
C lOH 140 2 (M

f
= 166) isomer, respectively]. Both

of these species were found at concentrations 15
to 20 times higher in the SFE extracts than in the
hydrodistillation extracts (Table I), possibly
because hydrodistillation was not effective for
their extraction (as was the case for the n-al
kanes). Alternatively, hydro distillation has been
shown to cause degradation of some essential oil
components from exposure to high temperatures
and atmospheric oxygen [13] resulting in poor
recoveries. To determine whether these two
species were poorly extracted or degraded during
hydrodistillation, a 0.5-g portion of the savory
residue (after hydro distillation) was extracted by
SFE. The SFE extract contained both species (as
well as small amounts of carvacrol and the two
sesquiterpenes, and all of the n-alkanes). How
ever, the quantities of the two species that were
recovered were < 1/3 of those expected based
on SFE of the original savory samples, indicating
that some degradation of those species during
hydrodistillation may have occurred.

The similarity in composition seen for the
more volatile compounds (e.g., monoterpenes) in
Tables I-III was particularly interesting since it
was initially suspected that the hydrodistillation
technique could result in significant losses of
such volatile species during the four hour extrac
tion. However, since the spike recovery study
discussed above demonstrated the ability of SFE
to quantitatively collect monoterpenes, and since

307

the SFE and hydro distillation extracts showed
very similar distributions of the volatile com
ponents, the results of this study suggest that
hydrodistillation does not result in significant
losses of the more volatile essential oil com
ponents.

CONCLUSIONS

SFE provides a rapid and quantitative method
for extracting essential oils from aromatic plants
that compares favorably with the results of
hydrodistillation. While essential oil components
generally have high solubility in pure supercriti
cal CO 2 , the addition of an organic modifier
(methylene chloride) greatly increased the ex
traction rates indicating that matrix-analyte
interactions are more important than bulk solu
bility for controlling SFE extraction rates and
recoveries.

ACKNOWLEDGEMENTS

The authors would like to thank the Academy
of Finland for financial support. The loan of the
SFE unit by ETEK (Helsinki, Finland) and
ISCO (Lincoln, NE, USA) is also appreciated.

REFERENCES

1 J.L. Veuthey, M. Caude and R. Rosset, Analusis, 18
(1990) 103.

2 R.W.Vannoort, J.-P. Chervet, H. Lingeman, G.J. de Jong
and U.A.Th. Brinkman, J. Chromatogr., 505 (1990) 45.

3 S.B. Hawthorne, Anal. Chem., 62 (1990) 633A.
4 E. Stahl and KW. Quirin, Pharm. Res., 5 (1984) 189.
5 K. Sugiyama and M. Saito, J. Chromatogr., 442 (1988)

121.
6 S.B. Hawthorne, M.S. Krieger and D.l. Miller, Anal.

Chem., 60 (1988) 472.
7 R.M. Smith and M.D. Burford, J. Chromatogr., 600

(1992) 175.
8 K. Hartonen, M. Jussila, P. Manninen and M.-L. Riek

kola, J. Microcol. Sep., 4 (1992) 3.
9 Y.M.v. Schantz, Y. Holm, R. Hiltunen and B. Galambosi,

Dtsch. Apoth.-Z., 127 (1987) 2543.
10 J.P. Sang, J. Chromatogr., 253 (1982) 109.
11 Y. Holm, R. Hiltunen and I. Nykanen, Flavour Fragrance

J., 3 (1988) 109.
12 Y. Holm, B. Galambosi and R. Hiltunen, Flavour Fra

grance J., 3 (1988) 113.
13 G. Schmaus and K.-H. Kubeczka, in A. Baerheim





















































































X. Lou et al. / J. Chromatogr. 634 (1993) 345-349

The chromatograms of some amides enantio
mers are shown in Figs. 1-3.

CONCLUSIONS

The separation factors (a-values) of chiral
a-aromatic substituted ethylamines are much
greater than those of both chiral a-alkyl- and
o-cycloalkyl-substituted ethylamines, derivatized
as amides, on the diamide CSP used. The I
values (Kovats retention indices) on the CSP and
SE-30 and the M values (difference in I values
on the CSP and SE-30) of the chiral ethylamines
and their substituents (R group) were tested.
The higher a-values of the chiral a-aromatic
substituted ethylamines might be due to the
stronger interaction of the benzene ring than the
alkyl and cycloalkyl groups with the CSP.
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