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Use of X-ray Fluorescence Spectrometry for the Direct Multi-element
Analysis of Coal Powders

Bill C. Pearce, John W. F. Hill and Ian Kerry
British Coal Corporation, Scientific Services Laboratory Technical Department, Ashby Road, Stanhope
Bretby, Burton on Trent, Staffordshire DE15 000, UK

The evaluation of automated X-ray fluorescence (XRFj spectrometry for the elemental analysis of UK coals is
described. The XRF determination of chlorine is now used for coal pricing purposes and phosphorus levels
are reported routinely in order to monitor the quality of coal. The data on elemental composition which can be
generated rapidly by direct XRF analysis of pressed coal powders enable values of slagging and fouling
indices to be determined with acceptable accuracy. Such factors have wide application in industry for
predicting the combustion characteristics of coal, including slagging and fouling propensities. The relative
standard deviations for the elements chlorine, sulphur and phosphorus and the calculated slagging index and
fouling factor are less than 7%. The accuracy of the method when compared to standard reference coals is
acceptable with detection limits which range from 0.04 and 0.05% m/m for the major elements AI and Si,
respectively, 0.01 % m/m for minor elements and 0.002% m/m for the trace element phosphorus.

Keywords: Coal analysis; automated X-ray fluorescence analysis; slagging and fouling indices; chlorine and
phosphorus determination

The use of X-ray f1uorcscence (XRF) spectrometry for the
analysis of coal powdcrs is extremcly atlractive for thc
following rcasons. (i) It is a muhi-elemcnt technique; (ii) it
provides good sensitivity down to trace concentrations in coal;
(iii) only minimal and non-destructive sample preparation is
required; (iv) absorption is low because the matrix is basically
carbon; and (v) the technique is highly suitable for automation
and provides a high throughput of samples.

The increasing demands for improved efficiency for coal
analysis without loss of precision and accuracy have resulted in
investigations into instrumental methods as alternatives to
British Standard (BS) procedures. I The BS tests require
lengthy digestion procedures. for example the determination
of sulphur involves fusion of the coal with Na2C03 - MgO to
convert all of the sulphur into sulphate followed by gravi­
metric determination of the precipitated barium sulphate.
Such procedures take several hours per sample and arc very
labour intensive. Elemental composition is normally deter­
mined by first ashing the coal at 815°C and digesting the ash
either in hydrofluoric acid or sodium hydroxide. The solutions
arc then analysed by classical methods or by atomic absorption
and colorimetric techniques. (For a more detailed appraisal
sec reference I.)

The usc of XRF for coal analysis is not new and has been
utilised by British Coal for many years to determine ash
content.2.3 The methods. however. were only applicable to a
single source of coal and required frequent updating as the
coal matrix changed. The technique has been assessed by Kiss4
for the determination of sulphur, chlorine and other clements
in American brown coal. However. the concentrations re­
ported for sulphur and chlorine were very much lower than
those typically found in ~oal< mined in the UK. Kuhn and
Henderson' have reported a ,;uecessful wavelength dispersive
XRF system to determine some 21 minor and trace elements
in coal. Pearce" and Thorne et af.7 have described muhi­
element XRF analysis using muhi-variable regression proce­
dures for the automated analysis of coal. The use of XRF for
production and quality control monitoring in other fields is
already well established~·9 and its suitability for automation
aceepted W X-ray fluorescence analysis in metallurgical and
mineral analysis has been shown to be both precise and
accurate. I I

A problem with accurate quantitative XRF analysis is that
observed X-ray emission intensities must be corrected for
matrix effects that cause absorption or enhancement of the

X-ray signal. 12-14 Synthetic matrix-matched standards for coal
arc extremely difficult to produce. IS This is primarily due to
the great variation in the forms of bonding of the elements
found in coal. For example, sulphur can exist as pyrites,
organic sulphur bound to the coal substance and sulphates all
of which produce widely different X-ray emissions for the
same mass concentration. The proportions in coal of the three
forms are also extremely variable, hence, a calibration set
would require a wide range to cover all of the sulphur
compounds. The particle sizes of the mineral species present
are also variable and affect the intensity values obtained.

The use of a "fundamental parameters" approach to
calculate theoretical correction constants '6 is complex and
would require extensive chemical analysis and computation of
data. Therefore, in order to establish accurate XRF analysis of
powders, particle size effects 17- 19 and mineralogical
effects '2.2f1 need to be considered. Alternatively, some
workers,21.22' have suggested the use of thin films for coal
analysis using XRF techniques in order to avoid complications
with matrix effects. The current daily determinations required
on coal samples supplied to the National Laboratory of the
British Cmil Corporation at Bretby are in excess of 5000. The
use of automated XRF spectrometry for the accurate deter­
mination of chlorine, phosphorus and elements used to
calculate coal combustion parameters23 .24 is described in this
paper. The results have been validated using certified refer­
ence materials and comparison with coals analysed by British
Standard methods l and currently accepted standard methods.

Experimental

Apparatus

The following apparatus was used: an Applied Research
Laboratories (ARL) Model 72000S simultaneous, vacuum
X-ray fluorescence spectrometer fitted with a 3-kW rhodium
anode end-window tube, controlled by a DEC PDP 11-03
computer; a microprocessor-controlled scanner covering the
wavelength range 0.085-D.72 nm; and monochromators for
the elements carbon, sodium, magnesium, aluminium, silicon,
phosphorus. sulphur, chlorine, pota~sium, calcium, titanium,
manganese, iron and rhodium. The detector flow gases used
were: 90% argon· 10% methane for sodium and 21% carbon
dioxide - 79% helium for carbon, other detectors sealed. A 36-
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sample autochanger with a sample rotation facility to take
steel sample rings with a 4O-mmi%uide diameter, 35-mm
internal diameter and 14-mm de h [Fisons Instruments,
Applied Research Laboratories ARL), Crawley, Sussex,
UK]; mains voltage stabiliser, 220 V, 42 A (Watford Control
Instruments, Watford, UK); a recirculating water cooler,
Model IC20 (Floweool Systems, Somereotes, Derbyshire,
UK); a pclletising press and tool for the abovc steel rings,
Model HTP-40 (Herzog, OsnabrOck, FRG); a planetary ball
mill (Christison, Team Valley, Gateshead, UK); a Malvern
laser particle sizing instrument (Malvern Instruments, Mal­
vern Link, Malvern, Worcestershire, UK); and a top-pan
balance to weigh up to 20 ± 0.05 g were also used. The room
was air conditioned to 21 ± 2 0c.

Reagents

Lithium tetraborate flux (Spectroflux 1(0). (Johnson
Matthcy, Royston, Hertfordshirc, UK.)

AnalaR grade chemicals. (BDH, Poole, Dorset, UK.)

Sample Selection
There arc very few coals with certified elcmental concentra­
tions which can be used for calibration of the XRF spcc­
trometer. It was therefore necessary to select and analyse a
calibration set of coals. The ARL software used can accommo­
date up to 99 samples to produce calibration equations and
interference corrections. It was decided that a maximum
number of standards should be used where possible to cover
the wide range of elemental concentrations found in clean
coals of less than 5% mlm ash and coal blends used for
electricity generation which have up to 25% mlm ash content.

For the calibration of chlorine, 99 coals covering the
commercial outputs of the Nottinghamshire and Derbyshire
coalfields were initially chosen. A wider selection of 88 coals
from the Southern, Northern and Midland coalfields in the.
UK were selected for the remaining elements to give a broader
coal sample selection and wider rank range. The resulting
calibration algorithms were evaluated by analysing a further
99 coals of the Southern coalfields, National Institute of
Standards and Technology Standard Reference Material
(NIST SRM) 1632a Trace Elements in Coal (Bituminous) and
three Alpha Resources certified coals.

Sample Preparation

The coal samples were air-dried and ground to less than 212
I-'m. Air-dried coal is necessary as the inherent moisture
appears to act as a binding agent. In addition chlorine in coal is
volatile and thus could be lost in any forced drying process. A
portion of this air-dried coal (8 ± 0.05 g) was wcighed on the
top-pan balance. This was transferred into the steel sample

Table L Make up of beads for drift correction

Botlom standard
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ring and placed on the pressing tool of thc Herzog pelletising
press. The clean tool head was placcd in position and the coal
powder pclletised under a load of 16 tonnes for 25 s. The tool
head was polished to better than a 1 I-'m finish and re-polished
after every thousand pressings to maintain the smooth surface
of the pressed coal pellet.

Lithium tetraborate beads were prepared by fusion in the
accepted way using various additions of AnalaR grade
reagents to produce eight beads containing a low and a high
X-ray intensity for cach c1cment. These bcads were used to
adjust day to day spectromcter drift utilising a two-point
corrcction. Carbon was drift-correctcd using a perspex bottom
standard and a polythene top standard. The elcmental
constituents in each of the beads are given in Table I.

Instrument Conditions

The rhodium X-ray tube was operated at 50 kV, 40 rnA with
re-circulating water cooling to stabilise the X-ray output. The
counting time was regulated by an internal titanium target for
12 X 106 counts which gives approximately 35 s per analysis.
The spectrometer was thermostatically stabilised at 30.5 ±
0.5 °C and the instrument sited in an air conditioned room at
21 ± 2 0c. The above criteria arc necessary to maintain
accurate calibrations for long periods. i.e., to give maximum
routine analysis throughputs. The vacuum in the spcctrometer
was maintained at <100 I-'m of Hg with a sample pre-vacuum
of up to 100 I-'m of Hg.

The details of thc monochromator used for each c1emcnt
are given in Table 2. Two unusual monochromators are
required for sulphur and chlorine which usc an NaCi crystal in
prefcrence to the gcneral LiF crystal because it has bctter
reflectivity for sulphur and chlorine X-rays, particularly in
light element matrices. However, the chlorine background is
poorer duc to secondary emission from the crystal.

The carbon total reflection monochromator overcomes the
problem of detecting low energy X-rays by using a crystal that
allows some higher energy X-rays to be reflected which arc
eliminated using magnets. X-rays of lower energy than carbon
arc also reflected but these arc absorbed prior to the crystal by
a polypropylene film in the primary slit. Two further features
of this monochromator are the use of activated alumina to
improve the local vacuum. and He - CO2 flow gas rather than
the normal Ar - CH".

Calibration
The set of calibration coals were thoroughly analysed chemi­
cally by the following methods. Chlorine determination using
BS 1016' Esehka mixture fusion: sulphur determination with
the Leco SC132 sulphur analyser. The ash elements were
determined after hydrofluoric acid digestion of the coal ash
using inductively coupled plasma optical emission spec-

Top standard

Bead

A
B
C

D
E
F
G

H

Monochromators

C
Na,K
Mg. AI. P.Ca.
Ti.Fe

Si.S.C1
Rh

Compounds added

Perspex
Na,CO,. K,CO,
MgO.AI20,.
Ca3(PO"h. TiO, .
Fe,03
SiO, . K2SO".
LiCi

Monochromators

Rh
Si

Na,Mg
P,S
C
AI. K. Ca. Ti. Fe

CI

Compounds added

Na,CO". K,CO"
SiO,

Na,CO." MgO
Ca,(PO"h- K,SO,
Polythenc
Al,O,. K,SO"
Ca3(PO"h- TiO,.
FC20J

LiCI
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trometry (ICP-OES).25 The ash content was determined using
the incineration method of BS 1016.' The elemental composi­
tion of the coal can be calculated from the determined ash
analysis using the equation:

Element (%m1m) air-dried coal basis =
elemental oxide in the ash (%m1m) x

ash (%m1m) air-dried basis

100 x factor converting elemental oxide into element

Previous work" has shown that the amount of coal used to
press the pellet affected the X-ray intensity. For the range of
elements determined there was an increase of between
0.4 and 3% and for rhodium backscatter an increase of 30% in
the mass range 4-12 g. This increase was greatest up to 8 g with
a linear increase up to 12 g. This is because the lower X-ray
energies of the elements determined up to iron have an
effective layer thickness of < 1 mm. Hence an increase in
over-all thickness has a negligible effect on the intensities ot
these elements from 4 g upwards. However, rhodium K
backscatter radiation would be expected to increase up to its
effective layer thickness of approximately 10 mm in a
carbon-based matrix. This is greater than the typical depth of
3 mm of an 8-g pellet.

As rhodium backscatter is used in the elemental correction
procedure, a constant mass for the coal pellet is essential. A
mass of 8 g was selected because at this mass the backscatter
change becomes linear and in practice 8 g of coal are as much
as can be transferred accurately into the steel ring. The sample
rotation facility was used for the bead standard analysis to
overcome inhomogeneity problems produced by the fusion
procedure. However, it was found unnecessary for this to be
used for coal samples because they gave virtually identical
intensities irrespective of whether they were rotated. The
coals were therefore analysed without rotation.

The sets of calibration coals were pelletised and the
spectrometer was drift-corrected using the bead standards.
The coals were then analysed twice consecutively and the
average intensities for each element stored in a regression file.
Nominal concentrations for the above coals were then
matched with the stored intensities. From these data the
calibration was performed using the Multi-Variable Regres­
sion (MVR) program provided by the manufacturer which
allows for various mathematical correction models and
polynomials to be assessed. The model used was the Lucas­
Tooth - Pyne intensity mode126 illustrated simply below.

Ca = (Ao + A,Ia + A 2Ia2)(1 + K;li + L;li2)

where Ca = the concentration of the element affected; I a =
intensity of the element affected; A o, A" A 2 = the coefficients

Table 2. Monochromator details

SEE,% m/m
0.012
0.016
0.109
0.133
0.003
0.072
Om8
0.024
0.022
0.006
0.056
0.61

Interfering element

Si
Si
Fe. Rh backscatter
AI,Ca
Si
Mg, Ca, Fe. Rh backscatter
Si
AI. Rh backscatter
Mg. Rh backscatter
Si
Rh backscatter
C. K, Ca, Fe. Rh backscatter

Na
Mg ..
AI
Si
P
S
CI
K
Ca
Ti
Fe
(Ash)

Element

of the polynomial calibration graph; Ii = intensity of interfer­
ing elements; and K" L, = the coefficients of the polynomial
for interfering elements. The effect of interfering elements
was calculated from the MVR software using a selection of
elements which included silicon or rhodium backscatter
intensity. These elements generally give good absorption
corrections as they reflect the ash content of the coal.
Mineralogical effects in coal were also corrected, e.g., iron
and sulphur in pyrites, and calcium and sulphur in gypsum.

The cal ibn lion was initially assessed using a calculated
standard error of the estimate (SEE) of the differences
between nominal and calculated values using the equation:

SEE = j(cN - cc)

"V n-2
where CN = the nominal concentration of the element; Cc = the
calculated concentration of the element; and n = the number
of samples. The interfering elements used are listed in Table 3.
The calibration and correction equations were stored in the
coal analysis program file together with the necessary data for
drift corrections. Several other coal combustion parameters
can be derived from the XRF ,,:~. ~iental analysis such as
slagging and fouling propensities.23 'j ,'ese are discussed in
more detail below.

Ash content is broadly proportional to silicon concentration
and a regression of silicon counts versus nominal ash content
was evaluated. The base: acid ratio is the ratio of basic to
acidic oxides in the ash.

. . Fez03 + CaO + Na20 + MgO + K20
Base: aCid ralio = '0 I 0 T'O

51 Z + A 2 3 + I z

This gives an indication of the potential melting-point of coal
ash on combustion particularly in the secondary superheater
and economiser tubes. Such fouling deposits impede gas flows
and dramatically reduce efficiency and are related according
to the equation:

Fouling factor = base: acid ratio x NazO (% m1m) in the ash.

The base: acid ratio is also useful for determining the slagging
characteristics of ash material. Such material is difficult to
remove from the combustion zone of the boiler and its

Table 3. Calibration graphs listing interfering elements (SEE
standard error of the estimate)

Table 4. Mean size of coal during grinding in a planetary ball mill

Mean particle size/j.lm

Grinding Coal Coal Coal Coal Coal
time/min GI G2 G3 G4 G5

0 38 57 59 62 55
5 26 36 32 31 33

10 22 27 24 28 29
15 19 24 22 24 28
20 19 22 20 22 28
30 18 20 18 21 28
60 20 20 18 23 28

0.08~.350

0.18().4).720

Wavclcngth/nm
4.4
1.1909
0.9889
0.8339
0.7126
0.6155
0.5373
0.4729
0.3742
0.3360
0.2750
0.1937

X-ray line
K
K
K
K
K
K
K
K
K
K
K
K

Compton K

CrystalElement

C -'
Na.. TIAPt
Mg.. ADPt
AI PET§
Si PET
P PET
S NaCI
CI NaCi
K LiF20fl
Ca LiF200

Ti .. LiF200
Fe .. LiF200
Rh . LiFz(J()
Scanner LiF200
Scanner PET

* Total reflection monochromator.
t Thallium hydrogen phthalate.
t Ammonium dihydrogen phosphate.
§ Pentacrythritol.
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Fig. 1. Mean particle size of coals GI-G5, ground for between 5 and
60 min in a planetary ball mill

was determined by laser diffraction. The results are given in
Table 4 and the mean size is plotted in Fig. 1. They show that
the particle size reaches a minimum after about 20 min of
grinding. The values obtained were between 18 and 28 ftm.
Further reduction in size is prevented by "plating" (one
particle coalescing with another) of coal particles. In fact
grinding for long periods (a few hours) begins to produce an
increase in particle size because of this effect.

The ground coals were pressed and their intensities
measured. A typical graph of intensity versus grinding time is
shown in Fig. 2. This shows an increase of up to 30% for
silicon, 10-20% for the other ash elements, a slight decrease
followed by a small increase for sulphur and a 10% decrease in
chlorine intensity. Fig. 2 also shows that the intensities were
constant after about 40 min of grinding which is twice the time
necessary to achieve an apparent minimum particle size. This
suggests coal minerals are still being ground to a smaller
particle size after 20 min but that "plating" of discrete coal
particles may be occurring.

A plausible explanation for the reduction in sulphur and
chlorine intensities after prolonged grinding might be loss of
the volatile components of these elements. However, great
care was taken in grinding to eliminate "hot-spots" and BS
1016 Eschka analysis of the ground coals before and after
grinding confirmed no loss of these elements. The reduction in
intensity for sulphur and chlorine is more likely to be
explained by increased absorption as a result of a reduction in
particle size of minerals present in coal, e.g., iron pyrites and
marcasite.

This study proved that the XRF intensity is particle size
dependent. The effect of particle size was evaluated by
grinding 10 g of the calibration set (99 samples) for 20 min and
then an 8-g portion was pressed. The coals were used for
calibration and compared with the SEE for the 99 unground
coals. The results are given in Table 5. Silicon, aluminium and
calcium show a significant improvement whereas the other
elements show only a marginal improvement. This indicates
that ground coals would give better results for the determina­
tion of silicon, aluminium and calcium. However, the time
involved to fine grind and clean out the mill after each sample
does not allow for rapid analysis of large numbers of samples.
Therefore, the use of such grinding procedures has not been
justified.

The rhodium Compton backscatter is affected by the
thickness of the pellet which decreases very slightly when the
coal is finely ground because of increased packing density.
However, the SEEs of elements, using rhodium as an
interfering element, do not all improve significantly, suggest­
ing this is not an important factor in the fine grinding of coals.

CI

Si
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Particle Size Effects

It has been established that particle size has a considerable
effect on X-ray intensity. 17-19 To determine the magnitude of
the effect, five coals were ground in duplicate for up to 1 h in a
planetary ball mill. The resulting mean particle size of the coal

70,-----------------------,

20

accumulation provides an insulating layer preventing efficient
heat exchange taking place:

Slagging index = base: acid ratio x sulphur content of coal
(% mlm) (dry basis)

E
"-

Q;
.~ 50
<Il

Q)

U
'f 40

'"c.
c
:ll 30
~

o 5 10 15 2025 30 35 40 45 50 55 60 65
Grinding time (tl/min

Fig. 2. Ratio of intensities for coal G4, ground in a planetary ball
mill for between 5 and 60 min, to unground coal

Table 5. Comparison of SEEs for ground and, planetary ball mill,
finely ground coals

SEE, -Yo mlm

Ground Finely
Element coal ground coal

Na .. 0.013 0.012
Mg .. 0.016 0.014
AI 0.109 0.085
Si 0.133 0.116
P 0.003 0.002
S 0.072 0.070
Cl 0.018 0.019
K 0.024 0.022
Ca .. 0.022 0.016
Ti 0.006 0.006
Fe .. 0.056 0.054

Precision and Accuracy of XRF Method

The precision of the XRF method for determining chlorine,
sulphur, phosphorus and rhodium backscatter is given in
Table 6. These results indicate a mean relative standard
deviation (RSD) of 0.31 % for chlorine, 0.20% for sulphur,
3.7% for phosphorus and 0.88% for rhodium backscatter.
Table 7 indicates the precision of the XRF method for the
determination of ash, the silica ratio, base: acid ratio, slagging
index and fouling factor. The RSDs for all these parameters
are less than 6%, the lowest being for the silica ratio (0.4%)
and highest for the fouling factor (5.5%).

The accuracy of the method for elemental analysis was
evaluated by comparison with certified reference materials
(Table 8) and also by comparison with lCP-OES, Leco and BS
1016 elemental analysis (Table 9). Scatter diagrams of
chlorine and phosphorus determinations versus accepted
values are given in Figs. 3 and 4. The XRF results presented
indicate, that with the exception of sodium, there is excellent
agreement with certified reference values and analyses of coal
using currently accepted methods of elemental analysis
(including BS 10161 methods).
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Table 6. Reproducibility of analysing ten different pellets for two selected coals X and Y

Silicon-based ash,
Chlorine, % mlm Sulphur, % mlm Phosphorus, % mlm %mlm

Pellet No. X Y X Y X Y X Y

1 0.193 0.302 2.110 1.464 0.0601 0.0041 18.272 2.867
2 0.193 0.301 2.115 1.460 6.0598 0.0042 18.209 2.916
3 0.193 0.300 2.109 1.458 0.0602 0.0039 18.123 2.867
4 0.193 0.299 2.116 1.457 0.0594 0.0038 18.155 2.822
5 0.192 0.299 2.110 1.455 0.0591 0.0035 18.172 2.852
6 0.192 0.300 2.121 1.457 0.0592 0.0044 18.139 2.826
7 0.193 0.300 2.109 1.454 0.0603 0.0040 18.398 2.877
8 0.193 0.299 2.109 1.456 0.0597 0.0042 18.170 2.820
9 0.192 0.298 2.112 1.458 0.0601 0.0037 18.316 2.844

10 0.193 0.300 2.113 1.460 0.0594 0.0040 18.445 2.810

Mean 0.1927 0.2998 2.1124 1.4579 0.05973 0.00398 18.240 2.850
SD 0.000483 0.00113 0.00395 0.00288 0.000437 0.000266 0.000483 0.0326
RSD,% .. 0.25 0.38 0.19 0.20 0.73 6.67 0.62 1.14
Chemical value- 0.18 0.29 2.41 1.52 0.060 0.003 19.13 2.86

- See reference I.

Table 7. Analysis of a typical coal sample to evaluate the precision of the method

Coal Ash, Silica Base: acid Siagging Fouling
pressing %mlm ratio ratio index factor

1 15.18 77.46 0.264 0.484 0.621
2 15.86 77.07 0.267 0.500 0.601
3 15.77 76.93 0.269 0.508 0.600
4 16.32 76.69 0.270 0.521 0.546
5 15.75 76.93 0.269 0.506 0.594
6 15.75 76.84 0.268 0.501 0.582
7 15.80 76.77 0.270 0.509 0.608
8 15.21 77.09 0.268 0.494 0.651
9 16.36 76.39 0.273 0.525 0.564

10 15.87 77.11 0.266 0.505 0.575

Mean 15.79 76.93 0.268 0.505 0.594
Range 15.18-16.36 76.39-77.46 0.264-0.273 0.484-0.525 0.546--{).651
SD 0.38 0.29 0.002 0.012 0.030
95% Confidence limit' .. 15.79 ± 0.76 76.93 ± 0.58 0.268 ± 0.004 0.505 ± 0.024 0.594 ± 0.060
RSD.% 2.4 0.4 0.7 2.4 5.5

Table 8. Comparison of XRF values with certified or reference values

Value,
Sample %mlm Na Mg AI Si P S CI K Ca Ti Fe (Ash)

NISTSRM 1632a Certified 0.08 0.10- 2.97- 5.9- 0.028- 1.62 0.08- 0.42 0.23 0.16- 1.11 NDt
(1.45)-

XRF 0.09 0.12 2.61 5.59 0.025 1.42 0.09 0.40 0.27 0.15 1.07 ND
0.09 0.12 2.61 5.61 0.025 1.42 0.09 0.41 0.27 0.15 1.08 ND
0.10 0.12 2.61 5.60 0.025 1.41 0.09 0.41 0.27 0.15 1.08 ND

MeanXRF 0.09 0.12 2.61 5.60 0.025 1.42 0.09 0.41 0.27 0.15 1.08 ND

Alpha 2753* .. Certified 0.01 0.04 1.07 1.96 0.014 ND ND 0.15 0.04 0.06 0.36 7.3
XRF 0.05 0.04 0.94 2.00 0.018 0.82 0.05 0.15 0.D7 0.06 0.34 6.7

0.05 0.04 0.94 2.00 0.018 0.82 0.05 0.15 0.07 0.06 0.34 6.6
0.04 0.04 0.94 2.01 0.D18 0.82 0.05 0.15 0.D7 0.06 0.34 6.6

MeanXRF 0.05 0.04 0.94 2.00 0.018 0.82 0.05 0.15 0.07 0.06 0.34 6.6

Alpha2757t .. Certified 0.05 0.08 1.34 3.14 0.004 ND ND 0.31 0.12 0.08 1.46 12.5
XRF 0.D7 0.11 1.42 3.12 0.010 2.79 0.04 0.32 0.16 0.07 .47 12.1

0.08 0.11 1.42 3.10 0.010 2.79 0.04 0.31 0.16 0.07 1.47 12.2
0.07 0.11 1.42 3.11 0.010. 2.79 0.04 0.32 0.16 0.07 1.48 12.3

MeanXRF 0.D7 0.11 1.42 3.11 0.010 2.79 0.04 0.32 0.16 0.07 1.47 12.2

Alpha275lt Certified 0.31 0.10 0.52 0.77 0.010 ND ND 0.03 0.60 0.03 0.30 5.2
XRF 0.20 0.13 0.43 0.49 0.012 0.51 0.03 0.01 0.70 0.03 0.31 4.1

0.20 0.13 0.43 0.49 0.012 0.49 0.03 0.01 0.67 0.03 0.29 4.0
0.20 0.13 0.43 0.49 0.012 0.49 0.03 0.01 0.66 0.03 0.29 3.9

MeanXRF 0.20 0.13 0.43 0.49 0.012 0.50 0.03 0.01 0.68 0.03 0.30 4.0

- Values determined by Gladney, see reference 27.
t ND = Not determined.
* Alpha Resources Inc., Stevensville, MI, USA.
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Table 9. Statistical summary of comparison of XRF coal analysis and ICP ash analysis, Leco sulphur elemental analysis and BS 1016 elemental
analysis

0.060.01 0.02 0.03 0.04 0.05
XRF value Dhosphorus, % m/m

Fig. 4. Scatter diagram for XRF determined phosphorus against ICP
values for 99 test coals

0.2 0.4 0.6 0.8
XRF value chlorine, % mlm

Fig. 3. Scatter diagram for XRF determined chlorine against BS
chlorine determination for 99 test coals .

Concentration (air·dried coal basis), % mlm

Na Mg AI Si P S CI' K Ca Ti Fe
Range. 0.03- <0.01- 0.52- 0.30- 0.002- 0.95- 0.08- 0.01- 0.07- 0.02- 0.26-

0.31 0.45 4.34 7.75 0.053 2.87 0.79 1.05 1.00 0.17 2.09
MeanXRF 0.128 0.134 1.648 2.813 0.Q18 1.617 0.332 0.317 0.329 0.066 1.064
Mean ICPand BS 1016 0.110 0.136 1.666 2.819 0.Q18 1.575 0.337 0.333 0.317 0.066 1.095
Average difference,

XRF-ICP;n =99 0.018 -0.002 -0.017 0.004 0.0005 0.041 -0.006 -0.016 0.011 <0.001 -0.032
Standard deviation of

difference 0.014 0.029 0.124 0.273 0.0046 0.118 0.Q18 0.029 0.028 0.013 0.092
95% Confidence limit .. ±0.028 ±0.058 ±0.248 ±0.546 ±0.0092 ±0.236 ±0.036 ±0.058 ±0.056 ±0.026 ±0.184

• BS 1016 Esehka determination on the coal.
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Table 10. Comparison of XRF coal analysis with BS ash content and derived ash parameters

Ash (air-dried basis), Silica Base: acid Slagging Fouling
%mJm ratio ratio index factor

Range 3.3-31.9 48.5-84.0 0.2()...().61 0.18-1.12 0.11-3.14
MeanXRF 12.540 70.770 0.334 0.538 0.681
Mean ICP and BSI016 12.299 70.474 0.334 0.558 0.647
Average difference,

XRF - ICP,n = 99 0.16 0.27 0.004 -0.015 0.039
Standard deviation of

difference 0.64 1.87 0.031 0.084 0.164
95% Confidence limit ±1.28 ±3.74 ±0.062 ±0.168 ±0.328

0.7 r---------------------,ro

Conclusions

X-ray fluorescence spectrometry has been applied successfully
to rapid elemental determinations of pressed coal powders. In
addition, XRF elemental analyses have been utilised success­
fully to calculate coal combustion parameters such as slagging

Table 10 shows the results for XRF determinations of ash,
silica ratio, base: acid ratio, slagging index and fouling factor.
The scatter diagram for base: acid ratio versus rep values is
given in Fig. 5. The values presented for 99 coal samples show
good agreement for all of the parameters with the exception of
the fouling factor. This can be largely attributed to the
inaccuracies in the XRF determination of sodium. The
detection limits for the elemental analysis of coal by XRF are
given in Table 11. This shows detection limits range from
'0.04 and 0.05% mlm for the major elements aluminium and
silicon, respectively, to 0.01% mlm for the minor elements
and 0.002% mlm for the trace element phosphorus.
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Fig. S. Scatter diagram for XRF determined base: acid ratio against
ICP values for 99 test coals
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Table II. Detection limits of elements for XRF coal analysis

1403

Element

Detection limit, % mlm

Na

0.01

Mg

om
AI

0.04

Si

0.05

P

0.002
S

0.01

CJ
0.01

K

0.01

Ca

om
Ti

0.01

Fe

0.01

and fouling indices. Such parameters are finding applications
by coal scientists for the efficient utilisation of coal in
combustion processes. The precision of the method for major,
minor and trace elements in coal is good. The RSDs obtained
being <7% in all instances. The accuracy of the method is
acceptable and has been established by the use of certified
reference coals and standard coals whose compositions have
been verified by an independent laboratory. The limits of
detection found range from 0.04 and 0.05% m1m for the major
elements aluminium and silicon, respectively, to 0.01% mlm
for the minor elements chlorine, magnesium, sodium, potas­
sium, calcium, iron and titanium and 0.002% m1m for the
trace element phosphorus.
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Rapid Acid Extraction of Bituminous Coal for the Determination of
Phosphorus

Kenneth W. Riley, Harry N. S. Schafer and Helen Orban
CSIRO Division of Coal and Energy Technology, P.O. Box 136, North Ryde, NSW 2113, Australia
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A rapid acid extraction method for the determination of phosphorus in coal is described. Coal is weighed into
polypropylene bottles, hydrofluoric and hydrochloric acids are added and the resulting mixture is heated in a
microwave oven. Boric acid is then added to complex the fluoride. Phosphorus is determined by
spectrophotometry, as the molybdovanadate complex, in an aliquot ofthe acid extract. This method is a rapid
alternative to the commonly used methods, which require the prior oxidation of coal. A comparison of results
for the analysis of 22 coals by this method and a standard method indicate that the proposed method is
accurate.

Keywords: Coal analysis; phosphorus determination; microwave oven digestion

A number of standard methods l - 3 are available for the
determination of phosphorus in coal. These methods require
the oxidation of coal, either in a furnace or with nitric and
sulphuric acids, before spectrophotometric measurement of
phosphorus as the reduced molybdophosphate complex.
Standard methods are also available for the determination of
phosphorus in coal ash. The ash is fused with lithium
tetraborate,4 digested with sulphuric, hydrofluoric and nitric
acids5 or decomposed with hydrochloric and hydrofluoric
acids in a bomb or sealed bottle;6 the phosphorus is then
determined as the molybdovanadate complex. The time
required for the determination of phosphorus in coal could be
significantly shortened if the lime consuming oxidation step
were to be avoided.

A rapid, alternative method, involving the use of a mixture
of hydrochloric and hydrofluoric acids to dissolve most of the
mineral matter in coal without oxidising the carbonaceous
matter, has been devised. The coal is heated with the acids in a
sealed polypropylene bottle in a microwave oven. Extraction
of phosphorus is complete in a matter of minutes. The
phosphorus in solution is subsequently determined by spectro­
photometry as the yellow phosphomolybdovanadate.

Experimental

The method used to determine the phosphorus in bituminous
coal samples is described below.

Acid Extraction

Sub-samples (1 g) of coal (crushed to ==212 J!m) were weighed
into autoclavable polypropylene bottles (Nalgene, 125 ml
capacity, Cat. No. 2006-0004). The total mass of each coal
sample plus bottle was noted. Concentrated hydrochloric acid
(1 ml) and hydrofluoric acid (40%, mlm) (4 ml) were added
and the bottles were sealed and shaken to wet the coal. Six
bottles at a time were placed in a sealed plastic container and
heated for 45 s at 500 W in a microwave oven, equipped with a
turn-table. This digestion time was established by trial and
error. Care must be taken to balance the loading of the oven
with the heating time and energy output to avoid overheating
and overpressurising the polypropylene bottles. The use of
microwave ovens for acid digestion, and the precautions to be
taken, have been discussed in the literature.7-9

The bottles were cooled, opened in a fume cupboard, and
40 ml of 4% (m/v) boric acid solution were added. The bottles
were again sealed, placed in the plastic container and heated
for a further 60 s. On cooling, the mass of solution was
adjusted to 100.0 g with distilled water. An aliquot of each

solution, free from suspended coal, was obtained by centrifu­
ging or by filtration through a dry filter-paper (Whatman No.
40). A reagent blank was submitted to the same procedure.

Calibration

A standard phosphorus solution (1 ml ,,0.1 mg of P) was
prepared by dissolving 0.2197 g of dried (at 110°C) potassium
dihydrogen phosphate in distilled water and adjusting the
volume to 500 ml. Calibration solutions were prepared by
transferring aliquots (2, 4 and 6 ml) of this standard solution
into polypropylene bottles, together with the amounts of
hydrochloric, hydrofluoric and boric acids used to extract the
coal. The mass of each calibration solution was adjusted to
100.0 g. A blank reference solution containing the acids was
prepared similarly.

Determination of Phosphorus

Aliquots (10 ml) of each of the reference, calibration, sample
and blank solutions were transferred into 25-ml calibrated
flasks. To each was added 5 ml of molybdovanadate solution6
[1 I of this solution was prepared by dissolving 1.25 g of
NH4V03 in 400 ml of dilute (1 + 1) nitric acid, then adding,
with stirring, 400 ml of a solution containing 50 g of
(N~)t;M07024.4H20 and diluting to volume). The com­
plexed solutions were diluted to 25 ml, and the molybdovana­
date complex was allowed to form for 10 min before the
absorbance of each was measured at 430 nm, in 40 mm cells,
against the complexed reference solution (blank). A Unicam
SP 500 Series 2 spectrophotometer was used. A calibration
graph was prepared by plotting absorbance versus the
phosphorus content of the calibration solutions, the concen­
trations of phosphorus in the sample solutions were read from
the graph, and the concentrations in the coal samples were
calculated.

Of the 22 co~s analysed by this method, only one produced
a yellow extrac~ before complexation. This is caused either by
Fe3+ or soluble organic matter and can, of course, cause an
error in the spectrophotometric measurement. This was
compensated for by taking a second aliquot of the uncom­
plexed acid extract, diluting to 25 ml and reading the
absorbance. This reading was used to correct for the apparent
concentration of phosphorus in that sample.

If the amount of phosphorus in a sample aliquot was greater
than that of the highest calibration solution, a smaller aliquot
was taken and the volume of this was adjusted to 10 ml with
the blank solution, before the addition of the molybdovana­
date.
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Table 1. Comparison of acid-extraction procedure with standard
method (results are expressed as percentage of P, dry basis)

Coal Acid extraction Standard method
A 0.002,0.001 0.002,0.002
B 0.005,0.005 0.004,0.004
C 0.076,0.079 0.078,0.079
D 0.151,0.158 0.155,0.152
E 0.584,0.611 0.587,0.574
ASCRM 009* 0.031,0.032 0.033,0.033

* Australian Standard Coal Reference Material 009, 0.032% P
certified.

Comparison With Standard Method

The same coals were analysed using the Australian standard
method! (dry oxidation procedure), which is similar to the
British2 and IS03 standard methods. The coals were ashed
and the ash was dissolved in sulphuric and hydrofluoric acids.
Aliquots of the resulting digests were taken, and the reduced
molybdophosphate complex was formed by the addition of
ammonium molybdate, antimony tartrate and ascorbic acid
solutions. The absorbance of each solution, together with a
standard solution, was measured at 710 nm and the concentra­
tions of phosphorus present in the coals were calculated.

Results and Discussion
Typical results obtained on a number of the coals, anaiysed by
the direct acid-extraction method and the standard method,
are listed in Table 1. The individual results for each of these
coals, analysed in duplicate, are given to indicate the
repeatability of the method. The results obtained are in
excellent agreement with those obtained by use of the
standard method. The least-squares regression of the two sets
of analyses of 22 coals with phosphorus contents between
0.002 and 0.6% is

y = 1.029x - 0.003 (R2 = 0.999)

where y = result (mean) using proposed method and x =
result (mean) using standard method.

However, if the result for coal E, which is unusually high in
phosphorus, is removed from the data set, the regression is

y = 1.oo2x - 0.001 (R2 = 0.998)

This is the regression of21 results ranging from 0.002 to 0.16%
of phosphorus; eight results of <0.05%, six between 0.05 and
0.10%, and seven >0.1%.

The use of the microwave oven allows the very rapid acid
extraction of the coal. However, concerns have been
expressed on the safety? of using microwave ovens not
designed for laboratory use for this purpose. As an alternative
to heating in a microwave oven, the coals can be extracted by
using a heated water-bath or ultrasonic bath10 although the
extraction time is lengthened. \

A number of samples were extracted in a water-bath at
90°C for 2 h and then heated further for 1 h after the addition
of boric acid. These times are recommended for the digestion
of coal ash6 and it is probable that these could be reduced. The
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Table 2. Comparison of different acid extractions and standard
method (results are expressed as percentage of P, dry basis)

Microwave Standard
Coal oven Water-bath method

A 0.002 0.002 0.002
B 0.005 0.004 0.004
F 0.028 0.030 0.033
I 0.064 0.066 0.068

results for the analysis of four coals using the microwave oven
and water-bath digestions and of the standard method are
given in Table 2. The agreement between the methods is good.

Conclusion

Phosphorus can be determined by spectrophotometry after
the direct acid extraction of bituminous coal. This is a rapid
alternative to the commonly used methods, which require the
coal to be ashed in a furnace or oxidised with acids before
determination of the phosphorus. The time of acid extraction
can also be significantly shortened if the coal - acid mixture is
heated in a microwave oven.

The accuracy of the method is excellent, as indicated by the
very good agreement between the results obtained with this
method and those of the Australian standard method.
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A method of measuring spectrophotometrically the concentrations of photographic dyes is described. The
problems of analysing the highly concentrated, non-aqueous dyes when dispersed in a highly viscous gelatin
matrix were solved by the use of a flow injection analysis system which performed automated dissolution and
dilution using the split zone - gradient chamber method at elevated temperatures with dimethyl sulphoxide as
the system carrier stream. The requirement of maintaining the matrix in which the dyes are located at an
elevated temperature was met by housing the fluid bearing portion of the system within an incubator oven,
with remote computer control and remote detection via optical fibres. The precision of the dilutions gave a
relative standard deviation of 2% or better for dilutions up to 2000-fold of the injected sample. When
compared with manual dilution and measurement, agreement was within 5% for all samples.

Keywords: Visible spectrophotometry; flow injection; automated dilution; photographic dyes

In the analysis of many process streams the necessity of sample
pre-treatment makes the use of on-line analysis impractical.
The sample handling required fO£ pre-treatment also intro­
duces possible sources of error and presents a problem when
the sample is toxic, radioactive or requires a specific physical
environment.

The use of flow injection analysis (FIA) is a way to address
these problems. The FlA method has been shown to perform
effectively with non-aqueous systems as with aqueous
systems. l -4 It allows for remote control and, by the use of
optical fibres, remote spectrophotometric detection. This
enables the solution bearing portion of the FlA apparatus to
be isolated and maintained in a specific environment or to be
at a distant location.

One example of the types of samples encountered in process
streams is that of photographic dyes, which are dispersed
at very high concentrations in gelatin media and which must be
maintained at elevated temperatures in order to avoid
gelation. It is necessary to dilute the process stream samples of
these dyes up to several thousand times prior to spectropho­
tometric analysis. Several automatic dilution systems, such as
zone sampling, gradient chamber dilution, dual-stage gradient
chamber dilution and the cascade dilution system have been
developed.5-ll

In this study, photographic dyes in gelatin matrices were
measured spectrophotometrically after using an FIA auto­
mated dilution system at elevated temperatures. The split
zone - gradient chamber technique was selected for this study
because large dilutions could be reproduced accurately and
the degree of dilution could be changed without physically
altering the system.9 This technique, due to the mechanical
stirring in the gradient chamber, is independent of the sample
viscosity up to fairly high viscosity levels. The dye samples
must be maintained at an elevated temperature for the gelatin
media in which they are dispersed to remain in the liquid state.
This requirement is met by enclosing the solution bearing
sections of the FlA system within an incubator oven where a
constant elevated temperature can be maintained.

Principle

The split zone - gradient chamber technique for automated
dilution9 is based on the reproducible dispersion that occurs
when a sample is injected into an FIA system, i.e., each

• Present address: Department of Laboratory Medicine, SB-10,
University of Washington, Seattle, WA 98195, USA.

IDJection of a similar analyte will disperse in an identical
manner. 1O A portion of the trailing edge of the sample zone,
can be re-directed, or split off, to obtain a dilution of the
injected sample. This re-direction, or zone splitting, can be
accomplished with a pump and a T-piece and is made
reproducible through appropriate control of the pump. The
trailing zone is the portion of the sample that is detected. The
height and area of the detected peak can be measured and
each parameter can be related to the sample concentration.

The dilution that occurs in the system can be defined in
terms of the inverse mole ratio, introduced by Whitman and
Christian.8 The ratio of the number of moles injected, nO, to
the number of moles detected, nde" is the inverse mole
fraction, x-I, such that:

X-I = nOlnde.

As the area of the detected peak is proportional to the number
of moles then x- I can be written as:

X-I = kAolAde•

where AO is the area of the k-fold manually diluted calibration
standard and A de• is the area of the peak of the same standard
solution after dilution by zone splitting.

The gradient chamber is the primary dispersing component
in the system and causes the system to perform in a way similar
to a single mixing chamber system, which changes the shape of
the peak to be skewed and hence produces a more pronounced
trailing edge. This increases the amount of control over the
extent of the dilution and enhances the precision.6

Experimental

Reagents

The carrier used in all experiments was ACS spectroscopic
grade dimethyl sulphoxide (DMSO) (J. T. Baker). Two
different photographic dyes, magenta and yellow, in gelatin
media were provided by the Polaroid Corporation. All manual
dilutions of the dyes provided were performed with the same
gradeDMSO.

Apparatus

A split zone dilution system with an in-line gradient chamber
was used (Fig. 1). The pumps were Alitea Cf-4 peristaltic
pumps with remote Alitea Model SC controllers. A Rheodyne
Type 5701 pneumatic actuator was used with a Rheodyne
Type 50 4-way injection valve employing a 25-ILI sample loop.
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General Procedure

The flow-rates of the carrier stream (fl) and the merging
stream (fl') were 3.22 ml min-I and the flow-rate of the
splitting line (f2) was 4.31 ml min-I. With these flow-rates, the
flow of the splitting stream was greater than the flow of the
carrier stream (fl < f2) while the sum of the flows of the
carrier and merging streams was greater than the flow of the
splitting stream (fl + fl' > f2). With both pumps running, the
flow from the gradient chamber was via the splitting stream;
the flow of the merging stream passed to both the gradient
chamber and through the detector flow cell, thus providing a
continuous flow through the flow cell. At the appropriate time
after the injection of the sample pump 2 was stopped and the
remaining sample in the gradient chamber was pumped, with
further dilution by the merging stream, through the detector
flow cell.

The temperature of the incubator oven was maintained
above 40 °C to ensure that the gelatin media of the dyes
remained liquid. The incubator temperature was maintained
between 41 and 44 °C for the entire period of the study. No
fluctuation of the absorbance value was observed at any
temperature in this range. No adverse effects were observed
with the materials or in the operation of the system.

The system was controlled by the mM XT computer
through the use of the general FIA system control program of
Clark et al. tl

The wavelengths used for the detection of the magenta and
yellow dyes were 553 and 459 nm, respectively.

The tubing was poty(tetrafluoroethylene) (PTFE) with an
internal diameter of 0.51 mm; the pump tubing was Norprene
Tubing. Stirring in the gradient chamber was performed by
means of a magnetic stirrer, The gradient chamber was
constructed of PTFE and had a volume of 680 IJ.I, when the
stirring bar was in place.

The systeIjll manifold and pumps were housed inside a Lab
Line Imperial III incubator oven. The pump controllers and
the injectiod v~lve actuator were controlled by and data were
collected usi~g an IBM Data Acquisition and Control Adapter
(DACA) in~'onjunction with an ffiM XT computer (Fig. 2).

The detect r used was a Bausch & Lomb Spectronic Mini 20
spectrophot 'eter. The output was directed to an electronic
low pass filt r and a linear amplifier and then through the
DACA board to the computer where the transmittance signal
was converted into an absorbance value. An externallabora­
tory-built light source with a variable intensity control was
used. The external light source and spectrophotometer were
connected to the flow cell in the incubator oven via 100-lJ.m
acrylic optical fibres (General Fiber Optics). The flow cell
(Fig. 3) uses quartz-glass tubing with an internal diameter of
2.0 nun. Stray light was prevented from affecting the
measurement by the design of the optical fibre mounting
flanges of the flow cell. It was supported in the system set-up
by a bracket in which the flanges rested.

Results and Discussion

Initially a series of samples of the magenta dye were injected
into the system and the area of the absorbance profiles
determined with no zone splitting (corresponding to a delay
time of zero). The areas were plotted with respect to sample
concentration (Fig. 4). This indicated that the amount of
detected sample must be reduced by a factor of ca. 25 by zone
splitting in order to bring the undiluted dye sample within the
linear part of the Beer's law response curve.

The degree of splitting which would be obtained at a specific
delay time was determined by measuring a single concentra­
tion of the dye at various delay times and calculating the
inverse mole fraction, X-I. The inverse mole ratio, as a ratio of
the areas of the detected peaks, gives an indication of the
fraction of the injected sample that is detected. The resultant
graph (Fig. 5) indicates that a delay time of 60 s would produce
a splitting off of 1/50 of the injected sample for measurement.

Using a delay time of 60 s, magenta dye samples at
concentrations up to and including that of the undiluted dye
were injected into the system and analysed. The areas of the
absorbance profiles of all the samples, including the undiluted
dye sample, produced a linear graph with respect to concen­
tration (Fig. 6). The equation for this line was A = 0.356c ­
1.10, where c is the concentration in g I-t, with a correlation
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Table 1. Concentration of photographic dyes in gel media as
determined by automated FIA dilution and conventional manual
dilution

lulx,*%Manual methodFIAmethod

51.0
40.2
57.2
56.5

Sample

1
2
3
4

53.1 -4.0
41.4 -2.9
55.4 +3.2
59.3 -4.7

Average -2.1

• Difference of the two measurements divided by the average of the
two measurements.
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Fig. 6. Area of the absorbance profile with respect to concentration
of magenta dye at a delay time of 60 s

10

coefficient of 0.993. Note that the absorbance profile is the
absorbance measured during the time the sample is being
detected, therefore the area (the product of time and
absorbance) has units of time in seconds. The non-zero
intercept is believed to be caused by the gelatin matrix in
which the dye was dissolved. Unfortunately, no samples of the
gelatin media without a dissolved dye were available as
controls. The maximum peak absorbance of all the samples
also produced a linear graph with respect to concentration,
with the maximum peak absorbance of the undiluted dye at an
absorbance value of 0.82. The equation of this line was A =
0.0141c - 0.0242 with a value of 0.995 for the correlation
coefficient.

The same procedure was followed using the yellow dye. By
using a zero delay time, the graph of the area of the
absorbance profile with respect to concentration (Fig. 7) for a

series of dye samples, indicated that an additional reduction
by a factor of at least 6 achieved by zone splitting would be
required to bring all the samples within the linear part of the
measurement range. By using the graph given in Fig. 5 a delay
time of 30 s was chosen to produce the desired degree of
dilution. Analysing the same samples at a delay time of 30 s
produced a graph in which the areas of the absorbance profiles
were linear with respect to the concentration of the sample
(Fig. 8). This line had a correlation coefficient of0.992 and the
equation A = 0.236c - 1.82.

In order to test the accuracy of the dilution system, a set of
five magenta dye samples with various concentrations were
analysed by both the FIA procedure and by a conventional
technique using manual dilution and a diode array spectropho­
tometer. A set of standards was made by the appropriate
manual dilution of one dye sample; the remaining four
undiluted samples were measured relative to these standards.
The standards and the samples were analysed with a delay
time of 60 s. Calibration graphs were prepared from the
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standards for both methods and used to calculate the
concentrations of the unknown samples. When compared with
each other, the results of the two methods agreed to within 5%
for all of the samples (Table 1). This shows that the method of
dilution and measurement by FIA is an acceptable alternative
to manual dilutions and measurement.

Multiple measurements (~ 3) were made for all analyses.
The relative standard deviation was found to be 2.0% or less
for all samples at concentrations above 111000 of that of the
undiluted dye when analysed with a delay time of 60 s.

This study shows that the split zone - gradient chamber
method of automated dilution is adaptable for use with
samples encountered in the process environment. The ability
to remotely control and monitor the system, points to its use in
applications in which either isolation or a specific environment
is required, for example, the elevated temperature required
here. The system dilutes and measures with a single injection
of sample, thus incorporating the pre-treatment of the sample
into the analysis. The high reproducibility ofthe dilution step,
the lack of sample handling required and the reduction in the
time required for analysis, indicate the advantages of this
system over the manual dilution and measurement technique.
The most outstanding feature of the system is the ability to
change the degree of dilution selectively by the manipulation
of only one system pump; no physical alteration of the system
is required.

The financial support of the Polaroid Corporation is gratefully
acknowledged. We thank T. Tougas for providing the dye
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Recently developed flow injection on-line dilution methods, i.e., the merging stream and tandem injection,
which yield steady-state concentrations, have been applied to the analysis of reference soil sample digests by
inductively coupled plasma atomic emission spectrometry. Direct or on-line dilution determinations were
applied, with dilutions ranging from 1.8 to 15 for both dilution methods. Higher dilutions are not feasible,
especially when trace elements are involved. A variable speed peristaltic pump was used to limit the total
flow-rate by the merging-stream dilution method to 2 ml min-l, This permitted the design of a flow module
with one set of coils and a flow configuration suitable for all dilutions. Varying the dilution required only the
variation ofthe peristaltic pump flow tube diameters. Selecting the required dilution for the tandem injection
method was carried out with no manual operations and involved only pre-programming of the injection time
and the injection cycle period. The results obtained exhibit comparable accuracy and precision for major and
minor elements to those obtained by direct determination. By varying the dilution for the determination of
trace elements, screening the optimum dilution(s) suitable for the determination of each trace element is
possible.

Keywords: Flow injection; on-line dilution; soil analysis; inductively coupled plasma atomic emission
spectrometry

Various on-line dilution methods have been developed for
analysis using flow injection (FI),1-5 which in every instance
yields a transient concentration profile. Israel el af. 6 recently
developed on-line dilution methods with steady-state concen­
trations by exploiting flow injection configurations. These
methods were intended for application to sequential, multi­
element analysis with inductively coupled plasma atomic
emission spectrometry (ICP-AES) or mass spectrometry
(ICP-MS) instruments, and also for general purpose on-line
dilution.

A novel approach was adopted,6 employing tandem injec­
tion, whereby a discrete sample volume, Vj, is injected in
tandem into a flowing diluent. For medium to high dispersion
conditions and varying V; and the diluent volume, V D , diverse
dilutions could be achieved to produce steady-state
concentrations of the diluted sample. The appearance of
signal (i.e., c.,'Oncentration) ripples hampered the exploitation
of the tandem injection method for on-line dilution, except
over a limited dilution range. On the other hand, when
tandem injection was coupled with a single, or especially a
double, confluence with the diluent then low, medium and
high dilutions were achieved yielding steady-state concentra­
tions without temporal signal variations.

The merging stream principle alone can provide low
dilutions with steady-state concentrations.6 Coupling this
technique with the tandem injection principle permits a wide
dilution range and easily varied dilution for a specific flow
configuration. For a time-based flow system, this variable
dilution is achieved simply by re-programming the ratio of the
sample injection time, Ij, to the injection cycle period, ITI' The
latter is the sum of Ii, and the diluent flow time between
consecutive injections, ID'

In order to evaluate the linearity of the steady-state
concentration in the previous study,6 the intensity - time
relationship was determined for a single element (e.g., Co or
Sc) at the emission intensity peak with either ICP-AES or
ICP-MS. Adequate linearity was demonstrated with a preci­
sion which in every instance was similar to that obtained by
direct nebulisation of a pre-diluted sample.

In an earlier study,7,8 several marker elements present in
soils were determined sequentially by ICP-AES. The sample
was fused with lithium metaborate and subsequently digested
with dilute nitric acid. Mainly owing to the presence of major
constituents and to the high salt matrix content, the samples
were pre-diluted prior to multi-element determinations.
Varying the pre-dilution was sometimes necessary in order to
secure optimum results for some trace elements. A consider­
able time-saving can result from adopting on-line dilution
methods for this analysis.

This paper examines the application of on-line dilution
methods with steady-state concentrations to the ICP-AES
sequential mu1ti-element analysis of soil samples to adapt
them for the analysis of practical samples without pre-dilution.
This investigation also seeks to apply various dilutions to
screen the optimum dilution required for the determination of
specific minor or trace elements. Ten major, minor and trace
elements were determined in reference soil samples.

On-line Steady-state Dilution Using FI Configurations

This section summarises the relationships developed previ­
ously,6 expressing the dependence of the dilution factor, d, on
the applied method of dilution. Equations 1-5 permit the
calculation of the dilution factor for each on-line dilution
method.

The dilution factor for tandem injection alone is

dTl = (Vi + VD)IV; = VTllVi •• (1)

where VTI is the volume of the sample and the diluent for each
injection cycle period, ITI' When time-based flow systems are
employed, dTl is conveniently re-defined in terms of ITI and Ii'

dTl = ITI/I; = (I; + ID)/I; .. (2)

The merging stream dilution factor, dMS, is defined in terms
of the flow-rates of the sample, Us, and the diluent, UD· For a
single confluence of the sample and diluent,

dMS = (Us + UD)lUs .. (3)
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For multiple confluence of the sample with the diluent, the
sum of the diluent stream flow-rates is substituted for Uo in
equation (3).

For the combination of tandem injection and merging
stream dilution, the over-all dilution factor is

.. (4)

or

dT = (Ii + to)( Us + UO)/(tiUS) (5)

As only the combination of tandem injection with merging
stream dilution instead of tandem injection alone will be
employed in this investigation, for convenience the technique
henceforth will be referred to as tandem injection.

Experimental

ICP·AES Detector

A sequential ICP-AES system (Perkin-Elmer Plasma II), with
the specifications and operating parameters as listed in Table
1, was coupled with a flow injection on-line dilution apparatus
for the determination of AI, Ba, La, Mn, Si, Ti, V, Y, Yb and
Zr in reference soil samples.

The operation of the Plasma II emission spectrometer was
controlled completely by the system software of the PE 7500
computer. Two I-m Ebert monochromators were utilised
covering the wavelength range from 160 to 800 nm (cf. Table
1). Sequential multi-element analyses were performed with
the Myers· Tracy signal compensation system employing an
Sc internal reference standard. This arrangement permitted
simultaneous correction for the instantaneous intensity varia­
tion of each element to that of the internal reference readings.

The demountable torch assembly (Perkin-Elmer Plasma II)
includes a chemically resistant Ryton (Philips) cross-flow
nebuliser. The argon flow to the nebuliser is controlled by a
thermostated mass-flow controller.

Table 1. ICP-AES system specifications and operating parameters

Radiofrequency (r.f) generator-
Frequency/MHz 27.12
R.t. induction coil .. Water cooled, 4 turns! in, copper
R.t. generator powerlW .. 1000

ICP-AES Measurement

The operational conditions for the sequential determination
of elements by ICP-AES are listed in Table 2 which are the
same as those recommended by the manufacturer, although
independent optimisation for each element is possible.

The most prominent emission line9 was chosen for each
element, except for Al and V, to avoid the influence of
the background emission of neighbouring OH lines. The
wavelengths of all of the elements were calibrated prior to
analysis in order to avoid wavelength shift. Only one standard
solution was prepared containing standard concentrations of
the sequentially determined elements, the Sc internal refer­
ence and LiBOz. This standard solution contained exactly the
same concentration of fused LiBOzand Sc as the soil reference
sample solutions, while the blank contained only LiBOz
(fused before dissolution, without Sc). Except for trace
elements, an attempt was made to match the concentration of
each element in the standard solution with the concentration
range of the same elements in soil solutions (cf. Table 2). For
each element, the wavelength, detection limit, concentration
range in the reference soil sample digests and concentration in
the standard solution are listed in Table 2.

On-line Dilution Apparatus

Dilutions of approximately 2-15 are feasible for on-line
dilution of reference soil samples. However, from the range of
concentrations for the sample solutions listed in Table 2, a
dilution of 15 will result in concentrations of La and Yb, for all
samples and of V and Y for some samples, being lower than
the detection limit. Both the merging stream and the tandem
injection dilution techniques were applied to obtain this
dilution range.

Manifold for merging stream dilution

A four-channel variable speed peristaltic pump, PJ, (Rainin
Rabbit) coupled with a flow manifold was used for merging
stream on-line dilution (Fig. 1). Three channels of PI are
employed for the sample (S) and diluent streams (DI and Dz)
and are connected to a laboratory-built flow module, which in
turn is connected to the nebuliser peristaltic pump, Pz' The
flow module tubing [Fisherbrand Accu-Rated poly(vinyl
chloride) (PVC») was used with V-connectors for confluence
junctions and a T-connector for stream flow splitting (SFS).
This expression is preferred over zone splitting,6 as a uniform
solution exists in the present arrangement. Stream splitting is

Monochromators-
Wave-

Ruling length Linear
densityl Bandpassf rangel dispersion!

Monochromator linesmm- 1 nm nm nmmm- 1

A 3600 <0.009 160-400 0.229
B 1800 <0.018 160-800 0.527

Table 2. Spectrometricoperating conditions, detection limits, range of
concentrations of elements in reference soil digests and the concentra­
tion of the elements in the standard solution

Standard
solution

con­
centration/

I!gml- I

100
2
0.1
2

400
10
1
0.2
0.1
2

Soil
digests

con-
centration

rangel
I!gml- 1

94-186
0.32-2.0

0.034-0.11
1.08-1.7
316-640

4-17
0.08-0.3
0.03-4).08

0.004-0.008
0.16-1.6

c,*1
I!gml-'
O.oz8
0.0013
0.010
0.0014
0.012
0.0038
0.0075
0.0035
0.0018
0.0071

Wavelengthl
nrn

396.152
455.403
379.478
251.610
251.611
334.941
292.402
371.030
328.937
343.823

Element
and line

All
Ball ..
La II
Mnll
Sil
Till
VII
YII
Ybll ..
Zrll ..

