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Abstract

An automated precolumn exchange system (PROSPEKT) coupled to liquid chromatography with diode array
detection (LC-DAD) has been used for the determination of trace pesticides in natural (drinking and ground)
waters. Relevant parameters such as pH and type of precolumn (CIS and PLRP-s) were optimized for a variety of
organophosphorus pesticides, herbicides and pesticide transformation products. Calibration graphs at low levels of
determination (0.1-1.5 J.Lg/I) were constructed. The validation of the present automated method has been
guaranteed by participating in Aquacheck interlaboratory exercises where more conventional gas chromatographic
determinations are being used. The overall relative standard deviation between values obtained in our laboratory
and the average value obtained by 14-15 other laboratories varied between 1.6 and 36% for most of the studied
compounds. Problems encountered in the determination of certain organophosphorus pesticides led to high
variations in the mean values and errors of many laboratories. In this sense, problematic compounds like mevinphos,
which gave two peaks corresponding to the cis- and trans-isomers, parathion-methyl and diazinon, which showed
coelution problems, or malathion, which presented poor quantitation due to low absorption in the UV range. In
addition, fenthion, which was not determined, gave 3-4 compounds, corresponding to various degradation products.
Confirmation of the different pesticides exhibiting an UV maximum > 220 nm was feasible due to their characteris­
tic UV spectra and satisfactory levels of 0.02 J.Lg/1 were found when preconcentrating 150 ml of ground water
sample.

Keywords: Liquidchromatography; Automated precolumn exchange system (PROSPEKT); Pesticides; Waters

1. Introduction

The maximum allowable concentration estab­
lished by the Commission of the European Com-

* Corresponding author.

munities-Drinking Water Directive (CEC-DWD)
for pesticides and their transformation products
(Tl's) is 0.1 J.Lg/1 [1]. The TPs are formed both by
hydrolysis or photolysis in water under laboratory
conditions [2-4] and by microbial degradation in
soils and hydrolysis in natural waters [4,5]. It is
thus hardly surprising that the National Pesticide

0003-2670/94/$07.00 © 1994 Elsevier Science B.V. All rights reserved
SSDI 0003-2670(94)00222-8
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Survey (NPS), in a joint project between EPA's
Office of Drinking Water and the Office of Pesti­
cide Programs has included many of these pesti­
cides and TPs in their monitoring programs [6-8].

On-line systems [solid-phase extraction (SPE)
coupled on-line with liquid chromatography (LC)],
either automated (e.g., PROSPEKT) or fully au­
tomated (control of SPE, gradient elution and
DAD with unique software) [9,10] have been de­
veloped from SPE methods using precolumns with
a C, or CiS bonded silica phase or styrene-di­
vinylbenzene polymer phases (PRP-1 or PLRP-s)
[9,11-15]. Another alternative is trace enrich­
ment using membrane extraction disks (contain­
ing Cs, CiS or styrene-divinylbenzene polymer
phases) coupled on-line [16-19] with LC.

The aim of this work was to validate an auto­
mated on-line SPE method using CiS precolumns
to determine various pesticides and their polar
TPs at 0.1 JLg/llevel in natural waters. Develop­
ment of methods for pesticide TPs was encour­
aged in a recent report from the CEC [1]. The
different compounds were determined by liquid
chromatography with diode array detection (LC­
DAD), so confirmation was always possible. The
compound selection was based on their use in our
area of interest (the Ebre delta area); it was
particularly based on organophosphorus pesti­
cides and various herbicides of different chemical
nature. The monitoring program for organophos­
phorus pesticides in natural waters is a matter of
controversy [8] since in the NPS-US EPA, many
of the pesticides such as azinphos-methyl, deme­
ton, diazinon, ethyl parathion, fenitrothion, fen­
thion, malathion and methyl parathion were with­
drawn for monitoring purposes due to their insta­
bility in biologically inhibited water solutions
stored at 4°C [8]. However, in Europe such com­
pounds are of interest, and a proof of that inter­
est is their inclusion in the 76/464/EEC list of
pesticides to be monitored in the aquatic environ­
ment [8] and also the interest of Europe to super­
vise them through different interlaboratory exer­
cises, e.g., Aquacheck, which includes a long list
of organophosphorus pesticides. In addition,
organophosphorus pesticides such as fenitroth­
ion, pyridafenthion and others have been de­
tected by our group in various natural waters of

the Ebre delta area (Tarragona, Catalonia)
[20,21].

2. Experimental

2.1. Equipment

The LC analyses were performed with a Wa­
ters 600-MS solvent delivery unit with a 20-JLl
injection loop and equipped with a Waters 996
photodiode array detector (Waters, Millipore,
MA). A 25 em X 4.6 mm i.d. analytical column
packed with 5-JLm octadecylsilica (Toyo Soda
Manufacturing) was used. The automated SPE
devise (PROSPEKT) used in this work consists of
a cartridge exchange module, a pump (or solvent
delivery unit, SDU) and an electrically operated
low-pressure six-port valve, which is connected to
the gradient pumps. Samples were preconcen­
trated on 10 mm X 2 mm i.d. disposable pre­
columns of PROSPEKT (Spark, Emmen, Nether­
lands) prepacked with 40-JLm CiS (Baker, Deven­
ter, Netherlands) and precolumns containing 15­
25 JLm styrene-divinylbenzene copolymer, PLRP­
s (Polymer Labs., Church Stretton, UK). The
precolumns were conditioned via a solvent-de­
livery unit from Spark. Prior to LC analysis, sur­
face water was filtered through 0,45-JLm filters
(Millipore, Bedford, MA) to remove suspended
particles.

2.2. Chemicals and reagents

HPLC-grade acetonitrile and methanol were
obtained from Merck (Darmstadt). LC-grade wa­
ter was prepared by purifying demineralized wa­
ter in a Milli-Q filtration system (Millipore), Pes­
ticides were obtained from Promochem (Wesel,
Germany) except varnidothion and vamidothion
sulfone that were a gift of Rhone Poulenc (Lyon),
atrazine, simazine, bensulfuron-methyl and ben­
sulfuron-rnethyl metabolite from Du Pont de
Nemours and cyanazine and cyanazine acid from
Riedel-de Haen (Seelze-Hannover),

Two stock solutions were prepared in metha­
nol, the first one containing six pesticides: vami­
doth ion sulfone, vamidothion, fenamiphos,
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pyridafenthion, fenitrothion and temephos and
the second solution containing six herbicides:
cyanazine acid, benfulfuron metabolite, simazine,
cyanazine, atrazine and bensulfuron-methyl.
These stock solutions were used to spike Milli-Q
water and finished drinking water at the ng/l
level. Spiked waters never contained more than
0.5% of methanol.

2.3. Procedures

Breakthrough volumes
Breakthrough volumes of each analyte were

determined by percolating 20, 40, 60, 100 and 200
ml of Milli-Q water spiked with a decreasing
concentration of the analytes so that the amount
injected was always 100 ng. For the pesticide
solution, breakthrough curves were studied by
percolating the water sample acidified (pH 3)
with perchloric acid or not (pH 7) through C 18

precolumns. For the herbicides, breakthrough
volumes were calculated with C I8 and PLRP-s
precolumns with and without acidifying the wa­
ter.

The experimental set up was as follows: (a)
conditioning of the precolumn was done with 10
ml of acetonitrile, 10 ml of methanol and 10 ml of
Milli-Q water at 2 mlymin, (b) percolation of the

water sample through the precolumn at a flow
rate of 2 mlyrnin, (c) desorption was carried out
by coupling the precolumn on-line with the ana­
lytical column and starting the gradient, and (d)
cleaning of the precolumn was performed with 4
ml of methanol plus 4 ml of acetonitrile in order
to grant its reutilization (at least two times with
drinking water).

The gradient conditions were carried out with
acetonitrile-water (adjusted to pH 3 with per­
chloric acid) as mobile phase to avoid ionization
of the transformation products. Perchloric acid
was used since it does not absorb at low wave­
lengths and allows a reliable identification of the
compound through spectral analysis.

For the pesticide solution, the gradient started
with 10% acetonitrile and 90% water, linearly to
15% acetonitrile and 85% water in 5 min, to 55%
acetonitrile and 45% water in 7 min, to 70%
acetonitrile and 30% water in 12 min, and lin­
early to 100% acetonitrile with an analysis dura­
tion of 35 min. For the herbicides, the gradient
starts at 0 min with 5% acetonitrile in water, to
10% acetonitrile and 90% water in 5 min, to 35%
acetonitrile in water in 3.5 min, which is kept
isocratic for 14.5 min, and increases linearly to
70% acetonitrile in water in 12 min, at a flow rate
of 1 mlyrnin.

Table 1
Breakthrough volumes of herbicides and organophosphorus pesticides calculated in MiIli-Q water spiked from 0.5 to 5 ILgjl using
CIS and PLRP-s precolumns and at pH 7 and 3

PLRP-s

Compound Breakthrough volume
-----------------
CIS

Wavelength
(nrn)

pH3 pH7 pH3 pH7

Cyanazine acid < 50 n.d n.d n.d 205
Bensulfuron-methyl metabolite 100 n.d < 70 < 40 220
Simazine 80 50 100 > 150 220
Cyanazine 100 60 100 > 150 220
Atrazine 100 60 100 > 150 220
Bensulfuron-methyl 100 80 >200 > 150 220
Vamidothion sulfone < 50 n.d n.d n.d 205
Vamidothion < 50 n.d n.d n.d 254
Fenamiphos >200 n.d n.d n.d 220
Pyridafenthion >200 n.d n.d n.d 220
Fenitrothion >200 n.d n.d n.d 254
Temephos > 200 n.d n.d n.d 254

n.d. = not determined.
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Calibration graphs
Calibration graphs were constructed for all the

compounds analyzed over a concentration range
of 0.1 to 1.5 JLg/l. A sample volume of 150 ml of
finished drinking water acidified with perchloric
acid at pH 3 was percolated through C 18 pre­
columns. Analytical conditions were as described
above.

Further quantitat ion studies were performed
with the external standard calibration method
using UV absorption at the wavelength which
gave the best correlation coefficient values (indi­
cated in Table 2).

Validation of the system
Validation of the system was carried out by

participating in an interlaboratory calibration
study for organophosphorus compounds and atra­
zine organized by Aquacheck (WRC, Medmen­
ham, UK). A certified standard solution contain­
ing an unknown concentration of pesticides
(azinphos-ethyl and methyl, dichlorvos, fenitroth­
ion, malathion, mevinphos, chlorfenvinphos, di­
azinon, fenthion, parathion-ethyl and methyl, and
atrazine) and a 2-1 bottle of ground water was
provided by the organization. The aim was to
spike the ground water with the solution provided
in order to determine the levels of these pesti­
cides in water using the method that has been
developed in our laboratory. Preconcentration of
150 ml of sample was carried out immediately
after spiking using C I8 precolumns and analytical

separation was performed with a C 18 precolumn
of 15 X 3.9 mm i.d. (Waters, Millipore) using sol­
vent A, acetonitrile-methanol (70:30), and sol­
vent B, Milli-Q water, with the following gradient
elution program: from 4% A and 96% B to 10%
A and 90% B in 10 min, to 45% A and 55% B in
11 min, isocratic until 40 min, and from these
conditions to 90% A and 10% B in 30 min, at a
flow rate of 1 mljmin. Detection was realized at
254 and 230 nm and quantitation was done by
external standard calibration.

Moreover, repeatability studies were per­
formed both by percolating 50 ml of Milli-Q
water spiked with 0.5 JLg/1 of the herbicide solu­
tion through C I8 pre columns and by loop injec­
tion of the same solution.

3. Results and discussion

3.1. Breakthrough volumes

Table 1 shows the breakthrough values ob­
tained for organophosphorus pesticides and her­
bicides. Breakthrough values for fenamiphos,
pyridafenthion, fenitrothion and temephos sur­
pass 200 ml. These values indicate that 100%
recoveries of these analytes are achieved by pre­
concentrating a volume of 200 ml spiked at a
concentration of 0.5 JLg/l through C I8 pre­
columns. These results are consistent with those
reported in [22], which gives a 100% recovery for

Table 2
Calibration data for apolar pollutants and their degradation products (0.1-1.5 jLg/I) after preconcentration of 150 ml of finished
drinking water through CIS precolumns

Compound Calibration equation Linear range r 2

Cyanazine acid
Bensulfuron metabolite
Simazine
Cyanazine
Atrazine
Bensulfuron-methyl
Vamidothion sulfone
Vamidothion
Fenamiphos
Pyridafenthion
Fenitrothion
Temephos

y= -640+ 9913X
Y = -7395 + 25146X
Y = - 265 + 88938X
Y = - 1537 + 81043X
Y = 1063 + 106709X
Y = -1339 + 20006X
Y = 2589 + 4085X
Y = 1381 + 940X
Y = -1015 + 8299X
Y= -2478 + 56322X
Y= 210 + 17397X
Y = 970 + 1866X

0.5-1.5
0.5-1.5
0.1-1.5
0.1-1.5
0.1-1.5
0.1-1.5
0.1-0.7
0.5-1.5
0.1-1.5
0.1-1.5
0.1-1.5
0.1-1.5

0.9963
0.9768
0.9977
0.9946
0.9984
0.9957
0.9846
0.9395
0.9467
0.9971
0.9948
0.9864
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by a factor of 7 when the concentration decreases
by a factor of 25, although the loading capacity of
the sorbent decreased by a factor of 3. Since the
reported values in Table 1 are calculated at a
spiking level of 0.5 JLg/1 (200 ml) to 5 JLg/I(20
ml) we will analyze water solutions at 0.1 JLg/1. It
is expected that for compounds showing break­
through volumes < 50 ml (using a solution of 2
JLg/I), the breakthrough volume will be increased
by a factor of 4-5 for compounds at the 0.1 JLg/1
level, and consequently, breakthrough will not
occur when preconcentrating 150 ml of water.
Moreover, breakthrough volumes using various

10 15 20

TIME (MIN.)

Fig. 1. LC-DAD chromatograms obtained after preconcentra­
tion of 40 ml of finished drinking water spiked with a mixture
of herbicides through (A) C I8 precolumns and (B) PLRP-s
precolumns. Amount injected of each herbicide: 100 ng. Peaks:
1 = cyanazine acid, 2 = bensulfuron-methyl metabolite, 3 =

simazine, 4 = cyanazine, 5 = atrazine and 6 = bensulfuron­
methyl. LC gradient elution program: 0 min with 5% acetoni­
trile in water, to 10% acetonitrile and 90% of water in 5 min,
to 35% acetonitrile in water in 3.5 min, which is kept isocratic
for 14.5 min, and increases linearly to 70% acetonitrile in
water in 12 min, at a flow rate of 1 mljmin. Stationary phase:
a 25 em x 4.6 mm i.d. analytical column packed with 5-lLm
octadecylsilica (Toyo Soda).

fenitrothion when percolating 300 ml of Milli-Q
water through C l 8 precolumns, indicating that
breakthrough has not yet occurred.

For vamidothion and vamidothion sulfone,
which have a high water solubility (4 kg z'l), lower
breakthrough volumes are achieved due to little
retention on C I8 precolumns.

Breakthrough values for herbicides were de­
termined using precolumns of C I8 and PLRP-s
and at pH 3 and 7 in order to discern the maxi­
mum breakthrough volumes that could be gath­
ered for the compounds studied, paying special
attention to the more polar compounds. The val­
ues thus obtained are also indicated in Table 1.

Breakthrough volumes of the herbicides ob­
tained by percolating Milli-Q water acidified at
pH 3 through C 18 precolumns gave higher values
compared to non-acidified samples; in particular,
cyanazine acid and bensulfuron-rnethyl metabo­
lite, which are not retained on the precolumn in
ionized form. In contrast to that, when PLRP-s
precolums were used, higher breakthrough vol­
umes of the apolar herbicides were obtained at
pH 7. In general, for the parental herbicides,
PLRP-s gave higher breakthrough volumes than
C I8 precolumns. Problems arise from the organic
material found in natural waters, which is re­
leased as interfering matrix (mainly composed of
humic and fulvic substances) and elute at some
point during the analytical run, depending on the
gradient. This matrix interferes with the more
polar compounds, thus camouflaging the detec­
tion of these analytes, as observed by other au­
thors who employed on-line SPE methods either
using the PROSPEKT or other systems [9,10,19,
23]. This is the case for cyanazine acid and ben­
sulfuron-methyl metabolite, the former being only
detected when C 18 precolumns are used and the
water sample is acidified at pH 3 (Fig. 1). The
interferences of humic substances in preconcen­
trating river water samples is a partly known
problem which has not yet been solved.

The breakthrough values reported in Table 1
are calculated at spiking levels from 0.5 JLg/1 to 5
JLg/I, preconcentrating different water volumes
in such a way that the amount loaded onto the
precolumn was always 100 ng. It has been re­
ported [18] that breakthrough volumes increase
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These compounds are of concern since their
lineal range is narrower than for the rest of the
compounds and minimum quantitation should be
done at the 0.3-0.5 JLg/1 level, higher than the
limits imposed by the EEC. These limits can be
lowered by percolating a sample volume close to
the breakthrough volume, and thus working within
the limits where 100% recovery is obtained. The
LOD of the pesticides were in the range of 30 to
50 ngy'], with a signal-to-noise ratio of 3, except
for cyanazine acid, bensulfuron-methyl metabo­
lite and vamidothion, which could be detected at
a level of 0.5 JLg/1 due to matrix interferences
(see Fig. 2). These LODs refer to extraction of
150 ml of finished drinking water spiked at a level
of 0.3 JLg/l. Such values will be increased when
essaying river waters, due to enhanced interfer­
ences.

10 15 20
TIME (MIN.)

Fig. 2. LC-DAD chromatogram obtained after preconcentra­
tion of 150 ml of finished drinking water spiked at 0.3 J.Lg/1
with a mixture of herbicides through a CIS precolumn. Peak
numbers and analytical conditions as in Fig. 1.

Table 2 shows the calibration equations for the
pesticides under study. The optimum wavelength
(indicated in Table 1) has been obtained through
the different calibration plots obtained for each
compound. It is advisable to obtain a limit of
detection (LOD) following this procedure since
the maximum wavelength will be adapted to the
compound and to matrix interferences, when pre­
sent. The correlation coefficients of all parent
pesticides in finished drinking water are over
0.99, and a lineal range from 0.1 to 1.5 JLg/1 is
achieved. The only exceptions are fenamiphos,
vamidothion and vamidothion sulfone, which can
be easily degraded in solution, as reported in
previous experiments from our group [2]. In addi­
tion, fenamiphos and their transformation prod­
ucts were analyzed in interlaboratory exercises
using finished drinking water spiked at levels
much higher than in the present work, e.g., gen­
erally between 30 and 300 JLg/l, using Method 4
of the EPA National Pesticide Survey [24]. The
different laboratories that analyzed these com­
pounds lost more than 30% of their data points
as outliers, exceeding the 2/9 rule recommended
by the AOAC. This fact indicates that some of
these compounds are difficult to analyze and to
carry out collaborative studies between laborato­
ries. This is most probably due to their instability
in water solutions.

The low correlation coefficients observed for
bensulfuron-methyl metabolite may be due both
to its low breakthrough values and to matrix
interferences, and therefore, presented difficul­
ties in quantification at low spiking level.

3.2. Calibration plots

types of water (drinking, surface and Milli-Q) will
not offer high variations, as reported by several
authors [13,14,23].

Since breakthrough values for the polar com­
pounds were higher with acidified water samples
and with C 18 precolumns than with PLRP-s, while
the breakthrough volumes of the more apolar
compounds did not differ significantly between
the two phases, further studies of preconcentra­
tion of pollutants from finished drinking water
were carried out with C 18 precolumns.
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3.3. Precision and accuracy

Milli-Q water was spiked at a level of 0.5 ~g/l

of a solution containing four herbicides, and the
analytical procedure was repeated 5 times in or­
der to study the precision and accuracy of the
method. The relative standard deviations (R.S.D,)
of the peak areas were < 10%. The values ob­
tained for atrazine and simazine are similar to
those reported by Pichon and Hennion [23] and
Lintelmann et al. [25] and confirm that good
precision can be attained while using coupled­
mode analysis. Also, these are acceptable values
according to the US E.P.A regulations and prove
the repeatability of the method. An R.S.D. of
around 5% was observed when direct loop injec­
tion was carried out. The differences between the
two different procedures confirm the theory that
quantitation can never be performed in compari­
son to loop-injection [23].

3.4. Validation of the system

The automated on-line solid phase precolumn
exchange system (PROSPEKT) was validated by
participating in the Aquacheck interlaboratory
comparison study organized by the WRC, at

Medmenhem, UK. The reason to participate in
such interlaboratory comparison is quite obvious.
The increasing requirements to demonstrate
comparability of analytical data in environmental
monitoring demands some external assessment of
the quality of the results provided by individual
laboratories. One way of doing this is by assess­
ment of performance in interlaboratory compar­
isons using centrally distributed samples [26]. In
the case of organophosphorus and atrazine analy­
sis most of the laboratories involved use gas chro­
matographic techniques. In addition, and accord­
ing to our knowledge, the automated on-line solid
phase extraction system has not been previously
validated in interlaboratory exercises. This will be
very useful since such automated or fully auto­
mated systems are being implemented in the en­
vironmental monitoring of pesticides in the Rhine
basin program [9,10].

Fig. 3 shows the two chromatograms obtained
at 254 and 230 nm for one of the mixtures of
intercalibration after the determination using the
PROSPEKT. Table 3 shows the results obtained
by our laboratory and the %error regarding the
mean obtained from analyses by different labora­
tories. For quantitation, single point calibration
was used.

Table 3
Mean concentration (ng/I) and % of mean difference in relation to reference values of organophosphorus and triazine compounds
obtained from the two intercalibration studies carried out in July and November 1993. Results are obtained from spiking well water
with the certified material from Aquacheck

Compound June 1993 November 1993

Mean cone. %Mean Mean cone. %Mean
(ng Zl) difference (ng Zl) difference

Azinphos-methyl 98.3 23 24.4 32
Dichlorvos 46.0 -36 63.9 21
Fenitrothion 34.0 17 23.4 9
Malathion 154.4 89 24.9 55
cis-Mevinphos n.d n.d 46.5 27.4
trans-Mevinphos n.d n.d 64.6 0.9
Chlorfenvinphos 47.7 36 37.0 -11
Azinphos-ethyl 95.2 12 41.9 -24
Parathion-E + diazinon a n.d n.d 111.2 3.7
Parathion-methyl 26.0 22 97.4 15
Atrazine n.d n.d 198.6 1.6

n.d. = not determined.
a The percentage of error was calculated by summing the concentration of each coeluted compound.
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RETENTION TIME (Min.)

Fig. 3. LC-DAD chromatogram obtained at (A) 230 nm and
(B) 254 nm of 150 ml of well water spiked with a certified
solution containing a mixture of 11 pesticides (from
Aquacheck). Peaks: 1 = cis-mevinphos, l' = trans-mevinphos,
2 = dichlorvos, 3 = fenthion, 3' and 3" = fenthion TPs, 4 =
azinphos-methyl, 5 = parathion, 6 = malathion, 7 =
fenitrothion, 8 = azinphos-ethyl, 9 = chlorfenvinphos, 10 =
parathion-ethyl and 11 = diazinon. The concentration levels of
the pollutants detected are summarized in Table 3.

If we look at the compounds of Tables 2 and 3,
it can be noticed that in the Aquacheck interlabo­
ratory exercise there are many organophosphorus
compounds that were not present in the calibra­
tion data previously performed by our laboratory.
As can be seen in Table 2, most of the
organophosphorus compounds showed good lin­
earity and consequently quantitation from 0.1 to
1.5 p,g/l should not a be a problem. The
organophosphorus compounds used in Tables 2
and 3 are considered to be hydrophobic since log
Pow (partition coefficient of octanol-water) is
higher than 2 and varies from 2.6 to 3.9 [27].
Therefore, separation using C t 8 materials is pre­
ferred and consequently no problems regarding
breakthrough volumes will be observed.
Aquacheck analyses show that ground water sam­
ples offer less interferences (see Fig. 3) than
drinking water samples (Fig. 2). Therefore, no
problems with the first eluting organophosphorus
pesticides are noticed. Considering all these
questions, we can assume a similar linearity for
organophosphorus compounds as reported in
Table 2.

Another remark concerns the evaluation of

results from analyses carried out using Aqua­
check. The results are evaluated indicating the
error threshold values. If such values are below
17%, they are acceptable. Flagged and double
flagged results are also indicated in the final
Aquacheck report for results exceeding the maxi­
mum acceptable error or twice the allowable er­
ror, respectively. When looking at the values of
Table 3, we can observe that 11 are below 23%
error, 4 values exhibit errors between 24-36%
and the other errors are higher than 50% or not
determined. When looking at previous collabora­
tive studies using dichloromethane extraction and
LC analysis for a variety of pesticides spiked at
higher levels usually varying from 1-100 p,g/l
(Method 4, NPS-EPA), it has been shown that
the overall R.S.D. varied from 5.5-38.6% [23].
Since the method used in this paper has not been
sufficiently tested in collaborative studies, we can
assume that the results obtained are quite satis­
factory and we should also consider that the
spiking level is much lower than the NPS collabo­
rative study (by a factor of 1000).

Fig. 3 shows a chromatogram of the Aquacheck
certified material where the major compounds
that give problems are: mevinphos, parathion­
ethyl and diazinon, malathion and fenthion. These
compounds, with the exception of mevinphos,
have been reported as unstable in biologically
inhibited water, stored at 4°C and at pH 3 during
14 days. The NPS-US EPA has therefore decided
not to include them in their monitoring programs
[7,8]. Problems arise for malathion, which has an
UV absorbance at < 205 nm. Even though it is
possible to characterize their spectrum by sub­
tracting the background noise (Fig. 4), quantifica­
tion at a low ng/I level may cause a high inaccu­
racy due to matrix interferences. Quantification
of mevinphos appeared to be another source of
error since this compound is rapidly degraded
and is supplied as a mixture of two isomers.
Quantification was done considering both of
them. Each isomer could be characterized and
Fig. 3 shows their spectra. The second eluting
isomer was identified as trans-mevinphos, due to
a higher spectral maximum and a more intense
absorption. Those results are consistent with re­
sults presented by DiCorcia and Marchetti [28].

604020

0.03

w
@

0
3'

Z
ct
In

l!i
(/)

0.Q1In
ct

>
::>

0.00



S. Lacorte, D. Barcelo / Analytica Chimica Acta 296 (J994) 223~234

~

f\ A B I

II 2

l \

\<,
..~

~
2".00 no.oo- -

C D

231

......-

..-

E

2IG.GO-

....-

F

Fig. 4. UV absorbance spectra of (A) cis- (1) and trans-mevinphos (2), (B) malathion, (C) fenthion and its transformation products,
(D) parathion-ethyl (1) and diazinon (2), (E) fenitrothion and (F) chlorfenvinphos, all obtained from the chromatogram in Fig. 3.
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They describe the presence of the two isomers.
Similarly to these workers, we have also found
that trans-mevinphos is present at a 3-4 times
higher level than cis-mevinphos. Quantification
of both isomers was carried out by calculating the
relationship between trans- and cis-mevinphos in
several standards, using preconcentration. The
results obtained indicate that trans-mevinphos is
on the average 2.3 times more abundant than
cis-mevinphos. This value was used to correct the
amount of each preconcentrated isomer, and re­
calculation of each isomer from the Aquacheck
samples was carried out. Results thus encoun­
tered were 46.5 and 64.6 JLg/l for cis- and trans­
mevinphos, respectively. Results for trans­
mevinphos match exactly with reference values of
Aquacheck. The presence of these two peaks it is
not a problem of instability of mevinphos in water
solution, since the National Pesticide Survey-EPA
has included this compound in its list which means
that at least it is stable for 14 days at 4°C using
biologically inhibited well water at pH 3 [7,8].
The problems analysing mevinphos have also been
reflected in the results of the Aquacheck inter­
laboratory studies. We have participated up till
now in two interlaboratory exercises together with
22 and 25 other laboratories in the first (June
1993) and second (November 1993) exercise, re­
spectively. For mevinphos only 12 of 22 laborato­
ries and 17 out of 25 laboratories gave results and
from that value only 7 and 8 laboratories, respec­
tively, gave acceptable results, which are the low­
est acceptable values (together with those of fen­
thion),

For fenthion, the time needed for the on-line
preconcentration, ca. 75 min, was sufficient to
produce the degradation of fenthion in water,
and it appears in the chromatogram (Fig. 3) as
multiple peaks corresponding to its metabolites
(fenthion-O-analogue, fenthion sulfoxide and sul­
fone). The spectra corresponding to each of these
are shown in Fig. 4.

An obvious error for parathion-ethyl was gen­
erated by coelution of this compound with diazi­
non. The peak was quantified as parathion-ethyl
but after further investigation it was possible to
discern both compounds (Fig. 4).

As can be seen in Fig. 3, both azinphos-methyl

and ethyl presented some tailing, and this can be
the source of error presented in Table 3.

3.5. Confirmation of compounds

The analytical method used in this paper per­
mitted also the confirmation of pesticides at lev­
els as low as 0.02-0.03 JLg/1 (such as for feni­
trothion and chlorfenvinphos (Fig. 4)). This indi­
cates a superior confirmation of the present sys­
tem used compared to previous reports where
confirmation in natural waters was only feasible
at 0.5-1 JLg/1 [9] for monolinuron and 0.2 JLg/1
[23] for atrazine. In all these cases compounds
exhibiting UV spectra above 220 nm have been
confirmed. Problems arise when compounds such
as malathion (Fig. 4) need to be confirmed at the
0.025 JLg/1 level. It is hardly possible to confirm
such compounds although at a 10 times higher
level there is no problem in confirmation. This is
probably due to the use of different diode array
systems. In our case, the optical slit of the diode
was set at 2.4 nm, and the system was operated at
one spectrum per second. This combination per­
mitted to acquire good spectral resolution, which
is essential for the characterization of compounds
at a low ng/l level. The Milenium software per­
mits to operate at a resolution of 1.2 nm and
spectra can be recorded 10 times per second.

4. Conclusions

The validation of an automated precolumn
exchange system (PROSPEKT) followed by liquid
chromatography with diode array detection has
been described. Calibration graphs were plotted
at a quantitation level of 0.1 JLg/1 using natural
waters. By participation in Aquacheck interlabo­
ratory exercise it was possible to determine 11
pesticides in ground water samples at levels vary­
ing from 0.02-0.2 JLg/i. A relative standard devi­
ation from the mean values varied from 1.6-36%
for 7 of the 11 pesticides analyzed. This is an
acceptable value and comparable to other errors
detected when analyzing pesticides in drinking
water samples at higher spiking levels (30-300
JLg/1 using established methods of analysis, such
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as Method 4 of the NPS-US EPA). The difficul­
ties in the analysis of organophosphorus pesti­
cides have been detected due to instability in
water (fenthion), thus giving degradation prod­
ucts during the period of analysis, caused by poor
absorption in the UV range (malathion), coelu­
tion problems (diazinon-parathion ethyl) and
presence of two isomers (cis and trans) in the
sample, which could be separated by SPE-LC­
DAD, whereas the results indicated by Aquacheck
report only one value. The difficulties encoun­
tered in the interlaboratory comparison of the
various organophosphorus pesticides in ground
water samples distributed by Aquacheck have
been pointed out in the number of acceptable
results reported by the different laboratories (with
an error below 17%) being in many cases below
50% (for four compounds). In other cases, only 7
and 9 of a total of 22 and 25 laboratories gave
acceptable results for mevinphos and fenthion,
respectively. The results reported in the interlab­
oratory exercise suggest that the use of
PROSPEKT apparatus is a robust method - and
this is proved by the fact that the lowest error
detected was for atrazine 0.6%) - and that the
problems encountered are general problems in
the determination of organophosphorus pesti­
cides in water samples but not of the technique in
use. This is clear since many of the laboratories
that gave flagged or double flagged results were
using gas chromatographic techniques with selec­
tive detectors which in principle give better de­
tection limits when compared to the system used
in this paper. They have also been widely tested,
and have therefore been included in official
methods of analysis.

Confirmation of certain pesticides at the 0.02
/Lg/I level was feasible although certain com­
pounds with absorption maxima < 210 nm still
cannot be unequivocally confirmed. The use of
on-line solid-phase extraction and thermospray
mass spectrometry has partly solved this problem
by showing a linearity range of 0.02-1.5 /Lg/I
[29,30], although in this case other problem may
arise such as difficulties in the ionization for
certain compounds and in the linearity range due
to change of temperatures of the interface as a
result of the gradient elution system used. On-line

SPE-LC-DAD-MS will probably give the best so­
lution to all the problems although at much higher
costs, which may be a problem for many laborato­
ries involved in the surveillance of organic pollu­
tans in water samples.
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Abstract

The separation of ethoxylated 1,1,3,3-tetramethylphenyl surfactants was investigated by reversed-phase liquid
. chromatography (RP-LC) using various supports (Cj, Cz, C6 , Cs, CjS' polyethylene-coated silica, and polyethylene­

coated alumina) and with reversed-phase thin-layer chromatography (RP-TLC) using impregnated silica and alumina
supports. The retention data matrix was evaluated both by principal component analysis and cluster analysis. The
retention characteristics of both polyethylene-coated supports were similar to those of Cj, and the retention capacity
of RP columns for surfactants increased with the increasing length of the covalently bonded hydrocarbon chain. Both
multivariate mathematical statistical methods gave similar results and adequate separation was performed with the
RP-LC and RP-TLC systems.

Keywords: Chromatography; Principal component analysis; Cluster analysis ; Non-ionic surfactants

1. Introduction

The majority of separations in liquid chro­
matography (LC) is carried out in the reversed­
phase separation mode. Many reversed-phase
chromatographic supports have been developed
with a hydrophobic ligand covalently bonded to
the polar silica surface [1,2]. However, the reten­
tion characteristics of reversed-phase supports
depend on the physicochemical parameters of the
support. The retention of solutes may depend on
the length of the alkyl chain [3] or it can be
independent of the length of the alkyl chain [4].
This discrepancy can be explained by the differ­
ent types of solutes used for the evaluation of the
reversed-phase column. However, the silanol
groups not covered by the hydrophobic ligand

may influence the retention of polar solutes re­
sulting in a retention order different from that
predicted according to the molecular lipophilicity
[5,6]. The influence of free silanol groups on the
retention was defined as the silanophil effect [7].
When the density of covalently bonded alkyl
chains increases, the silanophil effect becomes
low or negligible [8,9].

Much effort has been devoted for the develop­
ment of reversed-phase supports without the
silanophil side effect. It has been observed that
the silanophil effect is absent on polystyrene
coated silica [10]. Not only polystyrene but also
other polymers such as octadecyl polytvinyl alco­
hol) copolymers [11], polytrifluorostyrene [12] and
polyethylene [13] have been tested as coating
agents of silica for the preparation of reversed-

0003-2670/94/$07.00 © 1994 Elsevier Science B.V. All rights reserved
SSDl 0003-2670(94)00213-6
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phase supports. It has been established that poly­
mer coated supports show excellent mechanical
and pH stability [14]. Multivariate mathema­
tical-statistical methods such as factor analysis
[15], correspondence factor analysis [16], principal
component analysis [17], canonical correlation
analysis [18] and cluster analysis [19] have been
extensively used for the elucidation of the similar­
ities and dissimilarities between various reversed­
phase systems. These methods are suitable for
the evaluation of retention data matrices of con­
siderable dimensions [20].

The retention behaviour of non-ionic surfac­
tants in various reversed-phase thin-layer chro­
matographic (TLC) systems has been extensively
investigated [21,22] and it was established that
they cannot be separated according to the length
of ethylene oxide chain under reversed-phase
conditions.

The objectives of the present work were the
determination of the retention behaviour of some
non-ionic surfactants under various reversed­
phase LC and TLC conditions and to find the
similarities and dissimilarities between the reten­
tion characteristics of reversed-phase chromato­
graphic systems by using multivariate mathemati­
cal-statistical methods such as principal compo­
nent analysis (PCA) and cluster analysis (CA).

2. Experimental

The non-ionic surfactants were the ethoxylated
derivatives of 1,1,3,3-tetramethylbutylphenol con­
taining in average 5 (compound 0, 7.5 (IO, 10.5
(III), 11.5 (IV), 16 (V) and 30 (VO ethylene oxide
groups per molecule.

2.1. RP-TLC

DC-AJufolien silica gel 60 and aluminium ox­
ide 60 F254 plates (Merck, Darmstadt) were im­
pregnated by overnight predevelopment in n­
hexane-paraffin oil (95:5, v/v). The non-ionic
surfactants were separately dissolved in methanol
to give a concentration of 5 mgy'ml, and 2 JLl of
solution were spotted onto the plates. The devel­
opment was carried out in sandwich chambers

(22 X 22 X 3 em) at room temperature, and the
running distance was ca. 15 em. The chambers
were not presaturated. The eluent contained 35­
80 and 50-95 vol.% methanol in steps of 5 vol.%
for impregnated alumina and silica layers, respec­
tively. The use of different concentration ranges
for the different impregnated plates was moti­
vated by the fact that the surfactants showed
higher mobility on impregnated alumina than on
impregnated silica layers. After development the
plates were dried at 105°C, and the spots were
detected with modified Burger reagent [23]. Each
determination was performed in quadruplicate.

