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Abstract

Sequential injection analysis is still dominated by single component analysis. In this proposed robust, economical simple instrumental system
seven different metal ions are determined simultaneously using thin-film sequential injection extraction (SIE) with multivariate calibration
and multiwavelength detection. Dithizone, in ethanol, is used as extractant and the metal dithizonates’ spectra are generated by a diode array
spectrophotometer between 300 and 700 nm. The Sl thin-film extraction using water miscible with ethanol works due to the hydrophobic
interaction of ethanol with the Teflon wall to create a thin film. A sample frequency of 27 samples per hour was obtained with a sample
carry-over of less than 1%. The results of the proposed sequential injection extraction system compare favourably with the results obtained
by using standard atomic absorption spectrometry (AAS) methods on conventional extraction samples.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction be monitored carefully. Furthermore, these metals can have

toxic effects on people, animals and plants when absorbed in
Metal pollution of water in a water scarce country like excess amounts and should be screened on-site immediately

South Africa could become an economical hazard, since pu-when suspected.

rification of polluted water are quite expensive. Although Since its introduction in 1990, sequential injection anal-

mining is a large part of the South African economy, to- ysis has grown in popularitjl,2] not only because of its

gether with the electroplating industry it is also one of the economical use of sample and reagents, but surely because

main producers of metal pollution of dams and rivers. Met- of its robustness and simple instrumental design. It is rather

als, which are captured in certain areas in soils, river or dam unfortunate that such a powerful technique is used mostly for

sediments, are potentially dangerous as it can influence thesingle component analysis. A literature survey showed that

quality of the water with which they are in contact. These more than 72% of all publications on SIA consist of single

metals can be released into the water when certain changesomponent analys[8]. This proposed system surely fits into

in the water environment take place. It is therefore crucial the other 28% of multi-component analysis.

that the amount of dissolved metals in effluent streams must  Simultaneous determination of trace amounts of heavy
metals usually employ one of the following methods: atomic

_ absorption spectrometry (AAS), cold vapour AAS or flame-

* Presented atthe 12th International Conference on Flow Injection Analy- AAS-ETA (electrothermal atomisatiofd—6,7], inductively
sis, including Related Techniques (ICFIA'2001), held in Merida, Venezuela, coupled plasma-optical emission spectroscopy (ICP-OES)

December 7-13, 2003. . . . . .
+ Corresponding author. Tel.: +84 480 7263. [8], potentiometry (ion selective electrod¢s), anodic strip

E-mail addresseskoos.vanstaden@chem.up.ac.za, ping voltammetry[10], chromatography (usually HPLC)
koosvanstade@telkomsa.net (J.F. van Staden). [11], gravimetric detection{7] or photometry[7,12—-16].
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Several of these techniques were already adapted to FIA syse Lead(ll): 0.1609 g Pb(Ng)> (PAL Chemicals) was dis-
tems. Most of the systems already adapted included photo- solved in 11 deionised water.
metric determination of the analyte. Several reagents can bes Copper(ll): Pure Cu metal coarse chips were used in the
used to determine metal ions in various matrijgs Many preparation of the Cu(ll) stock solution. The copper metal
of the systems employ on-line separation of the analyte from was cleaned to remove any oxides and dissolved by heating
specific interferences. These systems may include dialysis 1.000 g of the copper metalin 10 ml 55% (m/m) Hjl&hd
[9,17] or extractiong4,18-21]. approximately 10 ml of water. The resulting solution was
Although atomic spectrometric techniques are normally  cooled and then diluted to 1| with deionised water.
used to determine several metals on a routine basis in larges Zinc(ll): Pure Zn metal was cleaned with diluted HCI and
well-equipped laboratories, the instrumentation is not nor-  the stock solution was prepared by dissolving 1.093 g Zn
mally suited for on-site monitoring especially where the pro-  metal in 50 ml concentrated HCI. The solution was then
cess analysing system should be moved continuously and diluted to 11 with deionised water.
where monitoring is done in inflammable surroundings. Fur- e Cobalt(ll): 0.4036 g CoCGl6H,O (Riedel-de Han AG)
thermore, atomic spectrometric instrumentation is also too  was dissolved in 1| deionised water.
expensive for less equipped laboratories. e Cadmium(ll): 2.744 g Cd(N€)2-4H,0 (Merck) was dis-
The first objective was to find a single cheaper detector solved in 11 deionised water.
for the multi-component determination of the seven metals o Aluminium(lll): Pure Al metal was cleaned with a mix-
(lead, zinc, copper, iron, cobalt, cadmium and mercury). All  ture of diluted HCI and HN@. The stock solution was
ofthese seven metals are so-called dithizone mgt&l2,23]. prepared by dissolving 1.0833 g Al metal in 60 ml concen-
They form intensely coloured complexes with the reagent trated HCland 10 ml concentrated Hy@&nd then diluting
dithizone. Extraction at a neutral pH of 7—7.5 with dithizone  the solution to 1| with deionised water.
was therefore chosen for the quantitative determination of e Iron(lll): 0.7020 g Fe(NH)2(SOy)2-6H20 was dissolved
the seven metals and the different metals as dithizone com- in approximately 20 ml of water together with 1.1 ml of
plexes can be measured using multivariate calibration and 18.4 mol -1 H,SOy (98%, m/m). The final solution was
multiwavelength detection. diluted to 100 ml with deionised water.
SlAis asimple, robust, reliable and inexpensive technique e Mercury(ll): 1.7100 g Hg(N@)2-2H,0 (Merck) was dis-
with a low frequency of maintenance that should be capable solved in 11 of deionised water.
of monitoring the contents of Pb, Zn, Cu, Fe, Co, Cd and ) ) )
Hg in certain soil and water areas. SIA with a diode array The conqentratlons of these metal ion solutions was stan-
spectrophotometer as detector seemed to be an ideal systeflardised using standard AAS methods.