* c, = limit of detection, i.e.• the concentration equivalent to three
times the SD of the blank. See reference 10.

B
Yes
600
100
0.100
0.100
Off

A
Yes
600
100
0.050
0.040
Off

Hamamatsu R787
15 mm above load coil
20,curved

Monochromator paramelers­
Selected monochromator
Signal compensation ..
PMTgainIV
Sampling time/ms
Survey window/nm
Peak window/nm
Background correction
Photomultiplier
Viewing height/mm ..
Slitsfl!m ..

Argon flow-ratesll min- I -

Plasma 15
Auxiliary . . 1.0
Nebuliser . . 1.0
Peristaltic pump flow-raten min- 1 1.0
Equilibrium time/s 15
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Fig. 1. Schematic diagram of the merging stream dilution system: PI.
variable speed peristaltic pump with flow-rates in ml min- I at 100%
motor speed (in parentheses); S. soil sample digest (0.6 or 1.2); 0 1
and O2 • diluent 5% HN03 . 0 1 (0.45,0.6 or 1.2), and O2 (0.6 or 1.2).
Coils (length in cm/i.d. in mm): a, 50/0.7; b, 40/1.5; c, 50/0.7; and d,
40/1.0. P2 , Plasma peristaltic pump (1 mt min-I); SFS, stream flow
splitting T-connector; W, waste; and ICP, plasma detector

Fig. 2. Schematic diagram of the tandem injection dilution system:
PI. constant speed peristaltic pump.; S, soil sample dige.st with 1.2
ml mIn- 1 flow-rate; 0" O2 and 0 3 , dIluent 5% HN03 flOWIng at equal
rates of 0.45 ml min-I; Y, injection valve and T, timer. Coils (length in
cm/i.d. in mm): a, 40/1.4; b, 50/0.5; c, 50/0.7; d, 50/0.7; e, 40/1.0; and
f. 40/1.0. SFS, stream flow splitting T-connector; W, waste; P2, plasma
peristaltic pump with a flow-rate of 1.0 mt min-I; and ICP, plasma
detector

necessary to drive to waste the excess of diluted sample that
does not flow through P2 • This arrangement provides a perfect
interface of the flow system with the plasma detector. The
flow-rates in the peristaltic pump tubes are measured at 100%
motor speed to allow calculation of the expected dilutions
using equation (3). The dilution was usually determined from
intensity measurements of the Sc II line at 357.635 nm of
standard solutions in the same manner as was performed
previously.6 The total flow-rate, UT , at 100% motor speed was
chosen to exceed 1 ml min-I, the flow-rate used for P2 •

However, if UT has also exceeded 2.0 ml min-I, the motor
speed was accordingly decreased to confine the flow-rate
below 2.0 ml min-I.

This arrangement is advantageous in facilitating the selec­
tion of a single set of coils to provide effective mixing for any
of the required dilutions. The flow module was fastened into a
plastic channel 60 cm in length. This unit is ready for transfer
and/or operation with any 1CP detector by connecting the flow
module on both sides to PI and P2 •

On-line dilutions of up to 5-fold were realised using merging
stream dilution. For example, a dilution factor of three is
obtained with three equal flow-rate merging streams.

FI apparatus for tandem injection dilution

A commercial flow injection instrument used for tandem
injection on-line dilution (Tecator FIAstar 5020 analyser) has
been described previously. 10 A time-based injection valve
permits the choice of a variable injection time, t;, with a 200-111
injection loop. The selection of the injection cycle period, tTl>

is microprocessor controlled, and for the same sample can be
repeated up to 99 times. A schematic diagram of the flow
apparatus used for tandem injection dilution, which involves
two confluence junctions with the diluent, is given in Fig. 2.
Essentially the same manifold was used in a previous study6
except for minor coil modifications.

Pump speed is constant in this flow injection apparatus. The
flow configuration was designed to yield medium to high axial
dispersion,6 therefore a low flow-rate for DI is used (typi­
cally 0.45 ml min-I). An attempt was made also to restrict UT
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to less than 2.0 ml min-I. Various dilutions can be obtained
conveniently with tandem injection by selecting a constant
flow configuration and varying t; and tTl' The over-all dilution
by tandem injection is calculated from equation (5). If for
example, equal flow-rates for D" D2 and D3 are selected and
tTl is set constant, equal to 20 s, then the over-all dilution
factors, dT , of 4, 6, 7.5, 12 and 15, are attained by
programming t; to values equal to 15, 10, 8, 5 and 4 s,
respectively. Tandem injection dilution was used to obtain
dilutions from approximately 8 to 15.

Reagents and Standards

Analytical-reagent grade citric and nitric acids were used.
Stock standard solutions containing 1000 mg I-I of AI, Ba, La,
Mn, Sc, Y, Yb and V were prepared from analytical-reagent
grade compounds of pure metals. These solutions and
commercial 1000 mg I-I Si, Ti and Zrstock standard solutions
(Custom Standard, Inorganic Ventures) were used for the
preparation of multi-element standard solutions (cf. Table 2).
Scandium standard solution (1000 mg I-I) was prepared by
dissolving 0.7669 g of SC203 in 10 ml of 1 + 1 v/v HN03 in a
microwave digestion apparatus (CEM, Model MDS 81D) at
80% power for 1 min and 35% power for 10 min. If the
solution was not completely clear, the dissolution programme
was repeated. The solution was diluted to 500 ml with 5% v/v
nitric acid.

The diluent used was 5% HN03 . However, when digests of
soil devoid of Sc were analysed routinely, 50 mg I-I of Sc were
also added to the diluent as an internal reference element.
Doubly distilled, de-ionised water was used throughout.

Canadian reference soil samples [Canada Centre for
Mineral and Energy Technology (CANMET)), Regosolic
Clay Soil, SO-I, Podzolic B Horizon Soil, SO-2, Calcareous C
Horizon Soil, SO-3, Chenozemic A Horizon soil, SO-4 and
International Atomic Energy Agency (IAEA) Certified
Reference Material Soil 7 were used to assess the validity of
using on-line dilution methods.

Sample Preparation

Essentially the same fusion and digestion procedures were
used as described in a previous study,7 except that for fusing,
0.20 g of reference soil sample was used instead of 0.25 g and
Sc was employed, instead of Co, as the internal reference
standard.

Results and DiscUSSIon

Sequential multi-element ICP-AES analysis was performed
either directly or after various on-line dilutions of reference
soil digests. Two digests of each sample were prepared, and
each was analysed in triplicate. The mean and the standard
deviation (SD) of three results for every element in each digest
were calculated and are reported in Table 3. These results are
compared with the recommended elemental concentration
data for IAEA CRM Soil 7 and with the recently compiled
elemental data11 for CANMET soils SO-l to SO-4. Details of
the method of computing the recommended elemental means
and the associated SDs are &ven in the original paper."

Direct analysis of sample digests was made possible by the
use of a torch assembly which tolerated analytes with high salt
content. However, to avoid nebuliser clogging, thorough
rinsing with dilute 5% HN03 was adopted between two
consecutive digest analyses. The SD obtained by direct
determination of AI, Ba, Mn, Si and Ti did not exceed 2.1%.
Direct determination of La and Yb in soil digests was not
carried out, but the SDs for the direct determination of V, Y
and Zr were high. However, the use of direct analysis of soil
digests for routine applications is inadequate, particularly
when a normal cross-flow nebuliser and torch assembly is
used.
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Table 3. Direct and on-line dilution determination of elements in reference soil samples digests by sequential ICP-AES. Values are given in
!!g g-l except where percentages are indicated. Values of SD are given in parentheses

On-line dilution factor
Recommended

Element value Direct 1.8 5.0 15.3'

SO-l-
AI,% · . .. 9.31 (0.23) 9.50(0.02) 9.35 (0.12) 9.27 (0.06) 9.39 (0.06)

9.42(0.02) 9.37 (0.06) 9.28 (0.10) 9.25 (0.02)
Ba .. 870 (70) 876(2) 862 (4) 844 (21) 876 (14)

894 (12) 867 (4) 846 (20) 869 (7)
La .. 54 (2) NDt 56(2) 56(1) 54 (4)

ND 56(2) 54(3) 50 (15)
Mn .. 890 (40) 914 (18) 867 (12) 850(2) 877 (15)

902 (12) 869 (6) 860(2) 874 (12)
Si,% · . .. 25.70(0.29) 25.95 (0.2) 26.30 (0.2) 25.44 (0.2) 25.74 (0.2)

25.73 (0.0) 26.06 (0.4) 25.70 (0.1) 25.80 (0.4)
Ti .. .. 5200(200) 5230 (20) 5250(30) 5220(15) 5180 (50)

5170 (10) 5290 (60) 5170(45) 5260 (20)
V .. .. 133 (4) 120(8) 130 (4) 135 (1) 130(20)

114(12) 128 (2) 131 (1) 120(30)
Y .. .. 24.5 (1.4) 22.9(0.7) 18.0 (1.0) 27.0(2.9) 40.0 (4.6)

22.8(0.5) 17.7 (0.6) 26.5 (3.0) 44.3 (6.2)
Yb .. 2.24 (0.25) ND 2.29(0.23) 4.05(0.6) 3.70 (2.3)

ND 2.39 (0.16) 3.53 (0.4) 4.00 13.1\
Zr .. 84 (10) 86.2 (2.4) 74.8 (3.2) 95.4 (25) 166 (46):j:

85.8 (1.6) 71.3 (6.0) 91.0 (14) 178 (6)
SO-2-

AI,% · . .. 7.99 (0.26) 8.05(0.08) 7.91 (0.03) 7.90 (0.03) 7.69(0.11)
7.93 (0.06) 7.91 (0.08) 7.83 (0.07) 7.79 (0.06)

Ba .. 1000(110) 1045 (9) 1002 (7) 985 (23) 973 (18)
1023 (5) 992(11) 968 (25) 990(8)

La .. 46.5 (0.7) ND 55.5 (2.9) 43.9 (5.3) 39.2 (8)
ND 57.2(1.1) 41.8 (7) 36.8 (12)

Mn · . 720(20) 709 (1) 683 (5) 706 (1) 705 (15)
705 (5) 677 (7) 690 (3) 665 (25)

Si,% · . .. 24.97 (0.29) 25.05 (0.03) 25.47 (0.19) 25.30 (0.13) 25.05 (0.5)
24.83 (0.13) 25.12 (0.36) 25.05 (0.10) 24.57 (0.5)

Ti .. .. 8600 (500) 8350(25) 8410(40) 8360 (160) 8410(120)
8430(15) 8560 (30) 8450 (140) 8370(174)

V .. .. 57 (4) 67.0(4.0) 58.8 (2.6) 62.9 (9.3) 63.5 (35.2)
66.4 (2.4) 61.0(3.0) 69.0(5.2) 77.5 (34.0)

Y .. .. 40(2) 40.0(0.5) 32.4(0.2) 40.8(0.3) 46.6(5.1)
36.8 (2.1) 33.1 (0.3) 42.0(0.5) 48.4 (4.5)

Yb · . 3.5 (0.4) ND 4.04(0.1) 4.65 (1.0) 5.30(3.0)
ND 4.21 (0.5) 4.55 (0.2) 4.90(2.6)

Zr · . 760(60) 590 (9.2) 390(76) 240(40) 860 (30):j:
546 (4.4) 237 (15) 172 (24) 854 (28):j:

SO-3-
AI,% · . · . 3.07 (0.16) 3.07(0.04) 3.09(0.03) 3.10(0.08) 3.11 (0.02)

3.05(0.02) 3.05 (0.03) 3.04(0.04) 3.14 (0.02)
Ba .. 290(40) 292 (4) 277 (4.0) 271 (5.3) 286 (4.1)

286 (2) 273 (0.8) 268 (6.6) 278 (4.3)
La .. 16.9 (1.3) ND 35.4(1.4) 23.0(7.2) -§

ND 33.1 (0.9) 20.1 (2.8) -§
Mn .. 540(30) 536 (2.8) 510 (3.2) 558 (15) 539 (11)

522 (7.2) 504 (4.2) 539 (9.2) 535 (9)
Si,% .. 15.76 (0.16) 16.25 (0.01) 16.26 (0.06) 16.22 (0.20) 16.29 (0.21)

16.02 (0.01) 16.08 (0.14) 16.04(0.13) 16.06 (0.17)
Ti .. .. 2000(200) 2040 (15) 2060(6) 2040(40) 2130 (20)

2010 (5) 2030(14) 2100(20) 2070(10)
V .. .. 36 (4) 48.0(5.0) 46.2 (4.2) 48.5 (7.5) -§

49.4 (2.8) 41.3 (3.0) 41.5 (4.5) -§
Y .. .. 16.4 (1.7) 16.9 (1.1) 13.2 (0.8) 17.5 (2.5) 30.1 (4.7)

16.3 (0.7) 13.7 (0.5) 19.3 (2.6) 34.7 (1.5)
Yb .. 1.67 (0.18) ND 1.87 (0.12) 4.3 (3.0) -§

ND 1.73 (0.26) 3.7(2.1) -§
Zr .. 156 (13) 181 (7.3) 172 (3.6) 185 (24) 266 (26):j:

178(6.6) 174 (4.5) 179 (15) 252 (22):j:

SO-4-
AI,% · . .. 5.41 (0.20) 5.42 (0.07) 5.39 (0.04) 5.38 (0.08) 5.29 (0.03)

5.46(0.03) 5.35 (0.02) 5.28 (0.12) 5.44(0.07)
Ba .. 700(40) 754(1.4) 740 (9.2) 702 (11) 742 (6)

750(0.6) 738 (4.2) 694 (17) 740 (8)
La · . 28.2 (1.7) ND 37.5 (2.2) -§ 18.9 (10.5)

ND 35.0 (5.6) -§ 22.2 (16.2)
Mn .. 600 (30) 605 (2.5) 594(11.5) 612 (9.5) 582 (16)

601 (1.5) 571 (5.5) 604 (6.5) 603 (14)
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Table 3---<:ontinued

On-line dilution factor
Recommended

Element value Direct 1.8 5.0 15.3'
SO-4--

Si,% 31.96 (0.31) 31.11 (0.16) 32.06 (0.24) 31.93 (0.14) 32.26 (0.62)
30.83 (0.36) 31.18 (0.45) 31.53 (0.16) 32.34 (0.35)

Ti .. 3340(240) 3510 (60) 3560(40) 3460(30) 3530(50)
3470 (20) 3560(60) 3520(50) 3450(43)

V .. 85 (5) 88.0(7.4) 88.2(4.0) 91.7 (20) 83.6 (7.7)
86.8(4.0) 85.6 (2.4) 88.2 (14) 79.7 (9.6)

Y .. 22(2) 21.8 (0.4) 18.7 (0.3) 23.0 (1.8) 30.3 (2.7)
21.0(0.8) 18.3 (0.2) 27.2 (2.7) 29.0 (4.6)

Yb 2.1 (0.4) NO 2.80(0.36) -§ -§
NO 2.83(0.48) -§ -§

Zr 270 (15) 287 (2.8) 303 (7.3) 302 (30) 328 (16):1:
269 (2.0) 279 (3.2) 291 (22) 338 (26):1:

Soi/7-
Al,% 4.4-5.1 4.80 (0.03) 4.65 (0.03) 4.74 (0.07) 4.78 (0.03)

4.75 (0.01) 4.62(0.05) 4.72 (0.09) 4.84(0.03)
Ba 131-196 162 (1.8) 147 (1.0) 140(3.2) 156 (2.2)

154 (1.0) 149 (0.9) 142 (2.8) 163 (2.6)
La 27-29 NO 39.6 (1.8) 36.0 (25.0) 18.8 (12.2)

ND 36.6(1.3) 31.2 (17.2) 24.4 (18.8)
Mn 604-650 628 (11) 604 (13) 627 (4.8) 628 (6.5)

644 (15) 604(11) 612 (3.3) 634 (7.4)
Si,% 16.9-20.1 17.50 (0.07) 17.16(0.17) 17.55 (0.22) 17.43 (0.27)

17.46 (0.12) 17.12(0.24) 17.37 (0.18) 17.48 (0.18)
Ti .. 2600-3700 3102 (14) 3105 (15) 3080 (45) 3280(34)

3084 (10) 3140 (10) 3120 (35) 3180(20)
V .. 59-73 70.8(4.7) 68.5 (7.6) 79.7 (2.6) 53.8 (10.5)

69.3 (3.4) 72.3 (3.5) 83.8 (1.8) 68.7 (8.7)
Y .. 15-27 21.2 (0.3) 23.6 (0.8) 24.6 (1.8) 38.0 (2.5)

23.4 (0.5) 23.7 (1.1) 25.5 (1.3) 40.2 (1.6)
Yb 1.9-2.6 ND 2.58 (0.27) 2.93 (0.97) -§

ND 2.39 (0.22) 2.57 (0.73) -§
Zr 180-201 186 (5.5) 202 (11.5) 187 (6.8) 255 (26.8)+

190 (4.5) 210 (8.4) 193 (5.3) 248 (13.4):1:
, On-line dilution by tandem injection.
t ND = not determined.
:I: 0.2 g of citric acid was added to a 100-ml sample digest.
§ The standard deviation was higher than the value.

The mean results obtained by direct determination for the
same five elements (c/. Table 3) can also be compared with the
recommended data of elemental concentrations. Except for
the relative deviation ofMn (6.6%) and Ba (maximum 7.7%)
in three soil samples, the error did not exceed 3.5%.
However, the results obtained generally fall within the
specified range of recommended concentrations and exhibit
acceptable deviations when compared to ICP-AES results
reported by others,?,12

On-line dilutions between 1.8 and 15.3 were applied in the
determination of soil samples. Three dilutions (1.8, 3.0 and
5.0) were made by the merging stream and three (8.0, 12.0and
15.3) by the tandem injection techniques. Two digests of each
soil were prepared, and each digest was determined in
triplicate. The mean and SD of three readings for each
element in a digest were calculated. The results of three
representative dilutions are reported in Table 3.

The effectiveness of the on-line dilution procedures in
generating steady-state concentrations can be assessed mainly
from the SD of the results from major and minor elements
obtained by replicate determinations. These results (com­
bined with the accuracy of determination) can be compared
with those obtained by direct determination. For all of the
dilutions given in Table 3, and also for others not reported, the
SD of data for AI, Si and Ti, did not exceed 2.7%. The SD for
Ba and Mn at all dilutions was less than 3%, reaching this
upper level for Mn at a dilution of 15.3. The percentage
deviation of AI, Ba and Ti for all reference samples at all
dilutions was within the range of the recommended concentra­
tions. However, the determination of Mn and Si in soils SO-2

and SO-3 at some dilutions yielded results that were very
slightly lower for Mn and higher for Si, compared with the
recommended concentrations (cf. Table 3). Nevertheless,
these deviations agree with other results obtained for ICP­
AES soil analysis7.12 and by the direct determination method
used in this work. Therefore, the results obtained for these
five major and minor elements clearly indicate that the on-line
dilution methods are adequate for sequential ICP-AES
analysis of soil samples.

In a previous study of sequential multi-element analysis of
soils,7 La and Yb were not determined, and ICP-MS was
understood to be more accurate and precise than ICP-AES for
the determination of V, Y and Zr. In the present study the
influence of various on-line dilutions on the accuracy and
precision of the results was examined for the determination of
La, V, Y, Yb and Zr in reference soil samples using ICP-AES
(cf. Table 3). The results are dependent on the reference soil
sample, and the results obtained for each element using
ICP-AES are discussed below. However, as these elements
are trace constituents, deviations of up to 20% from the
recommended values are considered adequate, particularly
when the SD does not exceed 15%.

Lanthanum

Addition of LiB02 to the lanthanum standard solution
increased the background emission and resulted in a decrease
of the signal to background ratio. Dilution of the SO-3, SO-4
and Soil 7 digests by 6 and SO-1 and SO-2 by 10 lowered the
concentration of La below its detection limit.
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Direct determination of La was not performed. The results
obtained for La in SO-1 were satisfactory at all dilutions, but
the deviation of the results for the concentration of La in SO-2
was about ±20%. On the other hand, the lanthanum results in
SO-3, SO-4 and Soil 7 when dilutions of less than or equal to 5
were used exhibit either significant deviation or a very poor
precision. Even at a dilution of 1.8, large errors were obtained
for all three samples.

The use of high-purity LiBOz, which has a lower La
background emission, might improve both the accuracy and
precision of La determination in soil digests. However, to
obtain satisfactory results, separation and pre-concentration
of La, prior to ICP-AES determination, has been
suggested. 13 .14

Vanadium

Adequate precision resulted from the direct determination of
V in all of the soil samples, and the accuracy was acceptable
for SO-4 and Soil 7. However, the deviation of the V results
for SO-I, SO-2 and SO-3 was high (-12, 17 and 35%,
respectively). The most suitable results for V were obtained at
a dilution of 1.8 for all of the soils analysed, except for a
deviation of 19% which was obtained for SO-3 (containing the
lowest V concentration). Although some of the results are
acceptable for other dilutions also, a dilution of 15.3 reduces
the concentration of V either close to the detection limit or
below it. However, a dilution of 5.0 did not yield adequate
results for all of the samples. Therefore, a dilution of 1.8 is
recommended for the determination of V.

Yttrium

Adequate precision and accuracy were demonstrated for the
direct determination of Y in all of the soil samples. Except for
SO-2 the Y concentration at a dilution of 15.3 is lower than the
detection limit. At this dilution the deviation from the
recommended values exceeded 35%, except for SO-2 for
which only 19% deviation was obtained. The SD was
satisfactory for all samples at all dilutions. Long-term varia­
tion of the blank emission can be responsible for introducing a
bias that influences the accuracy of results to a greater extent
than its precision, especially at the detection limits or lower.
Fairly accurate results were exhibited for dilutions of 1.8 and
5.0.

Ytterbium

Direct determinations were not performed for this element.
Dilutions of 5.0 and higher reduced the Yb concentration to
below the detection limit. Only the results obtained at a
dilution of 1.8 were satisfactory, but the results for SO-2 and
SO-4 were about 20 and 35% higher, respectively, than the
recommended values.

Zirconium

In previous studies? citric acid was added to aid the digestion
of Zr from the fused SO-2 sample (containing the highest
concentration of Zr); otherwise, very low results were
obtained. The results also deteriorated for aged solutions.
This observation was verified in the present work, which
indicated that only in the presence of citric acid could a stable
Zr solution be obtained for SO-2 even after storage for several
months. Direct determination of Zr in the absence of citric
acid was satisfactory for the other soil samples except for the
slightly high mean results obtained for SO-3 (about 15%) and
SO-4 (about 10%). The need to add citric acid to SO-2 to form
Zr-stable digests is peculiar to its composition. When com­
pared with the composition of the other test soils, SO-2 was
found to contain the highest concentration of Zr and Ti (cf.
Table 3) and also phosphate (0.3% P, approximately 3- to
6-fold the concentration of the other soils).
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Fusion of soil samples leads to the formation of lithium
zirconate, which is fairly insoluble in water but is soluble in
acid. IS In spite of this, zirconium phosphates (including
zirconium pyrophosphate) and zirconium hydroxide under
special conditions are acid insoluble. However, the precipita­
tion of zirconium hydroxide is inhibited by the presence of
tartrates or citrates, because these form soluble complexes
that are stable even in basic solution. IS

Satisfactory results were obtained for Zr at dilutions of 1.8
and 5.0. At a dilution of 15.3 for which citric acid was added,
the results obtained for Zr were especially high for SO-1 and
SO-3. This result is not clearly understood, but it was not
pursued, as the addition of citric acid to these samples is not
mandatory.

Conclusions

On-line dilution methods constitute an important step in the
automation of analytical processes. Their application obviates
the time consuming operation of pre-dilution and dispenses
with the need for additional laboratory glassware for dilution.
Cleaning glassware can also be a source of contamination of
sample solutions, especially when trace constituents are
involved.

Pre-dilution is required for routine analysis of soil digests,
even with the use of a torch assembly that tolerates analytes
with a high salt content, as otherwise thorough cleaning must
be adopted between consecutive analyses. In spite of these
precautions, deterioration of the signal is common.

Use of the merging stream, or the tandem injection,
technique is adequate for on-line dilution of reference soil
sample digests. For major and minor elements accurate and
reproducible results were obtained. They compare well with
the results obtained by direct analysis of soil digests and are in
good agreement with the recommended values. Furthermore,
on-line dilution enables decisions to be made concerning the
dilutions that are most suitable for the determination of some
trace elements in soil samples. Similarly, this approach may
provide other applications, for example, multiple dilutions
corresponding to different matrix compositions.

Both of the steady-state on-line dilution methods have
utilised a merging stream configuration, which supplies a
continuously flowing diluent. This arrangement prevents
clogging of the nebuliser capillaries, especially with high salt
content solutions. This improves the nebuliser operation and
contributes to plasma stability. The continuously flowing
stream is not hindered by the introduction of air as the samples
are changed, especially when a suitable SFS device is included.
In addition to providing a suitable interface of the flow system
with the plasma detector, SFS is also capable of diminishing
pressure build-up and partially or completely discharging air
bubbles to waste.

The merging stream configuration also allows the introduc­
tion of reagents. An internal reference standard is often added
to the diluent stream, for example,16 and the approach was
applied in the routine analysis of soil sample digests devoid of
an internal reference standard.

The over-all effect of on-line dilution methods saves time by
avoiding pre-dilution. However, on-line dilutions involve
some measurement delay until a steady-state concentration is
obtained. For ICP-AES determinations, data acquisition is
delayed by 3 min for the merging stream and 3.5 min for the
tandem injection techniques. However, flow of the next
sample can be initiated 1 min before the termination of data
acquisition of the first, a practice which was adopted for the
present study. In addition, this delay includes the interval
required for plasma equilibration and the period involved in
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rinsing the nebuliser between consecutive sample analyses.
The delay for the on-line dilution techniques does not exceed
1.5--2.0 min for each analysis of one sample digest.

A new design of the merging stream on-line dilution
apparatus was examined. The variable speed peristaltic pump
with a flow manifold module facilitated a flow-rate of <2.0
011 min- 1 for all dilutions. Thus, one set of mixing coils can be
effective for all dilutions. The only requirement in selecting
the desired dilution is to configure the flow-rates of the
peristaltic pump flows using equation (3). Dilutions between
1.8 and 5 were useful for demonstrating the application of the
merging stream on-line dilution method. However, the entire
range of dilutions up to 15 is feasible for the ICP-AES
sequential analysis, which can easily be carried out with the
merging stream dilution approach.

The tandem injection method was applied for dilutions from
8 to 15. This technique is especially suited for high dilutions,
but in principle, it may also be used for low dilutions. Only one
flow configuration, involving equal flow-rates for all channels,
has permitted the variation of the applied dilution by merely
changing ti with a constant tTl of 20 s. No other operation was
required to achieve the desired dilutions.

The use of the Myers - Tracy signal compensation method
with Sc as the internal reference element permitted simul­
taneous correction for short-term variations of the plasma
source, which appears to yield satisfactory results for major
and minor elements in reference soil samples.

Both of the steady-state dilution methods applied here are
adequate for application to the multi-element sequential
analysis of reference soil samples.

This research was supported by the ICP Information News­
letter.
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Flow Injection Spectrophotometric Determination of
4-Aminophenazone Based on Diazotisation and Coupling Reactions

AbdulAziz M. Alwehaid
Chemistry Department, College of Science, King Saud University, P.O. Box 2455, Riyadh-11451,
Saudi Arabia

The flow injection spectrophotometric determination of 4-aminophenazone (4-aminoantipyrine), based on
the diazotisation of p-nitroaniline with nitrite and coupling with 4-aminophenazone, is developed. The
coupling reaction takes place in a 250-cm reaction coil, and the resulting azo-compound is quantified by
spectrophotometry at 380 nm. A linear calibration graph is obtained for increasing concentrations up to
50 Ilg ml- 1• The experimental limit of detection (three times the noise signal) is 0.051lg ml- 1 (200 Ill). and the
relative standard deviation is 0.61 and 0.27% for 4 and 50 Ilg ml- 1 (ten injections). respectively. The sampling
rate is 50 h- 1 and the over-all dispersion of the system is 1.96.

Keywords: 4-Aminophenazone; flow injection; diazotisation and coupling; spectrophotometry

The pyrazolone-derivative analgesics are longer acting than
aspirin. They exert an antipyretic effect in some situations in
which aspirin is not completely effective, e.g., in Hodgkin's
disease with fever unresponsive to salicylates or chemo­
therapy.l They are, however, more toxic,2 a factor that
restricts their use and makes their identification and determi­
nation of great importance. One of these pyrazolone deriva­
tives is 4-aminophenazone (4-amino-2,3-dimethyl-l-phenyl-3­
pyrazolin-S-one or 4-aminoantipyrine), and it appears that
there are very few spectrophotometric methods available for
its determination.3•4 It can be determined by coupling with
diazotised p-nitroaniline and producing a yellow azo dye that
is quantified by spectrophotometry at 380 nm.S In general,
rapid, accurate, precise, simple and cost-effective procedures
are favourable methods for routine analysis. How injection
(FI) is a well known technique that satisfies most of these
requirements.

In this paper, the advantages of FI (simplicity, high
precision, rapidity and low reagent consumption) are com­
bined with the benefits of the diazotisation and coupling
reactions for the spectrophotometric determination of 4­
aminophenazone. The chemical reaction variables, and also
the FI variables, were optimised on the basis of sensitivity,
sampling rate and reagent consumption.

Experimental

Reagents

All chemicals were of analytical-reagent grade and were used
without further purification. Distilled de-ionised water was
used throughout.

4-Aminophenazone stock solution (1000 Ilg ml- 1). Prepared
by dissolving O.S g of 4-aminophenazone in water in a SOO-ml
calibrated flask, the solution being made up to volume with
water. Working standards were prepared by appropriate
dilution with water.

p-Nitroaniline solution (3 x 10-3M). Prepared by dissolving
0.1036 g of p-nitroaniline in about 50 ml of hot water. The
solution was cooled and transferred into a 2SO-ml calibrated
flask and made up to volume with water.

Sodium nitrite solution (0.02 M). Prepared by dissolving
0.34S g of sodium nitrite in water in a 2SO-ml calibrated flask,
the solution being made up to volume with water.

Hydrochloric acid solution (O.S M). Prepared by dilution of
concentrated hydrochloric acid and standardised by titrimetry
against various amounts of sodium carbonate. A 0.1 M solution
was prepared by appropriate dilution.

Dye-forming reagent (1 X 10-3 M). In a loo-ml calibrated
flask, 33.33 ml of the abovep-nitroaniline solution, 7 ml of 0.1
M hydrochloric acid and about SO ml of water were mixed and
the mixture was stirred; S ml of 0.02 M nitrite were then added
and the solution was made up to volume with water. After
1001S min the small amount of precipitate formed was filtered
off.

lnterferent solutions (SOOO Ilg ml- l). Prepared by dissolving
the appropriate amount of interferent in cold water, hot water
or ethanol and diluting to volume with water.

Apparatus

A Gilson Minipuls 3 (four channels) peristaltic pump was
used. Samples were introduced via a Rheodyne RH-S020
injection valve with interchangeable loops of different vol­
umes. The reaction coil was of PTFE tubing (O.S mm i.d.) as
was the remainder of the manifold tubing. The absorbance of
the azo dye formed was measured at 380 nm with an LKB
Ultrospec II 4OS0 spectrophotometer equipped with a Helma
18-1l1 flow cell and attached to an MSE Princess 80 multi-range
chart recorder.

FI Manifold

The FI manifold used is outlined in Fig. 1. It consists of two
channels. The sample solution (200 Ill) is introduced via the
injection valve (I) into the water stream and is pumped at a
flow-rate of 1.S ml min- l while the reagent is pumped through
the other channel at a flow-rate of O.S ml min-I. The two
streams are mixed at a T-junction and the coupling reaction
takes place in a 2SO-cm reaction coil (C). The resulting dye is
then monitored by spectrophotometry at 380 nm, and the
peaks are recorded by the chart recorder (Re).

p

ml min- 1

H20 --+-'-'-'-t----{

w

R-4-.::.;;.-+-------1

Fig. 1. Schematic diagram of the FI manifold used. P, Peristaltic
pump; R, dye-forming reagent consisting of 33.33 ml of ~ x 10-3 M

p-nitroaniline, 7 ml of 0.1 M HCl and 5 ml of 0.02 M NOz- In 100ml of
water; I, injection valve (200 111); T, T-junClion; C, reaction coil (250
cm); D, detector; Re, recorder; and W, waste



1420 ANALYST, NOVEMBER 1990, VOL. 115

ProcedUl:e

By using the FI manifold described above, inject the sample
solution (1-50 f!g ml- I of 4-aminophenazone, 200 fll) and read
the maximum absorbance obtained and/or record the signals
on the chart recorder.

Results and Discussion

Nitrite ions react with p-nitroaniline in an acidic medium to
form the diazonium ion, which, in turn, is coupled with
4-aminophenazone to form the dye to be measured. The
reaction variables and also the FI variables were optimised in
terms of sensitivity, precision, sampling rate and reagent
consumption.

Influence of Reaction Variables

Reagentconcenuation

The influence of the concentration of the diazotised p-nitro­
aniline was investigated by injecting 200 f!l of a 50 f!g ml- I
solution of 4-aminophenazone into the water stream pumped
at 1.5 ml min-I. Different concentrations of the diazotised
p-nitroaniline were prepared, in the same manner as described
under Reagents, with various volumes of p-nitroaniline and
nitrite solutions. The concentration of hydrochloric acid was
7 x 10-3 M in the final volume of each solution. Each solution
was then pumped through the reagent channel at a flow-rate of
0.7 ml min-I. The results obtained are shown in Fig. 2. A
maximum peak-height absorbance was obtained with 1 x 10-3

M of diazotised p-nitroaniline. This concentration gave repro­
ducible results for at least 1 week at room temperature and
was, therefore, used in all further experiments.

Effect of hydrochloric acid concentration
The effect of the hydrochloric acid concentration was found to
be critical and, therefore, had to be carefully controlled as
small changes in its concentration in the final volume could
easily have led to appreciable changes in the peak-height
absorbance for the same 4-aminophenazone sample solution.
Fig. 3 shows the results obtained with different concentrations
of hydrochloric acid in a fixed concentration of the diazotised
p-nitroaniline reagent, i.e., 1 x 10-3 M. The peak-height
absorbance of a 50 f!g ml- 1 sample solution increased with
decreasing concentrations of hydrochloric acid down to
7 x 10-3 M. Use of concentrations of <7 x 10-3 M resulted in a
large background absorbance (approximately 2.7) and an
extremely unstable baseline, when compared with the back­
ground absorbance (about 0.04), which led to the very stable
baseline, obtained when a 7 x 10-3 M solution was employed.
This concentration was chosen in optimising the PI par­
ameters.

Influence of FI Parameters

Sample volume

Increasing the sample volume injected will lead to an increase
in the sensitivity obtained until a steady-state signal is attained
when the equilibrium reaches its maximum. For the manifold
shown in Fig. 1, the influence of the sample volume was
evaluated for a 50 f!g ml- I solution of 4-aminophenazone, and
the results obtained are presented in Fig. 4. An increase in the
peak-height absorbance was obtained by increasing the
injected sample volume up to 200 f!l, above which the increase
in absorbance was not significant. This sample volume was,
therefore, considered to be the optimum.

50 100 150 200 250
Sample volume/iii

Fig. 4. Influence of sample volume on peak-height absorbance of a
50 Jig ml- 1 4-aminophenazone solution. All other PI variables are as
shown in Fig. 1
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Reagent concentration/l 0~4 M

Fig. 2. Effect of the diazotised p-nitroaniline concentration on the
absorbance of a 50 Jig ml- 1 4-aminophenzone solution. Flow-rates,
sample volume and reaction coil length are as given in Fig. 1.

Fig. 3. Influence ofHeIconcentration on peak-height absorbance of
a 50 Jig ml- 1 4-aminophenazone solution. All PI variables are as
shown in Fig. I
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Fig. 5. Effect of reaction coil length on peak-height absorbance of a
50 Jig ml-1 sample solution. All other PI variables are as shown in
Fig. 1
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Table 1. Effect of some possible interfering species on FI determina­
tion of 10 I'g ml- l of 4-aminophenzone.

1.4 r-"""""----------------,

1.2

'"uc:..
.Q

~
.Q«

1.0

B0.8 L-_~ ~ ~ __...J

0.5 1.5 2.~ 3.5
Flow-ratelml min-'

Fig. 6. Effect of flow-rate on absorbance of a 50 I'g m1- l sample
solution; A, total flow-rate; B, sample stream; and C, reagent stream

Interferent
Alanine
Antipyrine
Amidopyrine
Aminobenzoic acid
Aminobenzoic acid
Aminoacetophenone ..
Arginine ..
Benzoic acid
Indole
Indole
2-Aminonaphthalene-4-sulphonic

acid
2-Aminonaphthalene-4-sulphonic

acid
a-NaphthOl
a-Naphthol
1-Aminonapthalene
Salicyclic acid
Uracil

Concentration!
I-lgml- l

100
100
100
100
50

100
100
100
100
50

100

50
100
50

100
100
100

Error,%
3
2
7

30
10
15

I
o

187
98

164

89
213
160

o
o
o

3 3

Time-

Fig. 7. Typical calibration peaks for the determination of 4-amino­
phenazone. The concentrations are shown on the peaks in I'g ml-'

Sample and reagent flow-rates
The effect of sample flow-rate was evaluated over the range
0.45-3.0 mt min- 1 at a reagent flow-rate of 0.7 ml min-I. It

was found that increasing the sample flow-rate from 0.45 to
1.0 ml min-I resulted in an increase in sensitivity (Fig. 6, curve
B) and sample throughput. The sensitivity at higher flow-rates
remained constant, up to 1.5 ml min-I, above which it
decreased. The reason for this effect was explained pre­
viously6 by using a similar FI manifold to that shown in Fig. 1
and injecting a dye. It was shown that when the flow-rates in
both channels are similar, reproducible and fast mixing is
achieved in the T-junction. As the sample flow-rate decreases,
however, its flow into the exit stream is restricted, leading to
drawn-out peaks; this explains the decrease in curve B (Fig. 6)
as the flow-rate decreases. Therefore, increasing the flow-rate
improves the sensitivity. This effect, however, is in conflict
with the dispersion effect as the flow-rate increases, leading to
a constant sensitivity over the range 1.0-1.5 ml min-I. Higher
flow-rates resulted in poorer sensitivity, owing to dispersion
and the decrease in the time allowed for dye formation.

The reagent flow-rate was investigated at a sample flow-rate
of 1.5 ml min-I. The results obtained (Fig. 6, curve C) show
that maximum sensitivity was obtained at a reagent flow-rate
of 0.7 ml min-I. Lower flow-rates resulted in poorer
sensitivity, owing to insufficient reagent being delivered,
while higher flow-rates merely increased the dispersion. The
total flow-rate under the optimised conditions was 2.2
mlmin- I.

Determination of 4-Aminophenazone

Calibration graphs for the determination of 4-aminophena­
zone were established under the optimised experimental
conditions shown in Fig. 1. The calibration graph was linear
for up to 50 I-lg ml- I with a correlation coefficient (9 points) of
0.9997. Typical recorded calibration peaks, covering the range
1-5 I-Ig mJ-1 are shown in Fig. 7. The least-squares equation
for this graph is peak-height absorbance = 0.02& -1 x 10-3 ,

where c is the concentration of 4-aminophenazone in I-lg ml- I.
The experimental limit of detection was obtained by com­
paring the magnitude of the signal of the injected sample with
a signal equal to three times the noise signal caused by the
pulsation of the peristaltic pump. It was found to be 0.05
I-lg ml- I. The calculated limit of detection,7 using the statistical
information obtained from the graph shown in Fig. 7, was
found to be O.ll-1g ml- I (twice the noise signal). The relative
standard deviation was 0.61% for a 41-lg ml- I sample solution
and 0.27% for a 50 I-lg ml- I solution (ten injections of each).
The sampling rate was 50 h-I and the over-all dispersion of the
system was 1.96.

Total flow-rate

The influence of total flow-rate was evaluated, at a flow-rate
ratio (sample to reagent) of 1: 1, by increasing the pump speed
and injecting a 50 I-lg ml- I sample solution at different total
flow-rates. The results shown in Fig. 6 (curve A) indicate that
maximum absorbance was obtained at the lowest possible
flow-rate. However, the peaks were broadened and sample
throughput was very low, hence it was decided to evaluate
sample and reagent flow-rates individually.

~
c:..
.Q
(;

'".Q«

Reaction coil length

By using the FI parameters shown in Fig. 1, the effect of
reaction coil length on the peak-height absorbance of a 50
I-lg ml- I sample solution was evaluated. Various coils with
increasing lengths were placed between the T-junction and the
detector. The results obtained (Fig. 5) show that maximum
dye production was achieved with coil lengths of 200-300 cm.
This can be explained as follows: as the reaction coil length
increases more dye is produced, up to 200 cm, above which a
constant absorbance is obtained, owing to the balance
between the increase in the dye production and the dispersion
effect up to 300 cm. At longer coil lengths, dispersion
decreases the absorbance. A 200-cm coil length was, there­
fore, chosen as the optimum.
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Interference

Table 1 summarises the effects of some possible interfering
species and shows that indole, 2-aminonaphthalene-4-sul­
phonic acid and ~-naphthol interfere in the determination of
10 !!g ml- 1 of 4-aminophenazone.

Conclusion

The FI method described above for the determination of
4-aminophenazone in aqueous solution, based on diazotisa­
tion and coupling reactions, provides a precise, simple and
rapid technique that satisfies most of the requirements in
routine analysis.

The author thanks M. Demashki for assistance, and the
Research Centre of the College of Science for financial
support (Project No. Chem/l408/05).
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Determination of Light Hydrocarbon Gases in Sea Water Using Three
Variants of Static IIEquilibrium" Headspace Analysis

Alexander P. Bianchi
Environmental Laboratory, Exxon Chemical Company, Cadland Road, Hythe, Southampton, Hampshire
S046NP, UK

Three methods for the determination of the light hydrocarbon gases methane, ethane, ethene, propane,
propene, butane, 2-methylpropane and butenes in coastal sea water are described. The first two methods are
based on manual equilibration of the headspace vapours in glass vessels, followed by injection into the gas
chromatograph. The third method uses a commercial semi-automatic, pneumatically controlled headspace
device interfaced to the gas chromatograph. Analysis is then performed using both packed and capillary
column chromatography, followed by flame-ionisation detection. The limit of detection is below 2 x 10-5

mil-I vlv for method variant I and below 5 x 10-6 mil-I vlv for method variants II and III.

Keywords: Light hydrocarbon gas; surface water; coastal sea water; static headspace; gas chromatography
with flame-ionisation detection

Reports of oil pollution in the marine environment have
received considerable attention recently. Spills of oil and
volatile chemicals into coastal sea water represent potentially
significant environmental and ecological threats to marine
ecosystems. However, the more visible effects of oil in sea
water have masked interest in the disposition and behaviour of
the more soluble components of petroleum, particularly the
dissolved gaseous hydrocarbons. Marine chemists have long
recognised that these compounds do not all evaporate
following spillage, and may be transported down into the
water column via turbulent mixing of water masses and
laterally via currents. I

Equally, little attention has been devoted to assessing the
occurrence and importance of low-level inputs of biogenically
derived hydrocarbon gases within productive coastal estu­
aries.2 Taken individually, or together, these hitherto unex­
plored processes lead to various concentrations of dissolved
gases in water which in turn provide information about
polluting or biological activities. For example, in a recent
study of marine pollution caused by shoreside marina develop­
ments in the UK, exceptionally high levels of light hydrocar­
bons were found in nearby waters.3

There have been few reports of low relative molecular mass
hydrocarbons in open-ocean waters or in rivers and estuaries.
Swinnerton and Linnenbom4 reported the first in situ
measurements of the CI-C4 hydrocarbon content of sea water
from the Atlantic and the Gulf of Mexico. This was shortly
followed by a study of the distribution of methane and carbon
monoxide between the atmosphere and the sea water surface.s
There are no published references to similar studies of light
hydrocarbons in any UK rivers, estuaries or coastal waters.
Therefore, it is impossible to assess the likelihood of their
occurrence or potential contribution to levels of dissolved
organic carbon in natural waters. A common theme in this
type of work is that the relevant data are not available because
suitable methods and equipment have not been developed for
the study of these compounds. The absence of data, in turn,
forestalls judgement and leads to the exclusion of these
compounds from scientific assessments of estuarine quality.

Until comparatively recently, very few simple analytical
methods have been available for the determination of trace
levels of dissolved light hydrocarbons in water. Early tech­
niques developed in the USAI involved continuous stripping
of large volumes of sea water (i.e., 6 I min-I) followed by
vacuum collection of the stripped gas inside glass funnels. The
stripped gas was then injected into a gas chromatograph via a
1.76-ml sample loop at 5-min intervals. Limits of detection for
the CI-C4 hydrocarbon gases down to 1 x 10-7 mll-I were
reported for the method.

Two simpler methods for detecting C,-C4 hydrocarbons in
water have been developed by UK water authority labora­
tories.6 These variants include direct aqueous injection and
vacuum de-gassing of water samples in a glass vessel, followed
by displacement of the gas into a gas-sampling loop. Both
methods utilise packed column chromatography and f1ame­
ionisation detection. Direct aqueous injection was found to be
unsatisfactory in the laboratory for routine analysis of
moderately contaminated sea water samples. High levels of
suspended matter and salt deposits were observed to collect in
the chromatograph injection liner causing contamination and
"memory" effects. The vacuum de-gassing method overcame
these difficulties but provided unreliable repeatability in
regular use. This was because many water samples frequently
contained varying levels of viscous oils, acids and suspended
solids (i.e., >100 mg I-I) which rapidly abrade glass joints and
precipitate leakages.

Equilibrium headspace methods overcome these problems
and have been used successfully for the determination of
volatile compounds in both surface water and "hostile" sample
matrices. Manual "static" headspace techniques have been
reported by Croll et aU for trihalomethanes in surface waters
and by Bianchi and Varney8 for volatile aromatics in estuarine
sediments Both methods provide low limits of detection (i.e.,
<1.0 flg I-I) and have relative standard deviations (RSDs) of
less than 2%.

Experimental

Apparatus and Instrumentation

Three different static headspace methods were investigated
for the determination of light hydrocarbons in surface waters.
The basic approaches are summarised below.

Variant I. Indirect gas-syringe sampling

Equilibration and sampling were carried out using a simple
syringe-pump arrangement. The apparatus is illustrated in
Fig. 1. In this arrangement, a 500-ml syringe was interfaced to
a stainless-steel tube (3 mm o.d.) connected to the inlet of a
six-port gas sampling valve (2-ml sampling loop capacity). The
sampling bottle was connected by a glass stopcock - metal
connection to the outlet tubing of the gas sampling valve. The
sample vessel (containing 800 ml of sample and 200 ml of
purified helium head-gas) was immersed in a 5-1 water-bath.
The sample bottle was agitated every 10 min. Gas
chromatographic analysis. was carried out using a packed
column.
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sampling instrument (Perkin-Elmer HS-6) permanently
attached to the gas chromatograph. Water samples were
equilibrated and injected in situ. The HS-6 unit consists of a
rotating temperature-controlled magazine with six recesses for
6-ml glass vials and a control unit for programming the time
and temperature of the sampling. The magazine is mounted on
the injector panel of the chromatograph. The operating
principle involves controlled heating of the sample vials within
the magazine [see Fig. 3(a)]. After the heating and equilibra­
tion period, the magazine is pushed upwards on a spigot. This
step causes a fixed sampling needle to penetrate the septum of
the headspace vial [see Fig. 3(b)]. The penetration of the
needle is followed by pneumatic introduction of a pre­
determined aliquot of equilibration gas. The gas develops a
pressure inside the headspace of the vial greater than that at
the inlet of the chromatographic column. After a programmed
time interval, the pressurised sample vapour is flushed from
the sampling needle into the capillary column. The three
stages of equilibration, pressurisation and sampling are shown
schematically in Fig. 4.

The operating conditions for each of the three variants are
presented in Table 1.

Standard Preparation

Gas and aqueous standards were prepared according to
protocols described by Brooks and Sackett,! Thain9 and Grob
and Kaiser. 10 Briefly, this involves the dilution of gas mixtures
in water using 1- and 2-1 calibrated flasks (at room tempera­
ture and pressure) containing blank sea water. Injections were
conducted according to the protocols described by Kolb
etal. lI

Reagents and Glassware

"Blank" sea water was prepared by solvent extraction of sea
water taken from an unpolluted coastal site. After the
extraction of solvent extractable organics into re-distilled
dichloromethane, the sea water was purged in a stream of
ultrapure nitrogen. Secondary blank sea water was prepared
by spiking AnalaR-grade distilled water with a heat-treated,
dehydrated sea-salt mixture (Instant-ocean, Aquarium
Systems, OR, USA) to simulate natural sea water [salinity =
30 ± 3 p.p.t. (parts per thousand)] and brackish estuarine
water (salinity = 15 ± 3 p.p.t.).

Calibrated flasks fitted with modified stoppers for the
insertion of hypodermic syringe needles were washed and
dried before use. Glass tubing and glass - metal fixtures were
cleaned before use. Glass gas-bulbs for gas standard prepara­
tion were stored under nitrogen.

To
GC

L-&u~To
=yyr-GC

Thermostated
water
jacket

V
Flow meter

Fig. 2. Analytical system for injection of the equilibration gas from a
variable-volume sampling device onto a PLOT fused-silica capillary
column

Glass - metal
union

Fig. 1. Analytical system for injection of equilibration gas using a
simple syringe-pump principle onto a stainless-steel packed column

Variant Ill. Pneumatic, semi-automatic injection
The manual injection techniques descibed in variants I and II
were substituted by a commercial semi-automated headspace

Variant II. Direct gas-syringe sampling

Equilibration and sampling were carried out using a similar
technique to that described for variant I. This variant is shown
in Fig. 2. The syringe has a fabricated water sheath lining,
permitting water at the same temperature as the equilibration
temperature to be passed through the sheath. A 20-ml
head-gas sample was drawn from the equilibration bottle into
the syringe and injected into the gas chromatograph via a
gas-sampling valve. A PLOT fused-silica capillary column was
used for the chromatographic separation.

6

(b)

Fig. 3. Schematic illustration of the HS-6 automatic headspace accessory fitted to a Sigma-3B Model gas chromatograph. (a) Positioning of
the sample vial and (b) sampling position. 1, Control unit of the headspace sampling accessory; 2, tem)'t'rature-controlled magazine to hold the
vials; 3, gas chromatograph tnjector; 4, pre-column (optional); 5, chromatographic column; 6, detector (flame ionisation for hydrocarbons); 7and
8, electronically controlled gas-control valves. Reproduced with permission from Perkin-Elmer
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Results and Discussion
Evaluation of the Analytical Variants

The chromatographic separation of standard component
peaks on the packed column (variant I) is shown in Fig. 5(a).
A corresponding analysis of an actual sample taken from the

Pressurisation
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river Itchen is shown in Fig. 5(b). Although individual peaks
are discernible, the separation is poor and the analysis time
fairly long. The improved chromatography obtained using the
capillary columns in variants II and III are shown for
comparison in Fig. 6(a) and (b).

Simple experiments were conducted in order to determine
the effect of temperature and ionic strength on the recover­
ability of light hydrocarbons from spiked standard mixtures.
Using variants I and II, experiments to determine an optimum
sample volume were carried out. By comparison, the semi­
automated headspace equipment (HS-6) is designed such that
the upper limit is approximately 6 ml. Further work was
attempted to define the lower limits of detection and the RSDs
of the analytical techniques.

Effect of temperature

Raising the temperature of the sample matrix decreases the
solubility of many organic compounds in water, and
proportionally enriches the gas phase. The
Clausius - Clapeyron equation demonstrates how the partial
pressure of components is increased by an increase in

(a)

7

..
r::
~ r:(7

b
:-)----;--------------,

Time/min
Fig. s. (a) Standard chromatogram of a light hydrocarbon mixture in
water run on a Porapak-Q packed column: range x 1 and attenuation
x 1. (b) Sample chromatogram showing light hydrocarbons in a
surface w~ter sample from the River Itchen on a Poropak-Q column:
range x 1 and attentuation x 1. Components: 1, methane; 2, ethene;
3, ethane; 4, propene; 5, propane; 6, 2-methylpropane; 7, butene; 8,
butane; 9, cis-but-2-eneiand 10, trallS-but-2-ene

Sampling

Fig. 4. Schematic diagram of the three principal stages of the HS-6
headspace analyser system. Reproduced with permission from
Perkin-Elmer

Table 1. Operating conditions for variants I, " and III

Variant 1

o

Variant 11

10

Variant III

Sample equilibration:
Equilibration lemperaturef'C
Equilibration time/min

Gas chromatography:
GCcolumn

Carrier gas
Column Ilow/ml min-'
Initialtemperaturef'C
Initialtime/min
Ramp ratef'C min- 1

Finaltemperaturef'C
Injector temperaturef'C
Detector temperaturef'C

50
45

2m x 3mmo.d.
stainless steel
packed with
80-100 mesh
Porapak-Q

Helium
35
50 (isothermal)

75
175

50
45

50 m x 0.32 mm i.d.
A120,IKCI PLOT

Helium
1
70
o
4
160
70
200

70
4

50m x 0.32i.d.
AI20,IKCI PLOT

Helium
1
70
5
7.5
160
70
200
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75
1.96 ± 0.55
1.99 ± 0.43
2.01 ± 0.65
2.10 ± 0.63
2.01 ± 0.64
2.44 ± 0.54
2.57 ± 0.73

70
2.43 ± 0.05
2.02 ± 0.06
2.30 ± 0.03
2.03 ± 0.03
2.05 ± 0.03
2.38 ± 0.04
2.47 ± 0.04

66

1.02 ± 0.40
1.03 ± 0.43
1.02 ± 0.32
1.02 ± 0.30
1.03 ± 0.24
1.07 ± 0.47
1.09 ± 0.35

50
1.59 ± 0.03
1.33 ± 0.02
1.45 ± 0.04
1.34 ± 0.04
1.44 ± 0.05
1.40± 0.05
1.75 ± 0.05

50
1.89 ± 0.03
1.58 ± 0.02
1.69 ± 0.03
1.45 ± 0.04
1.64 ± 0.03
1.57 ± 0.03
1.74 ± 0.04

30

1.00 ± 0.01
1.oo± 0.01
1.00 ± 0.02
1.00 ± 0.02
1.00 ± 0.02
1.00 ± 0.01
1.00 ± 0.01

Salinity, p.p.1.

Equilibration temperaturefOC

Equilibration temperaturefOC

30
1.00 ± 0.01
1.00 ± 0.02
1.00 ± 0.02
1.00 ± 0.02
1.00 ± 0.03
1.00 ± 0.02
1.00 ± 0.01

30
1.00 ± 0.01
1.00 ± 0.01
1.00 ± 0.02
1.00 ± 0.02
1.00 ± 0.03
1.00 ± 0.03
1.00 ± 0.04

10
1.00 ± 0.01
0.99 ± 0.01
0.99 ± 0.01
0.99 ± 0.01
1.00 ± 0.02
1.00 ± 0.03
1.00 ± 0.03

Methane
Ethane
Ethene
Propane
Propene
2-Methylpropane ..
1,3-Butadiene

A key observation arising from the HS-6 data is the much
smaller increase in standard deviation with temperature
compared with variants I and II. This is further evidence that
the larger amounts of water vapour, and hence the greater
potential for condensation, are the main cause of the increase
in standard deviation. However, as the HS-6 is an automatic
device, whereas variants I and II are manually controlled,
some element of operator error may also be a contributing
factor. Variant II utilises a capillary column, which suggests
that the use of a packed column rather than the
high-performance fused-silica capillary column is not a major
source of variation in this particular application. The use of
the higher equilibration temperature (i. e., 70°C) is therefore
a worthwhile strategy considering the increase in peak area
recovery it affords.

Effect of salinity

Increasing the ionic strength of the sample matrix will enhance
the concentration of organic compounds found in the gas
phase. As the blank matrix was sea water (rather than distilled
water), no correction for the increased solubility exhibited by
organic compounds in distilled water was necessary.

However, as the salinity of estuarine waters can range from
virtually zero to that of sea water (about 33 p.p.t.) some
assessment of the influence of varying salinity was required. A
standard sea water matrix spiked with equal volumes of
methane, ethane, ethene, propane, propene, 2-methylpro­
pane and 1,3-butadiene was used. Their concentrations were
approximately 1 x 10-4 mll- 1 each. Standards were prepared

Table 2. Effects of equilibration temperature on relative recovery for
both variants I and II ± one standard deviation

Table 3. Effects of equilibration temperature on relative recovery
using the HS-6 headspace device ± one standard deviation

Methane
Ethane
Ethene
Propane
Propene
2-Methylpropane ..
1,3-Butadiene

Methane
Ethane
Ethene
Propane
Propene
2-methylpropane
1,3-Butadiene

Table 4. Effect of ionic strength on the relative recovery of light
hydrocarbons from water using variants I and II ± one standard
deviation

20

1210

15

84 6
Time/min

o

(b) 17

4

11

5
8 12 13 15

162 9 10
14.. 1 3

U>
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"l:l
~

1 6 7

(a) 5

1

4

3

2

Gas valve

7 irurn into loop.
6

iij
c:
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iii

iij
c:
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Ui

temperature: dlnpt/dT = LlRT2, where Tis the temperature,
L the latent heat of vaporisation of component i, and R the gas
constant.

Standards containing approximately equal volumes of
methane, ethane, ethene, propane, propene, butane and
1,3-butadiene (about 1 x 10-4 mll- t) were equilibrated at 25,
50 and 75°C, using variants I and II. The results, normalised
to the values obtained at 25 °C and quoted as ± one standard
deviation, are presented in Table 2. They represent the
recovery dependence of both variants, because,
experimentally, there was found to be <5% difference
between them. This suggests that temperature variations have
an almost identical effect on recovery. However, inspection of
the data shows that at temperatures above 50°C the standard
deviation of the means increases .significantly. Despite the
virtual doubling in response, this disproportionate effect is
probably due to condensation effects inside the sampling
system and the gas sample valve pipework. Although the use
of heated tape minimises this effect, the collection of large
amounts of water vapour inside the sampling system is
undesirable.

A similar experiment was performed on variant III (the
HS-6 system). As the sample volume is considerably less, the
problem of water vapour condensation is expected to be less
pronounced. The experimental data are shown in Table 3. As
before, the values are normalised to those obtained at 30°C,
and tabulated as ± one standard deviation.

10
Time/min

Fig. 6. Standard chromatograms of two light hydrocarbon mixtures
in water run on PLOT fused-silica capillary columns. (a) Standard
(approximately 2 x 10-3 mll- 1 for comp'0nents 1-5) using the direct
gas-syringe technique, i.e., variant II. (b) Standard (approximately
1 x 10-3 mll- 1 per component) using the HS-6headspace device, i.e.,
variant III (see text for details). Components: 1, methane; 2, ethane;
3, ethene; 4, propane; 5, propene; 6, ethyne; 7, alkyne (propadiene?);
8, 2-methylpropane; 9, butane; 10, trans-but-2-ene; 11, but-1-ene; 12,
2-methylpropene; 13, cil'-but-2-ene; 14, 2-methylbutane; 15, propyne;
16, pentane; and 17, 1,3-butadiene
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Table S. Effect of ionic strength on the relative recovery of light
hydrocarbons from water using the HS-6 headspace analyser ± one
standard deviation

Effect of sample volume

Basic experiments to evaluate the influence of sample volume
on the manual headspace variants] and II were carried out. A
standard sea water mixture with a salinity of 30 p. p. t. was

at salinities of 10, 30 and 66 p.p.t. The hypersaline solution
was prepared from a mixture of sodium sulphate and sodium
chloride (AnalaR, BDH, Poole, Dorset, UK). The salinities
of 10 and 30 p.p.t. were prepared using the synthetic sea-salt
mixture and pre-stripped distilled water. An equilibration
temperature of 50°C was selected for this work. Again, the
data obtained using variants] and II were within 5%, and are
quoted together (see Table 4). The results were normalised to
the salinity of 30 p.p.t. for comparison. Equivalent data
obtained using the HS-6 system (variant II]) are presented for
comparison in Table 5. There are only marginal variations in
relative recoveries across a wide range of salinity. Comparing
the data in Tables 4 and 5 shows that, when using larger
sample volumes as in variants] and II, standard deviations at
higher salinities are greater than those encountered with
variant III. These results, together with those from the
previous section, show that, over the range of temperatures
and salinities examined, variations due to salinity are of minor
importance and equilibration temperature has a much greater
effect on method performance.