2.2. Mathematical-statistical evaluation of RP­
TLC data

The R M values were calculated for each sur­
factant-eluent combination from R M = 10g(I/RF
- 1). The R M values were separately extrapo­
lated to zero methanol concentration:

(1)

where C is the concentration of methanol in the
eluent (%, v/v) and R M is the actual R M value
of the surfactant determined at this methanol
concentration. R MO (intercept) and b (slope) val­
ues from Eq. 1 were considered as the best means
of estimating the lipophilicity (R MO) [24] and spe­
cific hydrophobic surface area (b) [25] of the
surfactants. The data were omitted from the cal­
culations when the coefficient of variation be­
tween the parallel determinations was > 6%.

To check the validity of the hypothesis that in
the case of homologous series of solutes the in­
tercept and slope values of Eq, 1 are strongly
intercorrelated [26,27], linear correlations be­
tween the corresponding parameters were calcu­
lated separately for impregnated alumina and
silica supports:

(2)

To elucidate the influence of unimpregnated
supports on the reversed-phase retention be­
haviour of surfactants, linear relationships were
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To find the similarities and dissimilarities be­
tween the retention behaviour of surfactants and

2.4. Multivariate methods for the comparison of the
RP-TLC and RP-LC systems

calculated between the R MO and b values of Eq.
1 determined on impregnated alumina and silica:

As the surfactants differ only in the length of
the ethylene oxide chain, and this substructure
probably influences their retention, linear corre­
lations were also calculated between the length of
ethylene oxide chain (n e ) and the specific hy­
drophobic surface area (b in Eq. 1) of the surfac­
tants:

Surfactant R M = R MO + bC

R MO -bXI0- 2 Sb X 10- 3
r calc.

Impregnated silica
I 4.23 5.66 2.59 0.9897
II 3.85 5.06 2.29 0.9905
III 3.69 4.86 2.10 0.9908
IV 3.56 4.61 1.85 0.9920
V 3.81 4.79 1.73 0.9935
VI 2.98 3.34 2.35 0.9761
Impregnated alumina
I 3.35 4.92 1.76 0.9937
II 3.02 4.59 1.83 0.9922
III 2.92 4.63 0.91 0.9981
IV 2.93 4.72 1.76 0.9931
V 3.00 4.88 1.22 0.9969
VI 3.21 5.52 2.08 0.9930

Table 1
Relationship between the R M value of non-ionic surfactants
and the concentration of methanol (C) in the eluent. Num­
bers refer to the surfactants specified in the Experimental
section

The parameters of Eq. 1 are compiled in Table
1. The equation fits the experimental data well,
the significance levels in each instance being over
99% (see calculated r values) indicating that the
ratios of variance explained (change in the R M
values) by the independent variable (change in
methanol concentration) are high. The R M values
decrease in each instance with increase in
methanol concentration, i.e., these compounds do
not show any anomalous retention behavior in
this concentration range that would invalidate the
evaluation using Eq. 1.

3. Results and discussion

3.1. RP-TLC

reversed-phase chromatographic systems princi­
pal component analysis (PCA) was applied [28).
The surfactants were the variables and the pa­
rameters of Eq. 1 (both for impregnated alumina
and silica) as well as the capacity factors of the
surfactants on the 7 columns were the observed
parameters. The same data matrix was also evalu­
ated by cluster analysis [29).

(5)

(6)

(3)

(4)

2.3. RP-LC

All B terms are constants.

The LC equipment consisted of a Liquopump
Type 312 (LaborMIM, Budapest), a Cecil CE-212
spectrophotometer (Cambridge) used as the de­
tector, a Valco 20-J.d injector (Houston, TX), and
a Waters 740 integrator (Milford, MA). The
flow-rate was 0.5 ml /rnin and the detection wave­
length was 235 nm. The eluent was methanol­
water (80:20, v/v). Columns of 25 em X 4 mm i.d.
were used in each experiment. They were filled
with silica based c, (column A), C z (B), C 6 (C),
C8 (D), C I8 (E) reversed-phase supports as well
as with polyethylene coated silica (column F) and
alumina (column G). The polyethylene-coated
supports were prepared in our laboratory and the
retention characteristics of polyethylene-coated
silica have been reported elsewhere [13]. The
surfactants were dissolved in the eluent at a con­
centration of 0.05 mg ml " I. The retention time of
each compound was determined by three consec­
utive determinations. The capacity factor and the
coefficient of variation of the capacity factor were
calculated for each compound on each column.

b(silica) = a4 + B4 ne

b(alumina) = as +e.«,

RMO(silica) = az + BZRMO(alumina)

b(silica) = a3 + B 3b(alumina)
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Significant linear correlation was found be­
tween the lipophilicity (R M O) and the specific
hydrophobic surface area (b) of surfactants deter­
mined on impregnated silica:

RMO(siliea) = 1.18 + (0.53 ± 0.04)b(siliea) (7)

reale.= 0.9882, r99 .9% = 0.9741

This finding indicates that the non-ionic sur­
factants behave as a homologous series of solutes
on impregnated silica. However, the two molecu­
lar parameters were not correlated on impreg­
nated alumina. This result supports the hypothe­
sis that the supports retain their original reten­
tion even after impregnation; that is the impreg­
nation agent does not cover each adsorption cen­
ter on the support surface.

Neither the lipophilicity nor the specific hy­
drophobic surface area values determined on im­
pregnated alumina and silica showed significant
correlation. This finding lends support to the
hypothesis outlined above that the adsorption by
supports prevails even after impregnation. Signif­
icant relationships were found between the spe­
cific hydrophobic surface area of surfactants and
the number of ethylene oxide groups per

molecule. However, the character of the correla­
tion strongly depended on the nature of the sup­
port (Fig. 1). The specific hydrophobic surface
area decreased on impregnated silica with in­
creasing number of ethylene oxide groups per
molecule, and it increased on impregnated alu­
mina. This result may be due to the fact that the
ethylene oxide oligomers are weak Lewis acids.
They are repelled by the acidic adsorption cen­
ters on the silica surface not covered by the
impregnating agent resulting in lower contact sur­
face with the increasing length of ethylene oxide
chain. Conversely, the polar (acidic) ethylene ox­
ide chain readily interacts with the basic adsorp­
tion centers on the surface of the alumina sup­
port resulting in an enhanced contact surface in
case of longer ethylene oxide chains.

3.2. RP-LC

The log k' values and the coefficients of varia­
tion are listed in Table 2. The coefficients of
variation in each instance were fairly small (in
most cases < 0.5%) indicating the good repro­
ducibility of the measurements. Small differences

Table 2
Capacity factor (log k') and the coefficient of variation (C.V.%) of the capacity factor of surfactants measured on various
reversed-phase columns. Letters and roman numbers refer to RP-LC columns and surfactants specified in the Experimental
section, respectively

Column Surfactant

II III

log k' C.V.% log k' C.V.% log k' C.V.%

A -0.131 0.36 -0.090 0.43 -0.110 0.19
B 0.113 0.24 0.120 0.61 0.119 0.57
C 0.314 0.18 0.347 0.54 0.290 0.35
D 0.310 0.44 0.305 0.37 0.313 0.22
E 0.594 0.31 0.639 0.23 0.627 0.46
F -0.404 1.14 -0.231 0.87 -0.310 0.68
G -0.364 0.73 -0.437 0.91 -0.402 0.64

IV V VI

A - 0.090 0.23 -0.081 0.37 -0.063 0.52
B 0.116 0.36 0.129 0.19 0.101 0.49
C 0.355 0.21 0.319 0.34 0.315 0.57
D 0.313 0.49 0.299 0.63 0.266 0.25
E 0.601 0.38 0.675 0.22 0.682 0.29
F -0.272 0.96 -0.165 0.81 0.007 0.77
G -0.408 0.92 -0.447 0.63 -0.640 1.31
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Fig. 2. Two-dimensional map of principal component load­
ings. Numbers refer to the surfactants specified in the Experi­
mental section.

3.3. Comparison of RP-TLC and RP-LC systems

In principal component analysis the first prin­
cipal component explained the overwhelming ma­
jority of the variance (98.66%), indicating that the
retention behaviour of each surfactant is similar
in each reversed-phase chromatographic system
and it can be described by one background vari­
able. Unfortunately, PCA does not define this
background variable as a concrete physicochemi­
cal entity but only indicates its mathematical pos­
sibility. As each chromatographic system was re­
versed-phase it is assumed that the first back­
ground variable corresponds to the molecular hy­
drophobicity, which governs the retention of sur-

"brush-like" coatings where the alkyl chains more
or less penetrate the mobile phase and more than
one CH 2 group can interact with the hydropho­
bic substructure of the solute. Significant linear
relationships were found between the log k' val­
ues of the surfactants and the number of ethylene
oxide groups per molecule (n e ) indicating that
polyethylene coated supports behave as real re­
versed-phase supports.

Impregnated silica:

log k' = -0.40 + (11.6 ± 2.36)ne

'calc. = 0.9263, '99% = 0.9172

Impregnated alumina:

log k' = -0.33 - (0.85 ± 1.08)ne

'calc.= 0.9687, '99% = 0.9172
)(

b(alumina)
o

.>
6

were found between the capacity factors of sur­
factants on each RP-LC column proving again
that reversed-phase chromatography is unsuitable
for the separation of surfactants according to the
length of the ethylene oxide chain. However, con­
siderable differences were observed between the
retention capacity of columns. The retention ca­
pacities of polyethylene-coated silica and alumina
columns as well as the C 1 column were the low­
est. The capacity increased with increasing length
of the apolar hydrocarbon chain covalently
bonded to the silica surface. The similarity be­
tween the retention capacity of polymer-coated
and C1 columns can be tentatively explained by
the supposition that the polyethylene coating
probably lies parallel with the support surface,
the end groups being in close contact with the
adsorption centers of the support. Only the sur­
face of the polyethylene coating exposed to the
eluent is available for the solutes. It is a hy­
drophobic layer similar to that of the C 1 coating
in thickness and it differs considerably from the

35 35

Number of ethyleneoxide groups
Fig. 1. Relationship between the number of ethylene oxide
groups per molecule (n e) and the specific hydrophobic surface
area of surfactants determined on impregnated alumina (bAIO>
and silica (b Sil) supports. bAlu=4.44+3.26X10-2ne' reale.=
0.8532; bSil= 5.82-8.21 X1O-2ne, reale. = 0.9571.
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Fig. 3. Cluster dendrogram of surfactants. Numbers refer to
the surfactants specified in the Experimental section.

GABD

The two-dimensional map of principal compo­
nent variables and the cluster dendrogram of the
reversed-phase systems are shown in Fig. 4 and
Fig. 5, respectively. RP-TLC parameters form a
separate cluster on both maps indicating the dif­
ferent retention characteristics of RP-TLC. This
finding proves again the similar information con­
tent of the multivariate methods. Polyethylene­
coated supports are very near to C l , supporting
our previous conclusions about the character of
the polymer coating.

It can be concluded from the data that both
principal component analysis and cluster analysis
are suitable for the correct classification of re­
versed-phase chromatographic systems. It must
be emphasized that the conclusions discussed
above are based on calculations carried out on
one special data matrix and are not the results of
theoretical considerations. Therefore they have
to be applied to different data matrices with
extreme caution.

b b RHO RHO C
(Alul ISil1 IAlul ISil1

Fig. 5. Cluster dendrogram of reversed-phase chromato­
graphic systems. Letters refer to the reversed-phase LC
columns mentioned in the Experimental section.

4.3

RMOIAlul
F x
x E
A' B ex

-2.3 0
XG

factants in each system. The two-dimensional map
of PC loadings and the cluster dendrogram of
surfactants taking into consideration simultane­
ously their retention in each reversed-phase chro­
matographic system are shown in Fig. 2 and Fig.
3, respectively. The information content of both
calculation methods is similar: surfactant VI with
the longest ethylene oxide chain is situated far
from the other surfactants on both maps, whereas
the differences between the retention behaviour
of the other surfactants is fairly small.

-0.6
b(Sill
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Fig. 4. Two-dimensional map of principal component vari­
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Abstract

A procedure was developed for the extraction of iodine from soil samples by alkaline ashing. After the extraction, the iodine
was measured using gas chromatography. The method was validated using NIST Standard Reference Materials: San Joaquin
Soil (SRM 2709), Montana Soil (SRM 2711) and Buffalo River Sediment (SRM 2704). The method gave consistently
reproducible results that are in good agreement with the noncertified iodine concentrations reported by NIST, which were
measured using neutron activation analysis. The method presented here requires relatively low cost equipment and can be
performed in most environmental measurement laboratories. Also, since it has been demonstrated to be reliable for soils, it may
help in the development of NIST certified soil standards for iodine.

Keywords: Gas chromatography; Iodine in soil samples; Environmental samples; Chemical extraction; Accelerator mass spectrometry (AMS)

1. Introduction

Since the development of accelerator mass spec­
trometry (AMS) to measure long-lived radioisotopes,
there has been considerable interest in the use of 1291
(half life 1.6 107 years) as a geological and environ­
mental tracer. The AMS technique allows the deter­
mination of as little as ca. 106 atoms of 1291 in mg-size
samples [1] and is therefore ideal for measurement of
the very low 1291/

1271ratios observed in environmental
samples (ratios in common soils are in the 10- 9 range) .

For many important environmental evaluations, e.g.,
reconstruction of radioiodine deposition patterns from
large-scale releases of fission products [2], it is nec­
essaryto know the amount of 1291present in the sample.
However, in order to determine the total amount of 1291
in the sample, both the 1291/

1271 ratio and the total

* Corresponding author.

ElsevierScience B.V.
SSDI0003-2670(94)00238-H

amount of iodine must be measured. As stated above,
the 1291/

1271 ratio can be measured accurately using
AMS. However, measurement of the total amount of
iodine in the sample requires a reliable and efficient
method to extract iodine from the environmental
medium of interest, in this case, soil.

Evaluation of several methods available in the pub­
lished literature demonstrated the need for develop­
ment of an efficient method to extract iodine from soils
and other environmental samples. A simple and reliable
preparation method is required when dealing with the
large number of samples usually involved in environ­
mental studies.

Ashing or fusion with an alkaline aid can be used to
extract iodine from a given matrix. However, a litera­
ture search of available ashing techniques for iodine
determination reveals numerous contradictions. For
example, a handbook reviewing several decomposition
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methods in analytical chemistry [3] states that iodine
is quite certainly lost at an ashing temperature of 600°C
and that the temperature should be kept as low as pos­
sible. On the other hand, ref. [4] claims that various
environmental samples have been successfully ashed
at 650°C for iodine determination. Significant losses of
iodine have been reported using sodium compounds as
ashing aids [3,5] but another work indicates that
sodium hydroxide can be used successfully [6]. Over­
all, it should be kept in mind that the procedures and
type of samples change among authors and this could
explain at least in part these different claims.

There are other methods to extract iodine. Some that
are based on acid digestion have shown wide variations
in the recovery of iodine [5,7]. The procedures in
which the acid digestion is followed by distillation of
iodine [8,9] seem to give good recoveries but they are
labour intensive and can generate large amounts of
hazardous acid waste. Other methods rely on the com­
bustion of the sample in a stream of oxygen [10-12].
In this case, the iodine in the sample should be trans­
formed to Iz and carried by the gas stream to an
absorber. In principle, it would be expected that com­
bustion should minimize any matrix effect in the recov­
ery of iodine. However, lack of reproducibility has been
reported in the determination of iodine in citrus leaves
[12] .

Here, a simple ashing method is presented that
yielded highly reproducible results for the iodine con­
centration in different soils. The iodine extracted from
the soil samples was measured using a relatively simple
technique. Briefly, iodine reacts in acid solution with a
ketone forming an iodo derivative which is extracted
in hexane and then measured using gas chromatogra­
phy (GC) with an electron-capture detector [13,14].
The ashing method was tested using three NIST Stand­
ard Reference Materials (SRM): San Joaquin Soil
(SRM 2709); Montana Soil (SRM 2711); and Buffalo
River Sediment (SRM 2704). The concentrations of
iodine in these SRMs are not certified values. They
therefore do not have associated uncertainties, but do
provide a means for comparison. In addition to the
NIST standards, a sample of top soil from the Lawrence
Livermore National Laboratory (LLNL) grounds was
also tested (note that LLNL is only about 30 km west
of the San Joaquin valley in central California).

2. Experimental

2.1. Instrumentation

The determinations were performed using a Hewlett
Packard 5880A gas chromatograph with a J&W cap­
illary column DB-624 and a 63Ni electron-capture
detector. A Hewlett Packard 3396A integrator was used
to determine peak areas. The samples were injected
automatically with a Hewlett Packard 7673 Sampler
using the splitless technique. For each run, the initial
temperature of the column oven was set at 50°C for 1
min following injection. Then the temperature was
raised at 10°C/min to a final value of 150°C where it
remained for one more minute. The injector and detec­
tor temperatures were 150°C and 300°C, respectively.

2.2. Reagents

All chemicals were analytical-grade reagents unless
otherwise stated. All solutions were prepared using
deionized water. Baxter B&J High Purity Solvent Hex­
ane UV was used in the extractions and EM Science
technical-grade 3-pentanone was used to prepare the
derivative.

2.3. Sample preparation

For the ashing procedure, 2.00 g of soil sample were
placed in a 100-ml zirconium crucible and mixed with
2 ml of absolute ethanol, 4 ml of 4 M KOH and 2 ml
of 20% KN03.The mixture was then thoroughly dried
on a hot plate (ca. 100°C) and placed in a muffle. The
crucible was covered with a watch glass and heated at
4°C/min to 400°C overnight. The next day, the crucible
was removed from the muffle and allowed to cool
down. Then, 0.1 g of NaZS03 and 0.5 g of sulfamic acid
were dissolved in 30 ml of deionized water and added
to the crucible. The mixture was carefully stirred using
a glass rod. After this, 1 ml of a saturated solution of
CaCl, was added and the mixture was brought to a
gentle boil for about 5 min. Finally, the mixture was
filtered using a 0.45- JLm pore size filter and the liquid
brought to 50 ml with deionized water.

To prepare the iodo derivative, a 25-ml aliquot was
placed in a 100-ml separatory funnel followed by 1 m!
of 4% 3-pentanone, 1 m! of 5 M HzS04 and 1 m! of
30% HzOz. After about 10 min, 10 ml of hexane were



AA. Marchetti et al. / Analytica Chimica Acta 296 (1994) 243-247 245

added to extract the iodo derivative. The mixture was
vigorously shaken for about 2 min. Then, the aqueous
phase was separated and discarded. Approximately a
2- JLI volume of the hexane phase was injected by the
automatic sampler into the chromatograph. The stand­
ards were prepared by dilution of a KI solution con­
taining 1000 JLglg of iodide. Known amounts of iodide
were taken to 25 ml with deionized water and then the
iodo derivative was prepared and extracted as indicated
for the samples. The calibration curve was constructed
by plotting the peak area as a function of the total
amount of iodine present in the 25-ml aliquot. A total
of 10 points were measured between 0.1 and 9.0 JLg of
iodine and each point was measured 5 times.

3. Results and discussion

3.1. Calibration

A retention time of about 9.4 min was measured for
the iodo derivative. The response was linear in the range
studied: A = 1.0449/+0.126, where A is the peak area
and / is the amount of iodide in JLg. The standard devi­
ation of the slope and intercept were 0.0049 and 0.020,
respectively. The coefficient of correlation was 0.9995.
About a ten-fold improvement in precision was intro­
duced by the use of the automatic sampler as compared
to previous trials using manual injection. The relative
error in the peak area was less than 1.0%. Reagent
blanks did not show any measurable amount of iodine.
This procedure was able to clearly detect as little as
0.05 JLg of iodine in a 25-ml aliquot.

3.2. Analysis ofsoils

Before developing the ashing technique, attempts
were made to adapt other sample preparation proce­
dures described in the literature to the GC determina­
tion of iodine in soils. For example, the distillation
method described in Ref. [8] for the determination of
iodine in milk was applied to soil but did not result in
anymeasurable iodine in the trapping solution. Another
separation method described in Ref. [15] that utilizes
anion-exchange resin resulted in a relatively low recov­
ery of iodine as compared to the results obtained later
usingthe ashing technique. However, it should be noted
that these were only preliminary tests and were not

confirmed by replication. The determination of iodine
using GC has been applied to the analysis of foods
[16,17] . The ashing procedure as described in ref. [17]
was not successful when applied to soil samples. Fur­
thermore, the results corresponding to the analysis of
NIST Nonfat Milk Powder (SRM 1549) as presented
in Ref. [17] could not be reproduced here. However,
this ashing procedure was adopted as a starting point
and then modified by trial and error to maximize the
recovery of iodine in soil samples.

At first, the ash extracts would tum into gel when
they were neutralized. The reason was the presence of
silica in the samples. Silica becomes soluble during the
alkaline ashing and then precipitates as the strongly
basic ash extract is neutralized. This problem was pre­
vented by the addition CaCl2 as a flocculating agent
during the extraction step. Most ofthe silica would then
remain with the insoluble ash residue. Ashing tests
conducted at temperatures of 550°C and 500°C resulted
in little or no iodine detected. The temperature was then
lowered to 400°C, allowing the ashing to occur over­
night. Using this temperature, iodine was detected at
about the expected levels (a few JLglg). However, the
reproducibility of the measurements was very poor
even between aliquots of the same extract. Soon, it
became clear that the time between the preparations of
the ash extract and of the derivative was very critical
to the recovery of iodine. For example, two aliquots of
the same solution analyzed a day apart resulted in
iodine contents of 3.1 and 0.8 JLg/g, respectively. In
another case, the aliquots were analyzed a day apart but
were not neutralized until the derivative was prepared
resulting in values of 4.4 and 4.0 JLglg, respectively.

Neutralizing the basic ash solution produced a rapid
loss of iodine possibly evaporated as molecular 12,
Iodide can be oxidized by nitrite that could be formed
from using KN03 as an ashing aid. An attempt to ash
using only KOH resulted in low recovery relative to
the samples in which KN03 was also used. From this
experience, it was decided to use a solution of sulfamic
acid and Na2S03 instead of only deionized water to
prepare the ash extract. The sulfamic acid would elim­
inate nitrites as nitrogen: and the sulfite would keep the
iodine as iodide. Also, the neutralization step was omit­
ted from the procedure, since it was found that the acid
added to prepare the derivative was enough to make
the extract acidic and catalyze the iodination of 3-pen­
tanone. Another modification was the use of hydrogen
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Table 1
Iodine concentrations (}J-gi g) measured in different soils a

LLNL top soil

5.26
5.77
5.16
5.08
5.42

5.34±0.27

San Joaquin Soil
SRM 2709 b

4.35
4.45
4.50
4.49
4.40

4.44±0.06

Montana Soil
SRM 2711 c

2.97
3.05
2.90
3.04
2.95

2.98±0.06

Buffalo River Sediment
SRM2704 d

1.86
1.90
1.81
1.98
1.95

1.90 ± 0.07

a Results of five consecutive and independent determinations for each sample.
b NIST noncertified value, 5 }J-gig.
C NIST noncertified value, 3 }J-gig.
d NIST noncertified value, 2 }J-gig.

peroxide instead of a potassium dichromate solution to
oxidize the iodide to iodine. In several tests, it was
observed that slightly higher recoveries of iodine were
obtained using hydrogen peroxide.

With the modified ashing procedure, a series of
determinations were performed on samples of LLNL
top soil resulting in reproducible values. Subsequently,
the method was tested using three NIST Standard Ref­
erence Materials. These were San Joaquin Soil (SRM
2709), Montana Soil (SRM 2711) and Buffalo River
Sediment (SRM 2704). The concentration of iodine is
not a NIST certified value in any of these standards. In
fact, there is no certified standard for iodine in soil
because it is difficult to obtain reliable iodine measure­
ments in these matrices. The results of five consecutive
and independent determinations of iodine are presented
in Table 1 for all the samples tested here. The last row
of Table 1 shows the average and standard deviation of
these results. These are 5.34 ± 0.27, 4.44 ± 0.06,
2.98 ± 0.06, and 1.90 ± 0.07 J-LgI g for LLNL top soil,
SRM 2709, SRM 2711, and SRM 2704, respectively.
The noncertified NIST values for the iodine concentra­
tions of SRM 2709, SRM 2711, and SRM 2704 are 5,
3, and 2 J-Lg/g, respectively, which are in good agree­
ment with those measured here. According to NIST
Certificates of Analysis, the weight losses due to mois­
ture are about 1.8 to 2.5% for SRM 2709, 1.7 to 2.3%
for SRM 2711, and 0.8% for SRM 2704. Thus, correc­
tions for water content would slightly improve the
agreement between these values but they are within the
statistical uncertainty of our measurements. As seen in

Table 1, the standard deviation of the LLNL soil sam­
ples is much higher than those corresponding to NIST
Standard Reference Materials. This could be due to
inhomogeneities in the sample, as the LLNL soil sam­
ple was not processed to ensure complete mixing.

In summary, the method presented here to determine
iodine in soils provides reproducible results and has
shown good agreement with the noncertified values
reported in three different NIST standards. It is impor­
tant to note that, as indicated in their certificates, these
standards have been analyzed at NIST using a different
technique (i.e., neutron activation analysis). There­
fore, the method described here could be applied in
principle as an independent technique to measure con­
centration of iodine in those reference materials and
could thus contribute to the development of certified
soil standards for iodine. Also, the simplicity of this
method and the general availability of gas chromato­
graphs makes this approach cost effective and easy to
implement in most laboratories.
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Abstract

A rapid and sensitive method for the determination of taurine in human milk and urine by reversed-phase liquid
chromatography (LC) has been developed. It involves precolumn derivatization with dinitrofluorobenzene in
NaHC03 buffer (pH 9.0), catalysed by dimethyl sulphoxide, separation by LC on a p,Bondapak Phenyl column at
40°C with acetonitrile-water (I : 1) and 0.01 moll-I phosphate buffer (pH 5.5) as mobile phase and UV absorbance
detection at 360 nm. The peak area is proportional to the concentration of taurine in the range 10-80 p,g ml- I, the
correlation coefficient being 0.9997. The detection limit in standard solutions is 0.1 p,g ml- I (signal-to-noise
ratio = 3). The relative standard deviations (n = 6) of retention time and peak area are 0.45% and 2.29%,
respectively. The average recovery for human milk and urine are 95.8% and 101.0%, respectively.

Keywords: Liquid chromatography; Biological samples; Milk; Taurine; Urine

1. Introduction

Taurine (2-aminoethanesulphonic acid) is a
free, non-protein, l3-amino acid occurring in many
biological materials. It has been shown that tau­
rine has wide physiological functions [1] and a
close relationship with many diseases [2,3]. In
recent years, it has been reported that taurine
also has much nutritive value such as in adjusting
the metabolism of trace elements, improving the
synthesis of DNA, RNA and proteins in the brain

* Corresponding author.

and acting as a regulator in human cell prolifera­
tion [4,5]. Therefore, some researchers have sug­
gested that taurine should be considered as a
conditionally essential nutrient of the human body
[6,7]. In the food industry, more attention is being
paid to the use of taurine as a food additive.

Taurine is found in biological materials, occur­
ring widely in muscle tissue, milk and urine. Many
factors interfere with the assay of taurine. For
these reasons, it is important to develop a rapid
and sensitive method for determining taurine in
biological samples.

The common method of determining taurine is
by thin-layer chromatography [8]. Spectrophoto­
metric methods have also been described [9,10].

0003-2670/94/$07.00 © 1994 Elsevier Science B.V. All rights reserved
SSDl 0003-2670(94)00206-2
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Okazaki [11] studied the determination of taurine
in biological samples by gas chromatography with
spectrophotometric detection [11]. Another gen­
eral method is with the use of an amino acid
analyser [12-14]. Many papers have described the
use of liquid chromatography (LC) [15-17]. Ex­
amples are a rapid assay of taurine in brain by
LC with electrochemical detection [18] and a LC
determination of taurine in biological fluids by
postcolumn fluorescence reaction with thiamine
[19].

The derivatization reaction with dinitrofluo­
robenzene (ONFB) is a common reaction used
for amino acid analysis [20,21]. In this work, this
reaction, catalysed by dimethyl sulphoxide (OM­
SO), was used for the rapid assay of taurine in
biological samples by LC with UV absorbance
detection. Both the accuracy and precision of the
assay of human milk and urine are satisfactory.

2. Experimental

2.1. Chemicals

Taurine stock solution of concentration 1.0
mg ml-I was prepared. Taurine (biochemical
reagent) and ONFB (chemically pure) were ob­
tained from Shanghai Chemicals and acetonitrile
(HPLC grade) from Shanghai Wujin Chemical
Factory. All other reagents were of analytical-re­
agent grade and were used as received. All aque­
ous solutions were prepared using water purified
with a Elgastat UHQ-2 system.

2.2. Apparatus

The analytical LC column was a JL Bondapak
Phenyl column (30 em X 3.9 mm i.d.) from Wa­
ters (MiIIipore, Milford, MA). The LC system
consisted of two pumps (Model 510, Millipore), a
universal liquid chromatography injector (Model
U6K, Millipore) with a 100-JLI loop, a Lambda­
Max Model 481 LC spectrophotometer (MiIIi­
pore) and a Baseline 820 chromatography work­
station (data acquisition and processing chro­
matography software, the hardware involved a
System Interface Module, an AST 386SX/20

computer and an NEC P6200 pinwriter). A Philips
PU-8740 UV-visible scanning spectrophotometer
and a Beckman XL-80 ultracentrifuge were used.

2.3. Liquid chromatographic conditions

The column temperature was 40°e. The mo­
bile phase components were (B) acetonitrile­
water (I : 1, v/v) and (A) 0.01 mol I-I phosphate
buffer [accurately adjusted to pH 5.50 (pH
meter)]. For binary gradient elution, the pro­
gramme was from A-B (80: 20) at 0 min, to A-B
(2: 98) at 30 min. The flow-rate was 1.0 ml min -t.

The detector settings were 360 nm and 0.05 ab­
sorbance full-scale. The mobile phase solutions
were filtered through a 0.45-JLm membrane filter
and degassed by ultrasonication before use. A
5-JLI portion of sample was injected each time.

2.4. Acquisition and preparation of samples

Human milk
Breast milk samples were obtained from

healthy, well nourished mothers at the Jiangxi
Gynaecology and Obstetrics Hospital. The sam­
ples (each about 15 ml) were stored below - 40°e.

After the milk samples had been thawed, they
were delipidated by centrifugation at 2000 g and
20°C for 20 min. A 3.0-ml volume of delipidated
milk was mixed with 3.0 ml of 3.0% sulphosali­
cylic acid (SSA) solution. Samples were allowed
to stand for 20 min at 20°e. The samples were
deproteinized by centrifugation (20 min, 10000 g,
4°C) and 1.0 ml of the supernatant was removed
for the derivatization reaction.

Urine
After obtaining samples, they were diluted

(I : 1) with water and filtered through a Sep-Pak
C I8 cartridge (Waters). Deproteination was car­
ried out in the same way as with the milk sam­
ples.

2.5. Precolumn derivatization procedure

A 1.0-ml volume of a prepared sample or of a
taurine standard solution used for calibration was
transferred into a lO-ml flask. A 2.0-ml volume of
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0.01 mol I-I NaHC03 (pH 9.0), two drops of
pure DNFB and 0.5 ml of DMSO were added.
After shaking on a vortex mixer for a moment, it
was heated for 10 min in a 40°C water-bath, then
removed and diluted to lO ml with phosphate
buffer (pH 7.0). A 5.0-J.Ll portion of this solution
was injected for LC separation.

3. Results and discussion

3.1. Spectral properties of DNP-taurine derivative

Taurine was converted into its DNP derivative
by reaction with DNFB catalysed by DMSO in a
weakly-alkaline buffer. UV -visible scanning spec­
t~ophotometry indicated that maximum absorp­
non of the DNP-taurine derivative was at 360
nm. The DNP-taurine derivative is stable for
several days.

3.2. Optimization of derivatization conditions

Without catalysis, the derivatization reaction
takes more than 1 h at 40°C, and is therefore not
suitable for the rapid assay of large numbers of
samples. With catalysis by DMSO, the reaction is
complete in lO min at 40°C.

Table 1 shows that the optimum amount of
DMSO was 0.5 ml. It was shown that DMSO did
not affect the LC separation of DNP-taurine.

Heating increases the rate of derivatization.
For a lO-min reaction time, the optimum temper­
ature was 40°C.

As shown in Table 2, the optimum pH was 9.0.
As the solubility of DNFB in aqueous solution

is not great, shaking is necessary. As shown in
Table 3, shaking for 30 s on a vortex mixer was
sufficient.

A 0.05-ml volume (about two drops) of DNFB
was sufficient to achieve complete derivatization
under the above conditions.

Table 1
Effect of amount of DMSO on absorbance

Table 2
Optimization of pH for derivatization

pH 6.0 7.0 8.0 9.0 10.0
Absorbance 0.114 0.480 0.517 0.546 0.529

3.3. Chromatographic investigation

Experiments were carried out by using a solu­
tion of A (water of pH 5.5 adjusted with acetic
acid, pH 5.5 phosphate buffer, pH 6.5 NaOAc­
HOAc buffer, pH 7.0 phosphate buffer or pH 9.0
NaHC03 buffer) and B (1: 1 methanol-water or
acetonitrile-water). The best chromatographic
performance was obtained when pH 5.5 phos­
phate buffer and acetonitrile-water (l : 1) were
used as mobile phases with gradient elution.

Many gradient programmes were tried. The
best chromatographic performance was obtained
by the use of a mixture of A (pH 5.5 phosphate
buffer) and B [acetonitrile-water (l : 1)], initially
80 : 20 and changing linearly to 2: 98 at 30 min.

To remove all DNP-amino acids from the col­
umn, a 30-min elution time was required. The
best chromatographic performance was achieved
when the column temperature was kept at 40°C.

3.4. Calibration

Volumes of lO, 20, 40, 60 and 80 J.Lg mr '
standard taurine solution were used to provide
calibration results according to the above proce­
dure. The chromatographic peak response (area)
was linearly related to the concentration of tau­
rine in the range lO-80 J.L g mr I. The correlation
coefficient was 0.9997.

3.5. Precision

Six replicates of 40 J.Lg mr ' taurine gave a
relative standard deviation of peak area of 2.3%

Table 3
Effect of shaking time

DMSO (ml) 0.0 0.25 0.50 0.75 1.00
Absorbance 0.109 0.228 0.324 0.308 0.227

Time (s) 0
Absorbance 0.266

30
0.556

60
0.558

90
0.559
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3.8. Application to the determination of taurine in
human milk and urine

Fig. 1. Chromatogram of human milk sample.
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The chromatograms for human milk and urine
are shown in Figs. 1 and 2, respectively. The
results for the taurine content of 20 mothers'
colostral milk in Nanchang City were 41.60 ±
17.13 JLg ml- 1 (mean ± S.D.) and those for 6
mens' urine samples from the same city were
97.48 ± 8.89 JLg ml- 1

•

4. Conclusions

and of retention time of 0.45%. The mean reten­
tion time was 9.735 min.

3.6. Standard addition

Different concentrations (20-40 JLg ml- 1 in
the final sample) of standard taurine were added
to human milk and urine samples to determine
recovery. The average recoveries for human milk
and urine were 95.8% and 101.0% (n = 4), re­
spectively.

3.7. Detection limit

The detection limit for a standard taurine so­
lution was < 0.10 JLg mr ' (signal-to-noise ratio
= 3).

A rapid and sensitive procedure was devel­
oped for determining taurine in biological sam­
ples. The procedure uses DNFB as the derivati­
zation reagent with catalysis by DMSO and ef­
fects separation by reversed-phase LC with UV
detection at 360 nm where the baseline does not
easily drift. The analytical time is shorter than in
previous work [20,21]. This method is suitable for
the rapid assay of large numbers of samples. By
optimization of the derivative reaction conditions
and chromatographic conditions, the method has
been demonstrated to be precise and capable of
accurately determining taurine concentrations in
milk and urine over a wide linear range 00-80
JLg/mI). The detection limit is lower than 0.1 JLg
mr ' (signal-to-noise ratio = 3). The relative stan­
dard deviation (n = 6) of retention time and peak
area are 0.45% and 2.29%, respectively. The av­
erage recoveries in human milk and urine are
95.8% and 101.2%, respectively.
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Abstract

Water-soluble 2-hydroxypropyl-j3-cyclodextrin was used to enclose 1,4-dibenzoquinone, l,4-naphthoquinone, and 9,10­
anthraquinone to form inclusion complexes. The inclusion complex of 1,4-dibenzoquinone was the most reactive of the three
complexes in the presence of cyanide anion. The 1,4-dibenzoquinone inclusion complex reacted with cyanide anion to form a
fluorescent product with stable excitation and emission maxima at 410 and 480 nm, respectively. Assuming one to one
stoichiometry the formation constant for 2-hydroxypropyl-j3-cyclodextrin and 1,4-dibenzoquinone was estimated to be 4 M- 1

•

Formation of the inclusion complex did not enhance fluorescence yield but increased the rate of product formation in aqueous
solutions. In the presence of excess cyanide the limit of detection for 1,4-dibenzoquinone was 0.006 mM with a linear range of
0.01 to 0.04 mM. For cyanide detection the linear range of the assay was 2 to 10 mM with a detection limit of 0.041 mM. Rate
assays for cyanide possessed linear ranges from 0.041 to 12 mM. The reaction was used to detect cyanide in beverages,
acetaminophen preparations and brass plating solutions.