for such an analyser and this paper reports on a system that  Distilled waterwas used as carrier solution. A0.43 mél '
was optimised and developed for this purpose. acetic acid solution was used as eluent during the soil extrac-

tions. For pH corrections either a 1 mokl NH3 solution or
a 0.5 mol 1 H,SOy solution was used.

2. Experimental
2.2. Instrumentation
2.1. Reagents and solutions
The sequential injection extraction (SIE) manifold is il-

All solutions are prepared from analytical grade reagents lustrated irFig. 1. It was constructed from a Gilson Minipuls
unless specified otherwise. Deionised water from a Modulab peristaltic pump (operating at 18rpm), a 4m long ex-
system (Continental Water systems, San Antonio, TX, USA) traction coil (1.02mm i.d.) made of Teflon (TFE) tubing
was used to prepare all agueous solutions and dilutions. The(SUPELCOQO) and a 10-port electrically actuated VICI selec-

water used as carrier was degassed before use. tion valve (Model ECSD10P) (Valco Instruments, Houston,
Texas). Acidflex pump tubing was used. The holding coil
2.1.1. Extractant was constructed of 1 m (0.8 mm i.d.) Teflon tubing and the

Dithizone (0.059g) (Hopkin & Williams Ltd.) was dis- reaction coil of 45cm of 1.25mm i.d. Teflon tubing. De-
solved in 250 ml ethanol to produce an emerald green stockvice control was achieved using a PC30-B interface board
solution. The solution was filtered using a Whatman no. 4 fil- (Eagle Electric, Cape Town, South Africa) and an assem-
ter paper to remove all undissolved dithizone particles. Storedbled distribution board (MINTEK, Randburg, South Africa).
in a cool place (5C) and protected from light this solution The FlowTEK][24] software package (Version 1.3a, obtain-
was stable for up to 10 days. Working solutions are obtained able from MINTEK) was used throughout the procedure.

by suitable dilution of the stock solution with ethanol. A Hewlett-Packard UV-vis diode array spectrophotometer
(with HP 845395—-97 Chem station software), equipped with
2.1.2. Metal ion stock solutions a 10 mm Hellma flow-through cell (volume: 80), was used

The following 1000 mgt! metal ion stock solutions were  for measuring the absorbance and data acquisition. The sin-
prepared: gle component analysis program was used to record the linear
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EXTRACTANT AlR 45 ¢m x 1.25 mm i.d.
b SAMPLE D
EC
A 4mx1.02 mm id.
CARRIER AIR
(WATER) WASTE WASTE

Fig. 1. SIA system used in the determination of the seven analytes. EC: extraction co# @2 mm i.d.), SV: selection valve, HC: holding coil (1x
0.8mmi.d.), RC: reaction coil (45cm 1.25mm i.d.) and D: detector.

ranges of the analytes individually and the multi component The program used by FlIowTEK to control the devices is given
analysis program was used to record spectra of the seven anin Table 1.

alytes in mixed standards as well as in the different samples.