Methane
Ethane
Ethene
Propane
Propene
2-Methylpropane ..
1,3-Butadiene

10
l.(lO ± 0.01
0.99 ± 0.01
1.00 ± 0.01
1.00 ± 0.01
1.00 ± 0.02
1.00 ± 0.01
1.00 ± 0.01

Salinity, p.p.l.

30
1.00± 0.01
1.00± 0.01
1.00 ± 0.01
1.00 ± 0.01
1.00 ± 0.02
1.00 ± 0.02
1.00 ± 0.02

66
1.03 ± 0.01
1.02 ± 0.01
1.02 ± 0.01
1.01 ± 0.02
1.00 ± 0.02
1.01 ± 0.02
1.02 ± 0.02

spiked with equal volumes containing 1 X 10-4 ml 1-1 of
methane, ethane, propane, propene, 2-methylpropane and
1,3-butadiene. Sample volumes were varied from 200 to 1000
m\. Peak-area recovery was measured and is quoted relative to
an BOO-ml water volume. The data are presented in Table 6.

Clearly, as sample volume is progressively increased, so
relative recoveries are also increased. This general observa­
tion is true of any water - equilibration gas system as the ratio
of water phase to gas increases. However, as predicted by
Kolb et aI., 11 this effect will not be as pronounced for
compounds with a high partition coefficient. Further, as can
be seen from Table 6, precision will also decrease (slightly) as
sample volume increases. The time required for temperature
equilibrium to be reached also increases with sample volume,
and the potential for leakages, water vapour production and
re-condensation also increases. As it is often necessary to have
non-standard water vessels for water volumes in excess of 11,
it can be seen that there are several practical advantages in
keeping sample-handling apparatus to standard dimensions.

The optimum sample volume is a balance between the
maximum amount of sample that can be handled (which
lowers the limits of detection and hence increases the
analytical sensitivity) and the variation of precision with
volume. The data in Table 5 show that, when using water
volumes between 200 and 800 ml, the precision of component
recoveries varies only slightly i.e., ±O.02. When the water
volume is increased to 1000 ml, there are approximately 2-fold
increases in precision. Hence, a sample volume of 800 ml was
chosen as the optimum volume to work with when using
manual sampling techniques.

Detection limits and relative standard deviation

The lower detection limit in gas chromatographic analysis is
generally considered to be that amount of analyte which gives
a peak area response three times the standard deviation of the
response obtained from the blank. ]n equilibrium headspace
experiments developed to detect trace amounts of
organochlorine compounds in effluent water, Pizzie lZ defined
the lower detection limit mathematically as: DL = 3o.,lm,
where 0b is the standard deviation of the blank response and m

Table 6. Effect of sample volume on the relative recovery of light hydrocarbons from water. Results are normalised to an BOO-ml sample volume ±
one standard deviation

Sample volumelml

Methane
Ethane
Ethene
Propane
Propene
2-Methylpropane
1,3-Butadiene ..

200
0.94±0.02
0.93 ± 0.02
0.93 ± 0.02
0.92 ± 0.03
0.93 ± 0.03
0.94 ± 0.03
0.95 ± 0.04

600

0.96 ± 0.03
0.97 ±0.02
0.97 ± 0.03
0.98 ± 0.03
0.98 ± 0.03
0.98 ± 0.03
0.99 ±0.04

?GO
1.00 ± 0.02
1.00 ± 0.04
1.00 ± 0.04
1.00 ± 0.03
1.00 ± 0.03
1.00 ± 0.03
1.00 ± 0.04

1000

1.04 ± 0.06
1.05 ± 0.07
1.04 ± 0.08
1.03 ± 0.04
1.03 ± 0.05
1.03 ± 0.06
1.05 ± 0.07

Table 7. Lower detection limits (DL) and RSD(%) for light hydrocarbons in sea water using three static headspace methods (six replicates). All
results expressed as mil-I x 10-6

Variant method

Indirect gas Direct gas HS-6
syringe (I) syringe (II) pneumatic(lII)

DL RSD,% DL RSD,% DL RSD,%

Methane 11.0 4.5 <0.1 1.4 0.1 1.9
Ethane 12.9 3.4 <0.1 1.3 1.9 1.4
Ethene 13.8 3.4 0.4 1.4 2.7 1.3
Propane 13.7 3.1 0.5 1.1 3.1 1.3
Propene 12.9 3.0 <0.1 1.3 1.3 0.9
2-Methylpropane 14.3 2.9 0.4 1.1 1.0 1.3
Butane 15.6 2.8 0.4 0.5 0.9 0.5
2-Methylpropene 12.3 3.2 0.2 0.4 1.3 0.8
1,3·Butadiene .. 8.1 4.3 <0.1 0.7 0.5 0.9
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Table 8. Typical dissolved light hydrocarbon concentrations in water
samples from the estuaries of Southampton and the Beaulieu river.
Results expressed as mll- 1 x 10-6
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ingly growing source of these hydrocarbons relative to many of
the "traditional" inputs associated with local chemical-pro­
cessing industries.

is the slope (or sensitivity) of the calibration graph for the
analyte in question.

The lower limits of detection and the RSD(%) for CI-C4

light hydrocarbons using variants I, II and III are shown in
Table 7. These detection limits reflect, in part, the lower
sensitivity obtained using packed column chromatography
(variant I) compared with the high-performance fused-silica
capillary PLOT columns (used in variants II and III). Manual
systems of equilibration and injection can be considered much
less efficient than the semi-automatic, pneumatic system
(variant III). Even though variant II is capable of lower limits
of detection, variant III, combined with capillary column
chromatography, offers a limit of detection comparable to
variant II, but uses much less sample. Variants II and III
generate repeatable data to within an RSD of2%. Variant I,
however, exhibited higher RSD values between 2.8 and 4.5%,
largely due to the use of a packed column. It ought to be
recognised that this performance will be satisfactory for many
laboratories that wish to carry out less precise determinations
of light hydrocarbons in water.

Sample Data-A Case Study

The methods described were used to study the variation in
levels of light hydrocarbons with time in Southampton water.
The existence of the estuary has led to the intense commercial
and residential development of its shores where it supports a
number of industries varying from oil refining and merchant
shipping to boat building and fishing. Large tracts of shoreline
have also been converted to marina complexes over the last 5
years. The Beaulieu river, a smaller estuary, is located a
further 15 miles to the west along the Solent coastline. This
rural waterway remains largely undeveloped and is therefore
considerably less subject to inputs of anthropogenic volatile
carbon compounds. Typical sample data from surface water in
both estuaries are shown in Table 8 for comparison.

The data suggest that, although methane is largely of
biogenic origin, the industrialised Southampton estuary con­
tains up to ten times higher concentrations of Cz-C4 hydrocar­
bons than the rural Beaulieu estuary. Previous research3•13•14•

has suggested that spillages of marine fuels, atmospheric
fallout and untreated sewage wastes are a major and increas-

Methane
Ethane
Ethene
Propane
Propene
2-Methylpropane
Butane
2-Methylpropene
Butene
1,3-Butadiene

Southampton
water (Hythe) Beaulieu river

1040 1790
75 25
95 15

120 10
45 15

255 40
300 20
175 10
125 <5
40 <5

Conclusion

As a major reason for studying light hydrocarbons was to
examine anthropogenic inputs to surface water, these limits
were compared with the concentrations found in uncontami­
nated open-ocean water by Brooks and Sackett. l These
workers quoted levels of approximately 5 x 10-5 mIl-I for
methane, 3 x 10-6 mIl-I for ethane plus ethene, 1 x 10-6

ml I-I for propane and about 1 x 10-1 ml I-I for C4
hydrocarbons in open-ocean surface waters. Table 7 shows
that only variants II and III are suitable for monitoring light
hydrocarbons in the estuary by this criterion.

However, all three methods offer a significant degree of
flexibility to the analytical chemist working in this field. All
three techniques can be used with relatively clean waters or
with contaminated wastewaters. They do not involve the use
of cumbersome or highly expensive and complex apparatus.
Further, these methods have facilitated the monitoring of light
hydrocarbon gases in estuarine and coastal waters and
provided exclusive quantitative data on the occurrence and
behaviour of these compounds as water pollutants.

The author thanks M. S. Varney (Oceanography Department,
University of Southampton) and A. J. Phillips (Earth
Sciences, Open University) for their valuable comments made
during the preparation of the manuscript.
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Application of High-performance Size-exclusion Liquid
Chromatography to the Study of Copper Speciation in Waters
Extracted From Sewage Sludge Treated Soils
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A simple linear relationship has been established between the ionic strength and electrical conductivity of soil
solutions. This relationship allows the preparation of an eluent for high-performance liquid chromatography
which resembles the soil solution in terms of pH and ionic strength without requiring a complete ionic
analysis of the sample. High-performance size-exclusion chromatography has been used in conjunction with
ultraviolet detection for the molecular species and graphite furnace atomic absorption spectrometry for
copper. A TSK G3000 SW column was used with an eluent consisting of Na2HPO. - NaH2PO•. The analysis of
soil solutions extracted by centrifugation using this system enabled the separation of the soluble organic
matter into fractions of high and low relative molecular mass. The determination of copper in these fractions
revealed that 60-80% ofthe copper is bound to humic and fulvic acids and is unavailable for plant uptake. The
proportion of copper complexed with organic matter of high relative molecular mass was found to be affected
by the drainage status of the soil.

Keywords: Chemical speciation; graphite furnace atomic absorption spectrometry; high-performance
size-exclusion chromatography; soil solution; sewage sludge treated soil

In recent years there has been considerable concern regarding
the disposal of sewage sludges on agricultural land. This
concern is related to the high concentrations of potentially
toxic heavy metals that may be present in such effluents.! The
toxicity of these heavy metals is governed by their physico­
chemical form or speciation.2 However, because there is a lack
of analytical methods capable of providing a convenient
assessment of this speciation, regulatory agencies have
defined upper limits for the loading of soils in terms of the
extractable contents using the classical diagnostic reagents
employed to determine plant "availability." A recent Council
for European Communities (CEC) directive laid down upper
limits for heavy metal concentrations in sewage sludge used in
agriculture. 3

For copper, the apparently high level permitted in the soil
arises because a large proportion of the metal is organically
bound in forms that are not available to the plant. This is
thought to be the result of complexation with the higher
relative molecular mass humic substances. 4 Humic substances
have been defined as a "general category of naturally
occurring, biogenic, heterogeneous organic substances that
can generally be characterised as being yellow to black in
colour, of high molecular weight and refractory."5 Humic
substances can be split into two main classes, i. e., humic and
fulvic acids, with fulvic acid generally being of lower relative
molecular mass. The addition of such ligands to a polluted soil
has been shown to cause a decrease in the plant-available
copper.6

Copper is also known to form complexes with lower relative
molecular mass ligands, e.g., citric acid.7 The lower relative
molecular mass copper complexes are potentially available to
a greater extent to plants and it is already known that, for
example, copper - citrate complexes are highly toxic to the
alga Selenastrum capricomutum.8 For inorganic copper there
is considerable evidence that the free Cu2+ ion is the most
toxic form, but that simple inorganic species, e.g., CuCIz are
also extremely toxic.2

Heavy metals in soil solutions undergo complex equilibria
which are very easily disturbed. Conventional methods used
for assessing plant availability involve the use of chemical
extractants.l·9 However, the addition of any extractant to a
soil will have a disruptive effect on the soil equilibria and it has

been shown that the correlation between extractable copper
and plant-available copper is very 10w. 1O The diversity and
poorly defined properties of naturally occurring aqueous
organic material still constitutes a major drawback for copper
speciation studies. A division between defined low relative
molecular mass organic substances and diversified high
relative molecular mass humic substances is perhaps the
clearest distinction that can be made.s A much lower
proportion of the copper is present as Cu2+ or simple
inorganic complexes, e.g., CuCIz.

The criteria for an analytical method to investigate the
partitioning between the plant-available and non-available
forms are that it should provide a separation based primarily
on molecular size/mass, such that the natural speciation
should not be significantly altered by the preparation
chemistry or interactions with the column packing and that it
should be convenient to run on a routine basis. These
requirements suggested the use of size-exclusion chromato­
graphy (SEC). It was then necessary to establish that a
satisfactory separation could be achieved at a pH and total
ionic strength (I) equivalent to that of the extracted solutions
in order that the original speciation was preserved.

The total ionic strength of a solution can be determined by a
complete analysis of the component ionic species. This is
appropriate for the initial investigation of an analytical
method, but would be too time consuming. to carry out on
every sample. For this reason, the relationship between total
ionic strength and electrical conductivity (EC) of the extracted
solutions was investigated and a model was established, which
agrees well with that previously proposed by Griffin and
Jurinak. ll Hence simple measurements of the solution con­
ductivity and pH indicate directly an appropriate composition
for the eluent. The resulting model was also applied to real soil
solutions in order that an estimate of the degree of complexa­
tion of the major ionic species could be obtained.

Experimental

Apparatus

Soils were centrifuged using an MSE Mistral 3000 centrifuge
(Fisons Scientific Equipment, Loughborough, Leicestershire,
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Table 2. Laverock Brae Soil, map reference NJ 921111

Table 1. Furnace conditions for the Pye Unicam SP9 atomic
absorption spectrometer at A= 324.8 run

Reagents

Model soil solutions were prepared from AnalaR-grade
chemicals (BDH, Poole, Dorset, UK). In order that copper
contamination could be minimised, the HPLC eluent was
prepared from high-purity Aristar-grade chemicals (BDH).

A humic acid standard (50 mg dm-3) was made by dilution
of a 200 mg dm-3 stock solution prepared by dissolving 0.2 g
of humic acid powder in 1 cm3 of 0.2 mol dm-3 NaOH and
diluting with water. A fulvic acid standard (SO mg dm- 3) was
prepared by dissolving fulvic acid powder in distilled water.
This solution was then filtered to remove any particulate
matter. The humic and fulvic acids were extracted from soil of

UK). 'The resultant solutions were analysed for cationic
content by flame emission spectrometry (Na and K) on a
Coming 400 photometer (Coming, Halstead, Essex, UK) and
by atomic absorption spectrometry (AAS) (Ca, Mg and Cu)
on either a Varian 1275 (Varian Associates, Walton on
Thames, Surrey, UK) or a Perkin-Elmer 560 (Perkin-Elmer,
Beaconsfield, Buckinghamshire, UK) instrument. Anions
were determined by high-performance ion chromatography
(CI- and S042-) on a Dionex 4000 chromatograph (Dionex
UK, Camberley, Surrey, UK) and by flow injection col­
orimetry (HC03-, N03- and P043-) on a Tecator FIAstar
510 instrument (Perstorp Analytical, Bristol, UK).

The high-performance liquid chromatography (HPLC)
separation was carried out with a TSK (Toyo Soda, Tokyo,
Japan) G3000 SW SEC column (8 x 300 mm) fitted with a
TSK GSW (8 x 40 mm) guard column. All HPLC apparatus
used was manufactured by LKB (Bromma, Sweden) and
consisted of: a 2152 HPLC controller, a 2158 UV cord SD, (A
= 284 nm) 2150 HPLC pump and a 11300 Ultrograd mixer
driver. Samples were injected via a Valco C6W injection valve
fitted with a 200-111 injection loop. Fractions of the eluate (0.25
ml) were collected and an aliquot (5 Ill) was analysed by
graphite furnace AAS (GFAAS) using a Pye Unicam SP9
atomic absorption spectrometer fitted with a PU 9090 data
graphics system, a PU 9095 video furnace programmer and an
SP 9 furnace power supply. The furnace conditions employed
were as given in Table 1.

HPLC analysis of soil solutions

The soils were sampled and centrifuged as before, except that
the soil solutions were filtered using a Gelman LC3A OA5-l1m
filter to remove any particulate matter before analysis. The
soil solutions were injected on to the HPLC column with a
carrier flow-rate of 0.75 ml min-I. The mobile phase used
consisted of Na2HP04 and NaH2P04. A computer program
BUFFER was written which enabled the correct concentra­
tion of each of the two components to be calculated so that the
resulting buffer had the same ionic strength and pH as the soil
solution under investigation.

the Insch Association sampled at Greenhall Farm, Insch.
Unless stated otherwise, all other reagents were prepared
from AnalaR-grade chemicals.

All glassware was soaked overnight in 2% Decon, rinsed,
washed three times with 1 + 4 vlv HN03 and finally rinsed
three times with water. All water used was purified by
de-ionisation and distillation.

Results and Discussion

The data obtained from the total ionic analysis of the soil
solution are shown in Table 3.

Procedure

Preparation ofmodel soil solutions

Eighteen model soil solutions were prepared with similar ionic
concentrations to the soil extracts studied by Griffin and
Jurinak. tt The use of model solutions ensured that their ionic
content was known accurately. It was decided that the use of
data obtained from the analysis of soil extracts would
introduce errors into the derivation of a conductivity - ionic
strength relationship for the following reasons: experimental
errors would be introduced during the extraction and subse­
quent analysis; the experimental methods used by Griffin and
Jurinak measured total concentrations and not the free ionic
fraction which contributes to the ionic strength. This would
lead to an overestimation of the ionic strength of the soil
extract.

Additionally, five model solutions were prepared with
similar ionic concentrations to the field of interest (Laverock
Brae Farm, Aberdeen, UK). This field has a history of sewage
sludge application and its characteristics are shown in Table 2.
Soil samples were taken from the Ap horizon (the 0-20 cm
ploughed surface layer of the soil) of the field. The soil
solutions were extracted by centrifugation of the wet soil (2 x
25G-g samples) at 2000 g for 1 h. The centrifuge tubes were
specially constructed and were similar to those used by
Elkhatib et al. 12

The conductivities of the 23 model solutions were measured
at 25 0c. The calculated total ionic strength was then corrected
for ion-pair formation. 13 A linear regression analysis was then
carried out on the EC versus I data.
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Table 3. Soil solution concenlrations. In each instance the first value in the pair of values is concentration in p.p.m. and the second is
concentration in mmol dm-3

Sample
Mn2+site CI- HC03- N03- P043- SO.,- Ca2+ Cu2+ K+ Mg2+ Na+

38.132 39.101 16.713 0.205 8.073 1.1948 0.313 2.253 0.16 0.0041 24.26
1.074 0.641 0.269 0.00216 0.0841 0.0298 0.000489 0.0577 0.0067 OO75סס.0 1.0547

2 27.538 34.9 26.733 0.198 11.97 2.093 0.0178 1.994 0.17 0.0067 16.29
0.776 0.57 0.431 0.0021 0.124 0.0523 0.000278 0.0511 0.00709 0.000122 0.708

3 35.465 12.86 28.429 0.155 7.31 2.330 0.02 2.399 0.10 0.0184 10.67
0.999 0.211 0.458 0.00163 0.076 0.0583 0.000313 0.0615 0.00417 0.000335 0.464

4 29.77 24.91 15.215 0.104 10.35 1.506 0.0179 2.54 0.06 0.0087 13.98
0.839 0.408 0.245 0.00109 0.108 0.0377 0.000279 0.0651 0.0025 0.000158 0.608

5 23.31 49.77 8.574 0.0073 4.510 0.96 0.0157 1.15 0.06 0.023 16.04
0.657 0.816 0.141 0.00076 0.047 0.024 0.000245 0.0295 0.0025 0.000418 0.697
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Fig. 3. Size-exclusion chromatograms obtained with a mobile phase
consisting of Na2HPO. - NaH2PO. (0.0058 mol dm-3) at pH 5.8. (a)
Humic acid; (b) fulvic acid; and (e) citric acid
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The linear relationship between ionic strength and electrical
conductivity of the 23 model solutions was found to have a
high degree of correlation. The relationship found was very
similar to that reported by Griffin and Jurinak,l1 but the
gradient was slightly lower. An explanation for this, as
indicated previously, is that some of the analytical techniques
employed by Griffin and Jurinak to measure the ionic content
of soil extracts measure the total concentration of a particular
ion. As a result such methods will include organically
complexed and adsorbed forms of the ion in question. These
forms do not contribute to the ionic strength of the solution
and as a consequence the total ionic strength will be
overestimated. The relationship between ionic strength and
conductivity is shown in Fig. 1. The correlation coefficient
found in this work is significantly higher than that reported by
Griffin,

5 "-_--'--_----'-__L-_--'--_-'-_-"'L-_-'-_-'
o 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

Ionic strength/mol dm-3

Fig. 2. Graph of elution volume versus ionic strength for various test
samples: •. acetone; O. citric acid; • fulvic acid; 0, humic acid; and
., blue dextran

where r is the correlation coefficient, I the ionic strength in
mol dm-3 and EC the electrical conductivity in mS cm- I • The
use of this relationship to predict the ionic strength of a soil
solution will produce a reliable estimate of I in order that a
suitable HPLC column eluent can be prepared.

The use of SEC techniques in the study of humic substances
has been widely reported. 14-16 The column chosen for this
work was a TSK G3000 SW, as the use of such columns has
been previously reported. 14-16 One problem with this type of
column arises from coulombic repulsion between the column
packing and the sample when distilled water is used as an
eluent. In such instances, the test samples are eluted at the
column void volume and no separation is achieved. To
overcome this problem, some workers have employed high
ionic strength eluents14 (up to 0.1 mol dm- 3 NaCI). An eluent
with such a high ionic strength is obviously unsuitable for soil
solution speciation studies.

The column was tested over a wide range of ionic strengths
using humic, fulvic and citric acids, as test samples because
these compounds reflected the relative molecular mass range
of interest in soil solutions. Blue dextran (a high relative

15 12 9 6 3
Elution volume/ml

Fig. 4. Size-exclusion chromatogram obtained from a soil solution.
Mobile phase: Na2HPO. - NaH2PO. (0.0058 mol dm-3) pH 5.8

molecular mass polysaccharide) was used to determine the
column void volume Vo. Similarly acetone was used to find the
totally included volume VI' The results were plotted as a graph
of V (where V = elution volume) versus ionic strength in mol
dm-3 (Fig. 2). It was noticeable that at higher ionic strengths
there was very little separation between the high relative
molecular mass humic substances and low relative molecular
mass citric acid. This was also true at zero ionic strength where
all the polar samples were eluted at the column void volume as
a result of coulombic repulsion. Fig. 3(a), (b) and (c) shows
the chromatograms obtained for humic, fulvic and citric acids,
respectively, when the test samples were run at an ionic
strength comparable to that of a soil solution. Humic acid can
be seen to be present as two very different relative molecular
mass fractions, one of which is above the fractionation range
of the column (relative molecular mass >300()()() as it occurs
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Fig. S. Size-exclusion chromatogram obtained for sample site Lab
I-A. Mobile phase: NazHP04 - NaHzP04 (0.0058 mol dm-3) pH 5.8

Table 4. Results obtained for the determination of total soil solution
copper by ICP-OES

Low relative molecular
Humic materials mass ligands

Amount of total Cu Amount of total Cu

Soil sampling site % p.p.m. % p.p.m.
Lab I-A 67.0 0.106 33.0 0.052
Lab I-B 63.2 0.099 26.8 0.041
Lab1-C 83.0 0.094 16.6 0.019

at the void volume and one of much lower relative molecular
mass. Fulvic acid occurs as just one fraction with an elution
volume almost identical with the lower relative molecular
mass humic acid fraction. Similar splitting of humic acid peaks
was found by Vaughan and Ord1? when they attempted to
separate humic and fulvic acids by gel filtration on Sephadex
G-75. They also encountered a second humic acid peak which
co-eluted with fulvic acid. Although humic acid is generally
classed as being soluble in alkali it usually contains a
~ater-.soluble ~raction which has very similar properties,
mcludmg relaltve molecular mass, to fulvic acid. It is this
fraction which co-elutes with fulvic acid. Citric acid also occurs
as two peaks, the reason for this is unclear. It is unlikely that it
is due to impurities as the citric acid was of AnalaR-grade and
should, therefore, contain no noticeable impurities. Indeed
the same sample has been tested on a reversed-phase column
and was found to contain no impurities. One possible
explanation for the second peak is that some of the citric acid
may have interacted with the sodium ions in the eluent,
resulting in the formation of the sodium salt of citric acid.

It was noted that at low ionic strengths the degree of
separation between citric acid and the humic substances was
much greater than at either zero ionic strength or high ionic
strengths. It may be that the column was not separating the
compounds on relative molecular mass alone, and some
coulombic repulsion was occurring. This coulombic repulsion
seemed to affect the humic substances to a much greater
extent than citric acid and hence permitted a clear separation
between the low relative molecular mass organic ligands and
the humic and fulvic fractions.
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A soil solution was analysed under the same conditions and
the resulting chromatogram is shown in Fig. 4. The chromato­
gram can be seen to consist of five distinct peaks. Peak 1 is due
to the high relative molecular mass humic acid fraction
normally present in soils. Peak 2 is thought to be due to the
low relative molecular mass humic acid fraction and also fulvic
acid, as the elution volume was identical with that of the test
samples. Similarly, peak 4 has an elution volume similar to
that of citric acid and was, therefore, due to the low relative
molecular mass organic ligands in the soil solution. Peak 3 lies
in between those due to citric acid and the lower relative
molecular mass humic substances and it is most likely that this
peak is due to a splitting of the latter peak. Peak 5 may be due
to splitting of the low relative molecular mass organic acid
peak. Again this may be due to interactions with the sodium
ions in the elue~J.t, or ultraviolet absorbing inorganic ligands,
e.g., N03 -, whtch also elute at this volume.

Duplicate soil samples were taken from each sampling site
and the soil solutions were extracted as before. The samples
were run using HPLC and O.25-ml fractions were collected and
analysed for copper by GFAAS. The resulting absorbances
were superimposed on the chromatogram (Fig. 5). It is evident
that the majority of the copper (67%) is complexed with the
humic substances which is, as expected, due to the abundance
of humic materials in soils. A significant amount of copper is
complexed with low relative molecular mass ligands (33%).

Another two samples were taken from different locations
~nd the total soil solution copper was determined by induc­
ltvely coupled plasma optical emission spectrometry (ICP­
OES). The results are presented in Table 4.

It is apparent that in this soil the majority of the copper is
present as complexes with humic substances but that a
significant amount is present as complexes with low relative
molecular mass ligands, e.g., citric, malic and lactic acids. The
specific ~atur~ of the.se low relative molecular mass ligands
wIll be mvesltgated m future work. From the results it is
evident that samples taken from sites Lab I-A and Lab l-B
were similar in the amounts of copper bound by humic
materials. Sampling site Lab l-C, however, showed a much
greater proportion of the copper bound to humic material.
This site was different from the previous two in that the soil
had a much higher moisture content. In fact this part of the
field tend~d to collect water and was often waterlogged. In
contrast sItes I-A and l-B were on a much greater gradient
and subsequently water tended to drain off rapidly. From
these results it seems evident that if soil water is allowed time
to equilibrate with the soil particles then the soil solution
copper will be predominantly in the form of copper - humic or
copper - fulvic acid complexes.

We are grateful to the Science and Engineering Research
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mformalton on the Laverock Brae soil. We also thank A.
Hepbum(Soils Division, Macaulay Land Use Research
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acid samples.
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Analytical Methodology for the Determination of Aflatoxins in
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Chromatographic, Enzyme-linked Immunosorbent Assay and
High-performance Liquid Chromatographic Methods*
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High-performance thin-layer chromatography (HPTLC) was applied to the separation and quantification of
aflatoxin in 300 jars of "crunchy" peanut butter. A critical evaluation ofthe proposed HPTLC method has been
carried out by statistical comparisons with a commercially available enzyme-linked immunosorbent assay
(ELISA) kit and a high-performance liquid chromatographic (HPLC) method. The statistical tests indicated that
whilst the distributions of the data sets obtained with each method were similar, the HPLC method was found
to be biased. Over-all results indicated that the HPTLC method gave more consistent data, relatively lower
standard deviations and lower coefficients of variation. The ELISA kit was found to be less precise than the
HPTLC and HPLC methods and prone to some loss of sensitivity caused by matrix interference.

Keywords: Aflatoxin determination; peanut butter; high-performance thin-layer chromatography;
enzyme-linked immunosorbent assay; high-performance liquid chromatography

Aflatoxin B1 is a highly toxic carcinogenic fungal metabolite
that may playa key role in the epidemiology of human liver
cancer and other diseases. I Aflatoxins are produced in
foodstuffs and feedstuffs by the fungi Aspergillus flavus and
Aspergillus parasilieus, at higher temperatures and relative
humidities than those normally found in the UK.2 However,
there is considerable evidence showing the presence of
aflatoxins in commodities imported into the UK, including
confectionery nuts and nut-based food products such· as
peanut butter.3 Owing to the inevitable health risks to man
and livestock from this mycotoxin, many countries have
introduced regulations and legislation which stipulate the
maximum levels of aflatoxin permitted in foods and feeds.4An
upper legal limit of 10 fLg kg-1is proposed for the UK, for the
total level of aflatoxin permitted in individual retail packs of
finished nuts and nut products.3

Simple, sensitive and rapid methods of analysis are required
if such regulations are to be efficiently implemented and the
exposure of the UK population to aflatoxin properly investi­
gated. Currently, thin-layer chromatography (TLC)5-7 and
high-performance liquid chromatography (HPLC) are widely
used for the quantification of aflatoxins and several HPLC
methods for peanut butter analysis have been published.8-15
Recently a number of enzyme-linked immunosorbent assays
(ELISA) for peanut butter have been described, demonstrat­
ing the many advantages they have over conventional analy­
tical procedures. 16-23 Some of these studies have been devoted
to optimising and improving the ELISA protocol by decreas­
ing the analytical time involvedl7·20.21 and by increasing the
specificity and sensitivity using monoclonal antibodies. 16 An
improved ELISA test has also been used as a routine
technique in the assay of aflatoxin BI in peanut butter.21
Peanut butter is marketed as "smooth" and "crunchy" forms,
with the crunchy peanut butter containing particles up to
approximately 1 mm in diameter. A study carried out in 1986

• Presented at SAC 89. the 8th SAC International Conference on
Analytical Chemistry. Cambridge, UK, 30 July-5 August. 1989.

t To whom correspondence should be addressed.

on aflatoxin levels in peanut butter showed that out of the 129
jars examined, 6% exceeded a concentration of 10 fLg kg-I,
8% contained <10 fLg kg- I and 86% of the samples were
below the limit of detection.21 Studies in 1982,1983 and 198410

indicated that the aflatoxins were particularly associated with
samples of peanut butter in the crunchy form.

In the present study 300 jars of crunchy peanut butter have
been analysed by high-performance thin-layer chromato­
graphy (HPTLC)24.25 and the results recorded have been
statistically compared to those obtained using both a commer­
cial ELISA kit and an HPLC method.

Experimental

Apparatus

The Bond-Elut clean-up equipment supplied by Jones Chro­
matography consisted of a vacuum manifold (Vacelut),
disposable 5OO-mg phenyl bonded phase cartridges (PH),
solvent reservoirs (4, 25 and 75 ml), polyethylene porous frits
(20 fLm), adapters and luer stopcocks. The HPTLC alumi­
nium-backed plates, 20 x 20 cm (Merck 5547), were cut to a 10
x 20-cm size, pre-conditioned by immersion in methanol for
60 min and oven-dried for 2-3 min at 100 °C; the pre­
conditioned plates were then stored in a desiccator. The
HPTLC experiments were performed using a f1uorodensi­
tometer (TLC scannerII: Camag 76610), an electronic integra­
tor (TLC integrator SP 4270: Camag 76650) and an Apricot
PC operating with Link-up software (Quadrant Scientific). An
automated TLC sampler (Camag 27200) was also used.

Absorbance measurements of the ELISA kits were
recorded on a Dynatech MR600 microplate reader. A Gilson
222-401 autosampler was used for the automatic dilution and
transfer of the crude sample extracts on to the micro-titration
plates.

The HPLC equipment consisted of a Waters 6000A pump
fitted with a Rheodyne 7125 injection valve (2oo-fLlloop). The
analytical column used was a reversed-phase Spherisorb 5
ODS, 25 x 4.6 cm (Technicol), with a mobile phase of
water - acetonitrile - methanol (60 + 30 + 10) pumped at a
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(eI)

7 ml of chloroform

Ie)
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distilled water
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60 ml of methanolic acetic
acid + 5 ml of sample extract

(al + 2 ml of lead acetate

10 ml of methanol I
followed by 10 ml of
distilled water

Waste ~-m~vial

Anhydrous sodium
sulphate column

Fig. 1. Aflatoxin sample clean-up using pre-packed disposable
phenyl bonded columns. (a) Wetting the column; (b) isolation of
aflatoxins; (c) rinsing the column; and (d) elution of aflatoxins

HPTLC Analysis

Residues from the peanut butter extracts were dissolved in 200
III of benzene - acetonitrile (98 + 2) and transferred into a
polypropylene micro-vial. An automated TLC sampler was
used to apply the external standard and sample solutions
(50-10000 nl) on to the adsorbent layer of the HPTLC plate as
a row of spots 5 mm apart positioned 20 mm from the bottom
of the plate. Bi-directional development of the plate was
carried out using a previously described method.30 The
aflatoxins were quantified by UV fluorescence in the reflec­
tance mode using a monochromatic densitometer and elec­
tronic integrator. The concentration of aflatoxin in each
sample was determined by converting the density value
obtained from the fluorodensitometer into a peak-height
measurement, using a valley to valley integration method. Fig.
2(a) and (b) shows the HPTLC traces of a standard and a
sample, respectively.

firstly solvated with methanol and then with water, ensuring
that the column sorbent was not allowed to dry. Aliquots of
methanolic acetic acid solution [60 ml of water - acetic
acid - methanol (92.3 + 1 + 6.7)], sample filtrate (5 ml) and
lead acetate solution (2 ml) were mixed in the reservoir and
pulled through the solvated PH cartridges under vacuum at a
rate of approximately 10 ml min-I.

The lead acetate solution was prepared using 100 g of lead
acetate trihydrate dissolved in 300 ml of water, to which 1.5 ml
of acetic acid had been added, and made up to a final volume
of 500 ml with water. The lead acetate solution was used to aid
in the clean-up by precipitating colloidal material from the
sample extract. The cartridges were washed with distilled
water (10 mJ) and then dried by passing air through them for
5 min. A 4-ml reservoir, containing about 3 g of granular
anhydrous sodium sulphate, was connected to the boltom, and
a 25-ml reservoir was filted to the top, of each PH cartridge.
Chloroform (7 ml) was added to the cartridge and eluted at a
rate of approximately 1 ml min-I. The eluate was collected
and evaporated to dryness on a heating block at 40°C, under a
gentle stream of nitrogen.25.28.29

Procedure

Samples

Peanut butter samples (approximately 311 g) were systemati­
cally collected from the production line of a 3.6-tonne batch
(11 400 jars), at 57-s intervals over an 8-h shift. The complete
contents (approximately 311 g) of each of 300 jars of naturally
contaminated peanut butter were used in the analysis.

flow-rate of 0.7 ml min-I. Detection was achieved using a
Kratos spectrofluorimeter (FS 970 LC) with excitation and
emission wavelengths of 363 and 418 nm, respectively.

Sample preparation

All of the following sample preparation steps were carried out
in parallel for a set of ten samples. The complete, weighed
contents of each jar were blended with water (1 + 1.5 m1v) in a
2-1 Waring blender, at low speed for 1 min, followed by 2 min
at high speed. Immediately after blending, two 100-g portions
of the homogeneous slurry were taken using a plastic ladle.
The portions were labelled as slurry A and slurry B.

Acetone (200 ml) was added to slurry A and the mixture was
blended in a 1-1 Waring blender at high speed for 3 min. After
filtration through a Whatman No.1 filter-paper, an aliquot
(about 50 ml) was taken for Bond-Elut clean-up for both
HPTLC and HPLC analysis.

Acetonitrile (100 ml) and water (40 ml) were added to slurry
B. The mixture was blended and filtered; an aliquot (100 Ill)
was diluted with a commercial diluent (2.4 ml) that was
provided with the ELISA kit; diluted aliquots (50 Ill) were
then applied to micro-titration plates either manually or by
using an autosampler (Gilson) and subsequently analysed.

Reagents and Materials

Aflatoxin standards

Stock solutions of each of the aflatoxins BI> B2, G 1 and G2
(purchased from Aldrich) were prepared by the addition of
100 ml of spectroscopic grade solvent [benzene - acetonitrile
(98 + 2)] to each 10 mg of crystalline material to give an
estimated concentration of 100 Ilg ml-1 . These solutions were
further diluted to contain approximately 10 Ilg ml- I and their
exact concentrations were determined by ultraviolet (UV)
absorbance measurements using a Perkin-Elmer Lambda 3
UV - visible spectrophotometer.26 The standard solution used
for HPTLC contained aflatoxins BI, B2, G 1 and G2with a total
concentration of 3 Ilg ml- 1 (corresponding to 1 Ilg ml- 1 of
aflatoxins B1 and GI and 0.5 Ilg ml- I of aflatoxins B2and G2)
and was stored at -20°C in benzene - acetonitrile (98 + 2). A
standard solution containing approximately 1 Ilg ml- I of each
of the four aflatoxins was then used as an external standard for
HPLC detenninations. An aliquot (1 ml) of the mixed solution
was transferred into a vial and evaporated to dryness at 40 °C,
under nitrogen, using a sample concentrator. Conversion of
aflatoxins B1 and G1 into the hemiacetals27 (aflatoxins B2a and
G2a, respectively) was achieved by the addition of triflu­
oroacetic acid (50 Ill) to the vial and, after about 1 min,
removing the excess of acid in a stream of nitrogen; the residue
was then dissolved in 4 ml of water - acetonitrile (90 + 10).
The resulting solution provided a standard containing about
25 ng per 100 III of each aflatoxin in a satisfactory injection
solvent.

All inorganic chemicals and organic solvents were of
AnalaR or HPLC grade. Distilled water was used throughout.

Sample clean-up

Using the Vacelut manifold 10-12 samples were prepared
simultaneously. Fig. 1 shows a diagram of the stages used in
this procedure using a combination of PH columns and
reservoirs. The phenyl bonded columns (PH, 500 mg) were

ELISA Kit for Total Anatoxin Assay

A commercial ELISA kit (Biokits) was used in this study. The
kit contained six double column sensitised micro-strips (96
assay wells, coated with a pre-detennined aflatoxin BI
preparation, and dried), aflatoxin assay diluent concentrate,
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(al B,

G,

(b)

B,

HPLC Analysis

The peanut butter residues obtained from the clean-up
procedure were treated with trifluoroacetic acid (50 Ill) and,
after removal of excess of acid, 125 III of injection solvent
[water - acetonitrile (90 + 10») were added. This solution (100
Ill) was injected manually into the HPLC system and the
concentration of aflatoxin in each sample, in Ilg kg-I, was
determined by a comparison of peak areas using a calibration
sample of known concentration.

Results and Discussion

G,

Tlme­

Fig, 2. HPTLC traces of (a) an aflatoxin standard and (b) a peanut
butter sample. Densitometer light source: high-8ressure mercury
lamp. Wavelength, 366 nm; and scan speed, .5 mm S-I. Bi­
directional plate development: the first solvent, anhydrous diethyl
ether, was used to remove interfering compounds. The plate was
rotated through 180" and developed twice with chloroform - xylene ­
acetone (6 + 3 + 1) for 20 min

rat anti-aflatoxin, wash solution concentrate, antibody ­
enzyme conjugate, 2,2'-azino-di(3-ethylbenzylthiazoline sul­
phonic acid-6) diazonium salt (ABTS) concentrate and
peroxide - citrate buffer and stop solution (1.5% rnlv sodium
fluoride in distilled water).

A series of standard solutions of aflatoxin B I (in the range
20-2000 pg ml- I), together with the diluted sample extracts,
were added to the appropriate wells of the plate, followed by
50-Ill aliquots of rat anti-aflatoxin. The plate was constantly
agitated and incubated at room temperature for 2 h, timed
from the first addition of rat anti-aflatoxin. After washing five
times with diluted wash solution, using a Nunc 8 probe
micro-well washer, aflatoxin assay peroxidase conjugate (100
Ill) was added, and the plate was further incubated for 30 min
at room temperature with constant mixing. Finally, after
further washing, 100 III of the substrate solution were added
and the plate was incubated for a further 30 min at room
temperature until the absorbance of the maximum binding
well had reached approximately 1.5 at 410 nm. The enzyme
reaction was terminated by the addition of 50 III of stop
solution. The absorbance of each well was measured at 410 nm
using the micro-plate reader.

A standard calibration graph was constructed by plotting
the measured signal against 10glO of the aflatoxin concentra­
tion (pg ml- I). The total aflatoxin concentration in the
samples was then estimated by reference to the calibration
graph which had a sigmoidal function. In the direct competi­
tive form of ELISA used here for total aflatoxin determina­
tion, the aflatoxin concentration varies inversely with the
colour intensity of the substrate.

HPTLC Method
The efficiency and performance of the combined PH bonded
phase - bi-directional HPTLC method were assessed in a
reproducibility study and compared with those obtained for
the ELISA and HPLC methods.

Ten replicate peanut butter extracts were spiked at various
levels of aflatoxin (5, 10,20 and 50 Ilg kg- I total aflatoxin).
The precision of the HPTLC procedure decreases with
concentration. At lower concentrations the coefficient of
variation (CV) increased, e.g., 8.5% for the 5 Ilg kg- I level,
compared with variations at the higher levels of 4.7% for the 10
Ilg kg- I level, 3.3% feir the 20 Ilg kg- I level and 2.4% for the
50 Ilg kg- I level. The HPLC method was assessed as having
CV values of 12.9% for the 5 Ilg kg- I level, 5.2% for the 10
Ilg kg- I level, 3.7% for the 20 Ilg kg- I level and 2.8% for the
50 Ilg kg-1 level of total aflatoxin. The performance of the
ELISA kit was assessed for peanut butter extracts using a
previously described methodology.21 The CV was found to be
14.6% for extracts containing a spiked B I value of 5 Ilg kg-I,
12.8% for the spiked BI level of 10 Ilg kg-I, 11.4% for the
spiked BI level of 20 Ilg kg-I and 10.5% for the spiked BI level
of 50 Ilg kg-I.

The combined PH bonded phase - bi-directional HPTLC
procedure was found to have a detection limit of 2.0 Ilg kg-1
for B1> 2.61lg kg- I for B2, 2.5 Ilg kg-I for G1 and 2.71lg kg-I
for G2. These limits of detection were found to be below the
proposed legal limit of 10 Ilg kg- I for finished nuts and nut
products. For the aflatoxin standards, 1.006 Ilg kg- I B1> 0.259
Ilg kg-I B2, 0.5011lg kg- I GI and 0.2551lg kg- IG2, the CVfor
the HPTLC method was found to be less than 1.5% for B I and
0 1and 3% for B2and O2using fluorescence detection for the
toxins.

Peanut Butter Study

In this study the aflatoxin concentration of 300 jars of peanut
butter was determined by HPTLC, ELISA and HPLC and a
summary of the analysis is shown in Table 1. The large
numbers of samples used represent a more detailed study than
any reported in the literature to date. IO,21 Oood agreement
can be seen to exist between the HPTLC and ELISA results
for values of less than 6 Ilg kg-I. This trend was also true in
general for concentrations greater than 6 Ilg kg-I, however,
one sample gave a value of 44.7 Ilg kg- I by ELISA whereas
higher values of 95.8 and 83.1 Ilg kg-1 were recorded by the
HPTLC and HPLC assays, respectively. The distribution
profile (Fig. 3) obtained for the 300 samples (HPTLC method)
clearly identified that the batch of peanut butter analysed
contained local "hot-spots" of aflatoxin which remained even
after processing.

Statistical Evaluation of Results

A statistical evaluation of the aflatoxin data was performed
using box and whisker plots, scatterplots, the maximum
likelihood functional relationship (MLFR) technique and the
Wilcoxon signed rank test.

A box and whisker plot from the 300 sample set (Fig. 4) was
used to display the raw data distribution. The plots showed the
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Table I. Analysis of 300 crunchy peanut butter samples

Number ofsamples in the total
aflatoxin concentration range (Ilg kg-I)

Method
HPTLC
ELISA
HPLC

Clean-up
PH Bond-Elut
No clean-up
PH Bond-Elut

Type of aflatoxin

B.. 8,. G.. G2
Total aflatoxin
B.. 8" G.. G2

<2
1
3

45

2-5

107
104
123

6-10

125
127
77

11-30

50
49
43

31-100
16
16
II

>100
1
1
1

Maximum

170.8
165.2
117.4

Average
10.3
10.2
7.9
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Fig. 3. Skewed distribution of aflatoxin concentrations in 300 jars of
peanut butter

HPTLC ~f-----------------t

ELISA 1]-----------------1
HPLC ~f------------I

Fig. 4. Box and whisker plots for 300 samples of peanut butter using
the Tukey five number summary

minimum value, the lower quartile (25th percentile), the
median, the upper quartile (75th percentile), and the maxi­
mum value, and indicate that all three methods had a similar
asymmetric distribution with little apparent difference
between the sets of raw data.

Pairwise scatterplots were used to examine the relationship
between the methods. On inspection of these scatterplots one
observes that there is a rotational bias between all the methods
[Fig. 5(a) and (b)], however, the HPTLC - ELISA scatterplot
showed less bias than the HPTLC - HPLC scatterplot. Hence,
these plots suggest that the HPTLC - ELISA methods give a
better agreement than the HPTLC - HPLC methods. It is also
clear that the ELISA data have more experimental variation
or scatter than the HPTLC or HPLC data.

It is evident from Fig. 3 that the distribution ofthe aflatoxins
in the 300 peanut butter samples is skewed. Conventional
regression methods assume a normally distributed y-variable
and no random variations in the x-variable. Hence linear
regression does not offer a valid approach for the comparison

25th 75th
Minimum Percentile Median Percentile Maximum

HPTLC - HPLC

300
240
156.681
57

101.211
11.0424

HPTLC - ELISA

300
144
142.608
150
144.15

0.785846

/
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/
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/
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./,....30
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180r-------------....,
(b)

150

u
~ 90
::t:

Test parameter
Number of samples
No. of positive differences
Average rank
No. of negative differences
Average rank
Sample test statistic l ..

30 60 90 120 150 180
HPTLC

of these methods, although such techniques are still widely
used. To overcome these problems the transformation of the x
and y variables (i.e., use of a log scale) or the use of an
alternative regression method such as the MLFR technique
can be used)l

The MLFR technique assumes that there is variance on both
axes and it provides unbiased estimates of the intercept (a)

o 30 60 90 120 150 180
HPTLC

Fig. 5. Scallerplots for 300 samples of peanut butter. (a) HPTLC ­
ELISA scatterplot; and (b) HPTLC - HPLC scatterplot. A, Line of
perfect agreement; and B, regression line

Table 2. Wilcoxon signed rank test

4.30
4.40
2.60

1.70
1.30
0.30

6.20 9.50 170.80
6.00 9.80 165.20
4.30 8.30 117.40

0.30 85.55 170.8
1-1--------II----------li

HPTLC
ELISA
HPLC
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and the slope coefficient (b) with their respective standard
errors [se(a) and se(b)], A FORTRAN program for the MLFR
technique was used to determine the functional relationship
between the methods (the program was obtained from
Professor B. D. Ripley). The results for the HPTLC - ELISA
methods were: intercept = -0.1894 with a standard error of
0.2241, slope =0.9969 with a standard error of 0.02607, whilst
the results for the HPTLC - HPLC methods were: intercept =
0.2724 with a standard error of 0.08488, slope = 0.7828 with a
standard error of 0.0665. These results indicate that there is a
measurable bias between the HPTLC - HPLC methods which
is not apparent between the HPTLC - ELISA methods.

The Wilcoxon signed rank test was also used on the data sets
of the three methods to confirm the trends identified by the
MLFR technique. This test indicated that the data from the
HPTLC - ELISA methods were in good agreement (Table 2)
giving 144 positive differences with an average rank of 142.61,
whilst the 150 negative differences showed an average rank of
144.15. The calculated test statistic (z = 0.79) was not
considered significant, leading to the conclusion that the two
sample sets, from the HPTLC - ELISA methods, may have
medians that are not significantly different. However, the
calculated test statistic for the HPTLC - HPLC set was 11.04,
hence at the 1% level of significance the null hypothesis was
rejected as the test statistic was greater than 2.58.

Conclusions

The results showed that many advantages are gained by using
HPTLC as a routine method for the analysis of peanut butter.
The HPTLC method is robust and can handle a high sample
throughput; 36 samples may be separated simultaneously and
scanned at a rate of at least one sample per minute.

"Poisoning" of the adsorbent layer of the disposable
HPTLC plate with residual contaminants does not represent a
problem. However, some manual skill is required for develop­
ing plates if reproducible densitometer readings are to be
obtained. The aflatoxins are naturally fluorescent and, there­
fore, can be detected easily by HPTLC in the low picogram
range. The choice of detector is not restricted because all
samples are detected in situ, in the absence of the developing
solvent. Furthermore, the amount of solvent used [20 ml of
chloroform· xylene - acetone (6 + 3 + 1)] is much less than
that required for the analysis of a comparable number of
samples by HPLC. The PH Bond-Elut column clean-up was
found to be simple to use and gave satisfactory results in all
respects.

The ELISA kits offer a rapid, cheap and potentially
sensitive method of detecting aflatoxins; however, the assay is
still prone to some loss of sensitivity caused by matrix
interferences at lower toxin levels and a loss of precision.
However, it is worth noting that the extraction procedure for
the kit was very simple and no clean-up was found to be
necessary.

The HPLC method used in this study (manual injection and
pre-column derivatisation) was found to be precise but biased.
The pre-column derivatisation step was thought to be a
possible source of this apparent systematic bias.

The statistical tests also indicated that whilst the distribu­
tions of the data sets obtained by each method were similar,
the HPLC method was found to be biased. However, over-all
results showed that the HPTLC method gave more consistent
data, relatively lower standard deviations and lower coeffi­
cients of variation for a range of aflatoxin concentrations.
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Determination of Selenium by Gas Chromatography and Comparison
With Graphite Furnace Atomic Absorption Spectrometry*

A. F. AI-Attart and G. Nickless
Department of Inorganic Chemistry, School of Chemistry, The University, Bristol BSB 1TS, UK

Selenium(lV) reacts with 3-bromo-5-trifluoromethyl-1,2-diaminobenzene to form' 4-bromo-6­
trifluoromethylpiazselenol, which is detected by means of a gas chromatograph equipped with an electron­
capture detector. A rapid and sensitive method for the determination of total selenium in plant samples thus
developed, is described. A comparison of gas - liquid chromatography with electron-capture detection and
graphite furnace atomic absorption spectrometry for the determination of selenium in plant samples, showed
no difference between the two methods at the 99% level of confidence. The synthesis and characterisation of
substituted 1,2-diaminobenzenes used as reagents for selenium determination is also reported. These
reagents, namely 3-chloro-5-trifluoromethyl-1,2-diaminobenzene and 4-chloro-5-f1uoro-1,2-diaminobenzene,
are very sensitive and have short retention times. Their applicability to the determination oftotal selenium in
National Institute of Standards and Technology Standard Reference Materials was therefore evaluated. The
detection limit was 2.2 ng ml-1 and the minimum detectable amount was about 5 pg of selenium. The
detection limits were evaluated using statistical methods.

Keywords: Selenium determination; method comparison; gas - liquid chromatography; graphite furnace
atomic absorption spectrometry

The discovery of selenium as an essential trace element for
animals and humans1 has resulted in an increased interest in
this element. Initial attention lay in its potential toxicity, but
subsequent studies have shifted because of its importance in
biochemistry.2

Selenium is an important element in relation to human
health and disease because the safety margins between
deficiency, nutrition and toxic doses are very narrow.3

Selenium is widely distributed in the Earth's crust, but
occurs at low concentrations (0.05 p.p.m.); the primary
sources are volcanic. emanations and metallic sulphides
associated with igneous activity. Secondary sources are
biological sinks in which the element has accumulated.4

The determination of selenium is still a major challenge.
Many problems that complicate its determination have been
reported,S i.e., severe matrix effects, digestion or extraction
difficulties and the volatility of the element.

A number of analytical methods are now available for the
determination of selenium at trace levels (ng g-l) using the
different detection techniques that have been developed.5-12
Generally, gas -liquid chromatography with electron- capture
detection (GLC-ECD) and atomic absorption [hydride genera­
tion and graphite furnace atomic absorption spectrometry
(GFAAS)] are the most popular methods for the determina­
tion of selenium in biological and environmental samples.

1,2-Diaminobenzene (a-phenylenediamine) and its deriva­
tives react selectively and quantitatively with selenium(IV) to
form piazselenols that are volatile and stable. Trace levels of
selenium in materials as diverse as biological tissues, high­
purity metals and natural waters have been determined
successfully as piazselenols by means of gas chromatography
with ECD.3.11.13.14

The use of AAS has increased during the last two decades
and now covers a large proportion of the total number of
selenium determinations in various materials.6.8.9.1O.1S

* Presented at SAC 86. the 7th SAC International Conference on
Analytical Chemistry. Bristol. UK. 20--26 July. 1986.

t Present address: Petroleum and Petrochemicals Research Insti­
tute. King AbdulAziz City for Science and Technology, P.O. Box
6086. Riyadh-11442. Saudi Arabia.

Graphite furnace atomic absorption spectrometry is es­
pecially suitable for direct analysis because of its high
sensitivity (detection limit 90 pg of selenium), but it is neither
simple, nor free from interferences or losses through volatil­
isation. lO

Nakashima and Toei l6 first used the GLC-ECD method for
the determination of selenium using 4-chloro-l,2-di­
aminobenzene and reported a minimum detectable amount of
40 ng of selenium. Shimoishi l4 studied 13 derivatives of
1,2-diaminobenzene, and found the sensitivity of the deriva­
tives varied with the nature of the substituents in the order
H < CI < Br < N02. 4,6-Dibromopiazselenol had the highest
sensitivity and could be used to detect 1 ng of selenium.

Dilli and Sutiknol7 prepared and investigated Iwo fluori­
nated reagents, namely the 4-f1uoro- and 4-trifluoromethyl­
1,2-diaminobenzenes. AI-Attar and Nickless3investigated the
properties of 3-bromo-5-f1uoro-1,2-diaminobenzene and
3-bromo-5-trifluoromethyl-1,2-diaminobenzene as reagents
for the determination of selenium using GLC-ECD. They
proved to be superior to previously reported systems.

The purpose of the present work has been to investigate the
possibility of finding more sensitive reagents for the determi­
nation of selenium by GLC-ECD. This paper also compares
the results of two different methods for the determination of
selenium in a series of plant samples by GLC-ECD using
3-bromo-5-trifluoromethyl-1,2-diaminobenzene and by
GFAAS.

Experimental

Reagents and Materials

AU glassware was washed with detergent solution, rinsed with
tap water followed by distilled water, and placed in 40% v/v
nitric acid (concentrated) (analytical-reagent grade) for at
least 48 h before use. The glassware was then rinsed with
distilled water and doubly diStilled water and oven-dried at
60 °C.

AnalaR hydrochloric, nitric, perchloric and sulphuric acids,
AnalaR magnesium nitrate hexahydrate and selenious acid
standard solution (SpectrosoL; for atomic spectrometry) and
analytical-reagent grade selenium dioxide were obtained from
BDH (Poole, Dorset, UK). 4-F\uoro-5-chloro-l,2-di­
aminobenzene, 3-chloro-5-trifluoromethyl-1 ,2-diaminoben-
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Table 1. Atomic absorption furnace operating parameters
zene and 1,2-dinitro-3,4,5,6-tetrachlorobenzene were
obtained from Maybridge Chemicals (Trevillet, Tintagel,
Cornwall, UK).

The following reagents were prepared:
1,2-Diamino-3,4,5,6-tetrachlorobenzene hydrochloride.

This was synthesised from 1,2-dinitro-3,4,5,6-tetrachloroben­
zene (10.71 g, 0.035 M) by reduction with iron (metal) powder
in the presence of hydrogen (BDH) in ethanol containing
ammonium chloride. The resultant crude precipitate was
dissolved in diethyl ether and hydrogen chloride gas was
passed through the solution to obtain the hydrochloride salt.
The yield was 7.1 g (63.6%) as a white crystalline solid with
m.p. 212-214 °C (decomposed).

3,5-Dinitro-l,2-diaminobenzene This reagent was syn­
thesised as described in the following scheme:

StepNo.
I
2
3
4
5
6
7
8
9

Temperature!
°C

90
120
300
500
500
500

2700
2700
2700

Time!s
5

60
10
5
5
2
l.l
2
2

N2 flow!
Imin- I

3
3
3
3
3
o
o
o
3

Read
command

Fig. 1. Electron-capture detector responses showing peaks in
chromatograms of 5-chloro-6-fluoropiazselenol extracts and effects of
clean-up. (a) 0.2 ng of selenium(IV) + 1,2-diamino-4-chloro-5­
fluorobenzene without clean-up: (b) 0.2 ng of selenium(IV) +
1,2-diamino-4-cbloro-5-fluorobenzene + washing three times with 6 M
HCl04; (e) 0.2 ng of selenium(IV) + 1,2-diamino-4-chloro-5-flu­
orobenzene + washing three times with 9 M HCI; and (d) 0.2 ng of
selenium as standard 5-chloro-6-fluoropiazselenol (weighed)

with the N2stopped-flow method. A hollow-cathode lamp was
employed for selenium at a current of 5 rnA. All analyses were
performed at 196.0 nm using a 1.0-nm bandpass (slit-width).
Pyrolytic graphite coated graphite tubes· (Varian) were
employed. The deuterium lamp background corrector was
employed to correct for non-specific absorption observed
during atomisation. The furnace operating parameters are
shown in Table 1. The instrument was calibrated with standard
solutions using the concentration mode.

Procedure

An experiment to provide suitable biological material for total
selenium determination was carried out using Lolium perenne
seedlings. Selenium(VI) as sodium selenate was added to
nutrient solutions in which the seedlings were grown hydro­
ponically. The seedlings were germinated, allowed to estab­
lish themselves on exposure of 1 week to pure nutrient
solution, followed by immersion in contaminated solutions for
3 weeks. The procedure has been discussed in detail else­
where. 18.20

Plant material was wet-digested in concentrated AnalaR
nitric acid and an aliquot of the digest heated in an oven at
150°C for 60-75 min in a PTFE vessel before the determina­
tion of selenium. Nickel nitrate was used as a matrix modifier
in the GFAAS technique.2o

15

20

840o4 0 8 4
Time/min

o

(d) (c) (b) (a)

Se
Se

Se

Se

1---' ~ ---" j.J
4

U
N JxNO'N

7" '- Concentrated HN03 7" "-
Se . .. Se

~ / Concentrated H,S04 ~ /
O,N N 0, N

~entrated HI
NO,

h NH
'

O'N"~~~NH'

Instrumentation

Gas -liquid chromatography{GLC) was carried out with a Pye
Unicam Series 104 chromatograph equipped with a 63Ni
electron-capture detector in the pulse mode (150 !-Is), a
detector oven controller and a column oven controller.
Extracts were separated on a 150 x 0.3 cm i.d., 0.6 cm o.d.,
Pyrex glass column.··The column was packed with 5% QV-17
on Chromosorb W-AW-DMCS (80-100 mesh). The column
and detector temperatures were maintained at 200 and 300 °C,
respectively, and the nitrogen flow-rate was 30 ml min-I.