Keywords: Fluorimetry; 2-Hydroxypropyl-l3-cyclodextrin; 1,4-Dibenzoquinone; Inclusion complex; Cyanide

1. Introduction

Cyclodextrins are a class of toroidally shaped
cycloamyloses with hydrophilic edges and an electron
rich hydrophobic cavity. The most common cyclod­
extrins are a, (3, and y-cyclodextrins with 6, 7, or 8
glucopyranose units, respectively linked by a-l-4
bonds to form a rigid structure capable of forming
inclusion complexes with various hydrophobic com­
pounds. This property has led to a plethora of practical
applications related to the solvation of hydrophobic
chemicals and pharmaceutical products in aqueous
media. Reviews for this class of compounds are pro-

* Corresponding author.
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duced by Szejtli [1], Clarke et al. [2], Thoma and
Stewart [3], and Saenger [4].

For certain cases the changes in fluorescence prop­
erty including quantum yield, fluorescent spectrum and
decay time often associated with the solution of com­
pounds in organic solvents are also observed in struc­
tured media such as the cyclodextrins [5] . For instance,
1-anilinonaphthalene-8-sulfonatewhich is strongly flu­
orescent in organic solvents, but shows only negligible
fluorescence in water, becomes significantly fluores­
cent in aqueous cyclodextrin solutions [6] . Fluorescent
enhancement is also dependent on the cavity size of
cyclodextrins as e-cyclodextrin increases the fluores­
cence of the aqueous solution about 2-fold, whereas {3­
cyclodextrin has a nearly l.O-fold effect. In addition,
inclusion of the analyte molecule inside the cyclodex-
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trin cavity is also known to afford protection from
quenchers.

The acute toxicity of cyanide in foodstuffs is well
documented [7] and various amperometric [8], col­
orimetric, argentometric, polarographic and potentio­
metric methods are employed for its detection [9] . Still
the best analytical procedure for the fluorometric assay
of cyanide is that described by Guilbault and Kramer
[10]. Addition of as little as 0.2 /-Lg of CN - to p­
benzoquinone results in an intense green fluorescence
(Aex 440, Aem 500 nm) and the reaction is normally
done in organic media to generate fluorescent cyanoh­
ydroquinone products. The reaction was reported to be
rapid, sensitive and highly specific as sulfide, thiosul­
fate, thiocyanate, ferrocyanide, and 26 other anions
tested exhibited no interference.

In this study, 2-hydroxypropyl-l3-cyclodextrin (hp­
l3-cyclodextrin) was used to solubilize 1,4-benzoqui­
none to form a water-soluble inclusion complex. The
reduction of l,4-benzoquinone by cyanide anion in
aqueous cyclodextrin solutions was then performed to
investigate a feasible development of in situ fluoro­
metric assays for the determination of cyanide.

2. Experimental

2.1. Apparatus and reagents

1,4-Dibenzoquinone, 1,4-naphthoquinone and 9,10­
anthraquinone, 2-hydroxypropy1-I3-cyclodextrin (hp­
l3-cyclodextrin) were purchased from Aldrich
(Milwaukee, WI). All other chemicals were obtained
from Anachemia (Montreal). Plating solutions were
obtained from a local plating company (L and G Plating
Ltd, Montreal, PO) and beverage samples were
obtained from local markets.

2.2. Quinone solutions

2-Hydroxypropyl-l3-cyclodextrin solutions were
prepared by adding powdered cyclodextrin to distilled
water and agitating to produce a 50% by weight stock
solution. The stock was then diluted to desired concen­
trations with distilled water. Solutions of 1,4-dibenzo­
quinone (0), l,4-naphthoquinone (NO), and 9,10­
anthraquinone (AO) were prepared by adding an
excess of solid compound to an aqueous solution of

defined hp-l3-cyclodextrin content and stirring oyer­
night. Remaining solid material was removed by cen­
trifugation at 12.1 X 103 g for 10 min (Beckman
J2-21M centrifuge, JA 20 rotor) with subsequent fil­
tration of supernatant through 0.2 /-Lm Acrodisc (Gel­
man Sciences, Ann Arbor, MI) polysulfone filters.
Dissolved quinone concentrations were estimated
using absorbances obtained with a Beckman DU 640
spectrophotometer. The absorbency coefficients for 0
(435 nm), NO (341.5 nm), and AO (327 nm) are
18.18 M- 1 em-I, 2750 M- 1 em-I, and 4600 M- 1

em - 1, respectively [11]. The three quinone com­
pounds were also dissolved in water and ethanol using
the above procedure. Solutions were subsequently
stored in the absence and presence of light at 4 and
25°C.

2.3. Fluorometry

Fluorescence measurements were conducted using
in a Gilford Fluoro IV spectrofluorometer equipped
with alSO W high-pressure xenon light source and an
R446 photomultiplier (range 200-800 nm) detector.
The excitation and emission concave holographic dif­
fraction gratings (1200 line/mm) were blazed at 250
nm and 450 nm, respectively. The determination of
cyanide using fluorescence was completed as follows.
Standard curves were prepared by mixing required vol­
umes of aqueous 100 mM KCN solution with 250 mM
hp-l3-cyclodextrin containing 0.3 mM quinone and
monitoring the resultant fluorescence (Aex 410 nm, Aem

480 nm) . A similar method was used for the detection
of cyanide in samples. Samples were contained in 3 ml,
1 X 1 em, quartz cuvettes.

2.4. Amperometry

The formation constant for the complexation of qui­
none and hp-l3-cyclodextrin was estimated ampero­
metrically using a CV-lB voltammograph with cell
stand and X-Y recorder (Bioanalytical Systems, West
Lafayette, IN). Using known total quinone and cyclo­
dextrin concentrations, the concentration of non-com­
plexed quinone was determined by its reduction at the
surface of a glassy carbon amperometric electrode. The
working electrode operating potential was set at - 0.4
V with respect to an Ag/AgCl reference electrode and
a platinum counter electrode was employed. A standard
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are shown in Fig. 1. While the mechanism of inclusion,
a combination of chemical and steric factors, remains
to be investigated, it is obvious that molecular propor­
tion and hydrophobic interaction play an important role
in the inclusion process. The hp- f3-cyclodextrin cavity
has a diameter of 0.64 nm and a depth of 0.8 nm, and
can therefore easily accommodate l,4-benzoquinone
on a 1 to 1 basis but is unable to completely include
naphthoquinone or anthraquinone. The polarity of the
cyclodextrin cavity is heterogenous, varying along the
axis of the cavity with proximity to the respective
C(3)-H hydrogens, glycosidic oxygens and C(5)-H
hydrogens. The overall polarity of the cavity was
reported to be comparable to that of p-dioxane [12]
and the solubilities of naphthoquinone and anthraqui­
none in the two solvents reflect this phenomenon. The
dynamic behaviour of the inclusion phenomenon must
also be considered, particularly in the case of l,4-ben­
zoquinone as it is soluble in water to an extent of 140
mM. Changes in the optical property of the included
compound are often used to measure the extent of com­
plexation usingthe Benesi-Hildebrande equation and
its derivatives [1] . The method is based on the assump­
tion that almost all of the optically active compound is
occluded by a large excess of cyclodextrin. As the rel­
atively low absorbency coefficient of quinone
(E435 = 18.18 M- 1

) and its high solubility in water
relative to hp- f3-cyclodextrin precluded the use of this
method, an amperometric procedure was used to cal­
culate an estimate of the formation constant for 1,4­
dibenzoquinone and hp- f3-cyclodextrin. The value is

t· •

SO 100 150 200 250 300 350

HPBCD (mM)

Fig. 1. Solubility of (e) 1,4-dibenzoquinone (Q), (.) 1,4-naph­
thoquinone (NQ) and (_) 9,1O-anthraquinone (AQ) in aqueous
-solutions of 2-hydroxypropyl- (3-cyciodextrin of varied concentra­
tion.

The respective solubilities of quinone, naphthoqui­
none and anthraquinone with respect to cyclodextrin

curve relating nA to quinone concentration was con­
structed prior to measurements with cyclodextrin.
Reduction of the quinone-hp- f3-cyclodextrin complex
was prevented by covering the working electrode with
a 1000 MWCO Spectro/Por cellulose dialysis
membrane (Spectrum, Houston, TX). The predeter­
mined total quinone and cyclodextrin concentrations
were established by the addition of stock solutions and
the free quinone concentration was then determined
using a standard curve of quinone versus current. The
total quinone concentration ranged from 0.01 to 1.2
mM while the total hp- f3-cyclodextrin concentration
was varied from 0.5 to 25 mM. The difference between
the free quinone concentration and the total quinone
concentration was taken to be the complexed quinone
concentration. Assuming a 1 to 1 stoichiometry of com­
plexation, the concentration of complexed hp- (3­
cyclodextrin was therefore determined. The
concentration of free hp- f3-cyclodextrin was estab­
lished by subtraction of the complex concentration
from the total hp- f3-cyclodextrin concentration. The
above information was then used to calculate the for­
mation constant K = [QCD] / [Q] [CD].

The detection of cyanide was performed by fluorom­
etry and using a pyridine barbituric acid colorimetric
reference method [9]. In some cases samples were
pretreated by acid distillation as outlined by Franson
[9]. Brass rinse solutions were determined directly for
cyanide content by adding concentrated hp- f3-cyclo­
dextrin with quinone to samples. For the determination
of cyanide in beverage samples, known volumes of 1
M KCN (aq.) were added to 25 ml volumes of bever­
age. The samples were then diluted 500-fold for detec­
tion using fluorometry and for the pyridine barbiturate
reference method. Samples of acetaminophen contain­
ing cyanide were prepared by adding 1 M KCN to 25
ml solutions of acetaminophen in ethanol.

3. Results and discussion

3.1. Characterization ofquinone-eyclodextrin
inclusion complexes

2.5. Cyanide detection
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Fig. 2. Stability of 1,4-dibenzoquinone in solutions of (A) 2­
hydroxypropyl-J3-cyclodextrin (B) deionized water and (C) etha­
nol: (0) 25°C, stored under light, (D) 25°C stored in dark, (<»

4°C, stored under light, ( X) 4°C, stored in dark.

500

•
o

•

o

••

o

•
100

o

o
100

fP
o ~~-'.--:-L-.---.L.---.L.--_.L.-_--l
o

500

"]
400

300
~
! 200

When the quinone cyanide reaction was carried out
in hp- ,B-cyclodextrin, the reaction products fluoresced
with stable excitation and emission maxima at 410 nm
and 480 nm, respectively (figure not shown). The flu­
orescent wavelength maxima were thus equivalent to
values reported by Guilbault and Kramer [10] for
products of the reaction in DMSO. The lack of a shift
to shorter wavelength maxima would indicate that the
excited state of the reaction product can undergo relax­
ation despite the stearic limitations and relative rigidity
of the of hp- ,B-cyclodextrin cavity. A comparison of
the excitation and emission spectra for hp- ,B-cyclo­
dextrin and DMSO did not reveal an increase in spectral
bandwidth, indicating an insignificant heteromicroen­
vironmental effect. The solution cyclodextrin concen­
tration did not significantly increase the fluorescence
yield of reaction product, or of preparations of com-

600,----------------,

Ache [14], who credited the relatively low amount of
complexation to the small size of benzoquinone in rela­
tion to the cyclodextrin cavity. l,4-benzoquinone was
reported to form aggregates in aqueous solution [15]
and this property is evident in viewing the stability of
this compound in hp- ,B-cyclodextrin under various
conditions (Fig. 2). A tendency to rapidly polymerize
and precipitate in the presence oflight at 4°C is evident.
When containers were covered with foil and stored at
room temperature, the quinone cyclodextrin reagent
had a shelf life of 1 week.
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3.2. Characteristics ofquinone-cyanide reactions
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presented with caution as hp- ,B-cyclodextrincan phys­
ically affect the transport of free quinone across the
dialysis membrane without complexation. For this rea­
son the hp- ,B-cyclodextrin concentration was main­
tained at or below 25 mM. The resulting formation
constant K = [QCD] / [Q] [CD] was calculated to be
4 M-1, a value in reasonable agreement with the find­
ings of Kuroda et al. [13], who measured the quench­
ing effect of benzoquinone on the fluorescence of
cyclodextrin-sandwiched porphyrin complexes. An
equilibrium constant for benzoquinone in a-cyclo­
dextrin of 6.8 M- 1 was reported by Yan-Ching and
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Fig. 5. Dependence of fluorescence on pH for a 0.3 mM solution of
l,4-dibenzoquinone in 200 mM in aqueous 2-hydroxypropyl-j3­
cyciodextrin (cyanide concentration = 10 mM).

0.3 mM, but the result may be a function of fluorometer
geometry as inner filter effects are evident at higher
quinone concentrations. Using the above conditions a
sampling time of 20 min was required to reach maxi­
mum fluorescence. The rate of reaction as a function of
cyanide concentration was linear between 0 and 12 mM
and rate dependent assays for cyanide were conducted
with a sampling time of 4 min. The absolute detection
limit for cyanide was 41 JLM, which was about three­
fold less sensitive to the value determined for prepa­
rations using DMSO as solvent (14 JLM). The lowest
detectable benzoquinone concentrations were 6 JLM
and 3 JLM, respectively for hp- f3-cyclodextrin and
DMSO. The use ofhp- f3-cyclodextrin at concentrations
greater than 250 mM resulted in viscous preparations
that were difficult to handle and which decreased pre­
cision because of dispersion of light in the cuvettes.

The product fluorescence was affected by pH, being
inhibited below 6 and exhibiting a sharp peak around
7 (Fig. 5). This phenomenon makes the control of
sample pH a significant parameter in the determination
of cyanide for real samples. According to Brown and
Porter [16] the anionic primary reaction product (2,3­
dicyanohydroquinone) is protonated at pH below 5.9
to produce a compound that displays excitation and
emission maxima at 350 and 450 nm, respectively. At
pH below 6 the products of the reaction in hp- f3-cyclo­
dextrin displayed excitation and emission maxima at
the above stated wavelengths. For quinones in general
the oxidizing environment encountered at low pH
reduces fluorescence by coordinate linkage to electrons
in the lowest available occupied non bonding oxygen
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mercially available 2,3-dicyanohydroquinone, but
exhibited a positive effect on initial reaction rate (Fig.
3). The increase in rate was presumably a result of the
occlusion of water from the reaction complex by hp­
f3-cyclodextrin. The concentrations of hp- f3-cyclo­
dextrin and DMSO are expressed as g/I to compensate
for the large difference in molecular weight of the two
compounds. At concentrations below 150 gil the inclu­
sion effect of cyclodextrin provides for microenviron­
ment with lower water content that cannot be achieved
using DMSO. Above 300 gIl the performance of the
two solvents are comparable, but the water content of
the DMSO solvents become less than 60% by weight.

Standard curves illustrating the linear ranges and
detection limits with respect to cyanide and benzoqui­
none are shown as Fig. 4 (A and B). The optimal
benzoquinone concentration for the determination of
cyanide in 250 mM hp- f3-cyclodextrin was found to be

20 30 40 50 60
1,4·dlbenzoqulnone (IlM)

Fig. 4. (A) Fluorescence intensity as a function of cyanide concen­
tration for a 0.3 mM solution of 1,4-dibenzoquinone in 200 mM in
aqueous 2-hydroxypropyl-l3-cyciodextrin. (B) Fluorescence inten­
sity as a function of l,4-dibenzoquinone in 200 mM aqueous 2­
hydroxypropyl- j3-cyciodextrin (cyanide concentration = 50 mM).
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and acetate were most applicable and provided up to
95% fluorescence intensity in comparison to distilled
water. Imidazole and borate were slightly less effective
(88% fluorescence intensity) while tris only provided
80% fluorescence intensity (data not shown) .

3.3. Determination ofcyanide in samples

The results of cyanide determinations for real sam­
ples are listed as Table 1 (value = mean ± 95% confi­
dence interval, student t distribution, n = 3). To avoid
reaction inhibition the samples in question (juice, wine,
beer, brass plating solutions) were diluted 500-fold
before reliable determinations of cyanide were
obtained. For plating solutions it was apparent that the
high ionic strength of the samples inhibited fluorophore
formation. For juice samples, the addition of undiluted
sample (0.03 ml added to a 30 ml reaction volume) to
fluorescent dicyanohydroquinone solutions resulted in
quenching. Acetaminophen preparations did not inter­
fere with product formation and therefore sample dilu­
tion was not necessary. A cyanide detection limit of 10
ppb was reported by Zhang and Zhang [18], for a
dequenching method in which the complexation of
cuprous ion with cyanide releases cuprous ion from the
fluorophore calcein. The reaction is vulnerable, how­
ever, to interferences produced by other metal ions
capable of forming complex cyanides. A fluorometric
stop time flow injection method [19] using pyridoxal
and pyridoxal phosphate achieved a detection limit of
3 p.M, but required lengthy sampling times. A chemi­
luminescent flow injection method [20] produced

25105 15 20
T (Min)

Fig. 6. Effect of sodium sulphite addition on time course for the
reaction of 0.3 mM solution of 1,4-dibenzoquinone in 200 mM in
aqueous 2-hydroxypropyl- f3-cyclodextrin (cyanide concentra­
tion= 1.2 mM). (A) No additions. (B) Addition of Na2S03 (final
concentration = 11 mM prior to the initiation of the reaction with
cyanide. (C) Additions of Na2S03 (SI final concentration = 100
mM, S2 final concentration w 200 mM) following reaction.

orbitals [17]. While the presence of anions at less than
3 mM appeared not to significantly inhibit the reaction,
higher ionic strengths strongly inhibited the rate of
fluorophore formation. This phenomenon was best
illustrated by the effect of adding sodium sulfite for the
scavenging of oxygen before reaction and following
completion of reaction (Fig. 6). The presence of sulfite
(11 mM) before reaction completion severely inhibits
product formation, while the addition of sulfite follow­
ing reaction has no effect on sample fluorescence.
Among various buffers used at a concentration of 100
mM to maintain the system at pH 8, glycine, phosphate

81 SZ

___~;,.-.t__
c •••••••••••••••••
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Table 1
Comparison of samples measured using fluorometric and pyridine-barbituric acid reference methods

Fluorometric (mM) Reference (mM) %Difference

Apple juice" 29.5 ± 1.00 33 ± 1.65 10.6
Orange juice" 32.5 ± 1.15 35.5 ± 1.8 8.45
Beer" 31.5 ± 1.05 34.5 ± 1.75 8.69
Acetaminophen" . 0.098 ± 0.086 0.108±0.186 3.7
Brass plate solution" 29.59 ± 0.592 30.63± 1.41 1.4
Brass rinse solution" 0.056 ± 0.0053 0.096 ± 0.0039 41.6

The numbers (n) of each sample are equal to three.
"KCN added to samples to an approximate final concentration of 32.5 mM. Samples were diluted 500-fold.
bKCN added to final concentration of 0.1 mM to 1 mM acetaminophen solutions. Samples were assayed undiluted.
'Final concentrations shown. Samples diluted 5OO-fold.
dUndiluted samples.
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detection limits of the order of 50 JLM, but was claimed
to require only picogram quantities of cyanide. Cyanide
was determined fluorimetrically using taurine and 2,3­
naphthalenedialdehyde to a detection limit of 20 JLM
[21]. In view of this, the assay under current study
does not possess a limit of detection lower than other
fluorometric cyanide detection methods. However, this
method is simple to perform, requires no flow injection
equipment, makes use of relatively stable reagents, and
can be coupled with biologically active materials such
as enzyme, protein, and antigen/antibody.
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Abstract

Enzymes were (cojimmobilized on the pH-sensitive gates of an eight-channel field-effect transistor (FET).
Glucose was analysed with a glucose dehydrogenase (GDH) FET, maltose with a coimmobilized maltase
(MAL)/GDH FET, sucrose with a coimmobilized invertase (INV)/GDH FET, lactose with a j3-galactosidase
(j3-GAL)/galactose dehydrogenase (GALDH)-fusion protein FET and ethanol with a coimmobilized alcohol
dehydrogenase (ADH)/aldehyde dehydrogenase (ALDH) FET. These EnFETs were integrated in FIA systems,
calibrated and characterized with respect to buffer capacity, pH value, stirrer speed and NAD concentration and
cross sensitivity. On account of the pH and buffer capacity sensitivity of the signals of the EnFETs, the pH value was
monitored with a pH-FET of the array and the buffer capacity and substrate concentration were calculated from the
shape of the signal of the FIA system. The EnFETs were stored at 4°C for many months without activity loss. They
have satisfactory activity for performing a large number of analyses.

Keywords: Sensors; Flow injection; Enzymatic methods; Field effect transistors; EnFET

1. Introduction

Since Bergveld [1] reported on the first ion­
selective (IS) field-effect transistor (FET) sensor,
a large number of papers have been published on
ISFET sensors (e.g., [2-6]). By immobilizing en­
zymes on the pH-sensitive gate of a FET, en-

* Corresponding author.

zyme-FET (EnFET) sensors were elaborated (e.g.,
[7-10]).

In our laboratory several EnFETs were devel­
oped, integrated in flow-injection analysis (FIA)
systems and applied for process monitoring [11­
13]. However, the application of a single EnFET
as detector in a PIA system is not efficient
enough. On account of the high price of the
commercial FIA systems, the analysis expenses
per analyte component are too high. Therefore,
the economy of the FIA systems can be improved

0003-2670/94/$07.00 © 1994 Elsevier Science B.V. All rights reserved
SSDI 0003-2670(94)00224-A
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by using sensor-arrays as detectors, which are
able to monitor several medium components si­
multaneously.

The aim of the present investigations was to
develop enzyme sensor arrays based on pH-sensi­
tive FETs, integrate them in FIA equipment and
use a single multi-enzyme-FET-PIA system for
the monitoring of the concentration of several
medium components simultaneously.

In this first part the preparation and character­
isation of the EnFET sensors are presented.

2. Experimental

2.1. Preparation of the EnFETs

Field Effect Transistor
An n-SijSiOz/Si3N4 field effect transistor

(FET) with 55.3 mV/pH-decade steepness in the
pH range 1 to 13 (ABC, Puchheim) was applied
with an Ag/AgCl reference electrode. The sur­
face area of the gate was 0.25 mm". It was oper­
ated in constant-charge circuit at a drain-source
voltage Uos = 2 V and a drain current 10 = 100
/-LA.

Enzymes applied
Glucose dehydrogenase (GDH) (Bacillus

megaterium, Merck) 4 U/mg lyophilisate, MW =
118 000, K M = 4.5 mM, pH opt 8-9, was used for
the analysis of glucose:

GoH
l3-o-glucose + NAD+~ gluconolactony

gluconic acid + NADH + H+

Invertase (INV) (Saccharomyces ceretnstae, Sig­
ma), MW = 100 000, K M = 44 mM, pH opt 3.5-5.5
was used for the conversion of sucrose to fructose
and l3-o-glucose:

INV
sucrose~ o-o-glucose + l3-o-fructose

Maltase (a-glucosidase) (MAL) (Saccharomyces
cerevisiae, Sigma), MG: 280 000, KM = 5.5 mM,
pH opt 4-6 was used to convert maltose to glu­
cose:

MAL
maltose~ o-o-glucose + l3-o-glucose

I3-Galactosidase (I3-GAL) galactosedehydroge­
nase (GALDH) fusion protein (Escherichia coli
F11 rec A), MW = 530 000, pH op t 7-8.5: I3-GAL
was used to convert lactose to galactose and
glucose:

{3-GAL
lactose ----+ l3-o-galactose + l3-o-glucose

and GALDH to convert galactose to galactonic
acid:

I NAD + GALOH I . 'dga actose + I ga actomc aCI

+NADH+H+

Alcoholdehydrogenase (ADH) (Saccharomyces
cerevisiae, Fluka), MW = 148 000, K M = 13 mM,
pH op t 7-8 was used to convert ethanol to ac­
etaldehyde:

ADH
ethanol + NAD + --- acetaldehyde

+NADH+H+

Aldehydehydrogenase (ALDH) (Saccharomyces
cerevisiae, Sigma), MW = 85 000, K M = 9.0.10- 3

mM, pH op t 8-9 was used to convert aldehyde to
acetate:

ALOH
CH 3CHO + NAD+~ acetate + NADH + H+

On account of the reversible reaction between
ethanol and acetaldehyde, the conversion of ac­
etaldehyde to acetate is necessary for the quanti­
tative analysis of ethanol. In all of these analyses
enzymatic test kits based on NADH determina­
tion are used for control measurements.

Enzyme immobilization
Eight-channel FET arrays were applied for the

investigations. The gates were covered by differ­
ent enzymes. Therefore it was important that a
method is used, which is suitable for the simulta­
neous immobilization of the diverse enzymes on
the different gates. This was realized by glu­
taraldehyde enzyme immobilization in the vapour
phase by using a closed cell (Fig. 1). The
lyophilized enzymes were dissolved in a phos­
phate buffer (10 mM phosphate, 100 mM KCI,
pH 8) and 0.2 /-LI enzyme solutions were put on
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Fig. 2. Influence of the immobilized GDH/MAL ratio on the
sensor signal as a function of the maltose concentration at 500
mM KCl, 10 mM KP buffer, 50 mM NAD, pH 8 and 100 rpm.

Characterization of the EnFETs
The EnFET and the reference electrode were

immersed into the calibration solution which was
homogenized with a magnetic stirrer. The con­
centration of the particular analytes was in­
creased stepwise and the EnFET signal voltage
U;FET after the ith analyte addition and the cor­
responding pH signal voltage U;pH were regis­
tered. The sensor signal S was defined as:

each of the gate surfaces with a micropipette
under a microscope in a clean air chamber. The
FET array was put in the cell, in which filter
paper was immersed into the 25% aqueous glu­
taraldehyde solution and the enzyme was cross­
linked in the glutaraldehyde vapour at 6°C for 15
h [14].

where Uo
FET and UoPH are the FET and pH signal

voltages at a analyte concentration Ca = O.
In the following the EnFET for maltose is

described in detail. The same procedure was car­
ried out with all of the five EnFETs.

For the analysis of maltose maltase (MAL)
and glucose dehydrogenase (GDH) were coimmo­
bilized. The maximum signal was obtained at a
GDH to MAL ratio of 1:3 (Fig. 2).

The buffer capacity and the pH value of the
analyte solution have distinct effects on the sen­
sor signal. The higher the buffer capacity the
lower the signal. On account of the limited acid-

fllterpaper

ssturated by glutaraldehyde

glutaraldehyde

enzyme solution

t==~~f- 8-channel·blo·FET

prop

Fig. 1. Closed cell for the vapor phase immobilization of the
enzymes on the gate surfaces of the eight-channel FET array.

ity of gluconic acid (pKa = 4.7) and the pH opti­
mum of GDH of 8-9, the signal becomes larger
with increasing pH value.

NAD is the cofactor of the dehydrogenases. 5
mM NAD is needed for the analysis of 5 gil
maltose and 25 mM to that of 20 gil maltose.

Ionic strenght (up to 1000 mM KCn and stirrer
speed (up to 1000 rpm) effect the analysis of
maltose only slightly. With increasing ionic
strenght and decreasing stirrer speed the signal
height slightly increases. However, this stirrer
speed effect is distinct for sucrose analysis. There
is a linear relationship between the response time,
t R , and the membrane thickness, d, of the
GDH/MAL FET (at d = 10 p.m, t R = 350 sand
at d = 110 p.m, t R = 500 s).

At 4°C the enzyme-FETs can be stored for
months without loss of activity. GDH alone has
no cross-sensitivity with regard to maltose and
sucrose. However, the MAL/GDH and INVI
GDH FETs are sensitive for glucose. Therefore,
glucose has to be measured separately in its pres­
ence in the sample. The f3-GALI GALDH FET
has no glucose sensitivity.

To eliminate the glucose cross-sensitivity of
the sucrose analysis, a new EnFET was devel­
oped: sucrose was converted to fructose and glu­
cose-l-phosphate with sucrosephosphorylase and
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the latter to glucose-6-phosphate with phospho­
glucomutase:

h h
. sucrosephosphorylase

sucrose + p osp ate Ions )

glucose-l-phosphate + fructose

I 1 h h
phosphoglucomutase

g ucose- -p osp ate )

glucose-6-phosphate

The glucose-6-phosphate was converted to glu­
cose-6-phosphategluconolacton by glucose-6­
PDH:

Inlet

-,

reference electrode

exit

/'

glucose-6-PDH
glucose-6-phosphate + NAD )

glucose-6-phosphategluconolacton

+NADH

and finally the latter to 6-phosphogluconic acid:

glucose-6-phosphategluconolactone
gluconolactonase

+ H 20 ) 6-phosphogluconicacid

By coimmobilisation of these enzymes an EnFET
for sucrose analysis was developed, which had a
measuring range of 0.025 to 0.6 sucrose gil, and
showed a suitable stability for more than a month.
Unfortunately, in the presence of glucose the
signal was reduced by reversible glucose inhibi­
tion already in presence of 0.2 gil glucose.
Therefore, it can only be applied in absence of
glucose.

3. Results and discussion

Fig. 3. Flow cell for the eight-channel EnFET with reference
electrode.

the array. In Fig. 4 the signals of these pH
sensors are shown.

This multichannel EnFET was mounted into a
commercial FIA system (EVA, Eppendorf-Nethe­
ler-Hinz, Hamburg) for its calibration.

Fig. 5 shows the calibration of a MAL/GDH
FET for maltose in the concentration range be­
tween 0.5 and 50 gil at 2 mljmin 20 mM KP
buffer, 50 mM NAD, pH 8 and injection time
t i = 15 s.

The EnFET-FIA signals were evaluated by
peak height as well as peak integral. The peak

'00-,----------------~

time (min]

Fig. 4. Response signals of the two pH-FETs of the eight­
channel FIA system on a pH pulse.

~FETNr_1
~ peak height: 67,3 mV

'feak integral: 47,5 (reI. Units)

FET Nr, 8

peak height: 66.1 mV

peak Integral:46,51rel." Units)

3.1. Calibration of EnFET-FIA systems

The eight-channel EnFET array was mounted
into a flow cell which included the reference
electrode (Fig. 3). By the minimal distance and
the face-to-face arrangement of the EnFET and
reference electrode as well as the cross flow of
the carrier buffer the sample segments passed the
particular sensors without vortex formation con­
secutive with very short time difference (0.15 s at
2 mljmin flow rate) (Fig. 4). The pH value was
always measured by the first (No. 1) pH-FET in

80

5'
oS 60

~
'"'in
g 40
c:
=:

20

0.0 0.5 1,0 1.5 2,0 2.5 3,0



T. Kullick et ai. I Analytica Chimica Acta 296 (J994) 263-269 267

Fig. 5. Calibration of a MAL/GDH FET-FIA system with
different maltose concentrations in the range 0.5 and 50 gil
maltose at 20 mM potassium phosphate buffer (KP buffer), 50
mM NAD, pH 8, and with t inj = 15 s.

Fig. 6. Long-time stability of the GDH FET: sensor signal as a
function of the glucose concentration at 10 mM KP buffer,
100 mM KCI, 50 mM NAD, pH 8 at 25°C after one day and
51 days.
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Fig. 8. Influence of the ionic strenght on the MAL/GDH
FET sensor signal in the maltose concentration range be­
tween 0.5 and 60 gil at 10 mM KP buffer, 50 mM NAD, pH 8
and 100 rpm.

CJ 3. days
o 11. days
L:. 35. days

Fig. 7. Long-time stability of MAL/GDH FET: sensor signal
as a function of the maltose concentration at 500 mM KCI, 10
mM KP buffer, 50 mM NAD, pH 8 after 3, 11 and 35 days.

heights gave much lower standard deviation (3­
5%) than the integrals 01-12%). Therefore, the
peak heights were used for the signal evaluation.

By increasing the injection time (between 10
and 20 s) and the contact time (in the EnFET
flow cell) by stopped flow (between 0 and 30 s at
constant sample volume) the sensor signals were
enlarged, but the calibration curves became non­
linear. During the cultivation the substrate and
product concentrations changed in a broad range,
the measuring ranges of the EnFETs had to be
adapted to each of the components and cultiva­
tions. Therefore, the analyte concentration was
varied in the cultivation medium (e.g., between 2
and 10 gil glucose) and the calibration was per­
formed with different injection times. The carrier
buffer included L-cysteine as antioxidant, ETDA
as metal complexing agent and Triton X-IOO
(Sigma) as surfactant for maintain a bubble free
flow in the flow cell.

The long time activity of the GDH FET (Fig.
6) and the MAL/GDH FET (Fig. 7) were satis­
factory. The dependence of the MAL/GDH FET
on the ionic strenght was negligible (Fig. 8).The
same holds true for the I3-GAL/GALDH FET
as well (Fig. 9). The influence of the stirring rate
on the signal height was low for both of them.

The coimmobilized ADH to ALDH ratio was
varied (Fig. 10). With the ADH/ALDH (1:2)
FET the signal was twice as high as with the
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Fig. 9. Influence of the ion strenght on the f3-GAL/GALDH
FET signal as a function of the lactose concentration at 10
mM KP buffer, 50 mM NAD, pH 8 and 500 rpm.

Fig. 12. Influence of the stirrer speed on the INV/GDH FET
signal as a function of the sucrose concentration at 10 mM KP
buffer, 100 mM KCI, 50 mM NAD and pH 7.

eo
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[J 112 EDH/ADH

o 1/1 EDH/ADH
LJ. 211EDHIADH

ethanol[gil)

Fig. 10. Influence of the ADH/ALDH ratio in ADH/ALDH
FET as a function of the ethanol concentration at 10 mM KP
buffer, 100 mM KCl, 50 mM NAD and pH 7.

ADH/ALDH (2:1) ratio. With increasing ionic
strenght the signal of the ADH/ALDH FET
decreases.

The ionic strenght influences the signal of the
INV/GDH FET only slightly (Fig. 11), but with
increasing stirring rate its signal decreases (Fig.
12). No cross-sensitivity was observed between
the INV/GDH FET for sucrose, the MAL/GDH
FET for maltose and the J3-GAL/GALDH FET
for lactose analyses.

The buffer capacity was monitored by means
of shape of the EnFET- FIA signal. This proce­
dure is published elsewhere [15].

4. Conclusion

Five EnFETs were developed for the analysis
of glucose, maltose, sucrose, lactose and ethanol
and were integrated into a commercial FIA sys­
tem. These EnFET-PIA systems were character­
ized and calibrated. By means of the carrier
buffer, pH, the NAD, injection time and contact
time in the flow cell of the EnFETs, the suitable
measuring range can be chosen for the monitor­
ing of these medium components.
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buffer, 50 mM NAD, pH 7 and 0 rpm.
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Abstract

Glucose, uric acid and cholesterol in blood serum were assayed simultaneously in a flow-injection system by using
a 16-way switching valve and a parallel configuration of three immobilized enzyme reactors. A poly(1,2-diaminoben­
zene)-coated platinum electrode was used to detect selectively hydrogen peroxide generated enzymatically into the
enzyme reactors, without any interferences from oxidizable species and proteins present in serum. The precision
(coefficient of variation) of the assay was better than 2% for the simultaneous assay of three species in human
control serum. The assay speed was up to 38 samples per hour.

Keywords: Amperometry; Flow injection; Enzyme reactor; Polymer-coated electrode; Glucose; Uric acid; Cholesterol

1. Introduction

Amperometric flow-injection analysis (FIA)
based on the use of immobilized enzyme reactors
has become recognized as a selective, simple,
accurate and rapid technique for the determina­
tion of a variety of biologically important com­
pounds [1,2]. In such a FIA system, solid elec-

* Corresponding author.

trode-based detectors (e.g., platinum and glassy
carbon electrodes) are commonly used for the
detection of electroactive products (e.g., HzO z
and NADH) generated enzymatically in the en­
zyme reactor. However, these electrodes are of­
ten hampered by a gradual fouling of the elec­
trode surface due to adsorption of large organic
molecules such as proteins and also by response
to electroactive interferences, especially in the
analysis of samples of complex matrices such as
blood serum and food.

Recently, many attempts have been made to

0003-2670/94/$07.00 © 1994 Elsevier Science B.V. All rights reserved
SSDl 0003·2670(94)00218-B
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achieve higher selectivity and stability for amper­
ometric detection by permselective coatings on
the electrode surface [3,4] (based on charge ex­
clusion and/or size exclusion). Sittampalam and
Wilson [5] used a cellulose acetate coating to
exclude the effects of proteins and also to de­
crease the effect of interferences due to oxidiz­
able species present in serum. Similarly, perfluo­
rosulfonated Nafion [6] and polyester sulfonic
acid [7]were used to prepare polyanionic films on
the electrode surface. The membrane has ion-ex­
change properties that make it permeable to
cations and impermeable to anions. These
charged film-coated electrodes demonstrated a
substantial improvement in differentiation of pri­
mary amino (cationic) neurotransmitters from
metabolites [8,9]. Furthermore, the coating of a
Nafion film over the enzyme layer has found to
improve considerably the selectivity of the en­
zyme electrode [10,11], because the outer Nafion
film is able to exclude anionic interferences such
as i.-ascorbate and urate.

Electropolymerization has also been used as a
valuable method for creating size-exclusion films
on the electrode surface. The permeability of
films could be varied by controlling the amount of
charge consumed during the electropolymeriza­
tion. Thus polyphenol- [12], poly(1,2-diamino­
benzene)- [13,14] and poly(N,N-dimethylaniline)
[15] -coated electrodes were used to improve the
selectivity of amperometric detection. If such
polymer-coated electrodes are used as ampero­
metric detectors in flowing streams, the need for
a sample pretreatment may be eliminated. In this
paper, a poly(1,2-diaminobenzene)-coated plat­
inum electrode is used as a highly selective detec­
tor for hydrogen peroxide generated enzymati­
cally in a multichannel FIA system, which was
based on the use of a 16-way switching valve and
a parallel configuration of three oxidase immobi­
lized enzyme reactors. This electrode exhibited a
more rapid and selective response to hydrogen
peroxide compared with other permselective
film-coated electrodes. The proposed FIA system
was successfully applied to the simultaneous as­
say of glucose, urate and cholesterol in blood
serum, without any interferences from e1ectroac­
tive species and proteins present in the serum.

2. Experimental

2.1. Reagents

Glucose oxidase (EC 1.1.3.4, 250 U mg- 1 pro­
tein, from Aspegillus niger) was obtained from
Sigma (St. Louis, MO), and uricase (EC 1.7.3.3,
2.1 U mg- 1 protein, from yeast) and cholesterol
oxidase (EC 1.1.3.6, 11.2 U mg- 1 protein, from
Nocardia sp.) were from Oriental Yeast (Tokyo).
They were used as received. Cholesterol standard
(200 mg dl- 1), glutaraldehyde (20% solution),
n-glucose, uric acid, L-ascorbic acid, Triton X-lOO,
and 1,2-diaminobenzene were obtained from
Wako (Osaka). Control human sera were ob­
tained from Wako and Ortho Diagnostic Systems.
All other chemicals were of analytical reagent
grade.

2.2. Preparation of the immobilized enzyme reac­
tors

The method was similar to that described pre­
viously [16]. Controlled-pore glass (aminopropyl­
CPG, pore size 585 A, particle size 200-400
mesh), obtained from CPG Inc. (Fairfield, NJ),
was packed into three glass columns (18 mm X 3
mm i.d.). Glutaraldehyde solution (4%, v/v) in
0.1 M sodium hydrogen carbonate was circulated
to activate the glass. After washing with 0.1 M
phosphate buffer (pH 7.0), glucose oxidase (500
U) was loaded on one of the columns and choles­
terol oxidase (28 U) on the another column by
circulating enzyme-phosphate buffer (0.1 M, pH
7.0) solutions for 2 h at room temperature. Uric­
ase (5 U) was loaded on the other by circulating
enzyme-borate buffer (0.1 M, pH 9.0) according
to the same procedure. The excess of enzymes
and the residual aldehyde groups on the CPG
were removed in a similar manner as described
before [16]. The enzyme reactors were stored at
ca. 5°C in the buffer used for the immobilization
when not in use.

2.3. Construction of poly(1,2-diaminobenzene)­
coated platinum electrode

An Eicom (Kyoto) thin-layer electrochemical
flow-cell was used for the surface modification of
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with sample solution by pumping at 0.5 ml min- 1

for 1 min. Switching the valve was operated man­
ually. A constant potential (0.6 V vs. AgiAgCl)
was supplied to each of the three poly(l,2-di­
aminobenzenej-coated flow cells with a Fuso
(Kanagawa) multichannel potentiostat (HECS
966), and the signal currents were recorded si­
multaneously on a multipen recorder (Toadenpa
PRS-502l).

A bare platinum electrode without surface
modification gave a fairly large response due to
the e1ectroactive interferences (r.-ascorbic acid,
uric acid, etc.) present in serum and caused a
decrease in sensitivity due to electrode fouling by
proteins, when serum samples were injected re­
peatedly in a single channel flow-injection mani­
fold composed of a sample injector (Rheodyne
7125) and a Eicom flow-through platinum elec­
trode. This means that the bare platinum elec­
trode is not suitable as a detector for the PIA
measurements of serum samples.

The response currents of the poly(l,2-di­
aminobenzener-coated platinum electrode to hy-

3. Results and discussion

C1 -+-++--H~+-f-I-l+--1

: f

,-------'
25 ± 0.2 °C

Fig. 1. PIA manifold for simultaneous assay of glucose, urate
and cholesterol. Carrier solution: Cl, 0.1 M phosphate buffer
(pH 7.5); C2, 0.1 M phosphate buffer (pH 7.5) containing
0.75% (vyv) Triton X-lOO. S, sample solution; SV, l6-way
switching valve with three sample loops. Enzyme immobilized
reactor: EI, glucose oxidase immobilized reactor; E2, uricase
immobilized reactor; E3, cholesterol oxidase immobilized re­
actor. D = poly(1,2-diaminobenzene)-coated platinum elec­
trode; MCP = multichannel potentiostat, MPR = multipen
recorder.

2.4. FIA system and procedures

The FIA system used is similar to the simulta­
neous determination FIA system proposed previ­
ously by Matsumoto et aI. [17) and is outlined in
Fig. 1. The immobilized enzyme reactors were
positioned in each channel as shown and im­
mersed in a water bath thermostated at 25 ±
0.2°C. The working carrier solutions used for the
glucose and urate assays and for the cholesterol
assay were 0.1 M phosphate buffer (pH 7.5) and
0.1 M phosphate buffer (pH 7.5) containing 0.75%
(v/v) Triton X-lOO, respectively. Each carrier so­
lution was pumped at 1.0 ml min -1 with a four­
channel Sanuki (Tokyo) 4P3U pump, through a
16-way switching valve (Hitachi K-1600), an im­
mobilized enzyme reactor, and a poly(l,2-di­
aminobenzenej-coated platinum electrode, and
then was transported to a waste tank. The sample
solutions were injected into each carrier stream
simultaneously by switching the 16-way valve
equipped with three sample loops in series (1.2
/-LI for glucose, 9.8 J.d for urate and 4.9 /-LI for
cholesterol), after three sample loops were filled

the electrode. The electrode assembly consisted
of a platinum disk (3 mm in diameter) as a
working electrode, a silver-silver chloride refer­
ence electrode, and a stainless-steel tube as an
auxiliary electrode. The poly(l,2-diaminoben­
zene) film-coated platinum electrode was pre­
pared by the similar procedure to that described
by Sasso et aI. [13). Prior to the coating, the
surface of the platinum disk was polished with
alumina particles (Fujimi Metapolish, No.4),
rinsed with distilled water, and allowed to air-dry.
The electropolymerization to coat the same sur­
face with the thin film of poly(l,2-diaminoben­
zene) was carried out by holding the working
electrode at 1.0 V vs. AgiAgCI for 30 min in a
flowing stream (pumped at a flow rate of 0.3 ml
min-I) of a solution of 1,2-diaminobenzene (20
mM) in 0.2 M, pH 5.2, sodium acetate buffer that
had been deaerated with high-purity grade nitro­
gen before use, because 1,2-diaminobenzene was
easily air oxidized. After the electropolymeriza­
tion, the electrode was washed exhaustively with
distilled water.
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Three poly{l,2-diaminobenzene)-coated plat­
inum electrodes prepared by the same procedure,
were used as the detector in the simultaneous
FIA system shown in Fig. 1. Glucose, uric acid
and cholesterol in serum are enzymatically oxi­
dized to produce hydrogen peroxide by the glu­
cose oxidase, uricase and cholesterol oxidase re­
actors, respectively, which is amperometrically
detected with the coated platinum electrode with­
out any interferences The optimum carrier solu­
tion was 0.1 M phosphate buffer (pH 7.5) for the
glucose and uric acid assays and 0.1 M phosphate
buffer (pH 7.5) containing 0.75% (vIv) Triton
X-IOO for the cholesterol assay; the buffers were
pumped at 1.0 ml min -1, because this provided
good sensitivity and a reasonable analytical rate.
Fig. 3 shows typical calibration graphs for glu­
cose, uric acid and cholesterol, obtained by the
present FIA system. Linear relations between the
signal current and the concentration of each

Fig. 2. Flow-injection current responses of a poly(1,2-di­
aminobenzenel-coated platinum electrode to 0.9 mM HzO z
(A), 50 mg dl- I glucose (B), 0.5 mM r.-ascorbic acid (C), 0.5
mM uric acid (D), and control serum (E) in a single channel
flow-injection system without (1) and with (2) a glucose oxi­
dase immobilized reactor. Carrier stream: 0.1 M phosphate
buffer (pH 7.5) pumped at 1.0 ml min -I. Injection volume:
5 ILl.

2971
36

Uric acid
(0.5 mM)

3210
10

L-ascorbic acid
(0.5 mM)

3413
1265

HzOz
(0.45 mM)

Bare
Coated

Table 1
Effect of poly(1,2-diaminobenzene) film on the peak current

Platinum Response current (nA)
electrode

drogen peroxide, i.-ascorbic acid and uric acid are
shown in Table 1, compared with those of the
bare electrode. Though the response current of
the polymer-coated electrode for hydrogen perox­
ide was decreased to 38% of its previous value,
the currents for L-ascorbic acid and uric acid
were decreased to negligibly small values, as com­
pared with the bare electrode. Due to such
permselective characteristics of the polymer film,
the access of L-ascorbic acid and uric acid, inter­
fering species present commonly in serum, to the
electrode surface is blocked. The polymer-coated
electrode effectively excluded the L-ascorbic acid
and uric acid below 2 mM.

The usefulness of the polymer-coated plat­
inum electrode was evaluated by using a single
channel flow-injection manifold with or without
the glucose oxidase immobilized reactor. In this
FIA system, 0.1 M phosphate buffer at pH 7.5
was selected as an optimum carrier solution and
pumped at a constant flow-rate of 1.0 ml min -1.

Fig. 2 shows the effectiveness of the polymer film
in decreasing the signal due to the interferents in
serum to a negligible value. No evidence of elec­
trode fouling by proteins was obtained with re­
peated injections of serum.

For the cholesterol assay [18], Triton X-IOO
should be added to the carrier solution as a
detergent because of the poor solubility of
cholesterol in the phosphate buffer. The poly­
(l,2-diaminobenzene) film was stable even in the
phosphate buffer containing a concentrated de­
tergent (1.0%), compared to the poor stability of
the charge-exclusion Nafion film frequently used
to enhance the selectivity of electrodes. The poly­
mer-coated electrode could be used repeatedly
for three weeks for cholesterol assays without
interference with electroactive species and pro­
teins in serum.
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Fig. 3. Calibration graphs for glucose (0), uric acid (L» and
cholesterol (e). The results were obtained under the experi­
menmtal conditions described in the Experimental section.

species were observed in the range 5-500 mg
dl- 1 for glucose, 1-50 mg dl- 1 for urate and
5-200 mg dl- 1 for cholesterol, with correlation
coefficients > 0.995 for each. The lowest concen­
trations which could be detected by the present
simultaneous assay were 1.7 mg or : 1 for glucose,

0.19 mg dl " 1 for urate, and 0.88 mg dl- 1 for
cholesterol (signal-to-noise ratio = 3). Table 2
shows the results for the simultaneous assay of
three substrates in human control sera. The aver­
age amounts of glucose, uric acid and cholesterol
found in each control serum agreeded closely
with the manufactures' data. The coefficient of
variation was less than 2% for all samples. Also,
up to 38 samples per hour could be assayed.

The three immobilized enzyme reactors were
used repeatedly to confirm their stabilities; even
after repetitive use (ca. 10 samples per day) for
two months, the enzyme reactors retained over
90% of their original activities. Also, the poly­
(1,2-diaminobenzene)-coated platinum electrode
was stable enough to be used repeatedly for three
weeks.

In conclusion, an attempt to apply the
poly(1,2-diaminobenzene)-coated platinum elec­
trode to the detection of hydrogen peroxide gen­
erated enzymatically in the enzyme reactor im­
proved the highly selective and simultaneous as­
say of glucose, uric acid and cholesterol in human
serum by using a multichannel flow-injection sys­
tem. This FIA system can be further applied to
the simultaneous assays of a variety of substrates

Table 2
Analytical results for simultaneous assay of glucose, uric acid and cholesterol in human control sera

Indicated value a Analysed value C.V. Indicated value a Analysed value C.V.
(mg dl- I ) (mg dl- I ) (%) (rng dl- I ) (mg dl- I ) (%)

80.0 80.3 ± 0.6 0.7 5.0 5.1 ± 0.08 1.6
79 ± 10 72.2 ± 0.9 1.2 5.0 ± 0.4 4.8 ± 0.09 1.9

255 ± 14 261.4 ± 2.3 0.9 7.7 ± 0.8 7.9 ± 0.10 1.3
93 ± 7 100.6 ± 1.2 1.2 5.1 ± 0.4 5.3 ± 0.10 1.9

296 ± 23 311.5 ± 2.1 0.7 10.5 ± 0.8 10.3 ± 0.11 1.1

Standard solution
Wako I
Wako II
Ortho normal
Ortho abnormal

Control Glucose Uric acid
serum ----------------

Cholesterol

Indicated value a

(mg dl- I )

Analysed value
(mg dl- I )

c.v.
(%)

25.0
34 ± 5
14 ± 4
25 ± 3
43 ±7

24.9 ± 0.3
31.9 ± 0.3
14.3 ± 0.2
23.8 ± 0.3
42.0 ± 0.5

1.2
0.9
1.4
1.3
1.2

7 Measurements on each sample
a Manufacturer's data. c.v. = Coefficient of variation.
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in serum by using other hydrogen peroxide
producing oxidase immobilized reactors.

References

[1] T. Yao, J. Flow Injection Anal., 2 (1985) 115.
[2] T. Yao, in D.L. Wise (Ed.), Applied Biosensors, Butter-

worth, New York, 1989, pp. 321-348.
[3] J. Wang, Anal. Chirn. Acta, 234 (1990) 41.
[4] G. Marko-Varga, Electroanalysis, 5 (1993) 403.
[5] G. Sittarnpalarn and G.S. Wilson, Anal. Chern., 55 (1983)

1608.
[6] H. Ji and E. Wang, J. Chrornatogr., 410 (1987) 111.
[7] J. Wang and T. Golden, Anal. Chern., 61 (1989) 1597.
[8] J. Wang, P. Tuzhi and T. Golden, Anal. Chirn. Acta, 194

(1987) 129.

[9] G. Nagy, G.A. Gerhardt, A.F. Oke, M.E. Rice, R.N.
Adams, RB. Moore, M.N. Szentirrnay and C.R Martin,
J. Electroanal. Chern., 188 (1985) 85.

[10] D.J. Harrison, R.F.B. Turner and H.P. Baltes, Anal.
Chern., 60 (1988) 2002.

[11] T. Yao, Anal. Chirn. Acta, 281 (1993) 323.
[12] J. Wang, S.P. Chen and M.S. Lin, J. Electroanal. Chern.,

273 (1989) 231.
[13] S.V. Sasso, R.J. Pierce, R Walla and A.M. Yacynych,

Anal. Chern., 62 (1990) 1111.
[14] C. Malitesta, F. Palmisano, L. Torsi and P.G. Zarnbonin,

Anal. Chern., 62 (1990) 2735.
[15] T. Ohsaka, K. Taguchi, S. Ikeda and N. Oyama, Denki

Kagaku, 58 (1990) 1136.
[16] T. Yao and T. Wasa, Electroanalysis, 5 (1993) 887.
[17] K. Matsumoto, H. Matsubara, M. Hamada, H. Ukeda

and Y. Osajirna, J. Biotechnol., 14 (1990) 115.
[18] T. Yao and T. Wasa, Anal. Chirn. Acta, 207 (1988) 319.



ELSEVIER Analytica Chimica Acta 296 (1994) 277-284

ANALYTICA
CHIMICA
ACTA

Adsorptive stripping voltammetry of lumichrome in sea water at
the static mercury drop electrode

Gioacchino Scarano *, Elisabetta Morelli
Istituto di Biofisica, Consiglio Nazionale delle Ricerche, Via S. Lorenzo 26, 56127 Pisa, Italy

Received 9 February 199;4; revised manuscript received 29 April 1994

Abstract

The adsorptive voltammetric behaviour of lumichrome (7,8-dimethylalloxazine), the main product of riboflavin
photolysis, was investigated in sea water. The effect of experimental parameters such as preconcentration time and
potential, pH of solution and mass transport conditions on the stripping response are discussed. Sensitive
measurements can be achieved after controlled adsorption followed by square wave voltammetry. The stripping peak
current was found to be proportional to the bulk concentration of lumichrome. The sensitivity was 5 X 10-2 nA
nM- 1

S-I, the reproducibility was 6% at a concentration of 3.6 X 10-9 M lumichrome and the detection limit was
100 pM. Using an accumulation time of 600 s at - 0.4 V, this technique allows the direct determination of
lumichrome naturally present in raw sea water samples. The value found was about 200 pM. The concentration of
lumichrome was also determined in the same samples using liquid chromatography after a solid-phase preconcentra­
tion step. Good correlations between voltammetric and chromatographic results were found.

Keywords: Stripping voltammetry; Chromatography; Lumichrome; Sea water; Waters

1. Introduction

Flavins are biologically important trace com­
ponents released in sea water by many species of
phytoplankton and marine bacteria during their
growth [1]. Chemically, they are known to be
good photosensitizers of photochemical reactions
in sea water [2]. In sea water riboflavin is irre­
versibly decomposed by light yielding photochem­
ically persistent lumiflavin (4%) and lumichrome
(96%) [3,4].

* Corresponding author.

Quantitative measurements of flavins in sea
water have been performed using solid-phase ex­
traction coupled with liquid chromatography (LC)
[5,6]. The method is sensitive at picomolar levels
and it has been used to investigate the distribu­
tion of flavins in the water column.

The polarographic behaviour of flavin com­
pounds, together with their adsorption character­
istics on the mercury electrode, has been exten­
sively reviewed [7,8]. In spite of their advanta­
geous redox characteristics, no electrochemical
approach has been exploited to measure these
compounds directly in sea water.

Wang [9] first reported the use of adsorptive
stripping voltammetry (AdSV) for the measure-

0003-2670/94/$07.00 © 1994 Elsevier Science B.V. All rights reserved
sstn 0003-2670(94)00221-7
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ment of riboflavin and flavin analogues at the
static mercury electrode, with a detection limit of
2.5 x 10- 11 Min 0.001 M NaOH.

AdSV involves a non-electrolytic preconcen­
tration step by adsorbing the compound on the
electrode surface, followed by the voltammetric
measurement of the surface-bound species.

Controlled adsorptive accumulation on the
static mercury electrode was applied as an effec­
tive preconcentration step for the determination,
at nanomolar level, of many other organic com­
pounds [10-15]. By using sensitive differential
pulse or square wave voltammetry, AdSV shows
good precision and selectivity.

In this work AdSV of lumichrome in sea water
is reported and the parameters affecting the
stripping current were examined. A direct
voltammetric procedure suitable to measure sub­
nanomolar levels of lumichrome in sea water is
presented. The methodology was applied to raw
sea water samples and natural levels of lu­
michrome were found to be detected after a 600 s
preconcentration time. The results compare
favourably with solid-phase extraction followed
by reversed-phase LC.

2. Experimental

Voltammetric measurements were carried out
with a Metrohm 646 VA processor in conjunction
with a 647 VA stand equipped with a Metrohm
multimode electrode (MME).

A conventional three-electrode arrangement
was utilized: the MME was used in the hanging
mercury drop mode (HMDE), a AgiAgCljKCI
(3 M) electrode with double junction was used as
reference and a glassy-carbon rod as auxiliary
electrode. The measurement cell was equipped
with a vertical rod stirrer operating under com­
puter control.

Adsorptive stripping (AdS) voltammetric mea­
surements were performed in stirred solutions
after a preconcentration step in which the mer­
cury drop was kept at a constant potential ( - 0.4
V) for a selected accumulation time. After a rest
period of 15 s the potential was scanned in the
negative direction and the cathodic voltammo-

gram was recorded. Each measurement was car­
ried out on a fresh drop. Unless otherwise stated,
a drop area of 0.6 mm? was used.

The measuring mode was square wave (SW)
voltammetry; five square wave oscillations
(frequency 125 Hz) were applied to a staircase
voltage ramp during the last 40 ms of the step
width. The parameters of the voltage ramp were:
step height 6 mY, step width 0.5 s, oscillation
amplitude 25 mY.

Liquid chromatography was performed on a
liquid chromatograph consisting of two LKB 2150
pumps, an LKB 2152 gradient controller, a Rheo­
dyne Model 7125 injection valve and an Alltech
250 X 4.6 mm i.d. column packed with Spherisorb
reversed-phase ODS-2, 5 JLm. The system was
equipped with an UV detector (Uvicord SD,
Pharmacia-LKB) set at 254 nm. The mobile phase
was 30:70 (vIv) acetonitrile-50 mM sodium ac­
etate buffer (pH 5.6). The elution was performed
in the isocratic mode at a flow rate of 1 ml min -1.

The injection loop was 250 JLl. The dead volume
was 2 ml. The chromatograms were recorded on a
Hewlett Packard Model 3396 computing integra­
tor.

Solid phase extraction was performed using
reversed-phase trifunctional Sep-Pak t-C18 car­
tridges (Waters). The method involves the pas­
sage of a selected (50-250 ml) sample volume
through a precleaned (10 ml of methanol and 20
ml of Milli-Q purified water) Sep-Pak cartridge at
a flow rate of 10 ml min - 1. After rinsing, the
cartridge was eluted with 10 ml of methanol, the
eluate was vacuum dried and the residue was
dissolved in water to obtain the desired concen­
tration factor.

Sea water samples were collected in the
Tyrrhenian Sea (close to the Tuscan Archipelago)
at 0.5 m depth. Samples were filtered through
0.45-JLm membrane filters (Sartorius) and stored
in the dark at +4°C in preconditioned polyethy­
lene containers. Organic-free sea water was ob­
tained by exposing a previously charcoal- and
Sep-Pak-processed sea water sample to a 1 kW
UV lamp for 8 h.

Cellular exudates were obtained from batch
cultures of the marine diatom Phaeodactylum
tricomutum, Bohlin 1897, grown in a ther-
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E (V)
Fig. 1. Repetitive square wave cyclic voltammograms for 2.4 X

- 10- 8 M lumichrome in sea water. The potentials of the
triangular ramp were -0.55, -0.85 and -0.55 V. Ep(forward)
= - 0.68 V; Ep(reverse) = - 0.67 V. Experimental conditions:
HMDE, unstirred solution, scan rate 12 mV S-I, step height 6
mY, step width 0.5 s, oscillation amplitude 25 mY, frequency
125 Hz, drop area 0.6 mrrr'.
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3. Results and discussion

mostated room at 23°C under continuous illumi­
nation at 3000 ± 500 lux. After cells separation
(by 0.2 ILm membrane filter), the solution was
stored 48 h under illumination to obtain photo­
chemical decomposition of riboflavin before use.

Stock solutions of lumichrome (7,8-dimethylal­
loxazine, Sigma), lumiflavin (7,8,1O-trimethylisoal­
loxazine, Fluka) and riboflavin (Fluka) were pre­
pared by dissolving the calculated amounts in
water to obtain concentrations of 6 X 10-6 M,
7 X 10-5 M and 1 X 10-4 M, respectively. Ri­
boflavin was always handled in the dark.

Acetonitrile and methanol were HPLC-grade
(Baker), sodium acetate and acetic acid were
analytical-grade (Carlo Erba), HCl was suprapur­
grade (Merck).

All solutions were prepared with water puri­
fied with a Milli-Q purification system (Millipore),

The adsorptive voltammetric behaviour of lu­
michrome and parameters affecting the stripping
response were investigated in sea water at pH
8.2.

The square wave voltammetric response was
found to be very sensitive to the adsorption of
lumichrome on the mercury drop surface.

Fig. 1 shows the SW cyclic voltammograms
recorded after dipping the hanging mercury drop
electrode (HMDE) in a quiescent sea water solu­
tion made 2.4 X 10- 8 M in lumichrome. When
repetitive cathodic and anodic scans were per­
formed on a single mercury drop, the currents
gradually increase. Thus, after ten cyclic scans,
the anodic and cathodic peak currents were about
14 times higher than the corresponding peak cur­
rents of the first cyclic scan. The increase of
current is due to progressive accumulation during
the time of the voltage ramps and indicates that
lumichrome remains adsorbed in the entire re­
gion of the examined potentials. The potential
peak (E p ) values were - 0.68 V and - 0.67 V for
the cathodic (from - 0.55 to - 0.85 V) and an­
odic (from - 0.85 to - 0.55 V) scan respectively,

in agreement with the behaviour of an electro­
chemically reversible reaction.

When a single square wave cathodic scan was
performed, the peak current increased with the
delay time before starting the scan and it was
affected by the mass transport conditions during
the preconcentration step. By using a built-in
vertical rod stirrer rotating at 1200 rpm with a
preconcentration time (fa) of 300 s at -0.4 V,
the peak current for a solution of 2.4 X 10- 8 M
lumichrome was 3.6 times higher than the corre­
sponding peak obtained with a quiescent solu­
tion. Under convective mass transport conditions
the rate of stirring affected the magnitude of the
stripping current (i p)' At the rotating speed of
1200, 1900 and 2600 rpm, ip was 245, 290 and 370
nA respectively. So, assuming the adsorption pro­
cess to be fast, the mass transport was the rate­
limiting factor in the overall adsorption process
of lumichrome in sea water. The last i p value was
about 40 times higher than that of solution specie
alone, as estimated by a voltammetric scan with



280 G. Scarano, E. Morelli / Analytica Chimica Acta 296 (1994) 277-284

30 r-------------,

o '---__..l--__...L....__-'-_.....J

0.0 -0.3 -0.6 -0.9

E
Q

(V)

Fig. 2. Dependence of the stripping peak current of lu­
michrome on the preconcentration potential. 1.2 x 10- 8 M in
sea water; stirring rate 2600 rpm; t a = 60 s; cathodic scan from
-0.55 V; other conditions as in Fig. 1.

t a = O. This enhancement factor shows that con­
trolled adsorptive accumulation can be utilized as
an effective preconcentration step in the analyti­
cal determination of lumichrome in this elec­
trolyte.

Differential pulse (DP) vs. SW voltammetry
was briefly investigated on a stirred (2600 rpm)
solution of 1.2 X 10-8 M lumichrome «, = 60 s;
E; = -0.4 V). The i p value increased as the
amplitude (aE) of the pulse and oscillation were
varied from 25 to 100 mV and from 5 to 25 mV,
respectively. With aE = 25 mV the square wave
response was 4 times higher than using differen­
tial pulse mode with aE = 100 mY.

As expected, i p increases as the mercury drop
area (A) increases. For a 7.2 X 10- 8 M lu­
michrome solution (ta = 60 s; E; = - 0.4 V) the
i p increases with a slope of 37 nA/mm2 in the
range 0.15 to 0.6 mrrr'.

Fig. 2 shows the dependence of the SW strip­
ping peak current of lumichrome upon the accu­
mulation potential (Ea) in the range - 0.1 to
-1.0 V (1.2 X 10-8 M; t a = 60 s; stir = 2600 rpm).
The i p value was unaffected by changes of E; in
the range -0.3 to -0.8 V, for which the rate of
adsorption appears to be fairly constant. At more
cathodic Ea values a decrease in peak current
was observed. An hypothesis to explain this be-
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haviour could be that lumichrome is no longer
strongly absorbed at potentials where the mer­
cury drop becomes negatively charged with re­
spect to the zero charge potential. Alternatively,
if adsorption occurs, the adsorbed molecule could
not retain its electrochemical characteristics when
very cathodic potentials are applied during the
accumulation step.

The effect of pH on E p and i p was investi­
gated in the pH range from 9 to 4 (2.4 X 10- 8 M;
t a = 60 s; Ea = -0.4 V). As expected for a reac­
tion in which hydrogen ions take part in the
electrochemical process, the Ep was pH depen­
dent. It moved towards more anodic potentials as
the pH was lowered. The slope of the plot, calcu­
lated in the pH range of 9.0 to 7.7, was 57
mV/pH unit, in agreement with the reported pH
dependence of the polarographic half-wave po­
tential (E~) [8]. The i p value was unaffected in
the pH range from 9.0 to 8.0, then a 21, 75 and
87% suppression occurred at pH 7.7, 5.8 and 4.1,
respectively. This behaviour of the peak current
can be explained by the protonation occurring for
the ionized forms of lumichrome (pKa = 7.2) in
the pH range 7.7-5.8 and it suggests an higher
rate of adsorption when the deprotonated form
predominates in solution.

The rate of surface coverage of the mercury
electrode was measured as a function of accumu­
lation time in stirred solutions of lumichrome in
sea water. Fig. 3 shows a plot of the peak current
observed for four concentrations in the range
6 X 10- 9 M to 4.8 X 10-8 M. The peak current
increases with increasing preconcentration times
and the growth is faster as the concentration of
the bulk solution increases. The plot for 6 X 10-9

M solution is linear in the entire range of the
accumulation times tested, whereas deviations oc­
cur at higher concentrations. A least squares fit
for the initial linear portion of the plots gives
correlation factors ,2> 0.998 and slopes of 17.5,
35.0, 71.5 and 150.3 nA min -, for 6, 12, 24 and
48 X 10-9 M, respectively. The mean value for
the ratio ip/C' t a was (5.0 ± 0.2) X 10- 2 nA
nM - 1 S - '. The finding that the peak current is
proportional to the first power of adsorption time
is expected for a system with convective mass
transport control in which a fixed Nernstian dif-
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nM
Fig. 4. Calibration plots of lumichrome in organic-free sea
water. Ea = -0.4 V. t a = 300 s for the range 1.2 XlO-9 -1.2 X
lO-8 M. ta =6oo s for the range 2.4xlO- IO-2.0xlO-9 M.
The voltammograms refer to spikes of 2.4 XlO-10 M. E p =

-0.68 V.

fusion layer is established [10]. For concentra­
tions of lumichrome higher than 6 X 10-9 M, the
deviation from linearity occurs at shorter times as
the concentration increases. The deviation starts
when the product C' fa exceeds the value 2 X 104

nM s and the covered surface approaches to 60%.
This behaviour is consistent with a process that

is limited by adsorption of the reactant on the
electrode surface; with longer accumulation times,
the electrode surface became saturated and the
peak current reaches a constant value.

Fig. 4 shows the calibration plots of i p vs.
concentration of lumichrome obtained in the
range 1.2 X 10-9 to 1.2 X 10-8 M (fa = 300 s) and
2.4 X 10- 10 to 2.0 X 10- 9 M (fa = 600 s), each
addition resulting in a 1.2 X 10- 9 M and a 2.4 X

10- 10 M increase in concentration, respectively.
Organic-free sea water was used. The linearity
was found for both concentration ranges; a least
squares analysis of the standard addition data
yields a slope of 15.8 and 28.7 nA nM- 1 with a
correlation coefficient of 0.999 and 0.998, respec­
tively. The sensitivity measured as ip/C' fa was
5.2 X 10- 2 and 4.8 X 10- 2 nA nM- 1 s-\ in good
agreement with the value previously calculated
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Fig. 3. Square wave stripping peak current vs. preconcentra­
tion time at different lumichrome concentrations. (e) 6; (.)
12; (T) 24; (.&) 48 nM. Dashed lines correspond to a linear fit
to the first portion of each curve. Stirred solution. E; = - 0.4
V .
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from the linear portions of the i p vs. fa relation­
ship.

Using a preconcentration time of 300 s, the
linearity ip vs. C was extended with the same
slope until 7 X 10-8 M, then the expected devia­
tion at C' fa > 2 X 104 nM s was found. In terms
of current this occurs when t.> 1.3 f.tA mm"?
(here 0.8 f.tA with a 0.6 mnr' drop area).

The reproducibility was estimated by ten suc­
cessive measurements on a 3.6 X 10-9 M lu­
michrome solution (fa = 300 s). The mean value
of i p was 55 nA, with a range of 51-58 nA and a
relative standard deviation of 6%. Fig. 4 also
shows the well defined SW voltammograms ob­
tained with subsequent spikes of 2.4 X 10-10 M.
E p was - 0.68 ± 0.02 V and the half-height width
was 57 ± 3 mY.

In sea water at pH 8.2, the stripping peak
potential was found to be independent of the
preconcentration potential, the accumulation time
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E (v)
Fig. 5. SWAdS voltammograms of 6xlO-9 M lumichrome
(A) in the presence of 6 X 10- 8 M riboflavin (B) and lumi­
flavin (C). Ea = -0.4 V; t a = 300 s. E p (lumicbromej e- -0.68
V; EpCriboflavin)= -0.56 V; EpClumiflavin)= -0.54 V.

and can be quantified using the standard addition
method.

Ten samples of natural sea water were anal­
ysed by adding three spikes of standard lu­
michrome each effecting a 2.4 X 10- 10 M in­
crease in concentration (Fig. 6). The calculated
concentration was 2.1 ± 0.4 X 10-10 M.

In order to confirm that the above quantified
peak at E p = - 0.67 V was really due to the
adsorbed lumichrome, a separate non-voltammet­
ric measurement of this component in sea water
was needed.

LC can be used to detect flavins and their
degradation products in sea water after a previ­
ous preconcentration step on reversed-phase C I8
Sep-Pak cartridges [5,6].

The extraction efficiency of Sep-Pak cartridges
was previously tested by using sea water spiked
with lumichrome to obtain concentrations rang­
ing from 1.2 to 8.7 X 10- 8 M. The Sep-Pak pro­
cedure resulted in a concentration factor of 10
and the extracts were analyzed by LC (direct
injection) and by adsorptive SW stripping voltam-

E (V)
Fig. 6. Measurement of lumichrome in natural sea water by
the standard addition method (three spikes of 2.4 x 10-10 M).
t a = 600 s; E; = -0.4 V; E p = -0.68 V.
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and the concentration of lumichrome and was
similar to that observed in solution-phase SW
polarography (drop time 1 s).

Riboflavin and lumiflavin also adsorb on the
mercury electrode surface and they give adsorp­
tive stripping peaks after a preconcentration step
at - 0.4 V. The separated effects of riboflavin
and lumiflavin on the stripping response of lu­
michrome for a solution containing 6 X 10- 9 M
lumichrome and 6 X 10- 8 M riboflavin or lumi­
flavin are shown in Fig. 5. In sea water at pH 8.2,
these compounds give stripping peaks at more
positive potentials ( - 0.56 and - 0.54 V, respec­
tively) than lumichrome, following the polaro­
graphic behaviour of isoalloxazine towards alloxa­
zine derivatives [7]. The other flavins did not
mask the stripping peak of lumichrome, this last
being reduced about 100 mV more negatively.
However, the stripping response obtained in a 10
fold excess of riboflavin or lumiflavin was 80%
and 90% of its original value, respectively. This
effect is due to the competition for the adsorp­
tion sites during the pre-electrolysis time.

The high sensitivity and reproducibility of the
square wave adsorptive voltammetry of lu­
michrome in sea water solution, makes this tech­
nique a significant analytical method for detect­
ing natural levels in raw sea water.

Using an accumulation time of 600 s, a mea­
surable peak Up = 4.8 ± 1.2 nA) at E p = -0.68 ±
0.02 V was obtained. This peak was attributed to
the lumichrome naturally occurring in sea water
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step [5,6]. The lowest concentration that can be
estimated using the adsorptive square wave strip­
ping voltammetry was 100 pM. When the signal is
too low, the sample can be easily concentrated on
a C I8 Sep-Pak cartridge in order to obtain a more
confident result.

time (min)
Fig. 7. Liquid chromatograms for eluates obtained after CIS
Sep-Pak treatment of natural sea water samples. (A) Eluate.
(B) Eluate spiked with 2.4 X 10-7 M lumichrome. Retention
time of lumichrome, 6.5 min. Conditions: mobile phase, 30:70
(vIv) acetonitrile-50 mM sodium acetate buffer (pH 5.6);
isocratic elution; flow rate, 1 ml min -I; volume injected, 250
JLI; UV detection at 254 nm.

metry (after 1:50 dilution). The average percent
recovery was 106 ± 8% (Table 1) indicating that
the C I8 Sep-Pak cartridges supply a simple and
efficient solid-phase extraction of lumichrome
from sea water solutions.

We checked the adsorptive voltammetric re­
sponse by reversed-phase LC after treating six
separated 250-ml samples of natural sea water
with Sep-Pak cartridges to obtain a 103 concen­
tration factor. The chromatographic method al­
lows the separation of lumichrome from the other
unknown compounds retained on Sep-Pak (Fig.
7). The retention time of lumichrome was 6.5
min. With a 250-p,l injection volume, solutions
with concentrations of lumichrome higher than
1 X 10- 8 M can be easily detected. The method
shows good reproducibility; the relative standard
deviation based on six injections of a 1 X 10- 7 M
standard was 7%. A calibration plot in the range
0.6 to 3.6 X 10-7 M was linear with a slope of
312 ± 21 arbitrary units of peak area X nM- I (r 2

= 0.995).
The extraction method was also tested with

the aim to increase the original signal of lu­
michrome when the adsorptive stripping voltam­
metric method was used. A 5 times higher con­
centration was found adequate to obtain a well
defined peak with i,« 300 s. All the voltammet­
ric and chromatographic results are compared in
Table 2 and show a good correlation.