A Varian AA 775 atomic absorption spectrometer fitted
with a Model GTA 95 graphite tube atomiser was used for all
absorption measurements. Absorption signals were obtained

5-Nitropiazselenol (20 g, 0.088 M) was dissolved in concen­
trated sulphuric acid (160 ml) and fuming nitric acid (sp. gr.
1.5; 120 ml) was added. The solution was heated slowly to
90 °C and, after 15 min, cooled and poured on to crushed ice.
The precipitate was filtered off, dried and recrystallised from
acetic acid to yield pale yellow needles of 4,6-dinitropiazsele­
nol (17.3 g, 72%), m.p. 210-212 °C. 18.19

4,6-Dinitropiazselenol (4.1 g, 0.015 M) was mixed with 55%
hydriodic acid (sp. gr. 1.7; 35 ml) and heated at 50°C for 2 h
under refluxing conditions. The cooled mixture was treated
with sodium hydrogen sulphite to remove iodine, and made
alkaline with 30% rnlv sodium hydroxide solution and
extracted with diethyl ether. The crude product was recrystal­
lised from acetic acid l9 to give brick-red needles of 3,5-dinitro­
1,2-diaminobenzene (1.8 g, 60%) with m.p. 216-218 0c.

Purification of 1,2-diamines and the preparation of their
solutions were carried out following previously reported
procedures.3

Piazselenols For the synthesis of piazselenol standards,
equimolar amounts of 0.04 M diamine hydrochloride salt and
selenium(IV) (as selenium dioxide or selenious acid) were
mixed in 0.2 M HCI (the corresponding piazselenol was
immediately precipitated). The mixture was allowed to stand
at room temperature for at least 2 h. The solid piazselenols
were filtered off through a glass-fibre paper and the damp
solids recrystallised from ethanol - acetone (95 + 5).3.14
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Table 2, Melting-points and gas chromatographic properties of the piazselenols

Relative sensitivity Sensitivity from
literature

Melting-pointf'C At 200°C At constant
Piazselenol Retention column retention Reference Reference Reference

Name structural formula Found Reported time/min temperature time (5 min) 14 17 21

O:N\Unsubstituted* Se 74 73--74 1.0
~ ::-./

N

5-Fluoro- FV:
N

\ 1.75 1.15 3.6~ ~lse 104-106 104 1.6

5-Trifluoro-
F3C

U

N\

~ "'-N~e 90--91 91 2.0 4.5 13.3 23.6
methyl-

5-Chloro-*
CIUN\

7.4 8.2Se 117-118 118-119 2.25 5.25 3.4 17
~ .... l

02N

U

N\

222-223 7.45 9.4 11.3 128 27.6 38.85-Nitro-* Se 222-224
~ ~NI

Br

4,6-Dibromo-* b:N, 215-217 217-218 11.3 23.5 53.4 363Se
~ ~I

B N
Br

4-Bromo- LeN,
155-156 3.5 23.7 18.0le6-fluoro-* F ~ >--N

Br

4-Bromo-6-tri- tr:N, 160-161 2.65 83.0 57.5Se
fluoromethyl-* F3C ~ ""'N

1

CI

4-Chloro-6-tri- tr:N\Se 167-168 1.6 89.5 40.7
fluoromethyl- F3C ~ ....N

1

5-Chloro-6-
CIDN\

130-131 2.0 15.2 9.7Se
fluoro- ~ ~/

F N
CI

4,5,6,7-Tetra- ,,¢~ 198-200 32.0 11.3 41.2
chloro- ~ "'-/

CI N

CI

N02

4,6-Dinitro- C\ 210-212 211-213 90.0 6.5 15.3Se
02 N ~ ~NI

* See reference 3.
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12 8 4 0 4 0 8 4 0 8 4 0 8 4 0 8 4 0
Time/min

Fig. 2. Calibration graph for 4-chloro-6-trifluoromethylpiazselenol.
Column temperature. 200 0c. The numbers above each peak rep­
resent the amount of selenium in ng

-2 LL..--L.J...-__-'- ----L__-----'

o , .00 2.00
Concentration/10-' ~g ml-'

Fig. 3. Detection limit for 4-chloro-6-trifluoromethylpiazselenol.
y = -0.320 + 0.000728c (95.0% confidence limits); detection limit,
0.00221 IJ.g ml- l

Determination of Total Selenium in Standard Reference
Materials

Two Standard Reference Materials (SRMs) from the National
Institute of Standards and Technology (NIST) were exam­
ined, namely SRM 1577 Bovine Liver and SRM 1571 Orchard
Leaves. Three methods of digestion were carried out with the
SRMs and the results of all of the digestion procedures were in
good agreement13•25: (i) nitric - perchloric - sulphuric acids,
(ii) nitric acid - magnesium nitrate and (iii) nitric acid - bomb

20

15

18

I16

14

/12

>: 10
Q)

'"<:

8. 8

'"Q)
a:

6

0.05
0.04

0.03

0.02

0.01

0.005

J :-;' ~ -~ ,--'

gives an instrument signal significantly different from the
blank or background signal. 24 Hunter23 has commented in
detail on the calibration and straight line graphs and on the
calculations for the Working - Hotelling bounds for the true
fitted line.

The Working - Hotelling and Liteanu and Rica methods of
estimating the detection limit were used for the piazselenols in
the calibration data. In the present work, the detection limit
for 4-chloro-6-trifluoromethylpiazselenol is shown in Fig. 3 as
calculated using the Liteanu and Rica method.

Statistical Estimation of Detection Limits of Selenium by
GLC-ECD

The statistical methods for assessing and comparing limits of
detection are of importance. Limits of detection using the
Liteanu and Rica22 and Working - Hotelling23 methods have
been discussed elsewhere.3.18 In general, the limit of detection
of an analyte may be described as that concentration which

Results and Discussion

Clean-up Methods

Three methods for removing excess of reagent have been
proposed.I7 In the present work, only two methods of
clean-up or complex purification were examined. Both of
these involved using separate aliquots (3 ml) of mineral acids
(6 M HCl04or 9 M HCl)18 to wash the toluene layer, a total of
three times.

Fig. 1gives the electron-capture detector responses showing
peaks in the chromatograms of 5-chloro-6-fluoropiazselenol
and the effect of clean-up. Fig. l(a) shows the formation of the
complex (containing 0.2 ng of selenium) obtained directly
from the organic layer containing piazselenol without clean­
up, while Fig. l(b) depicts the result using perchloric acid as a
washing agent. Note that some degradation of the complex
occurs, especially when compared with the peak-height
response obtained from the injection of a pure sample of the
piazselenol, viz., 0.2 ng (by mass) of the purified complex
[Fig. l(d)). The effect is even more noticeable when hydro­
chloric acid is used instead of perchloric acid, see Fig. l(c).
Clearly the latter result [Fig. l(c)) is unacceptable and was not
used as a clean-up method, both in terms of the extra peaks
created and the loss of selenium response.

AI-Attar and Nickless3 recommended perchloric acid for
the clean-up method for two new reagents for the determina­
tion of selenium. Perchloric acid, in spite of the greater
danger, was used throughout the remainder of this work.

Relative Sensitivities of Piazselenols

The relative sensitivities of the 12 piazselenols in comparison
to the unsubstituted piazselenol were determined under the
same experimental conditions by using two methods: (i) at an
isothermal column temperature of200 °C and (ii) at a constant
retention time of 5 min. Table 2 lists the relative sensitivities
for the 12 piazselenols when determined with the two methods
and lists the retention times recorded at a column temperature
of 200 0c. For the mono-substituted piazselenols for which
data have been publishedl4 the most sensitive reagent was
5-nitropiazselenol [using method (i)). However, when method
(ii) was employed the most sensitive reagent was 5-triflu­
oromethylpiazselenol. Thus both methods confirmed the
sensitivities reported in the literature14.17.21 and listed in Table
2. For the di-substituted piazselenols the most sensitive
reagent was 4-chloro-6-trifluoromethylpiazselenol when using
method (i), however, when method (ii) (constant retention
time) was employed the most sensitive was 4-bromo-6-trifluo­
romethylpiazselenol.

Fig. 2 illustrates the calibration results for 4-chloro-6­
trifluoromethylpiazselenol at a constant column temperature
of 200 0c.

Retention Times

Table 2 lists the retention times for 12 piazselenols obtained
under the same conditions; six of these have been reported
elsewhere.3 The other six piazselenols have varied retention
times; four have retention times of less than 3 min, but
unfortunately the last two piazselenols have very long
retention times, even though they were measured at an
isothermal column temperature of 200 0c.
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Table 3. Analysis of standard reference materials for total selenium

1445

Experimental value!l!g g-I

Sample
SRM 1577 Bovine Liver
SRM 1571 Orchard Leaves

No. of
samples

5
5

Mass
taken/g

0.25
0.50

Certified
value/!!g g-I

1.1±0.1
0.08 ± om

1,2-Diamino-
3-chloro-5- 1,2-Diamino-
trifluoro- 4-chloro-5-
methyl- f1uoro-
benzene benzene GFAAS

1.03 ± 0.10 1.20 ± 0.07 1.05 ± 0.08
0.072 ± 0.013 0.083 ± 0.01 0.075 ± 0.008

Table 4. Total selenium in plant samples using 3-bromo-5-tri­
fluoromethyl-1,2-diaminobenzene with GLC-ECD and GFAAS

Selenium/!!g g-I

Root Shoot
Sample
trial No. GLC-ECD GFAAS GLC-ECD GFAAS

1 5.20 3.86 1.35 1.30
2 17.85 15.50 28.24 26.33
3 4.32 4.10 1.34 1.40
4 4.73 4.75 1.64 1.62
5 18.36 15.92 28.18 26.11
6 22.40 19.36 29.06 27.55
7 4.48 3.88 1.45 1.51
8 17.91 16.90 30.14 31.64
9 75.22 72.30 369.50 355.60

10 2.93 2.75 4.97 5.32
11 5.15 5.50 6.10 5.93
12 1.48 1.66 2.15 1.78
13 3.10 2.86 3.76 3.60
14 2.95 2.77 2.67 2.70
15 5.27 5.47 3.68 2.44
16 5.40 4.83 4.15 3.16
17 7.05 5.65 4.70 3.46
18 5.30 4.48 3.84 3.75
19 6.11 5.56 3.95 2.76
20 6.25 4.60 4.10 3.62

Mean 11.073 10.135 26.7485 25.579
/mol = 0.18118 /,hoo' = 0.04513

digestion. Table 3 lists a comparison of total selenium level in
the SRMs using two reagents with OLC-ECD and OFAAS.

Digestion of Plant Samples
Kumpulainen' et a/. 26 studied a number of methods of
digestion for selenium. They reported that in the digestion of
selenium nutritional supplements, the use of perchloric acid or
sulphuric acid is not necessary and recommended boiling
samples overnight in concentrated nitric acid. Pettersson
et a/.2S reported four digestion methods for the determination
of selenium in Bovine Liver and confirmed that all of the
procedures of digestion used gave concordant results.

In the present work, the digestion of plant samples was
carried out by using nitric acid - bomb digestion (in a closed
system), with a PTFE vessel contained within a stainless-steel
sheath. In this instance, a portion of the sample (0.1-1.0 g
depending on the selenium content) was placed in a PTFE
vessel and 5 ml of concentrated nitric acid were added. The
whole vessel was placed in a pre-heated electric oven at 150°C
for 60-75 min.

Determination of the selenium content of the acid-digested
plant samples was carried out by OFAAS (adding nickel
nitrate as a matrix modifier), and by OLC-ECD with
3-bromo-5-trifluoromethyl-1,2-diaminobenzene as the
reagent.

When using OLC-ECD, an aliquot of the wet acid digestion
mixture was reduced to selenium(IV) by adding 5 ml of 10 M

HCI and heating at 100 °c in a water-bath for 15 min. Table 4

lists the results of the selenium content in 20 plant shoot
samples and 20 root samples determined both by OLe-ECD
and OFAAS.

Comparison of the Results of Two DitTerent Techniques for
Selenium Determination in Plant Samples

An accepted manner in which the results of an analytical
method may be tested is by comparing them with those
obtained when using a second technique,24 preferably based
on a completely different principle. In this instance, from
Table 4, 20 root samples and 20 shoot samples were taken for
calculation. The same number of determinations were carried
out with both techniques (OLC-ECD and OFAAS).

The calculated values, trool = 0.18118 and tshool = 0.04513
are substantially less than the tabulated value which is 2.5758
(at the 99% confidence level).22.24 Although the determina­
tions of total selenium in plant samples (Table 4) were carried
out using different methods and different matrices, there is no
significant difference between the two sets of individual results
in each column.22 ,24 Thus, the OLC-ECD method appears to
be a very suitable method for the determination of the
selenium content of material such as plant tissue and biological
SRMs,

Conclusion

The synthesis and characterisation of four substituted 1,2­
diaminobenzenes for the preparation of piazselenols has been
described. Two of these compounds (fluorinated di­
substituted piazselenols) were very sensitive and had short
retention times. They were used for the gas chromatographic
determination of selenium(IV) and the detection limits were
found by using'statistical methods,

A comparison of the results obtained using the two
methods, OLC-ECD and OFAAS, for the determination of
selenium in a number of biological samples showed no
statistical difference at the 99% confidence level.

The authors acknowledge an award from the King Faisal
Ministry of Higher Education, Riyadh, Saudi Arabia, to one
of them (A. F, A-A,) during the tenure of which this research
work was carried out.
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Electrocatalytic Detection of Streptomycin and Related Antibiotics at
Ruthenium Dioxide Modified Graphite - Epoxy Composite Electrodes

Donal Leech* and Joseph Wangt
Department of Chemistry, New Mexico State University, Las Cruces, NM 88003, USA

Malcolm R. Smyth
School of Chemical Science, Dublin City University, Dublin 9, Ireland

The application of ruthenium dioxide (RuOz) modified electrodes to the electrocatalytic detection of the
saccharide-related antibiotics streptomycin, novobiocin and neomycin, at low fixed potentials, was
investigated, The RuOz-modified graphite - epoxy composite electrodes give extremely stable and
reproducible catalytic oxidation currents for these antibiotics at potentials as low as +0,2 V (versus Ag - Agel),
Rapid quantification at the micromolar level is therefore possible. Standard calibration graphs for
streptomycin and neomycin yielded slopes of 4.43 and 0,08 nA f.lM-1 overthe linear ranges of 1.5 x 10-6-2.5 x
10-4 and 1 x 10-5-2 X 10-3 M, respectively, Owing to its catalytic oxidation by the RUlli - Ru lV couple, rather
than the Ru lV - RuVI transition (which catalyses the oxidation of streptomycin and neomycin), novobiocin
could be detected at a lower (+0.2 V) potential, with a sensitivity of 1.31 nA f.lM-1. Detection limits of 1.5, 6.0
and 10 f.lM were obtained for streptomycin, novobiocin and neomycin, respectively. These catalytic surfaces
can be renewed (by polishing), with a surface-to-surface reproducibility of 6.5% forthe detection of 5 x 10-5 M
streptomycin. The analytical application of RuOz-modified carbon paste electrodes to the analysis of these
antibiotics by flow injection was investigated, with a view to liquid chromatographic separation with
electrochemical detection applications.

Keywords: Ruthenium dioxide modified electrode; graphite - epoxy composite electrode; streptomycin;
neomycin; novobiocin

Streptomycin is a trisaccharide derivative that is important in
tuberculosis therapy and the treatment of other infections
such as tularemia and plague. The electrochemical reduction
of streptomycin, involving the aliphatic aldehyde group, has
been exploited for polarographic measurements of the drug
using various mercury electrodes. 1-4 With d.c. polarography,
millimolar concentrations of streptomycin can be quanti­
fied. J.2 Differential-pulse polarography permits detection of
micromolar levels,3 whereas adsorptive stripping voltammetry
of the drug offers detection limits in the nanomolar range. 4

The related saccharide antibiotics neomycin and novobiocin
have also been determined using polarographic techniques.4 .5

Methods based on solid electrodes may be more desirable for
sensing and flow [flow injection (FI)] applications. In par­
ticular, constant-potential amperometric monitoring of these
antibiotics offers a more attractive and simpler approach to
various flow or batch quantifications. Unfortunately, the
anodic oxidation of saccharide antibiotics suffers from high
overvoltages and poor reproducibility.

Recently, carbon paste electrodes modified with a ruthenium
dioxide (RuOz) catalyst have been shown to be effective for
the electrocatalytic oxidation of hydroxylated compounds
such as alcohols6 and carbohydrates,? allowing their quantifi­
cation via fixed-potential amperometry. Other recent studies
in this and other laboratories have demonstrated the improved
stability and reproducibility that composite graphite - epoxy
electrodes containing electrocatalysts can offer over their
carbon paste counterparts. Graphite - epoxy electrodes
modified with RuOz have been utilised as glucose sensors.8

These electrodes showed similar analytical attributes for the
detection of glucose as their carbon paste counterparts, while
offering benefits of increased mechanical stability, versatility
and renewability. Polishable graphite - epoxy electrodes

* Permanent address: School of Chemical Science, Dublin City
University, Dublin 9. Ireland.

t To whom correspondence should bc addressed.

modified with other metal-containing catalysts9-11 and bio­
logical entities1z have been used successfully.

The purpose of this work was to iilVestigate the application
of RuOz-modified electrodes to electrocatalytic detection of
various saccharide antibiotics. The surface modifier greatly
lowers the overvoltage for the oxidation of these antibiotics,
hence allowing their quantification at low, fixed potentials. A
highly stable and renewable electrocatalytic response is
observed by incorporating the RuOz within the graphite ­
epoxy matrix. Preliminary FI experiments utilising RuOz­
modified carbon paste electrodes (RuOz-CPEs) were also
conducted in order to investigate the possible amperometric
flow detection of saccharide antibiotics.

Experimental

Apparatus

Cyclic voltammetric and batch amperometric experiments
were performed with an EG & G Princeton Applied Research
Model 264A voltammetric analyser in conjunction with a
Houston x - y recorder or a Recorder Company 4500
Microscribe strip-chart recorder, respectively. A Bioana­
Iytical Systems (BAS) Model VC-2 electrochemical cell (10
ml) was employed in these experiments with the working
electrode, reference electrode (Ag . AgCl, Model RE-l,
BAS) and platinum wire auxiliary electrode inserted into the
cell through holes in its Teflon cover. Mass transport in the
batch system was achieved with an IKAMAG RE-G magnetic
stirrer and a 1 cm long magnetic flea. A stirring rate of 400
rev min- t was used in all studies.

The FI system consisted of a carrier reservoir, a Rainin
Model504l sample injection valve (20-f.llloop), interconnect- .
ing Teflon tubing, a thin-layer electrochemical detector
(Model TL-4, BAS), an Ag - AgCl reference electrode (Model
RE-l) and a stainless-steel auxiliary electrode. A gravity feed
of the carrier with a flow-rate of 1 ml min-1 was used
throughout this study.
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Reagents

All solutions were prepared from doubly distilled, de-ionised
water. Standard solutions of streptomycin sulphate, neomycin
sulphate and novobiocin sodium salt (Sigma), were prepared
daily in the 0.5 M NaOH (Baker) electrolyte and carrier
solutions.

Procedures

The graphite - epoxy electrodes were prepared by mixing
equal amounts of the epoxy-bonded graphite (Dylon) resin
and accelerator components. Ruthenium dioxide (Aldrich)
modified graphite - epoxy electrodes were prepared by the
subsequent addition and thorough hand-mixing of the
required amount of RU02 (usually an 80 :20% m/m ratio of
graphite - epoxy: RU02) to the graphite paste. Portions of the
resulting paste were then packed into the end of a glass tube (3
mm i.d.) and allowed to cure at room temperature for 48-72 h.
The hardened electrode surface was then polished with wet
and dry emery (1200 grade), rinsed with de-ionised water,
polished with a 0.05-!J.m alumina slurry, rinsed with water
again and finally ultrasonicated for 3 min to remove residual
alumina.

Batch measurements were performed by the addition of
volumes of concentrated (I x 10-2- 1 X 10-' M) solutions of
the antibiotics to the voltammetric cell to give the final
micromolar concentrations in the cell.

The RU02-CPEs for FI were prepared by adding weighed
amounts of RU02 and graphite powder (Acheson 38, Fisher)
to 10 ml of diethyl ether and sonicating the resulting slurry
until the diethyl ether had evaporated. The desired amount of
mineral oil (Aldrich) was then added and thoroughly hand­
mixed with the RuOrcoated graphite. Portions of the
resulting paste (usually a 40: 40: 20% mlm ratio of graph­
ite :oil : RU02) were then packed into the cavity of the flow
detector and the surface was smoothed on a weigh paper. The
glassy carbon electrodes for cyclic voltammetry (BAS, 3 mm
i.d.) were polished with a 0.05-!J.m alumina slurry, rinsed with
de-ionised water and ultrasonicated for 3 min prior to use.

Results and Discussion

Cyclic Voltammetry

Preliminary experiments to investigate the catalytic activity of
the RuOrgraphite - epoxy electrodes towards the antibiotics
were performed by cyclic voltammetry. Fig. l(a)-(c) shows
typical cyclic voltammetric responses obtained at the RU02­
graphite - epoxy electrodes in 0.5 M NaOH, both with and
without added analyte (solid and broken lines, respectively).
The blank signal at the modified electrode shows two
transitions: at 0.0 and +0.45 V, which have been identified
previously as the RuOz - RU203 and RuOi- - RU02
transitions, respectively, in base. n .l ' This signal is identical
with the blank signals obtained at RU02,CPEs,6.7 confirming
the retention of the ruthenium redox characteristics in the
rigid graphite - epoxy matrix. As was observed at the
RuOrCPE, for the electrocatalytic oxidation of alcohols6and
carbohydrates,7 the RuOrgraphite - epoxy electrodes exhibit
classic electrocatalytic behaviour IS for the oxidation of the
saccharide antibiotics with an increase in anodic and a
decrease in cathodic peak currents. The oxidation of novobio­
cin appears to be catalysed by both of the ruthenium redox
couples, with an increase in the anodic peak current at the
RU02 - RU203 transition at 0.0 V and the RuO.2- - RU02
transition at +0.45 V. In contrast [and as shown in Fig. l(d)],
the unmodified graphite - epoxy (B) and glassy carbon (A)
electrodes do not respond to a solution containing 5 mM
novobiocin. No transitions were evident in the voltammo­
grams obtained for the three drugs at the unmodified graphite
- epoxy electrodes. Broad, irreversible oxidation peaks at
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Fig. I. Cyclic volta.nmograms obtained at the RuOTmodificd
graphite - epoxy electrode in blank 0.5 MNaOH electrolyte (broken
lines) and on the addition of: (a) 5 mM novobiocin; (b) 5 mM
streptomycin; and (c) 20 mM neomycin (solid lines). Also shown (d) is
the response for 5 mM novobiocin at A. a bare glassy carbon electrode.
and B, an unmodified graphite - epoxy electrode. Scan rate. 20 mV S-I

potentials of +0.75 and +0.80 V were observed for streptomy­
cin and novobiocin, respectively, at the glassy carbon elec­
trode. Surface poisoning of the glassy carbon electrode
resulted in a gradual decrease in these oxidation currents. The
peaks obtained at the Ru02-modified electrodes, however,
showed extremely good stability, with no apparent decrease in
peak currents after continuous cycling for more than 60 min.

The presence of high concentrations of NaOH was required
for the electrocatalytic oxidation of these antibiotics, with no
oxidation apparent at low «0.05 M) NaOH concentrations.
This has been observed also for carbohydrate oxidation at
RuOrCPEs,7 Au electrodes l6,17 and Cu electrodes,18.19 and
for oxidation of alcohols at the RuOrCPE.6 High OH­
concentrations are required to maintain the electrode oxide
layer. Hydroxyl ions are also involved in the electrocatalytic
oxidation mechanism at the AU I9.20 and RuOrmodifiedl5
electrodes. An NaOH concentration of 0.5 M was utilised
throughout this study.

Constant-potential Amperometry in Stirred Solutions

Batch fixed-potentiil\ operation was utilised to investigate
further the analytical use of the RuOz-graphite - epoxy elec­
trodes. Fig. 2 shows hydrodynamic voltammetric profiles for
batch additions of streptomycin (a), novobiocin (b) and
neomycin (c) at both the modified (A) and unmodified (B)
electrodes. The unmodified electrode does not permit con­
venient quantification of these analytes over the potential
window studied. In contrast (and in agreement with cyclic
voltammetric data), distinctly peak-shaped hydrodynamic
voltammograms, with a maximum response in the vicinity of
+0.45 V, are observed at the RuOrmodified electrodes.
Similar responses were obtained at RuOrCPEs for the
catalytic oxidation of carbohydrates7 and alcohols.6 The
hydrodynamic voltammogram obtained for the oxidation of
novobiocin shows a catalytic current even at a potential as low
as 0.0 V. This confirms the result given by cyclic voltammetry
and allows convenient monitoring of novobiocin at lower
potentials, hence minimising interferences and background
currents associated with the RuOrgraphite - epoxy e1ec-
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Flow Injection

The practical application of the RuOrmodified electrodes to
antibiotic monitoring in complex biological matrices is ham­
pered by the general catalytic activity of these electrodes
towards hydroxylated compounds such as alcohols,6 carbohy­
drates7 and other potential interferents. The application of the

Fig. 3 shows the batch amperometric detection of 5 x 10-5

M (final cell concentration) novobiocin (a) and streptomycin
(b) at both the modified (A) and unmodified (B) electrodes.
Excellent response times and signals are obtained for both of
these drugs at the monitoring potentials used (see figure
caption). Table 1 lists the analytical parameters obtained at
the 20% RuOrmodified graphite - epoxy electrodes for the
three antibiotics. Good sensitivities with detection limits
[signal to noise (SIN) ratio = 3] of 6 x 10-6 and 1.5 x 10-6 M

were obtained for novobiocin and streptomycin (at monitor­
ing potentials of +0.2 and +0.35 V), respectively. Neomycin
did not exhibit large catalytic currents, however, and gave a
detection limit (SIN ratio = 3) of only 1 x 10-5 M. These
detection limits are higher than those observed for adsorptive
stripping voltammetric measurements of these antibiotics at
mercury electrodes.4 However, as previously mentioned,
methods based on mercury may be undesirable for many
practical applications, including flow analysis. The application
of Ru02-modified electrodes to FI detection of the antibiotics
studied in the batch system will be discussed later. The
mechanism involved in catalytic RuOrdetection is believed to
be due to the oxidation of the C-OH moiety to aldehyde and
carboxyl groups.6.7 Steric hindrance and the presence of other
functional groups also affect the sensitivity.7 A direct correla­
tion of response to hydroxy group content, for the drugs
studied, is not apparent. Steric hindrance of the hydroxy
groups on the more bulky neomycin molecule could explain
the reduced response obtained for this compound compared
with the response obtained for the similarly structured
streptomycin.

The stability and precision of the RuOrgraphite - epoxy
electrodes towards the oxidation of the saccharide antibiotics
are demonstrated in Fig. 4. Fig. 4(0) represents the precision
of the electrode at the same electrode surface for the oxidation
of 5 x 10-5 M novobiocin with the electrode being removed
and rinsed with de-ionised water between injections. From the
20 repetitive injections made a mean current of 40.1 nA with a
relative standard deviation of 3.7% was established. Fig. 4(b)
shows the surface-to-surface precision to streptomycin detec­
tion (5 x 10-5 M). Between measurements the electrode was
removed from the cell, polished for 30 s with a O.5-flm alumina
slurry and rinsed with de-ionised water. For a series of 20
consecutive measurements at different surfaces, a mean
current of 486 nA with a relative standard deviation of 6.5%
was calculated: These data demonstrate the very good stability
and reproducibility of the polishable, graphite - epoxy
modified electrode. The success of the graphite - epoxy
electrode fabrication technique also compares favourably with
other techniques for the incorporation of modifiers in polish­
able, robust electrodes.21-24 All of the RuOrmodified graph­
ite - epoxy electrodes prepared functioned in a reproducible
(±10%) fashion.
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Fig. 3. Batch additions of 5 x 10-5 M(final cell concentration) of (0)
novobiocin and (b) streptomycin at A, modified and B, unmodified
graphite - epoxy electrodes with constant-potential detection at (0)
+0.2 and (b) +0.35 V. Other conditions as in Fig. 2 .

(c)

E I] 100 nA •

(bl

(a)

trodes. A potential of +0.35 V was selected for detection of
both streptomycin and neomycin. A potential of +0.2 V was
selected for the determination of the analytical parameters for
novobiocin in the batch cell. Subsequent experiments on
novobiocin were carried out at a fixed potential of 0.0 V in
order to minimise potential interferences from carbohydrates
and alcohols, which do not give catalytic currents at this low
monitoring potential.

0.0 0.2 0.4 0.6
PotentialN

Fig. 2. Hydrodynamic voltammograms obtained at A. modified,
and B, unmodified graphite - epoxy electrodes for the solutions of: (0)
5 x 10-5 Mstreptomycin; (b) 5 x 10-5 Mnovobiocin; and (c) 5 x 10-4 M
neomycin. Electrolyte. 0.5 MNaOH; and stirring rate, 400 rev min-'

Table 1. Analytical parameters calculated for the antibiotics from batch additions at fixed potentials. Background electrolyte, 0.5 MNaOH;
stirring rate. 400 rev min~ 1

Linear range/M
Sensitivity/nA I-lM- 1

Correlation coefficient ..
Limit of detection (SIN ratio = 3)/M

, Fixed-potential detection at +0.35 V.
t Fixed-potential detection at +0.2 V.

Streptomycin'
1.5 x 10-"-2.5 x 10-4

4.43
0.996

1.5 x 10-6

Neomycin'
1 X 10-5.2 X 10-3

0.08
0.998

1 x 10-5

Novobiocint
6 x 10-6-4 X 10-4

1.31
0.999

6 X 10-6
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Fig. 4. (a) Same-surface precision for repeated batch additions of 5
x 10-5 Mnovobiocin, with constant-potential detection at 0.0 V; and
(b) surface-to-surface precision for repeated batch additions of 5 x
10-5 Mstreptomycin, with constant-potential detection at +0.35 Y, at
the RuOrgraphite - epoxy electrode. Other conditions as in Fig. 2

Fig. 5. Flow injection response at the RuOrmodified carbon paste
electrode to injections of: A. 0.25; B, 0.5; C. 0.75; D. 1.0; and E. 1.25
mM novobiocin. Constant-potential operation at 0.0 Y. Flow-rate.
1 ml min-I; and electrolyte. 0.5 MNaOH. Inset shows the current­
concentration calibration graph obtained for novobiocin up to a
concentration of 1.5 mM

RuOz-modified electrodes to constant-potential detection of
the saccharide antibiotics in flowing streams, with a view to
liquid chromatographic separation with electrochemical
detection (LC-EC) applications, was therefore investigated.
For these preliminary experiments, RuOz-CPEs were utilised.

The short-term stability of the RuOz-CPE in the flow
system was investigated. A series of 60 replicate injections of
1 x 10-4 Mstreptomycin over a nO-min period (not shown)
yielded a mean current of 62.5 nA and a relative standard
deviation of 3.1%, demonstrating the stability of these
electrodes in flowing streams.

The current - concentration profile of novobiocin at the
RuOz-CPE is shown in Fig. 5. Excellent linearity is observed
over the 0--1.5 mM range, with a slope of 52 nA mM-\
(correlation coefficient, 0.998). Detection limits (SIN ratio =
3) of 8 x 10-6 and 6 x 10-5 Mwere calculated for streptomycin
and novobiocin, respectively. The above results indicate that
the RuOz-modified flow detectors could be used for the
LC-EC determination of saccharide antibiotics.

Conclusion

The RuOz-modified graphite - epoxy electrodes have been
shown to be robust, polishable and stable detectors for the
saccharide antibiotics streptomycin, novobiocin and neomy­
cin. Favourable analytical parameters were obtained, at low
constant-potential detection, demonstrating the application of
these polishable modified electrodes to the batch ampero­
metric determination of saccharide antibiotics. Interferences,
however, present a problem in complex matrices. The utility
of RuOz-modified electrodes in FI was therefore investigated
and future applications of these electrodes for the LC-EC
separation and detection of carbohydrates and saccharide
antibiotics are envisaged. Flow injection operation should be
extremely useful for rapid assays of simple samples (e.g.,
pharmaceutical formulations).

This work was supported by a grant to J. W. from the National
Institutes of Health (No. GM 30913-06), D. L. gratefully
acknowledges a Department of Science and Technology
(Ireland) scholarship.
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Mercurated Polystyrene as a Sensor for Anionic Surfactants in
lon-selective Polymeric Membrane Electrodes

Walenty Szczepaniak
Faculty of Chemistry, A. Mickiewicz University, 60-780 Poznan, ul.Grunwaldzka 6, Poland
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Mercurated polystyrene (R-Hg-Ac) was employed as a sensor in a membrane electrode sensitive to anionic
surfactants. A Nernstian dependence over the concentration range of sodium dodecyl sulphate of from 1 x
10-3 to 1 X 10-7 M and a high selectivity for anionic surfactants relative to inorganic anions were found forthe
electrode. Moreover, the electrode shows interesting properties towards hydroxyl ions. The electrode may
find application in the analysis of surfactants, as an indicator electrode in the potentiometric titration of both
cationic and anionic surfactants and in the physico-chemical studies of surfactant solutions.

Keywords: Anionic surfactant; ion-selective electrode; mercurated polystyrene

Synthetic surface-active agents (surfactants) are produced in
large amounts and are used extensively in industry and
household cleaning products, and also in chemistry and
biochemistry research laboratories. Such wide application of
surfactants may result in the pollution of surface waters.
Hence, industry, environmental protection services and
research laboratories have shown considerable interest in
developing rapid methods for the determination of trace
amounts of surfactants.

Anionic surfactants comprise about 70% of all the surfac­
tants manufactured, hence they are often the subject of
environmental monitoring. Many methods for the determina­
tion of anionic surfactants have been reported, of which the
most important are titrimetric,l-s spectrophotometric,6-10
spectrofluorimetric,'1.12 chromatographic13- 17 and electro­
chemical methods incorporating ion-selective electrodes sen­
sitive to this group of compounds. 18-36

In ion-selective electrodes sensitive to ionic surfactants, an
ion associate of the type B+A-is used as the electroactive
substance in which the anion A-is an anionic surfactant and
the cation B+ is usually a cationic surfactant. Hence, such
electrodes are sensitive to both cationic and anionic surfac­
tants.

This paper describes the application of mercurated poly­
styrene as a sensor in an ion-selective polymeric membrane
electrode sensitive to anionic surfactants. The mercurated
polystyrene has the following formula:

(

-CH-CH,- "\

~"o-o-~,",)

In previous papers,37-39 the application of a mercurated
styrene - divinylbenzene copolymer as an anion exchanger was
proposed. In addition, the synthesis and extraction properties
of mercurated polystyrene were studied. A solution of
mercurated polystyrene [(R-Hg-Ac); mean relative mol­
ecular mass, 10(00) in nitrobenzene exhibits anion-exchange
properties in accordance with the reaction

In this way CI-, Br-, 1-, SCN-, CN- and anionic surfactants
were extracted.

In the present paper mercurated polystyrene was employed
as a liquid polymeric anion exchanger and used as the active
substance in a membrane electrode sensitive to anionic
surfactants.

Experimental

Reagents
Surfactant solutions

Two anionic surfactants were used for testing the electrodes;
sodium dodecyl sulphate (SDS) (Fluka, Buchs, Switzerland)
and sodium p-dodecylbenzenesulphonate (SOBS) (Fluka).
The surfactants were dried at 50°C under reduced pressure to
a constant mass. Weighed portions of SDS and SOBS were
dissolved' in distilled water to obtain basic solutions of
concentrations of I x 10-3 M. The working solutions were
prepared prior to use by dilution of the basic solutions.

Other reagents

The reagents used in this work were obtained from the
following suppliers: 2-nitrophenyl octyl ether (NPOE)
(Fluka), didecyl phthalate (DDP) (Fluka), dibutyl phthalate
(DBP) (Fluka), tributyl phosphate (TBP) (Fluka), tri(2-ethyl­
hexyl) phosphate (TEHP) (Koch-Light, Colnbrook, Bucking­
hamshire, UK), poly(vinyl chJoride) (PVC) of high relative
molecular mass (M,) (Aldrich, Beerse, Belgium) and three
polystyrene (PS) standards (Technical University, Szczecin,
Poland) (M, =2800, M,IMn = 1.20; M, =5800, M,IMn = 1.06;
M, = 9800, M,IMn = 1.08). Analytical-reagent grade chemi­
cals were used in all other instances and re-distilled water was
used for preparing all aqueous solutions.

Electrode Preparation

An electrode with a polymeric membrane and a metallic
contact of the coated-wire type was used. The active mem­
brane component was mercurated polystyrene.

Three polystyrenes of different relative molecular masses,
viz., 2800, 5800 and 9800 g mol-I, were employed. Mercura­
tion was performed as described previously.37.38 The content
of Hg in the mercurated polystyrenes, as determined by
atomic absorption spectrometry, was 0.3840, 0.3814 and
0.3832 g per gram of polymer, respectively. This implies that
as a result of mercuration, half of the benzene rings in
polystyrene contained the -Hg-Q-CO--CH3 substituent.

The coating mixture was prepared as a ternary cocktail
consisting of matrix, sensor and plasticiser. Poly(vinyl
chloride) or PS was used as the matrix support, R-Hg-Ac as
the sensor and DDP, DBP, TBP, TEHP or NPOE as the
solvent mediator.

The membrane coating solution was prepared as follows: to
2 ml of a 1% solution of R-Hg-Ac in dioxane, 0.5 ml of
plasticiser and 2 ml of 10% PVC in tetrahydrofuran or 2 ml of
10% PS in dioxane were added. Prior to coating, the platinum
wire was washed with concentrated H2S04 and water and
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Table I. Composition of the different membranes and some electrode characteristics measured as a response to SDS

Composition of the membrane
Slope

Solvent at 25 0c/
No. Matrix Sensor mediator mVdecade- 1 Linear range/M

I PVC R-Hg-Ac (M, 2800) NPOE 58 I x 10-3-5 X 10-7

II PVC R-Hg-Ac (M, 5800) NPOE 58 I x 10-3-5 X 10-7

III PVC R-Hg-Ac (M, 9800) NPOE 58 1 x 10-3-5 X 10-7

IV PVC R-Hg-Ac (M, 2800) DBP 59 I x 10-3-1 X 10-7

V PVC R-Hg-Ac (M, 5800) DBP 59 I x 10-3-1 X 10-7

VI PVC R-Hg-Ac (M, 9800) DBP 59 I x 10-3-1 X 10-7

VII PVC R-Hg-Ac (M, 9800) TBP 7
VIII PVC R-Hg-Ac (M, 9800) TEHP 21 1 x 10-3-1 X 10-5

IX PVC R-Hg-Ac (M, 9800) DDP 46 I x 10-3-1 X 10-6

X PVC R-Hg-Ac (M, 9800) DDP-NPOE(I + I) 58 I x 10-3-1 X 10-6

XI PS R-Hg-Ac (M, 9800) NPOE 41 I x 10-3-1 X 10-5

XII PS R-Hg-Ac (M, 9800) DBP 36 I x 10-3-1 X 10-5

dried with acetone. It was then rinsed with chloroform and
allowed to dry. A piece of the platinum wire, 2 mm in
diameter, was coated to a height of 0.5 cm by three successive
immersions in the membrane solution. The electrode was left
for 24 h in ambient air so that the solvents would evaporate.
The surface of the coated part of the wire was further coated
with unmodified PVC and shielded with a glass tube. Prior to
use, the electrode was conditioned for 24 h in I x 10-4 M SDS
or SDBS solution.

Apparatus

The measuring cell was

Pt IMembrane I Test II I Mil M IAgCl- Ag
solution NR,N03 \ KCl

The e.mJ. was measured (±0.1 mV) with an N-512 pH meter
(ELPO, Wroclaw, Poland) connected to a V-544 digital
voltmeter (Meratronik, Wroclaw, Poland) and a GIB l

recorder (Carl Zeiss, Jena, GDR). Measurements were made
in a 5O-ml water-jacketed vessel at 25 ± 0.1 0c. The solution
under study was stirred with a magnetic stirrer.

Results and Discussion

A membrane electrode sensitive to anions has been described.
The electroactive substance of the electrode is a metallo­
organic polymer. To date, this type of compound has not been
used either in electrodes sensitive to anionic surfactants or in
electrodes sensitive to other anions. Only dialkyltin chlorides
(R2SnCIz) and their complexes have been employed in
anion-selective electrodes.40.41

Electrodes with membranes of different composition (see
Table I) were tested. Both the sensor and the matrix and also
the solvent mediator were changed. No significant differences
between the three mercurated polystyrenes of various relative
molecular masses were found. Both PVC and PS were tested
as the matrix membrane, and PVC was found to be superior.
In addition, it was shown that the matrix membranes based on
PS were mechanically unstable. The best properties were
found for electrodes with NPOE, DBP or a I + I mixture of
NPOE - DDP as plasticiser. Hence, of the 12 electrodes shown
in Table 1, the electrode with a membrane made of PVC ­
NPOE - R-Hg-Ac (M, = 9800) (electrode PtlIII) , the
electrode with a membrane containing PVC - DBP - R-Hg-Ac
(Mr = 9800) (electrode PtlVI) and the PVC - NPOE - DDP­
R-Hg-Ac (M, = 9800) membrane-based electrode (electrode
PtIX) were used for further studies.
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Fig. I. Calibration of the anionic surfactant-selective electrode PtiX
in aqueous solutions of SDS

Calibration of the Electrode

Standard solutions of SDS were used for electrode calibra­
tions. A typical calibration graph for SDS using the PtlX
electrode is presented in Fig. 1.

Studies on the calibration of electrodes gave the following
results: (1) below the critical micellar concentration (CMC)
the electrode system exhibited a Nernstian or near-Nernstian
response giving a slope of 58 mV for the Pt/III and Pt/X
electrodes and 59 mV for the PtNI electrode per decade
change in DS- activity (aos-); (2) at a point corresponding to
the CMC the calibration graph deviates from linearity, and at
greater activities the potential increases; (3) the values of the
CMC for SDS and SDBS, determined from the calibration
graphs, are 8.2 x 10-3 and 1.2 x 10-3, respectively. The
former is fairly close to the literature value,42 whereas the
latter agrees well with the literature value;42 (4) a broad range
of linear Nernstian dependence was observed for the elec­
trodes: for the PtlIII electrode, the range is from I x 10-3 to 5
X 10-7 M, for the PtlVl electrode from I x 10-3 to I X 10-7 M

and for the Pt/X electrode from I x 10-3 to 1 X 10-6 M. The
lower limit for the PtlIII and PtlVI electrodes is much lower
than that reported for electrodes sensitive to SDS and based
on ion pairs; (5) the time required for the potential to reach a
stable value ranges from 30 s for a I x 10-3 M SDS solution to
3 min for a I x 10-7 M SDS solution.
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Fig. 3. Calibration of the anionic surfactant-selective electrode
PtIVl in aqueous solutions of: 1. SDS; 2. NaCl04; 3. NaCl; 4. Na2S04;
and 5. NaN03
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Fig. 2. Calibration of the anionic surfactant-selective electrode
PtlIII in aqueous solutions of: 1. SDS; 2. NaCI; 3. NaCI04;4, Na2S04;
5. NaBr; and 6. NaN03
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NO,- 2 X \0-5 <1 X \0-5 <1 X \0-5
CI- .. 2 X \0-4 1 X \0-4 <1 X \0-5
Cl04- 9 X \0-4 2.5 X \0-4 4 X 10-4
H2P04- 2 X \0-5 <1 X 10-5 <1 X 10-5
SOi- 2 x \0-5 <1 X \0-5 <1 X 10-5
B02- 3 X \0-5 <1 X 10-5 <! X 10-5
Br- .. 4 X \0-5 2 X \0-5 <1 X 10-5

Table 2. Potentiometric selectivity coefficients (kDS - IX-) for the
PtlIII, PtN! an~ PtlX electrodes

Selectivity coefficient
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Fig. 4. Calibration of the anionic surfactant-selective electrode PtlX
in aqueous solutions of: I, SDS; 2. NaCI04; 3, NaCI; 4, Na2S04; 5,
NaNO,; and 6. NaH2P04

Acids and bases
An unconditioned electrode, i.e., with a liquid anion
exchanger in the acetate form (R-Hg-Ac), and an electrode
when no surfactants are present in the solution, shows: (1)
sensitivity to OH- ions (the anionic function, i.e., a decrease
in the potential) over the pH range 7.6-9.6, with a slope of 55
mV decade- l ; (2) for 9.6 < pH < 12.6 an increase in electrode
potential is observed (the cationic function); in this range the
potential change is characteristic for univalent cations, with a
slope of 55 mV decade-I. The situations described above are
illustrated in Fig. 6, curve I. Similar dependencies on pH for
pH >7 were found for the electrode conditioned in SOS when
the changes in electrode potential with pH were measured at a

tion of inorganic salt, an increase in the electrode potential
occurs. This effect is the opposite to that expected. Results of
these experiments are given in Fig. 5, from which it follows
that; (1) as the concentration of NaX salts in solutions of SOS
and SOBS of a constant concentration increases, the potential
increases also, which implies that no anionic potential forming
effect of the anion X- is observed; (2) an increase in the
electrode potential following an increase in the NaX salt
concentration testifies to the decrease in the activity of the
anion to which the electrode is sensitive, i.e., the OS- or
OBS- anion, in the solution. These data demonstrate the
known effect of a common ion to depress the CMC of anionic
surfactants by mass action; (3) the type of anion affects the
degree of association of the anionic surfactant, which is
evidenced by the changes in t.E shown in Fig. 5, at the same
concentration of the surfactant and at the same concentration
of different NaX salts; (4) the higher the dilution of the
surfactant, the smaller the changes in t.E and, further, the
smaller the changes in the activity of the anionic surfactants;
this follows from the equilibria of the association reactions.
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Interfering Substances

Inorganic salts
The effect of simple sodium salts such as NaN03 , NaCl,
NaCI04, NaBr, Na2S04, NaH2P04 and NaB02 on the
potential of the electrodes was tested. Calibration graphs of
the anions tested and of SOS for the PtlIII, PtNI and PtlX
electrodes are presented in Figs. 2--4. As can be seen, the
PtlIII and PtlVI electrodes respond well to Cl04- and CI­
anions, whereas they are not sensitive to other anions. The
PtlX electrode, within the limits of measurement error, is not
sensitive for NaCl04 over the concentration range 1 x 10-3­
I X 10-5 M, and for other anions over the concentration range
1 x 10-2.-1 X 10-5 M.

Table 2 shows the potentiometric selectivity coefficients
calculated using the separate solution method. 43 The results
demonstrate the high selectivity of the electrodes in separate
solutions to SOS. Moreover, it also follows that these
electrodes either do not respond (as shown by a change in
potential) to the change in activity of the anions tested or
exhibit very poor sensitivity. On the other hand, in mixed
solutions, consisting of an inorganic salt and an anionic
surfactant, a very pronounced effect is observed, i.e., at a
constant concentration of SOS and an increasing concentra·
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Fig. S. Response of the PtIX electrode to inorganic salts in a fixed
background of (a) SOS: I, I X 10-3 M SOS - NaCl04 ; 2, 1 x 10-3 M

SOS - NaCI; 3, 1 x 10-4 M SOS - NaCI04; 4, 1 x 10-4 M SOS - NaCI;
and (b) SOBS: I, 1 x WOo3 M SOBS - NaCl04; 2, 1 x 10--3 M SOBS ­
CH3COONa; and 3, 1 x 10-4 M SOBS - CH3COONa
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Fig. 7. Potentiometric titrations of 40 cm3 of SOBS with the aid of
cetylpyridinium chloride (CPC): I. 1 x 10-3 M SOBS - 1 x 10-2 M

CPC; 2, 1 X 10-4 M SOBS - 1 x 10-3 M CPC; and 3. I x IO-s M SOBS­
1 x 10-4 M CPC in the presence of the anionic surfactant-selective
electrode PtlX

4 6 8 10 12

pH
Fig. 6. Effect of pH on the response of the PtlX electrode: I, without
surfactant; and 2, in the presence of 1 x 10-4 M SOS
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The electrode potential is reversible and the shape of the
potential -- pH graph is the same, regardless of whether one
goes from a neutral to a highly alkaline solution or from a
highly alkaline to a neutral solution. In both instances
inflection of the calibration graph was observed at about pH
9.6.

The electrodes do not respond, i.e., show a potential
change, to changes in the activity of cationic surfactants such
as cetylpyridinium chloride, cetyltrimethylammonium
chloride and benzylcetyldimethylammonium bromide over
the range 1 x 1O-L 1 X 10-6 M.

[R-Hg(OHhhmem)

Na+(aq)
==([R-Hg-(OHh]-Na+}o(mem)

pH >9, OH-(.q)
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constant SOS concentration of 1 x 10-4 M. The only difference
was that the slope of the graph for the anionic function of the
electrode was 17 mV decade--!, whereas for the cationic
function it was 30 mV decade-I.

Over the pH range 5.2-7, a plateau occurs, and at pH <5 a
sharp increase in potential is observed, which is connected
with SOS association and, at the same time, with a decrease in
its activity. This is shown by curve 2 in Fig. 6. The electrode
containing the mercurated polystyrene was found to exhibit
interesting electrochemical properties in the acid - base
system. It is difficult to explain the unusual dependence of
potential on hydroxyl ion activity. If it is assumed that the
ion-exchange reaction between the electrode membrane and
the aqueous solution is responsible for the e.m.f., then the
following mechanisms can be used to explain the response of
the electrode to the change in the activity of OH- ions and
OS- anions:

pOH- response mechanism:
H20

[R-Hg-Ac]O(mem) === [R-Hg]+(mem) +
pH <9. OH-(aq)

AC-(aq) [R-Hg-OH]O(mem)

Anion response mechanism:
H20

[R-Hg-Ac]O(mem) === [R-Hg]+(mem) +

OS-(.q)
Ac-(aq)~ [R-Hg-OS]O(mem)

Titration

The electrodes containing mercurated polystyrene as a sensor
may be used as indicator electrodes in the potentiometric
titration of anionic surfactants by cationic surfactants, and vice
versa. Titration curves for SOBS are presented in Fig. 7.
Owing to the wide range over which the calibration graph was
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rectilinear and the low value of the detection limit, well
defined ionic curves were obtained for surfactant solutions at
concentrations of 5 x 10-6 M.

Conclusions

An electrode that employs mercurated polystyrene as the
sensor has been developed. The electrode was tested against
anionic surfactants and a high selectivity for SDS and SDBS
relative to inorganic anions was found. Moreover, the
electrode shows interesting properties towards hydroxyl ions.
On the basis of the data obtained, the electrode might be used
to determine anionic surfactants: it might also act as an
indicator electrode in potentiometric titrations for low con­
centrations of these substances. The electrode might also be
employed in physico-chemical studies of surfactant solutions,
for example, to determine the CMC, and in studies on the
inOuence of different substances, i.e., inorganic salts, on the
process of surfactant association and the determination of
their activity in solutions.

It might also be possible to apply the electrode to the
analysis of other groups of compounds, including suiphonam­
ides, thiols and complex-forming substances that react with
the R-Hg+ cation. This possibility is of particular interest, as it
has been shown that the electrode is not sensitive to many
inorganic anions.

This work was supported by project CPBP.Ol.17.04.07.
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Study of Protolytic Equilibria of Flurazepam

Lidija B. Pfendt and Tomislav J. Janjic
Faculty of Chemistry, University of Belgrade, P.O. Box 550, 11001 Belgrade, Yugoslavia

Gordana V. Popovic
Faculty of Pharmacy, University of Belgrade, 11001 Belgrade, Yugoslavia

1457

Protolytic equilibria of flurazepam, a diprotic base which is sparingly soluble in water, were investigated. The
investigations were carried out in the pH range 0-12, at constant ionic strength (0.1 M NaCI) and 25 ± 0.1 °C, by
the application of spectrophotometric, pH-metric and solubility methods. The acidity, hydrolysis and
equilibrium constants in the heterogeneous system were determined. In addition, a method, based on the
application of a formation function to the hydrolytic process, is proposed. Finally, buffer characteristics of
flurazepam in the homogeneous and heterogeneous systems were studied.

Keywords: Flurazepam; protolytic equilibria; hydrolysis; heterogeneous equilibria; two-phase buffer

Flurazepam (7-chloro-l-(2-diethylaminoethyl)-5-(2'-fluoro­
phenyl)-1,3-dihydro-2H-l ,4-benzodiazepin-2-one) belongs to
the class of benzodiazepine derivatives. In addition to the
pharmacological activity characteristic of this class of drugs,
flurazepam shows a unique hypnotic action.

Chemically flurazepam behaves as a diprotic basel and is
sparingly soluble in water. In acidic solution it undergoes
reversible hydrolysis, the mechanism of which has been
studied in detail. 2.3 However, no data are reported in the
literature on the investigation of the equilibria of flurazepam
in heterogeneous systems, and the data on acidity constants,
particularly for pKa2 , are not consistent. On the basis of
polarographic investigations only the approximate values for
the acidity constants of flurazepam have been determined,
pKal values ranging between 1 and 2 and pKa2 values between
8 and 10.4 Rudy and Senkowski l reported the unpublished
data obtained by Toome and Raymond for the pKa values of
flurazepam (1.90 and 8.16), determined spectrophotometric­
ally, whereas the value for pKa2 , determined by titration, in a
propan-2-01- water mixture (1 + 1), after suitable corrections
was found to be 7.9. However, in the opinion of Groves and
Smyth5 the pKa2 value for flurazepam cannot be precisely
determined spectrophotometrically because of the slight
difference in the spectra of the non-protonated and monopro­
tonated base. Therefore, these workers have only determined
spectrophotometrically, by the application of the acidity
function, Ho , the value of pKal (1.42).

The aforementioned data show that the acidity constants for
flurazepam, determined by different workers, differ from
one another both in value and precision, and also indicate that
the heterogeneous equilibria of flurazepam have not been
investigated to date. As shown in a previous paper,6 the
investigation of heterogeneous equilibria can afford useful
information on acid - base equilibria in homogeneous systems.
Hence, the aim of the present work is to extend the
investigation to flurazepam and also to perform a quantitative
study of other protolytic equilibria to which flurazepam is
subjected. These investigations include the determination of
its acidity, hydrolysis and equilibrium constants in hetero­
geneous systems and also the buffer characteristics of mono­
phase and two-phase buffer systems consisting of the solid
flurazepam, which is sparingly soluble, and its saturated
solution. As has been reported previously6 these investiga­
tions are of wide-ranging interest.

Experimental

Apparatus

Measurements and the interpretation of the pH values
measured were carried out as described in a previous paper,6

where the following relationships are valid: [H30+) = 10-PCH
= lO-(pHoE - 0.04) and pK(i, = 13.81 ± 0.01 for ionic strength, I
= 0.1 M (NaC!) at 25 ± 0.1 °C; pHoE is the pH as determined
with a pH meter, pk(i, = PCh + PCOH, PCH = -log[H30+) and
PCOH = - 10g[OH-J. Spectrophotometric measurements were
performed on a Beckman DU-50 spectrophotometer in l-cm
silica cells.

Reagents

All investigations were carried out with flurazepam mono­
hydrochloride (Fz.HCI) produced by Hoffmann La Roche
(Basle, Switzerland). A stock solution of the drug was
prepared by weighing accurately the dry substance and
dissolving it in water or 0.1 M NaCI. A freshly prepared
solution was always used and all operations with the drug were
carried out in the absence of light. Other reagents were of
analytical-reagent grade. Standardisation of HCI and NaOH
solutions was performed potentiometrically.

Methods

Determination of acidity constants

Optimum wavelengths for the determination of Kal were
selected on the basis of the spectra of flurazepam solutions in
the PCH range 1~, recorded in the 2Q0-400 nm range, at fast
scan (scan speed 750 nm min-I). The solutions used for the
recording of spectra and absorbance measurements at selected
wavelengths were prepared immediately before measuring in
order to prevent possible hydrolysis. For the determination of
Kal , stock solutions of Fz.HCI (3.24 x 10-4 M) and HCI (8.42
x 1O-L 8.42 x 10-2 M) were prepared with the addition of
NaCI to give I = 0.1 M. Aliquots of 0.2 and 0.5 ml of Fz.HCI
solution were then rapidly mixed and shaken in cells with 3 ml
of HCI, and the absorbances of these solutions were measured
at 230 and 282 nm, respectively, against a corresponding
blank.

The acid constant, Ka2 was determined from the data
obtained by pH-metric titration. Aliquots of 20 and 2S ml of
Fz.HCI solution (8.0 x 10-4 M in 0.1 M NaCI) were titrated
with O.OI-ml increments of NaOH solution (0.079 M). From
these data the formation function, "H, namely the mean
number of protons bound to the base (Fz) was calculated by
means of the following equation:

_ CFz.HCI- [H30+) + [OH-)- CNaOH (1)
nH =

CFz.HCI

In equation (1) and in all other instances C denotes the
stoicheiometric concentrations, whereas square brackets
denote equilibrium concentrations.
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(4)

(5)

The acidity constants of these processes are defined as:

K _ [BH+J[H30+]
al - [BH22+]

K = [B][H30+)
"2 [BH+]

0.2 0'--:~-4'----_L6--L.8--1~0--1-'-2--1-'-4-.J

IABH + - AI/[H30+)

•
2

IABH+ - AI/[H30+]
2 3 4 5

Because the corresponding protolytic processes are "sep­
ar~ted" (pK. values of flurazepam differ by more than 4 pK
umts), both constants can be determined independently, as for
monoprotic bases.

For the determination of pKa, the spectrophotometric
method? was employed, according to which, from the ab­
sorbances of a flurazepam solution measured at different PCH

values, the following linear dependence was calculated:

A =A 2+ + K IA BH+ -AI (6)
BH2 - al [H

3
0+]

where ABHl+, A BH + and A are the absorbances of solutions
containing BH22+, BH+ and their mixtures, respectively, at
given wavelengths. Equation (6) shows that for the determina­
tion of pKa) it is not necessary to know the absorbance of the
pure BH22+ species, and that the determination of pKa is
possible under the conditions applied (I = 0.1 M). The Iin~ar
dependence expressed by equation (6) obtained on the basis of
experimental data for two optimum wavelengths, is shown in
Fig. 1. The slope of the straight lines obtained corresponds to
the acidity constant +Kal for (A BH+ - A) > 0, and to -Ka )

for (ABH+ - A) < 0, respectively, whereas the intercept on
the ordinate corresponds to the absorbance of the pure BH22+
species. Both magnitudes were calculated by regression
analysis. The mean va}ue obtained for pKal is 1.53. Fig. 2
shows absorption spectra of the acidic flurazepam solutions
recorded at fast scan, on the basis of which optimum
wavelengths for the determination of Ka , were selected. As
can be seen in Fig. 2, the spectra of pure BH+ and BH22+
species and of their mixtures intersect at three isosbestic points
at the wavelengths 238, 248 and 262 nm, respectively. The

(2)

Fig. 1. Spectrophotometric determination of Ka according to
equation (6): 1, A= 230 nm. c,o. = 2.025 X 10-5 M; '2. A= 282 nm.
CIO. = 4.63 X 10-5 M

+ .......C,Hs
CH,-CH,-N,

~)O HC,Hs

,,~,

Determination of the pK. Values of Flurazepam

In the pH range 0--14 flurazepam undergoes a "simple" acid ­
base equilibrium as shown in Scheme 1.

+ .......C,Hs

In direct titration CNaOH = O.

DetermiTUltion of the hydrolysis constant

The hydrolysis constant, K hl , was determined from the data of
"slow" pH-metric titrations. These were carried out in two
ways. For direct titration, to a series of solutions (V = 20 ml)
of the same stoicheiometric Fz.HCI concentration (5.0 x
10-3 M in 0.1 M NaCI) various volumes (0.15--{).70 ml) of
0.2105 M HCI were added. For back-titration a solution of
Fz.HCl (5.0 x 10-3 M) in 8.42 x 10-3 M HCI with the addition
of NaCI to give I = 0.1 M, was prepared. This solution was left
to stand for 6 h. Then to a series of this solution (V = 20 ml)
various volumes (0.15--{).65 ml) of 0.1895 M NaOH were
added. Both series of solutions were thermostated for 4 h. The
equilibration was followed pH-metrically. From the pHOE
values measured at the equilibrium state, the formation
function, ii' , in this instance was calculated according to the
equation:

ii' = CFz.HCI + CHCI + [OH-]- [H30+]- CNaOH

CFz.HCI

Results and Discussion

All equilibrium constants determined in this paper relate to
an ionic strength of 0.1 M and accordingly are defined as
concentration, i.e., stoicheiometric constants.