The mean value of about 200 pM calculated in
our samples was in the concentration range found
in coastal sea water by other authors by using
liquid chromatography after a preconcentration

Table 1
Sep-Pak extraction efficiency
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LC

Expected a Found, Recovery,
10- 7 M 10- 7 M %

1.2 1.3 108
2.4 2.9 120
3.6 3.3 92
4.8 5.0 104
6.0 6.4 107
8.4 8.5 101

SWAdSV

Expected b, Found, Recovery,
10-9 M 10- 9 M %

2.4 2.7 112
4.8 5.5 114
7.2 7.0 97
9.6 11.0 114

12.0 12.6 105
16.8 17.2 102

a In the Sep-Pak eluates.
b After 1:50 dilution of Sep-Pak eluates in organic-free sea water.
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4. Conclusions

This work has shown that lumichrome strongly
adsorbs on the mercury electrode and that accu-

Table 2
Voltammetric and chromatographic assays of lumichrome in
natural sea water samples

Dissolved organic substances naturally occur­
ring in sea water do not interfere with the direct
voltammetric measurement of lumichrome in raw
sea water. This is proved by the strict similarity
between the slope of the standard additions per­
formed during the measurements in natural sea
water (28.6 ± 2.2 nA nM - 1) with the slope ob­
tained from the calibration plot in organic-free
sea water (28.7 nA nM - 1).

Lumichrome was also measured in sea water
samples spiked with the cellular exudates of the
marine alga Phaeodactylum tricomutum. This
compound is expected to accumulate in the cul­
ture medium due to photochemical decomposi­
tion of riboflavin released during the cell growth.
In our culture the concentration of lumichrome
was (8.1 ± 0.4) X 10-8 M as measured by direct
LC. Three sea water samples were spiked with
cellular exudates to obtain an expected concen­
tration of 8.1 X 10-9 M. It is well known that, in
addition to the flavins, many others biogenic com­
pounds are produced by living cells. The theory
of AdSV predicts that the presence of surface-ac­
tive substances can interfere with the accumula­
tion rate of the analyte [16]. Well shaped voltam­
metric peaks were obtained and the concentra­
tion of lumichrome was found to be (7.8 ± 0.6) X

10- 9 M, so indicating that the added organic
compounds do not hinder the correct voltammet­
ric measurement.
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rate quantitation of this compound can be
achieved by controlling its adsorptive accumula­
tion.

When directly applied to natural sea water
samples, the SWAdSV exhibits adequate sensitiv­
ity for the measurement at sub-nanomolar con­
centrations.

Compared to liquid chromatography, the
voltammetric technique is simpler, faster and can
be performed without any preliminary preconcen­
tration step at concentrations as low as 200 pM.

This methodology can be useful for studying,
at trace levels, the kinetics of the photochemical
decomposition of riboflavin to lumichrome in
controlled systems, as well as the rate of produc­
tion of these metabolic products in laboratory
cultures of phytoplankton or bacteria.
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Abstract

Owing to the thermal convection in thermal lens spectrometry the noise increases linearly with the signal. The
slope, k, and the intercept of the linear noise versus signal plots depend on the nature of the solvent rather than the
absorbing species. Attempts to correlate these parameters with the mechanical and thermo-optical properties of the
solvent are made. When the absorbance of a blank solution increases, the limit of detection (LaD) increases
proportionally to k. This decreases the differences between the LaDs obtained in water and in other solvents of
better thermo-optical properties, but with higher values of k.

Keywords: Thermal lens spectrometry; Limits of detection; Background noise

tion of ultra-traces of highly absorbing species
have been described [1-11]. Several reviews have
been published [12-16].

Following the parabolic model [17,18], and in­
troducing the correction coefficients of Dovichi
[13] and Carter and Harris [19], the TLS signal is
given by:

1. Introduction

In thermal lens spectrometry (TLS) absorption
of a pump laser beam, followed by relaxation of
the electronic energy gives rise to a thermal gra­
dient. The gradient behaves as a divergent lens in
defocusing a probe laser beam. The change of
intensity in the probe beam centre at the far field
is proportional to the concentration of the ab­
sorbing species. This absorptiometric technique
has been shown to provide superior sensitivity
and improved spatial resolution when compared
to conventional spectrophotometry. Conse­
quently, many procedures for the TLS determina-

_al = 1(0) - I( (0) = 0.528 + 0.138 2

I 1(00)

where:

2.303P( -dnjdT)A
8=--------

AprK

(1)

(2)

* Corresponding author.

a I / I is the relative change of intensity at the
probe beam centre, P is the pump power, (dnj
dT) is the temperature coefficient of the refrac-
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tive index, A is the absorbance, Apr is the wave­
length of the probe laser, and K is the thermal
conductivity of the medium.

As deduced from Eq. 2, a high sensitivity is
obtained with large powers, highly absorbing
species and solvents with good thermo-optical
properties, that is, with large values of the
Idn/dTI!K ratio. For organic solvents, this ratio
ranges from 1.9 X 10-4 mW- 1 em (methanol) to
5.9 X 10-4 mW- 1 cm (carbon tetrachloride). Wa­
ter exhibits a very low value, only 0.14 X 10-4

mW- 1 cm (at 20°C) [13]. When a polar solvent is
required, alcohols or water-alcohol and water­
acetone mixtures have been recommended
(ldn/dTI!K = 2.4 X 10-4 and 2.9 X 10-4 mW- 1

em, for ethanol and acetone, respectively).
In an analytical procedure, however, the limit

of detection (LaD) depends on the signal-to-noise
ratio and not only on the sensitivity. The LaD is
usually defined as the analyte concentration giv­
ing a signal of value Sbl + 3ubl' where Sbl and Ubi

are the signal of the blank and the associated
noise (as the absolute value of the standard devi­
ation), respectively. Since the LaD depends on
UbI, and not only on the sensitivity, to select a
solvent in TLS, both Idn/dTI!K and the noise
characteristics of the solvent should be consid­
ered.

When lasers of adequate stability are used, the
predominant source of noise in TLS with liquid
samples is thermal convection within the sample
solutions [20,21]. Thermal convection produces
local changes in the refractive index, which origi­
nates profile deformations and changes in the
direction of the probe beam. The convective noise
is always present when TLS measurements are
performed and, as shown in this work, it in­
creases linearly with the TLS signal. Therefore,
the expected value of Sb\' which can be higher
than the TLS signal given by the pure solvent, So,
should also be considered.

All chemical species present in the blank solu­
tion, including the solvent, the matrix of the
sample, the reagents and the impurities con­
tribute to the signal and, therefore, to the convec­
tive noise. Signal contributions within the UV­
visible region are due to both the presence of
species having electronic absorption bands at a

relatively small distance from the pump radiation
wavelength, and to high order overtones of vibra­
tional transitions of the solvent. The latter are
not negligible in TLS. Carbon tetrachloride, which
has excellent thermo-optical properties, is also an
extremely transparent solvent, with vibrational
overtones of very low intensity within the UV­
visible region.

In this work, a study of the noise as a function
of the TLS signal in different solvents is per­
formed, and the influence of several parameters
on the LaDs is discussed. A better understand­
ing of the factors involved is necessary for the
development of TLS as a routine analytical tool.
The composition of the solvent cannot be altered
in some instances. In many other cases, a miscible
alcohol or acetone can be added to the aqueous
solutions to enhance the sensitivity, or the ana­
lytes can be extracted into a variety of solvents.
Several mixtures of different solvents have the
same eluent strength and are almost equivalent in
liquid chromatography and, therefore, the mix­
ture giving the best LaDs should be selected for
TLS detection. In these cases, criteria to select
the solvent leading to the best LaD should be
applied.

2. Experimental

2.1. Apparatus

A thermal lens setup pumped by a 4-W Ar"
laser (Spectra-Physics, Model 2016, Mountain
View, CA) and probed with as mW He-Ne laser
(Spectra-Physics, Model 105) in a coaxial configu­
ration was used. The 514.5 nm line of the Ar"
laser (l00 mW at the laser head and about 80
mW at the cell location) was modulated at 4 Hz
with a chopper (Stanford, Model SR540, Sunny­
vale, CA). A PC/AT computer, provided with a
DAS-8 interface (Metrabyte, Taunton, MA) was
used to acquire and treat the data. The TLS
signals were measured as bal, the absolute differ­
ence between the voltage values generated by the
maximum and minimum radiation intensities at
the probe beam centre. A TLS measurement
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every 2 s was generated. Other details have been
described elsewhere [21,22].

A 5-ml standard quartz cell, an 18-pJ flow cell
(Helima, Miilheim-Baden) and an 8-pJ HPLC cell
(Hewlett-Packard, Palo Alto, CA), all of them of
1 em optical pathlength, were used. A Minipuls 3
peristaltic pump (Gilson, Middleton, WI) and
PTFE tubes of 0.8 mm i.d. were also used.

2.2. Reagents

The following HPLC-grade solvents were used:
acetone, methanol, ethanol, n-butanol, chloro­
form and carbon tetrachloride (Panreac, Barce­
lona). Analytical grade solvents were: n-pentanol
(Merck, Darmstadt), n-propanol and chloroform
(Panreac). Stock solutions were: 1.2 X 10-3 M
KZCrZ0 7 (Panreac) in water, 5.0 X 1O-z M
CoCl z ' 6H zO (Panreac) in water; 4.5 X 10- 6 M
methyl red (Scharlau, Barcelona) in water,
methanol, ethanol,· n-butanol, n-pentanol and
acetone; 2.0 X 10-6 M eriochrome black T (EBT)
(Probus, Barcelona) in methanol, ethanol and
n-pentanol; 6 X 10- 6 M l-(2'-pyridylazo)-2-naph­
thol (PAN) (Scharlau) in methanol, ethanol, n­
pentanol, chloroform and carbon tetrachloride,
and 2.9 X 10-6 M iodine resublimed (D'Hemio,
Madrid) in chloroform and carbon tetrachloride.
All these reagents were of analytical grade, ex­
cept iodine, which was pure. Dilutions of the
stock solutions were made with the same solvent.
Nanopure deionized water (Barnstead deionizer,
Sybron, Boston, MA) was also used.

2.3. Procedures

The experiments were performed in a small
closed inner room with an almost constant tem­
perature of ca. 22°C, where the setup was in­
stalled. To achieve the thermal equilibrium with
the environment, the solutions were introduced
into the room at least 30 min before performing
the measurements. Also, the cells were kept
closed several minutes before and during the
measurements.

Unless otherwise stated, the experimental pro­
cedure used to measure the TLS signal and the
associated noise was the following: about 3 ml of

the test solution was introduced into the 5-ml
cell, 30 measurements were made and the mean
value of the signal and its standard deviation
were calculated. This was done three to five
times, renewing the solution in the cell for every
set of 30 measurements. The mean of the thermal
lens signal, S, and the corresponding standard
deviation, a , was obtained.

The data obtained in the absence of any species
other than the solvent, So ± uo, were compared
with the data obtained with the same solvents in
the presence of increasing concentrations of dif­
ferent organic and inorganic dyes, S ± o: Only
data achieved within the same working session
were compared. The values of o were plotted
against the corresponding values of (S - So), at
increasing concentrations of the absorbing com­
pound, and least-squares regression analysis was
applied to the data. The intercept of the fitted
curve, uri, was considered as a more reliable
value of the noise associated to So'

Calibration graphs were obtained in the fol­
lowing methyl red concentration ranges: 2.2 X
10-8-6.7 X 10- 8 M in water, 2.4 X 10-7-1.5 X

10- 6 M in methanol, 3.0 X 10-7-1.5 X 10-6 Min
ethanol, 1.9 X 10-7- 1.3 X 10-6 M in n-butanol,
1.6 X 10-8-6.6 X 10-8 M in n-pentanol, 3.6 X
10-8-2.4 X 10-7 M in acetone, and 8.2 X 10- 8_

2.0 X 10-7 M in water-glycerine mixtures. For
PAN the concentration ranges were 1.9 X 10- 8_

3.5 X 10-7 M in methanol, 4.3 X 10-8-4.6 X 10-7

M in ethanol, 4.3 X 10-8-2.2 X 10-7 M in chloro­
form, and 4.1 X 10-8-2.5 X 10-7 M in carbon
tetrachloride. For EBT they were 5.0 X 10-9-9.5

X 10- 8 M in methanol and 1.3 X 10-8-1.4 X 10-7

M in ethanol, and for iodine 1.4 X 10-7-8.5 X

10-7 M and 1.3 X 10-7-7.2 X 10-7 M in chloro­
form and carbon tetrachloride, respectively.

3. Results and discussion

3.1. The relationship between signal and noise in
TLS

In all cases, when the values of a were plotted
versus (S - So), at increasing concentrations of
the absorbing compound, a linear graph was
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achieved (Figs. 1 and 2). The equation of the
straight line is:

o= uti + k( S - So) (3)

The uti and k values obtained with several dyes
and for a series of pure and mixed solvents are
given in Table 1. As shown also in Fig. 2, uti and
k depend on the nature of the solvent rather than
on the nature of the absorbing species.

Instrumental and thermal convection contribu­
tions are included in uti. Instead, it is reasonable
to assume that the linear increase of the noise
that was produced when the signal increased was
mainly due to the increase in thermal convection
rather than to instrumental causes. Evidence for
this is the rather different values of k obtained in

S - So (V)

S - So (V)

Fig. 2. Dependence of the noise on the signal at increasing
concentrations of several absorbing compounds in the same
solvent. Part A: (1) PAN and (2) EBT in methanol; (3)
potassium dichromate, (4) methyl red and (5) cobalt(II) in
water. Part B: (1) methyl red, (2) PAN and (3) EBT in
n-pentanol; (4) PAN, (5) EBT and (6) methyl red in ethanol.
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some cases for different solvents, for the same
signal range and within the same working session.

From Eq. 3, the signal-to-noise ratio can be
expressed as a function of the signal as follows:

which indicates that when the signal increases,
the signal-to-noise ratio approaches asymptoti­
cally to 1/k. Therefore, in TLS the convective
noise severely limits the signal-to-noise ratio that
can be reached with each solvent. The variation
of S/ tr at increasing values of the signal for
several absorbing species in different solvents is
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Fig. 1. Dependence of the noise on the signal at increasing
concentrations of an absorbing compound in different sol­
vents. Part A, methyl red in: (I) n-pentanol; (2) n-butanol; (3)
methanol; (4) ethanol. Part B: (1) acetone (methyl red); (2)
carbon tetrachloride (PAN); (3) chloroform (PAN); (4) water
(potassium dichromate).
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represented in Fig. 3. The data agree with the
shape of the curves predicted by Eq. 4.

3.2. Correlation between uo*, k and the nature of
the solvent

Average values of So, uti and k, together with
some physical properties of the solvents, are given
in Table 2. The values of So and uti should
depend on the molar absorptivity of the solvent,
and the instrumental noise should also contribute
to uti. The solvent showing the lowest noise in
the absence of a dye was carbon tetrachloride.

The So, Uo and uti values increased in the order
water < methanol == ethanol < n-butanol < n­
pentanol. The values of these parameters also
increased for water-methanol, water-propanol
and water-glycerine mixtures when the amount
of alcohol in the mixture increased. This agrees
with the expected increase in the molar absorptiv­
ity of the solvents.

An attempt to correlate k with some physical
and mechanical properties of the solvents is made
in Table 2. Since k has been defined as the
increase of noise divided by the increase of the
TLS signal (Eq, 3), and not as that divided by the

Table 1
Values of So, lTd and k obtained in different days for several solvents and absorbing compounds

Compound Solvent Day So ±lTo (mV) lTd (mV) k X 103 r C

K ZCrZ0 7 Water 1 100± 1 4.9 ± 0.9 8.4 ± 0.6 0.995
2 104± 2 3.2 ± 0.7 9.0 ± 0.5 0.997
3 89± 2 3.8 ± 1.9 10.4 ± 1.3 0.98
7 103± 5 4.6 ± 0.4 9.7 ± 0.3 0.96
8 98 ± 4 2.7 ± 1.0 9.6 ± 0.7 0.995
9 117± 3 3.0 ± 0.7 7.3 ± 0.6 0.994

10 112± 2 2.7 ± 0.9 5.8 ± 0.7 0.98
13 101 ± 5 4.9 ± 1.4 8.0 ± 2.0 0.97
13" 126 ± 4 3.9 ± 0.5 3.8 ± 0.7 0.96
13 b 83 ± 4 3.9 ± 0.3 4.7 ± 0.5 0.99

Methyl red Water 11 96 ± 3 5.9 ± 1.5 5.3 ± 1.2 0.98
12 117± 3

Methyl red Acetone 1 174± 7 10.0 ± 3.0 22.0 ± 4.0 0.97
Methyl red Methanol 2 231 ± 8 5.4 ± 1.1 16.9 ± 0.9 0.997

3 233 ± 20 8.9 ± 1.2 14.0 ± 0.7 0.997
4 226 ± 6 6.7 ± 1.3 5.8 ± 0.9 0.93
7 272± 3 8.5 ± 0.3 17.9 ± 0.7 0.98

Methyl red Ethanol 4 223 ± 5 5.1 ± 0.1 6.4 ± 0.1 0.999
13 214 ± 7 7.5 ± 0.3 13.1 ± 0.5 0.999
13" 7.0 ± 1.4 8.0 ± 2.0 0.97
13 b 228 ± 9 9.8 ± 1.4 8.8 ± 1.4 0.96

Methyl red n-Butanol 2 231 ± 1 9.5 ± 4.0 14.9 ± 3.0 0.96
3 228 ± 7 18.4 ± 0.6 15.8 ± 0.6 0.999
4 237 ± 4 11.5±0.5 9.1 ± 0.4 0.998

n-Pentanol 4 356 ± 10 17.7 ± 0.6 6.7 ± 1.5 0.96
Methyl red Water-glycerine, 1:1 11 588 ± 20 26.0 ± 1.3 13.5 ± 1.5 0.994
Methyl red Water-glycerine, 1:3 11 633 ± 50 36.3 ± 2.0 83.7 ± 4.0 0.999
Methyl red Water-methanol, 1:4 12 235 ± 5
Methyl red Water-propanol, 1:4 12 232 ± 6
PAN Carbon tetrachloride 5 187 ± 10 2.8 ± 2.0 18.0 ± 2.0 0.994

6 209 ± 10 3.4 ± 2.0 18.2 ± 3.0 0.98
PAN Chloroform 5 272 ± 16 9.2 ± 5.0 10.0 ± 4.0 0.855

6 301 ± 15 9.0 ± 1.3 14.3 ± 1.3 0.990

a Data obtained with the 18 JLI cell.
b Data obtained with the 8 JLI cell.
C From the regression lines, 5-10 points.
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increase of the absorbance, it should not depend
on Idn/dTI!K. Convection is produced by the
differences of density in a gravitational field,
therefore, k should increase when the thermal
coefficient of the density, dp /dT, increases. Since
the temperature differences generated by the
thermal lens effect are very small, i.e., of the
order of 0.1 K [13], the density gradient should be
also very small. However, a strong convective
stream can be visually observed with a magnifying
lens in the presence of suspended particles.

Other physical properties are inter-correlated
with dp/dT and k, which makes interpretation
difficult. Thus, convection is controlled by the
viscosity and, therefore, the speed of the convec­
tive stream which crosses through the thermal
gradient should decrease as the viscosity in­
creases. Owing to the small thermal gradient, the
viscosity gradient should also be very small. How­
ever, since d'l7/dT is larger than dp/dT and
convection is produced by the latter, probably the
effects of the viscosity gradient on convection
cannot be neglected.

The convective stream is more intense in the
central region of the thermal gradient, where the
temperature is higher and the viscosity is lower
than in the surroundings. The absolute value of
the thermal coefficient of the viscosity increases
with the viscosity of the solvent. Therefore, in
viscous solvents the speed of the convective
stream in the central part of the gradient can be
much higher than in the surroundings. This could
also make turbulences higher than in less viscous
solvents. In this case, the effects associated to 'l7
and d'l7/dT would be inversely correlated,
whereas these solvent properties are directly cor­
related, which would partially compensate or can­
cel their possible influence on k.

Aqueous solutions of potassium dichromate
were used to study the influence of the optical
alignment on 0"6 and k. The beams were made
coaxial in the cell region, and the alignment was
refined until an almost perfectly symmetrical im­
age was obtained on the detector entrance. Then,

3.3. Influence of several experimental conditions on
0"0* and k
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Fig. 3. The signal-to-noise ratio as a function of the signal:
Part A, methyl red in: (1) ethanol; (2) methanol; (3) water; (4)
n-butanol, Part B, PAN in: (1) chloroform; (2) carbon tetra­
chloride; (3) ethanol; (4) methanol. Part C, EBT in: (l)
methanol; (2) ethanol.
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mended. When solvents of a lower quality are
only available, the noise may be decreased by
filtering the solutions.

3.4. Reproducibility of lTo* and k

The reproducibility of the lTti and k values
was studied with solutions of potassium dichro­
mate in water, and methyl red in methanol and
n-butanol, performing the TLS measurements in
different days (see Table 1). Higher values of the
corresponding coefficient of variation (C.V.)
should be expected at increasing values of the
noise parameters, lTti or k. However, the C.V.
values obtained are useful to estimate the relia­
bility of the lTti and k values. The inter-day
reproducibility of lTti was C.V. = 26,22 and 35%
for water, methanol and n-butanol, respectively.
Similarly, the inter-day reproducibility of k was
18, 40 and 27%, respectively. In spite of the large
C.V. values, almost in all cases the values of lTl
and k obtained in different days maintained the
order water < methanol < n-butanol, and water
< methanol z n-butanol, respectively.
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Fig. 5. Dependence of the noise on the signal at increasing
concentrations of potassium dichromate in water, and at vari­
ous pump frequencies: (1) 4 Hz; (2) 8 Hz; (3) 16 Hz.
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the probe beam was both horizontally and verti­
cally displaced with respect to its normal position,
and data were taken. It was observed that the
noise increased slightly when the probe beam was
not perfectly coaxial with the pump beam.

The influence of the volume and shape of the
measurement cell was also studied. The 18 ILl
and 8 ILl flow cells were filled up from a peri­
staltic pump, and the pump was stopped at least
30 s before taking the measurements. The results
obtained with aqueous potassium dichromate so­
lutions and methyl red solutions in ethanol are
also given in Table 1. The lTti values were similar
to those obtained with a 5-ml cell, but the k
values were reduced in a 35-50% with the 18­
and the 8-1L1 cells. Therefore, the narrow channel
cells effectively slowed down the increase of the
convective noise with increasing signal.

A very large value of lTo was obtained when
reagent grade chloroform was used (lTo = 350
mY). It was presumed that the large amount of
noise was due to the presence of particles in the
solvent. After' forcing the solutions through a
0.22-lLm pore size filter, the value of lTo was
reduced to 10.6 ± 0.7 mY. When HPLC grade
chloroform was used instead, the noise was simi­
lar before and after filtering the solutions, with
lTo = 6 ± 4 and 9.0 ± 0.9 mY, respectively. Thus,
the use of solvents of HPLC-grade is recom-

0.0 +--~--r~---'-~"--~--r~~r::---'
0.000 0.002 0.004 0.008 0.008 0.010

(Ab• - 1\0)

Fig. 4. Representation of Eq. 7 for several solvents at increas­
ing values of (A b1- A o): (1) water; (2) carbon tetrachloride;
(3) methanol; (4) chloroform. The values P = 100 mW and
Apr = 633 nm were used to calculate m.

3.5. Dependence of the LOD on the absorbance of
the blank

Both lTti and k can be used to characterize
solvents in terms of the convective noise, and to



Y. Martin-Biosca et al. / Analytica Chimica Acta 296 (1994) 285-294 293

where lOa is the molar absorptivity of the analyte,
b is the optical pathlength, and (mEab) is the
sensitivity. From Eqs. 1 and 2 we have

establish how the LaD increases with the ab­
sorbance of the blank. For a given value of the
signal of the blank solution, Sbl, the LaD (in
concentration units) is given by

3ubl 3
LOD = -- = -- [uO" + k(Sbl - So)] (5)

meb me.b

2.303P( -dn/dT)
m=O.52------­

AprK
(6)

ences between water and other solvents of better
thermo-optical properties, at large values of A b1•

Finally, the influence of the pump frequency
was studied. The a vs. (S - So) straight lines
obtained with series of potassium dichromate
aqueous solutions at 4,8 and 16 Hz are shown in
Fig. 5. When the pump frequency increased, uO"
also increased (5 X 10-3 at 4 Hz and 16 X 10- 3 at
16 Hz), and k decreased (41 X 10-3 at 4 Hz and
14 X 10- 3 at 16 Hz). However, owing to the lower
sensitivity, the LaD as calculated with Eq. 5
increased with a factor of 6 X and 16 X at 8 and
16 Hz, respectively.

(7)

where the quadratic term has been neglected. If
A b1 and AD are the absorbance of the blank and
solvent, respectively, we have (Sbl - So) = m(Abl
-AD), and

3 [u* ]LOD=- _0 +k(Abl-Ao)
Eab m

Therefore, when A b1 increases, the LaD in­
creases with a slope proportional to k and to
l/Ea, which does not depend on the thermo-opti­
cal properties of the medium. A plot of Eq. 7 for
several solvents at increasing values of (Abl - AD)
is shown in Fig. 4.

In the absence of an absorbing species in the
blank solution, other than the solvent, the second
term in Eqs. 5 and 7 is zero, and the LaDs of the
solvents follow the order of the Idn/dTI!K val­
ues, i.e., carbon tetrachloride < chloroform <
methanol < water. Instead, at large values of A bl,
the LOD will depend mainly on k, rather than on
Idn/dTI!K, and a solvent with a lower value of k
can be better than other solvents with better
thermo-optical properties, but with larger values
of k.

In the literature, water is not considered as a
good solvent for TLS' because of the very low
value of \dn/dTI!K, which leads to a low sensitiv­
ity. Therefore, the use of water-ethanol or wa­
ter-acetone mixtures has been recommended.
However, very low values of So and uO" are
achieved in water, which partially compensates
for the poor thermo-optical properties. Water has
also a low value of k, which decreases the differ-
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Abstract

Several methods for the preconcentration of dissolved gold in natural waters were evaluated for use with graphite
furnace atomic absorption spectroscopy (GFAAS) or inductively coupled plasma mass spectrometry (ICP-MS). An
anion exchange method prior to GFAAS, and a solvent extraction method prior to ICP-MS both proved to have
similar recoveries, low limits of detection (0.4 and 0.2 ng 1- \ respectively, for a 2-1 sample) and good reproducibility.
Parallel analyses of particulate gold were also carried out by instrumental neutron activation analysis (INAA) with
detection limits between 0.04 and 0.5 ng 1-1 depending on the volume of filtered water, to provide a complete
evaluation of transported gold. These methods were subsequently tested on stream, spring and adit water samples,
to check the accuracy of methods for natural waters. Results obtained by ICP-MS and GFAAS on natural water
samples were comparable. The maximum dissolved gold concentration was 3 ng 1-1, and particulate gold formed less
than 50% of the total amount of gold transported. No significant variation was found in the dissolved gold content of
one spring water sample monitored monthly over a one year period.

Keywords: Atomic absorption spectrometry; Inductively coupled plasma mass spectrometry; Gold; Preconcentration;
Waters

1. Introduction

Geochemical exploration for gold has been
focused largely on the determination of gold in
rock, stream sediment and soil samples. Until
recently, hydrogeochemical prospecting for gold
has not been considered to be a particularly
promising method [1], due to the low concentra­
tions of gold in natural waters at ambient condi-

* Corresponding author.

tions of redox potential (Eh), pH and tempera­
ture. Nevertheless, recent work [2-9] has shown
that gold anomalies in solution, up to several tens
or even hundreds of nanogrammes per litre (ng
1-1), occur in association with different gold de­
posits. These results suggest that gold may be
transported in solution in natural waters, con­
firming field evidence, e.g., dendritic gold and
nugget formation, that remobilisation of gold does
occur in certain environments [10].

Few techniques are suitable for gold analysis
in waters because high sensitivity is required. The
techniques most commonly used are instrumental

0003-2670/94/$07.00 © 1994 Elsevier Science B.V. All rights reserved
SSDl 0003-2670(94)00215-8
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GOLD ANALYSIS IN SOLUTION

Fig. 1. Flow chart of the analytical procedures for the dis­
solved gold analysis.
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concentrate dissolved gold onto pretreated poly­
urethane foam. The use of resins for the concen­
tration of dissolved gold from sea water has been
extensively used [11,12,22]. Solvent extraction into
MIBK has been commonly used [9,23], frequently
in combination with other methods, e.g., anion
exchange [3,18]or adsorption onto activated char­
coal [16]. The MIBK may be analysed directly by
GFAAS [19] or evaporated and collected in di­
lute aqua regia prior to analysis by ICP-MS [9].

In this paper, some of the available analytical
approaches for the analysis of soluble gold were
adapted for use with GFAAS or ICP-MS, in
order to obtain lower detection limits and less
time-consuming analytical procedures (Fig. 1).
The selected methods are critically reviewed and
the analytical techniques compared using differ­
ent natural water samples.

Most studies on hydrogeochemical prospecting
for gold have been aimed at the dissolved fraction
using membrane filter pore sizes in the range of
0.1 to 1.2 JLm. Correlation of dissolved with par­
ticulate gold in areas of known gold occurrence
is, however, not generally observed [1,2]. As stated
by Hamilton et al. [2], the apparent scatter of
particulate gold contents is probably due to the

neutron activation analysis (INAA) and graphite
furnace atomic absorption spectroscopy
(GFAAS). More recently, inductively coupled
plasma mass spectrometry (ICP-MS) has been
used effectively for both stream [9] and sea wa­
ters [11]. Concentrations of dissolved gold at the
ng 1-1 level are too low for the direct application
of the above mentioned analytical techniques;
hence, a preconcentration stage is required prior
to analysis.

Various types and combinations of preconcen­
tration methods have been described, including
evaporation, use of activated charcoal, anion ex­
change and solvent extraction. Hamilton et al.
[12] noted that, although evaporation methods
are potentially the most accurate, the process is
lengthy. Although evaporation has been used in­
dependently [13], it has been more successful
when used with other methods, including solvent
extraction [14] and anion exchange [11]. The pre­
concentration of ionic and colloidal gold onto
activated charcoal has been described by
Chernyayev et al. [15] and Hamilton et al. [12]:
the activated charcoal is filtered and the residue
analysed by INAA. Hall et al. [16] also proposed
activated charcoal for concentration but extracted
the gold into 4-methylpentan-2-one (methyl
isobutyl ketone, MIBK) prior to analysis by
GFAAS, however, pH adjustment and intense
mixing of the sample were prerequisites to the
complete adsorption of gold. Another possible
preconcentration method is freeze-drying prior to
INAA [17], although this method has not been
specifically used for dissolved gold analysis.

Chao [18] and Gosling et al. [1] used anion
exchange onto AG 1 resin as a preconcentration
method for fresh waters, evaluating the method
using a standard gold ionic solution. McHugh [19]
also reported a method to concentrate Au by
batch extraction using AG 1-X8 resin from which
the Au could be eluted with an acetone-nitric
acid solution, making ashing of the resin unneces­
sary. This method, however, takes as long as
evaporation. Hamilton et al. [12] evaluated the
use of ion exchange resins and concluded, in
agreement with Schiller and Cook [20], that they
were inefficient collectors of colloidal gold. A
field method was developed by Hou [21] to pre-
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variability, both in time and space, of the sus­
pended matter load. In this paper, the total
amount of transported gold was also studied by
the analysis of the particulate fraction retained
on a membrane filter.

2. Experimental

2.1. Reagents

Reagents used were: BDH Aristar HN03 and
HCl; BDH Spectrosol 4-methylpentan-2-one
(methyl isobutyl ketone, MIBK); Aldrich bromine,
hydrobromic acid, and spectrophotometric grade
acetone; Bio-Rad AG l-X8 resin (l00-200 mesh,
chloride form); BDH Spectrosol 1000 mg I-I gold
standard solution in 0.5 mol I-I HCl; high purity
water by the Millipore purification system Milli-Q.

2.2. Sampling

Natural water samples were collected and fil­
tered in situ using an all-plastic filtration system.
A 0.4 JLm pore-size polycarbonate membrane fil­
ter (47 mm diameter, Nuclepore type 111130)was
used in order to separate the particulate gold.
The filtration system was copiously rinsed with
water sample before use. Filtered samples were
collected in polyethylene bottles, pre-cleaned with
a mixture of 2% HN03 and 6% HCl (24 h stor­
age, at least), and subsequently rinsed with Milli­
Q water and filtered water sample.

2.3. Sample stabilisation

In order to prevent adsorption of gold onto the
container walls and to convert the gold to an
Au-chloride complex, 1-1 samples for the deter­
mination of gold in solution by MIBK solvent
extraction prior to GFAAS analysis, and 2-1 sam­
ples for the determination of gold in solution by
MIBK solvent extraction prior to ICP-MS analy­
sis, were acidified in situ after filtration using 10
ml of HN03 plus 30 ml of HCI, and 20 ml of
HN03 plus 60 ml of HCI, respectively (== 4%
aqua regia).

In the laboratory, 20 ml of a solution contain­
ing 5% (vIv) bromine in concentrated HCl, were
added to a 2-1 filtered water sample for the
determination of gold in solution by anion ex­
change prior to GFAAS analysis. This procedure
liberates any gold adsorbed onto the container
walls and also converts the gold present into ionic
Au-bromide/chloride complexes.

2.4. GFAAS

Preconcentration by solvent extraction into MIBK
This pre concentration method uses chloride as

the complexing agent for ionic gold and MIBK as
the chelating agent which can then be analysed
directly by GFAAS. In the laboratory, the 1-1
filtered and acidified sample was transferred to a
separatory funnel fitted with a PTFE cap and
stopcock. 27 ml of MIBK were added and the
mixture mechanically shaken for 10 min. After
settling for at least 5 min, the supernatant MIBK
layer (about 1 ml) was collected in a PTFE vial,
ready for analysis. A preconcentration factor of
about 1000 was thus obtained.

Preconcentration by anion exchange using AG 1-X8
and subsequent MIBK extraction

This preconcentration method uses bromide
and chloride as complexing agents and an anion
exchange resin onto which the gold complexes
are selectively adsorbed, prior to elution with an
acetone-HbtO, mixture, and finally, extraction
into MIBK.

In the laboratory, 5 g of AG l-X8 anion ex­
change resin were added to the 2-1 filtered and
acidified sample and mechanically shaken for 30
min. The sample was poured through a 20 X 300
mm column fitted with a porous glass disc. Gold
was eluted from the resin with 80 ml of an
acetone-HN03-Milli-Q solution (100:5:5, vIv)
into a 200-ml glass beaker at a flow-rate of about
100 ml h -1. The solution was evaporated (at
60°C) to dryness and the residue dissolved in 8 ml
of bromine-hydrobromic acid (0.5:100, v/v) solu­
tion and left to stand for 30 min. This was then
transferred to a 50-ml separatory funnel fitted
with a PTFE cap and stopcock. 2 ml of MIBK
were used to rinse the beaker, in order to extract
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any remaining Au and transferred into the sepa­
ratory funnel; then the beaker was rinsed with 8
ml of Milli-Q water which was also poured into
the separatory funnel. The mixture was shaken
for 3 min and allowed to settle for 2 min. The
supernatant MIBK layer was left in the funnel
and 8 ml of 0.1 M hydrobromic acid saturated
with MIBK were added to remove any extracted
iron. This mixture was shaken for 30 s and al­
lowed to settle for 2 min whereupon the super­
natant MIBK layer (about 1 ml) was collected in
a PTFE vial, ready for analysis. A preconcentra­
tion factor of about 2000 was thus obtained.

Operating conditions
The gold contained in the MIBK was analysed

using a Perkin Elmer Zeeman/3030 GFAAS sys­
tem equipped with an autosampler. A pyrolyti­
cally coated graphite tube with platform was used.
Instrumental parameters are listed in Table 1.

Calibration
Calibration was performed using appropriate

dilutions of a 1000 mg 1-1 Au standard solution,
stabilised to 4% (vIv) aqua regia, and a blank
solution of 4% aqua regia in Milli-Q water; lin­
earity was up to 25 J-Lg 1-1 Au. For the solvent
extraction method, 1-1 solutions containing 5, 10,
20 and 40 ng 1-1 Au were prepared, while for the
anion exchange method 2-1 solutions containing
0.5, 1, 2 and 5 ng 1-1 Au were prepared, in both
cases using either Milli-Q or a low salinity bottled
water (e.g., Evian). These were then processed to

determine recoveries following the procedures
described above, and linear responses were ob­
served.

2.5. ICP-MS

Preconcentration by solvent extraction into MIBK
In the laboratory, the 2-1 filtered and acidified

water sample was transferred to a separatory
funnel, 63 ml of MIBK added and shaken vigor­
ously for 6 min. After settling for 4 min the
supernatant MIBK layer (about 3 ml) was col­
lected in a PTFE beaker. The separatory funnel
was washed with a few ml of aqua regia to re­
move any MIBK still attached and this was added
to the PTFE beaker. The mixture was evapo­
rated, using infrared lamps, to about 0.5 ml fol­
lowed by the addition of about 1 ml of concen­
trated aqua regia. This was again evaporated to
about 0.25 ml and made up to volume in a 5 ml
graduated flask. A preconcentration factor of 400
was thus obtained.

Operating conditions
The gold contained in the diluted aqua regia

was analysed using a VG PlasmaQuad ICP-MS.
Instrumental parameters are listed in Table 1.

External drift correction did not correct suffi­
ciently well for changes in the instrument re­
sponse over time, and therefore, several internal
standards were tested on gold-spiked solutions.
115In was found to give very poor results during
the correction procedure, but isotopes of Pt (194,

Table 1
GFAAS and ICP-MS instrumental parameters for the analysis of gold in solution

GFAAS

Wavelength
Slit
Integration time
Injection volume
Drying (two steps)
Charing
Atomization (gas stop)
Purge gas
Calibration mode
Background correction

242.8 nm
0.7nm
5.0 s
50.0 ILl
80-150°C
800°C
2200°C
Argon
Peak area
Zeeman

ICP-MS

Forward power
Reverse power
Coolant flow
Auxiliary flow
Nebulizer flow
Sample flow
Number of repeats
Points per peak
DAC step
Number peak jump scan
Peak jump dwell time

1350W
<5.0W
13.51jmin
0.5ljmin
0.731jmin
0.8 mljmin
5
5
5
100
10.24 ms
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195 and 196 a.m.u.) and Tl (203 and 205 a.m.u.)
gave both precise and accurate results. However,
the isotopes of Pt were preferred as internal
standards because some of the investigated water
samples contained Tl which was also extracted by
MIBK.

Scanning and peak hopping modes were com­
pared in order to determine relative precision.
Both modes produce similar reproducibility, but
increased precision and sensitivity were obtained
in the peak hopping mode. It was also observed
that precision could be improved in the peak
hopping mode using longer dwell times on each
peak and by decreasing the number of scans with
the same total analysis time.

Memory effects due to Au becoming attached
to tubing, nebuliser and torch-box assembly were
observed during analysis. Wash times between
samples of approximately 5 min with 4% aqua
regia were necessary to reduce the Au counts to
background level, which was checked prior to
each analysis.

Calibration
Calibration was performed using appropriate

dilutions of a 1000 mg 1- 1 Au standard solution,
stabilised to 4% aqua regia, and a blank solution
of 4% aqua regia in Milli-Q water. 2-1 solutions
containing 1, 2, 5, 10 and 15 ng 1- 1 Au were
prepared, using either Milli-Q or a low salinity
bottled water (e.g., Evian), acidified to 4% aqua
regia, and processed using the same procedure as
for samples to determine recoveries.

2.6. Determination of gold in the suspended matter

In the present study, suspended matter is de­
fined as material which does not pass through a
OA-JLm pore-size membrane filter. The particu­
late gold content, together with concentrations
for about 50 other elements, were determined by
INAA, after pelletising the membrane filter, to­
gether with a paper filter (55 mm diameter,
Whatman 541). The irradiations and analysis
scheme comprised three irradiations, in different
irradiation channels of the "Thetis" reactor (In­
stitute for Nuclear Sciences of the State Univer­
sity at Ghent, Belgium) and subsequent measure-

ments on a high-purity germanium semiconductor
detector [24]. Calibration was performed by means
of spotting appropriate amounts of synthetically
prepared single element standard solutions onto
a Whatman filter paper.

The amount of suspended material may be
related to the flow rate and turbulence and thus
be variable over time and/or space. Conse­
quently, it is advisable to normalise the sus­
pended matter composition against an immobile
component (e.g., AI). This will highlight any influ­
ence other than mechanical weathering.

3. Results and discussion

The use of activated charcoal for gold precon­
centration prior GFAAS analysis, using the
method reported by Hall et al. [16], proved un­
successful due to a large variability of the atomic
absorption background; this was due to the sev­
eral steps necessary to complete the preconcen­
tration procedure. In addition, relatively high
amounts of gold were detected by INAA in dif­
ferent brands of commercially available activated
charcoal (with concentrations ranging from 0.5 to
7.2 ng g- 1), while important variations were also
observed in different batches from single brands.
Due to the above problems, the attainable detec­
tion limit using a 1-1 sample was of the order of
10 ng 1- 1 which proved to be too high for an
investigation of natural waters.

Dissolved gold was also analysed by INAA
after pre concentration by means of freeze-drying.
Filtered aliquots of 100 ml are freeze-dried in
pure low-density polyethylene bags (Pinky Pack)
and the residue is pelletised together with the
plastic bag. The freeze-drying procedure is time
consuming but it concentrates all ions, including
anions and major cations. As a consequence, the
detection limit of gold, or for any other element,
is highly dependent on the total dissolved content
of the water samples due to the induced activity
of the major components (mostly Na and Br).
Losses of volatile elements are minimal, except
for F and Cl which are lost because the water
samples are preserved, after filtration in the field,
with 2 ml ultrapure nitric acid [17,24].
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Table 2
Blank values for day-to-day analysis: two blanks for the HCI-MIBK and AG 1-X8 preconcentration prior to GFAAS, and five
blanks for the HCI-MIBK preconcentration prior to ICP-MS

HCI-MIBK GFAAS

ng/I S.D.

AG 1-X8 GFAAS

ng/I S.D.

HCI-MIBK ICP-MS

ng/I S.D.

1.0 0.37
0.76 0.16
0.39 0.05
0.24 0.09
0.13 0.07
0.56 0.14
0.17 0.03
0.13 0.07
0.18 0.06
0.17 0.08

Mean
S.D.
n

0.15 0.09
0.22 0.13
0.12 0.08
0.18 0.12
0.10 0.09
0.63 0.51
0.15 0.10
0.18 0.12
0.21 0.15
0.15 0.10
0.57 0.38
0.14 0.09
0.48 0.35
0.15 0.11
0.18 0.13
0.24 0.17
0.21 0.13

30

0.31 0.15
0.52 0.11
0.39 0.15
0.35 0.12
0.55 0.11
0.25 0.09
0.35 0.16
0.55 0.11
0.28 0.10
0.32 0.15
0.25 0.09
0.27 0.16
0.35 0.15
0.55 0.11
0.27 0.16
0.37 0.13
0.12 0.03

30

0.37
0.29

50

0.11
0.09

Because of the unfavourable detection limits
observed for the activated charcoal and freeze­
drying preconcentration steps prior to GFAAS
and INAA analysis, solvent extraction and anion
exchange were further investigated as preconcen­
tration methods for dissolved gold prior to
GFAAS or ICP-MS analysis.

3.1. Blanks

Blank values for the methods depend on both
the reagents used and on instrument perfor­
mance, and thus can be variable (Table 2). Blanks
(duplicate for the HCI-MIBK and AG l-X8 prior
to GFAAS, and five blanks for the HCI-MIBK

prior to ICP-MS analysis) were extracted together
with each batch of samples and analysed in order
to determine detection limits (defined as three
times the standard deviation on the blank). The
same quality of reagents was used for the meth­
ods over time to reproduce the background re­
sponse. Day-to-day differences in instrument per­
formance, affecting sensitivity, vary more for ICP­
MS than GFAAS giving rise to a wider spread in
detection limits. The blank values encountered in
GFAAS are dependent on the preconcentration
methods used, with the bromine present in the
MIBK in the anion exchange method probably
responsible for an enhanced background.

Blank levels for Au in the suspended matter,

Table 3
Recoveries for individual gold concentrations using the 1-1 solution for the HCI-MIBK method prior to GFAAS analysis, and the
2-1 solution for the two other methods

HCI-MIBK GFAAS AG 1-X8 GFAAS HCI-MIBK 1CP-MS

Au (ng Zl) 5 10 20 40 0.5 1 2 5 1 2 5 10 15
Recovery (%) 58 61 60 63 81 88 83 86 84 91 84 81 84
S.D. 34 24 16 17 16 15 13 15 14 8 12 11 10
n (13) (13) (11) (7) (15) (15) (15) (7) (3) (3) (13) (11) (4)
Mean ± S.D. (n) 59 ± 25 (44) 84 ± 14 (52) 83 ± 12 (34)
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Table 5
Dissolved and particulate gold concentrations, and other selected parameters, as a function of time for a spring water in northern
Sardinia

April 26, June 18, July 28, Sept. 1, Sept. 28,
1992 1992 1992 1992 1992

Dissolved Au, ngy'] (GFAAS) < 1 a 0.7 1.2 1.0 1.5
Dissolved Au, ng/I (ICP-MS) 0.6 0.8
Particulate Au, ng/I (INAA) 0.07 0.72 0.30 0.14 0.05
Au/AI 00- 3

) in suspension 0.02 0.13 0.05 0.02 0.01

Flow (I/min) pH Eh (m'V)

Mean ± S.D. (n = 13) 1.5 ± 0.3 8.0 ± 0.2 380 ± 27

a Determined in a 1-1 sample.
b Duplicate sample (S.D. = 0.2).

as determined by INAA, were found to be 0.18 ±
0.08 ng per filter. This translates into detection
limits, defined as three times the standard devia­
tion on the blank, of between 0.04 and 0.5 ng 1-1
respectively for 6 and 0.5 1 of filtered water.
These'attainable detection limits will however be
affected by the amount and composition of the
suspended material retained on the membrane
filter, due to the enhancement of the gamma-ac­
tivity of the sample.

3.2. Recoveries

For the MIBK preconcentration method, as
used for the GFAAS analysis, the mean recovery
percentage is rather low, with, moreover, an un­
certainty which deteriorates appreciably for lower
gold contents (Table 3). Therefore this methodol­
ogy is not suitable for the accurate determination
of very low dissolved gold contents in natural
waters, whilst this simple and fast method can
conveniently be used for water samples draining
gold deposits in particular environments for which
several tens of ng 1- 1 Au in solution have been
reported [2-8]. The MIBK preconcentration
method, as used prior to ICP-MS analysis and the
anion exchange method prior to GFAAS analysis,
both have good recovery and reproducibility (Ta­
ble 3). Recovery tests by standard addition, using
the anion exchange method prior to GFAAS
analysis, with spikes of 0, 1, 2 and 5 ng 1-1 Au
onto 2-1 filtered natural waters, with total dis-

solved solids (TDS) up to 8 g 1-1 (see Table 4),
were carried out: the mean recovery was 82%
(S.D. = 15; n = 12), and matrix effects were not
observed.

At ten times the limit of detection, both of the
above mentioned MIBK preconcentration meth­
ods have significantly different recovery percent­
age and associated relative uncertainties (Table
3). These dissimilarities are probably due to dif­
ferences in the steps of the procedure, namely
the proportion of organic phase collected and the
subsequent direct analysis of this phase by
GFAAS, whereas in the ICP-MS method the
complete supernatant phase is collected and con­
verted to a final == 4% aqua regia solution for
analysis.

4. Analysis of natural waters

The methods using MIBK extraction prior to
ICP-MS and anion exchange prior to GFAAS,
were tested on different types of surface and
ground waters from areas of known gold mineral­
isation in Wales, Scotland and Sardinia. The wa­
ters were of widely differing character with a
range in pH, Eh, chemical composition and
amount of total dissolved solids.

Results for gold in solution and suspension,
together with other selected parameters, are re­
ported in Table 4. Concentrations of gold in
solution are based on the analysis of 2-1 samples,
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Oct. 27, Nov. 27, Dec. 21, Jan. 27, Feb. 18, March 24, April 21, May 28,
1992 1992 1992 1993 1993 1993 1993 1993

0.9 1.2 1.2 1.6 b 0.8 1.6 0.8 0.9

0.10 0.06 0.26 0.16 < 0.Q3 <0.08 < 0.08 0.08
0.02 0.01 0.02 0.04 0.03

TDS (mgyl) HC03 (mg z'l) CI (mg z'l) sof (rngyl)

761 ± 26 326 ± 12 148 ± 6 43 ±4

303

blank subtracted, and corrected for recovery.
Concentrations of gold in solution obtained by
GFAAS and ICP-MS correspond remarkably well,
considering the different preconcentration meth­
ods and analytical techniques used. The domi­
nant form of gold in these waters is either in true
solution or as colloids less than 0.4 JLm, with
particulate gold varying from less than 10 up to
50% of the total gold.

The spring sample Os-20, draining a catch­
ment incorporating a small gold vein in northern
Sardinia, contains detectable dissolved gold, in an
area where background concentration of dis­
solved gold is below the detection limit of 0.4 ng
1-1. This spring was selected for monitoring sea­
sonal changes in gold concentration and long-term
reproducibility of the methods in natural waters.
The spring water was sampled monthly over a
period of one year and analysis of gold in solution
was carried out within 20 days of sampling. Re­
sults of gold in solution and suspension, together
with other selected parameters, are shown in
Table 5. Good agreement was observed for gold
in solution when both the GFAAS and ICP-MS
methods were used. Concentrations of dissolved
gold do not show significant variation over the
monitoring period (mean = 1.1 ± 0.3 ng 1- 1, n =

12), with other parameters also indicating a sub­
stantially stable chemical composition: variations
are usually less than 10%. Concentrations of gold
in the suspended matter are in the range of
not-detectable to 0.72 ng 1- 1; normalising to an

immobile element, e.g., aluminium, substantially
reduces the variation.

5. Conclusions

Several methods were tested for their ability to
extract and determine gold at the low levels typi­
cal of natural waters. Two of the methods pro­
duced consistently good recoveries and low detec­
tion limits: extraction into MIBK followed by
ICP-MS; and anion exchange (AG 1-X8) followed
by GFAAS analysis. Tests on natural water sam­
ples using both methods showed a remarkable
agreement for dissolved gold concentrations. Gold
concentrations in solution did not show signifi­
cant variation in one water sample with stable
chemical composition, taken monthly over a pe­
riod of one year. A comparison of gold contents
in solution to that in suspension indicated that
the dominant form of gold is in true solution or
present as colloids ~ 0.4 JLm. Detection limits
using these procedures are low enough to deter­
mine the dissolved gold concentrations of waters
draining gold bearing rocks. Gold contents in
suspension should be normalised to an immobile
element, e.g., aluminium, to take into account the
effect of suspended matter load.

The different preconcentration and analytical
techniques developed can be adapted to suit the
needs of most analytical laboratories.
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Abstract

An analytical procedure for the rapid, accurate and reproducible determination of lanthanides, yttrium and
scandium in iron-aluminium rich matrices as bauxites and red mud from alumina production was developed. After a
suitable dissolution, the samples were directly analysed for these elements by inductively coupled plasma atomic
emission spectroscopy (ICP-AES), without using any separation or preconcentration step. Some of the investigated
elements were also directly determined in the solid samples by x-ray fluorescence analysis (XRF). The optimum
conditions and analytical wavelengths were selected by both methods for each investigated element, after detailed
studying of the spectral interferences from the major elements from the matrix and the interlanthanide-inter­
ferences. In the unique reference bauxitic material BX-N, for which only some proposed values exist, the
concentration of nearly all lanthanides, yttrium and scandium Sc could be determined. The precision and accuracy of
the described ICP-AES and XRF methods for these elements were tested on the geological standard materials SY-2,
SY-3 (Canadian syenites) and the proposed values of BX-N. In this study the enrichment factor of the above
mentioned elements in red mud were also determined in comparison to the feed bauxites and the constancy of the
concentration level in productions samples, followed up over three years. The obtained results for the lanthanides
were evaluated on the basis of chondrite normalized distribution patterns.

Keywords: Atomic emission spectrometry; Inductively coupled plasma spectrometry; X-Ray fluorescence spectrome­
try; Lanthanides; Yttrium; Scandium; Bauxites; Red mud

1. Introduction

In some bauxite deposits of the main Greek
bauxite reserves in the Parnassos-Ghiona moun­
tains, a strong enrichment of the lanthanides and
yttrium was found, especially in the lowermost

* Corresponding author.

parts of the deposits with concentrations up to
0.5% [1,2]. The lanthanides, along with yttrium
and scandium, have an increasing world demand
for new technology applications, such as in ad­
vanced ceramics, alloys, lasers, fuel cells, super­
conductors and supermagnets, etc. [3]. Taking
this into consideration, as well as that the total
bauxite reserves of Greece, estimated to 500 mil­
lion tons are the biggest in Europe [4], it is of
great interest to investigate the distribution of

0003-2670/94/$07.00 © 1994 Elsevier Science B.V. All rights reserved
SSDI 0003-2670(94)00223-9
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2.2. Reagents

Table 1
Specifications and operating conditions of the ICP-AES spec­
trometer

emission spectrometer in the sequential mode.
The instrumental specifications and operating
conditions are listed in Table 1. For the XRF
analysis a Philips PW 1410 x-ray spectrometer
was used. The experimental conditions chosen
are given in Table 2.

High purity single element solutions of lan­
thanides, yttrium and scandium of 1000 mg 1-1 in
1% (v/v) HN03 each, supplied by Alfa Products,
Thiokol Ventron, were used as stock standard
solutions. As a blank a synthetic bauxite matrix
was prepared according to the mean concentra­
tion of the main components of the Greek baux­
ites [21], as Al Z03 (57.2%), FeZ0 3 (21.2%), sio,
(3.7%), rto, (2.4%) and CaO 0.5%). The blank
spiked with appropriate volumes of the stock

Jobin-Yvon 38, nitrogen
flushed spectrometer
Holographic, 3600
grooves/mm, 120x 140
mm, utile 110x 136mrn,
blazed for 1st order
165-500 nm, step scan­
ning 0.002 nm
55.5-56.6 MHz, maxi­
mum power 2.2 kW
Type DURR-JY with
three concentric tubes,
aluminium injector
Glass, Scott-type
Meinhard type
Ismatec
C 193.026 nm
1 kW
50 MHz
15ljmin
1.2ljmin
2 mljmin
16 mm above load coil
5 s
0.4-0.6 s per data point
Entrance 15 J.Lm, exit 20
J.Lm

HF-generator

Grating

Wavelength range

Torch

Spray chamber
Nebulizer
Peristaltic pump
Reference wavelength
Power input
Frequency
Outer gas flow rate
Nebulizer gas flow rate
Sample uptake rate
Observation high
Integration time
Measurement time
Slit width

Spectrometer

The ICP-AES measurements were performed
with a Jobin Yvon, Model JY 38, ICP atomic

2.1. Instrumentation

2. Experimental

these elements in bauxites. More important, a
systematic study has to be carried out to investi­
gate the concentration level, its constancy and the
enrichment of the above mentioned elements in
red mud, the waste product from the alumina
production by the Bayer process [5], for which up
to now only a few data have been published,
referring to the determination of some lan­
thanides in single red mud samples [6-8]. Several
modern multielement instrumental methods are
used for the determination of lanthanides in geo­
logical materials, such as inductively coupled
plasma atomic emission spectrometry (ICP-AES)
[9-11], inductively coupled plasma mass spec­
trometry (ICP-MS) [2,12-14], instrumental neu­
tron activation analysis (INAA) [15], x-ray fluo­
rescence analysis (XRF) [16,17]. Among them,
the analytical techniques of ICP-AES and XRF
were applied in this study for the direct determi­
nation of yttrium, scandium and the lanthanides
in bauxite and red mud samples, coming from the
alumina production. Most of these methods use a
preconcentration or a separation step of these
elements from the matrix, prior to their analysis
[18-20], making the whole procedure time con­
suming. The present work deals with the develop­
ment of analytical procedures which by the ratio­
nalization of both the sample preparation and the
follow-up of the concentration of these elements
in production samples, will allow their rapid, ac­
curate and reproducible determination in iron
rich matrices. For this purpose a detail study for
the several interferences from the main elements
of the matrix and of the interlanthanides interfer­
ences was performed and the optimum conditions
for the determination of each of the investigated
elements were chosen. The accuracy of both ana­
lytical techniques used, was checked with appro­
priate international geological reference materi­
als.
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2.3. Analytical procedure

Table 2
Instrumental parameters for the direct XRF analysis of lan­
thanides, Y and Sc in bauxites and red mud

solutions, was used as a synthetic multi-element
standard solution. Three reference materials, the
bauxite BX-N from ANRT (Association Na­
tionale de la Recherche Technique, France) and
the syenites SY-2 and SY-3 from CCRMP (Cana­
dian Certified Reference Material Project) were
used to check the accuracy of the methods.

The analysed bauxite and red mud samples
were delivered from the Greek alumina produc­
tion over a period of about 3 years. The bauxite
samples were mixtures of different bauxite de­
posits from the main bauxitic area in Greece, the
Parnassos Ghiona mountains and they had a wide
grain size distribution from 3.36 to 0.075 mm.
Prior to analysis the samples were crushed and
powdered in an agate mortar to a grain size of
less than 75 J.Lm ( - 200 mesh). The corresponding
red mud samples coming from the last washing
tower from the Bayer process, had a pH value of
about 10 (20% aqueous suspension) and the grains
were extremely fine (80% were - 200 mesh). For
the ICP-AES analysis a suitable dissolution pro­
cedure of the bauxite and red mud samples has
been developed. Specifically 0.5 g of the dry,
powdered and homogenized samples were fused
with 3 g NaKCOrNazB40 7 (1:1) in a platinum
crucible at 1100°C for about 20 min, then the flux
was dissolved in cone. HCl-HzO (1:1) and was
transferred into a volumetric flask filled up to 100
ml.

According to this procedure a total dissolution
of the investigated samples was easily achieved.
The obtained solutions were directly aspirated

3. Results and discussion

into the flame of the ICP spectrometer, without
using any preconcentration or separation step. By
the same procedure the reference bauxite BX-N,
as well as the syenites SY-2, SY-3 were analysed.
Each sample was dissolved three times separately
and for each solution three replicate measure­
ments of all investigated elements were carried
out, by using seven points for the peak measure­
ment and subtracting the background signal. For
the qualitative XRF analysis of bauxites a spec­
tral scan between 20° till 100° for LiF 200 and 60°
till 140° for LiF 220 with a scan speed of 1°jmin
was chosen for the investigated elements. The
major elements of the samples were also deter­
mined by XRF. For the quantitative XRF mea­
surements the step by step method for each 0.02°
was used, to obtain the peak maximum and the
background left and right of the peak.

The quantitative XRF analysis was carried out
by comparing the peak high of the sample with
that of the BX-N standard or by using the stan­
dard addition method. For the second method,
three aqueous slurries were produced, each con­
taining 6 g of the powdered and homogenized
bauxite or red mud sample and appropriate
amounts of the stock standard solutions of the
investigated elements. After homogenization, the
slurries were dried at llO°C till constant weight
and were ground in an agate mortar with 2.5 g
starch, pressing finally the mixtures to pellets of 4
em diameter and about 3 mm thickness.

The average chemical composition of the in­
vestigated bauxite samples, referring to the main
elements was similar to those described earlier
elsewhere [21], while for the major compounds of
the corresponding red mud the following mean
composition resulted: Fe z0 3 (42.5%), CaO
(19.7%), AlZ03 (15.6%), sio, (9.2%), rio,
(5.9%) and Na jO (2.4%). For the selection of the
suitable analytical lines for the ICP-AES determi­
nation of all lanthanides, yttrium and scandium
directly in the obtained bauxite and red mud
solutions, all wavelength proposed [2,9,18,22-24]
were checked for their sensitivity, as well as for

Philips PW 1410
WorCr
60kV, 30 rnA
LiF(200), LiF(220)
Fine
Flow proportional with PIO gas
40 s
Base 200 window 250 div.

X-ray spectrometer
X-ray tubes
Power
Analysing crystalls
Collimator
Detector
Counting
Pulse height selection
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Table 3
Analytical lines used for the analysis of lanthanides, Y and Sc
in bauxites and red mud by the ICP-AES technique and their
limits of detection

Element Wavelength Limit of
(nm) detection (/Lg/g)

La 398.852 1.2
Ce 418.660 5.4
Pr 422.298 3.0
Nd 430.357 4.8
Sm 442.434 3.0
Eu 381.967 0.024
Gd 303.284 0.3
Tb 384.875
Dy 340.780 0.42
Ho 345.600 0.42
Er 369.265 0.72
Tm 313,126
Yb 328.937 0.024
Lu 261.542
Y 321.668
Sc 363.074

their interferences with the main elements of the
matrix and for interlanthanide's interferences.
Profiles for each initially selected line were ob­
tained by spectral scanning (0.002 nm steps) using
single element solutions for all elements of inter­
est. In Table 3 the most undisturbed wavelengths
of sufficient sensitivity, selected in this study for
the investigated samples, are listed together with
the obtained detection limit. The corresponding
background measurement position was +0.016
nm. The limits of detection represent the corre­
sponding concentrations to the analytical signals,
which are three times the standard deviation of
the background in the vicinity of the signal. Table
4 shows the interferences found for some of these
selected analytical lines from the main elements
of the bauxite matrix and from other lanthanides.
These spectral interferences are expressed as in­
terferent equivalent concentration IEC (mgy'l)
and were obtained by using 1000 mgZl of each of
the main element of the matrix and 1 mg/l of
each lanthanide, respectively. For all other se­
lected wavelengths, not mentioned in this table,
the IEC was lower than 0.01 mgyl. Taking into
account the concentration of the main elements
of the bauxite matrix, the expected concentration

of the investigated elements [2] and the one ob­
tained from Table 4 IEC values, it was found that
the most severe interference was that of Fe at Lu,
since the iron concentrations in the bauxite and
red mud solutions were about 750 and 1500 mgyl,
respectively, while those of Lu were only a few
ppm. The interferences of Ti on Sm and of Ca on
Sc are negligible at the actual concentrations.
Among the lanthanide interferences only Sm dis­
turbs the determination of Th. Furthermore it
was not possible to analyse the element Tm, due
to its low concentration in the investigated sam­
ples. Therefore the lanthanides Th, Tm and Lu
were not determined in this study by ICP-AES,
although for Lu a correction could be performed
in relation to the actual iron concentration of the
sample. For the XRF analysis of lanthanides in
the bauxites and red mud samples the La1 lines
were used, while for the determination of Y and
Sc the Ka lines, working with the LiF 200 and
LiF 220 analysators. Wherever possible an inter­
ference free analytical line was chosen for each
element. In Table 5 the selected analytical lines
for the direct XRF determination and their limits
of detection are listed. By the XRF analysis La,
Ce, Pr, Nd and Sm from the light rare earth
elements, only Lu from the heavy rare earth
elements and Y, Sc could be analysed, due to the
large spectral interferences of the iron rich matrix
and to the other interelement interferences. In
particular the La1 lines of Th and Dy were
covered by the FeKa band and the La1 lines of
Ho, Er and Tm from the FeK{3 band. EuLa1
was covered by the MnKa and the CrK{3 lines
and YbLa1 by the NiKa line. The interferences
of the CeL{32 line on the SmLa1 could be elimi­
nated using a correction method, which was based
on the measurement of the ratio of CeLa1 to
CeL{32' (peak maximum at Sml.oI) in a syn­
thetic bauxite matrix and in the sample and sub­
tracting the calculated Ce contribution from the
measured SmLa1 peak in the sample. The accu­
racy and the precision obtained by ICP-AES and
XRF for the direct determination procedure de­
scribed for lanthanides, Y and Sc were tested
with the reference material bauxite BX-N, for
which only some proposed values exist [25] and
with the syenites SY-2 and SY-3 (Table 6). A
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Table 4
Interfering elements by the ICP-AES determination of lanthanides, yttrium and scandium at the selected wavelengths (lEC =

interferent equivalent concentration)

Element Wavelength IEC Interfering Concentration Interfering
(nrn) (mg/I) element (mgyl) wavelength (nm)

Nd 430.357 0.020 Pr 1.000 430.359
Sm 442.434 0.400 Ti 1000.000 442.439
Tb 384.875 0.600 Sm 1.000 384.881
Lu 261.542 0.030 Fe 1000.000 261.542
Sc 363.074 0.260 Ca 1000.000 363.075

mean deviation of + 1.7% of the proposed values
(accuracy) resulted for BX-N by ICP-AES and
-3.9% by XRF. The deviations for SY-2 and
SY-3 were +3% and +4.5%, respectively. The
precision of the determinations was on the aver­
age ±6% for ICP-AES and ±9% for XRF.

An additional assessment of analytical accu­
racy may be obtained by normalizing the REE
(rare earth elements or lanthanides) concentra­
tions to chondrite and plotting the results against
the atomic number of each individual REE [26].
In Fig. 1 the chondrite normalized plots for the
ANRT bauxite BX-N is shown. A smooth curve
for all REE resulted, except for Eu, showing a
negative anomaly.

In Table 7 the yttrium, scandium and lan­
thanide concentration of the feed bauxites and
the corresponding red mud from the Greek alu­
minium production in samples, followed-up over

Table 5
Interference free analytical lines used for the direct XRF
determination of lanthanides, yttrium and scandium in baux-
ite and red mud and their limits of detection

Element Line 2 (J (degrees) Limit of

LiF 200 LiF 220 detection (/-Lg/g)

La Lal 82.91 138.78 9
Ce Lal 79.01 128.17 8
Ce Lf31 71.62 7
Pr Lal 75.42 119.73 2
Nd Lal 112.68 5.5
Nd Lf31 99.08 10
Sm Lal 66.23 101.14 4.5
Lu Lal 47.43 69.31 0.54
Y Ka 23.80 5.5
Y Kf31 21.38 5
Sc Ka 97.70

three years are listed. In Table 8 the average
concentration of the investigated samples and the
corresponding enrichment factors of the individ­
ual lanthanides in the red mud are presented. It
results that the total average concentration of Y,
Sc and the investigated lanthanides (!,REE + Y

. + Sc) is about 560 [J-g/g in the bauxites and 1040
[J-g/g in red mud. The production feed is quite
uniform for the period of investigation with a
relative standard deviation for the investigated
elements of about ± 20%. The enrichment factor
for each of the above mentioned elements in the
red mud, in comparison to the original ore, is
about two, following those for iron, proving in
that way that all lanthanides, Y and Sc pass
quantitatively into the red mud during the alu­
mina processing. The chondrite normalizing plots
for the average values of the investigated bauxites
(Fig. 1) show a small positive Ce anomaly [27].
The investigated bauxites and red mud are also
enriched in light lanthanides, !,LREE (La-Eu)
towards the heavy ones, !,HREE (Gd-Lu), hav­
ing an average ratio of !,LREE/!,HREE of
about 10. This ratio is usually found in alkaline
rocks or carbonatites and is characteristic for the
higher mobility of the LREE during weathering
processes leading to bauxite formation.

Taking into consideration the annual produc­
tion of 5 X 105 tons [28] of the by-product red
mud and its lanthanide, Y and Sc content, the
potential use of the red mud as another source of
these elements might arise. Nowadays the com­
mercial resources of Sc contain up to 100 [J-g/g
Sc [3,8], and the presence of thorium in monazite
- one of the main sources of lanthanides - causes
environmental problems due to the radioactivity
of its processing residues. The relatively high
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4. Conclusions

The comparison of ICP-AES and XRF shows
that with ICP-AES nearly all lanthanides except
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production. This work is supported by a grant,
PENED 91 ED 123 from the Greek Ministry of
Science and Technology.
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Tb and Tm could be determined directly in the
iron rich bauxites, while with XRF the direct
determination is possible only for the light rare
earth elements, except Eu, and from the heavy
REEs only for Lu. For Y and Sc both techniques
give satisfactory results. The precision, accuracy
and the detection limits are better for ICP-AES
than for XRF; the differences are not very signifi­
cant, however. Whereas XRF is a non-destructive
technique the samples have to be dissolved for
ICP-AES.

By the developed analytical procedure the pos­
sibility of a rapid, accurate and reproducible de­
termination of lanthanides, yttrium and scandium
in samples from the alumina production is
demonstrated.
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Fig. 1. Chondrite normalized REE patterns of the reference
bauxite BX-N from ANRT and of the average bauxite feed
from the alumina production.

concentration of lanthanides, Y and Sc is due to
the presence of discrete REE minerals in baux­
ites, especially bastnaesite [1,29] and Sc is notably
fixed in titanium minerals present in the bauxites.
The minerals hosting the lanthanides, Y and Sc
in the bauxites.of this region are under further
investigation.

Table 8
Average concentration of lanthanides, yttrium and scandium in bauxites and red mud samples from the alumina production and
corresponding enrichment factors (all concentrations in /-Lg/g).

Element Average concentration Average Enrichment Factor

Bauxite R.S.D. % Red mud R.S.D.% Red mud/bauxite R.S.D.%

La 87.2 ± 21.9 25.10 149.0 ± 40.0 26.80 1.78 ± 0.59 33.10
Ce 224.3 ± 21.7 9.70 418.0 ± 52.9 12.70 1.87 ± 0.17 9.10
Pr 13.9 ± 4.8 34.50 25.8 ± 7.5 29.10 2.13 ± 0.67 31.40
Nd 62.4 ± 15.6 25.00 115.0 ± 27.0 23.50 1.99 ± 0.63 31.70
Sm 13.2 ± 2.6 19.70 28.9 ± 5.2 17.90 2.30 ± 0.49 21.30
Eu 2.5 ± 0.63 25.20 5.0 ± 0.9 18.00 1.89 ± 0.58 30.70
Gd 12.8 ± 2.3 17.90 23.3 ± 3.2 13.70 1.86 ± 0.27 14.50
Dy 7.0 ± 1.6 22.80 12.8 ± 1.9 14.80 2.15 ± 0.46 21.40
Ho 2.0 ± 0.56 28.00 4.3 ± 1.0 23.20 2.15 ± 0.63 29.30
Er 8.1 ± 1.6 19.70 17.2 ± 3.1 18.00 2.15
Yb 8.0 ± 1.2 15.00 15.6 ± 1.9 12.20 1.99 ± 0.24 12.10
Y 55.9 ± 9.3 16.6 9.12 ± 15.7 17.2 1.68 ± 0.47 22.80
Lu 1.38 ± 0.37 26.80 2.4 ± 0.32 13.3 1.76 ± 0.37 27.90
Sc 59.0 ± 3.7 6.30 127.9 ± 14.7 11.5 2.17 ± 0.27 11.40
Mean 1.99 ± 0.25 12.60
:£LREE/HREE 10.30 9.80



M. Ochsenkiihn-Petropulu et al. / Analytica Chimica Acta 296 (J994) 305-313 313

References

[1] Z. Maksimovic and E. Roaldset, Travaux ICSOBA, 13
(1979) 199.

[2] M. Ochsenkiihn-Petropulu, K.M. Ochsenkiihn and J.
Luck, Spectrochim. Acta, 46 (1991) 51.

[3] S. Vijayan, AJ. Melnyk, R.D. Singh and K. Nutall,
Miner. Eng., 41 (1989) 13.

[4] G. Bardossy, Erzmetall, 42 (1989) 172.
[5] H.H. Emons, G. Brautigam, P. Hellmold, H. Holldorf, R.

Kiimmel and H. Martens, in Grundlagen der Anorgani­
schen Chemie, Salle and Sauerlander, Frankfurt, 1983, p,
331

[6] G. Bardossy, G. Panto and G. Varhegyi, Travaux IC­
SOBA, 13 (1976) 221.

[7] V.G. Logomerac, ICSOBA, 3 (1971) 383.
[8] AS. Wagh and W.R. Pinnock, Econ. Geol., 82 (1987)

757.
[9] J.G. Crock and F.E. Lichte, Anal. Chern., 54 (1982) 1329.

[10] M.1. Rucandio, Anal. Chim. Acta, 264 (1992) 333.
[11] I. Roelandts and A Deblond, Chern. Geol., 95 (1992)

167.
[12] K.E. Jarvis, Chern. Geol., 68 (1988) 31.
[13] F.E. Lichte, AL. Meier and J.G. Crock, Anal. Chern., 59

(1987) 1150.
[14] M. Ochsenkiihn and J. Luck, Proceedings of the 11th

International Mass Spectrometry Conference, Bordeaux,
Adv. Mass Spectrom., 11 B (1990) 1662.

[15] P. Vucotic, J. Radioanal. Chern., 78 (1983) 105.
[16] V.P. Bellary, S.S. Deshpande, R.M. Dixit and AV.

Sankaran, Fresenius' Z. Anal. Chern., 309 (1981) 380.
[17] P. Robinson, N.C. Higgins and G.A. Jenner, Chern. Geol.,

55 (1986) 121.
[18] K. Iwasaki and H. Haraguchi, Anal. Chim. Acta, 208

(1988) 163.
[19] C.J. Kantipuly and AD. Westland, Talanta, 35 (1988) 1.
[20] D.W. Zachmann, Anal. Chern., 60 (1988) 420.
[21] K.M. Ochsenkiihn and G. Parissakis, Mikrochim. Acta, I

(1977) 447.
[22] J.N. Walsh, F. Buckley and J. Barker, Chern. Geol., 33

(1981) 141.
[23] K.H. Lieser and W. Fey, Fresenius' Z. Anal. Chern., 331

(1988) 330.
[24] P.W.J.M. Boumans, Line Coincidence Tables for Induc­

tively Coupled Plasma Atomic Emission Spectrometry,
Pergamon, Oxford, 1981.

[25] K. Govindaraju, Geost. Newslett. 13 (1989) 1.
[26] P. Henderson, Rare Earth Element Geochemistry, Else­

vier, Amsterdam, 1984.
[27] K.M. Ochsenkiihn and M. Ochsenkiihn-Petropulu, Pro­

ceedings of the 3rd International Symposium of Analyti­
cal Chemistry in the Exploration, Mining and Processing
of Materials, IUPAC, Johannesburg, 1992, p. 75.

[28] Hellenic Alumina Industry Team, Extended summary on
the Greek alumina plant, Mineral Wealth, 76 (1992) 51.