Heterogeneous system

Saturated solutions for the determination of equilibrium
constants in the heterogeneous system were obtained by
partial precipitation of the free base from 20 ml of Fz.HCI
solution (1.0 x 10-2 M in 0.1 M NaCI) by the addition of
different aliquots of 0.3979 M NaOH. The samples were then
thermostated for 4 h with occasional shaking until the
equilibrium was established. From the pHOE values measured
at the equilibrium state, the concentration of protons bound to
the base in the solution was calculated:

[H+lb = CFz.HCI - CNaOH - [H30+1+ [OH-] .. (3)

For the determination of the solubility of flurazepam the
precipitate was separated by centrifugation. The aliquots of
the solutions were then diluted, made alkaline (pH = 11) and
the actual concentration of the base was determined spectro­
photometrically at 230 nm, the validity of Beer's Law having
been verified previously.

The buffer curve of a two-phase buffer was determined by
titrating an Fz.HCI solution (20 ml; 1.0 x 10-2 M in 0.1 M

NaCl) with a standard NaOH solution (0.3979 M) with
vigorous stirring.

In the processing of experimental data, corrections were
made for volume changes; the data were processed by means
of suitable programs with a Texas Instrument TI-66 pro­
grammable calculator.

BH+

Scheme t

B
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appearance of these isosbestic points shows that the "simple"
protolytic reactions, under working conditions, are not
complicated by secondary processes, In addition, the absorp­
tion spectrum of the pure molecular base is also shown in Fig,
2, The slight difference observed in the spectra of pure BH+
and B species indicates that spectrophotometry is not applic­
able to a reliable determination of K.2 .

For the determination of pKa2 the pH-metric titration
method was employed; it is based on the determination of fiH
which, in the situation concerned, i.e., in the pH range in
which BH+ and B species are in equilibrium, can be given by
the equation:

_ [BH+)
nH = [BH+) + [B) (7)

From the linear dependence which relates fiH [equation (7»)
with Ka2 [equation (5») i.e"

1-fiH_~

fiH - [H30+)

Ka2 was calculated by regression analysis. Fig. 3 shows the
corresponding linear dependence calculated as described
under Experimental.

Determination of Hydrolysis Constants

On the basis of the kinetic studies of the hydrolysis of
f1urazepam2•3 it was assumed that in acidic solution f1uraze­
pam undergoes a reversible ring-opening reaction at its
azomethine group, One of the main objectives of the present
paper is the quantitative study of the corresponding equilibria
at various pH values, therefore, a method based on the
application of a formation function to the hydrolytic process is
proposed.

Taking into account "simple" protolytic and hydrolytic
reactions occurring simultaneously in an acidic f1urazepam
solution the processes shown in Scheme 2 are possible when
the equilibration is completed.
The equilibrium constants for the corresponding hydrolytic
processes are given by the expressions:

(9)

(10)

K _ ----'['-B_'H_2:-2_+)'-­

hI - [BH+] [H30+)

[B'H22+]

Kh2 = [BH
2
2+)

,~

"",~
I I

2 345
(H30+)-'/10" M

Fig. 3, pH-metric determination of K'2 according to equation (8)

+/CzHs
CHz-CHz-N"

~
~\:Z-NH~ CzHs

CI "",,0 H

Fo

360

/"'.----4
Ir~--3

2
1
5

a L- .J.--__--:~_..L-_ _=::o..J

200

0.2

0.6

280
Wavelength/nm

Fig, 2, Absorption spectra of f1urazepam in solutions of different
{'CH' Scan speed, 750 nm min-I; {'ath lengtli, 1 cm; PCH: I, 5.81
(BH+); 2, 1.80; 3, 1.10; 4, 1 M Hel (BH22+); and 5, 0.1 M NaOH (B);
C,ot = 2,025 X 10-5 M

BH+

CI

+HzO
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Z 3 4

(H30+I/10-3 M

Fig. 4. pH-metric determination of the hydrolysis constant K h )

according to equation (12): 0, direct titration; and ., back-titration

_, 2[B'Hzz+] + 2[BHl+] + [BH+]
n = [B'Hzz+] + [BHzz+] + [BH+] + [B] (11)

Considering that in acidic solution [B] -> 0, the combination of
equations (4), (9) and (11), after appropriate transformations,
gives:

oL-_~~~:-.J
200 280 360

Wavelength/nm

Fig. 5. Changes in absorption spectra due to hydrolysis. (a) As a
function of pCH; PCH: 1, 5.81 (BH+); 2, 2.92; 3, 2.56; 4, 2.34; 5,
0.3-1.17; and 6, pure BHzz+ (recording at fast scan); Ctot = 2.4 X
10-5 M. (b) As a function of time in 1 M HCI: A, 0; B,15; C, 30; D, 45;
E, 60; F, 120; G, 180; and H, 240 min after the initiation of the
reaction

Calculated

-1.03
[equation (13)]

-6.80
[equation (23)]

-7.83
[equation (24)]

8.41
[equation (22»)

Solubility 3.15 ± 0.05
[equation (20)]

Solubility 3.13 ± om
[equation (21)]

Proton bound -5.27 ± 0.01
[equation (19)]

Solubility -5.27 ± om
[equation (20)]

pK,z

Table 1. Concentration equilibrium constants in the homogeneous and
heterogeneous system of flurazepam. 1= 0.1 M (NaCl) and T = 25 °C

PCH values are presented in Fig, 5(a), The fact that the
spectrum ofthe solution containing the pure BH+ species (pCH
= 5.81) and the spectra of solutions of lower PCH values (down
to 2.34) pass through the isosbestic point at a wavelength of
254 nm, points to the existence of only one pCH dependent
equilibrium, As these spectra differ from those recorded at
fast scan (Fig. 2), this equilibrium can be ascribed only to the
presence of the BH+ and B'Hz2+ species. At lower PCH values
down to a PCH of about 1.2, changes in the absorption spectra
are observed, In the PCH interval from 1,2 to 0 the spectra are
superimposable and at the same time they intersect at three
isosbestic points at 224,250 and 268 nm, respectively, with the
spectrum of the pure BH2Z+ species being obtained while
recording at fast scan; the latter findings can be ascribed to the
existence of a new equilibrium, As the same isosbestic points
appear also in spectra showing changes in the absorbance of
BHzz+ species with time at a definite PCH value (1 M HCl),
until the final state is reached, which is in both instances
identical [Fig. 5(b)] but PCH independent, the last equilibrium
can be ascribed only to BHzZ+ and B'Hl+ species, From the
absorbances measured at the wavelength of the most suitable
isosbestic point at 224 nm [Fig. 5(a)] at which the molar
absorption coefficients for BHz2+ and B'Hzz+ species are
identical, the hydrolysis constant Kh1 was calculated7 accord­
ing to the equation:

ABH+ -A
Log Kht = PCH + log (14)

A - A B 'HZ2+

where A B'HZ2+ and A BH + correspond to the absorbances of
pure B'Hl+ and BH+ species, respectively, whereas A is the
absorbance of their mixtures in the PCH interval from 2.34 to
2.96. The value of -2.47 obtained for pKht is in agreement
with the value obtained by the independent pH-metric
procedure and this can be considered as confirmation of the
hydrolytic processes that have previously been assumed.

A survey of constants determined in the homogeneous
system of flurazepam is given in Table 1. On the basis of these
constants, by the usual procedure,S the distribution of all
equilibrium species in the homogeneous system as a function
of the pCH value was calculated, The corresponding distribu­
tion diagram is given in Fig. 6 which shows that in the pCH
range from 0 to 5 the hydrolysis of the azomethine group is not
complete, although the equilibrium is almost entirely shifted
towards the opening of the benzodiazepine ring.

(12)

(b)

Equilibrium Method
constant employed Found

pKa ) Spectrophotometric 1.53 ± 0.05
[equation (6)]

pKaz pH-metric 8.37 ± om
[equation (8)]

pKh ) pH-metric -2.56 ± 0.02
[equation (12)]

Spectrophotometric -2.47
240 280 [equation (14)]
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From the slope of the linear dependence (Fig. 4) the constant
Kht was calculated by regression analysis. For the determina­
tion of KhZ the following relationship was used:

KhZ = K ht X Kat (13)

The assumed hydrolytic processes were confirmed spectro­
photometrically by analysing the spectra shown in Fig. 5. The
absorption spectra of acidic flurazepam solutions recorded
after the establishment of the equilibrium for some selected

The acidity constant, Kal' as described above, could be
determined regardless of other processes as the "simple"
protolytic reaction takes place instantly relative to the
hydrolytic reaction. As the hydrolysis is a pH dependent
process, the determination of Kh [ can also be performed
pH-metrically but only after the equilibration is completed (by
slow pH-metric titration as described in Experimental).

In the situation observed the formation function, ii', can be
defined as:



ANALYST. NOVEMBER 1990. VOL. 115 1461

o 6 8 10 12
PCH

Fig. 6. Distribution diagram (solid line) and solubility curve (broken
li,?e)~n equilibri~m as a function of PCH: ., experimental data; c'o< =
c,K.P - 1.0 x 10 2 M. PCH = pHGE - 0.04

B

A

12.511.511

8

~

M,
o
iii 4

2 3
IH30+l!10-8 M

Fig. 7. Graphs for the determination of equilibrium constants in the
heterogeneous system obtained according to A, equation (19); B,
equation (20); and C, equation (21)
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In a saturated solution of a base, B, the following equilibria
between the solid phase, Bs , and the solution may be assumed:

Bs ;:::= B Ks ] = [B] (15)

Bs + H30+;:::= BH+ + H20 K = [BH+] (16)
S2 [H30+]

[BH22+]
Bs + 2H30+ ;:::= BH22+ + 2H20 KS3 = [H

3
0+ J2 .. (17)

, [B'H22+]
Bs + 2H30+;:::= B'H22+ + H20 K S3 = [H

3
0+ J2 .. (18)

Because B is a relatively strong base (pK'2 = 8.37) a small
increase in the H30+ ion concentration results in the
formation of BH+ species and the dissolution of the precipi­
tate. 10 addition, pK'2 » [pK.[ and (-pKh\)] i.e., the
concentrations of BH22+ and B'H22+ species in equilibrium
with the solid phase are virtually negligible and the hetero­
geneous system may be considered as a system containing a
sparingly soluble monoprotic base. Therefore, for the deter­
mination of equilibrium constants in the corresponding
heterogeneous system the methods described in a previous
paper6 were employed, namely the method of protons bound
to the base in the solution and the solubility method. These
methods yield the parameters [H+]b, the concentration of
protons bound to the base in the saturated solution and S, the
stoicheiometric solubility, respectively. The relationship
between the magnitude of these two parameters and the
corresponding equilibrium constants is given by the following
expressions:

[H+]b= [BH+] = KszlH30+] (19)

S = [BH+] + [B] = K szlH30+] + Ks [ (20)

S = [B] = KS1 (21)

Equations (19) and (20) are valid when the pH is «pK'2 + 2)
whereas equation (21) is valid when the pH is >(pK.z + 2).

The results of the determination of the equilibrium con­
stants by the methods given are shown graphically in Fig. 7.
On the basis of the values obtained and the constants
determined in the homogeneous system it was possible to
calculate the values of the constants K.2, KS3 and K'S3 by
means of the following dependencies:

pK'2 = pKs\ - pKS2 (22)

pKS3 = pKS2 - pKa [ (23)

pK'S3 = pKS2 + pKh [ (24)

The equilibrium constants determined or calculated in the
heterogeneous system together with constants determined in
the homogeneous system are presented in Table 1. In
addition, Table 1 shows that there is good agreement between
the constants determined by different methods and it is worth
emphasising the agreement between the acidity constant K.
determined pH-metrically and that calculated on the basis ot
the equilibrium constants determined in the heterogeneous
system.

The distribution of the equilibrium species and the solubility
as a function of PCH, calculated on the basis of the correspond­
ing equilibrium constants in the heterogeneous system, are
shown in Fig. 6.

Buffer Capacity

The saturated solution of nurazepam represents a two-phase
buffer system in which the solid phase is a sparingly soluble
base and the saturated solution is the buffered phase. The
dependence of the buffer capacity of this buffer on the pH
(pCH at constant f) is given by the relationship which is valid
for buffer types containing a sparingly soluble monoprotic
base6 :

dCb dCb
fiB = dpH = dpcH = 2.3 KS2 [H30+] = 2.3 K S2 lO-PCH (25)

where Cb = [B] + [Bs] = c:t.P - [BH+) and c~J'f is the
stoicheiometric concentration of nurazepam which would
exist in the solution if the total amount of nurazepam was
dissolved. The exponential increase of the buffer capacity with
decreasing PCH is limited by the transition of the hetero­
geneous to the homogeneous system, which is followed by an
abrupt decrease of the buffer capacity and the disappearance
of the solid phase. Because [B]s -> 0 at the transition point of
the heterogeneous to the homogeneous system the following
mass balance equation is valid:

c~J:P = [BH+] +[B] .. (26)

By introducing the relevant equilibrium constants [equations
(15), (16) and (22)] into equation (26), an expression for PCH
at the transition point of the heterogeneous to the
homogeneous system can be obtained:

PCH = pK'2 - pKs\ -log(c~J:P - K s\) (27)

The equation given shows that the PCH value at which the
transition occurs can be changed by altering the total
concentration of nurazepam. When ([BH+] + [B)) -> c~J:P the
transition of the heterogeneous to the homogeneous system
takes place, and this virtually corresponds to the applicability
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calculated result was experimentally confirmed for c~g.p = 1.0
X 10-2 M. When c~g.p changes, the maximum buffer capacity
that can be achieved at the pCH of the transition point is also
changed:

PCH

Fig. 8. Theoretical buffer curves of the two-phase (solid line) and
mono-phase buffer BH+ -B (broken line) as a function of PCH for
various fJurazepam concentrations. c:.f,P: 1, 1.0; 2,1.0 x 10-1 ; 3, 1.0 x
10-2; 4, 5.0 x 10-3; and 5, 1.0 x 10-3 M; •• experimental data for
c:.ff = 1.0 x 10-2 M

~B max. = 2.3 (c~J'tP - K'l) (28)

The buffer action of BH22+ - BH+ and B'H22L BH+ pairs is
shifted towards the strongly acidic region and is masked by the
buffer action of H30+ ions. Fig. 9 shows the contribution of
the buffer capacity of the acid - base pairs BHi+· BH+ and
B'H22+ - BH+ and the H30+ ions to the total buffer capacity
of the acidic f1urazepam solution. The buffer curves were
calculated on the basis of the concentrations of the corre­
sponding species in the equilibrium state by the usual
procedure for a mono-phase buffer. 9

The authors are grateful to the Serbian Republic Research
Fund for financial support, to Lea Cvitkovic and Pharmaceut­
ical Industries "Krka" (Novo Mesto, Yugoslavia) for the
generous gift of the f1urazepam sample and to Dj. Boskovic
for illustration.
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Determination of Low Chemical Oxygen Demand Values in Water by
the Dichromate Semi-micro Method

Josef Hejzlar and Jiri Kopacek
Section ofHydrobiology, Institute ofLandscape Ecology, CzechoslovakAcademyofSciences, Na sadkach 7,
37005 Ceske Budejovice, Czechoslovakia

A semi-micro modification of the dichromate method for the determination of low concentrations (1-35
mg 1-1 ) of the chemical oxygen demand is described. It is based on the experimentally established
dependencies of the oxidation efficiency on the concentrations of H2S04, K2Cr207 and Ag2S04, and on the
temperature and time of heating. The procedure involves increasing the concentration of H2S04 and heating
in closed test-tubes in a heating block at 170°C for 40 min and the spectrophotometric determination of
dichromate at 455 nm. The interfering effect of chloride, up to a concentration of 100 mg 1-\ is masked by
using a combination of HgS04 and KCr(S04h. The modification has been tested on 30 samples of ground, tap,
precipitation and surface waters and on 16 chemical compounds, and gives results comparable to those from
a standard reflux method.

Keywords: Chemical oxygen demand; sealed test-tube digestion; chloride suppression; chromium(JIl)
addition

For nearly 40 years, 1,2 the dichromate open reflux method for
the determination of the chemical oxygen demand (COD) has
been and is still used in water analysis3although it has several
shortcomings: it requires large amounts of reagents and
sample, it is space demanding, tedious, time consuming, and,
in particular, its sensitivity (about 5 mg 1-1 when using 0.0417
M K2Cr207),3 is too low for application to waters with low
organic matter contents such as drinking, ground and non­
polluted surface waters.

To reduce the consumption of chemicals and save space,
alternative methods of COD determination on a semi-micro
scale, with a comparable sensitivity, have been introduced
within the past 20 years.4-9 The digestion conditions are
largely identical with those used in the original method; i.e.,
50% vlv (63.6% mlm) H2S04 in the digestion mixture and
heating at 150°C for 2 h. The boiling under a reflux condenser,
however, is usually replaced by heating in thermostated
blocks, and the quantification is often based on the spectro­
photometric determination of Cr3+ ions4.5.7 or on the ampero­
metric titration of the unconsumed dichromate.s

Efforts have been made to reduce the time of the original
procedurellH2; however, for many compounds (e.g., aliphatic
acids) 12 shortening the digestion period leads to a decrease in
oxidation efficiency, unless the concentration of H2S04 and
the temperature are increased. A solution to this problem, in
many respects successful, has been offered by Wagner and
Ruck,13 who devised a rapid method applicable to the
determination of COD at levels encountered in drinking
waters, i.e" in the range of about 1-10 mg I-I. By increasing
the concentration of H2S04 to 83% mlm and the temperature
to 170°C, they were able to reduce the time of digestion to 45
min. Using perfectly purified reagents, they attained detection
limits below 1 mg I-I. The increased digestion temperature,
however, brought about problems associated with the mask­
ing of chloride because at temperatures above 150°C, HgS04
alone failed to mask chloride effectively. This problem was
circumvented by removing chloride as HCI in vapour form
prior to the digestion,13.14 a procedure that is, however,
tedious and time consuming.

This paper describes an approach to the determination of
low COD values on a semi-micro scale, with digestion
conditions optimised to attain comparable efficiency to that of
the standard method,3 and with a considerably reduced
digestion time. The interfering effect of chloride is limited by
the combined masking effects of HgS04and Cr3+ ions. IS This
semi-micro method is compared with the open reflux method
using samples of various waters and chemical compounds. In

the open reflux method, which is used as a reference method,
the digestion conditions of the standard method3 were
maintained, however, the manner in which the sample and
reagent were dispensed, was modified, in order to achieve
improved accuracy and ensure comparable precision, so that
both methods could be compared.

Experimental

Chemicals
All chemicals used were of analytical-reagent grade, supplied
by Lachema (Brno, Czechoslovakia). The digestion solutions
and sulphuric acid reagents were prepared from 96 or 92%
mlm sulphuric acid pre-treated by filtration and heated to
boiling-point in an all-glass apparatus equipped with an air
cooler. Sulphuric acid, 98.3% mlm, was obtained by distilla­
tion of the 96% mlm acid in an all-glass apparatus. All
filtrations were carried out through a sintered glass funnel
[type Sl, 0.09--D.15-mm porosity (Jena Glass, Jena, GDR)].
Water for sample dilution and for the preparation of standard
and reagent solutions was obtained from distilled water by
re-distilling with the addition of KMn04 and H2S04,

Reagents for the Semi-micro Method

Digestion solution (900 mg I-I K2Cr207, 7.2 g 1-1
KCr(S04h.12H20 and 46 g I-I HgS04in 37.3% m1v H2S04),
Dissolve 0.900 ± 0.005 mg of K2Cr207, 7.20 ± 0.01 g of
KCr(S04h.12H20, 50 ± 1 ml of 96% mlm sulphuric acid and
46 ± 1 g of HgS04 in about 500 ml of water. After complete
dissolution of all components, add 162 ± 1 ml of 96% mlm
sulphuric acid, dilute with water to I I and filter.

Sulphuric acid reagent (10 g 1-1 Ag2S04in H2S04), Dissolve
10 ± 0.1 g of Ag2S04 in 1 I of 96% mlm sulphuric acid; after
dissolution, filter and heat to boiling-point in an all-glass
apparatus.

Standard potassium hydrogen phthalate (KHP) solution
(100 mg I-I COD). Dissolve 85.1 ± 0.1 mg of KHP
(previously dried at 120°C for 2 h) in water and dilute with
water to 11.

Calibration KHP solutions (5, 10, 15, 20, 25, 30 and 35
mg I-I COD). DiluteS, 10, 15,20,25, 30and35 ml of standard
KHP solution to 100 ml with water.

KHP solution (4 g I-I). Dissolve 200 ± 1 mg of KHP and
0.5 ± 0.05 ml of 96% mlm sulphuric acid (as a preservative) in
50 ml of water.
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Fig. 2. Oxidation efficiency (E) for nicotinic acid as a function of
K,Cr207 concentration in the digestion mixture

Results and Discussion

Efficiency of Oxidation

Published data , ·z •lz ,16 indicate that the efficiency of oxidation
depends appreciably on the concentrations of sulphuric acid,
KZCrZ07 and AgzS04 in the digestion mixture and on the
temperature and time of heating. The dependence of the
efficiency of oxidation on these parameters was studied on the
semi-micro scale; one parameter was varied at a time while
keeping the others constant. Oxidation of nicotinic acid,
which in the standard method using 0.0417 M KZCrZ07
proceeds only to 24.3% of the theoretical oxygen demand
(TOD),16 was chosen as the main criterion for the evaluation
of the oxidation efficiency.

The influence of the concentration of AgzS04 in the
reaction mixture is shown in Fig. 1 for nicotinic and acetic
acids and for a sample of river water. While the organic

o 4 6 B 10
IAg2SO.)/g 1-'

Fig. 1. Chemical oxygen demand as a function of Ag2SO. concentra­
tion in the digestion mixture, \, Acetic acid (TOO = 20,0 mg I-I);
2, nicotinic acid (TOO = 71.6 mg I-I); and 3. river water

Open Reflux Method

Follow the standard method,3 but use 25 ml of sample, 5 ml of
the digestion solution and 35 ml of the sulphuric acid reagent.
This gives the same composition of the digestion mixture as
the standard method3 using 0.00833 M KZCrZ07.

Reagents for the Open Reflux Method

Digestion solution (5.465 g 1-1 KZCrZ07 and 89.1 g I-I
HgS04 in 33.2% m/v HzS04 ). Add 5.465 ± 0.001 g of
KZCrZ07, 50 ± I ml of 92% mlm sulphuric acid and 89.1 ± 0.1
g of HgS04 to about 500 ml of water. After dissolution of the
components, add 148 ± I ml of92% mlm sulphuric acid, dilute
with water to 1 I and filter.

Sulphuric acid reagent (12.7 g I-I AgZS04 in 92% m/m
HzS04 ). Dissolve 12.7 ± 0.1 g of AgzS04 in I I of 92% m/m
sulphuric acid and filter.

Semi-micro Method

Mix 2 ml of sample and 1 ml of digestion solution in a 20 x 180
mm test-tube fitted with a ground-glass stopper (Sklo Union,
Labora, Czechoslovakia), add carefully 5 ml of sulphuric acid
reagent to form a layer on the bottom,4 close the tube tightly
with the stopper and mix the contents thoroughly but prevent
their penetration to the ground glass joint. Immediately after
mixing, place the tube in a thermostated block pre-heated to
170 ± 0.5 0c. (CAUTION: bumping may occur if mixing prior to
the heating is omitted). After 40 ± I min remove the tube
from the heating block, allow it to cool to 20-25 °C then add 7
ml of water and mix thoroughly. After cooling, read the
absorbance at 455 nm in a 5-cm cell. At the same time
determine at least two blanks by replacing the sample with
re-distilled water. Calculate the COD value from the differ­
ence between the absorbances of the sample and the average
value of the blanks according to the calibration graph
prepared using the calibration KHP solutions.

For natural waters with suspended inorganic particles
correction should be made to eliminate the error caused by the
turbidity of the digestion mixture: follow the procedure
described above for the sample and the blank but add 1 drop
(0.05 ± 0.01 ml) of KHP solution (4 g I-I) to the tubes before
digestion in each instance, to reduce the dichromate in the
digestion mixture. Measure the absorbances and subtract the
difference between them from the absorbance of the sample
obtained without dichromate reduction. Calculate the COD
value using the corrected absorbance value.

Table 1. Comparison of the semi-micro (S) and open reflux (R) methods for various compounds (n = 2)

Sample

Glucose ..
Starch
Glycine ..
Aspartic acid
Tryptophan
Cysteine
Bovine serum albumin
Acetic acid
Sodium dodecyl sulphate ..
Humic acid (Fluka) ..
Humic acid (Roth)
Humic acid (peat-bog)
Pyridine ..
Nicotinic acid ..
Methylamine
Ethylamine

• c = mass concentration.

c'l
mgl- I

18.6
16.0
31.5
28.6
11.6
16.7
14.4
18.8
6.16

14.9
15.3
15.0

202
50.1
75.8
17.4

TODI
mgl- I

19.8
19.0
20.1
20.6
20.9
19.9

20.0
12.3

450
71.6

122
36,9

c(S)1
mgl- I

19.2
18.6
15.2
20.3
21.9
16.3
17.9
19.5
11.4
19.3
16.7
14.8
5.7

15.7
12.2
16.7

c(R)1
mgl- I

18.8
17.9
19.3
20.3
21.1
14.1
16.6
19,8
10.6
19.5
16.7
15.0
3.8

10.4
16.0
14.9

SIR x 100, %

102
104
79

100
104
116
108
98

108
99

100
99

150
151
76

112
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Fig. 5. Effect of temperature on the decomposition of K2Crz07 in
the digestion mixture in the absence of oxidisable organic matter. • ,
150; and 0,170·C

Interferences

Similarly as with the open reflux method, all inorganic
substances capable of oxidation, such as Fe2+, S2- or nitrite,
interfere with the semi-micro method. Correction is perfor­
med in the same manner as for the standard method. 3

Turbidity of the reaction mixture, caused by inorganic
particulate substances present in some surface water samples,
increases the absorbance, causing a negative error in the
determination. The method for the elimination of this error is

Cl.;§. 110

()
<5
':?100

The efficiency of oxidation is also affected by the concentra­
tion of sulphuric acid in the digestion mixture. Fig. 3 shows the
results of experiments with sulphuric acid reagents prepared
from H2S04 at concentrations in the range 88-98.3% mlm,
which corresponds to H2S04 concentrations in the digestion
mixture in the range 67.9-75.9% mlm. As the concentration of
H2S04 is lowered, the efficiency of nicotinic acid oxidation
decreases from 27% for 98.3% mlm H2S04 to approximately
5% for 88% mlm H2S04 , The oxidation of acetic acid, on the
other hand, is complete using any of the H2S04 concentrations
indicated.

Fig, 4 shows the rate of oxidation of nicotinic and acetic
acids and of organic substances in river water at 150 and
170°C. Increasing the temperature from 150 to 170°C causes
a higher efficiency of oxidation, particularly for nicotinic acid.
To attain the same degree of oxidation as is achieved on
heating at 170°C for 30 min, heating at 150 °C requires a
period of more than 2 h. Acetic acid and organic substances in
river water were completely oxidised within 15 min at both 150
and 170°C.

The increased oxidising ability of the reaction mixture at
170°C is, of course, accompanied by a faster spontaneous
decomposition of dichromate. Fig. 5 shows that the amount of
dichromate decomposed in 40 min of heating at 170°C is
about 10 mg 1-1, which is approximately the same as that
decomposed at 150°C after 3 h of heating.
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Fig. 3. Oxidation efficiency (E) as a function of H2S04 concentra­
tion in the digestion mixture. 1, Acetic acid (TOO = 20.0mg I-I); and
2, nicotinic acid (TOO = 71.6 mg I-I)

20
(a)

substances in the water were oxidised almost quantitatively
even in the absence of Ag2S04 , its presence was requisite for
the complete oxidation of acetic and nicotinic acids in
concentrations of 1.3 and 6.5 g I-I, respectively. Based on this
result, an Ag2S04 concentration of 6.77 g 1-1 in the digestion
mixture, i.e., 10 g 1-1 in the sulphuric acid reagent, was
chosen.

The effect of the concentration of K2Cr207 on the efficiency
of nicotinic acid oxidation is shown in Fig. 2. The efficiency
drops rapidly if the concentration of K2Cr207 in the digestion
mixture is reduced below 500 mg 1-1. On the other hand, the
concentration of K2Cr207 must not be too high if a reasonable
sensitivity is to be achieved. In the method devised, a K2Cr207
concentration of 120 mg 1-1, corresponding to COD values of
up to approximately 70 mg I-I, was chosen; the efficiency of
oxidation of nicotinic acid is then about 22%. On depletion of
K2Cr207 to 60 mg I-I the efficiency decreases by approxi­
mately one-third, i.e., to 15%, which is comparable to the
efficiency of oxidation of nicotinic acid in the standard method
using 0.00833 M K2Cr207 (see Table 1). Although the
calibration graph for KHP is linear up to a COD of at least 60
mg I-I, the efficiency for substances that are difficult to oxidise
is poorer, restricting the upper limit of the method to a COD
of35 mg I-I. This corresponds to a depletion of approximately
half of the dichromate in the reaction mixture. Therefore, the
semi-micro method could be modified for a COD of up to 100
mg I-I by merely increasing the concentration of K2Cr207 in
the digestion solution approximately 2.5-fold while reducing
the optical path length in the spectrophotometric determina­
tion of the remaining dichromate from 5 to 2 cm. In this
modification the efficiency of oxidation would be improved
(about 40% of nicotinic acid could be oxidised), the sensitiv­
ity, however, would apparently decrease.

10

a 0.5 1 1.5 2.5
Time/h

Fig. 4. Kinetics of oxidation using different temperatures of
digestion for: (a) acetic acid (TOD = 20.0 mg I-I); (b) nicotinic acid
(TOD = 50.1 mg I-I); and (c) river water.., 150; and 0,170·C
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Turbidity, NTU

Fig. 6. Relationship between the turbidity of the original sample and
the error of COD determination (~ COD) caused by the turbidity of
the digestion mixture (NTU = nephelometric turbidity unit). Linear
regression: COD = 0.065 x turbidity -0.083 (n = 30, r = 0.95).
Broken lines represent 99% confidence limits
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described under Semi-micro Method. As an example, Fig. 6
shows the relationship between turbidity in the original water
and the COD corresponding to the absorbance increment due
to the presence of dispersions in samples taken from rivers in
South Bohemia, Czechoslovakia.

Particular attention was given to the masking of chloride
because this anion is common in both surface and ground
waters and can cause considerable error, especially if the
concentration of organic mailer is low. In the proposed
semi-micro method proposed, HgS04 and Cr3+ ions [as
KCr(S04h.12H20) at respective concentrations of 6.22 and
0.1 g 1-1 in the reaction mixture were used to mask chloride.
This concentration of HgS04 allows for up to 600 mg I-I of
chloride in the sample. At higher concentrations, a turbidity
caused by silver chloride appears in the system on dilution and
cooling. If HgS04 is added in lower concentrations, the

3

10 20 30 40
COD/mg 1-'

Fig. 7. Efficiency of chloride oxidation as a function of COD for
different starting concentrations of Cr3 + ions in the digestion mixture:
1,0; 2, 50; 3, 100; and 4, 250 mg I-I. Determined for 600 mg I-I of
chloride and different concentrations of KHP
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turbidity appears at lower chloride concentrations and the
masking efficiency is poorer. Experiments in which the
oxidation of chloride was examined at different concentra­
tions of sulphuric acid and dichromate and at different
temperatures and times of heating revealed that the depen­
dencies of the oxidation of chloride on these parameters are
basically the same as those for the oxidation of organic matter,
i.e., the oxidation efficiency improves if any of these paramet­
ers is increased. Fig. 7 shows the efficiency of oxidation of
chloride as a function of COD at various concentrations of
CrH ions. Based on the relationship between the percentage
of chloride oxidation and COD of the sample (Fig. 7), an
equation can be derived to calculate the COD value caused by
oxidation of chloride for the reaction conditions of the
semi-micro method: COD of chloride = 0.23 x CCI- x (0.022
- 0.00033 x COD) (n = 5, r = 0.99), where CCl- and COD
are, respectively the concentration of chloride and the COD in
the sample, in mg I-I. The effect of the oxidation of chloride
can be disregarded in the semi-micro method up to a chloride
concentration of about 100 mg 1-1, corresponding to a COD
value not exceeding a maximum of 0.5 mg 1-1 (about half of
the detection limit). At higher chloride concentrations, the
experimental COD value should be corrected.

Comparison of the Semi-micro and Open Reflux Methods

The comparison was performed on two sets of safTIples: (i) 30
samples of water of various types (Table 2), 'and (ii) 16
chemical compounds (Table 1). The tables demonstrate that
the results of the semi-micro and the open reflux methods are
comparable. For sample set (i), the ratio of the means
obtained ~he two methods was 101%, with a ~~~ndard

Table 2. Comparison of the semi-micro (S) and open reflux (R) methods for waters (n = 5)

COD/mgl- 1

S R

Sample Mean SD Mean SD SIR X 100, %

Ground water .. I" 0.74 0.36 1.16 0.61 64
2' 2.68 0.33 2.66 0.71 101
3" 5.38 0.45 5.30 0.22 102
4' 6.02 0.18 6.24 0.00 96
5' 6.90 0.30 6.84 0.36 101

Tap water I" 6.94 0.22 7.30 0.26 95
2' 7.70 0.38 7.42 0.18 104
3" 7.84 0.26 7.45 0.30 105
4' 8.18 0.25 8.20 0.34 100
5' 9.76 0.23 10.38 0.88 94

Precipitation .. I' 3.26 0.48 2.72 0.36 120
2" 3.44 0.17 3.10 0.42 111
3' 4.24 0.38 3.06 0.71 139
4' 5.18 0.31 5.20 0.34 100
5" 10.20 0.54 10.16 0.41 100

River water I' 14.14 0.49 14.22 0.30 99
2" 14.28 0.30 14.40 0.35 99
3' 18.10 0.26 18.08 0.39 100
4" 19.36 0.26 19.40 0.81 100
5' 33.60 0.29 34.02 0.18 99

Reservoir I" 10.76 0.25 10.72 0.30 100
2' 14.70 0.44 14.98 0.30 98
3" 18.06 0.55 18.30 0.37 99
4' 18.82 0.46 18.02 0.33 104
5 24.76 0.26 23.84 0.22 104

Fish-pond I" 11.54 0.36 11.24 0.17 103
2' 16.78 0.29 16.42 0.30 102
3' 20.64 0.26 22.30 0.63 93
4 24.38 0.04 25.10 0.21 97
5' 30.72 0.42 30.82 0.27 100

Mean 12.64 0.33 12.64 0.37 101

, Paired I-test showed no statistically significant difference at the 5% level.
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Table 3. Recoveries of KHP added to samples with the semi-micro method (n = 5)

COD/mgl- 1

S!,mple
Sample +KHP

KHP Recovery,
Sample Mean SD added Mean SD %

Ground water .. 1 5.38 0.45 5.80 11.48 0.20 105
2 6.90 0.30 5.80 12.56 0.41 98

Tap water 1 6.94 0.22 5.80 12.64 0.30 98
2 8.18 0.25 5.80 14.02 0.35 101

River water 1 14.14 0.49 5.90 20.31 0.26 105
2 26.46 0.35 5.80 31.98 0.18 95

Reservoir 1 14.70 0.25 5.90 20.61 0.05 100
2 24.76 0.26 5.90 30.47 0.30 97

Fish-pond 1 11.54 0.35 5.90 17.51 0.36 101
2 24.38 0.04 5.90 30.27 0.14 100

Mean 100

deviation (SD) of 5.7%. The agreement for the majority of
chemical compounds was also good. A rather poorer ef­
ficiency of oxidation by the semi-micro method was observed
only for glycine, for which the degrees of oxidation with the
semi-micro method and the open reflux method were 76 and
96%, respectively, and for methylamine, for which the
degrees of oxidation were 10 and 13%, respectively. Higher
oxidation yields, on the other hand, were obtained with the
se,mi-micro method for cysteine, pyridine, nicotinic acid and
for volatile substances such as acetone or benzene. Their
vapours in the open reflux method apparently leave the system
via the reflux condenser. However, the oxidation was not
complete in the semi-micro method either, probably because
some of the vapours of the volatile substances pass into the gas
phase and, perhaps, even leak through the ground glass joint.

Detection Limit, Precision and Accuracy

The detection limit of the semi-micro method was calculated
as the mean bias of the blank plus twice the average SD using
values obtained for sample set (i) (Table 2). The mean bias of
the blank determination in the semi-micro method generally
did not exceed 0.5 mg 1-1, the average SD was 0.33 mg 1-1 and
the COD detection limit was 1.16 mg I-I. The modified open
reflux method gave an average SD of 0.37 mg 1-1 for the same
set of samples, which leads to approximately the same
detection limit.

The precision of the semi-micro method depends on the
precision with which the sample and the reagents are
dispensed, on the precision of the spectrophotometric
measurement of dichromate and also on how strictly the time
and temperature of heating are adhered to. For waters with
suspended matter, the use of a representative sample must be
ensured; if a coarse suspension is present, an appropriate
homogenisation procedure9 is necessary. Temperature varia­
tions within the heating block should not exceed ±0.5 ·C and
temperature gradients between different sites of the heating
block must be eliminated to prevent dichromate from decom­
posing at different rates.

The accuracy of the semi-micro method for the determina­
tion of COD was tested by spiking ten samples of different
types of water with KHP. The results are presented in Table 3.
The yield with respect to KHP added was from 95 to 105%,
with an average of 100%, which compares well with the
standard method.3
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Enrichment of Trace Metals in Water on Activated Carbon

P. Rama Devi and G. Rama Krishna Naidu*
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Trace metals in water were pre-concentrated on activated carbon after chelation with potassium ethyl
xanthate. Optimum conditions for the maximum recovery of metal ions were developed. The recoveries of
Cd, Co, Cu, Hg and Zn, at concentrations ranging from 10 to 500 ng ml- 1, were >92, =85, >92, >93 and >92%,
respectively. The method was used to determine these metals in water samples by instrumental neutron
activation analysis and atomic absorption spectrometry.

Keywords: Trace metal; pre-concentration; quantitative recovery; activated carbon; potassium ethyl
xanthate

Knowledge of the detrimental effects of trace and ultra-trace
amounts of metals in the environment has greatly increased.
In order to understand the impact of metals in the environ­
ment, accurate and reliable methods must be developed for
their determination. Because of the extremely low concentra­
tions of metals in water, a preliminary concentration step is
usually necessary before the determination can be carried out.
A survey of the literature on water analysis shows that
enrichment of heavy metals on activated carbon offers good
possibilities. A number of elements can be pre-concentrated
by this technique, which is simple, fast and inexpensive. Van
der Sioot I used activated carbon as a collector for colloidal
trace elements in water, biological material and in rocks in
combination with neutron activation analysis (NAA), atomic
absorption spectrometry (AAS) and X-ray fluorescence.
Matsueda and Morimot02explained the adsorption behaviour
of some metal ions on activated carbon treated with
8-hydroxyquinoline. An activated-carbon enrichment and
AAS determination of trace amounts of metals has been
reported by Liu. 3 Varderborght and Van Grieken4 used a
combination of multi-element chelation by 8-hydroxyquinol­
ine with subsequent adsorption on activated carbon for the
pre-concentration of trace metals from water samples.

In the present investigation, Cd, Co, Cu, Hg and Zn in
water were enriched on activated carbon, after complexation
with potassium ethyl xanthate, and determined by instru­
mental NAA (INAA) and flame AAS (FAAS). The pre­
concentration procedure is simple, fast, sensitive, multi­
elemental and inexpensive.

acid per litre of sample. The samples were filtered through
0.45-l-lm filter-discs and then analysed. The pre-concentration
was carried out within 24 h of collection.

Neutron activation was carried out in the Apsara reactor at
the Bhabha Atomic Research Centre, Bombay, in a neutron
flux of 1 x 1012 n cm-2 S-1 for 6 h.

Analysis, in the example of the tracer method and NAA,
was carried out by v-ray spectrometry, with a Ge(Li) detector
linked to a 4096-channel analyser. The FAAS studies were
carried out with the use of a double-beam atomic absorption
spectrometer (Perkin-Elmer, Model 2380). In the FAAS
method, the carbon, containing the adsorbed metals, was
treated with 1.5 ml of hot 16 M nitric acid (this ensures
quantitative desorption of the metals) and the solution was
evaporated to dryness under an infrared lamp. The metals
were leached into 10 ml of 1.5 M nitric acid and then the sample
was analysed for Co, Cu, Cd and Zn under the conditions cited
in Table 1.

Procedure

To a 100-ml water sample, an aliquot of the tracer mixture,
containing 10 I-lg each of Cd, Co, Cu, Hg and Zn, was added,
and the pH was adjusted to 5 with 1 M nitric acid and 7 M

ammonia solution, and 5 ml of 0.4% potassium ethyl xanthate
solution were' added. The mixture was stirred with 100 mg of
activated carbon for 10 min by use of a mechanical stirrer. The
suspension was filtered off, and the carbon was sealed into
polyethylene strips and mounted for counting.

Preparation of standards

Standards were prepared by drying an aliquot of the tracer
mixture, absorbed on a filter-paper, over calcium chloride in a
desiccator, to prevent any loss of Hg by evaporation.

Results and Discussion

Optimum conditions for the quantitative recovery of metal
ions were determined by studying the effect of pH, stirring
time, concentration of potassium ethyl xanthate, concentra­
tion of metal ion, mass of activated carbon and sample
volume.

Table 1. Conditions used for FAAS

Lamp Wavelength!
Element current/rnA nm

Flame
gases

A - Ac*
A- Ac
A- Ac
A- Ac

Slit/nm
0.7
0.2
0.7
0.2

228.8
240.7
324.8
213.8

4
30
30
15

Cd
Co
Cu
Zn

Sample
No.

I
2
3
4

Experimental

Materials and Methods

All the chemicals used were of analytical-reagent grade.
Potassium ethyl xanthate was synthesiseds and purified.6

Activated carbon powder (analytical-reagent grade) was
treated with 11 M hydrochloric acid and washed with doubly
distilled water to remove any trace elements present.

Stock solutions of Cd, Co, Cu, Hg and Zn (1 mg ml- I ) were
prepared by dissolving each metal in the minimum amount of
1 + 1 nitric acid separately and diluting the solution to 11 with
1% v/v nitric acid. Multi-element standard solutions of Cd,
Co, Cu, Hg and Zn (10 to 100 I-lg ml- 1) were prepared from
the stock solutions.

A 0.4% solution of potassium ethyl xanthate was prepared
in doubly distilled water.

Tracers used in the present study were IlSCd, 6OCO, 6SZn,
197Hg and 64CU.

Water samples from different locations were collected in
polyethylene bottles and acidified with 1.5 ml of 16 M nitric

* To whom correspondence should be addressed.
* A - Ac = air - acetylene.
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pH

Zinc, Cd, Hg and Cu were recovered at levels >90% in the pH
range 4-7, whereas the recovery of Co was =85%. The results
are presented graphically in Fig. 1. The experiment was also
carried out in the absence of potassium ethyl xanthate.
Recovery of Cd, Co and Zn increases as the pH is raised, and
reaches a maximum at pH 8 for Cu and Hg, where the
recoveries are 90-100% in the pH range 4-8. The recovery of
metal ions is not reproducible in the absence of xanthate; the
adsorption could be due to their hydrolysed products.

Stirring Time

The recovery of Cd, Co, Cu, Hg and Zn is not quantitative
when the metal ion solution with potassium ethyl xanthate is
passed through a carbon-coated filter-disc. Hence, the
recovery studies were carried out by stirring the solution with
carbon. The recovery is quantitative for stirring times >5 min
(up to 30 min).

Xanthate and Activated Carbon

Quantitative recovery of Cd, Co, Cu, Hg and Zn is observed
for amounts ofxanthate >10 mg (up to 40 mg). The recovery
of Cu, Zn and Hg is >90% with 50 mg of carbon, whereas Co
and Cd need a larger amount (70 mg).

Effect of Metal Ion

This study shows that metal ion concentrations of 10-500
ng ml- t can give quantitative recovery values.

Sample Volume

The amount of metal studied, when present in volumes up to
500 ml, still gives a quantitative recovery, indicating that the
recovery is independent of the mass; volume ratio.

Effect of Blank

Purified activated carbon was irradiated for 6 h in the Apsara
reactor and then analysed for Cu, Cd, Co, Zn and Hg after a
delay of 15 h. The blank contribution was negligible.

Conclusion

The pre-concentration method has been used for the analysis
of "spiked" tap water samples by INAA and FAAS. For
INAA, standards and samples, triply sealed in polyethylene
strips, and then placed in a polyethylene bottle, were

ANALYST. NOVEMBER 1990. VOL. 1I5

Table 2. Recovery of Co. Cu. Zn. Cd and Hg from tap water

Amount of
metal ion Metal ion found. %'

Sample taken!
No. Element ngml- 1 INAA FAAS

Co 100 85.65 85.58
85.60 85.52
85.62 85.54
(0.03) (0.036)

2 Cu 100 95.54 95.56
95.52 95.58
95.50 95.54

(0.021) (0.021)
3 Zn 100 92.84 92.80

92.78 92.83
92.82 92.79

(0.033) (0.023)
4 Cd 100 94.50 94.52

94.46 94.54
94.48 94.47

(0.021) (0.038)
5 Hg 100 96.25

96.72
96.26

(0.279)

• Coefficients of variation are given in parentheses.

::J
U:z

100 200 300
Channel number

Fig. 2. Gamma-ray spectrum of trace elements pre-concentrated on
activated carbon from a water sample measured after a delay of 15 h.
Irradiation time, 6 h. Calibration: slope = 0.4946 keV per channel;
intercept = 1.64 IceV

simultaneously subjected to irradiation in the Apsara reactor
for 6 h. and the analysis was carried out after a delay of 15 h.
The activity of the nuclides produced was measured by y-ray
spectrometry. For FAAS, the metals enriched on activated
carbon were leached into 1.5 M nitric acid and then deter­
mined. The determination of Hg was not carried out owing to
the non-availability of a COld-vapour atomisation system. The
results presented in Table 2 show that the data obtained by
INAA are comparable to those given by FAAS. The data
pertaining to the analyses of authentic water samples are
presented in Table 3. The y-ray spectrum of a water sample
enriched on activated carbon is presented in Fig. 2.

The advantage of INAA over FAAS is that the technique is
non-destructive and multi-elemental. In FAAS, the metals
must be leached into acid; this procedure results in a reduction
in the enrichment factor. Analysis by FAAS is rapid and the
equipment required is widely available.
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Table 3. Oetermination of Co. Cu. Zn. Cd and Hg in water (concentrations in ng ml-')*

1471

Co Cu Zn Cd Hg
Name of the

Sample No. sample lNAA FAAS lNAA FAAS INAA FAAS INAA FAAS INAA FAAS

1 Renigunta 0.90 NOt 20.26 20.39 28.83 28.68 4.60 4.59 1.52 NA:j:
1.00 NO 20.35 20.27 28.75 28.81 4.62 4.71 1.45 NA
0.89 NO 20.31 20.29 28.79 28.72 4.73 4.68 1.48 NA

(6.54) (0.223) (0.317) (0.138) (0.232) (1.505) (1.340) (2.388)
2 KalyaniOam NO NO 9.58 9.53 18.35 18.31 NO NO NO NA

NO NO 9.59 9.61 18.38 18.32 NO NO NO NA
NO NO 9.45 9.55 18.33 18.39 NO NO NO NA

(0.819) (0.437) (0.139) (0.238)
3 Papavinasam NO NO 16.45 16.54 32.76 32.79 NO NO NO NA

NO NO 16.48 16.51 32.80 32.76 NO NO NO NA
NO NO 16.52 16.46 32.78 32.71 NO NO NO NA

(0.215) (0.246) (0.061) (0.124)
Blank NO NO 0.35 NO 0.53 NO NO NO NO NA

NO NO 0.29 NO 0.55 NO NO NO NO NA
ND NO 0.32 NO 0.58 NO NO NO NO NA

(9.375) (4.635)

* Coefficients of variation are given in parentheses.
t NO: Not detected.
:j: NA: Not analysed.

The pre-concentration method developed is, therefore,
simple and rapid compared with the method developed by
Vanderborght and Van Grieken.4 The concentration range
covered in the present work can be enhanced by increasing the
amount of activated carbon and the reagent concentration.

Hence, the proposed pre-concentration method can be used
successfully for the determination of Cd, Hg, Co, Cu and Zn
in water by INAA and also by FAAS.

The financial assistance rendered by the CSIR is gratefully
acknowledged. Thanks are due also to the Analytical Chem­
istry Division, BARC, Bombay, for providing the facilities to
carry out the research.
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Extraction of Cobalt and Nickel Salicylates: Application to Steel and
Industrial Wastewater Samples

Purnima L. Malvankar and Vijay M, Shinde*
Analytical Laboratory, Institute of Science, 15 Madam Cama Road, Bombay 400032, India

Aliquat 336 was used as an extractant for cobalt and nickel salicylates. The proposed method was applied to
the determination of cobalt and nickel in alloys and industrial wastewater. The results obtained with the
proposed method agree well with certified values and are comparable to those given by atomic absorption
spectrometry. The method has a high degree of accuracy and precision.

Keywords: Solvent extraction; liquid ion exchanger; salicylate solution

Cobalt and nickel are useful elements because of their strength
and high resistance to corrosion in many media. Cobalt is
widely used in high-speed tool steels, magnets and high­
temperature alloys. Nickel is used in nickel-plating articles,
nickel coating, etc. It is also used in pharmaceutical process­
ing. Both cobalt and nickel are also used as catalysts in
industrial processes.

In previous papers, high relative molecular mass amines
such as trioctylamine,1.2 tribenzylamine,3 methyltrioctyl­
ammonium chloride (Aliquat 336),4-{; di- and triethylamine7

and di- and tributylamine7 were used for extraction studies of
cobalt and nickel. However, these methods have drawbacks
such as a long shaking period,I-3 prolonged time for phase
separation4 and multiple extractionS; moreover, the extrac­
tion is not quantitative.3.6•7

The present paper describes a method for the extraction of
cobalt and nickel salicylates using Aliquat 336 as the extrac­
tant. The metal ions were stripped with ammonia solution and
determined volumetrically8 or spectrophotometrically.9
Atomic absorption spectrometry (AAS) could also be used for
the determination of the metal ions. The proposed method is
fast, providing extraction in a single step, and has been applied
to the determination of cobalt and nickel in alloys and nickel in
industrial wastewater samples.

Experimental

Apparatus

A Bausch and Lomb Spectronic 20 spectrophotometer, a
Control Dynamics digital pH meter with a combined glass
electrode, a wrist-action flask shaker and a Varian Techtron
AA6 atomic absorption spectrometer were used.

Chemicals and Reagents

Stock solutions of cobalt and nickel were prepared by
dissolving 1.23 g of cobalt nitrate and 1.19 g of nickel sulphate
in 250 ml of distilled water containing 1 ml of concentrated
HN03 and 1 ml of concentrated H2S04, respectively. The
solutions were standardised by known methods8 and test
solutions of lower concentrations were prepared by suitable
dilution.

A buffer solution of pH 4.7 was prepared using 0.01 M acetic
acid and 0.01 M sodium acetate solution.

A 5% mlv solution of Aliquat 336 (Fluka, Buchs, Switzer­
land) in toluene was shaken with an equal volume of 2 M

sodium salicylate solution for 45 min and used as the
extractant.

• To whom correspondence should be addressed.

General Extraction Procedure for Nickel(ll) and Cobalt(ll)

To 500 !!g of nickel or cobalt in solution, sodium salicylate was
added to give the desired concentration in a final volume of 25
ml. After adding 10 ml of buffer solution of pH 4.7 the solution
was extracted with 10 ml of 5% Aliquat 336 dissolved in
toluene. After phase separation the metal ions were stripped
from the organic phase with two 5-ml portions of 1 M ammonia
solution. The combined aqueous phase was shaken with 5 ml
of toluene to remove any traces of dissolved Aliquat 336 and
finally the metal ions were determined either volumetrically,8
spectrophotometrically9 or by AAS.

Results and Discussion

Extraction Conditions

The optimum extraction conditions for cobalt and nickel were
established by varying the pH, sodium salicylate concentra­
tion, Aliquat 336 concentration and shaking time. The
optimum extraction conditions are reported in Table 1.
Milligram amounts of cobalt and nickel were determined
volumetrically8 whereas microgram amounts were determined
either spectrophotometrically9 or by AAS.

Effect of Various Diluents

Several solvents such as xylene, benzene, hexane, carbon
tetrachloride, chloroform and toluene were tested. The results
given in Table 2 show that quantitative extraction was feasible
only with toluene and xylene. For further studies, toluene was
used as the diluent.

Period of Extraction

The minimum shaking time was determined by varying the
shaking time from 30 to 180 s. The optimum shaking time was
60 s. However, prolonged shaking had no adverse effect on
the extraction of metal ions.

Effect of Stripping Agents

Various stripping agents (Table 3) at different concentrations
were studied for the back-extraction of metal ions from the
organic phase. Quantitative stripping of cobalt from the
organic phase was possible with two 5-ml portions of HCl (1-4
M), H2S04 (1-4 M), HN03 (1-4 M), water, NaOH (1-4 M) or
ammonia solution (1-2 M), whereas the stripping of nickel
from the organic phase was possible with two 5-ml portions of
HCI (1-3 M), H2S04 (1-3 M), HN03 (1-2 M), water or
ammonia solution (1-2 M). Nickel was not back-extracted with
NaOH (1-4 M).
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Table 1. Optimum extraction conditions for Co" and Ni II

Metal ion

Co" (SOOllg)

Ni" (SOOllg)

[Salicylate)/M

0.18

0.12

Extractant

3.5%
Aliquat336
in toluene

3.S%
Aliquat336
in toluene

pH

4.2--s.0

4.2--s.0

Extraction Stripping
time/s agent

60 I Mammonia solution

60 I Mammonia solution

anionic complexes with salicylate and undergo anion exchange
with an amine salt in the organic phase.

"0
.~

~ 1.5
c:
.2
:;
D
.~

15
c;
o

...J 0.5

Foreign ion tolerated"
Ba2+(IO); AP+(IO); Pb2+(IO); Ca2+(10);

WO.z-(IO); MOO.2-(10); Cr042-(10);
Mn2+(IO); VO,-(IO); Pd2+(IO); As'+(IO);
Ag+(IO); OS06"(S); Hg2+(2.S); Au3+(2.S);
F'(10); tartrate (10); SCN-(10); PO.3-(10);
CI-(10); 1-(10); Br'(IO); thiourea (10);
SO.2'(IO); NO,-(lO); ascorbate (S);
N02'(S); CN'(2.S)

Ba2+(IO); Mg2+(IO); CrO.2-(10); MoO.2'(l0);
WO."(IO); VO,'(IO); Pb2+(IO);
Ca'+(IO); AJ3+(S); Ag+(S); Au3+(S);
Hg'+(2.S); Bi'+(O.SOO); OS064'(2.S);
citrate(O.SOO); CN'(O.SOO); NO,'(S);
F'(IO); tartrate (10); SCN-(IO);
PO."(IO); CI'(10); 1-(10); Br'(IO);
thiourea (10); SO.2'(10); NO,-(IO)

• Values in parentheses (mg) are averages of triplicate analyses.

Metal ion

Ni",SOOllg

Table 4. Effect of foreign ions. Cobalt: pH, 4.7; [salicylate], 0.18 M;
[Aliquat 336), 3.S% in toluene. Nickel: pH, 4.7; [salicylate], 0.12 M
[Aliquat 336), 3.S% in toluene

-1.5 -1.0 -0.5
Log([salicylate!/M)

Fig. 2. Log - lo~ plot of distribution ratio versus salicylate
concentration: A, NI"; and B, Co"

1.5
:2
~
c: 1.0.2
:;
:g
u; 0.5
15
Ci
0

...J
0

Relative
Diluent permittivity Co" Ni"

Xylene 2.30 99.9 99.7
Toluene 2.38 99.9 99.8
Benzene 2.28 98.S 97.0
Chloroform 4.80 77.6 72.0
Carbon tetrachloride 2.24 80.6 76.4
Hexane 1.89 97.0 94.1

Table 2. Effect of diluents on the extraction of Co" and NiH with
Aliquat336. pH, 4.7; [salicylate], 0.18 Mfor Co" and 0.12 Mfor Ni lI ;

[Aliquat 336), 3.S% for Co" and Ni"

Extraction,%

Table 3. Effect of stripping solutions. Cobalt: pH, 4.7; [salicylate],
0.18 M; [Aliquat336], 3.S% in toluene. Nickel: pH, 4.7; [salicylate),
0.12 M; [Aliquat 336], 3.S% in toluene

Recovery of Recovery of
Solution cobalt,% Solution nickel,%

HCI(I-4M) HCI (1-3 M)
(2xSml) .. 99.9 (2xSml) .. 99.9

H2SO. (1-4 M) H2S04(1-3 M)
(2xSml) 99.9 (2xSml) .. 99.9

HN03(1-4 M) HNO, (1-2 M)
(2 x Sml) .. 99.9 (2xSml) . . 99.9

Water (2 x S ml) 99.9 Water (2 x S ml) 99.9
Ammonia solution Ammonia solution

(1-2 M) (2 x S ml) 99.9 (1-2 M) (2 x S ml) 99.9
NaOH(I-4M) NaOH (1-4 M)

(2 x S ml) .. 99.9 (2 x Sml) .. 0

-0.5 '--....L..-'-_--"--~__~_ _'
-0.5 0 0.5 1.0

Log(iAliquat336J. %1
Fig. I. Log. log plot of distribution ratio versus Aliquat 336
concentration: A, Nit\; and B. Co"

Nature of the Extracted Species

The logarithmic plot of distribution ratio versus salicylate
concentration (at fixed pH and Aliquat 336 concentration)
and the logarithmic plot of distribution ratio versus AJiquat
336 concentration (at fixed pH and sodium salicylate concen­
tration) gave a slope nearly equal to 2 (Figs. 1 and 2),
indicating a 1: 2 ratio of metal to salicylate and the extractant
in the extracted species. Hence the probable composition of
the extracted species is [(R.Nh+M(HOCJI4COOh2-j,
where M is either Coli or Ni ll . Both cobalt and nickel form

Effect of Foreign Ions

Various cations and anions were tested for interference in the
extraction studies of cobalt and nickel. The tolerance limit was
set at the amount required to cause an error of ±1% in the
recovery of the metal ions. The results presented in Table 4
indicate that many cations and anions do not interfere;
however, significant interferences are caused by Felli, COli,
oxalate and citrate for Ni", and by Felli, Cull and oxalate for
COIl.

Determination of Cobalt or Nickel in a Synthetic Mixture
Containing Aluminium, Iron, Copper, Zinc, Chromium and
Manganese

Extraction of cobalt and nickel from 0.25 M sodium salicylate
solution, adjusted to pH 8, with 10 ml of 5% Aliquat 336
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Table 5. Determination of COli or Ni ll in synthetic mixtures

Amount of Co or Recovery of
Synthetic mixture' Ni foundt/l!g CoorNi,% Error,%

ColI(500); AIIII(500); Felll(25); Cu ll(500) 499.5 Co 99.9 Co 0.1
ColI(500); CrV1 (500) .. 499.7 Co 99.9 Co 0.1
ColI(500); Znll (500) .. 499.1 Co 99.8 Co 0.2
Coll(500); Mnll(5OO) .. 499.6 Co 99.9 Co 0.1
Nill(500); AllII(500); Fe lll(25); Cu ll(500) 499.2Ni 99.8Ni 0.2
Nill(5OO); CrV1 (5OO) 499.9Ni 99.9Ni 0.1
Njll(500); Zn ll (5OO) 499.4Ni 99.8Ni 0.2
Ni ll(5OO); Mn ll(5OO) 499.2Ni 99.8Ni 0.2
Nill(5OO); ColI(500) 499.2Ni 99.8Ni 0.2

499.5 Co 99.9 Co 0.1

, Values in parentheses are the amounts of each metal ion in micrograms.
t Average of six determinations.