[29] Z. Maksimovic and G. Panto, Travaux, 13 (1983) 191.



ELSEVIER Analytica Chimica Acta 296 (1994) 315-323

ANALrnCA
CHIMICA
ACTA

Spectrometric determination of gold, platinum and palladium
in geological materials by d.c. arc plasma

M. Tripkovic a,*, M. Todorovic b, I. Holclajtner-Antunovic c

a Institute of Physics, P.D. Box 57, 11001 Belgrade, Yugoslavia
b Faculty of Chemistry, University of Belgrade, 11001 Belgrade, Yugoslavia

C Faculty of Physical Chemistry, University of Belgrade, 11001 Belgrade, Yugoslavia

Received 19 November 1993; revised manuscript received 23 February 1994

Abstract

A method for the separation and determination of Pt, Au and Pd in various geological materials by coprecipita­
tion with tellurium and applying two spectrometric methods was considered in detail. Particular attention was paid
to the influence of matrix elements on the determination of these metals. In one instance the metals were
determined in solution by applying a V-shaped arc stabilized by an argon vortex and in the other in the solid sample
by applying a vertical arc burning in a stream of argon-oxygen. The accuracy of the method was verified using the
international reference standard SARM-7, and the results achieved were compared with published data.

Keywords: Atomic emission spectrometry; Arc excitation; D.c. arc plasma; Geological materials; Gold; Palladium;
Platinum

1. Introduction

Great attention is paid to the problem of the
determination of platinum metals (PMs) [1]. The
choice of the method used depends on the matrix
in which the PMs occur, their concentration, the
sensitivity and precision required and economy
and speed of determination. It is well known that
in geological (and other natural) samples, these
elements are inhomogeneously distributed and
usually present in a low absolute amount, which

* Corresponding author.

is the main limitation to the application of direct
methods. Therefore, the determination of PMs in
geological samples involves primarily the prepara­
tion of a representative sample and separation of
the analyte from the ore matrix simultaneously
with preconcentration. In the second step, the
analyte concentration is measured by an appro­
priate method.

Several chemical methods for the separation
and preconcentration of PMs from geological
samples have been developed and are continu­
ously being refined, e.g., fire assay [2-5], extrac­
tion with various extracting agents [6-8], separa­
tion with ion-exchange resins [9-11] and copre-

03-2670/94/$07.00 © 1994 Elsevier Science B.V. All rights reserved
Dl 0003·2670(94)00212-5



316 M. Tripkooic et al. / Analytica Chimica Acta 296 (J994) 315-323

cipitation with tellurium [12-16] and mercury
[17,18]. Many instrumental techniques have been
used in conjunction with the different chemical
procedures, e.g., atomic absorption [11,19] and
emission spectrometry [7,8,20], x-ray fluorescence
spectrometry [21], mass spectrometry [15,22] and
neutron activation analysis [23].

The choice of the method is a compromise
between all the requirements of the complete
procedure. It is worth mentioning that modern,
very precise and accurate methods such as fur­
nace atomic non-thermal excitation spectrometry
(FANES) and inductively coupled plasma mass
spectrometry (ICP-MS), demanding extremely
small amounts of samples, are very expensive.
With geological samples, which owing to their
nature need large amounts of natural sample at
the start (at least 1 g), it is possible to analyse the
prepared samples very successfully by simpler and
cheaper methods. Hence the use of very small
amounts is irrelevant.

In order to find the most suitable carrier dur­
ing the precipitation of PMs, some tests with
mercury and tellurium had already been done.
Tellurium was chosen as more suitable because it
can be used efficiently in a small amount and it is
less environmentally dangerous than mercury. The
separation method with tellurium as a carrier was
applied and improved in this work.

The prepared samples were analysed by two
types of arc discharges. In one instance, a solu­
tion of Pt, Pd and Au was evaporated on graphite
powder after separation and these mixtures were
analysed using a vertical d.c. arc stabilized with a
stream of argon and oxygen mixture. As a more
suitable spectrochemical source for the determi­
nation of PMs in solution, a low-current, V­
shaped arc stabilized by an argon vortex was
used. This source is characterized by great stabil­
ity and high powers of detection and it is highly
economical.

It is shown that by applying a relatively simple
procedure of separation in conjunction with the
simple and economic method of atomic emission
spectrometry, it is possible to attain very precise
and accurate results. Special attention was paid
to the influence of matrix elements on the deter­
mination of PMs by use of the V-shaped arc.

2. Experimental

2.1. Previous investigations

The first papers on the coprecipitation of PMs
by means of tellurium [12,13] recommended 0.2
mg of tellurium for 1-25 J-Lg of gold. The same is
valid for platinum [12]. Recent papers [14,15]
recommend various amounts, even up to 5 mg of
Te. We therefore investigated the effect of differ­
ent amounts of tellurium on a degree of coprecip­
itation of the PMs studied.

In order to simplify this and other investiga­
tions with artificial samples, a solution simulating
the composition of the matrix of an average sili­
cate specimen after removal of SiOz and the
dissolution of matrix elements was prepared. An
average silicate sample has the following compo­
sition (according to international geochemical
standards): 52.0% sio; 3.8% Fez03 , 7.5% FeO,
13.1% Al Z03, 7.9% MgO, 5.9% CaO, 5.4% KzO
and 2.4% Na-O. If 50 g of solid sample were
taken and SiOz was removed, after dissolution in
the solution there would be 4.3 g of Fe, 3.5 g of
Al, 2.6 g of Mg, 2.1 g of Ca, 2.3 g of K and 0.9 g
of Na. The aforementioned amounts of elements
(in the form of appropriate compounds) corre­
sponding to 0.1 g mr 1 of starting solid sample
were measured out and used to prepare 500 ml of
solution in a volumetric flask.

In order to investigate the influence of differ­
ent amounts of Te, five aliquots of 20 ml (corre­
sponding to 2 g of solid sample) were taken and
to each of these solutions the same concentra­
tions of Pt, Pd and Au were added.

Coprecipitation was performed with various
amounts (0.2, 0.5, 1.0, 2.0 and 5.0 mg) of tel­
lurium. All samples were prepared in duplicate
and the separation procedure was carried out.
The spectral line intensities of the PMs were
measured and the mean values of these intensi­
ties corrected for the background emission are
given in Table 1. It can be seen that 0.5 mg of Te
provides satisfactory results. A larger amount of
Te increases the amount of tin(II) chloride needed
for reduction, so 0.5 mg of Te was adopted.

The effect of the amount of the sample on the
conditions of coprecipitation was also investi-
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Table 1
Dependence of relative spectral line intensities (~Irel) of Pt,
Pd and Au on the amount of Te

Te Img) tilrel
a

Au 267.6 nm Pt 265.9 nm Pd 340.4 nm

0.2 44.5 9.0 45.0
0.5 55.0 14.1 63.1
1.0 54.1 13.2 63.2
2.0 54.0 14.1 63.5
5.0 55.0 14.0 63.0

a dIrel represents the difference in relative emitted intensities
of spectral lines of elements in solution and of the back·
ground at the position of the corresponding line in the blank
solution (0.5% KeD.

gated, as the separation procedure developed for
both methods of determining PMs requires dif­
ferent amounts of sample. The influence of the
amount of sample in the same volume of solution
on the precipitation of tellurium and PMs was
investigated. Three artificial mixtures correspond­
ing to contents of 0.5, 1.0 and 2.0 g of the solid
sample in 150 ml of 1.5 M HCI were made and to
each of them the same amount of PMs and 0.5
mg of Te were added. The results obtained are
presented in Table 2. It is obvious that changes in
the amount of sample do not affect the relative
intensities of the spectral lines of the PMs, i.e.,
the determination of their concentrations.

element were used and a stock standard solution
was prepared with a concentration of 100 JLg
ml- I of the particular element. These solutions
and solutions of lower concentrations of PMs
were kept in 1 M HCI in plastic bottles. In order
to make a solid standard, a synthetic mixture
corresponding to the average content of a silicate
rock was previously made from spectrochemically
pure substances. The corresponding amounts of
PM solution were placed over this mixture in
order to obtain a set of standards from 0.1 to 5.0
JLg g-I. These standards were dried under an IR
lamp and were homogenized, and were then ready
for separation.

A 1 mg mr ' Te solution in 1 M HCI was
prepared from the spectrochemically pure metal,
dissolved in aqua regia and treated several times
with concentrated HCl.

2.3. Equipment

Depending on the requirements for accuracy
and speed, two independent procedures of deter­
mination with almost the same sensitivity can be
applied. The first procedure involves the analysis
of the separated solution using by a V-shaped
argon-stabilized arc (Fig. 1). This source was de­
veloped over 10 years ago [24] and subsequently

2.2. Standards and reagents

/

'" ~,,:>

;;'f..-a\ Ar + aerosol

Fig. 1. Stabilized arc device. 1 = Water-cooled metal seg­
ments; 2 = central PTFE segment; 3 = graphite electrodes.

69.9
70.1
69.6

56.0
55.5
56.1

Pt 265.9 nm Pd 340.4 nm Au 267.6 nm

16.5
16.4
16.6

150
150
150

0.5
1.0
2.0

Sample Volume ~Irel

weight (g) (ml) -------------

Standards of Pt, Pd and Au were prepared by
dissolving the metals in aqua regia and converting
them into chlorides by several treatments with
concentrated HCl. The concentration of each ele­
ment in the standard solutions was 1 mg mr '.
The same volumes of standard solutions of each

Table 2
Dependence of relative spectral line intensities (dlrel) of Pt,
Pd and Au on the amount of sample
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Meinhard TR-50-C 1

1.1

Bausch & Lomb cut at 56.58°
Hamamatsu R-212 photomultiplier
7.5
0.2

improved [25]. Its main characteristics are high
stability and, owing to the relatively long horizon­
tal column from which the radiation is taken, its
detection limits for many elements are compara­
ble to those with ICP atomic emission spectrome­
try (AES). The advantages of this source com­
pared with ICP-AES are that it is much cheaper
and also the argon consumption in the analysis is
at least ten times less. Also, it is simpler to
handle. Any laboratory spectrometer can be used
as a dispersion system, but a good-quality grating
is needed.

The second procedure consists in the analysis
of the graphite mixture in a d.c. vertical arc
stabilized by a stream of gas mixture consisting of
argon and oxygen from a plasma jet.

The experimental equipment and operating
conditions are given in Table 3.

2.4. Decomposition and separation procedure

In order to accelerate the separation proce­
dure, a sample of 4 g was divided into two equal
portions and each was separately and simultane­
ously treated with the following procedure. De­
composition is done in such a way that 4.0 g of
NH 4F (mixed with the sample) and 2.5 ml of HF
are added and then heated until HF evaporates.
The procedure of addition and evaporation of
HF is repeated four times and in this way SiOz is
removed. Aqua regia is then added and evapo­
rated several times in order to remove HF en­
tirely and to convert the salts into a solution. The
whole decomposition process takes about 6 h.
The solution is evaporated to a small volume and

Table 3
Experimental equipment and operating conditions

Excitation source V-shaped arc
Spectrograph
Grating
Detector
Arc current (A)
Flow-rate of Ar (I min - I)
Flow-rate of 02 (I min - I)

Nebulizer
Liquid uptake (ml min - I)

Exposure time (s)

then treated several times with concentrated HCl.
Each time the solution is evaporated close to
dryness, but care should be taken that it is not
entirely dry. The solution in concentrated HCI is
finally reduced to a volume of 1-2 ml. An amount
of 0.5 mg of Te is added to these solutions. The
solution is filtrated through a Schleicher &
Schuell white ribbon No. 300110 filter-paper in
order to separate it from insoluble particles of
organic substances (frequently carbon) which are
not oxidized in the procedure. If a noticeable
precipitate occurs, it should be fused with five
times the amount of NazOz and dissolved into
warm, concentrated HCl. The neutralized solu­
tion should be combined with the main solution.
If there is no precipitate, the filter is rinsed with
a mixture of concentrated HCI and a volume of
water such as to make the entire solution of 150
ml from 1 to 1.5 M with respect to HCl. It is
important to point out that the solution molarity
must be retained strictly within the quoted limits.
Below an HCI concentration of 1 M the Te car­
rier of PMs is not precipitated and above 1.5 M it
starts to dissolve.

This solution is heated to boiling and 5 ml of a
20% solution of tinOI) chloride, freshly made in 1
M HCl, is added. Under these conditions the
reduction of other components (such as iron and
copper) is primarily achieved and then Te and
the PMs are reduced to the elements; this is why
attention should be paid to the amount of tinfll)
chloride added, which must be sufficient for the
entire reduction. When small amounts of matrix
elements are present, 5 ml of tin(II) chloride are
necessary for reduction; if necessary a second

D.c. vertical arc
PGS-2

600 grooves mm -I blazed at 320 nm
Kodak SA-1 plate
10
5
1.25

30
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30
30
30

Ll-shaped arc

50
20
50

265.9
267.6
340.4

Element A(nrn) Slit (urn)
---------

to the sample, namely the chloride solution of Te
and PMs from 1 g of sample, using a small 5-ml
beaker, is transferred to 100 mg of graphite pow­
der and is evaporated under an IR lamp. The dry
graphite mixture is mixed with Li2C0 3 (spectro­
scopic buffer) so that its concentration in the
mixture is 5%, and is then homogenized. The
preparation is then completed.

Pt
Au
Pd

Table 4
Spectroscopic conditions used in the experiment

sintered
plate

vacuum
pump

Fig. 2. The sintered-glass crucible.

portion of tin(II) chloride can be added to ensure
complete reduction. After boiling the solution for
about 5 min and then leaving it for about 20 min,
the almost invisible black precipitate becomes
larger. Filtration is performed through a sintered
glass crucible of porosity G-4, of size about 1 cm',
The shape of this crucible is shown in Fig. 2. In
this way, fast and efficient filtration is achieved.

The precipitate is rinsed with 0.5 M HCI, then
dissolved in aqua regia and placed in a 50-ml
glass beaker. Evaporation to a small volume is
again carried out and several treatments with
concentrated HCl are applied in order to convert
the PMs into chlorides, followed by evaporation
to a small volume and transfer of solutions of
both portions of samples into a lO-ml beaker and
after evaporating, into a 5-ml volumetric flask. A
solution of KCI (spectroscopic buffer) is added so
that its content in the final solution for analysis is
0.5%. It was found previously [24] that addition
of 0.5% KCI to the analyte solution improves the
excitation conditions in the V-shaped arc, result­
ing in enhancement of spectral line intensities
and suppression of matrix effects.

An identical procedure for separation is per­
formed when determining PMs in a solid sample;
1 g of the sample for decomposition is sufficient.
Small amounts shorten the decomposition time
and are sufficient because a tenfold excess of Pt
Au and Pd concentration is achieved with respect

2.5. Analysis of samples

For the determination of PMs the same spec­
tral lines of the PMs were used in both methods
and are presented in Table 4. As was found
earlier [24], in the U'-shaped d.c. arc source there
is a displacement of the maximum intensity of the
spectral lines of elements in a radial direction
depending on their ionization potentials. The
non-easily ionized elements (such as Au, Pt and
Pd) are excited in the vicinity of the arc axis,
which was taken into account in the course of the
experiment.

Fig. 3. Electrode shape.



320 M. Tripkooic et al. I Analytica Chimica Acta 296 (J994) 315-323

Table 5
Contents of Fe, Cu and AI in geological samples before and after separation procedure

Sample Fe (%) Cu(%) AI(%)
No. Before After Before After Before After

1 3.3 0.0006 0.5 0.00003 2.5 0.00060
2 28.7 0.0019 10.9 0.00030 2.2 0.00030
3 3.4 0.0003 0.2 0.00001 0.4 0.00001
4 25.2 0.0015 12.9 0.00060 1.0 0.00020
5 8.1 0.0009 2.0 0.00020 6.0 0.00100
6 6.4 0.0005 16.0 0.00100 3.2 0.00070
7 3.0 0.0003 7.0 0.00150

According to the proposed method of separa­
tion and the presented conditions of excitation, it
is possible to determine 0.1 JLg mr ', which for
the foregoing procedure means 0.12 JLg g-l PM
in the sample.

For analysis of the graphite mixture by the d.c.
arc method, the graphite electrodes (Fig. 3) are
loaded with 20 mg of graphite mixture.

Under these conditions, 0.1 JLg g-l Au and Pd
and 0.15 JLg g-l Pt could be determined. Natu­
rally, the worse reproducibility is a result of the
greater arc variations, the manner of radiation
detection and a possibly greater error of determi­
nation owing to the smaller amount of sample
used for the analysis.

3. Results and discussion

Various geological materials which contain as
main components SiOz, Al Z03, Fe z03, CaO and
MgO, in addition to copper concentrates, were
analysed using the proposed separation and de­
composition procedures; the matrix components
such as iron, aluminium and copper, remaining
after the removal of SiOz, may vary over a large
concentration range. The U-shaped arc as the
excitation source is generally more sensitive to
matrix effects than ICP-AES, which in this in­
stance has the advantage over the arc. This is why
an investigation was performed to establish
whether there is an influence of remaining matrix
elements on determination of PMs.

Out of about 300 samples that were analysed
using the proposed procedure, seven representa­
tive samples with very different compositions of

matrix components were selected in order to ex­
amine the influence of the amount of matrix
elements on PM determination. Their amounts
were determined before and after the separation
procedure and the results are presented in Table
5. Obviously, if the concentration of matrix ele­
ments in the sample is greater, they remain in the
solution to a great extent after the separation,
which is why the rinsing of the Te and PM
precipitate should then be longer. However, as it
is not reasonable to determine the matrix ele­
ments in all samples, it was investigated whether
the residual concentration affects the line intensi­
ties of the elements being determined. When the
residual concentration of matrix elements in the
volume of the solution containing Pt, Pd and Au
after separation is calculated using the results in
Table 5, the concentrations given in Table 6 are
obtained. Artificial solutions were made as to
follows: all of them contained 3 JLg mr:' each of
Pt, Au and Pd in addition to matrix elements at
concentrations from the lowest found concentra­
tions (Table 6) multiplied by 2, 5 and 10. The

Table 6
Concentration of matrix elements determined in final solution
in addition to PMs

Sample Fe Cu Al
No. (jLg/ml) (jL 1m)) (jLg/ml)

1 4.6 2.1 4.5
2 13.2 1.0 2.5
3 2.0 0.25 0.9
4 11.8 4.0 1.2
5 6.0 6.0 3.0
6 11.5 10.0 5.0
7 1.9 8.5
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Table 7
Effect of the residual concentration of Fe on the accuracy of
determination of Pt, Pd and Au

Fe (p,g/mI) Pt (p,g/mI) Pd (p,g/mI) Au (p,g/mI)

0 3.0 3.0 3.0
4 3.0 2.9 3.0

10 3.1 3.0 3.0
20 3.5 3.2 3.1

Table 8
Effect of the residual concentration of Cu on the accuracy of
determination of Pt, Pd and Au

Cu (p,g/mI) Pt (p,g/mI) Pd (p,g/mI) Au (p,g/mI)

0 3.0 3.0 3.0
4 3.0 2.9 3.0

10 2.9 3.0 2.9
20 2.8 2.7 2.8

Table 9
Effect of the residual concentration of AI on the accuracy of
determination of Pt, Pd and Au

AI (p,g/mI) Pt (p,g/mI) Pd (p,g/mI) Au (p,g/mI)

0 3.0 3.0 3.0
2 2.9 3.0 3.0
5 3.0 2.9 3.1

10 2.9 3.0 3.0

exception is copper, where the lowest concentra­
tion of 0.25 JLg mr ' is neglected and 1 JLg ml- I

is taken as the lowest. The line intensities of Pt,
Pd and Au were measured and their concentra­
tions in the presence of various concentrations of
the matrix elements were determined. The results
are presented in Tables 7-9.

As could be expected, despite the various
amounts of residual matrix elements present, they
essentially do not affect the determination of Pt,
Pd and Au. The exceptions are 20 JLg ml- I Fe,

which increases the concentration of Pt by 17%,
and 20 JLg ml- 1 Cu, which decreases the concen­
tration of Pd by 10%. All other results remain
within the limits of error. From the analysis of
samples in which the presence of these two ele­
ments in the final solution could be expected, it
was seen in no instance was 20 JLg ml- 1 Fe or Cu
present. The recommendation can be made that
in all instances when a larger amount of tin(II)
chloride is used for the coprecipitation of Te and
PM, the washing of the precipitate with 0.5 M
HCI should be longer.

The accuracy of the method was verified in
two ways: by comparing the results with those
obtained by other methods, and by means of the
international standard SARM-7.

Table 10 compares the results obtained by the
proposed method, by fire assay (where the PMs
are determined as a sum) and by extraction with
methyl isobutyl ketone and determination by the
ICP-AES. The results obtained are in good
agreement.

Using the proposed procedure for separation
and determination by means of an argon-stabi­
lized U-shaped arc, Pt, Pd and Au were deter­
mined in the international standard SARM-7.
The results obtained by the proposed method
together with the standard deviations of the mea­
surements are compared with the certified values
in Table 11. The agreement for Pt and Pd is
within 2%, whereas for Au, owing to its lower
concentration, the relative difference is 6.5%. If
these results are compared with literature data
for the same reference standard and for various
determination methods (ICP-mass spectrometry
[26], extraction with N,N-diphenylthiourea and
triphenylphosphine and ICP-AES [7]), then the
agreement of the results achieved by the pro­
posed method for SARM-7 is much better.

Table 10
Comparisonof results obtained by the proposed and other methods (p,g g-l)

Pd

Sample Fire assay: Extraction: Proposed method
No. IPMs Au A-u-----P-t-------

1
2
3
4

20
14.8

5.6
0.4

19.0
12.4
5.7
0.5

<0.1
1.2

< 0.1
1.3
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Table 11
Verification of results obtained using U'-shaped arc for
SARM-7 reference material

a Mean ± S.D. (n = 3).

Element

Pt
Pd
Au

SARM-7
certified
value
(p.gg-l)

3.74
1.53
0.31

Proposed
method a

(p.g g-l)

3.67±0.05
1.50±0.04
0.29 ± 0.02

Relative
difference
(%)

-1.9
-2.0
-6.5

PMs with the proposed amount of Te (2 X 0.5
mg) decreases the consumption of Te fivefold,
and also that of tin(II) chloride, compared with
data in the literature [14]. Bearing in mind that
by applying the U-shaped argon-stabilized arc
less (10%) argon is consumed than by ICP-AES,
it can also be concluded that the proposed proce­
dure is not only faster but considerably more
economical with the same sensitivity of determi­
nation. The cost of analysis of one sample is
reduced by about 30%, which is of importance
when large series of samples are to be handled.

It should be added that owing to the inhomo­
geneous distribution of PMs in geological samples
and also their property to be forged and hardly
grained up, a larger amount of sample ensures
higher accuracy. For this reason, the application
of the proposed procedure together with fire
assay preconcentration would provide not only a
higher accuracy but also lower detection limits
for PM determination.

As the U'-shaped argon-stabilized arc for de­
termining Pt, Pd and Au in geological materials
was applied here for the first time, it was of
interest to compare the limits of detection with
those achieved by ICP-AES [27]. In both in­
stances the detection limits were calculated ac­
cording to Ref. [27] and are given in Table 12. As
can be seen, lower detection limits are achieved
using the argon V-shaped stabilized arc with the
exception of Pt, whose detection limit is the same
as that for ICP-AES. The limit of detection for Pt
calculated by Kaiser's method [28] is even lower
(50 ng mt 1).

It should be pointed out that the proposed
procedure of separation, i.e., decomposition twice
of 2 g of each sample, shortens the time of
decomposition to about 6 h, and at least halves
the consumption of HF. The coprecipitation of

Table 12
Comparison of the detection limits (ng ml- 1

) obtained by
V-shaped arc and ICP-AES methods (27)

4. Conclusions

The proposed procedure for the separation of
Pt Pd and Au from the matrix is relatively simple
and applicable to different geological and other
materials. The procedure for determination de­
pends on the equipment available in the labora­
tory. The procedure may be applied with good
sensitivity, as described in this paper, using a
vertical d.c. arc in a stream of argon and oxygen
or a U-shaped argon stabilized arc, or by ICP­
AES.

The manner of decomposition of large amounts
of sample enables the duration of the procedure
to be shortened. In addition, the economy of the
procedure is considerable and is achieved by the
rational use of necessary reagents and the appli­
cation of the stabilized V-shaped arc, with no
decrease in accuracy.

In this work the argon-stabilized V-shaped arc
was applied for the determination of PMs in
geological samples for the first time. The detec­
tion limits achieved for Au and Pd are lower than
and for Pt comparable to those achieved by ICP­
AES.
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Abstract

The adsorption of Pd(II) and Cu(II) on macroporous hydrophilic glycolmethacrylate gels with side chains
containing 8-hydroxyquinoline (Spheron Oxine 1000), thiol (Spheron Thiol 1000) and salicyl groups (Spheron Salicyl
1000) has been investigated. Palladium is strongly adsorbed by Spheron Oxine and Spheron Thiol resins from a
hydrochloric medium. The influence of pH and ionic strength has been determined. The elution of Pd(II) was
carried out by using acidified thiourea or potassium thiocyanate solutions. Desorption was most effective for
Spheron Oxine resin. The kinetics of metal adsorption by Spheron Oxine 1000 was also studied. The experimental
data were analyzed numerically by considering both the forward and the reverse reaction, and corresponding
constants are calculated for different initial metal and resin concentrations. Separation of aqueous mixtures of Pd(II)
and Cu(II) by using Spheron Oxine is discussed.

Keywords: Adsorption; Copper; Glycolmethacrylate chelating agents; Palladium

1. Introduction

Several methods are available for the concen­
tration and separation of noble metals [1]. The
sorption methods are widely used and they are
the most effective at very low metal concentra­
tion.

The conventional ion-exchange resins have
found applications in many fields, but their use in
hydrometallurgy has been limited due to a lack of
selectivity.

* Corresponding author.

Much work has been done in recent years on
chelating resins in an attempt. to improve the
selectivity [2]. Because the noble metals have a
greater tendency to form complexes than other
metals, the complex-forming sorbents are particu­
larly useful in this respect. Especially polymer­
supported functional groups containing nitrogen
and sulfur as donor atoms, which are known as
effective extractants for the separation of pre­
cious metals from base metals [3,4], are suitable
for the removal of platinum group metals and
gold. Examples are modified polymers with
dithiocarbamate groups [5], isothiouronium
groups and dithizone [6-8].

Additional selectivity can also be obtained by
an appropriate pH control [9,10].

0003·2670/94/$07.00 © 1994 Elsevier Science B.V. All rights reserved
SSDl 0003·2670(94)00220·G
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A chelating molecule which has received much
attention is 8-hydroxyquinoline (8-HQ). It is used
extensively in solvent extraction [11]. Application
of chelating sorbents depends mainly on their
kinetic characteristics, determined by the nature
of the polymeric matrix. 8-HQ has been immobi­
lized on different solid supports: condensation of
resorcinol-formaldehyde [12], polystyrene-di­
vinylbenzene [13], silica gel [14], Fractogel TSK
(vinyl polymer agglomerate) [15]. Theimmobiliza­
tion of 8-HQ onto polystyrene-divinylbenzene has
been widely investigated and studies by Parrish
and co-workers [13,16] are well known. Poly­
styrene sorbents are more stable than phenol­
formaldehyde matrices but the reported exchange
rates are normally low. Although phenol-for­
maldehyde resins have been superseded by
polystyrene resins, the hydrophobic nature of
these materials unfavourably affects the sorption
process. Resins loaded with silica-bound chelat­
ing agents exhibit favourable kinetics but also a
low capacity and poor pH stability. Sorbents with
a fast exchange rate are those based on hy­
drophilic macroporous copolymers [2].

Most of the chelating ion-exchange resins com­
mercially available have aminocarboxylic acids as
functional group [17] and only one (Spheron Ox­
ine 1000) contains the 8-HQ group. Spheron Ox­
ine 1000 is a macroporous chelating resin in which
8-HQ is bound through an azo group and a
flexible side chain as spacer to an hydrophilic
copolymer of hydroxyethylmethacrylate and eth­
ylenedimethacrylate. The sorbent Spheron Oxine
was developed by Slovak et al. [18]. Spheron
modified resins are distinguished by their hy­
drophilicity, because its side chains contain hy­
droxyl groups, and further by a high degree of
porosity and a large internal surface. These facts
contribute to a rapid metal adsorption.

Spheron Oxine 1000 and other different poly­
meric matrices functionalized with 8-hydroxy­
quinoline have been applied mainly as extractants
for base metals, especially Cu(II), Fe(III), Al(III),
Co(II) and Ni(II) [12,18,19], and few attention has
been paid to the study of the sorption of noble
metals by polymeric 8-hydroxyquinolines.

The sorption of Pt(IV) and Pd(II) by chelating
resins functionalized with similar groups was

studied by Myasoedova et al [20] using a poly­
styrene supporting thioxine moieties (included in
Polyorgs sorbents) and Svec and Jehlickova [21]
with a glycolmethacrylate supporting 8-amino­
quinoline.

The present work includes a study on the
sorption of Pd(II) by modified Spheron resins and
its separation of base metals. Special emphasis
was given to the palladium-Spheron Oxine sys­
tem as an implementation of previous work on
the solvent extraction of Pd(II) by Kelex 100
[7-(4-ethyl-1-methyloctyI)-8-quinolinol] [4]. In this
respect results will provide a possible comparison
of corresponding liquid-liquid and solid-liquid
systems.

2. Experimental

2.1. Reagents and solutions

The Pd(II) stock solution was prepared from
solid PdCl , (Spanish Society of Precious Metals)
and standardized gravimetrically with dimethyl­
glyoxime [22]. The stock solution of Cu(II) ob­
tained from solid CuCl z (analytical-reagent grade,
Panreac) was standardized volumetrically [22].
Metal concentrations of the test solutions ranging
from 2.5 to 0.06 mM were obtained by dilution.

Sodium chloride (analytical-reagent grade,
Panreac) was purified as previously described [23]
and it was employed to adjust the ionic strength
of the metal solutions.

Solutions of potassium thiocyanate and
thiourea (analytical-reagent grade, Panreac) at
different concentrations in the range 0.1-0.7 M
were used in palladium stripping procedures.

Glycolmethacrylate supports functionalized
with either 8-hydroxyquinoline (Spheron Oxine
1000), or a thiol group (Spheron Thiol 1000) or a
salicyl group (Spheron Salicyl 1000) were used
besides the unmodified support (Spheron 1000).
All the resins were kindly supplied by Lachema
(Brno) (see Fig. 1).

The particle size and the pore diameter of
supported polymer were 40-63 JLm and 37-50
nm, respectively, except for Spheron Thiol 1000
which has a particle size of 63-100 JLm.
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SPHERON OXINE 1000

CH3-~-COOCH2CH20CH2CH2S02-o-~N=N~OH
I - ~
yH2 COOH

SPHERON SALICYL 1000

I
CH3-?-COOCH2CH20CH2fHCH2SH

CH 2 OH
I

SPHERON THIOL 1000
Fig. 1. Modified Spheron resins.

2.2. Apparatus

An VV-visible Hitachi V-llOO spectropho­
tometer, a Varian Spectra A-300 atomic adsorp­
tion spectrophotometer and a Labinco rotary
mixer have been used.

2.3. Procedures

Determination of resin capacity
Batch sorption procedures were applied. Sam­

ples of 0.1 g of dry resin were shaken mechani­
cally in stoppered glass tubes, containing an ap­
propriate volume of the solution of the studied
metal-cation ensuring an excess of metal over
the theoretical capacity of the resin. Experiments
were carried out at pH 2.0 and an ionic strength
of 0.1 M and some of them at pH 1.23 and an
ionic strength of 0.06 M. The metal adsorbed by
the resin was obtained by determining the re­
maining metal in the aqueous phase after the

resin was filtered. Pd(II) was determined spec­
trophotometrically by adding an excess of thio­
cyanate and measuring the absorbance of the
Pd(SCN)~- complex at 310 nm [24] or by atomic
adsorption spectrometry. The Cu(II) concentra­
tion was determined by atomic adsorption spec­
trometry.

Resin capacities are expressed in mg or mmol
per g of dry resin.

The theoretical capacity of Spheron resins was
estimated by determining the nitrogen or sulphur
content in the polymer (see Table 1), and assum­
ing the 1:1 stoichiometry of corresponding metal
complexes due to the metal excess that may pre­
vent the combination of metal ions with more
than one chelating group [13,18].

Stripping
After the adsorption process, filtered resin was

washed with distilled water and then placed in a
glass tube with 20 ml of stripping solution and
agitated during 60 min. The metal concentration
in the solution was determined afterwards.

Adsorption kinetics
Suspensions of 10 mg of the sorbent in 10 ml

of a solution containing either Pd(II) or Cu(II)
were shaken in a rotary mixer. The metal concen­
tration was kept below the capacity of the resin.

The metal remaining in solution was deter­
mined as a function of the contact time. The
collected values are the average of three indepen­
dent experiments.

Table 1
Adsorption of palladium at 24 h on Spheron resins. Experi­
ments were performed at pH 2.0 and 1= 0.1 M

Resin Metal adsorbed Theoretical

mg Pd(II) mmol Pd(II) capacity,
mmol perper g resin per g resin
g resin

Spheron Oxine 1000 57.02 0.536 0.68
Spheron Thiol 1000 100.94 0.949 2.01
Spheron Salicyl 1000 10.05 0.094 0.77
Spheron 1000 1.6 0.015 0.0

a As defined in text.
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15.0 20.0

3. Results and discussion

3.1. Adsorption equilibria

The adsorption capacity data have been inter­
preted in terms of equilibrium reactions. Assum­
ing the 1:1 stoichiometry of the complex formed,
the following equations, including the aqueous
chlorocomplexes, may represent the process of
palladium adsorption:

HR + PdCI~- ~ R - PdCI;[(n+I)-2j

+(4-n)CI-+H+ (1)

HR + PdCI
3(H 20 ) - ~ R - PdCI;;;[(m+I)-2j

+ (3 - m)CI-+ H++ H 20 (2)

HR represents one of the different forms of
Spheron resins (Spheron Oxine 1000, Spheron
Thiol 1000 or Spheron Salicyl 1000).

The time dependence of the adsorption of
palladium on the modified Spheron resins is
shown in Fig. 2. As seen, the rate of palladium

110.0 _.

20.0 ..-.--.-----.---~
10.0 ~. 0 0 ----

o~o-o---

0.0 ~'
0.0 ~.O 10.0

time (hours)

• Pd(lI). Spheron Oxine, pH ~ 1.23, I ~ 0.06 M
" Pd(lI), Spheron Oxine, pH ~ 2.00, I ~ 0.10 M
.. Pd(II), Spheron Thiol, pH ~ 2.00, I ~ 0.10 M
o Pd(If), Spheron Salicy!, pH ~ 2.00, I ~ 0.10 M
• Cu (II), Spheron Oxme, pH ~ 2.00, I ~ 0.10 M

Fig. 2. Adsorption of Pd(II) and Cu(II) vs. time by the
different Spheron resins.

Table 2
Influence of pH and ionic strength on the metal adsorption at
t 1/ 2 for the system Spheron Oxine-Pd(II)

pH (I = 0.1 M) 1.5 3.2 4.5
Metal adsorbed, 31.1 31.5 30.2
mg Pd(II) per g resin
I (M) (pH 1.5) 0.03 0.1 0.5
Metal adsorbed 39.5 31.1 25.2
mg Pd(II) per g resin

adsorption by Spheron Oxine is affected by the
chemical conditions (i.e., pH and ionic strength)
of the aqueous solution. A maximum value of
adsorbed Pd(II) is obtained at pH 1.23 and I =

0.06 M, which corresponds to the theoretical ca­
pacity of this resin (see Table 1). With exception
of the above conditions, the obtained results at
pH 2.0 and 1=0.1 M do not allow to define an
equilibrium time to determine the experimental
resin capacity. However, for the sake of compari­
son, metal adsorbed at 24 h in the different resins
was measured (Table 1). As seen, the metal ad­
sorbed for the various resins follows the order
Spheron Salicyl < Spheron Oxine < Spheron
Thiol. Although Spheron Thiol shows the highest
metal adsorption, the metal adsorbed by Spheron
Thiol is much different from the theoretical value
than for Spheron Oxine. This fact may be ex­
plained by the possible 2:1 coordination (thiol:
palladium), while the lower adsorption obtained
for Spheron Salicyl is mainly due to the lower
affinity of palladium towards the salicyl group.
Also, the adsorption of Pd(II) on non-functional­
ized Spheron was found irrelevant (1.6 mg Pd(II)
per g of resin), showing the active role of the
complexing group.

The influence of pH on the adsorption of
Pd(II) on Spheron Oxine was determined by mea­
suring the metal adsorbed at t l / 2 , defined as the
time to occupy half of the resin sites (in this case
t1/2 = 10 min) at a given ionic strength (see Table
2). Results obtained at different ionic strength
are also summarized in Table 2. As observed, the
pH does not influence the metal loading in the
studied range of 1.5 to 4.5. This behaviour differs
from the results reported for the adsorption of
base metals on polymeric 8-hydroxyquinolines,
which capacities decrease sharply at pH < 5
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[13,18]. This indicates the higher stability of the
Pd(II)-oxine complexes [25]. On the other hand,
the observed decrease of the PdOI) adsorption
with the increase of chloride concentration may
be explained by the different reactivity of the
aqueous chlorocomplexes of Pd(II) in reactions 1
and 2. Thus, under the experimental conditions
studied PdCl3 and PdCl~- are present at differ­
ent ratios (i.e., PdCl~- is much clearly predomi­
nant at 1=0.1 M). PdCl~- is less reactive than
PdCl3 [26] which may explain the observed dif­
ferences on the rate of adsorption of Pd(II) (see
Fig. 2 and Table 2).

With respect to the stripping of the metal ion,
acidic solutions and complexing agents as thio­
cyanate and acidified thiourea were employed.
The results are represented in Table 3. As seen,
the desorption process of PdOI) is not effective
using hydrochloric acid, contrary to the behaviour
reported for base metals, i.e., Fe(III), Ni(II) and
PbOn are easily eluted in acidic solution [27].
This can be explained in terms of the relative
stabilities of metal-resin complexes. A selective
elution could therefore be predicted. In this pro­
cess, acidified thiourea is shown to be the best
palladium stripping agent in all cases. The elution
of adsorbed palladium is easier for the sorbent
Spheron Oxine than for Spheron Thiol as a result
of the different strength of the interactions which
follows the hard-soft acid-base (HSAB) theory
[28]. In general, a difficult desorption is reported
for Spheron Thiol resins [29], also according to
the expected stability of the corresponding com­
plex.

On the other hand, a comparison of CuOI)
and Pd(II) adsorption by Spheron Oxine has been
performed at pH 2 in 0.1 M chloride solution.
Results of the respective adsorption processes

HCl4M 5
NaSCN0.5 M, pH 2 31
Thiourea 0.5 M, pH 2 77
Thiourea 0.5 M, pH 5 9

Table 3
Elution efficiency

Eluent % PdOI) eluted

Spheron Oxine Spheron Thiol

10
59
20

during 24 h are represented in Fig. 2. The maxim
adsorption obtained was 0.54 mrnol per g of resin
for Pd(II) and 0.26 mmol g per resin for Cu(II).
The higher adsorption for PdOI) in this acidic
medium could be applied for a CuOI)-Pd(II)
separation. In this sense, a separate experiment
was carried out to determine the separation ratio,
as defined by Vernon and Nyo [30], for the palla­
dium-copper metal pair with initial concentra­
tions of 1 mM each, at pH 1 and 1=0.1 M. A
value of 19.3 for the separation ratio was ob­
tained, which predicts a possible column separa­
tion. This value may increase at higher acidic
conditions. Experimental conditions for the sepa­
ration of both metal ions from a solution by using
a liquid chromatography column containing
Spheron Oxine 1000 are now under study.

3.2. Adsorption kinetics

As stated above, the adsorption of Pd(II) by
Spheron Oxine 1000 is found to be relatively
rapid. This could be ascribed to the numerous
hydrophilic hydroxyl groups in the polymeric ma­
trix which facilitate the interaction of the resin
with the solution (Fig. 3). For the sake of compar­
ison, the solvent extraction of Pd(II) by Kelex 100
[7-(4-ethyl-1-methyloctyO-8-quinolinol] is found to
be slower even in presence of thiocyanate which
enhances the rate of the extraction process [4].
On the other hand, the sorption of PdOI) by
polystyrene functionalized polymers containing
sulfur as a donor atom 131] was found effective
only with addition of thiocyanate.

This rapid uptake of Pd(II) by Spheron Oxine
provides a high interest for the study of the
adsorption kinetics and to a possible application

I
C;:H 2 C;:H 2

CH3-C;:-CO-CH2-CH 2-O-CO-C;:-CH3
C;:H 2 C;:H 2

-O-(CH2)2-0-CO-C;:-CH3 CH3-C;:-COO(CH2)2 0H
C;:H 2 C;:H 2

CH3-?-COO(CH2)20H CH3-?-COO(CH2)2 0H

C;:H2 C;:H 2
CH3-C;:-CO-CH2-CH2-0-CO-9-CH3

rH2 r H2

Fig. 3. Structure of the gel matrix for Spheron resins.
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where HR stands for Spheron Oxine, [Pd(II)]aq is
the metal remaining in solution and [Pd(II)]Res is
the metal bound to the resin.

Under the experimental conditions described
in this paper we can assume that chloride and
H + concentrations are constant. Also, values of a
and c can be considered equal to 1. Eq. 3 can be
therefore be rewritten

for separating Pd(II) from other metals based on
the kinetics of the process. For such purpose
separate experiments were undertaken by moni­
toring the metal concentration in the aqueous
phase during the sorption process. In order to
characterize the kinetics of the adsorption pro­
cess, the data collected in the form of aqueous
metal concentration vs. time were modelled by
considering the equations for the extraction pro­
cess (reactions 1 and 2). Thus, the general expres­
sion for the reaction rate has the form:

0.30~-----

141210

I

_ [Pd(II)]o~ 0.136 mM 1

"V [Pd(II)] ~ 0.076 mM
" [Pd(II)]:= 0.057 mM

-2.00

-1.50

-1.00
o
u
<,
u

.5

o.oo_---------------~

-0.50

lected in Table 4 for experiments at different
initial metal concentration (experimental data
points are shown in Fig. 4).

In addition, the rate of adsorption was studied

time(min)

Fig. 4. Decrease of the concentration of palladium in contact
with Spheron Oxine for different metal concentration. pH 2.0,
1= 0.1 M and [Res] = 0.685 mM.

(4)

(3)

- d[Pd(II)] aq/dt = k'r[Pd(II)] aq[HR]b

- k~[Pd(II)]Res

- d[Pd(II) Jaq/dt

= ki[Pd(II)]:q[HR]b

- k;[Pd(II)]~es[CI-]d[H+r

Due to the excess of resin over metal in the
initial conditions, we can also assume that the
resin concentration is constant. Then,

0.25

Initially we have assumed a first order forward
reaction. In Fig. 4, a plot of In[Me]j[Me]o vs.
time for the various experiments at different ini­
tial metal concentrations is exhibited. It is ob­
served in all cases that the experimental function
is not linear as expected. As a second approach,
we have considered both the forward and the
reverse reactions. Fig. 5 shows that the latter
model agrees with our experimental data. Theo­
retical values are obtained from calculations us­
ing the KILET computer program [32] which re­
solves corresponding equations for kinetic data.
Values of k f and k , were determined and col-

time(min)

Fig. 5. Fitting for different models to the experimental data
obtained for the adsorption of 0.287 mM Pd(II), pH 2.0 and
1=0.1 M, by 0.685 mM Spheron Oxine. -, Experimental
points; solid line, first order forward reaction; dashed line,
first order forward and reverse reaction.

141210

0.20

:::;;
S

- 0.15-~
~

0.10

0.05

0.00
0

(5)

-d[Pd(II)]aq/dt = kf[Pd(II)Jaq

- k r [Pd(II)] Res
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Table 4
Values for the constants of the forward reaction (k f ) and the
reverse reaction (k r ) , see reaction 5 from the text, for the
adsorption of Pd(II) and Cu(II) at pH 2 and, 1=0.1 M by
0.685 mM Spheron Oxine

[Pd{/I)]o (mM)
0.136 0.330±0.101
0.076 0.412±0.163
0.057 0.389± 0.058
[Cu{/I)]o (mM)
0.092 0.119±0.019

k ; (min 1)

0.103± 0.059
0.096 ± 0.074
0.054 ± 0.023

0.086± 0.033

Table 5
k f and k r values for the adsorption of 0.29 mM Pdfl l) by
Spheron Oxine at pH 2.0 and 1= 0.1 M

2.74 0.831±0.109 0.015±0.017
2.05 0.567± 0.055 0.018± 0.012
1.37 0.394±0.097 0.070± 0.041
0.68 0.149± 0.023 0.075±0.028

tionships, we suggest the following reaction
mechanism:

~ .Pd(ll)
"-..'V~'V~'7__ '7 cutn)

• '7--'7__ '7-----. ------....------....-----
.~.

0.00.-:-------------------,

-0.50

-1.00

a)

PdCI 3(H20) + HR ~ PdCI3'HR + H 20 (slow)

(6)

PdCI3'HR --+ PdCl2R - + CI- + H+ (fast) (7)

Thus, reaction 6 represents the slow step,
where one molecule of quinolinol from the resin

by varying the concentration of the resin while
the initial concentration of the metal was kept
constant at 0.287 mM (Fig. 6). Corresponding k,
and k ; values had been calculated. Values ob­
tained are shown in Table 5. Further, a plot of
log k, vs. log[HR] provides a linear relationship
of the slope equal to 1.0, [HR] being the resin not
bound to metal (values obtained under experi­
mental conditions after 12 min of contacting time).

Taking into account the obtained kinetic rela-

-1.50

time(min)

Fig. 6. Decrease of the concentration of Pd(II) 0.29 mM for
different resin concentrations. pH 2.0, 1=0.1 M. Resin con­
centration calculated taking into account the theoretical ca­
pacity and the volume of the aqueous solution (10 ml),

OU'l\
-u.eo I\\ •.
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Fig. 7. Decrease of the metal concentration vs. time for
mixtures of palladium and copper in contact with 0.685 mM
Spheron Oxine. pH 2.0, 1=0.1 M. (a) 0.092 mM Cu(II) and
0.272 mM Pd(II); (b) 0.099 mM Cu(II) and 0.086 mM Pd(II);
(c) 0.096 mM Cu(II) and 0.051 mM Pd(II).
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coordinates the aquachlorocomplex PdCI3­

(H 20)-, which is the most reactive species of
Pd(II) present in solution. The second step is the
corresponding release of Cl" and H + to the
medium.

For the adsorption of CuOI), corresponding k,
and k r values were obtained following the same
procedure and by assuming the same model of
reaction 5 (see Table 4).

Separation of Pd(II) and Cu(II) mixtures was
followed as a function of contact time, similarly
as for the determination of the separation ratio.
The decrease of both metal concentrations during
the adsorption process has been measured for
three different values of the Pd(II)/Cu(II) con­
centration ratio. The results obtained are repre­
sented in Fig. 7 which shows that Pd(II) and
CuOI) are adsorbed by the resin at different
rates. The separation of both metals increases
with the. solution-resin contact time. In conclu­
sion, the different rate of adsorption of both
metals could be applied for their separation. A
selective stripping would be necessary to sepa­
rately obtain Pd(II) and CuOI) from a mixture.
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Abstract

A new kinetic-based method for simultaneous determination of binary mixtures is proposed that is simple, rapid,
and minimizes errors arising from drift. This new method is based on the measurement of the rate at two points
during the course of the enzymatic reaction and is therefore referred to as a two-rate method. The performance of
the method is evaluated by the L-amino acid oxidase/Trinder reaction for the determination of binary mixtures of
L-amino acids under the same conditions using air-segmented continuous flow/stopped-flow methodology. Some
assumptions with this method are presented and supported by experimental data.

Keywords: Kinetic methods; Flow system; L-Amino acid mixtures; Two-rate method

1. Introduction

Multicomponent determinations are important
in many areas of analytical chemistry. Kinetic
methods of analysis have the potential to perform
such determinations without prior separation
based on differences in reaction rates with a
common reagent [1-5]. Multicomponent determi­
nations have been automated by continuous flow
techniques, particularly by flow-injection method­
ologies [6-15].

In this work, a new reaction-rate approach for
simultaneous determination of binary mixtures is
proposed. This method is similar to that used in

* Corresponding author.

an earlier paper to minimize between-run varia­
tions in kinetic determinations due to fluctuations
in experimental conditions [16] and is based upon
making two-rate measurements during the course
of an enzymatic reaction. The reaction response
curves are monitored by using air-segmented con­
tinuous flow (ASCF)/stopped-flow methodology
[17], and a linear regression procedure is used to
obtain the reaction rates during the transient and
steady state phases of the reaction. For substrates
reacting with different rates, the calibration curves
will have different regression slopes; slower react­
ing components will have lower slopes during
both phases. The linearity of calibration curves
under certain conditions is demonstrated. The
assumption of additive proportional equations was
made to calculate the concentrations of analytes
in binary mixtures. The proposed method, unlike

0003-2670/94/$07.00 © 1994 Elsevier Science B.Y. All rights reserved
SSDl 0003-2670(94)00242-E
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the previous two-rate method [16], does not com­
pensate for errors such as between-run tempera­
ture variations. However, because it involves rela­
tive measurements and utilizes only a single reac­
tion, it can overcome drifts and other problems in
flowing systems [18].

A number of methods for quantitation of amino
acids are available [2,19,20]. Of them, the use of
enzyme-catalyzed reactions [20-29] is of interest
because of the high selectivity of many enzymes.
Enzymatic methods for amino acids are often
based on a coupled enzyme reaction, in which
oxidative deamination of certain L-a-amino acids
is specifically catalyzed by L-amino acid oxidase
to form hydrogen peroxide. The hydrogen perox­
ide then reacts immediately with the reduced
form of a dye such as o-dianisidine [20,21], ho­
movanillic acid [23], or scopoletin [24] in the
presence of horseradish peroxidase to form a
coloured, or fluorescent compound. After a few
seconds, the concentration of the reaction prod­
uct is proportional to the initial L-amino acid
concentration. In this work, we employed the
Trinder reaction [30] to form a coloured product
and measured rates of change of the solution
absorbance at 510 nm. The over-all reaction is
summarized in Scheme 1.

The proposed method was evaluated by simul-

taneous determination of binary mixtures of L­
amino acids. The reaction activities of ten essen­
tial L-amino acids in this detection system are
also reported.

2. Theoretical background

Mark [31] has previously demonstrated the ap­
plicability of the method of proportional equa­
tions for simultaneous determinations of sub­
strates of alcohol dehydrogenase. Pardue [32] has
reviewed the general concepts and methodologies
using regression kinetic methods for single and
multicomponent determinations. In this work we
have applied linear regression procedures to
measure reaction rates during the transient and
the steady state phases of an enzyme-catalyzed
reaction for simultaneous two-component deter­
minations of a mixture.

For an enzyme reaction following the
Michaelis-Menten mechanism, the variation of
the concentration of a product, x, during the
transient phase [33,34] can be expressed as

(1)

where k 1 and k1 are the rate constants of con­
secutive forward reactions, [E]o and [S]o are the

Keto acid

slow

oxidase

L-amino acid
NH20
I II

R-C-C-OH
I
H

L-amino acid

peroxidase
•

fast

DCPS AAP Quinonimine dye

Scheme 1.
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RI,n = Ga,n[Sn]o + RI,n' (5)

where RI,I, ..., RI,n are the rates for each sub­
strate; Ga,I"'" Ga,n and RI,l',..., RI,n' are the
slopes and intercepts of each calibration curve,
respectively.

At steady state, the expression for the rate,
R2, is given by

initial concentrations of enzyme and substrate,
respectively, and t is the reaction time. There­
fore, the rate, RI, during this period is equal to

RI=(dXldt) =klk2[E]ot[S]o =Ga[S]o (2)

where Ga = k lk 2[ELt is a constant for a constant
time, t, temperature and a given enzyme concen­
tration. Under these conditions, RI is directly
proportional to the initial concentration of sub­
strate, and Ga is the proportionality constant. For
a mixture of n substrates reacting with a common
enzyme, the individual reaction rates of each
substrate are given by

(If lsl, is small as compared to K m .) Here R max
is the mcqimum attainable rate (k 2[E ]0), K m is
the Michaelis constant, and G b is a constant for a
given enzyme concentration equal to RmaxlKm.
Similarly, the individual rates of each substrate
are given by

R2,n = Gb,n[Sn]o + R2,n' (9)

For a binary mixture of substrates of concentra­
tions [SI]O and [S2]o, the over-all rate at time t l ,

during the induction period, will be equal to

RI = Ga,I[SIL + G b,I[S2]o+ Rl' (10)

and that at time t 2 , at steady state, will be equal
to

(7)

(8)

R2 = Ga,2[SI]o+ G b,2[S2]o +R2' (11)

The G terms for each substrate at each time
and the Rl' and R2' terms are obtained from
calibration curves using solutions of known con­
centrations of the individual substrates. Here the
individual substrates are assumed to obey Eqs. 2
and 6, and the formation of the common product
is assumed to obey an additive relationship. For

R2,1 = Gb,I[SIL + R2,1'

R2,2 = G b.2[S2L + R2,2'

(6)

(3)

(4)

R2 = (Rmax[S]o)/( «; + [S]o)

:::: Rmax[S]oIKm= Gb[S]o

RI,1 = Ga,I[SIL + RI,I'

RI,2 = Ga,2[S2]o + RI,2'

R2
............ .-.-

0.08

0.07

Q)
u
fii 0.06-e
5l
.0
<r:

005

0.04

o t1 10 20 30 t2 40 50 60 70

Time (sec)

Fig. 1. Conceptual representation of two-rate kinetic method.
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( 510 nm filter)

each sample, R1 and R2 are then obtained and
Eqs. 10 and 11 are solved simultaneously for [Silo
and [Szlo. The conceptual representation of this
method is shown in Fig. 1.

3. Experimental

ml/min

0.46

w
w

----i ~

3.1. Reagents

All solutions were prepared in distilled, deion­
ized water. Analytical-reagent grade chemicals
were used. Stock solutions (0.01 M) of the L-amino
acids were prepared by dissolving appropriate
amounts of the compounds (Sigma) in water.
Standard solutions were prepared from the stock
solutions by dilution with 0.1 M phosphate buffer
(pH 7.1) as needed. These calibration solutions
were prepared just before use because of their
tendency to decompose at room temperature. The
composite enzyme reagent consisted of 5 ml of
4.8 mM 4-aminoantipyrine (Sigma), AAP, 5 ml of
10.7 mM 3,5-dichoro-2-hydroxyphenyl sulfonic
acid (Sigma), DCPS, 0.01 M potassium chloride,
about 16 mg of horseradish peroxidase (Sigma,
Type II), 20 mg of i.-amino acid oxidase (Sigma,
Type 0, and 40 ml of 0.1 M phosphate buffer
mixed together in an amber bottle just before
use.

3.2. Apparatus

The basic stopped-flow/ ASCF components,
shown in Fig. 2, were similar to those used for
determining glucose [17]. A short (2 em) reactor
coil was employed to minimize the residence time,
to provide mixing of solutions, and to allow as
many data points to be collected during the tran­
sient phase as possible. Programs written in BASiC
were used for data acquisition and analysis.

3.3. Procedures

Reactivity of i-amino acids
For investigating the reactivity of the amino

acids, the appropriate L-amino acid solution,

Pump

Fig. 2. Instrumentation for ASCF jstopped-flow system. A =
Air, S = samples, ER = composite enzyme reagent, DB =

debubbler, FC = flowcell, MC = microcomputer, W = waste.

composite enzyme reagents and air were aspi­
rated manually through the pump into the mani­
fold. The absorbance of the flow stream was
monitored by continuously drawing a portion of
the stream down through the flowcell while the
air bubbles and a small amount of liquid passed
into a waste container. For kinetic measurements,
the stream was halted by turning off the pump
manually for about 2 min after the absorbance of
the products reached the plateau. The ab­
sorbance-time responses were recorded for each
L-amino acid solution. At the end of the measure­
ments, sample solution was washed out of the
system with phosphate buffer solution. The reac­
tions occurred at ambient temperature (- 22°C).

Simultaneous determination of binary mixtures of
L-amino acids

For these determinations, the calibration solu­
tions and the binary mixtures of L-amino acids
were introduced with the composite enzyme
reagent. The absorbance-time responses were
collected at a sampling rate of 0.3 s/data point
for 1 min just after the absorbance plateau was
reached. The rates of change of absorbance dur­
ing the transient and steady state phases were
observed and calculated with a least-squares lin­
ear regression procedure. These rates were then
used to obtain the equations of the linear calibra­
tion curves from four standards in the range
0.8-2.0 X 10- 4 M for L-phenylalanine (i-Phe) and
1.0-5.0 X 10-4 M for i.-tryptophan (i.-Trp), L­
methionine (i-Met) and L-Ieucine (i-Leu), Tripli­
cate results were obtained for each sample.
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0.10

Thermal effect
The influence of temperature on the reactions

analyzed here was studied by a conventional
spectrophotometric method in which 2 ml of the
i.-amino acid solution were placed in a standard
l-cm cuvette. This was followed by the addition
of 0.5 ml of the composite enzyme reagent. Data
acquisition began about 5 s after the reagents
were mixed and the cell was secured in the spec­
trophotometer. Absorbance values were obtained
at 510 nm for 1 min. All solutions and the cell
compartment were thermostated at 23 and 28°C.
The reaction rates of each L-amino acid were
measured and compared at the two different tem­
peratures.

4. ReSl,lt" anti tli"....""inn

4.1. Rei

L-Al
acids; 1
icant I

zymes I

conditn
tivity a
a set (
alanine

0.30 r-----.--....--r-...--,.....----.-......,..-........----,

0.25

0.20

w
o
z«CO 0.15
a::
o
rJ)
CO«

0.05

Table 2
Results (

Concenti

Added

[Met] [LeU] LIVltilJ

2.5 2.5 2.40
4.0 1.0 3.83
3.0 2.0 2.83
2.0 3.0 2.12
1.0 4.0 1.24

lLCUJ LIVJClJ

2.64 -4.0
1.22 -4.2
2.22 - 5.7
2.84 6.0
3.68 24

lltiUJ LJ.n~lJ L1....NUJ LJ.\".lt;;LJ LL.~UJ LInt'''J LICUJ

5.6 2.5 2.5 2.31 2.77 -7.6 10.8
22 4.0 1.0 3.84 1.22 -4.0 22
11 3.0 2.0 2.82 2.26 -6.0 13

-5.3 2.0 3.0 1.88 3.18 -6.0 6.0
-8.0 1.0 4.0 0.90 4.13 -10 3.2

Concentrations of amino acids, X 104 M

Added Found %Rel. error

[Met] [Phe] [Met] [Phe] [Met] [Phe]

2.5 2.0 2.52 1.98 0.8 -1.0
1.5 2.8 1.71 2.97 14 6.1
2.0 2.4 2.04 2.37 2.0 -1.3
3.0 1.6 3.07 1.58 2.3 -1.3
4.0 0.8 3.68 0.95 -5.0 -5.0
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Fig. 4. Effect of temperature on i-amino acid oxidase response.
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in absorbance after the flow was stopped. L­
Arginine, L-histidine, L-Iysine, L-valine and L­
threonine gave no significant absorbance change
during a 2 min interval.

4.2. Simultaneous i-amino acid determinations of
binary mixtures

Three different combinations of binary mix­
tures of L-amino acids were chosen to demon­
strate the capabilities of the proposed method.
Calibration curves for each t-amino acid were
plotted from rates corresponding to the transient
and the steady state phases for the standard
solutions. About 45 points during the transient
phase were used in the linear regression analysis
to determine Rl. The magnitude and precision of
the rates measured increased with the number of
points used. The difference in rates between the
two phases as indicated in Fig. 1 and as reported
elsewhere [17] becomes indistinguishable as the
number of points averaged gets large. The same
number of points was used to determine R2
during the steady-state phase. Table 1 shows the
regression equations for the standard solutions
employed. The same procedures were applied for
obtaining R1 and R2 with the binary unknown
mixtures. The results of the analysis of these
"unknown" mixtures in certain ratios, calculated
from these equations, are given in Table 2. Ex­
cept in two cases, relative errors are less than
10%. In this work, the background rates were
always equal to Rl' + R2' and remained constant
throughout. However, errors can arise due to the
intrinsic characteristics of the chemical systems,
fluctuations in temperature, instability of the de­
tector signals, and imperfect choice of the ac­
quired data points. If the substrate concentra­
tions are too low or out of the dynamic ranges of
the detection system, accurate rate measurements
are not possible. This could limit the scope of the
proposed method.

4.3. Effect of temperature

The effect of a change in temperature on the
response curves is shown in Fig. 4. The ratio of
the rates at the two temperatures is 0.65, 0.54,

0.65, and 0.57 for L-LeU, r.-Met, i.-Try, and L-Phe,
respectively. A 5°C temperature increase thus
causes a greater than 50% change in rate. These
results are in a good agreement with those given
by Guilbault and Labrano [27]. Hence, tempera­
ture should be carefully controlled in a kinetic­
based determination. Fluctuations in room tem­
perature in the studies reported here were no
more than a few tenths of a degree which yielded
only small errors.

5. Conclusion

The accuracy obtained here is similar to that
obtained by Betteridge and Fields [9] and Fer­
nandez et al. [10] in the resolution of the two­
component mixtures by kinetic-based flow injec­
tion methods. The measurements here are based
on a single reaction, however, which makes simul­
taneous determination simple, inexpensive, and
rapid. The sample throughput is about 30 h -1.
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Although sampling errors
inevitably lead to analytical
errors, the importance of
sampling is often over­
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of this book is to enable the
reader to identify every
possible source of sampling
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30-year experience as an
international consultant.
The book also contains
useful source material for
short courses in Industry.

ELSEVIER
SCIENCE

Contents:
Foreword. First Part:
General Introduction.
Second Part: Hetero­
geneity. Third Part: General
Analysis of the Concept of
Sampling. Fourth Part:
Achievement of Sampling
Correctness. Fifth Part:
One-Dimensional Sampling
Model. Sixth Part:
Zero-Dimensional Sampling
Model. Seventh Part:
Sampling by Splitting. Ninth
Part: Sampling for
Commercial Purposes:
Specific Problems. Tenth
Part: Homogenizing. Useful
References. Index.

1992 xxx +654 pages
Price: Ofl. 425.00 I US$ 243.00
ISBN 0-444·89601·5
ORDER INFORMATION
For USA and Canada
ELSEVIER SCIENCE

Judy Weislogel
P.O. Box 945
Madison Square Station,
New York, NY 10160-0757
Tel: (212) 989 5800
Fax: (212) 6333880
In all other countries
ELSEVIER SCIENCE

P.O. Box 211
1000 AE Amsterdam
The Netherlands
Tel: (+31-20) 5803 753
Fax: (+31-20) 5803 705
US$pricesare validonlyfor theUSA&
Canadaandare subject10 exchange fluctu­
ations;in all othercountries theDutch
guilderprice(DlI.)isdefinitive. Booksare
sentpostfree if prepaid.

711/414\143\OOO1.()()



PUBLICATION SCHEDULEFOR 1994

J F M A M J J A S 0 N D

Anal. 284/3 286/1 28711-2 288/3 289/3 291/1-2 292/3 294/1 29511-2 296/2 297/3 298/3
Chim. 285/1-2 286/2 287/3 289/1 290/1-2 291/3 293/1-2 294/2 295/3 296/3 298/1 299/1
Acta 285/3 286/3 288/1-2 289/2 290/3 292/1-2 293/3 294/3 296/1 29711-2 298/2 299/2

Vib. 6/2 6/3 7/1 7/2 7/3 8/1
Spec.

INFORMATION FOR AUTHORS

Detailed "Instructions to Authors" for Analytica Chimica Acta was published in Volume 289, No.3, pp. 381-384. Free reprints
of the "Instructions to Authors" of Analytica Chimica Acta and Vibrational Spectroscopy are available from the Editors or from:
Elsevier Science B.V., P.O. Box 330,1000 AH Amsterdam, The Netherlands. Telefax: (+31-20) 5862459.
Manuscripts. The language of the journal is English. English linguistic improvement is provided as part of the normal editorial
processing. Authors should submit three copies of the manuscript in clear double-spaced typing on one side of the paper only.
Vibrational Spectroscopy also accepts papers in English only.
Rapid publication letters. Letters are short papers that describe innovative research. Criteria for letters are novelty, quality,
significance, urgency and brevity. Submission data: max. of 2 printed pages (incl. Figs., Tables, Abstr., Refs.); short abstract
(e.g.,3 lines); no proofs will be sent to the authors; submission on floppy disc; no revision will be possible.
Abstract. All papers, reviews and letters begin with an Abstract (50-250 words) which should comprise a factual account of the
contents of the paper, with emphasis on new information.
Figures. Figures should be suitable for direct reproduction and as rich in contrast as possible. One original (or sharp glossy
print) and two photostat (or other) copies are required. Attention should be given to line thickness, lettering (which should be
kept to a minimum) and spacing on axes of graphs, to ensure suitability for reduction in size on printing. Axes of a graph should
be clearly labelled, along the axes, outside the graph itself.
All figures should be numbered with Arabic numerals, and require descriptive legends which should be typed on a separate
sheet of paper. Simple straight-line graphs are not acceptable, because they can readily be described in the text by means of an
equation or a sentence. Claims of linearity should be supported by regression data that include slope, intercept, standard devia­
tions of the slope and intercept, standard error and the number of data points; correlation coefficients are optional.
Photographs should be glossy prints and be as rich in contrast as possible; colour photographs cannot be accepted. Line dia­
grams are generally preferred to photographs of equipment. Computer outputs for reproduction as figures must be good quality
onblankpaper, and should preferably be submitted as glossy prints.
Nomenclature, abbreviations and symbols. In general, the recommendations of IUPAC should be followed, and attention
should be given to the recommendations of the Analytical Chemistry Division in the journal Pure and Applied Chemistry (see
also IUPAC Compendium of Analytical Nomenclature, Definitive Rules, 1987).
References. The references should be collected at the end of the paper, numbered in the order of their appearance in the text
(notalphabetically) and typed on a separate sheet.
Reprints. Fifty reprints will be supplied free of charge. Additional reprints (minimum 100) can be ordered. An order form contain­
ingpricequotations will be sent to the authors together with the proofs of their article.
Papers dealing with vibrational spectroscopy should be sent to: Dr J.G. Grasselli, 150 Greentree Road, Chagrin Falls,
OH 44022, U.S.A. Telefax: (+1-216) 2473360 (Americas, Canada, Australia and New Zealand) or Dr J.H. van der Maas,
Department of Analytical Molecular Spectrometry, Faculty of Chemistry, University of Utrecht, P.O. Box 80083, 3508 TB Utrecht,
The Netherlands.Teletax: (+31-30) 518219 (all other countries).

©1994,ELSEVIER SCIENCE B.V. All rights reserved. 0003-2670/94/$07.00

No part of this publication may be reproduced, stored in a retrievai system or transmit1ed in any form or by any means, electronic, mechanical, photocopying, recording
or otherwise, without the prior writ1en permission of the publisher, Elsevier Science B.V., Copyright and Permissions Dept., P.O. Box 521, 1000 AM Amsterdam,
TheNetherlands.
Uponacceptance of an article by the journal, the author(s) will be asked to transfer copyright of the article to the publisher. The transfer will ensure the widest possible dis­
semination of information.
Specialregulations for readers in the U.S.A.-This journal has been registered with the Copyright Clearance Center, Inc. Consent is given for copying of articles for per­
sonalor internal use, or for the personal use of specific clients. This consent is given on the condition that the copier pays through the Center the per-copy fee stated in the
code on the first page of each article for copying beyond that permit1ed by Sections 107 or 108 of the US Copyright Law. The appropriate fee should be forwarded with a
copyof the first page of the article to the Copyright Clearance Center, Inc., 222 Rosewood Drive, Danvers, MA 01923, U.S.A. If no code appears in an article, the author
has not given broad consent to copy and permission to copy must be obtained directly from the author. The fee indicated on the first page of an article in this issue will
apply retroactively to all articles published in the journal, regardless of the year of publication. This consent does not extend to other kinds of copying, such as for general
distribution, resale, advertising and promotion purposes, or for creating new collective works. Special writ1en permission must be obtained from the publisher for such copy­
ing.
No responsibility is assumed by the publisher for any injury and/or damage to persons or property as a matter of products liability, negligence or otherwise, or from any use
or operationof any methods, products, instructions or ideas contained in the material herein.
Anhough all advertising material is expected to conform to ethical (medical) standards, inclusion in this publication does not constitute a guarantee or endorsement of the
qualityor value of such product or of the claims made of it by its manufacturer.

e The paper used in this publication meets the requirements of ANSIINISO 239.48-1992 (Permanence of Paper).

PRINTEDIN THE NETHERLANDS



Essential Reading...from Wiley
Inorganic Trace Analysis
Philosophy and Practice
A.G. HOWARD, and P.J. STATHAM, both at the
University ofSouthampton, UK
This self-contained volume ontrace analysis
provides the reader with sometimes difficult
to locate data and information. The work
out-lines the practices often missed out in
technical reports, for example the
diagnosis of problems arising in trace
analysis.
Whilst primarily directed towards the

analyst, the philosophies, handling tech­
.' niques, purification methods and information on materials

which are contained in this book will also be of use of workers in other
disciplines susceptible tocontamination.
The authors have wrillen a text that will not date rapidly, butwill stimulate
others topush forward the frontiers oftrace analysis.
CONTENTS: Introduction; The Working Environment; Laboratory
Materials; Storage; Reagents; The Water Supply; Working Practices;
Trouble Shooting
0471941441 194pp 1993 £39.95/$63.95

Chromatography for Inorganic Chemistry
M. LEDERER, University ofLausanne, Switzerland
Our knowledge of inorganic chemistry is based in part on the use of
chromatographic and electrophoretic methods over the last 50 years.
Chromatography in Inorganic Chemistry provides a comprehensive
account.of toe techniques. Extensive use ofexamples can befound inthe
book, which also gives the reader an insight into thesolution chemistry of
inorganic compounds and the species which exist inaqueous solution.
CONTENTS: Historical Introduction; Solvent Extraction and History of
Partition Chromatography; Paper Chromatography and Thin Layer
Chromatography; Electrophoresis; Gel Filtration; Ion Exchange; HPLC; Ion
Chromatography; Gas Chromatography; Separation of Isotopes;
Separation of Optical Isomers; Solution Chemistry of Some Elements:
Boron, Condensed Phosphates, Sulphur, Halogen Acids, Rhenium and
Technetium, Ruthenium, Rhodium, The Rare Earths, Chromatography at
Tracer Levels.
0471942855 230pp 1994 £39.951$63.95

Air Monitoring by
Spectroscopic Techniques
Edited byMW.SIGRIST, Institute ofQuantum Electronics, S>yitzerland

Leading experts discuss various modern spectroscopic techniques for
monitoring airpollution, and show.how they can beappiied to tracing and
analyzing gas detection. Df!>cusses the characteristics, advantages and
future aspects of the current spectroscopic techniques used in
environmental analysis. Focuses onmodern methods, inclUding state-of­
the-art information and data - both laser and non-laser based - that offer
advantages forairpollution and gas monitoring.

CONTENTS INCLUDE: Introduction to the subject of airpollution and the
general problem of environmental sensing; Differential Optical Absorption
Spectroscopy (DOAS); Light Detection and Ranging (L1DAR); Photo­
acoustic Spectroscopy (PAS); Tunable Diode Laser Spectroscopy (TDLS);
Fourier Transform Infrared Spectroscopy (FTIR)

Series: Chemical Analysis: A Series 01 Monographs on
Analytical Chemislry anditsApplicalions
0471558753 560pp Igg4 £66.001$91.95

Chemical Analysis by
Nuclear Methods
Z.B. ALFASSI, Ben Gurian University, Beer Sheva, Israel

A wide range of nuclear methods are used in
chemical analysis. This volume presents the
most comprehensive survey available of the
most important ofthese methods.

This work differs from other texts in the
field bybeing sub-divided according to the
types of nuclear particles used, rather
than according to applications. The first
chapter gives the physical background for
all nuclear methods and applications. The subsequent
chapters detail the use ofneutrons, charged particles and radio-isotopes il
chemical analysis. T~e chapters are divided into a number of sections
each of which has been wrillen by an acknowledged expert in thl
particular analytical method being considered.

Chemical analysis by nuclear methods is written essentially for ne~

researchers to the field, and includes all the necessary background ir
nuclear physics and OOllltliitry. It will also beof interest toboth materiall
scientists and engineers, and to biologists.

CONTENTS: Basic Background in Nuclear Physics and Chemistry
Elemental Analysis with Neutron Sources; Elemental Analysis with Particle
Accelerators; Use of Radioactive (Alpha, Beta and Gamma) Sources; USE
of Radio Tracers

0471938343 576pp 1994 £90.00/$144.00

Biological Mass Spectrometry
Present and Future
Edited by T. MATSUO, Osaka University, Japan, R. CAPRIOLI, University of Texas Medical
School, USA, M.GROSS, University 01 Nebraska atLincoln, USA andY.SEYAMA, University of
Tokyo, Japan

During the 1990's rapid advances have been made inthe field ofBiological
Mass Spectrometry, highlighted by the introduction of new techniques
such as Electrospray Ionization (ESI) and Matrix-Assisted Lastl
Desorption (MALD). '

This volume will be an essential reference work for researchers using
mass spectrometry in biochemistry, protein chemistry, pharmacology.
molecular biology and analy1ical chemistry, supplying anoverview ofthl&
versatile analytical method. Biological Mass Spectrometry - Present and
Future is a thorough work, presenting both the most recent applications,
and the expected developments inthis rapidly expanding field. '

CONTENTS: Introduction toModern Biological Mass Spectrometry; New,
Instrumentation and Methodologies: Part A: Ionization; Part B: Mass
Analysis; Part C: Structure Methods; New Applications: Part A: Peptides
and Proteins; Part B:Oligosaccharides and Lipids; Part C: Nucleic Acids;
Part D: Xenobiotics and Metabolites; Part E: Envlronmental and
Endogenous ~iC Compounds; Part F:Analy1ical and Organic Chemistry.

0471938963 688p/ 1994 £120.001$192.00
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