Table 6. Analysis of alloys

Relative
Certified CoorNi Standard standard

Alloy Composition,% value,ok found,'% deviation deviation,%

BCS-CRMt 387
Nimonic901 Ni, 41.9; Fe, 36; Cr,12.5; 41.9 Ni 41.8Ni 0.11 0.26

Mo, 5.8; Ti, 2.95;
AI, 0.24; Co, 0.2;
CU,O.3

BCS-CRM383
Monel Alloy 400 Mn, 1.03; Cr, 0.02; 63.8Ni 63.7Ni 0.10 0.15

Ni, 63.8; AI, 0.005;
Co, 0.19; Cu, 32.93;
Ti, 0.01; Fe, 1.70;
Mg,O.03

BCS-CRM371
Commercial
Nickel Cu, 0.39; Mg, 0.60; 99.5Ni 99.4Ni 0.09 0.09

Ni,99.5

Cupronickel* Cu, 68.12; Ni, 30.35 30.35Ni 30.29Ni 0.10 0.12

BCS-CRM483
High Speed
ToolSteel .. W,lO.8;Cr,3.21; 1.94 Co 1.87 Co 0.04 2.13

V, 0.54, Mo, 0.170;
Co, 1.94; C, 0.67;
Si, 0.11; S, 0.025;
P, 0.019; Mn, 0.29

BCS-CRM 241/2
High Speed Tool
Steel .. W, 19.9; Cr, 5.35; 5.70 Co 5.65 Co 0.041 0.73

V, 1.59; Mo, 0.53;
Co, 5.70; C, 0.84;
Si, 0.21; S, 0.025;
P, 0.024; Mn, 0.27;
Ni, 0.15; Cu, 0.08;
Sn,O.025

BCS-CRM485
High Speed Tool
Steel .. W,18.2; Cr,4.15; 5.06 Co 4.98 Co 0.054 1.08

V, 10.5; Mo, 0.67;
Co, 5.06; C, 0.89;
Si, 0.42; S, 0.043;
P, 0.046; Mn, 0.50

BCS-CRM484
High Speed Tool
Steel .. W,22.4;Cr,5.17; 10.2 Co 10.1 Co 0.11 1.09

V, 0.94; MO,1.07;
Co, 10.2; C, 0.85;
Si, 0.20; S, 0.024;
P, 0.030; Mn, 0.21

, Average of six determinations.
t BCS-CRM = British Chemical Standard, Certified Reference Material.
* Certified Reference Material obtained from lIT, Bombay, India.
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Table 7. Analysis of industrial wastewater samples

" Average of three determinations.
t Determined directly, before extraction, by AAS.

Sample No.

I
2

Ni found" by
proposed method,

p.p.m.

0.23
0.18

Nifoundtby
AAS,p.p.m.

0.27
0.18

Applications

Analysis of alloys

High Speed Tool Steel (2.0 g dissolved in 15 ml of 1 + 2 HN03
and 4 ml of 4 M HCI, finally diluted to 250 ml with distilled
water), Cupronickel (0.05 g dissolved in 5 ml of concentrated
HCI and diluted to 250 ml with distilled water), Nimonic 901,
Monel Alloy 400 and Commercial Nickel (62, 33 and 20 mg,
respectively, dissolved in concentrated HCI and diluted to
250 m1 with distilled water) were analysed by using the
recommended procedure. The recoveries of cobalt and nickel
were ;;'99.0%. The results are reported in Table 6.

dissolved in toluene, facilitates their separation and determi­
nation in synthetic mixtures containing aluminium, iron and
copper. Nickel and cobalt were stripped from the organic
phase with 2 x 5 ml of 1 M ammonia solution and determined
as described in the general extraction procedure. Results are
reported in Table 5.

Cobalt and nickel were determined in the presence of zinc
and manganese by extraction from 0.25 M sodium salicylate
solution of pH 4.7. Zinc and manganese were co-extracted;
however, cobalt and nickel were stripped selectively with
water and determined as described above. The results are
reported in Table 5.

Cobalt and nickel could be determined in the presence of
chromium using the recommended procedure because chro­
mium was not extracted into the Aliquat 336 solution.

Mutual Separation of Nickel and Cobalt

Results in Table 3 show that quantitative separation of cobalt
and nickel is feasible. Cobalt and nickel were extracted from
0.25 M sodium salicylate solution, adjusted to pH 4.7, with 10
ml of 5% Aliquat 336 in toluene. Cobalt was stripped
selectively from the organic phase with 1 M NaOH and
determined volumetrically.8 Finally, nickel was stripped from
the Aliquat 336 solution with 1 M ammonia solution and
determined volumetrically.8 The results of this separation are
given in Table 5.

Analysis of environmental samples

By use of the proposed method nickel was determined in
industrial wastewater samples collected from the Maharashtra
Pollution Control Board, Central Laboratory, New Bombay.
The recovery of nickel was reproducible and accurate (Table
7).
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Fluorogenic Reagents: 4-Aminosulphonyl-7-hydrazino­
2,1,3-benzoxadiazole, 4-(N,N-Dimethylaminosulphonyl)­
7-hydrazino-2,1,3-benzoxadiazole and 4-Hydrazino-7-nitro-2,1 ,3­
benzoxadiazole Hydrazine for Aldehydes and Ketones
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Fluorogenic reagents for aldehydes and ketones, viz., 4-aminosulphonyl-7-hydrazino-2,1,3-benzoxadiazole
(ABO-H) and 4-(N,N-dimethylaminosulphonyl)-7-hydrazino-2,1,3-benzoxadiazole (DBD-H) and also purified
4-hydrazino-7-nitro-2,1,3-benzoxadiazole hydrazine (NBD-H.NH2 NHz) were synthesised. These reagents are
not fluorescent; however, their reaction products with aldehydes and ketones fluoresce at wavelengths from
548 to 580 nm with excitation from 450 to 470 nm. Both ABD-H and DBD-H exhibited similar reactivity and
were more reactive than NBD-H.NH2NH2• The respective pseudo-first-order reaction rate constants for the
production ofthe hydrazone of propionaldehyde with ABD-H, DBD-H and NBD-H.NH 2NH 2 were 8.9 x 10-2,7.2
X 10-2 and 4.2 x 10-2 min- 1 (the reaction was carried out in 0.0025% trifluoroacetic acid in acetonitrile at
room temperature, 22 ec). The detection limits using the manual method (i.e., measurement offluorescence
intensity) forthe hydrazones of aldehydes and ketones with ABD-H, DBD-H and NBD-H.NH2NH2 were in the ~M
range. The substrate blank fluorescence with ABD-H was half of that with DBD-H and NBD-H.NH2 NHz. The
reaction products were separated and analysed by reversed-phase high-performance liquid chromatography
(HPLC) with spectrofluorimetric detection. The detection limits for propionaldehyde were 1040, 120 and 35.0
fmol with ABD-H, DBD-H and NBD-H.NH2 NH2, respectively, and those for heptan-4-one were 2690, 560 and
673 fmol, respectively. Of the three reagents, DBD-H is recommended for the sensitive detection of ketones
and NBD-H.NHzNH2 for the detection of aldehydes. The detection limits for aldehydes and ketones by HPLC
were in the sub-pmol to pmol range.

Keywords: Fluorogenic reagents for aldehydes and ketones; 4-aminosulphonyl-7-hydrazino­
2, 1,3-benzoxadiazole; 4-(N,N-dimethylaminosulphonyJ}-7-hydrazino-2, 1,3-benzoxadiazole;
4-hydrazino-7-nitro-2,1,3-benzoxadiazole hydrazine; high-performance liquid chromatography

There are many biologically important compounds in nature
that have a carbonyl moiety in their skeleton, such as sugars
and oxo-steroids. The sensitive determination of these com­
pounds has been performed usually by derivatisation with
fluorogenic reagents such as dansylhydrazine (5-hydrazino-l­
naphthalene-N,N-dimethylsulphonamide, DNS-H)I.Z and
4-hydrazino-7-nitro-2,l,3-benzoxadiazole (NBD-H)3 fol­
lowed by the separation and detection of sugars,4,S oxo­
steroids'Ho and various aldehydes and ketones3 by high­
performance liquid chromatography (HPLC). The reagent
DNS-H has been reported to afford a high fluorescent
background, produced by the reagent itself. To remove the
excess of reagent, high-performance gel-permeation chromat­
ography has been adopted.9 .10 Recently anthracence-1- and
2-carboxylic acid hydrazides and 0-(1-, 2- and 9-anthryl­
methyl)hydroxylamines have been used as fluorogenic label­
ling reagents for carbonyl compounds. I I However, these
reagents also fluoresce themselves. The physico-chemical
properties of NBD-H, including melting-point and elemental
analysis, have not been described owing to the difficulty in
obtaining the pure compound.3

In order to study the feasibility of using aryl hydrazines
having a 2,1,3-benzoxadiazole skeleton, such as NBD-H, for
the sensitive detection of aldehydes and ketones, two hydr­
azino-benzoxadiazoles namely, 4-aminosulphonyl-7-hydr­
azino-2,1,3-benzoxadiazole (ABD-H) and 4-(N,N-dimethyl­
aminosulphonyl)-7-hydrazino-2,1,3-benzoxadiazole (DBD­
H) and also purified 4-hydrazino-7-nitro-2,1,3-benzoxa­
diazole hydrazine (NBD-H.NH2NH2) have been synthesised
and their reactivities towards aldehydes and ketones, physico-

• To whom correspondence should be addressed.

chemical properties, fluorescence characteristics and the
liquid chromatographic detection of their hydrazones have
been investigated.

Experimental

Materials

Acetonitrile, methanol and water of HPLC grade, and
acetone, trifluoroacetic acid (TFA) and p-hydroxybenz­
aldehyde were purchased from Wako Pure Chemicals (Tokyo,
Japan). Propionaldehyde, butyraldehyde, heptan-4-one and
4'-ethylacetophenone and all of the other chemicals used were
of analytical-reagent grade obtained from Tokyo Kasei Kogyo
(Tokyo, Japan). The 4-(aminosulphonyl)-7-fluoro-2,1,3­
benzoxadiazole (ABD-FI2) and 4-fluoro-7-nitro-2,1,3­
benzoxadiazole (NBD-F13) were from Wako Pure Chemicals,
and 4-(N, N-dimethylaminosulphonyl)-7-fluoro-2,1,3-benz­
oxadiazole (DBD-FI4) was from Tokyo Kasei Kogyo.

Apparatus

Proton nuclear magnetic resonance spectra were recorded on
a JEOL Model JNM-FX-9OQ spectrometer at 90 MHz using
tetramethylsilane as an internal standard. Infrared (IR)
spectra were obtained with a JASCO Model IRA 810
spectrophotometer using potassium bromide discs. Electron
impact mass spectrometry (EI-MS) was performed with a
JEOL JMS-DX-303 instrument. For manual measurements a
Hitachi 650-60 fluorescence spectrophotometer with a 1-cm
quartz cell was used. Ultraviolet (UV), visible and fluores­
cence wavelengths were obtained without spectral correction.
Reaction temperatures were controlled by a Mini Thermo
Unit L-l (Taiyo Bussan, Tokyo, Japan) .
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NHNH2

blYN\Oayl
R

ABD-H; R = S02NH2
DBD-H; R = SO,N(CH3 ),

NBD-H.NH,NH2 ; R = N02.NH2NH,

Fig. 1. Structures of ABD-H, DBD-H and NBD-H.NH2NHz

High-performance Liquid Chromatography

An L-6200 Intelligent Pump (Hitachi Seisakusho, Tokyo,
Japan) equipped with a Rheodyne injector (Model 7125,
Cotati, CA, USA) was used. The data were processed by a
C-RIA Chromatopac (Shimadzu Seisakusho, Kyoto, Japan).
A TSK-LS 80Tm (ODS) column [150 x 4.6 mm i.d., 5 !-lm
(Tosoh, Tokyo, Japan)] was used at ambient temperatu.re. A
Hitachi F-1000 fluorescence spectrophotometer eqUIpped
with a 12-!-l1 flow cell was used to monitor elu~tes .from the
column. All mobile phases were de-gassed by aspiration under
sonication on a Bransonic 42 before use. The eluent flow-rate
was 1.0 ml min-I.

Synthesis of ABD-H, DBD-H and NBD-H.NH,NH, (Fig. 1)

4-Aminosulphonyl-7-fluoro-2,l,3-benzoxadiazole. ~ABD-F)

(24 mg, 0.11 mmol) was dissolved in ~ ml of acetomtnle..After
the addition of 10 !-ll of 98% hydrazme hydrate, the mixture
was heated at 50-55°C for 20 min in the dark. After
evaporation, the residue was recrystallised from methanol to
give ABD-H [yellow - orange needles, yield 18 mg (71%)]:
m.p. 184-185 °c (decomp.); /)H[(CD3hSO], 6.54 (1 H, d, Jab
= 8.1 Hz, Ha or Hb), 7.83 (1 H, d, Jab = 8.1 Hz, Ha or Hb); IR
(KBr), 1640, 1560,3370 em-I; UVAmax. (in CH3CN), 258 nm
(E = 4100 I mol-I em-I); EI-MS, mlz 229 (M+); calculated for
C6H7Ns0 3S, C 31.44, H 3.08, N 30.55, S 13.99%; found, C
30.94, H 2.99, N 29.89, S 13.82%.

4-(N, N-Dimethylaminosulphonyl)-7-f1uoro-2,l,3:benzoxa­
diazole (DBD-F) (80 mg, 0.33 mmol) was dissolved 10 12. mlof
acetonitrile. The same treatment (50-55°C for 20 mm) as
described above for ABD-F with 40 !-ll of 98% hydrazine
hydrate was performed and the crude ~roduct obtained v:as
then recrystallised from methanol to give DBD-H [reddish
brown crystals, yield 60 mg (71%)]: m.p. 138-139°C
(decomp.); /)H (CDCi), 2.87 (6 H, s, Me), 6.67 (1 H, d, Jab =
7.9 Hz, Ha or Hb), 7.93 (1 H, d, Jab = 7.9 Hz, Ha or Hb); IR
(KBr), 1575, 3330 em-I; UV Amax. (in CH3CN), 246 nm (E =
4300 I mol- 1 em-I); EI-MS, mlz 257 (M+); calculated for
CgH llNs0 3S, C 37.35, H 4.31, N 27.23, S 12.47%; found, C
37.15, H 4.23, N 27.11, S 12.55%. .

To the NBD-F solution (50 mg, 0.27 mmol) 10 10 ml of
methanol were added 100 !-ll of 98% hydrazine hydrate. i~ the
dark. After heating at 50-53°C for 20 min, the preclpll~te

obtained was filtered and recrystallised from methanol to give
NBD-H.NH2NH2 [yellow- brown crystals, yield 45 mg
(73% )]: m.p. >300 °C; /)H [(CD3)2S0], 5.79 (1 H, d, Jab =
10.3 Hz, Ha or Hb), 7.01 (1 H, d, Jab = 10.3 Hz, Ha or Hb); IR
(KBr), 1610,3370 em-I; UV Amax. (in CH3CN), 225 nm (E =
5200 I mol- 1 em-I); EI-MS, mlz 195 (M+); calculated for
~HsNs03.N2~, C 31.72, H 3.99, N 43.16%; found, C 31.66,
H 3.85, N 42.71%.

Synthesis of the Hydrazones of Propionaldehyde and Acetone
With ABD-H, DBD-" and NBD-H.NH,NHz

The ABD-H (17 mg, 0.074 mmol) in 10 ml of methanol was
added to propionaldehyde (43 mg, 0.74 mmol) 10 5 ml of
methanol. The mixture was refluxed for 30 mm. After
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evaporation of the reaction solvent, the residue o~tained

was recrystallised from diethyl ether- benzene to gIVe the
hydrazone of propionaldehyde with ABD-H [yellowish
orange powder, yield 9 mg (45%»): m.p. 178--180 °C; /)H
(CD03), 6.98 (1 H, d, Jab = 8.0 Hz, Ha or Hb), 8.00 (1 H, d,
Jab = 8.0 Hz, Ha or Hb), 7.35 (lH, t, =CH-), 2.4-2.6 (2 H, m,
-eHz-), 1.20 (3H, t,J = 7.1 Hz, Me), 5.12 (2H, S, -NH2), 8.56
(1 H, s, NH); IR (KBr), 1580, 1615,3250 em-I; fluorescence
in CH3CN - H20 (1 + I, v/v), Amax.(excitation), 450 nm;
Amax.(emission), 570 nm; EI-MS, mlz 269 (M+); calculated for
~HllNs03S, C 40.14, H 4.12, N 26.01, S 11.91%; found,
C 40.53, H 4.13, N 25.91, S 11.75%.

The ABD-H (20 mg, 0.087 mmol) in 10 ml of acetone was
refluxed for 30 min. After cooling to room temperature, the
mixture was evaporated. The residue obtained was recrystal­
lised from acetone - benzene to give the hydrazone of acetone
with ABD-H [yellowish orange powder, yield 8 mg (34%)]:
m.p. 183-185°C; I)H (CDC)3), 7.00 (1 H, d,Jab =7.9 Hz, Ha or
Hb), 7.99 (1 H, d, Jab = 7.9 Hz, Ha or Hb), 2.16 (3 H, s, Me),
2.07 (3 H, s, Me), 5.14 (2 H, S, NH2), 8.23 (1 H, s, NH); IR
(KBr), 1412, 1580,3300 em-I, fluorescence in CH3CN - H20
(1 + I, v/v), Amax . (excitation), 450 nm; Amax. (emission), 570
nm; EI-MS, mlz 269 (M+); calculated for ~HllNs03S,

C 40.15, H 4.12, N 26.02, S 11.92%; found, C 40.49, H 4.09,
N 25.97, S 11.86%.

The hydrazones of propionaldehyde and acetone with
DBD-H and NBD-H.NH2NH2were also obtained in the same
manner as mentioned above (refluxed for 30 min) with the
following amount of each substance: DBD-H, 0.078 mmol;
propionaldehyde, 0.78 mmol; DBD-H, 0.078 mmol; acetone,
10 ml; NBD-H.NH2NH2, 0.15 mmol; propionaldehyde, 1.5
mmol; NBD-H.NH2NH2, 0.25 mmol; and acetone, 20 ml. The
physico-chemical properties of each hydrazone were as
follows.

Hydrazone of propionaldehyde with DBD-H: the residue
obtained was recrystallised from benzene - hexane (orange
powder, yield 38%): m.p. 167-168°C (decomp.); I)H (CDCI3),
7.01 (1 H, d, Jab = 7.9 Hz, Ha or Hb), 7.95 (1 H, d,Jab = 7.9
Hz, Ha or Hb), 2.88 (6 H, s, NMe2), 8.56 (1 H, s, NH), 1.20 (3
H, t, J = 7.2 Hz, Me), 2.3-2.6 (2 H, m, CH2), 7.46 (1 H, t, J =
4.6 Hz, CH); IR (KBr), 1580, 1610,3310 em-I; fluorescence
in CH3CN - H20 (1 + 1, v/v), Amax. (excitation), 450 nm; Amax.
(emission), 565 nm; EI-MS, mlz 297 (M+); calculated for
CIIHISNs03S, C 44.44, H 5.09, N 23.56, S 10.79%; found,
C44.70, H 4.98, N 23.49, S 10.91%.

Hydrazone of acetone with DBD-H: the residue obtained
was recrystallised from benzene - hexane (yellowish brown
powder, yield 38%): m.p. 140-143°C (decomp.); I)H
(CDCI3), 7.03 (1 H, d, Jab = 8.1 Hz, Ha or Hb), 7.95 (1 H, d,
Jab = 8.1 Hz, Ha or Hb), 2.88 (6 H, s, NMe2), 2.16 (3 H, s,
CH3), 2.06 (3 H, s, CH3), 8.21 (1 H, s, NH); IR (KBr), 1570,
1615,3300 em-I; fluorescence in CH3CN - H20 (1 + I, v/v),
Amax.(excitation), 450 nm; Amax.(emission), 570 nm; EI-MS,
mlz 297 (M+); calculated for CLIHlSNs03S, C 44.44, H 5.09,
N 23.56, S 10.79%; found, C 44.12, H 4.93, N 23.07,
S 10.83%.

Hydrazone of propionaldehyde with NBD-H.NH2NH2: the
residue obtained was recrystallised from benzene - hexane
(reddish powder, yield 43%): m.p. 123-125 °C (decomp.); I)H
(CDCl3), 7.05 (1 H, d, Jab = 8.6 Hz, Ha or Hb), 8.53 (1 H, d,
Jab = 8.6 Hz, Ha or Hb), 1.23 (3 H, t, J = 7.5 Hz, Me), 2.3-2.7
(2 H, m, CH2), 7.59 (1 H, t, J = 4.8 Hz, CH), 9.02 (1 H, s,
NH); IR (KBr), 1590, 1620, 3380 em-I; fluorescence in
CH3CN - H20 (1 + I, v/v) , Amax.(excitation), 468 nm;
Amax.(emission), 548 nm; EI-MS, mlz 235 (M+); calculated for
~H9Ns03, C 45.96, H 3.86, N 29.78%; found, C 45.91,
H 3.89, N 29.24%.

Hydrazone of acetone with NBD-H.NH2NH2: the residue
obtained was recrystallised from methanol (reddish powder,
yield 66%): m.p. 181-182 °C (decomp.); I)H (CDCh), 7.06 (I
H, d, Jab =8.6 Hz, Ha or Hb), 8.53 (1 H, d, Jab =8.6 Hz, Ha or
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Hb), 2.20 (3 H, s, Me), 2.11 (3 H, s, Me), 8.64 (1 H, s, NH); IR
(KBr), 1580, 1620,3330 em-I; fluorescence in CH3CN - H20
(1 + 1, v/v), Am••. (excitation), 468 nm; Am••. (emission), 550
nm; EI-MS, mlz 235 (M+); calculated for4H9Ns03, C45.96,
H 3.84, N 29.78%; found, C 46.14, H 3.90, N 29.45%.

Fluorescence Intensities and Wavelength Maxima of Hydra­
zones in the Buffer at Various pH Values and in Acetonitrile ­
Water Solution

The relative fluorescence intensities of 2.5 flM of the standard
hydrazones of propionaldehyde and acetone with ABO-H,
DBO-H and NBO-H.NH2NH2, dissolved in CH3CN ­
Theorell - Stenhagen buffer (1 + 1, v/v) (for a solution pH in
the range 2-12 and 0.1 MHCI for a solution with a pH of 1),
were measured at the optimum wavelengths for each hydra­
zone at 540-570 nm (excitation at 450-470 nm). Theorell ­
Stenhagen buffer was prepared as follows: orthophosphoric
acid (3%) was neutralised with 1 MNaOH (solution A). Citric
acid (70 g 1-') was also neutralised with 1 MNaOH (solution
B). Solutions A and B (100 ml of each), 3.54 g of boric acid
and 343 ml of 1 M NaOH were mixed and diluted to 1 I
(solution C). The pH of solution C (100 ml) was adjusted to
pH 12 with 0.1 MHCl and the solution diluted to 500 ml. The
other buffer solutions (pH 2-11) were prepared in the same
manner.

To examine the effect of organic solvent on the fluorescence
intensity, an aqueous solution (5 flM) of each hydrazone
containing CH3CN in various ratios was measured at 540-570
nm (excitation at 450-470 nm).

Time Course of the Reaction of Aldehydes and Ketones With
ABD-H, DBD-H and NBD-H.NH2NH2

A 20-fll volume of 500 flM ABD-H, OBD-H or NBO-H.
NH2NH2, 101-11 of 13.9 flM propionaldehyde or acetone and
10 fll of 0.01% (or 0.02,0.05 and 0.1%) TFA in acetonitrile
were mixed in a 1.5-ml brown Eppendorf tube. The tube was
capped and allowed to stand at room temperature. At fixed
reaction time intervals, a portion of the reaction mixture was
taken and subjected to HPLC analysis as described below.
The reagent blank without propionaldehyde or acetone was
treated similarly.

Measurement of Pseudo-first-order Reaction Rate Constants

The pseudo-first-order reaction rate constants were obtained
under the following conditions: propionaldehyde, 3.48 flM;
hydrazine, 250 flM; and 0.0025% TFA in acetonitrile at room
temperature (22°C). The calculation made was based on the
peak heights of the standard hydrazones of propionaldehyde
with ABD-H, OBD-H or NBD-H.NH2NH2.

Detection Limits of the Hydrazones in the Manual Method

Aldehydes or ketones (75 fl\) (15-70 flM) in CH3CN, 75 fll of
0.1 % TFA (for aldehydes) or 1% TFA (for ketones), and 150
fll of 500 flM ABD-H, DBD-H or NBD-H.NH2NH2 were
mixed and allowed to stand for 1 h (aldehydes) or 5 h
(ketones). The fluorescence intensity was measured at each
maximum wavelength. The reagent blank without carbonyl
was treated in the same manner as the carbonyl samples. The
detection limit was calculated as that concentration at which
the fluorescence intensity of the sample was equal to three
times the fluorescence intensity of the reagent blank.

High-performance Liquid Chromatography of Hydrazones

Aldehydes or ketones (10 fl\) (2-3 flM), 20 fll of 500 flM,
ABD-H, DBD-H orNBD-H.NH2NH2 and 10fllofO.l% TFA
(for aldehydes) or 1% TFA (for ketones) were reacted in
CH3CN for 1 h (for aldehydes) or for 5 h (for ketones) at room
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temperature. The reaction mixture was then subjected to
HPLC. lsocratic elution with CH3CN - H20 containing
0.05% TFA was adopted. The column eluate was monitored
with fluorescence at the optimum wavelength for each
·hydrazone as indicated in Table 2.

Results and Discussion

According to the method used by Gubitz et al.,3 NBD-H was
synthesised from hydrazine with 4-chloro-7-nitro-2,1,3-benz­
oxadiazole (NBO-CI), at room temperature in the dark for
1 h under a nitrogen atmosphere. The precipitate thus
produced, presumably NBD-H, was washed with benzene and
dried at room temperature but failed to recrystallise.
However, pure NBO-H.NH2NH2, the hydrazine adduct, can
be obtained by use of NBD-F which is about ten times more
reactive than NBO-CI.I3 The solid NBD-H.NH2NH2 should
be kept in the dark as it turns brown when exposed to light. On
the other hand, pure ABD-H and DBD-H, without the
addition of hydrazine, were obtained with ABD-F12 and
DBD-F14 as starting materials as described under Experimen­
tal. Both the reagents were light stable. The ABD-H and
DBD-H were soluble in methanol and acetonitrile at a
concentration of more than 5 mM, but NBD-H.NH2NH2 was
soluble in methanol only at concentrations of less than 1 mM.
Thus, for NBD-H.NH2NH2 at a concentration of 2.5 mM,
0.025% TFA was added to the reaction medium to achieve
complete dissolution.

Effect of pH and Organic Solvent Concentration on the
Fluorescence Intensities of Hydrazones of Propionaldehyde
and Acetone With ABD-H, DBD-H and NBD-H.NH2NH2

The standard samples of each hydrazone of propionaldehyde
and acetone with ABD-H, DBD-H and NBD-H.NH2NH2
were dissolved in CH3CN - Theorell - Stenhagen buffers (pH
2-12) or 0.1 Mhydrochloric acid (pH 1) and the fluorescence
intensities were measured at the appropriate maximum
wavelengths (548--570 nm) for each hydrazone with excitation
at 450-470 nm. As shown in Fig. 2(a) and (b), almost constant
fluorescence intensities were obtained for the hydrazone with
ABD-H and DBD-H in the pH range 2-9. The intensities with
DBD-H were about three times those found with ABD-H and
gradually decreased outside this pH range. The intensities of
the hydrazones with NBD-H.NH2NH2 , however, were differ­
ent from those of ABD-H and DBD-H. The maximum
intensities were obtained at pH 2-3 and the lowest from pH 6
to 12. At pH 2, the intensities of the hydrazones with NBD-H.
NH2NH2 were about seven times higher than those with
DBD-H and about 12 times those observed with ABD-H,
while at pH 7-12, the intensities were less than those with
ABD-H and DBD-H. The greater electronegativity (dis­
cussed below) at the para position to the hydrazine moiety
would enhance the fluorescence intensity of the hydrazone
below pH 6. The same trend in fluorescence intensity was
observed for the NBD-amines (the reaction products of
amines with NBD-F), DBD-amines (the reaction products of
amines with DBD-F) and ABD-amines (the reaction products
of amines with ABD-F) (data not shown). Considering these
results, the fluorescence intensity of the hydrazone with
7-hydrazino-2,1,3-benzoxadiazole-4-sulphonate (SBD-H)
would be lower than that of the hydrazone with ABD-H.
Thus, the preparation of SBD-H from ammonium 7-f1uoro­
2,1 ,3-benzoxadiazole-4-sulphonate (SBD-F)lS was not carried
out.

As to the effect of organic solvent composition on the
fluorescence intensities, the larger ratio of organic solvent
(acetonitrile) to water gave the higher intensities for the six
hydrazones as shown in Fig. 3(a) and (b). This trend was also
mentioned, but without data, for the hydrazone with NBD-H
by Gubitz et aJ.3
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Fig. 2. Effect of pH on the fluorescence intensities of hydrazones of
propionaldehyde and acetone with ABD·H, DBD·H and NBD-H.
NH2NH2 • The hydrazones of (a) propionaldehyde and (b) acetone
were dissolved in CH3CN - TheorelJ - Stenhagen buffer (pH 2-12) or
0.1 M HO (1 + 1, v/v) at a concentration of 5 J.lM for each hydrazooe.
The fluorescence iotensities were measured at 570 nm (A.x. = 450 nm),
565 nm (A.x. = 450 nm) and 550 nm (A.x. = 470 nm) for the hydrazones
with 0, ABD-H; 6, DBD-H; and 0, NBD-H.NH2NH2 , respectively

Comparison of the Reactivities of ABD-H, DBD-H and NBD-H.
NH,NH2 Towards Aldehydes and Ketones

As the reactivity of 4-f1uorobenzofurazan towards nucleo­
philes (e.g., thiols and amines) was dependent on the electron
withdrawing effect of the substituent at the 7 position
of 4-f1uorobenzofurazan, the order was NBD-F, DBD-F
and ABD-F (electron withdrawing activity, NOz>SOzN­
(CH3h>SOzNHz).14.16 Thus the order of reactivity of
ABO-H, DBD-H and NBO-H.NHzNHz towards aldehydes
and ketones would be in this order because the reaction of
hydrazines with aldehydes and ketones proceeds via
nucleophilic attack of the carbonyl group.

In a preliminary experiment, the reactivity of acetone with
NBO-H.NHzNHz was tested in methanol - water (3 + I, v/v)
as suggested by Gubitz et ai.,3 i.e., 1.6-5 mM acetone,
8--25 mM NBO-H in methanol at 50 °C for 30 min. However,
NBO-H.NHzNHz was not soluble in methanol at a concentra­
tion greater than 1 mM and no derivatisation of acetone
occurred under these conditions in methanol - water. Then,
hydrochloric acid (0.025 or 0.25 M) was added to the latter
reaction mixture. The yields were 48.3 and 58.5%, respec­
tively, for a 3Q-min reaction. To test the negative effect of
water further, the reaction was performed with 0.025% TFA
in acetonitrile. Under these conditions, the reaction
proceeded and was complete in 30 min. The effect of the
concentration of TFA was further investigated. The reaction
yields decreased with decreasing concentration from 0.025 to
0.0025%. When the concentration was increased further,
more by-product peaks were observed on the liquid chromato­
gram as described below.

ANALYST, NOVEMBER 1990, VOL. 115

150

100

&: 50...
c:
l!!
.:..
u
c:
§ 0
~ r(c-

b
)-,----------,

:>

';150
>
.~

Q;
a:

100

o 20 40 60 80 100
CH3CN content. %

Fig. 3. Effect of acetonitrile content on the fluorescence intensities
ofhydrazones of propionaldehyde and acetone with ABD-H. DBD-H
aod NBD-H.NH2NHz. The hydrazones of (a) propionaldehyde or (b)
acetone were dissolved at a concentration of 1 J.lM in solutions of
various ratios of CH3CN to H20 containing 0.05% TFA. The
fluorescence intensities were measured at 570 nm (A.x. = 450 nm), 565
nm (A.x. = 450 nm) and 550 nm (A.x. = 470 nm) for the hydrazones
with 0, ABD-H; 6, DBD-H; and 0, NBD-H.NH2NH2, respectively
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Fig. 4. Time course of the reaction of propionaldehyde with
ABD-H, DBD-H and NBD-H.NH2NH2• Propionaldehyde (3.48 11M)
was reacted with 250 11M ABD-H. DBD-H or NBD-H.NH2NH2 in
CH3CN containing 0.25% TFA at room temperature for various
periods of time. The reaction mixtures were subjected to HPLC
analysis and each hydrazone with 0, ABD-H; 6, DBD-H; and 0,
NBD-H.NH2NHZ was detected at 570 nm (A.x. = 450 nm), 565 nm
(A... = 450 nm) and 550 nm (A"x. = 470 nm), respectively

When the reaction mixture in 0.025% TFA in acetonitrile
was stored in a refrigerator for 1 week, no degradation of the
hydrazone of propionaldehyde with ABO-H, OBO-H or
NBD-H.NHzNHz was observed. However, several peaks at
the front of the chromatograms became larger and interfered
with the detection of the relatively early eluting hydrazones
such as that of acetone, especially for the reaction with
NBO-H.NHzNHz·
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As shown in Fig. 4, the reactivities of propionaldehyde with
ABD-H and DBD-H were higher than that with NBD-H.
NHzNHz under the same reaction conditions (0.025% TFA).
The reactivities of acetone with these reagents were lower
than those of propionaldehyde as shown in Fig. 5 (curve A).
Thus, 0.25% TFA was necessary for the reaction.

The pseudo-first-order rate constants at room temperature
for the production of the hydrazone of propionaldehyde with
ABD-H, DBD-H and NBD-H.NHzNHz were 8.9 x 1O-z,7.2
X lO-z and 4.2 x lO-z min-I, respectively.

Selectivity of the Reaction and the Detection Limits in the
Manual Method

Table 1 shows the detection limits for aldehydes and ketones
in the manual method. Aldehydes were detected at similar
sensitivity with the three reagents except p-hydroxybenzal­
dehyde. For ketones, the detection limits for hydrazones with
ABD-H and DBD-H were half those obtained for NBD-H.
NHzNHz. The values for blank fluorescence intensities
without substrates for ABD-H were half those found with
DBD-H and NBD-H.NHzNHz. The hydrazones of ketones
with DBD-H fluoresced about twice as much as those with
ABD-H and NBD-H.NHzNHz. Thus, ABD-H gave the
lowest detection limits and should be suitable for detecting
aldehydes and ketones in the manual method. Alanine and
proline as representatives of amino acids which are abundant
in the environment were not detected with all three of the
reagents at a concentration of 100 ILM.

High-performance Liquid Chromatographic Separation and
Detection of Hydrazones of Aldehydes and Ketones With
ABD-H, DBD-H and NBD-H.NHzNH2

As indicated in Fig. 2, more sensitive detection could be
achieved in less polar solvents. This means that separation of
the hydrazones should be carried out in the normal-phase
mode. However, the reversed-phase mode was adopted in this
work as it is more popular and easy to use. The chromato­
grams of the hydrazones of propionaldehyde with ABD-H,
DBD-H and NBD-H.NHzNHz are shown in Fig. 6(a), (b) and
(c), respectively. They were obtained after complete reaction
under the following conditions: propionaldehyde, 1.7 ILM;
hydrazine, 250 ILM; and 0.025% TFA in acetonitrile at room
temperature for 30 min (ABD-H and DBD-H) or 60 min
(NBD-H.NHzNHz). As can be seen rather large by-product
peaks appeared at the front of the chromatograms in the
reaction mixture with NBD-H.NHzNHz as compared with
ABD-H and DBD-H. However, as suggested by Fig. 2(a), the
quantum fluorescence yield for the hydrazone of propional­
dehyde with NBD-H.NHzNHz was 12 and 3 times larger than
those with ABD-H and DBD-H, respectively, and resulted in
a larger peak height and lower detection limits, despite the
appearance of the by-products of NBD-H.NH2NH2 (Table 2).

For heptan-4-one, the following conditions were employed
and the chromatograms obtained are shown in Fig. 7:
heptan-4-one, 0.90 ILM; hydrazine, 250 ILM; and 0.25% TFA in
acetonitrile at room temperature for 5 h. As shown in Fig. 7,
there were many more by-product peaks at the front of the
chromatogram in the reaction mixture with NBD-H.NH2NHz
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Fig. 6. Chromatograms of hydrazones of propionaldehyde with
ABD-H, DBD-H and NBD-H.NHzNHz. Propionaldehyde (0.17 f.lM)
was reacted with 250 f.lM ABD-H, DBD-H or NBD-H.NHzNHz in
CH3CN containing 0.025% lFA for 1 h at room temperature. The
reaction mixture containing 1.7 pmol of each hydrazone was injected
on to the HPLC column with elution with CH3CN - HzO: (a) 35 + 65;
(b) 46 + 54; and (c) 41 + 59 v/v, containing 0.05% lFA. The
hydrazones (indicated by arrows) with (a) ABD-H; (b) DBD-H; and
(c) NBD-H.NHzNHzwere detected at 570 nm (Aex. = 450nm), 565 nm
(Aex. = 450 nm) and 550 nm (Aex. = 470 nm), respectively
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Fig. S. Time course oflhe reaclion of acetone with ABD-H, DBD-H
and NBD-H.NHzNHz. Acetone (3.5 f.lM) was reacted with 250 f.lM
ABD-H, DBD-H or NBD-H.NHzNHz in CH3CN containing A,
0.025% or B, C and D, 0.25% lFA at room temperature for various
periods of time. The reaction mixtures were subjected to HPLC
analysis and the hydrazones with D, ABD-H; A and C, DBD-H; and
B, NBD-H.NHzNHz were detected at 570 nm (Aex. = 450 nm), 565 nm
(Aex = 450 nm) and 550 nm (Aex. = 470 nm), respectively

Table 1. Detection limits and maximum wavelengths for various aldehydes and ketones with ABD-H, DBD-H or NBD-H.NHzNHzin the manual
method (for details see text)

ABD-H DBD-H NBD-H.NHzNHz

AexlA.m.! LD*/ Aex.lA.m.! LD/ AexAm.! LD/
Carbonyl compound nm f.lM nm f.lM nm f.lM

Propionaldehyde 450/550 6.7 450/545 7.5 468/535 6.3
Butyraldehyde .. 450/550 4.3 450/545 5.6 468/535 4.4
p-Hydroxybenzaldehyde 470/562 84.9 455/560 109 468/545 >200
Acetone .. 450/550 10.2 450/548 9.9 468/535 17.9
Heptan-4-one .. 450/558 18.8 450/550 17.1 468/535 56.4
4'-Ethylacetophenone 450/555 28.2 450/550 31.8 468/535 77

* LD = lower detection limit (signal to noise ratio = 3)
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Table 2. Detection limits of hydrazones of aldehydes and ketones with ABD-H, DBD-H and NBD-H.NH2NH2 in HPLC. Each aldehyde or
ketone and 250 J!M ABD-H, DBD-H or NBD-H.NH2NH2 were reacted in CH3CN containing 0.025% TFA (for aldehydes) or 0.25% TFA (for
ketones) for 1 h (aldehydes) or 5 h (ketones) at room temperature. Then, each of the reaction mixtures was subjected to HPLC analysis with
isocratic elution of CH3CN - H20 (41 + 59-71 + 29, vlv) containing 0.05% TFA and detected at 570 nm ('-ex. 450 nm), 565 nm
('-ex. 450 nm) and 550 nm (1-«. 470 nm) for the hydrazone with ABD-H, DBD-H and NBD-H.NHzNHz, respectively

ABD-H DBD-H NBD-H.NHzNHz

'-e•.fA.m.l LD*I I-.,.I'-eml LDI A.•.I'-em.l LDI
Carbonyl compound nm fmol nm fmol nm fmol

Propionaldehyde 450/570 1040 450/565 120 470/550 35
Butyraldehyde .. 450/570 1060 450/565 98 4681550 28
p-Hydroxybenzaldehyde 470/580 28800 4551570 9700 4681548 27000
Acetone .. 450/570 4960 450/570 905 4681560 710
Heptan-4-0ne .. 450/560 2690 450/570 560 4681552 673
4'-Ethylacetophenone 4501570 19400 450/570 3100 4681552 9600

* LD = lower detection limit (signal to noise ratio = 3)
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aldehydes and ketones. However, some improvement to
lower the blank fluorescence is recommended before practical
application. For HPLC, the very large amounts of by-products
(ascribed to blank fluorescence observed in the manual
method) did not interfere as they were eluted relatively early.
Thus, the contribution of the quantum efficiency of the
hydrazone is important in lowering the detection limits.
Therefore, NBD-H.NHzNHz is preferable for the sensitive
detection of aldehydes. For the sensitive detection of ketones,
DBD-H is recommended as it gives fewer by-product peaks
than NBD-H.NHzNHz.

The authors thank Dr. C. K. Lim of the Clinical Research
Center for his kind review of the manuscript. Thanks are also
due to the Tosoh Company for providing the TSK columns.
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Several benzenesulphonyl- and tosylhydrazones have been used forthe routine quantitative determination of
alkyllithium solutions. The structure of one of the chromophores was determined by nuclear magnetic
resonance studies of the derived deuteriated molecule.

Keywords: Indicator; alkyllithium assay; benzenesulphonylhydrazone; tosylhydrazone

Alkyllithium compounds are very important reagents in many A convenient method for the determination of lithium
organic reactions and their accurate dosage is always desir- alkyls by use of 4-biphenylmethanol, 4-biphenylacetic acid
able. Although commercial alkyllithium reagents l are care- and 4-biphenylcarboxylic acid - triphenylmethane as indica-
fully analysed at source, freshly purchased solutions easily tors has been reported. 2 In addition, other methods, some
deteriorate as a result of exposure to moisture and oxygen. It involving more expensive commercial reagents,3-8 and double
is therefore very important to know the concentration of titration methods,9,10 have been reported.
alkyllithium reagents at the time of their use, Based on the formation of coloured dianions,l1 this paper

Table 1. Titration of alkyllithium solutions. M is the molar concentration for at least three replicate measurements and 0 is the deviation

Compound BuLi (Lot No.1) BuLi (Lot No.2) tert-BuLi
number;R

Indicator group M 0 M 0 M D End-point

~ Literature2

OH procedure 0.876 0.905 1.580 Orange

JS=N-NH-t-o-R I;H 0.871 -0.005 0.961 +0.056 1.520 -0.060 Orange2;Me 0.865 +0.011 0,892 -0.013 1.495 -0.085
0

C.Hs Y
+0.039 1.510)=N-NH-S-Q-R 3;H 0.815 -0.061 0.944 -0.070 Red-orange

C.Hs b 4; Me 0.865 -0.011 0.950 +0.045 1.580 0.000

0

)=~H-!-Q-R S;H 0.985 +0.109 1.013 +0.108 1.320 -0.260 Yellow
C.H5 ~

?ON-NH-f-Q-R 6;H 0.967 +0.091 1.190 +0.285 1.605 +0.025 Yellow7;Me 0.995 +0.119 1.250 +0.345 1.670 +0.090
0

0

)=N-NH-t-Q-R 8;H 0.993 +0.116 1.160 +0.255 1.680 +0.100 Yellow9;Me 1.041 +0.164 1.260 +0.355 1.640 +0.060
0
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Colour at the End-point

Arylsulphonylhydrazones instantaneously develop, at the
end-point of the titration, a chromophore which requires less
than a 0.01 mmol excess of alkyllithium reagent. The
appearance of colour is not affected in aged alkyllithium

7.9 7.7 7.5 7.3 7.1

Fig. 1. Low-field region of the HETCOR spectra of (0) benzo­
phenonetosylhydrazone (R = H); and (b) FD)-benzophenone­
tosylhydrazone (R = D). The values on the x- and y-axes are I) values
inp.p.m.

Procedure

Alkyllithium assay

An exactly weighed amount (100-200 mg) of the correspond­
ing arylsulphonylhydrazone was placed in an oven-dried 50-ml
Erlenmeyer flask containing a magnetic stirring bar. The flask
was capped with a rubber septum and flushed with nitrogen
before the introduction of ca. 10 ml of anhydrous THF. The
alkyllithium solution was then added dropwise from a
graduated syringe, until a sharp colour change (as indicated in
Table 1) was observed. The amount of the alkyllithium
solution consumed thus contained 1 equivalent of alkyl­
lithium, relative to the weighed amount of arylsulphonyl­
hydrazone.

presents the use of a wide range of benzenesulphonyl- and
tosylhydrazones (1-9) (Table 1) as an alternative method for
the quantification of alkyllithium reagents. This method, in
addition to providing comparable results to existing pro­
cedures, has its major advantages in being both convenient
and simple, as all used substrates are easily prepared from
materials that are readily available. In addition, some
comments are made about the structure of the chromophore
derived from benzophenonetosylhydrazone (4).

Experimental

Arylsulphonylhydrazones were prepared by previously re­
ported methods12 and stored without special precautions. All
of the chemicals used were characterised by common spectro­
scopic methods. Proton nuclear magnetic resonance (1H
NMR) spectra were recorded on a Varian EM-390 spec­
trometer. The 13C NMR spectra and HETCOR measure­
ments were determined on a Varian Associates XL-3OOGS
spectrometer. Mass spectra were obtained on a Hewlett­
Packard 5985-B GSIMS spectrometer. All glassware, stirring
bars and hypodermic needles were dried overnight at 100 °C
prior to use and allowed to cool in a desiccator over anhydrous
calcium chloride under vacuum before use. Analytical-reagent
grade tetrahydrofuran (THF) was purchased from J. T. Baker
and dried by distillation over sodium metal - benzophenone
immediately prior to use. Alkyllithium solutions were
obtained from previously opened containers purchased from
Aldrich.

[2D)-Benzophenonetosylhydrazone (4d)

To a solution of 350 mg ofbenzophenonetosylhydrazone (4) in
10 ml of anhydrous THF were added 2 equivalents of
butyllithium. The solution was immediately quenched with
1 ml of 0 20. The material recovered, after recrystallisation
from ethanol, showed about 66% monodeuteriation, as
measured bv mass spectrometry: mlz 350 (M+; 2.6%), 351
(M+ + 1; 5.9), 352 (M+ + 2; 1.9),353 (M+ + 3; 0.5).

Results and Discussion

The results obtained for the determination of several alkyl­
lithium solutions using the common arylsulphonylhydrazones
1-9 are summarised in Table 1. It is obvious from these results
that each reagent offers an alternative for the accurate
quantification of alkyllithium concentrations. Nevertheless,
compounds 1-4 are the reagents of choice as their colour
changes at the equivalence point are the sharpest and they
provide values in agreement with those found using published
procedures.2 In addition, compounds 5-9 can also be adapted
for the routine standardisation of commercial alkyllithium
solutions.
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Table 2, Carbon-13 NMR chemical shifts of benzophenonetosylhy­
drazone (4) and 2-[D]-benzophenonetosylhydrazone (4d) at 75.47
MHz in CDCI3• Ii in p.p.m. The two monosubstituted phenyl groups
are non-equivalent and it was not possible to assign the signals
individually, although ipso (i), ortho (0), rnera (rn) and para (P)
carbons could be distinguished from their multiplicities in a coupled
spectrum

Compound 4 Compound4d
C7 154.25 C7 154.25
C. 144.14 C. 144.14
Ci 136.39 Ci 136.39
C, 135.49 C, 135.49

C'd 135.40
Ci 131.08 Ci 131.08
Cp 130.08 Cp 130.08
Cp 129.85 Cp 129.85
Cm 129.76 Cm 129.76
C3.5 129.66 Cs 129.66

C3 129.55
Co 128.24 Co 128.24
Cm 128.18 Cm 128.18
CZ•6 127.88 C6 127.88
Co 127.56 Co 127.56
CH3 21.61 CH3 21.61

solutions containing large amounts of suspended oxides. As
the reaction is performed under a nitrogen atmosphere in
anhydrous THF, the suspended solids are dissolved leaving a
bright, clear solution throughout the titration and therefore
provide clearly visible and reproducible titration end-points.

Nature of Chromophores

It has been shown 13 that the formation of intensely coloured
dianions in tosylhydrazones containing protons alpha to the
carbon-nitrogen double bond lead to intermediates that
decompose yielding alkenes. 14 When the diphenyltosylhy­
drazone, 4, was used in the above procedure, the compound
was recovered quantitatively. Nevertheless, compounds 3 and
4 show a red - orange chromophore at the end-point of the
titration.

It was assumed that the dianions derived from compound 4
were formed by the abstraction of one ortho proton from a
phenyl group or from the tosyl group, as the carbon-nitrogen
double bond 1S- 17 and the suJphonyl groupl6-18 have been
recognised as powerful directors of orthometallation, thus
affording both or one of two possible metallated derivatives 11
and 12 (Scheme 1). Therefore, structural evidence of the
dianion seemed desirable.

In order to determine the structure of the species respons­
ible for the chromophore, compound 4 was treated with two
equivalents of BuLi and immediately quenched with DzO.
The material recovered, after recrystallisation from ethanol,
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showed about 66% of deuterium incorporation, as measured
by mass spectrometry. The HETCOR NMR spectra of 4 and
4d were used to establish the position of the deuterium atom as
shown in Fig. 1. The 13C NMR signals of both the labelled and
unlabelled compounds are given in Table 2. The HETCOR
experiment shows the AA'BB' signals at 7.85 and 7.33 p.p.m.,
assigned to the aromatic tosyl protons, correlated with the
Cz/C6 and CyCSsignals, respectively. The deuterium atom at
Cz is assigned from the decreased intensity of the signal at
127.88 p.p.m. and from the deuterium/hydrogen NMR
isotope effects on I3C chemical shift (DHIECS) values. 19.Z0

Thus, the zf:::, DHIECS at C3 (114 p.p.b.) and at C1(88 p.p.b.)
clearly confirm the position of the deuterium atom. These
results substantiate structure 4d (Scheme 1), showing that in
this instance the aromatic protons of the tosyl group are more
reactive than those ortho to the carbon-nitrogen double bond.

References

1. Stowell, J. c., "Carbanions in Organic Synthesis," Wiley, New
York, 1979, p. I.

2. Juaristi, E., Martfnez-Richa, A., Garcia-Rivera, A., and
Cruz-Sanchez, S. J., J. Org. Chern., 1983,48,2603.

3. Kuyper. J" Keijzer, P. C., and Vrieze, K., J. Organornet.
Chern., 1976, 116, I.

4, Winkle, M. R., Lansinger, J. M., and Ronald, R. c.,J, Chern,
Soc., Chern. Comrnun., 1980,87.

5. Kofron, W. G., and Baclawski, L. M., J. Org. Chern., t976, 41,
1879.

6. Watson, S. c., and Eastham, J. F., J. Organornet. Chern.,
1967, 9, 165.

7. Bergbreiter, D. E., and Pendergrass, E., J. Org. Chern., 1981,
46,219.

8. Lucette, D., and Jean-Christophe, P., J, Org. Chern., 1979,44,
3404.

9. Gilman, H., and Haubein, A. H.,J. Arn. Chern. Soc" 1944,66,
1515.

10. Gilman, H., and Cartledge, F. K.,J. Organomet. Chern., 1964,
2,447.

11. Lipton, M. F., Sorensen, C. M., Sadler, A. C., and Shapiro,
R. H., J. Organornet. Chern., 1980, 186, 155.

12. Bamford, W. R., and Stevens, T. S.,J. Chern. Soc., 1952,4735.
13. Shapiro, R. H., Lipton, M. F., Kolonko, K. J., Buswell, R. L.,

and Capuano, L. A., Tetrahedron Lett., 1975, 1811.
14. Shapiro, R. H., Org. Reacl. NY, 1976, 23,406.
15. Beak, P., and Snieckus, Y" Acc. Chern. Res., 1982, IS, 306.
16. Snieckus, V., Bull. Soc. Chirn. Fr., 1988, 67.
17. Gschwend, H. W., and Rodriguez, H. R., Org. Reacl. NY,

1979,26, 1.
18. Chamberlin, A. R., Stemke, J. E., and Bond, F. T., 1. Org.

Chem., 1978,43,147.
19. Morales-Rios, M. S., and Joseph-Nathan, P" Magn. Resoll.

Chern., 1989,27,75.
20. Morales-Rios, M. S., del Rio, R. E., and Joseph-Nathan, P.,

Magll. Reson. Chern., 1989,27,1039.

Paper 0/02276D
Received May 22nd, 1990
Accepted July 18th, 1990





ANALYST, NOVEMBER 1990. VOL. 115

Transmittance Ratio Spectrometry as a Stray Radiant Energy Test
Method for Optical-null Spectrophotometers

Paddy Fleming
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A stray radiant energy (SREj test method for optical-null double-beam spectrophotometers is described
based on transmittance ratio measurements made on an absorbing species placed in a pair of matched
cuvettes whose path-length ratio is maintained constant while the said path-length is gradually increased. A
theoretical expression is derived which relates the coordinates of the minimum ofthe resulting characteristic
transmittance ratio versus reference transmittance plot, to the relative SRE level, and to the sample cell to
reference cell path-length ratio employed. The effect of sample absorption of the SRE on transmittance ratio
measurements is also explored. The result obtained with a Perkin-Elmer 297 spectrophotometer is compared
with that obtained by applying the SRE test method of Mielenz et al. to the same instrument.

Keywords: Infrared spectrometry; optical-null spectrophotometer; stray radiant energy; path-length ratio;
transmittance ratio

.. (2)

Stray radiant energy (SRE), a universal problem in
spectrometry, is radiation scattered by imperfections on the
surface of the diffraction grating and then sensed by the
detector to give spurious transmittance readings. An optical­
null double-beam spectrophotometer uses a nulling comb in
the reference beam to balance sample absorption automatic­
ally, and because of its poor linearity and zero transmittance
(0% 1) drift, due to electrical pick-up, :t makes unreliable
transmittance readings below 10% T. [American Society for
Testing and Materials (ASTM) E 387-84.]1 Therefore, an
SRE test procedure must be designed to give transmittance
readings greater than 10% T. The ASTM Test Method E
387-84, which measures the apparent transmittance of a sharp
cut-off ftlter while keeping the transmittance reading greater
than 10% T by the stepwise attenuation of the reference beam
using screens of varying mesh size, is currently recommended.
The nulling comb attenuates the SRE in the reference beam
relative to the SRE in the sample beam and therefore the
analysis proposed by the author2 for a ratio-recording
instrument must be revised. Most optical-null spectropho­
tometers now in use deal with the mid-infrared region.
Transmittance ratio spectrometry in the infrared (IR) region
uses matched cells to measure the transmittance of a sample­
beam solution relative to that of an identical reference-beam
solution, the sample cell being a constant factor thicker than
the reference cell.

Theoretical expressions are derived in this paper showing
how the relative SRE level in an optical-null double-beam
spectrophotometer is related to the observable coordinates of
the minimum of the transmittance ratio versus the true
reference transmittance plot, and to the relevant sample cell to
reference cell thickness ratio. The proposed analysis is applied
to transmittance ratio measurements made on a Perkin-Elmer
Model 297 optical-null spectrophotometer. The ensuing
experimental SRE value is compared with the corresponding
experimental SRE value determined using the test method of
Mielenz et af.3 as modified by the author4 to suit optical-null
instruments. The leading and trailing edges of a CC4
band-stop absorption peak were used in this latter method.
The method of Mielenz et af.3 gradually increases differential
absorbance by wavelength scanning through the leading and
trailing absorbance edges of a cut-off solution which has been
placed in both the sample and reference beams, whereas the
method proposed herein is to be carried out at a fixed
wavelength while differential absorbance is increased by
gradually increasing the path lengths of the solution held in the
sample and reference beams. The recorded differential
absorbance for both methods will not increase indefinitely but

will peak at a value determined by the SRE level present in the
instrument and by the path-length ratio in use. The terms
transmittance ratio and differential absorbance are used
interchangeably in the text.

The presence of test materials which may not be transparent
to SRE in a spectrophotometer means that the relative SRE
levels may be underestimated. This effect can be minimised by
using materials having simple absorption spectra.

Formulation of Experimental Quantities

If similar solutions are placed in the cells, the sample cell being
<X-times thicker than the reference cell, then the transmittance
ratio of the sample solution relative to the reference solution
(Ra ), as per the Beer-Lambert law, is given by;

Ra =TglTa =Tg-t (1)

where To is the absolute transmittance of the reference sample
to radiation of wavenumber a.

However, equation (1) ignores the inevitable presence of
SRE which may be absorbed by a sample. The observed
transmittance ratio R~ is given in terms of the ratio of the
transmittances of the sample and the reference beams as
follows

R' = Tg + smaAa
a To +R~mAo

where 0 < s « 1 is the relative SRE level and 0 < m '" 1 is the
SRE transmittance of the reference sample whose monochro­
matic absorbance, A a (= 10glOTa), is unity.

In equation (2) it is assumed that the SRE levels in the
beams of an optical-null spectrophotometer are equal when a
transparent substance is present in both beams and the beams
are balanced at 100% T. However, the SRE in the reference
beam is attenuated (relative to the SRE in the sample beam)
by the nulling comb as it moves to balance the beams optically
whenever the sample beam becomes more monochromatically
absorbing than the reference beam, hence the presence of R~
in the denominator of equation (2). A typical optical nulling
arrangement in a double-beam optical-null spectro­
photometer is shown in Fig. 1.

Equation (2) is formulated so as to accommodate the
progressive attenuation of the SRE in both beams as the
thickness of the cells is increased. If m is the SRE trans­
mittance of the reference beam when its monochromatic
absorbance is unity, then mAo is its SRE transmission when its
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Fig. 2. Interference fringe patterns generated by the empty variable
path-length cells. The reference cell, which was set to 250 ~m

(nominal), gave the upper trace and the sample cell, which was set to
200 ~m (nominal), gave the lower trace
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Fig. 1. Typical optical nulling arrangement in an optical-null
double-beam spectrophotometer

vn + 4 (Th + smaAo)smAo - T
R' - a a a (4)
0- 2smA o

monochromatic absorbance is A o and m~Ao is the correspond­
ing SRE transmittance of the sample beam.

smAoR~2 + ToR;, - (Tg + smaAo) = 0 (3)

Equation (3) gives the following positive solution

where p' stands for the transmittance ratio minima of the
Mielenz peaks encountered in the differential scan through
the leading and trailing absorption edges of the chosen
band-stop peak and n is the SRE transmittance of unit
thickness of reference sample. If n = 1 it can be seen that
equations (7) and (8) have identical forms and this suggests
that both SRE test methods are essentially identical.

Methods and Materials

Zero transmittance (0% 7) is checked automatically under
black-out conditions in ratio-recording spectrophotometers
but it must be manually checked from time to time in
optical-null recording spectrophotometers. Ratio-recording
instruments utilise a live 0% T, yielding real information
under black-out conditions, in contrast to optical-null instru­
ments which have no energy in either beam at 0% T, where the
recorder pen does not move. Full-scale transmittance is
automatically set at all wavelengths in a double-beam ratio­
recording instrument when a pair of matched samples is placed
in the beams. It is usual to balance the beams of an optical-null
double-beam instrument optically at 100% T with a pair of
matched samples in its beams by manually adjusting the
optical attenuator in the sample beam. The amplifier gain in
optical-null IR instruments is optimised for the spectral region
of interest.

Transmittance ratio measurements in the IR are made with
a Perkin-Elmer 297 spectrophotometer on a given pure liquid
sample having a broad isolated absorbance peak, e.g.• Cel.
has such a peak at 1548 em-I. The Cel. is placed in a pair of
mounted variable path-length matched cells. The path length
of a cell is controlled by an accurately graduated micrometer
which may be set at ever increasing thicknesses in the range
0.050 ,.; b(mm) ,.; 10 with a precision of ±0.002 mm. This
allows transmittance ratio determinations to be made at ever
increasing cell thicknesses while keeping a fixed cell thickness
ratio between the sample and reference cells. The graduations
of the variable path-length cells were checked by measure­
ments of the interference fringe patterns generated by placing
each empty cell in turn in the sample beam and scanning
slowly throughout the mid-IR region of an optical-null
spectrophotometer (Fig. 2). The thickness of the reference
cell was thus calculated to be 255 ~m when the micrometer was
set to read 250 J.lm. The thickness of the sample cell was
likewise calculated to be 200 J.lm for a micrometer setting of
200 J.lm. The differential zero error of the sample and
reference cells was established by measuring the differential
absorbances of the Cel. peaks at 1548, 1253 and 1218 em-I,
for reference micrometer settings in the range 100,.; b(~m) ,.;
450, exb = 2 and by using the Perkin-Elmer 983 spectro­
photometer, extrapolating to zero differential absorbance.
This yields an average differential zero error of -3 /-lm. The
zero error in the reference micrometer was not allowed for in
this experiment. However, it had a diminishing effect on the
chosen cell thickness ratio as the cell thicknesses were
increased from an initial reference thickness of 100 flm.

The sample and reference beams are optically balanced at
100% Tfor equal thickness of sample in both cells. The sample

(6)

(5)

(7)

(8)

p= CX't~-1 .•

(ex-l)(p'lex)cxI(~-I)

s=
n~- np'2

Equation (4) follows equation (1) for large values of To but
SRE causes equation (4) to deviate from equation (1) as To
decreases so that equation (4) will have a minimum, R~ (min)
= p at To = " where the first derivative of R~ with respect to
To is zero. This derivative method, when applied to equation
(4) and assuming that the sample is transparent toSRE, i.e., m
= 1, yields (ef Appendix)

(ex-l).a
s=

1 - (CX'ta - l )2

If equation (5) is substituted into equation (4) then the
following relationship ensues between the coordinates of the
minimum of the transmittance ratio versus reference trans­
mittance curve, i.e., • and p, and the thickness ratio, i.e.• ex

If equation (6) is substituted into equation (5) then

(ex - 1) (p/ex)cxI(a - I)
s= 1- p2

Both • and p can be observed in this spectrophotometric
method. However, the function defined in equation (4) is
flat-bottomed (ef Figs. 3 and 4). Therefore, the SRE estimate
based on equation (7) is more reliable than that based on
equation (5).

The method of Mielenz et al.,3 as generalised by Fleming,'
gives the relative SRE level as follows
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Table 1. Measurements and ensuing calculations on Fig. 3 together
with the corresponding measurements and calculations arising from
applying the generalised SRE test method of Mielenz et aJ.

13501650 1550 1450
Wavenumber/cm- 1

Fig. S. Experimental Mielenz transmittance ratio spectrum of CO.
in a 3-mm sample cell versus CO. in a 1.5-mm reference cell in the
spectral range 1750;;" 0 (em-I);;" 1350

Conclusion

Optical-null spectrophotometry is now a curiousity in ultra­
violet - visible spectrometry and is being displaced in the
mid-IR by ratio-recording and Fourier transform instruments.
However, there are many optical-null IR spectrophotometers
in use 'and SRE affects quantitative measurements made by
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Fig. 4. Simulated transmittance ratio versus reference absorbance at
the CO. 1548 em-I peak for SRE transmittances, m, of 1.0 and 0.85, a
relative SRE level, s, of 0.02 and a thickness ratio, ceb, of 2

the sample shifts the coordinates of the transmittance ratio
minimum towards lower values and makes the transmittance­
ratio curve more flat-bottomed. lfFig. 3 is compared with Fig.
4 then the premise that the sample is transparent to SRE, i.e.,
m = 1, must be false. Therefore, calculations based on
applying equation (7) underestimate the relative SRE level
involved. However, the SRE transmittance of the sample is an
elusive quantity and a remedy for this may lie in fitting
equation (4) to the curve in Fig. 3 using realistic trial values for
sand m, i.e., by incrementally increasing the value for s from
that calculated by applying equation (7) to Fig. 3 and
simultaneously gradually decreasing m from unity until a
reasonable agreement is achieved between the experimental
curve and equation (4).

The differential absorbance spectrum of CCI. in a 3-mm
sample cell plotted against CCI. in a 1.5-mm reference cell, in
the spectral range 1750 '" a(cm- 1) '" 1350, is shown in Fig. 5.

If the absolute absorbance of 0.1 mm CCI. at 1548 em-I is
0.266 then the peak differential absorbance in the absence of
SRE for the above Mielenz scan should have been 4.
However, Mielenz SRE peaks are observed on the leading
and trailing edges of the band-stop peak at 1590 and 1490
cm- I, respectively. The transmittance ratio minima (p') of
these peaks together with an estimate of SRE based on
equation (8) for n = 1 are recorded in Table 1.

1490 em-I

0.33

0.38

0.005 (0.5%)

0.04(4%)

Perkin-Elmer Model 297
2
Transmittance ratio

spectrometry
1548 em-I
Slit programme 3
0.28

0.02(2%)
Mielenz

1590cm-1

cell thickness is then increased by the chosen cell thickness
ratio, and its transmittance ratio relative to the reference cell
can be determined. This process is repeated for increasing cell
thicknesses until it is no longer possible to balance both beams
optically at 100% Tat 1548 cm- I.

If the variable path-length cells are set wide enough then the
1548 cm- I CCI. peak becomes a band-stop absorption peak
with leading and trailing edges. The method of Mielenz et a/.3
is applied to this band-stop peak by scanning the differential
spectrum of b (mm) CCI. in the reference beam and rxb (mm)
CCI. in the sample beam between 1750 and 1350 em-I, where
1 .. b (mm) .. 1.5 and rxb = 2.

.g 0.8
~.,
U
l:

~ 0.6
'E
'"l:...= 0.4

0.21.----------'----------:-':.,------'
o 1.00 2.00

Reference absorbance
Fig. 3. Experimental transmittance ratio versus reference absorb­
ance at the CO. 1548 cm- I peak for a thickness ratio, ceb, of 2. The
thickness range of the reference cell is 0.1 ,,;; b, (mm) ,,;; 0.8

Experimental

The experimental transmittance ratio measurements made on
the Perkin-Elmer 297 spectrophotometer are plotted in Fig. 3.
The transmittance ratio minimum (p) is well established in the
figure but the corresponding reference absorbance coordi­
nate, -log 1:, is uncertain because of the flat-bottomed shape
of the experimental curve and, therefore, equation (7) is used
instead of equation (5) for calculating the relative SRE level.
Measurements and ensuing calculations on Fig. 3 together
with the corresponding measurements and calculations arising
from applying the generalised SRE test method of Mielenz
et al. 3 are presented in Table 1.

Equation (4) is plotted in Fig. 4 for s = 0.02 (2%) and m = 1
and m = 0.85. Fig. 4 indicates that the absorption of SRE by

CCI. peak wavenumber
Slit-width
Transmittance ratio minimum, P
Relative SRE level based on equation

(7) for m = I, s ..
SRE test method ..
CCI. leading-edge Mielenz

peak wavenumber
Co. trailing-edge Mielenz

peak wavenumber
Leading-edge Mielenz peak

average transmittance, p' ..
Trailing-edge Mielenz peak

average transmittance, p' ..
Relative SRE level based on

equation (8) and n = I, s ..
Relative SRE level based on

specification, s ..

Instrument type ..
Cell path-length ratio, ceb
SRE test method ..



1490

such instruments. The transmittance ratio test method may be
more useful for quantifying the relative SRE level in such
instruments than the cut-off fLlter test method in use here­
tofore as it employs materials that are readily available and it
gives transmittance scale readings greater than 10% T.

The experimental SRE levels reported in Table 1 are in the
range 2 "" SRE(%) "" 4. The generalised test method of
Mielenz et aJ.3 yields a 4% relative SRE level while the
transmittance ratio method yields a level of 2%. These values
are larger than the 0.5% specified by Perkin-Elmer but the
instrument in question has been in use for nearly 20 years.

The proposed SRE test method has been refined to allow
for the absorption of SRE. However, this refinement is not
pursued here because the SRE transmittance of a given
sample is unknown' and it may vary from instrument to
instrument.
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Substituting y = ," -I and using equation (A4) gives

1- (exy)2 1 - (exy)2
TIs =---and ,"Is =---

(ex-l)y ex-I

If equation (A4) is substituted into equation (AI) at To = ,
where R~(min) = p then equation (6) can be obtained as
follows

~
[1- (exy)2)2 1- (exy)2 1- (exy)2

p= +---+1- ---
[2(ex - l)y)2 ex - 1 2(ex -l)y

= V[l- (exy)2)2+4(ex-l)(y2- ex2.Y") +4(ex-l)2y2-1+ (exy)2

2(ex-l)y

= V (1 - 2exy2+ ex2y2)2 - 1 + (exy)2

2(ex - l)y

.. (A4)
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Appendix

Equation (4) for m = 1 and s > 0 may be rewritten as

R~ = VeTJ2s)2 + Tgls + 1 - TJ2s (AI)

The first derivative of equation Al with respect to To is given
by

, = Tol152 + exTg - lIs _ 1 (A2)
dRo/dTo 2V(ToI15)2 + Tgls + 1 115 ..

But dRddTo = 0 at To = ,where R~ (min) = p and therefore

('t!2s)2 + ,"Is + 1= (TI2s + exT,,-I)2 .. (A3)

Solving equation (A3) for s yields equation (5) in the main text

(ex-I},"
s= 1- (exT,,-I)2 ..

= o:ta - 1
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Determination of Carbendazim in Benomyl Using Infrared
Spectrophotometry

Gabor Meszlenyi, Judit Kortvelyessy, Eva Juhasz and Maria Lelkes
Research Institute for Organic Chemical Industry, P.O. Box 41, H-1428 Budapest, Hungary

Benomyl is a well known fungicide that will undergo decomposition to carbendazim in both aqueous and
non-aqueous solutions. Infrared spectrophotometry was found to be the most suitable method for the
determination of carbendazim in benomyl, as it avoids the need to use a solvent. The limit of detection ofthe
method (for carbendazim in benomyl) is 2.0-2.5%, with a precision of 5-6% relative, at the 95% probability
level.

Keywords: Benomyl; carbendazim; fungicide; infrared spectrophotometry; ultraviolet spectrophotometry

Benomyl [methyl 1-(butylcarbamoyl)-2-benzimidazolylcarba­
mate] (Fundazol 50 WP in Hungary) is a well known
fungicide. The determination of residual amounts of benomyl
in soil and plant material by ultraviolet (UV) spectropho­
tometry has been reported. 1.2 High-performance liquid chro­
matography (HPLC) methods have been described for the
determination of benomyl in the form of its principal
degradation product, carbendazim (methyl 2-benzimidazole
carbamate).3-5

The decomposition of benomyl, shown in Fig. I, is the
reverse of the last step of its synthesis; the compound is
cleaved to give butyl isocyanate and carbendazim.

Chiba and Veres6 developed an HPLC method to deter­
mine benomyl and carbendazim separately; the latter com­
pound was detected in the form of its propyl isocyanate
adduct.

The aim of the present work was to re-examine the
decomposition of benomyF and to develop an infrared (IR)
spectrophotometric method for the determination of the
carbendazim content in benomyl.

Experimental

Apparatus

A Perkin-Elmer 783 IR spectrophotometer was used.

Procedure

Benomyl (5 mg) or carbendazim (5 mg) and potassium
bromide (300 mg) were ground together (the accuracy of the
weighing was 0.1 mg) and pressed into pellets. The IR spectra
were recorded and then a series of carbendazim - benomyl
mixtures containing different carbendazim concentrations
(2-50%) were prepared (Fig. 5). Samples (5 mg) of the
mixtures were used to obtain the calibration graph. The
samples with an unknown carbendazim content were then
analysed under the same conditions (see Table 1).

(8) B (b) B (c) (d) (8)
B

B
B

c: A0
.~

A" III'c

IIu L1 L '-

Benomyl

Fig. 1. Decomposition of benomyl

/'\
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Fig. 3. UV spectra of A, benomyl; and B, carbendazim

Fig. 2. Monitorinll the decomposition of benomyl by chromato­
grams recorded at given periods of time: (a) 3; (b) 10; (c) 17; (d) 24;
and (e) 67 min. Stationary phase, Alltech RP-18; mobile phase,
acetonitrile - water (8 + 2); and wavelength of detection, 280 nm. A,
Carbendazim; and B, benomyl

Butyl isocyanateCarbendazim

o
rArrN

II
VN}-NH-C-OCH3

I
H

Reagents

The samples of benomyl and carbendazim were of technical
grade and were obtained from Chinoin Works, Budapest,
Hungary. The potassium bromide used for the preparation of
the KBr disc and for IR spectrophotometry was from Fluka
Chemie, Buchs, Switzerland.

o
rA1IN

IIVN~NH-C-OCH3

I
O=C-NH-C.H.
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509 cm-'

46830 25 20 18 16 14 12 10

Wavenumberl102 cm- 1

Fig. 4. IR spectra of A, benomyl; and B, carbendazim

35
O~-~----'---~--~--'---~----'---~--""""'--~-~--~--'
40

Carbendazim
content, %

m1m

35.0
20.0

9.0
9.0
3.5
6.0
5.8
3.5
3.0
2.0
2.0

No.

1
2
3
4
5
6
7
8
9

10
11

Table 1. Summary of IR measurements

carbendazim is shown at this wavelength only by an increase in
the absorption minimum of benomyl (Fig. 3).

The lack of success described above prompted us to
consider the use of IR spectrophotometry. As can be seen in
Fig. 4, the IR spectra of both benomyl and carbendazim are
very similar; therefore, this technique appeared, at first sight,
not to be very promising.

As a result of several experiments concerning the selection
of the measuring wavenumbers, those at 509 cm- I (charac·
teristic of carbendazim) and 496 cm-I (characteristic of
benomyl) were found to be the most suitable. Using the
method of absorbance ratios, there is no need to determine
the thickness of the KBr pellet. The graph of AsWA496 versus
carbendazim content (X) is a hyperbola that approaches
infinity at a value of X = 100% (Fig. 5).

In the concentration range X = 0-10%, the calibration
graph is a straight line that can be described by the equation

X
y = C100 _ X = C (0.01X) [1 + O.OlX + (0.01X)2 ... ] (1)

460

(e)B(b)

1.0

3.0

2.0

500

(a)

530

10 20 30 40 50
Carbendazim content, %

Fig. S. AsooIA496 (absorbance ratio) as a function ofthe carbendazim
content

460 530 500 460 530 500

Wavenumber/cm-'

Fig. 6. Part of the IR spectrum of benomyl containing carbendazim.
Carbendazim content: (0) 2.5, (b) 3.0; and (e) ",,20-25%. A,
Carbendazim (509 cm- I ); B, benomyl (496 cm- I )

Results and Discussion
Fig. 2 illustrates the decomposition of benomyl by means of a
typical series of HPLC traces. Although some evidence can be
found in the literature3-S relating to this decomposition, the
measurements made here were aimed at a more detailed
examination of this feature of the compound.7

Based on our experiments7 UV spectrophotometry was
found to be unsatisfactory, because carbendazim can be
detected only at 225 nm, and the presence of small amounts of

where C is a constant.
Of course, equation (1) is only an approximate relationship;

for a more precise determination or at higher carbendazim
concentrations the whole hyperbolic curve must be con·
sidered.

The difference between the two peaks (13 cm- I ) might
appear too small; however, a five·fold expansion of the
abscissa (wavenumber scale) can provide good selectivity
(Fig. 6). Further increase in the sensitivity can be achieved by
employing a three·fold expansion of the ordinate.
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The calibration graph was constructed using more than ten
samples of benomyl - carbendazim mixtures. Experiments
showed that the lowest measuring limit is for a carbendazim
content of 2.0-2.5%. The accuracy of the method is ±~%,
at a probability level of 95%. In view of the accuracy of
quantitative IR measurements, this result appears to be good.

In our institute both the quality and amount of solvent used
in the last step of the synthesis (Fig. 1) was modified for
economic reasons. Incorrect choice of the solvent resulted in
high carbendazim contents (Table 1, entries I and 2). The use
of IR spectrophotometry to monitor the carbendazim content
in the benomyl thus produced (Table 1) enabled the correct
solvents for obtaining a pure product to be found (see entries
8-11 in Table 1).

Conclusion

The determination of the carbendazim content of benomyl
cannot be effected satisfactorily by HPLC or UV spectropho­
tometry because of the occurrence of decomposition. No
decomposition takes place in a KBr pellet, hence IR spectro-
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photometry is suitable for determining or checking the
carbendazim content in benomyl. The proposed method is
simple and does not require tedious sample preparation.
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Rapid Spectrophotometric Method for the Determination of Fluorene

Masaki Tachibana and Motohisa Furusawa
Faculty of Engineering, Yamanashi University, 4-3-11 Takeda, Kofu, Yamanashi 400, Japan

Fluorene reacts rapidly with the sodium salt of 1,2-naphthoquinone-4-sulphonic acid in an alkaline dimethyl
sulphoxide medium containing sodium methoxide and methanol to give a coloured product. The time
necessary for this reaction was 30 s with continuous and thorough stirring. The intensity of the colour was
measured spectrophotometrically at 655 nm following dilution with methanol. The apparent molar
absorptivity is approximately 8.7 x 103 I mol-1 cm- 1, and Beer's law is obeyed over the concentration range
1-16 Ilg ml- 1 of fluorene. The colour was stable if the product was kept in a tightly stoppered'flask for at least
1.5 h in the presence of small amounts of 2,6-di-tert-butyl-4-methylphenol.

Keywords: Fluorene determination; 1,2-naphthoquinone-4-sulphonic acid sodium salt; spectrophotometry;
alkaline dimethyl sulphoxide medium

Fluorene, a three-ring aromatic hydrocarbon, is a common
component of the hydrocarbon fractions of various fossil
fuels l-3 and is known to be an important component of
environmental pollution.4-7 For the analysis of industrial and
environmental samples containing fluorene, chromatographic
separation has been used extensively in combination with
mass spectrometry,3.5 fluorimetryl.6.7 and ultraviolet spectro­
photometry.2.7 Various methods have been used not only
because the samples are complex but also because the
chemical properties of the constituent hydrocarbons are very
similar. It is, therefore, important to develop a simple and
selective method for the determination of fluorene based on
its chemical reactions. However, although a number of
reactions of fluorene: carboxylation8; acylation9 ; oxidation10;

and so forth, 1l.12 have been discussed in the literature,
spectrophotometric methods for its determination have not
been presented due to the lack of a simple and selective colour
reaction.

In this work, the reaction conditions of fluorene with the
sodium salt of 1,2-naphthoquinone-4-sulphonic acid (NQSS)
were investigated for the spectrophotometric determination of
fluorene. The colour development proceeded exclusively in
an alkaline dimethyl sulphoxide (DMSO) medium which
contained small amounts of sodium methoxide and methanol.
This colour reaction has not been reported to date, although
the reaction of fluorene with some other quinones in
ammoniacal media has been studied for the determination of
quinones. 13 The structure of the resulting product has not
been elucidated but the method proposed in this paper was
applicable to the quantitative determination of fluorene with
several advantages, including rapidity, selectivity and
simplicity.

Experimental

Reagents

Commerically available DMSO was cooled to a temperature
below its freezing point (18.5 0c) until approximately 90% of
it had been frozen. The remaining liquid was then removed,
and the solid, which was hence more pure than the original,
was collected and melted. This procedure was repeated three
times for further purification. The DMSO thus obtained was
stored in a tightly stoppered vessel because of its hygroscopic
nature. Fluorene Iwas purified by zone melting after the
removal of concomitant anthracene using the Diels - Alder
reaction with maleic anhydride. The NQSS was of guaranteed­
reagent grade (Wako Pure Chemical Industries) and used
without further purification. The quality of this reagent, even
for the same grade, varied greatly from manufacturer to
manufacturer. In preliminary experiments, the absorbance of

the reaction product of fluorene (160 Ilg) with the reagent (10
mg) ranged from 0.2 to 0.8 according to the quality. The
reagents 2,6-di-tert-butyl-4-methylphenol (butylated hydroxy­
toluene, BHT) and methanol of guaranteed-reagent grade
were used (purchased from Kanto Chemical and Wako Pure
Chemical Industries, respectively).

Solutions

DMSOsolution ofNQSS, 10 mg ml- I . As the stock solution
tends to decompose slowly, it is preferable to prepare the
solution fresh, everyone or two days.

Methanolic solution of sodium methoxide, saturated.
Sodium methoxide, about 28% m1m in methanol (Nacalai
Tesque), was used.

Methanolic solution of BHT, 10 mg ml- I . The solution was
stable for periods exceeding 1 month in a tightly stoppered
vessel.

Apparatus

The absorbance and absorption spectra measurements were
obtained using a Hitachi Model 200-20 spectrophotometer
with I.oo-cm path length glass cells. Dried flasks and pipettes
were used for the colour reaction.

Procedure

Transfer 5 ml of a sample DMSO solution containing less than
160 Ilg of fluorene into a 10-ml calibrated flask. Add 1.0 ml of
the DMSO solution of NQSS and mix, then add 0.5 mt of the
methanolic solution of sodium methoxide. Without delay
stopper the flask with a tight-fitting glass plug, and stir the
mixture thoroughly for exactly 30 s. Immediately dilute the
mixture to the mark with the methanolic solution of BHT and
mix well. Measure the absorbance of the resultant solution, at
655 nm, against the reagent blank.

Results and Discussion

Absorption Spectra

Fig. 1 shows the absorption spectra of the coloured solution
and the reagent blank, which were measured against the
reagent blank and distilled water, respectively. As is shown in
Fig. 1, the solution obtained exhibits a maximum absorption in
the vicinity of 655 nm. The wavelength, however, varied
within the range 600-720 nm when the DMSO to methanol
ratio in solution was changed by further dilution.
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Fig. 3. Effect of stirring time. The absorbance of (a) the reaction
product of fluorene (125 ",g) with 1, 10 mg of NQSS and 2, 15 mg of
NQSS; and (b) the corresponding reagent blanks measured against
the blank and distilled water, respectively. The mixture was stirred
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inhibited the reaction. Therefore, a saturated methanolic
solution of sodium methoxide was used in order to minimise
the amount of methanol in the reaction system. The effect of
the amount of the saturated solution was studied over the
range 0.1-2 ml for 6 ml of the fluorene - NQSS - DMSO
mixture. In these experiments, the absorbance was almost
constant for additions greater than 0.2 m\. Therefore, 0.5 mI
of the saturated solution was used for the reaction.

5 10 15 20
Amount of NOSS/mg

Fig. 2. Effect of the amount of NQSS. The absorbance of: 1, the
reaction product of fluorene (125 ",g); and 2, the reagent blank,
measured at 655 nm against the corresponding reagent blank and
distilled water, respectively

Prevention of Colour Fading

The reaction product was unstable in the alkaline DMSO ­
methanol medium. Although the solution was allowed to
stand in a tightly stoppered flask, the colour gradually faded as
time elapsed, as shown in Fig. 4 (curve 2). However, this
fading could be prevented by the addition of small amounts of
BHT which is an effective anti-oxidant. Fig. 4 (curve 1)
indicates that the colour is stable for at least 1.5 h in the
presence of approximately 35 mg of BHT.

oL....-_""":::====..::J
500 600 700 800

Wavelength/nm

Fig. l. Absorption spectra of: 1, the reaction product of fluorene
(125 I'g) with NQSS (10 mg); and 2, the reagent blank, measured
against the blank and distilled water, respectively

0.8

Reaction Time and Temperature

The reaction was instantly complete in the proposed medium
at room temperature. However, the absorbance of the
product could not be measured instantly due to interference
from the coloured by-product, which formed because decom­
position of NQSS had taken place simultaneously in the
medium. In order to avoid this interference, the mixture
needed subsequent continuous and thorough stirring in a
tightly stoppered flask. Fig. 3 shows the effect of stirring time
on the absorbance of both the reaction product and the
reagent blank. The result, obtained from additional experi­
ments, in which 15 mg of NQSS were used instead of 10 mg is
also shown in Fig. 3, for comparison. These results demon­
strate that the absorbance of the blank can be quickly
diminished by stirring the mixture, however, the absorbance
of the product also decreases gradually. For the rapid
determination of fluorene a 30-s reaction time was chosen.

An increase in reaction temperature produced a similar
effect to that observed with an increase in stirring time. When
the temperature ranged from 20 to 30°C the absorbance of the
reaction product obtained decreased by 6.5%, compared with
that obtained at 20°C. The difference between the ab­
sorbances is, however, not that large, and the variation in
temperature appeared to be negligible under ordinary condi­
tions. Therefore, the reactions were carried out at room
temperature.

Effect of the Amount of Sodium Methoxide and Methanol

The presence of large amounts of methanol, being used to
increase the solubility of sodium methoxide in DMSO,

0.2

Effect of the Amount of NQSS

The reaction of fluorene (125 f.lg) was carried out using 1-17
mg of NQSS, and the absorbance of the resulting product was
measured. At the same time, the effect of the reagent blank at
levels up to 20 mg was also measured against distilled water.
The results of these experiments are illustrated graphically in
Fig. 2. The Figure (curve 1) indicates that the absorbance of
the reaction product increases with an increase in the amount
of NQSS used and does not become constant within the range
studied. However, the variation in the absorbance is non­
linear and gradually diminishes. On the other hand Fig. 2
(curve 2) shows that an increase in the amount of NQSS of
more than approximately 16 mg causes the absorption signal
of the reagent blank not only to rise steeply but also to be
unstable. It is, therefore, recommended that 10 mg of NQSS,
measured accurately, be used for the determination of
fluorene.
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Table 1. Effect of a variety of aromatic compounds
0,7

3

• According to the procedure, 100 J!g of fluorene were allowed to
react.

Amount of
added

compound! Absorbance
mg at 655 nm Difference

0.520
102 0.526 +0.006
102 0.524 +0.004
102 0.520 0.000
105 0.521 +0.001
10.7 0.511 -0.009
20.8 0.500 -0.020
0.12 0.508 -0.012
0.35 0.500 -0.020
1.2 0.494 -0.026

101 0.515 -0.005
101 0.514 -0.006
102 0.516 -0.004
23.0 0.516 -0.004
0.33 0.513 -0.007
1.1 0,493 -0.027
2.0 0.521 +0.001
5.0 0.503 -0.017

10.8 0,494 -0.026
0.34 0.515 -0.005
1.1 0,490 -0.030
0.12 0.509 -0.011
0.36 0,473 -0.047
1.2 0,412 -0.108
0.31 0.509 -0.011
1.0 0.501 -0.019
0.010 0.509 -0.011
0.031 0,491 -0.029
0.10 0.469 -0.051
0.31 0.410 -0.110
1.0 0.400 -0.120
1.1 0.514 -0.006
2.2 0.504 -0.016
0.011 0.513 -0.007
0.032 0.484 -0.036
0.11 0,430 -0.090
0.32 0.340 -0.180
1.1 0.215 -0.305
0.52 0.528 +0.008
1.0 0.530 +0.010
2.1 0.499 -0.021
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Fig. 5. Absorption spectra obtained from commercially available
phenanthrene and pyrene. According to the determination pro­
cedure: 1,52 mg of the phenanthrene; 2, 105 mg of the pyrene; and 3,
fluorene standard solutIOn (120 J!g) were allowed to react

The concentrations of fluorene in commercial phenanthrene
and pyrene samples were 0.21 and 0.086% m1m, respectively,
according to calculation from the calibration graph. The net
time required to determine fluorene in each sample was less
than 5 min. In comparison with the chromatographic separa-

Application to Practical Samples

The proposed method was applied directly to the determina­
tion of fluorene in commercially available phenanthrene and
pyrene without pre-treatment. As the purification of such
polycyclic aromatic hydrocarbons, mostly obtained from coal
tar, is relatively difficult, the commercial chemicals usually
contain a variety of small amounts of the analogues as
impurities. Therefore, it is useful to determine fluorene as one
of the impurities in these samples because the results may
provide valuable information on the purity and the source.
Fig. 5 shows the resulting absorption spectra obtained from
phenanthrene (52 mg) and pyrene (105 mg) samples, which
were of guaranteed-reagent grade, and the spectrum from a
fluorene standard solution (120 f!g). These three spectra are
virtually identical over the wide wavelength range 550--850
nm, as shown in Fig. 5. Therefore, Fig. 5 indicates that the
proposed spectrophotometric method is selective for the
determination of fluorene in these analogous hydrocarbons.

l'l
; 0.6
.c
(;
<II
.c
<l: 0,5

0,4

0.5 1 1.5
Standing time/h

Fig. 4. Effect of standing time. The reaction mixture consisting of
fluorene (125 J!g), NQSS (10 mg), sodium methoxide. methanol and
DMSO solution was diluted to the mark with 1, a 10 mg ml- 1

methanolic solution of BHT or 2, methanol only

Effect of Foreign Compounds

The effect of 19 different aromatic compounds on the
determination of fluorene (100 f!g) was studied and the results
are summarised in Table 1. Some aromatic carbonyl com­
pounds and quinones have an appreciable effect on the colour
development, but even in the presence of 10-fold amounts of
these compounds the colour reaction of fluorene proceeds,
albeit with a decrease in absorbance. Unlike such interfering
compounds, analogous polycyclic aromatic hydrocarbons
(except anthracene and 9,10-dihydroanthracene) and dibenzo­
furan do not interfere even in amounts 1000-fold greater than
fluorene. Judging from the influence of anthraquinone given
in Table 1, it can be presumed that the adverse effects of
anthracene and 9,10-dihydroanthracene are attributable to
that of anthraquinone produced by the oxidation of both
hydrocarbons in the reaction mixture. Therefore, Table 1
indicates that the colour reaction is easily applicable to the
selective determination of fluorene in the presence of other
hydrocarbons.

Calibration Graph

Beer's law was obeyed up to a concentration of 16 f!g ml- 1 of
fluorene. The relative standard deviation was 1.3% on ten
measurements carried out using 125 f!g of fluorene. The
reaction product possesses an apparent molar absorptivity of
8.7 x 103 1mol- 1 cm- I which was calculated on the basis of the
resulting absorbance (0.657) at 655 nm in the final dilute
solution (10 mt) obtained from 125 f!g of fluorene and 10 mg of
NQSS, even if further additions of NQSS result in an increase
in the absorbance (see Fig. 2).
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tion, the proposed determination procedure is selective, rapid
and simple.
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Spectrofluorimetric Determination of Sulphide in Natural and
Wastewaters With 1,2-Naphthoquinone-4-sulphonate

A. Punta, F. J. Barragan,* M. Ternero and A. Guiraum
Department ofAnalytical Chemistry, University of Sevilla, 41012 Seville, Spain
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A simple and sensitive spectrofluorimetric method for the determination of sulphide with
1,2-naphthoquinone-4-sulphonate (NS) has been developed. Sulphide in water samples (preserved as ZnS
and then dissolved at pH 5.2 with ethylenediaminetetraacetic acid) gives a blue fluorescence O'ex 235 nm and
"-em 470 nm) after reaction with NS, which allows the quantitative determination of this species. The samples
were stored in the dark by wrapping the storage flasks in aluminium foil. Sulphide can be determined in
solutions with concentrations in the range O.08-0.48l!g ml- 1 with a coefficient of variation of 3.20% (p = 0.10;
n = 15) for a concentration of 0.25 I!g ml-'. The proposed method is tolerant of many common cations and
anions. A 2aO-fold excess of cyanide with respect to sulphide does not interfere with the analysis. A
complementary procedure including a prior distillation step is described for samples with suspended
materials or with a lower sulphide content. To test the utility of both procedures (direct and with distillation)
various samples of natural waters, industrial wastewaters and municipal wastewaters were successfully
analysed.

Keywords: Sulphide determination; waters analysis; spectrofluorimetry; 1,2-naphthoquinone-4-sulphonate

Hydrogen sulphide is evolved in waters during the anaerobic
decomposition of sulphate or sulphur-containing compounds.
The sulphide ion is also found in industrial effluents. The
toxicity of the sulphide ion, caused by its great ability to
co-ordinate with many metals involved in human metabolism,
leads to the necessity for new sensitive and selective analytical
methods for its determination. Thus, several spectrofluori­
metric methods have been developed as alternatives to the
Methylene Blue colorimetric method. I There are many
instrumental methods described in the literature for the
determination of sulphide at trace levels, including: spectro­
photometry2-5; inductively coupled plasma atomic emission
spectrometry6; gas chromatography7.S; ion chromato­
graphy9.1O; potentiometry with selective electrodes I1.12; rapid
d.c. polarographyl3; normal pulse polarographyl4; and
cathodic stripping voltammetry.15.16

The spectrofluorimetric methods currently available for the
determination of sulphide are based generally on substitution
reactions of sulphide ion with an organic reagent that initially
forms a chelate with the cation. There are methods in which
the cation forms a fluorescent chelate and the sulphide ion
inhibits its fluorescence (quenching action)17-20 and also
methods in which the initial chelate is non-fluorescent and the
substitution reaction releases the fluorescent organic reagent
(fluorogen action).21 The quenching of sulphide ion on
tetra(acetoxymercurio)fluorescein has been used by Wron­
ski,I7 on di(acetoxymercurio)fluorescein by Griinert et al. ls
and on the 3,4,5,6-tetrachlorofluorescein-mercury compound
by Mori et al. 19 Vernon and Whitham20 proposed a method for
the determination of sulphide based on its reaction with an
excess of copper, and addition, in excess, of 2-(o-hydroxy­
phenyl)benzoxazole (HPB), which forms a non-fluorescent
complex with the remaining copper. The fluorescence inten­
sity of free HPB is then measured. Bark and Rixon21 have
described a very sensitive method (detection limit 3 x 10-4
I!g ml- I) based on the liberation of2,2'-pyridylbenzimidazole
from its non-fluorescent mercury(U) complex by the sulphide
ion.

Using the enzyme peroxidase, homovanillic acid is conver­
ted by hydrogen peroxide into a highly fluorescent product;
sulphide can then be determined by its inhibitory action on
this system.22

• To whom correspondence should be addressed; do Professor
Garcia Gonzalez sin. 41012-Seville, Spain.

Only one method is based on the reducing action of sulphide
in spite of its notable reducing character. In this method
sulphide competes with thiamine when it is oxidised to the
fluorophore thiochrome. 23

Recently, the o-phthalaldehyae reaction with thiols (gener­
ated by alkylation of the sulphide ion), in the presence of the
primary amine taurine to form a fluorophore, was applied to
the determination of sulphide by Sano and Takitani,24

At present, none of the spectrofluorimetric determinations
of sulphide uses a reaction involving both the reducing
character of sulphide and the appearance of fluorescence. The
proposed method implies the formation of a fluorescent
product from the reduction of potassium 1,2-naphthoquinone­
4-sulphonate (NS) by sulphide ion. This method is obviously
simpler than those in the literature, indicating the formation of
chelates andlor systems with multiple species. Furthermore,
as it also involves fluorescence, better selectivity is attained
and interferences commonly associated with other methods,
such as those for cyanide, thiocyanate, thiosulphate, iodide
and carbonate, are absent.

Experimental

Apparatus

Spectrojluorimeter. A Perkin-Elmer LS-5 spectroflu­
orimeter equipped with a Colora KS ultrathermostat and
l.00-cm cells, was used.

pH-meter. A Beckman 70 pH-meter with a combined
saturated calomel - glass electrode was used for pH measure­
ments.

Distillation apparatus. A standard distillation assembly
(Biichi)25 equipped with a 250-ml distillation flask was used.
This flask was fitted with a dropping funnel and a gas inlet so
that the inert gas (nitrogen) could be bubbled through the
solution. The receiving vessel was a l00-ml calibrated flask.

Reagents

Sulphide standard solution. An approximately 100 mg I-I
solution was prepared by dissolving 0.75 g of sodium sulphide
nonahydrate in 1 I of water. This was renewed and standard­
ised every day using the iodimetric method. Solutions were
used within 6 h.

Potassium 1,2-naphthoquinone-4-sulphonate solution. A
3.77 X 10-3 M solution was prepared by dissolving 0.104 g of
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the potassium salt in 100 ml of water and stored in an
amber-coloured bottle. This NS solution must be prepared
daily.

Acetic acid - potassium acetate buffer solution. AD. 1 M (total
concentration) pH 5.2 solution was prepared by dissolving 6
ml of glacial acetic acid and 3.5 g of potassium hydroxide in 11
of water.

Zinc acetate solution. An approximately 0.1 M solution was
prepared by dissolving 22 g of zinc acetate dihydrate in 1 I of
water. Dilute this stock solution as appropriate to produce a
0.01 M working solution.

Ethylenediaminetetraacetic acid solution (EDTA). An
approximately 0.1 M solution was prepared by dissolving 40 g
of the disodium dihydrate salt in 1 I of water.

Potassium chlorate solution. An approximately 0.1 M

solution was prepared by dissolving 12.2 g of the salt in 1 I of
water.

Phosphoric acid solution. Concentrated phosphoric acid
solution (85%) (sp.gr. 1.71) was used.

Nitrogen-purifying solution. Mercury(II) chloride (5 g) was
dissolved in 100 ml of 2% mJv potassium permanganate
solution.

The reagents for the Methylene Blue reference method
used for evaluating the performance of the proposed method
were prepared as described in reference 1.

All reagents and solvents were of analytical-reagent grade.
Distilled, de-ionised water was used throughout.

Procedure

Spectrofluorimetric determination of sulphide

To the sample solution, containing 2-12 ~g of sulphide, in a
25-ml calibrated flask wrapped with aluminium foil to secure a
convenient darkness, add 5 ml of pH 5.2 buffer solution and
0.8 ml of 3.77 x 10-3 M NS solution and dilute to the mark with
water. After mixing, allow to stand for 30 min, prepare a blank
solution without sulphide and measure the fluorescence
intensities (25 ± 1°C) of both solutions at 470 nm, using an
excitation wavelength of 235 nm. Then calculate the differ­
ence in fluorescence intensities and plot a calibration graph.

Determination of sulphide in waters
Preserve the sample by placing 2 ml of 0.1 M zinc acetate
solution into a 1000-ml flask, filling completely with the
sample and stoppering. Total sulphide was determined
spectrofluorimetrically either by a direct method, or by
distilling as hydrogen sulphide from acidic media if the sample
is not entirely free from suspended solids, or to concentrate
the sulphide content into a smaller volume for greater
analytical sensitivity.

(a) Direct determination without distillation. Depending on
the sulphide ion content, transfer an accurate volume of
sample (up to 15 ml), containing 2-12 ~g of sulphide into a
25-ml calibrated flask wrapped in aluminium foil and then add
2.5 ml of 0.1 M chlorate solution. After mixing, add 5 ml of pH
5.2 buffer solution, 0.8 ml of3.77 x 10-3 M NS solution and 0.5
ml of 0.1 M EDTA solution, and dilute to the mark with water.
Similarly, prepare a blank solution without sulphide. Allow it
to stand for 30 min and measure the fluorescence intensities
(25 ± 1°C) at 470 nm, using an excitation wavelength of 235
nm. Calculate the difference in fluorescence values and
determine the concentration of sulphide in the sample from
the calibration graph prepared using data obtained under
identical conditions.

(b) Determination with distillation. Depending on the
sulphide ion content, place up to 200 ml of the sample
containing 8-48 ~g of sulphide into a 250-ml distillation flask
(for samples with sulphide concentrations lower than 0.04
~g ml- t , place up to 400 ml into a 500-ml distillation flask).
Introduce 1 ml of 0.01 M zinc acetate solution and 20 ml of
distilled water into a 100-ml calibrated flask. Heat until boiling
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under a moderate flow of nitrogen (2 ml min-I) which has
passed through a wash bottle containing the nitrogen-purify­
ing solution to remove sulphide and other reducing impurities.
When the water begins to distil over into the receiver, add 5 ml
of phosphoric acid solution to the distillation flask through the
dropping funnel. After 15 min, when approximately 70 ml
have distilled over, cease distillation. Remove the calibrated
flask and inlet tube from the apparatus, wrap in aluminium foil
and add 10 ml of 0.1 M chlorate solution. After mixing, add 10
ml of pH 5.2 buffer solution, 3.2 ml of 3.77 x 10-3 M NS
solution and 2 ml of 0.1 M EDTA solution, dilute to the mark
with water and proceed as described under (a) Direct
determination without distillation. Prepare the calibration
graph by using standard solutions of sulphide treated in the
same manner.

Results and Discussion

Study of the NS - Sulphide System

When a solution of NS, which is yellow, is treated with a
weakly acidic solution of sulphide, a colourless product is
formed. The colour reaction has already been used for the
indirect determination of sulphide in the spectrophotometric
determination of unreacted NS with sulphanilic acid. 26

The product ofthis reaction has fluorescence properties and
the maximum wavelengths of the excitation and emission
spectra at pH 5.2 are 235 and 475 nm, respectively. Ascorbic
acid also produces a similar fluorescent product with NS, but
its fluorescence intensity is about lO-fold lower, under similar
conditions. On the other hand, NS itself shows some fluor­
escence when boiled for 30 min in aqueous solutions27 (Fig. 1).

The addition of sulphide ion to a solution of the NS reagent
induces fluorescence, which increases slightly over 25 min and
then reaches a constant value at room temperature; the
fluorescence remains constant for a further 120 min after
which a decrease in the fluorescence is observed.

The measured fluorescence intensity diminished under
normal light, as NS is susceptible to photochemical decompo­
sition which increases the fluorescence of the blank. Hence, a
decrease of the measured fluorescence of 5% from the initial
value was observed for samples under ultraviolet or visible
light. Throughout this work the samples were protected
against light decomposition by wrapping them in aluminium
foil to ensure good reproducibility and a consistent magnitude
of measurements.

The effect of temperature was tested in the range 20-70 ce,
under the conditions given in the procedure for the spectro­
fluorimetric determination of sulphide (see Table 1). The
fluorescence intensity remained stable for measurements
made at temperatures of up to 50°C. At higher temperatures,

100,..-------------------,

..!!- 50

400 500 600
Wavelength/nm

Fig. 1. Fluorescence emission spectra of 1.03 x 10-4 M NS solution.
1, Without sulphide at 25°C; 2, without sulphide and boiling for 30
min; 3, with sulphide (1.07 x 10-5 M), at 25°C; and 4, with ascorbic
acid (1.07 x 10-5 M), at 25°C
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Table 1. Effect of temperature on the relative fluorescence intensity of
the NS - sulphide system (amount of sulphide taken = O.409l'g ml-')

Table 2. Effect of foreign ions on the spectrofluorimetric determina­
tion of sulphide (amount of sulphide taken = 0.35 I'g ml-')

Calions-
Nal,K' 2000
NH.' 100
Call,MglI.. 50
Cd" . . 0.2 (30)'
Cull, Mn" 0.1 (10)'
Znll , Felli. . 0.1 (2)'

'With addition of EDTA to the sample, fixed with zinc acetate.
t With addition of chlorate to the sample, fixed with zinc acetate.

Relative
TfC fluorescence intensity
20 57.1
25 55.5
30 55.5
35 55.2
40 54.9
45 56.2
50 54.5
55 53.0
60 52.0
65 52.3
70 52.5

60

40

Ion added
Anions­

Acetate
Chloride, bromide, sulphate
Carbonate
Tetraborate, arsenate, orthophosphate,

tartrate ..
Nitrate, oxalate
Citrate
Cyanide
Thiosulphate
Iodide, thiocyanate
Nitrite
Iodate, chlorate
Sulphite ..
Periodate ..

Tolerance
IimitlJlgml- 1

2000
1000
500

200
100
50
50(100)'
20
5
2
0.5
0.4 (2)t
0.3

20 Table 3. Recovery of sulphide in the presence of zinc acetate andlor
EDTA

Substance added
(I'ffiol per 25 ml of sample)

268.8
107.5
53.8
53.8
53.8
53.8

EDTA

3.82
2.29
1.15

1.53
0.19
0.03

Zinc(I1)

Sulphide recovered
-------------- (I'mol per25ml

of sample)
0.32

<0.01
0.27
0.32
0.18
0.27
0.33
0.18
0.32
0.32

greater amounts, which is of analytical interest. The relative
amounts of thiosulphate, cyanide and iodide that can be
tolerated are greater than those in the Methylene Blue method
and most of the spectrofluorimetric methods (Table 5).

Other anions such as chlorate, iodate and periodate, that
cause oxidation of sulphide also interfere. Therefore, if these
oxidants are present in a sample it is unlikely that any sulphide
will be present, hence, examination ofthese incompatible ions
as interferents in these methods becomes unnecessary.

Next, the effect of foreign cations was studied. Cations
which react with sulphide to form precipitates showed
interferences. Other cations (calcium, magnesium, sodium,
potassium and ammonium) which do not form insoluble
sulphides can be tolerated to a greater excess.

Zinc acetate is normally used to preserve sulphide in water
samples9•28 and as a reagent to collect hydrogen sulphide in
distillation procedures. A preliminary interference study was
carried out in the presence of zinc acetate in order to establish
its suitability for these purposes. The interfering effect of
EDTA was also investigated, and utilised in order to enable
the total dissolution of zinc sulphide at the working pH of 5.2.
The EDTA also acts as a masking reagent for other cations
which form insoluble sulphides. The results of these investiga­
tions appear in Table 3.

the relative decrease in fluorescence is due to the increase of
fluorescence in the blank. Subsequent measurements were
carried out at 25 ± 1°C.

4 6 10
pH

Fig. 2. Fluorescence intensity versus pH. The cross-hatched zone
represents precipitation of NS in the sample

Spectrofluofimetric Determination of Sulphide

The optimisation of every variable influencing the reaction
between sulphide and NS has been studied.

The reaction is dependent On pH. The fluorescence
intensity versus pH graph (Fig. 2) shows a useful working pH
range between 5.00 and 5.70. Acetate buffer (pH 5.2) was
used in all subsequent fluorescence work.

The effect of the NS concentration on the intensity of the
fluorescence was tested. A 5-fold molar excess of the reagent
is necessary for maximum fluorescence.

The ionic strength of the solution does not affect the
fluorescence of the NS - sulphide system.

The order of addition of the reagents was found not to be
important. The sequence: sulphide; buffer solution; NS was
adhered to during the preparation of all measured solutions.

A linear calibration graph was obtained over the COncentra­
tion range 0.0!Hl.48 Jlg ml- 1 of sulphide. The coefficient of
variation (p = 0.10, n = 15) of the method is 3.02% for 0.25
Jlg ml- 1 of sulphide and 3.53% for 0.12 Jlg ml- 1 of sulphide.

In order to assess the possible analytical applications of the
spectrofluorimetric method, the influence of some of the
aniOns that often accompany sulphide was examined by
adding different amounts of these aniOns to a 0.35 Jlg ml- I

sulphide ion solution. An error of 2% in the fluorescence
readings was considered tolerable. The results obtained are
shown in Table 2. The major interferences were caused by
anions such as sulphite and nitrite. Other sulphur anions such
as thiocyanate, thiosulphate and sulphate can be tolerated in
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From these results, it is concluded that: (a) only 0.03 J.lmol
of zinc(lI) can be tolerated in the determination of sulphide
without EDTA in the medium; (b) no interference was seen
when 53.80 J.lmol of EDTA were added (which represents a
168-fold molar excess) to the determination of the above
amount of sulphide; and (c) using 53.80 J.lmol of EDTA, as
masking and dissolving agent, 0.15 J.lmol ofzinc(lI) (a 3.6-fold
molar excess) can now be tolerated. Therefore, zinc acetate
can be used at the level given under Procedure as preserving
agent and as a collector of hydrogen sulphide.

Under these new conditions, the effect of foreign interfering
cations was studied again. Now, a 3D-fold mass excess of
cadmium(Il), a lO-fold excess of manganese(Il) and cop­
per(Il), and a 2-fold excess of zinc(Il) and iron(III) can be
tolerated. However, the tolerance limit for cyanide is also
greater (now 100 J.lg ml- I , previously 50 J.lg ml- I ) due to the
complexing action of zinc(Il) on this anion (Table 2, values in
parentheses).

(a) Direct method

The sulphide in the sample is fixed with zinc acetate and
treated with NS at pH 5.2 in the presence of EDTA, to enable
the dissolution of zinc sulphide and other insoluble sulphides.
From data reported above (under Spectrofluorimetric deter­
mination of sulphide), it is concluded that the major inter­
ferences are caused by reducing agents, whereas other
substances can be tolerated at the levels normally present in
natural waters and wastewaters. The addition of chlorate was
found to increase the tolerance level for sulphite. When 2.5 ml
of 0.1 M chlorate solution are added to the sample suspension
(with sulphide fixed), up to 2 J.lg ml- 1 of sulphite can be
tolerated (Table 3).

A calibration graph for the range 0.lJ8-{).48 J.lg ml- I was
prepared using standard solutions of sulphide ion treated in
the same manner as the samples. The coefficients of variation
calculated for replicate analyses of 0.25 and 0.12 J.lg ml- I

sulphide solutions were 3.20 and 4.39%, respectively.

0.48 ± O.02t 0.47 ± 0.03

0.05 ± O.OH 0.04 ± 0.Ql

0.12 ± O.OH 0.15 ± 0.01
0.21 ± 0.03t 0.21 ± 0.01
0.74 ± O.Olt 0.71 ± 0.03

Sulphide found"/Ilg ml- I

(b) Distillation method

In order to assess possible analytical applications of the
determination of sulphide in the presence of interfering
substances or when the samples contain suspended solids, or
to attain greater sensitivity by concentration of the analyte, it
appears that prior separation of the sulphide from interferents
may be useful. Most interfering substances can be removed by
distilling the sulphide, as hydrogen sulphide which is collected
on zinc acetate at pH 5.2 from acidic media. The efficiency of
the collection was tested by distillation of a series of standard
sulphide solutions under the conditions described under
Experimental and using the Methylene Blue method as a
control. Quantitative recoveries were obtained.

The possible interference from some anions (Br- , 1- , CI- ,
C20 42-, P043-, S042-, CH3COO-, CN- and SCN-) which
may also be carried over by the distillation was investigated.
The tolerance limits of these anions under the distillation
conditions (presence of zinc as collector in the receiver flask
and addition of EDTA to aid dissolution and masking) were
very similar to those reported in Table 3, which shows that the
procedure is highly selective.

The calibration graph was prepared for the range between
0.04 and 0.24 J.lg ml- I , under the conditions described under
Procedure, using a 2OD-ml volume of sample. For samples with
lower concentrations than 0.02 J.lg ml- 1, a calibration graph
between 0.01 and 0.12 J.lg ml- 1 was prepared, using a 4OD-ml
volume of sample. The coefficient of variation of the method
(p = 0.10) is 3.70%.

Methylene
Proposed Blue
method methodt

0.02 ± O.Olt 0.02 ± 0.01
Type Location ofsampling

A Guadalquivir River
B Guadalquivir Dock (sampling

point no. 1)
Guadalquivir Dock (sampling point

no. 2, commercial port) 0.10 ± O.OH 0.11 ± 0.01
Guadalquivir Dock (sampling point

no. 3, commercial port)
C Effluent from a pulp industry
D Untreated sewage

Effluent from a sewage treatment
plant (primary sedimentation)

Effluent from a sewage treatment
plant (activated sludge) 0.08 ± O.Olt 0.08 ± 0.01

" Average of three separate determinations.
t Determination with prior distillation.
i Direct determination.

Table 4. Determination of sulphide in natural waters and wastewaters.
A, river water; B, dock river water; C, industrial wastewater; and D,
municipal wastewater

Determination of Sulphide in Waters

Based on the experimental work, two methods are reported
for the spectrofluorimetric determination of sulphide ion in
natural waters and wastewaters.

Table S. Characteristics of the other reagents used for the spectrofluorimetric determination of sulphide

Sensitivity/
pH/alkalinity Ilg per 100 ml

Reagents conditions Aexfl....m/nm of sample Interferences" References
1,2-Naphthoquinone-4-sulphonate

5.0-5.7 235/475 4-48 Zn, Fe. S032-. N02- This workWithout distillation ..
With distillation 5.0-5.7 235/475 1-24 S032-.N02- This work

Di-(acetoxymercurio)f1uoresceint O.lMNaOH 499/519 0.1-1 Co, Ni, Fe. I-i 18
3,4,5,6-Tetrachlorofluorescein-

4961550 0-400 SCN-. ~032-i 19mercuryt 6.4-7.0
CUll + 2-(o-hydroxyphenyl)-

O.QlMNaOH 355/459 0.1-10 CN- 20bemoxazolet ..
Hgll_2,2'-pyridylbemimidazole 6.2-7.3 311/381 0.3-3.2 CN-,SCN- 21
Homovanillic + H20 2+ peroxidaset 8.5 3-320 Mn, Fe, Co. CN- 22
Thiamine + permanganatet 7.7 375/440 0.3-2 Cd, Co, Mn, Hg, SOl-,

P043- , EDTAi 23

24
1-16033814508.5-9.0 Fe. Mn.Cu.CN-,

~Oi-

" Reported substances exhibiting interferences at levels lower than a 5-fold mass excess, with respect to sulphide.
t Based on the inhibitory action of sulphide ion on the fluorescence of the system.
i Interference of cyanide was not reported.

Me-p-toluenesulphonate + taurine +
o-phthalaldehyde ..
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Analysis of natural water and wastewaters

The proposed methods were applied successfully to the
determination of trace amounts of sulphide in natural waters
and wastewaters.

The results are given in Table 4 together with those
obtained using the Methylene Blue method as reference.
However the Methylene Blue method could not be applied
directly, but only after distillation under the same conditions
as for the proposed procedure, because the presence of
interfering substances always prevented formation of the
characteristic blue colour.

The proposed method was applied directly, and also by
distillation of H2S (depending on sulphide content andlor the
interfering substances and suspended solids, present in the
samples). Thus, the direct method was applied for the
determination of three samples taken from Guadalquivir
Dock at Seville, and the distillation method for samples from
the Guadalquivir River and from municipal and industrial
effluents. The results showed that the accuracy for the
determination of sulphide was satisfactory.

Conclusions

Two sensitive and selective procedures for the determination
of sulphide ion in waters have been established, based on the
fluorescent reaction of this ion with the NS reagent at pH 5.2.
The first procedure relies directly on the reaction between
sulphide and NS and the second involves prior distillation as
H2S. Hence, the over-all determination time is longer,
however, the method has lower determination limits and
turbid waters can also be processed.

The proposed method is highly selective. The main inter­
ferents are sulphite and nitrite ions, which may also be carried
over by the distillation procedure. The elimination of these
interferents, if necessary (for a ratio of interferentto sulphide
greater than 5 to 1), is very simple. Co-distilled S02 can be
removed using a filter impregnated with KHC0323 and N02­
can be removed by adding several drops of urea solution25 into
the receiver flask.

Many other reagents have been proposed for the spectroflu­
orimetric determination of sulphide (Table 5). Most of these
methods are based on the inhibitory action of sulphide on a
fluorescent system,I8-23 which represents a severe disadvan­
tage in relation to their reliability. It is noticeable that their
direct applicability to water samples is often limited by the
interference of trace amounts of metals precipitating with the
sulphide or as hydroxide due to the high alkalinity employed
in the procedures. In contrast, the direct procedure [proce­
dure (a)Idoes not suffer from the above limitations (as it is not
based on fluorescence quenching) and EDTA addition and
pH of the medium minimise the interference from metal ions.
Many of the other methods in Table 518-21 are based on
substitution reactions (reactions between sulphide ion and a
cation that initially forms a chelate with an organic reagent)
which have high sensitivities, but are less selective over-all
with respect to other competitive complexing anions. For
example, CN- seems to be a strong interferent for the
substitution and other methods but the proposed method
tolerates a concentration of CN- that is 286-fold in excess of
that of the sulphide ion.

The proposed method is not as sensitive as some other
methods, even when the distillation technique is considered.
Nevertheless, the applicability of other methods to real
samples has not been substantiated, and has only been tested
with SUlphide standards. The method of Bark and Rixon21
always involves distillation. The method of Grunert et al. IS is
highly sensitive, but also involves a complicated procedure
and is particularly recommended for the determination of
trace amounts of sulphur in organic substances after
hydrogenation.
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Sano and Takitani24 applied the f1uorogenic reaction of
alkylated sulphide ion with taurine and o-phthalaldehyde to
the determination of sulphide in natural spiked waters. At
present it is the only method for the determination of sulphide
based on the appearance of fluorescence, but it also has the
inconvenience of having to heat the solutions to 60 °C for 30
min and the method suffers interference from cyanide and
some cations.

The standard Methylene Blue method for the determina­
tion of sulphide in waters I is less selective and 3-10 times less
sensitive than the proposed method and it suffers from the
practical disadvantage, that the rate of colour formation is
dependent on the concentration of sulphide.

The proposed method, according to the above considera­
tions and the satisfactory results obtained for various real
samples, provides a useful tool for the determination of
sulphide ion in natural waters and in both municipal and
industrial wastewaters. The method shows excellent selectiv­
ity, sensitivity, reproducibility and versatility and may be used
directly, or with prior distillation of H2S.
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Enhanced Luminescence of the Europium(lII) - Terbium(lII) ­
Dibenzoylmethane - Ammonia - Acetone System and its Application
to the Determination of Europium

Yang Jinghe, Ren Xuezhen, Zou Huabin and Shi Ruiping
Department of Chemistry, Shandong University, Jinan, People's Republic of China

The enhanced luminescence ofthe Eu - dibenzoylmethane(DBMj - NH3 system in the presence ofTb3 + and the
effect of solvents on that system in the absence of Tb3 + were studied. The optimum conditions for
co-luminescence of the Eu - Tb - DBM - NH3 system were examined. The optimised procedure was applied to
the determination of trace amounts of Eu. The detection limit is 4.0 x 10-11 M, which is about two orders of
magnitude lower than that of the system in the absence of Tb. An intermolecular transfer of energy from the
enhancing complex to the fluorescing complex is proposed.

Keywords: Fluorescence enhancement; europium determination; terbium; spectrofluorimetry;
intermolecular energy transfer

The determination of Eu using the Eu - dibenzoylmethane
(DBM) - diethylamine(DEA) fluorescence system has been
reported. l However, it was not investigated in detail. During
an in-depth study of the system we found that fluorescence
enhancement effects were observed when La3+ and Lu3+ were
added to the system in the absence of DEA. The enhancement
was much greater for 'fb3+ and Y3+ and still greater for Gd3+.
This is known as a co-luminescence effect.2

In this paper, the co-luminescence effect of the complex
formed by Eu3+ with DBM and NH3 in the presence ofTb3+ is
reported and a spectrofluorimetric method for the determina­
tion of ultratrace amounts of Eu is described. The detection
limit of Eu3+ with the Eu - Tb - DBM - NH3 complex in
acetone - Gum Acacia is 4.0 x 10-11 M, which is ca. two orders
of magnitude lower than that of the system in the absence of
Tb.

Experimental

Reagents

All chemicals used were of analytical-reagent grade, and
distilled, de-ionised water was used to prepare the solutions.
Stock solutions (1.00 x 10-2 M) of lanthanides were prepared
by dissolving the oxides (99.9% or better) (Yuelong Chemical
Plant, Shanghai, China) in dilute hydrochloric acid. Working
solutions were prepared by appropriate dilution with water. A
2.0 x 10-3 M DBM (Beijing Chemical Plant, China) solution
was prepared by dissolving the appropriate amount of the
reagent in acetone. A 1.0 M NH3 - 1.0 M NH4Cl solution was
used as a buffer.

Apparatus

All fluorescence intensity measurements were made on an
RF-540 spectrofluorimeter (Shimadzu) with a 150-W Xe arc
lamp as the excitation source.

General Procedure

To each of a series of 25-ml test-tubes, add the solutions in the
following order: working solutions of Eu3+, Tb3+, DBM and
buffer solutions. Dilute the mixture to 10 ml, shake and allow
to stand for 15 min. Measure the fluorescence intensity in a
l-cm quartz cell at excitation and emission wavelengths of 400
and 612 nm, respectively. To study the effect of pH on the
fluorescence intensity, dilute hydrochloric acid or sodium
hydroxide is added after the addition of buffer to adjust the

pH of the solution. When the effect of solvents is to be studied,
the DBM solution is prepared by dissolving DBM in the
corresponding solvent to be tested.

Results and Discussion

Fluorescence Spectra

The excitation and emission spectra of the Eu - DBM - DEA
(pH = 9.25), Eu - DBM - DEA - buffer, Eu - DBM - buffer­
acetone, Eu - DBM - DEA - buffer - acetone, Eu - DBM ­
buffer - ethanol and Eu - DBM - buffer - methanol systems are
shown in Fig. 1. From the excitation spectra it can be seen that
the excitation peak of the Eu - DBM - DEA system shifted
after the addition of the NH3- NH4Cl buffer. This may be due
to the formation of a ternary complex between NH3, DBM
and Eu3+.

Experiments showed that when organic solvents such as
methanol, ethanol and acetone were added to the Eu - DBM ­
DEA - buffer system the fluorescence intensity greatly
increased. From Fig. 1 it can be seen that when organic
solvents were added in the absence of DEA the fluorescence
intensity increased to a much greater extent (methanol>ace­
tone>ethanol). Therefore, in subsequent experiments DEA
was not added. Because of the low solubility of DBM in
methanol, the solution was too turbid to determine the
fluorescence intensity reliably; hence acetone was selected as
the solvent, even though the greatest fluorescence intensity
was obtained by the addition' of methanol.

Fig. 2 shows the excitation and emission spectra of the Eu ­
DBM - NH3, Tb - DBM - NH3 and Eu - Tb - DBM - NH3
systems. It can be seen that the intrinsic Eu3+ emission of the,
Eu - DBM - NH3system is weak, whereas the addition of'fb3+
causes a marked increase in the fluorescence intensity. The
excitation and emission spectra of the Eu - DBM - NH3 system
in the presence and absence of Tb3+ are similar, and show the
intrinsic emission of Eu3+ at 612 nm. Both systems show an
excitation peak at 400 nm. The weak intrinsic emission peak
(612 nm) of Eu3+ in the Tb - DBM - NH3system is caused by
the presence of ultratrace amounts of Eu in the Tb40 7 used to
prepare the solution.

Factors Affecting the Co-luminescence Intensity

The variation in the co-luminescence intensity was investi­
gated as a function of the concentration of Tb3+ in a fixed
amount of Eu3+ (see Fig. 3). The concentrations of Eu3+
employed were 1.0 x 10-7 and 1.0 x 10-8 M. From Fig. 3 it can
be seen that at different concentrations of Eu3+ the maximum
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FIg. 2. Fluorescence spectra of the Eu - Tb - DBM - NH3 • acetone
system. (a) Excitation ).em. = 612 nm; and (b) emission A.x. = 400 nm.
I, Eu - DBM-NH3 - acetone; 2, Tb -DBM -NH3 -acetone; and3, Eu
- Tb - DBM - NH3- acetone. Conditions: 1.0 x 10-7 M Eu3+; 1.5 x
10-5 M Tb3+; 4.0 X 10-' M DBM; buffer, 1 ml; and acetone, 20% v/v
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FIg. 1. Fluorescence spectra: (a) excitation A.m. = 612 nm; and (b)
emission A.x. = 400 nm. 1, Eu - DBM - DEA (pH = 9.25); 2, Eu ­
DBM - DEA - buffer; 3, Eu - DBM - DEA . buffer - acetone; 4, Eu ­
DBM - buffer - acetone; 5, Eu . DBM - buffer - ethanol; and 6, Eu .
DBM - buffer - methanol. Conditions: 1.0 X 10-6 M Eu3+; 4.0 X 10-'
M DBM; 0.1 M DEA; buffer, 1 ml; acetone, 20% v/v; methanol, 20%
v/v; and ethanol, 20% v/v
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[Tb3+ ]/1 0-5 M

Fig. 3. Effect of Tb3+ concentration on co-luminescence intensity.
[Eu3+): 1, 1.0 x 10-8; and 2, 1.0 x 10-7 M. Conditions: 4.0 x 10-4 M

OBM; buffer, I ml; and acetone, 20% v/v

intensity occurs at ca. 1.5 x 10-5 M Th. This result indicates
that for efficient enhancement of the fluorescence intensity a
specific concentration of Th should be maintained and that no
new complex is formed after the addition of Th3+.

The effect of solvents was examined. From Table 1 it can be
seen that for the Eu - Th - DBM - NH3system in those solvents
that are immiscible with water (benzene and butanol), no
enhancement of fluorescence was observed. In contrast, in
those solvents that are miscible with water (methanol,
ethanol, acetone, propan-2-01 and dimethyl sulphoxide), an
enhancement of fluorescence was observed; further, when the
concentrations of these solvents were greater than 20%, the
enhancement effect decreased with an increase in solvent
concentrations and was not observed at all when their
concentrations were greater than 70, 60, 60, 50 and 50%,
respectively.

20

Optinmation of the Eu • Tb • DBM • NH3 • Acetone System

From the above results, it can be seen that the strong
fluorescence of the Eu - Th - DBM - NH3- acetone system may
provide the basis for the sensitive determination of trace
amounts of Eu, in addition to constituting an adequate means
of studying the co-luminescence effect. Therefore, all the
reaction variables were carefully considered.

The fluorescence intensity of 1'.0 x 10-7 M Eu3+ with 1.5 x
10-7 M Th3+ was measured over the pH range 8.5-9.8, using
NH3 - NH.CI as buffer solution (Fig. 4). Maximum fluores­
cence intensity was obtained over the pH range 8.5-10.0.
When the amount of NH3 - NH.Cl solution added was
between 0.5 and 3.0 ml, the maximum fluorescence intensity

did not vary. The effects of DBM and acetone concentrations
on the fluorescence intensity were investigated. The concen­
tration ranges that gave the greatest intensity were 3.0 x
10-4-8.0 X 10-' M and 10-30% v/v, respectively. The intensity
reached its highest value at room temperature after 15 min and
lasted for about 1 h, after which it decreased with time due to
aggregation and deposition of the minute particles of the
fluorescent precipitate.

The effect of Gum Acacia on the Eu - Tb - DBM - NH3
system was studied in the range 0.02--0.1% (rnIv). It was found
that in the Eu - Th - DBM - NH3 - acetone system the
fluorescence intensity increased ca. lO-fold when 0.05% Gum
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Table 1. Effect of solvents on fluorescence intensity. The reference intensity (100%) is that of the Eu - DBM - NH3 system in the
corresponding solvent. [Eu3+1= 1.0 X 10-7 M

[Methanol], [Ethanol), [Acetone), [Propan-2-01), [DMSO*],
%v/v %v/v % v/v %v/v % v/v

20 50 70 20 50 60 20 50 60 20 50 60 20 50 Benzene Butanol

Eu - DBM - NH3 -
solvent 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100

Eu-Th- DBM-
NH3- solvent .. 7500 300 99 4000 320 60 8000 500 80 1000 100 100 150 100 85 100

* DMSO = Dimethyl sulphoxide.

80

20 l------''-- -'- --' '----'

Table 2. Determination of Eu by the standard additions method

than that of the Eu - OBM - NH3 - acetone system. In the
presence of Gum Acacia the detection limit (SIN = 3) is 4 X

10-11 M.

The effect of other lanthanide ions was studied for 1.0 x
10-7 M Eu3+. The highest molar excesses that caused a
variation of ±5% in the fluorescence intensity were as follows:
)'3+ and Gd3+, 4Q-fold; La3+ and Lu3+, 2Q-fold; Sm3+,
lQ-fold; Oy3+ and Yb3+, 5-fold; and other ions, an equivalent
molar excess. Higher concentrations decreased the intensity.
Therefore, the standard additions method was employed for
the determination of Eu. The results obtained (Table 2) for
synthetic mixtures, which were prepared on the basis of the
amount of each rare earth element in the Earth's crust,3
indicate that the procedure is suitable for the determination of
trace amounts of Eu.

Enhancement Mechanism

Fig. 2 shows that the excitation spectrum of the Eu - Th - OBM
- NH3system is similar to that of the system without Th. Fig. 3
shows that there is no constant molar ratio of Eu3+ to Th3+.
These results indicate that Th does not form a new complex
with the Eu - OBM - NH3system. Assuming the formation of
the ternary Eu(OBM),.OEA complex l in the Eu - OBM ­
OEA system, we believe that the ternary Eu(OBM),.NH3and
Th(OBMh.NH3 complexes are both formed in the Eu - Th ­
OBM - NH3system, and that they exist in water in the form of
a solid-solution because of the similarity of their chemical
properties and their low solubilities.

The OBM molecules in the ternary complexes are excited to
an excited singlet state after they have absorbed light energy,
after which they go to the triplet state through a radiationless
transition. Because the luminescence level (504) of
Th3+(20430 em-I, reference 4) is higher than that of the
excited triplet state of OBM (20300 cm- I , reference 5), it
appears that the excited OBM molecules cannot transfer their
energy to Th3+ through an intramolecular transfer of energy,
but can transfer their energy to Eu3+ in the Eu(OBM),.NH3
complex, which is very similar to the Th(OBMh-NH3
complex, through an intermolecular transfer of energy. The
concentration of the Th complex is much greater than that of
the Eu complex and each Eu(OBM),.NH3 molecule is
surrounded by many Th(OBMh.NH3 molecules. Therefore,
the fluorescence intensity of Eu3 + is considerably enhanced.
With the instrumentation available it was not possible to
investigate the mechanism further, by the use of tluorescence
lifetime measurements.

The proposed intermolecular energy transfer mechanism is
well supported by the effect of solvents on the system. In
organic solvents that are immiscible with water and in mixed
solvents containing an organic solvent and water (in which the
volume ratios are large), Eu(OBMh.NH3 and
Th(OBMh.NH3 exist as single molecules. The distance
between Eu(OBMh.NH3 and Th(OBM),.NH3 would be
large and it would be difficult for the intermolecular transfer
of energy to occur; hence enhancement of the fluorescence is
not observed.

11.0

0.22 ±0.02

Mean ± standard
deviation/ng

20.7 ± 1.4

Mean ± standard
deviation,%

10.09.0

Europium founding

19.1,22.1,22.2,19.6,
20.4

8.0

Europium added/ng

20

Acacia was added, whereas in the Eu - Th - OBM - NH3 ­
methanol (or ethanol) system the fluorescence intensity
decreased when Gum Acacia was added. The stability of the
Eu - Th - OBM - NH3 - acetone system was greatly improved
after the addition of Gum Acacia. The system reached
maximum fluorescence intensity in 15 min at room tempera­
ture after the solutions were mixed, and lasted for at least 3 h.

pH

Fig. 4. Effect of pH on fluorescence intensity. Conditions: 1.0 x
10-' M Eu3+; 1.5 X 10-5 M Th3+; 4.0 X 10-4 M DBM; buffer, I ml; and
acetone, 20% v/v

Analytical Characteristics

The fluorescence intensity of the Eu - Th - OBM - NH3 ­
acetone system is a linear function of the Eu3+ concentration
in the range 5.0 x 10-'·1.0 X 10-9 M under the optimised
conditions. The detection limit [signal to noise (SIN) ratio =
3) is 1.5 X 10-10 M, which is ca. two orders of magnitude less
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Synthetic sample*-

Determined value of
EU203,%

0.22,0.24,0.24,0.21,
0.21,0.20

* The amount of each lanthanide ion (!!g) per 100 ml of the
synthetic sample was as follows: La(I90), Ce(440), Pr(56), Nd(240),
Sm(105), Eu(lO), Gd(63). Th(IO) , Dy(43). Ho(12). Er(24), Tm(2.1),
Yb(26), Lu(7) and Y(310).

t The standard sample was obtained from the Baotou Institute of
Rare Earths, Baotou, China. Its composition (%) is as follows:
La20 3(27.1I), C~03(49.21), Pr601l(5.18). Nd20 3(16.75),
Sm203(1.29), EU203(0.23), Gd20 3(0.40), Th40,(0.03), DY203(0.09)
and Y20 3(0.27).

Standard samplet­

Standard value of
EU203,%

0.23
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BOOK REVIEWS

Spectroscopic Properties of Inorganic and Organometal­
lic Compounds. Volume 22. Specialist Periodical Reports.
G. Davidson and E. A. Ebsworth. Pp. xiv + 480. Royal
Society of Chemistry. 1989. Price £130; $253.00. ISBN
0851862039.

This review of the recent literature up to late 1988 follows the
same pattern as previous volumes. Individual chapters cover
NMR (193 pp.), NQR (28 pp.) and rotational spectroscopies
(21 pp.), 3 chapters deal with the IR spectra of main group
compounds, transition element compounds and co-<>rdinated
ligands (120 pp.), and there are two chapters of Mossbauer
spectroscopy (99 pp.) and gas-phase electron diffraction (19
pp.). As usual, the information is comprehensive, with
extensive references (6074 in all), and the series continues to
be an invaluable reference work for inorganic chemists.

Alan Townshend

Heavy Metals in Solls
Edited by B. J. Alloway. Pp. xiii + 339. Blackie. 1990. Price
£59.00. ISBN 0 216 92698 X; 0 470 21598 4 (USA and
Canada).

The problem with many multi-authored books on topics such
as heavy metals in soils is that they rapidly become mere
catalogues of references to the ageing primary literature, with
little attempt to place the subject in overall context and
perspective, both scientific and historical. This book,
however, edited by B. J. Alloway, takes steps to at least
partially avoid this problem.

It is organised into three main sections. The first, General
Principles, 80 pages long, contain four chapters: Introduction;
Soil processes and the behaviour of metals; The origins of
heavy metals in soils (all by Alloway); and an especially
authoritative, readable and comprehensive 312-reference
Methods of analysis for heavy metals in soils (by Ure). These
neatly and concisely lay down the general foundations of
fundamental soil chemistry, heavy metal sources and analysis
which enables more effective use of the detailed information
in the ten review chapters of the succeeding section on
Individual Elements.

The chapters of the second section, each about 20 pages
long, focus on Arsenic (O'Neill), Cadmium (Alloway),
Chromium and nickel (McGrath and S. Smith), Copper
(Baker), Lead (Davies), Manganese and cobalt (K. A.
Smith), Mercury (Steinnes), Selenium (Neal), Zinc (Kiekens)
and Other metals and metalloids (antimony, gold, molybde­
num, silver, thallium, uranium and vanadium) (Jones, Lepp
and Obbard). I particularly liked the sub-sectional structure
common to most of the first nine of these chapters, usually
introduction, geochemical occurrence, origin (soil parent,
agricultural, atmospheric deposition, sewage sludges and
other sources), chemical behaviour in the soil, soil - plant
relationships, polluted soils and concluding comments,
although Davies and K. A. Smith were clearly permitted some
latitude in deviating slightly from this format. The individual
authors have shown a critical discrimination in the selection of
references, which range from 47 on arsenic to 151 on
chromium and nickel. The amount of post-1985 material
varies from 5 per cent. of the 340 references on the
multi-element chapter. Other metals and metalloids, to 43 per
cent. for arsenic.

The book is nicely rounded off by a useful final section of
seven appendices containing summary tables of metal concen­
tration data and regulatory limits for soils, plants and sewage
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sludges as well as analytical data for Certified Reference
Materials.

The many sources, wide environmental distribution,
diverse beneficial and harmful roles and complex behaviour of
heavy metals have made them the subject of intensive
investigation by research chemists, geochemists, soil
scientists, agricultural chemists and environmental scientists,
for whom this volume is intended. I feel that postgraduate
students will find it a useful source of reference but its value
for advanced undergraduates may be restricted to the
overview of Section 1. At £59 it represents a good investment
for the library and the committed researcher but not for the
general environmental reader or typically impoverished
student.

John G. Farmer

Chromatography/Fourier Transform Infrared Spectro­
scopy and Its Applications
Robert White, Practical Spectroscopy Series. Volume 10.
Pp. vi + 328. Marcel Dekker. Price $99.75 (USA and
Canada); $119.50 (Export). ISBN 0 8247 8191 O.

Interfacing chromatography with Fourier transform infrared
spectroscopy (FTIR) has received a large amount of research
attention in the past few years. The development of these
hyphenated techniques has proved to be a powerful analytical
tool and has significantly increased the applicability of IR
spectroscopy to the analysis of complex mixtures. A book
which deals with this topical issue in such a detailed and
comprehensive manner, therefore, is to be welcomed.

The introductory chapter serves to summarise the basic
theories and advantages of the various chromatographic
techniques coupled with IR spectroscopy and discusses how
chromatographic efficiency and IR spectroscopy are affected
by the methods of connecting the two. There then follow three
chapters, each dealing with the theory and instrumentation of
a particular hyphenated technique: GC - FfIR, LC - FTIR
and TLC - FfIR. Of the three techniques, only GC - FTIR has
attained commercial maturity and this is reflected in the depth
of coverage in this central section of the book and in the last
section, dealing with industrial applications.

In Chapter 2, a full account of the instrumentation is given
and a comparison of interface characteristics is made for three
GC - FfIR methodologies: light-pipe, matrix isolation (MI)
and sub-ambient. The trade-offs between sensitivity and
expense are discussed in each instance. The less common LC ­
FTIR technique is dealt with in Chapter 3. Methods of dealing
with the lack of IR-transparent solvents and their effects on
resolution degradation are discussed. Some space is also
devoted in this chapter to SFC - FfIR and its limitations.
Chapter 4 deals with TLC - and HPTLC - FfIR. The two
sampling techniques used, DRIFf and PAS, are discussed in
relation to their lack of sensitivity and susceptibility to spectral
distortion.

In the remaining two chapters, the author looks at the
problems of computer-aided structure elucidation in chromat­
ography - FfIR. Various methods are described, with most
emphasis on library searching programs but with some
mention of expert systems. Industrial applications of chromat­
ography - FfIR interfaces are also discussed, although as
mentioned earlier, most are in the better known GC - FTIR
area.

The author's intention is to produce an up-to-date reference
source for those familiar with chromatography- FTIR
methods, and an introduction to the techniques and applica­
tions for those interested in future uses for chromatography ­
FfIR. He has largely succeeded in these aims, so that the
book is a useful addition to the literature in this area.

O. M. Lacy
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Trace Element Analytical Chemistry in Medicine and
Biology. Volume 5. Proceedings of the Fifth International
Workshop Neuherberg. Federal Republic of Germany,
April1988
Edited by Peter Bratter and Peter Schramel. Pp. xvii + 666.
de Gruyter. 1988. Price DM330. ISBN 3 110113406.

The fifth volume in this series of international workshop
proceedings is arranged in 8 sections and reports 12 plenary
papers (up to 3 per section) plus 62 presented papers. The
sections are newer analytical techniques, pre-analytical treat­
ment of samples, speciation, physiological levels and refer­
ence data, aluminium and platinum (as two elements of special
interest), nutrition, pathology and metabolic processes.

The section on newer analytical methods is introduced by
Tolg whose review encompasses a wide range of analytical
techniques but which concentrates mainly on atomic/mass
spectrometric methods. These methods dominate this section
with papers on HGAAS and ETAAS, LEI spectroscopy,
XRF and NAA. The last two of these papers seem to offer
little which is new. It was also disappointing to find no
discussion of recent advances in electrochemical techniques
although this was probably due to the omission of Stoeppler's
paper.

Sample preparation procedures are excellently reviewed by
Knapp, who with others in this section provides much useful
data on sample collection and preparation for analysis.

The section on specification is (for me) the most interesting
and stimulating part of the book. A superb, comprehensive
review of Duneman and Bratter ranges from speciation in
natural waters to bioavailability of metals from soils to plants,
to detailed studies of Ni and Zn in soya bean flour. Procedures
are outlined for sample preparation, separation and elemental
and protein analysis. There follows some excellent applica­
tions in which AAS, ICP-AES, ICP-MS and NAA analyses
are combined with separation techniques such as HPLC,
FPLC, polyacrylamide gel electrophoresis, gel filtration and
anion-exchange chromatography. These studies provide data
for ten elements, Ca, Cd, Cr, Cu, Fe, Mg, Mn, Ni, Se and Zn
and metal-binding species including citrate, metallothieneins
and proteins of high relative molecular mass.

The clinical importance of Pt and Al justifies their special
attention. All's paper reviews the methods currently available
for measuring PI. This is followed by using an RNAA method
for measuring down to 8 ng I-I in urine and 5 ng kg- t in liver
specimens. Caroli et al., combined HPLC with lCP-AES for
the separation and measurement of cisplatin and carboplatin
in pharmacokinetic studies. The papers on AI are concerned
mainly with the application of ETAAS to the analysis of urine,
serum, tissue specimens and ultrafilterable fractions from
serum and with the use of 67Ga as a model for Al in
bioavailability studies.

The analysis and classification of dietary fibre reported by
van Soest and Jones is excellent being both concise and
informative. They explain the absence of effect of dietary fibre
on bioavailablity of trace elements in terms of initial impair­
ment of Gl absorption by complexation followed by a later
colonic fermentation yielding short chain fatty acids which
transport metal ions across the colon. The remainder of this
section on food/nutrition contains much valuable information
on total elemental concentrations as well as speciation. The
sections on pathological states and diagnosis, and on physio­
logical levels and reference values contain little of analytical
interest but have a wealth of data on trace element concentra­
tions in healthy and diseased states.

Aggett's plenary paper gives an excellent review of the
changes in pregnancy of the metabolic processes associated
with trace element species, with emphasis on Cu, Zn, Se and
Cr. The remainder of this section also contains good data on
total trace elements and trace element speciation.
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The editors claim that the workshop was "more orientated
towards the state-of-the-art of trace element analytical tech­
niques." However, the emphasis of the book is more towards
the acquisition and presentation of biochemical data rather
than towards new analytical procedures. The book will
therefore appeal more to the biochemist/clinical scientist than
it will to those concerned more with analytical developments.

There are a few typographical errors and pages 44 and 42
are interchanged. Even so this does not detract from the value
of this book.

H. T. Delve.!

Mass Spectrometry of Biological Materials
Edited by Charles N. McEwen and Barbara S. Larsen.
Practical Spectroscopy Series. Volume 8. Pp. xiii + 515.
Marcel Dekker. 1990. Price $125.00 (USA and Canada);
$150.00 (Export). ISBN 0824781821.

1 opened the package that contained this book and my heart
sank. Yet another collection of standard reviews, by yet
another set of internationally respected authors, I thought.
But it would be unfair and unkind to view the book in this
light, even though the list of contents would give this
impression. There are 15 contributions, by 38 authors, with
the emphasis on the isolation and mass spectrometric analysis
of peptides (6 chapters). Other topics covered are glyco­
proteins, biogenic amines, lipids, steroids and bile acids (2
chapters), pesticide metabolites, porphyrin photosensitisers,
isotope dilution methods, GC - MS, and LC - MS. The book
ends with a subject index. So, what sets this book apart from
other collections of reports? As a volume of the Practical
Spectroscopy Series, the book often uses a didactic approach
and gives many practical hints.

Biemann's considered overview of the applications of mass
spectrometry to peptides carefully avoids exaggerated claims
for the technique. 1particularly enjoyed the lively chapter (62
pages) on strategies for the isolation and structural analysis of
peptides by Shively and Paxton. Replete with many practical
insights into the topic, it succeeds in alerting the protein
chemist to the needs of the mass spectrometrist and vice versa.
Given that mass spectrometry plays a major role when the
Edman method fails, reviews on post-translationally modified
peptides and glycoproteins are valuable inclusions.

The non-peptidic part of the text is inevitably limited in
scope but the areas chosen for discussion are sensible and
worthwhile. The articles vary from conventional reviews to
virtual instruction manuals. Most contributions, however, hit
the happy medium. At 9 pages, the primer on sterols is too
brief but it is followed by a more substantial chapter on
hormonal steroids and bile acids (81 pages). Weintraub
admirably squeezes a representative examination of lipids into
30 pages. The last three technique-led chapters on isotope
dilution, GC - MS and LC - MS are necessarily very selective.
Wisely, the authors concentrate on their own expertise and
experience. Henion and Lee steer the reader carefully through
the myriad approaches to LC - MS, stressing the undoubted
versatility of atmospheric pressure ionisation mass spec­
trometry in coupling with both HPLC and SFC.

Multi-author books are prone to problems such as duplica­
tiori, missing topics, variable quality, inconsistent jargon and
so on. This volume avoids most of the pitfalls but 1still had a
few grumbles. For instance, the important topics of continu­
ous-flow FAB mass spectrometry, capillary electrophoresis
and electrospray mass spectrometry are either hardly covered
or not at all. In the peptide section of the book, fragmentation
nomenclature is defined in three separate chapters and several
other unfortunate overlaps also occur. I found it difficult to
fathom the reason for the order of some ofthe chapters. There
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is some loose language: abundant ions are often referred to as
"strong" or "intense" (conjuring up images of muscular,
emotionally charged entities!), and in one chapter the
amounts given as "sensitivity" are presumably limits of
detection. Potential purchasers of the book should also note
that its price will make a sizeable hole in their budgets.

Life sciences is one of the areas that has benefited by recent
innovations in mass spectrometry, especially in ionisation
methods and extended mass ranges. Such developments
ensure increasing applications of the technique to biological
materials and make it worthwile for the mass spectrometrist to
reserve a place on hislher shelf for this well balanced, amply
illustrated and acid-free book.

M. E. Rose

Chemical Analysis of Polycyclic Aromatic Compounds
Edited by Tuan Vo-Dinh. Volume 101 in Chemical Analy­
sis: A Series ofMonographs on Analytical Chemistry and
Its Applications. Pp. xxiv + 494. Wiley-Interscience. 1990.
Price £70.00. ISBN 0 471 628891.

This is an important book as polycyclic aromatic compounds
(PAC) are ubiquitous pollutants and represent the largest
class of known chemical carcinogens; it follows that an
up-to-date account of current developments in the analysis of
PAC is required reading for all chemists engaged in environ­
mental analysis.

The book consists of 15 chapters by a total of 27 authors, all
but three with US addresses and includes many of the
acknowledged leaders in the field. After an introductory
chapter by the Editor, there are chapters on chromatography
(gas and liquid by J. C. Fetzer; supercritical fluid chromato­
graphy by B. W. Wright and R. D. Smith) and immunological
methods (by R. M. Santella and M. Stefanidis), and then
chapters describing a variety of spectroscopic procedures.
Interesting chapters on the novel techniques of micelle­
mediated methodologies, multi-dimensional resonance mass
spectrometry, and photothermal spectroscopy are contri­
buted, respectively, by W. L. Hinze and co-workers, S. J.
Weeks and colleagues and M. D. Morris.
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It has to be said that this is very much a book for the
specialist, with the emphasis clearly on techniques. Analysts
wishing to find established and reliable procedures for
determining PAC in, say, food, dust or engine exhausts will
find it more useful to consult earlier texts (see, for example
references I and 2). However, those looking for a survey of
modem directions in PAC analysis, with the emphasis on
spectroscopic methods, will find much of interest.

Within this framework, the coverage is a little uneven, with
few clues as to the relative values of different approaches;
thus, over 60 pages are devoted to laser multiphoton
ionisation spectroscopy (K. Siomos) whereas, gas and liquid
chromatography, surely the methods most often applied,
merit fewer pages, a consequence perhaps, of the maturity of
the latter techniques. On the other hand, the thought-provok­
ing chapter by D. A. Lane on the fate of PAC in the
atmosphere and during sampling, and the thorough coverage
of mass spectrometric analysis of PAC by R. A. Hites, are
both model reviews. Similarly, the two chapters on electronic
spectroscopy (by M. Zander, and L. B. McGown and K.
Nithipatikom) and those on infrared and Raman spectroscopy
(by P. Stout and G. Mamantov, D. L. Gerrard and H. J.
Bowley, and T. Vo-Dinh) together provide the most complete
~overage yet attempted of the spectroscopic analysis of PAC.

Overall, the style and presentation of the book are pleasing
with only occasional inconsistencies in PA.C nomenclature;
the principles behind the more innovative methods are clearly
explained, and most chapters emphasise their relevance to the
special problems of PAC analysis.

Highly recommended!

References
1. Bj~rseth, A., and Randal, T., Editors, "Handbook of Poly­

cyclic Aromatic Hydrocarbons," Volume I, Marcel Dekker,
New York, 1983.

2. Bj~rseth, A., and Randal, T., Editors, "Handbook of Poly­
cyclic Aromatic Hydrocarbons," Volume 2, Marcel Dekker,
New York, 1985.

3. Bj~rseth, A., and Becher, G., "PAC in Workplace Atmo­
spheres: Occurrence and Determination," CRC Press, Boca
Raton, 1986.

K. D. Bartle





ANALYST, NOVEMBER 1990, VOL. 115

CUMULATIVE AUTHOR INDEX

JANUARY-NOVEMBER 1990

1513

Abad, Encarna Lorenzo, 617
Abbas, Nureddin M., 1375
Abdallah, Amin Mohamed A.,

221
Abelian, Concepci6n, 217
Abousahl, Said, 731
Abramovie, Biljana F., 79, 705,

715
Af~ar, Hiiseyin, 99
Ahmad, Shakeel, 287
Ahmed, Md. Jamal Uddin, 439
Akagi, Tasuku, 1329
Akama , Yoshifumi, 947
Akella, S. R. K. M.. 455
Akiyama, Shuzo, 1477
Alan6n, Aurelia, 1117
AI-Attar, A. F., 1441
Albero, Maria Isabel, 989, 1257
AI-Daher, Ismail M.. 645
Aleixo, Luiz M.. 761
Alfassi, Zeev B., 29, 817
Allain, Pierre, 813
Alonso, J., 315
Altinoz, Sacide, 873
Alvarez, Jose M. Fernandez,

617
Alwehaid, AbdulAziz M., 1419
Amlathe, Sulbha, 1385
Analytical Methods Committee,

459
Andres Garcia, Elena, 89
Angeles, Enrique, 1483
Anzano, Jesus M., 955
Aoki, Koichi, 413
Aoki, Nobumi, 435
Apak, Re~at, 99
Arent, Lori J., 899
Arima, Shoichi, 1191
Armanino, Carla, 907
Arpadjan, S. , 399
Arruda, Marco Aurelio Zezzi,

779
Ausili, Antonella, 1167
Avramides, E. J., 1037
Baeyens, Willy, 359
Baeza, J. J. Baeza, 721
Bahari, M. Shahru, 417
Baha-Uddin, Sulafa S., 1059
Balasubramanian, N., 859
Barba, Flora, 1335
Barbooti, Mahmood M., 1059
Barnes, Ramon M.. 1411
Barragan, F. J .. 1499
Bartle, Keith D., 125
Bartroli, J., 315
Baty, J. D., 517, 521
Beary, Ellyn S., 911
Beaugrand, Claude, 813
Beceiro-Gonzalez, Elisa, 545
Bedair, Mona M.. 449
Beksac, Sinan, 873
Belarra, Miguel A., 955
Belfiore, A.. 649
Berg-Nielsen, Karen, 1265
Bermejo-Barrera, Adela, 545
Bermejo-Barrera, Pilar, 545,

549
Bermejo-Martinez, Francisco,

545,549
Berthod, A.. 933
Bhatia, Virendra K., 253
Bianchi, Alexander P., 1423
Birch, Brian J., 1277
Biziuk, Marek, 393
Blanchflower, W. John, 1323
Blanco Gomis, Domingo, 89
Blanco, Paulino Tun6n, 209,

1215
Bonilla, Milagros, 563
Bonilla Simon, Ma M., 337
Bosch Reig, F., 111

Bovara, Roberto, 889
Brainina, Khiena Z., 1301
Bralie, Marija, 737
Bramwell, Helena, 185
Braven, Jim, 189
Brennan, John D., 147
Bresadola, Silvano, 1041
Brienza, Sandra Maria Boscolo,

779
Brinkman, Jan-Henk W., 1033
Brinkman, Udo A. Th., 1033
Brooksbank, P., 507
Brossa, F., 1025
Brown, Craig J., 1197
Brown, R. Stephen, 147
Brush, Pamela J., 1389
Buldini, Pier Luigi, 1073
Burse, Virlyn W., 243
Buttery, Peter J., 1309
Bysouth, Stephen R., 571
Bystryak, I1'ya M., 839
Caballero, Manuel, 1201
Cabrera, Armando, 1483
Cacho, Juan, 657
Cadogan, Aodhmar, 1207
takar, Mira, 787
Calokerinos, Antony C, 613,

1229
Calu~aru, A., 1223
Calvo, Consuelo Pita, 549
Camara, Carmen, 553, 563
Camoni, Ivano, 1167
Campanella, Luigi, 827
Campins Fa1e6, P., 111
Canale-Gutierrez, Lucia, 1243
Cannavan, Andrew, 1323
Capitan, Fermin, 849
Capitan-Vallvey, Luis Fermin,

849
Cardone, M. J., 111
Cardwell, Terence J., 878, 1235
Carlomagno, Doralysa N., 1093
Camero Ruiz, C, 1121
Caro, Arturo, 753
Carrascal, Isabel, 345
Carraz6n, Jose M. Pingarr6n,

869
Carrea, Giacomo, 889
Carty, Patricia, 617
Cass, Anthony E. G., 185
Castegnaro, Marcel, 129
Castillo, Juan R., 539, 955
Castino, Mario, 907
Catterick, Timothy, 919
Cattrall, Robert W., 878, 1235
Cela, Rafael, 1201
Cella, Norberto, 341
Cerda, Victor, 749, 753
Chai, Fong, 143
Chakrabarti, Anil Kumar, 439
Chalk, Phillip M., 365
Chamberlain, Stephen J., 1161
Chan, Lai Kwan, 201
Chan, Wing Hong, 201, 205
Chan, Wing-Fat, 567
Chandra, Satya V., 287
Changui, Cherkaoui, 1177
Chen, Deli, 365
Chen, Le-Tian, 1019
Chen, P. Y., 29
Chen, Qing, 109
Cheung, Yiu-Ming, 1349
Chiu, Teresa P. Y., 653
Chopra, Sneh J., 253
Chrastil, Joseph, 1383
Christian, Gary D., 475, 1407
Chu, C C, 29
Chung, Koo-soon, 965
Cipko, Edward, 593
Clark, Georgina B., 1
Clark, Gregory D., 1407

Clifford, Anthony A., 125
Cody, Maria K., 1
Coker, R. D., 1435
Coleman, Catherine S., 517
Conway, Brian O. B., 1
Corbisier, Veronique, 359
Cortes, Gabriel, 753
Cretella, Ruben F., 915
Criddle, W. J., 417
Crosby, Neil T., 1
Cross, Graeme J., 1235
Cudby, Michael E. A., 1313
da Silva, William Jose, 341
Dadgar, Darioush, 275
Dafoe, T., 507
Dakashev, Anastas Dimitrou,

1247
Dams, Richard, 17
Dart, Peter J., 13
Davidson, Alexander G., 997
Davies, Cledwyn L., 379
Dawson, George A., 1153
De Elvira C6zar, A., 337
de Gracia, Juan Pedro, 849
de Oliveira Neto, Graciliano,

761
de Ruiter, Cor, 1033
Delaporte, Thierry, 813
Dell, M. P. K., 1435
Di Noto, Vito, 1041
Diamond, Dermot, 1207, 1215
Diaz Garcia, Marta Elena, 575
Dfaz, Jose Manuel, 1201
Diaz, Victor Cabal, 209
Dommarco, Roberto, 1167
Douge, Christophe, 813
DowIe, Chris J., 105
Duncan, Gregory, 109
Duran-Meras, Isabel, 1007
Durrani, Tariq M., 531
Ebdel-Hay, Mohamed A., 449
Ebdon, Les, 189
Economou, E. D., 765
Edmonds, Tony E., 599, 1277
Efstathiou, Constantinos E.,

291
EI-Gany, Nadya EI-Sayed Abd,

221
Emons, Hendrik, 405, 895
Estela, J. M., 749
Evershed, Richard P., 1339
Evmiridis, Nicholaos P., 765,

771, 1103
Fadiran, Emmanuel 0., 997
Fagioli, Francesco, 173
Faizullah, Azad T., 69
Farabella, Luciano, 593
Farroha, Sabri M., 57
Faruffini, G., 1025
Fattah, Fattah A., 645
Fedoroff, Michel, 731, 981
Fernandez-Alba, A. R., 329
Ferreira, Jose Roberto, 779
Ferreira, Vicente, 657
Ferri, Elida, 889
Fierro, Jose L. G., 345
Fleming, Paddy, 375, 1487
Flint, F. Olga, 61
Flores, Juana Rodriguez, 617
Fogg, Arnold G., 41, 305,593,

599,1277
Forina, Michele, 907
Forteza, R., 749
Frampton, Nicholas C, 189
Franco, Douglas Wagner, 795
Frank, Steven, 1327
Frazier, Donald 0., 229
Frei, Roland W., 1033
Freney, John R., 365
Friel, James K., 269
Fudagawa, Noriko, 1185

Fumagalli, E. M., 1025
Fung, Ying-sing, 1219
Furusawa, Motohisa, 1495
Fux, Pierre, 179
Gaal, Ferenc F., 79, 715
Gaind, Virindar S., 143, 801,

925,1359
Galeeran, Ma. Teresa, 959
Galindo Riano, M. D., 973
Gallego, Mercedes, 943
Gallorini, M., 1025
Gambetti, Luisa, 1167
Gani, David, 1313
Gao, Zhiqiang, 951
Garcia, Agustin Costa, 209,

1215
Garcia Alvarez-Coque, M.

Celia, 1125
Garcia, Angel J. Reviejo, 869
Garcia, Maria C, 345
Garcia, Maria Soledad, 989,

1257
Garcia Sanchez, F., 1003, 1121
Garcia-Vargas, M., 973
Gardner, M. J., 371
Garrels, Rick L., 155
Gaskin, James E., 507
Gazy, Azza A., 449
Georgiou, Constantinos A., 309
Ghini, Severino, 889
Ghosh, Alpana, 969
Gibbs, Phillip N. B., 185
Gill, R., 371
Girotti, Stefano, 889
Glennon, Jeremy D., 627
Goad, L. John, 1339
Godbeer, William C., 865
Godinho, Oswaldo E. S., 761
G6mez, M., 553
G6mez-Hens, A., 1377
Gong, Cheng, 49
Gonzalo, Pedro, 345
Gramlich, John W., 1019
Grassi, Marco T., 761
Green, Monika J., 185
Greenfield, Stanley, 531
Greenway, Gillian M., 1297
Grekas, Nikos, 613
Grey, Peter, 159
Grigolo, Brunella, 889
Groce, Donald F., 243
Grzeskowiak, Roman, 1063
Guarneri, Mario, 929
Guiraum, A., 1499
Gunasingham, Hari, 35
Gupta, Anita, 421
Gupta, V. K., 1385
Gutierrez, M. C, 1377
Habboush, Albertine E., 57
Hafez, Medhat Abd

EI-Hamied,221
Halvatzis, Stergios A., 1229
Hamada, Marawan A., 623
Hamano, Takashi, 435
Hamid, Junainah Abdul, 1289
Hanna, George M., 1157
Hara, Hirokazu, 1077
Hara, Shuuji, 1363
Harris, Stephen J., 1207
Hart, Barry T., 878
Hasdemir, Erdogan, 297
Hase, Tapio A., 263
Hasebe, Kiyoshi, 413
Hassan, Eman B., 1059
Hassan, Saad S. M., 623
Haswell, Stephen J., 1063,

1435
Haustein, Catherine Hinga, 155
Head, Susan L., 243
Heberger, Karoly, 725
Hehn, Karen E., 1019



1514 ANALYST, NOVEMBER 1990, VOL. 115

Heineman, William R., 405,
895

Hejzlar, Josef, 1463
Henderson, Gillian E., 1063
Hendra, Patrick J., 1313
Heredia Bayona, A., 1121
Hernandez, Abrahan, 1483
Hernandez Cordoba, Manuel,

757
Hernandez L6pez, M., 1003,

1121
Heron, Carl, 1339
Hikima, Satoshi, 413
Hill, John W. F., 1397
Hirata, Takafumi, 1329
Holten, C. L. M., 1211
Hon, Ping-Kay, 567
Hosein, Sherina, 147
Hoshika, Takeshi, 535
Hoshino, Hitoshi, 133
Hou, Weiying, 139
Hougham, Bruce D., 147
Huabin, Zou, 1505
Huang, Lolita, 925
Idei, Masae, 1109
Iketani, Shin-ichi, 1251
Ilcheva, Liliana Ilieva, 319,

1247
Imai, Kazuhiro, 1477
Imakita, Tsuyoshi, 1185
Imasaka, Totaro, 73
Inoue, Kouji, 1363
lob, Asfaha, 1375
Ishibashi, Nobuhiko, 73
Ishida, Ryoei, 23
Ishikawa, Keiko, 425
Israel, Yecheskel, 1411
Ito, Yoshio, 435
Iwashimizu, Tsuyoushi, 413
Iwata, Tetsuharu, 1363
Jackson, Simon E., 269
Jadage, Chandrakant D.,

1367
Janardanan, c., 85
Janjic, Tomislav J., 383, 1457
Jaunault, Laurent, 813
Jedrzejczak, Kazik, 925, 1359
Jeng, Ingming, 109
Jiang, Mian, 49
Jinghe, Yang, 1505
Jinno, Tsunenobu, 535
Johnson, Brian J., 1153
Jones, Sheila J .• 501
Joseph-!'jathan, Pedro, 1483
Juhasz, Eva, 1491
Jun, Zou, 389
Kakizaki, Teiji, 413
Kanada, Susumu, 1477
Kanai, Yutaka, 809
Kapoor, Vidya B., 253
Karayannis, Miltiades I., 741,

977, 1103
Katayama, Masatoki, 9
Kateman, Gerrit, 487
Kaya, Satilmis, 531
Kelly, W. Robert, 1019
Kemp, Anthony J., 1197
Kennedy, Colin D., 1067
Kennedy, D. Glen, 1323
Kerry, Ian, 1397
Khanina, Rosa M., 1301
Khier, A. Aboul, 1181
Kimura, Keiichi, 1251
Kintz, Pascal, 1269
Kithinji, Jacob P., 125
Klemm, Nancy, 109
Koch, Klaus R., 823
Koh, TomolO, 1133
Komers, Karel, 467
Kopacek, JiTi, 1463
Korany, Mohamed A., 449
Kiirtvelyessy, Judit, 1491
Korver, Margaret P., 243
Kotel'nikov, Aleksander I., 839
Koupparis, Michael A., 309
Kozuka, Shoji, 431
Krivokapic, Jasmina, 745
Krull, Ulrich J., 147,883
Kubota, Hiroki, 1109

Kubota, Masaaki, 283, 939,
1185

Kuldvere, Arnold, 559
Kumar, B. S. M., 859
Kumar, T., 1319
Kura, Genichiro, 843
Kuroda, R9kuro, 431
Kurunczi, Eva K., 715
Lahsen, Joaquin, 409
Lamant, Jean-Michel, 1269
Landi, Silvio, 173
Lapeze, Jr., Chester R., 243
Lau, Oi-Wah, 653, 1349
Lau-Cam, Cesar A., 1157
Lavi, N., 817
Lee, Albert Wai Ming, 201, 205
Lee, Geum-hee, 965
Leech, Donal, 1447
Lelkes, Maria, 1491
Lemus, Jose M., 1117
Lentza-RilOs, Ch., 1037
Leon-Gonzalez, M. Eugenia,

609
Lewis, Daniel M., 1029
Likhtenshtein, Gerts I., 839
Lima, Carlos A. S., 341
Lin, Betty, 359
Lingeman, Henk, 1033
Liu, Hai-Ian, 835
Liu, Jianhua, 1089
Liu, Keshun, 1143
Liu, Kuai-zhi, 835
Locatelli, Clinio, 173
Longerich, Henry P., 269
Loos-Neskovic, Christiane, 731,

981
Lovric, Milivoj, 45
Lowes, Stephen, 511
Luk, Shiu-fai, 653, 1219
Lukaszew, Rosa A., 915
Luque de Castro, M. D., 699
Maccil, Carlo, 631
McCalley, David V., 13, 1355
McClure, Patricia C., 243
Machado, Adelio A. S. C., 195
McKelvie, Ian D., 878
McKervey, M. Anthony, 1207
McLaughlin, Kieran, 275
McMaster, Dorothy, 275
Maddams, William F., 1313
Madrid, Yolanda, 563
Maeno, Isao, 73
Makkar, Harinder Paul S., 1309
Malcolme-Lawes, David J., 65
Malinowska, Eltbieta, 1085
Malvankar, Purnima L.. 1473
Malyan, Andrew P., 105
Mangin, Patrice, 1269
Manzoori, Jamshid L., 1055
Maquieira, Angel, 1243
Marinkovic, Mitar M., 79
Mark, Jr., Harry B., 667
Markakis, Pericles, 1143
Marques, Edmar Pereira, 795
Marquez Gomez, J. c., 1003,

1121
Marquezini, Maria Valeria, 341
Marrero, Julieta G., 915
Martinez Calatayud, J., 855
Martrnez-Lebrusant, Charo,

1335
Martinez-Lozano, M. Carmen,

217,783
Martinez-Vidal, J. L., 329
Maru, Girish, 129
Maru, Vibuthi, 129
Marwah, Ashok K., 445
Marwah, Padma, 445
Masuda, Akimasa, 1329
Masuda, Yoshitaka , 1089
Matheson, Alasdair M., 105
Matuska, Radek, 1271
Mauras, Yves, 813
Mecherri, Mohamed 0., 981
Medina Hernandez, Maria Jose,

1125
Medlock, V. F. P., 1435
Meenakumari, K., 465
Mendez, Rita, 213

Menegatti, Enea, 929
Meng, Fanchang, 49
Mestres, Joan S., 1097
Meszlenyi, Gabor, 1491
Metcalf, Richard C., 899
Midgley, Derek, 1283
Milovanovic, Gordana A., 787,

791
Minobe, Masao, 535
Minorikawa, Masea, 23
Miranda, Rene, 1483
Mishra, R. K., 969
Mitsuhashi, Yukimasa, 435
Miura, Jun'ichiro, 1191
Miura, Yasuyuki, 1133
Miyazaki, Akira, 1055
Mizuno, Takayuki, 279
Mlakar, Marina, 45
Mohite, Barburao S., 1367
Molina, R. Valero, 721
Monfort Cuenca, Enrique, 1125
Monreal, Francisco, 539
Montero, Rosa, 943
Moody, G. J., 1289
Morales, Alfonso, 409
Moreira, Josino c., 41
Mori, Shigetsugu, 1077
Moro, Antonino Lo, 641, 649
Morrison, Gregory M., 1371
Morrisson, Andrew R., 1429
Motomizu, Shoji, 389, 1109
Motta, Roberto, 889
Mottola, Horacio A., 679
Mrzljak, Robert I., 1235
Muccio, Alfonso Di, 1167
Muk, Aurora, 745
Mukai, Yoshio, 9
Mukunda Rao, S. R., 1129
Munoz de la Pena. Arsenio,

1007
Munoz Leyva, J. A., 973
Munoz, M., 315
Murillo, Jose A., 1117
Murthy, Ramesh c., 287
Nagy, Vitalii Yu., 839
Nair, S. Madhavankutty, 85
Najm, Kassim A., 645
Nakamuara, Masaru, 1363
Nakamura, Susumu, 283, 939
Nakano, Kouji, 133
Nakashima, Kenichiro, 1477
Nakata, Ryuji, 425
Navalon, Alberto, 849
Nawata, Sawako, 843
Needham, Larry L., 243
Ng, Alice Chui Wah, 205
Nickless, G., 1441
Nikolelis, Dimitrios P., 291, 883
Nitta, Akihiko, 425
Noutary, Clemente J., 915
Nukatsuka, Isoshi. 23
Oguma, Koichi, 431
Ohta, Kiyohisa, 279
Ohzeki, Kunio, 23
Ojanper., Ilkka, 263
Oji, Yoshikiyo, 435
O'Kennedy, Richard J., 617,

1145
Olenchock, Stephen A., 1029
Ongomo, Peter, 1297
Orban, Helen, 1405
Ordieres, Arturo J. Miranda,

1215
Oshima, Mitsuko, 389
Otto, Matthias, 685
Ozawa, Hideaki, 1343
Ozsoz, Mehmet, 831
Pal, Bijoli Kanti, 439
Palacios, M. A., 553
Pambid, Ernesto R., 301
Panciatici, G., 649
Papadopoulos, Constantine G.,

323
Parida, F. C., 1129
Park, John S., 1429
Parthasarathy, T. N., 455
Passingham, Catherine, 1313
Patel. Bharti, 1063
Patel. K. S., 969

Patterson, Ronald L. S., 501
Pazouki, Sima, 517
Pearce, Bill c., 1397
Peck, David V., 899
Pereiro Garcia, Maria Rosario,

575
Perez-Bendito, Dolores, 689,

1261, 1377
Perez-Bustamante, Juan

Antonio, 1201
Perez-Ruiz, Tomas, 217, 783
Petersen, Martin, 1029
Petilino, Roberto, 889
Petrukhin, Oleg M., 839
Pfendt, Lidija B., 383, 1457
Pietra. R., 1025
PilIai, Vadasseril N.

Sivasankara, 213
Piracci, Antonio, 907
Pia. F. Perez, 721
Polizello, Ana Cristina M., 1093
Polkowska, Zaneta, 393
Polo Diez, Luis Maria, 337,

609.869
Popovic, Gordana V., 383,1457
Pratap, Shridhar R., 1367
Preisler, Ladislav. 1271
Prioli, Alberto Jose, 341
Puchades, Rosa, 1243
Punta, A., 1499
Quintero, Maria del Carmen,

1261
Radk, Njegomir, 737
Raimundo, Jr., Ivo M., 761
Rajadel, Pilar, 1097
Raju, K. Ramakrishnam, 455
Rakanovic, Mila, 801
Rama Devi, P.. 1469
Rama Krishna Naidu, G., 1469
Raman, B., 93
Ramos, G. Ramis, 721
Randles, Mark A., 379
Rao, Ganti Shankar, 445
Rapaumbya, Guy-Roland, 637
Raspi, Giorgio, 641, 649
Rauret, Gemma, 959, 1097
Ravenscroft, J. E., 371
Rawle, N. W., 521
Raynor, Mark W., 125
Reading, Christopher L., 1145
Ribera, Merce, 1097
Richards, Michael E., 797
Richter, Pablo, 409
Riise, Edel, 1265
Riley, Kenneth W., 865,1405
Roch, O. G., 1435
Roda, Aldo, 889
Rodriguez, I., 553
Rodriguez, Jose R. Barreira,

209
Rodriguez, Juana, 1117
Roe, J. N., 353
Rose, Malcolm E., 511
Royaud, Isabelle A. M., 1313
Rubio, Roser, 959
Rubio, S., 1377
Riicker, G., 1181
Ruiping, Shi, 1505
Ruiz-Lopez, Maria-Dolores,

129
Ruzicka, Jaromir, 475, 1407
Sabbioni, E., 1025
Sabharwal, Sunil, 1305
Saccon, Mauro, 1041
Sadek, M. EI, 1181
Sadiris, Nicholaos c., 1103
Saez, Andres, 1257
Sahoo , P., 1129
Saito, Kenichi, 431
Sakamoto, Hidefumi, 1251
Salinas, Francisco, 329, 1007
Salmon, Manuel, 1483
Sammartino, Maria Pia, 827
Sampedro, A. Sanchez, 855
Sanchez-Pedreno, Concepcion,

757, 989, 1257
Sanghi, Sunil K., 333
Santha, Kolla, 465
Santilio, Angela, 1167



ANALYST, NOVEMBER 1990, VOL. 115 1515

Santos-Delgado, M. Jesus, 609
Sanz-Medel, Alfredo, 575
Sarantonis, E. G., 977
Saraswathi, Kanneganti, 465
Sarrion, S. Navasquillo, 855
Satake, Masatada, 1191
Sauvage, Jean-Paul, 637
Saxena, Praveen, 1073
Saxena, Vibha, 1073
Scalia, Santo, 929
Schafer, Harry N. S., 1405
Scollary, Geoffrey R., 1235
Scullion, S. Paul. 599, 1277
Sekido, Eiichi, 1089
Seligman, Peter F., 1327
Serra, Dinah B., 341
Seward, Eileen M., 1207
Shakir, Issam M. A., 69
Shanawany, A. EI, 1181
Sharp, Barry L., 1429
Shaw, Ian C., 1389
Sheng, Liangquan, 951
Shinde, V. M., 93
Shinde, Vijay M., 1473
Shono, Toshiyuki, 1251
Si, Zhi-Kun, 1139
Siegel, Paul D., 1029
Silva, Edson c., 341
Silva, Manuel, 993, 1261
Singh, Raj P., 301
Singh, Sunil Kumar, 421
Sithole, B. Bruce, 237
Sivasubramanian, K., 1129
Skinner, Craig S., 269
Siadic, Du~an M., 383
Smrek, Ann L., 243
Smyth, Malcolm R., 275, 617,

1207, 1215, 1447
Soledad Dunln, Maria, 1007
Somer, GUIer, 297
Spadaro, Augusto Cesar c.,

1093
Spinetti, Maria, 641
Srijaranai, Supalax, 627

Srivastava, Ashutosh, 421
Stallard, Martha 0., 1327
Stang, Peter M., 1327
Stein, H. N., 1211
Stockwell, Peter B., 571
Stone, William E. E., 1177
Stoyanoff, Robert E., 801
Sugiyama, Takehiko, 279
Suzuki, Harumi, 167
Svehla, Gyula, 1207
Szczepaniak, Walenty, 1451
Szklar, Roman S., 801
Szoka, F. c., 353
Szpunar-I:.obinska, Joanna, 319
Tachibana, Masaki, 1495
Tadros, Shawky H., 229
Takaki, Toshihiro. 1133
Takeda, Kikuo, 535
Tan, Chin-Huat, 35
Tanaka. S., 947
Taniguchi, Hirokazu, 9
Tao, Hiroaki, 1055
Taylor, Richard H., 1407
Taylor, Robert B.• 797
Teien, Gerd, 259
Telting-Diaz, Martin. 1215
Temizer. Aytekin. 873
Terashita. Minoru, 425
Teresa, M., 195
Ternero. M.• 1499
Thomas, J. D. R., 417, 1289
Timotheou-Potamia, Meropi

M.,1229
Tipton. Keith, 617
Toda, Shozo, 167
Tomas, Virginia, 217. 783
Tomassetti, Mauro, 827
Tomlins, K., 1435
Tong, A., 947
Toponi, Alessandro, 1073
Tor, Isset, 99
Torres, A., 1377
Townshend, Alan. 495
Trojanowicz, Marek, 319

Tsuji, Sumiko, 435
Tsukioka, Tadashi, 1343
Tyson, Julian F., 305, 531, 571,

587,593
Ubigli, Mario, 907
Uchida, H.• 933
Uden, Peter c., 525
Uisaker, Gunnar A., 259
Utley, David, 1239
Uzu, Sonoko, 1477
Valcarcel, Miguel, 699, 943, 993
Valente, Antonio Luiz Pires,

525
Valiente, M., 315
Valkirs, Aldis 0., 1327
van Rensburg, Ancel, 605. 1049
van Staden, Jacobus F., 581,

605,1049
van Zonnen, Piet, 1033
Vandecasteele, Carlo, 17
Vandenberg, Elaine T., 147
Vargas, Helion, 341
Vasconcelos, S. D., 195
Vasi", Vesna, 745
Vassileva, E., 399
Vecchietti, Roberto, 173
Velasco, Antonio, 993
Veltsistas, Panayotis G .• 741
Verchere, Jean-Fran~ois,637
Vergori, Fabio, 1167
Vergori, Luciano, 1167
Verkman, A. S., 353
Verma, Archana, 333
Verma, Krishna K., 333
Vermeiren, Koen, 17
Vidal, Juan c., 539
Vielvoye, Leon, 1177
Vilchez, Jose Luis, 849
Vilchinskaya, Elena A., 1301
Villanueva Camaiias. Rosa M.,

1125
Vinas, Pilar, 757
V1essidis, Athanasios G., 771
Vohra, Kay. 925

Volodarskii, Leonid B., 839
Vuac, Nevenka, 791
W~h~Hi, Kristiina, 263
Wallace, Heather M., 517
Wang, Erkang, 139
Wang, Jirong, 53
Wang, Joseph, 831, 1447
Wang, Xiang-wen, 305
Werner, Gerhard, 405
White, Peter C., 919
Willis, Harry A., 1313
Willis, R. G., 521
Winefordner. J. D., 933
Wong, Koon Hung, 65
Wood, John P. M., 1389
Wu, Qing-guo, 835
Wu, Weh S., 801
Xing, D. Kai-Io, 797
Xuezhen, Ren, 1505
YagUe, Encarna, 783
Yako, Tadaaki, 535
Yamaguchi, Masatoshi, 1363
Yamamoto, Susumu, 435
Yamamuro, Norihito, 1133
Yamazaki, Sunao, 167
Yang, Mo H., 29
Yee, K. F., 225
Ying-Kai, Xiao, 911
Yokota, Fumihiko, 23
Yoshimura, Etsuro, 167
Yoshimura, Kazuhisa, 843
Yotsuyanagi, Takao, 133
Zagatto, Elias Ayres Guidetti,

779
Zaki, Nabila S., 1059
Zannetti, Roberto, 1041
Zhao, Zaofan, 49, 951
Zhu, Gui-Yun, 1139
Zhu, Wen-Jing, 1139
Zichy, Veronica, 1313
Zolotov, Yurii A., 839
Zotou, Anastasia Ch., 323
Zoulis, Nikolaos E., 291
Zurmiihl, Torsten, 1171





iii

IUPAC•
will be held in

Grieg Hall, Bergen, Norway
June 9-14 1991

The XXVII Colloquium Spectroscopicum Internationale
XXVII CSI,.
-.mUL

1991
NORWAY

This traditional biennial conference in analytical spectroscopy will once again provide a forwn for atomic, nuclear and
molecular spectroscopists worldwide to encourage personal contacl and the exchange of experience.

Parlicipants are invited to submit papers for presentation at the XXVII CSI, dealing with the following topics:
Basic theory and instrunllmJotion of-

Atomic spectroscopy (emission. absorption. fluorescence)
Molecular spectroscopy (UV. VIS and IR)
X-ray spectroscopy
Ganuna spectroscopy
Mass spectrometry (inorganic and organic)
Electron spectroscopy
Raman spectroscopy
Mossbauer spectroscopy
Nuclear magnetic resonance spectrometry
Methods of surface analysis and depth profiling
Photoacoustic spectroscopy

Application of spectroscopy in the analysis of­
Metals and alloys
Geological materials
Industrial products
Biological samples
Food and agricultural products

Special emphasis will be given to trace analysis. environmental pollutants and slandard reference materials.
The scientific progranune will consist of both plenary lectures and parallel sessions of oral presentation. Specific limes will be
reserved for posler sessions.

PRE· AND POST-SYMPOSIA
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For further informalion contact:

THE SECRETARIAT
XXVII CSI
HSD Congress-Conference
P.O. Box 1721 Nordnes
N-5024 Bergen, Norway.
Tel. 47-5-318414, Telex 42607 hsd n, Telefax 47-5-324555
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JAAS provides a unique publication service in support of growing research efforts
in, and application of, atomic spectrometric techiques.

Don't be without a subscription to JAAS ­
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Editor: Judith Egan, Royal Society ofChemistry, Thomas Graham House, Science Park, Milton Road,
Cambridge CB4 4WF, UK
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application of atomic
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The Journal ofAnalytical Atomic Spectrometry (JAAS) is an international journal
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letters concerned with the development and analytical application of atomic
spectrometric techniques. It also includes comprehensive reviews on specific
topics of interest to practising atomic spectroscopists.

Subscription details 1990:
ISSN 0267·9477

6 issues per annum plus two special issues
UK £276.00 Other EC £276.00 USA $618.00 Rest of World £317.00

The journal is published eight times per year, including two special issues, and
contains papers on all aspects of the subject. It features information on forthcom­
ing conferences and meetings, recent awards, items of historical interest, book
reviews, conference reports and papers to be included in future issues.

A special feature of JAAS. which makes it significantly different from all others in
the field, is the inclusion of Atomic Spectrometry Updates. The six regular issues
each contain a major review covering a period of one year. Successive issues of
JAAS review the whole range of topics previously covered by ARAAS (Annual
Reports on Analytical Atomic Spectroscopy) and provide a unique appreciation of
developments in analytical atomic spectrometry. Also included with each Update is
a cumulative list of references to primary research papers and conference
proceedings on which the reviews are based - an extremely useful starting point
for further reading.

One of the world's
chemistry journals
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Analytical
Atomic
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Information
Services
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