The absorption maxima of the different metal dithiozonates 2 4. sample preparation

in ethanol were determined experimentally for the individual

analytes as well as for the seven analytes in mixed standard$ 4.1. Sample collection

as well as in the different samples in order to find the opti-  yrine samples were collected in polypropylene flasks that
mum working conditions for the proposed sequential injec- had previously been cleaned by rinsing with dilute nitric acid
tion system. Spectra were recorded over a wavelength rangeyng water. The samples were quickly frozen after collection
from 340 to 750 nm with intervals of 5nm each when using ith minimum air space above the urine. Soil samples were

the sequential injection system and intervals of 1nm each taken from a maize farm in the northern free state and stored
when manual extractions were done to confirm the perfor- iy holypropylene containers.

data analysis. room temperature and then thoroughly mixed. Urine sam-
ples were diluted 1:3 with deionised water. All water sam-
2.3. Procedure ples in the pH range 7-7.5 were analysed directly. For other

water samples the pH was first corrected by using either

A small air bubble was drawn up to separate the extrac- NHz or H,SO4 solution. Representative soil samples of 20.00
tion zones from the carrier solution (ethanol). Thereafter == 0.05g were dried at 3 for 8 h. 5.00+ 0.01g of the
the extractant zone (dithizone in ethanol) and the sampleair-dried soil was weighed into a beaker and 250 ml of a
zone (containing some of or all seven analytes) were drawn0.43 mol -1 CH3COOH solution was added. The suspen-
up into the extraction coil. Another air bubble was drawn sion was stirred for 30 min and then filtered. Since the pH
up to separate these zones from the carrier in the holdingof the reaction mixture needed to be 7.5, a 25% (m/myNH
coil. By reversing the flow, extraction took place into the solution, was used to correct an 50 ml aliquot of the filtrate.
thin organic layer formed by the dithizone zone whose flow The solutions were then made up to 100 mP using deionised
was impeded due to the hydrophobic interactions with the water. Acetone (10 ml) (AR) was added to every working
walls of the Teflon coil. Since ethanol and water is mis- solution (standard) and sample prepared. Real samples with
cible in all ratios no separation step was needed and aftervery low metal ion contents were spiked with standards when
flow reversal the product peak was measured directly. No necessary.
removal of the air bubbles was necessary, since the prod-
uct zone was stopped inside the flow cell prior to detection.

At this stage the second bubble (drawn up second, therefore3. Optimisation

reaching the detector first) was already propelled through the

flow cell, while the first bubble did not yet entered the flow 3.1. Physical parameters
cell.

The spectrophotometer used three different files to store A number of physical parameters can influence the degree
data (BLANK, STANDARD and SAMPLE) and itwas there-  of dispersion and extraction in the manifold. To obtain the
fore needed to construct three different programs which en- highest sensitivity and precision it was necessary to optimise
able FlowTEK to sent the correct signal at the desired time. these parameters. The optimisation was done with a stan-
These programs were all basically the same and differ only in dard solution containing 1 mgt of every analyte. Absorp-
the command given to the spectrophotometer. This commandtion was measure at 500 nm, since most of the dithizonates
was received by the spectrophotometer via a macro that enshow absorption at that wavelength and the reagent show
abled the computer to read the signal coming from FIowTEK. minimum absorbance at 500 nm (Fig. 2).
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Table 1
Device sequence for the proposed sequential injection extraction system
Time (s) Pump Valve Detector Description
0 Off Air Pump off, valve is turned to select
first air inlet
4 Reverse Draw up air bubble
4.5 Off Pump stop
55 Extractant Select extractant line
6.5 Reverse Draw up extractant solution
10.5 f Pump stop
115 Standard/sample Select standard/sample line
125 Reverse Draw up standard/sample solution
16.5 Cf Pump stop
17.5 Air Select second air inlet
18.5 Reverse Draw up second air bubble
19 Off Pump stop
20 Holding coil Select holding coil
21 Reverse Extraction step 1: zones are drawn

back into extraction coil to ensure
effective mixing and extraction.
26 Forward Extraction step 2: pump stack of
zones forward until the bubble
reached a position just in front of

the valve.
31 Off Pump stop
32 Detector Select detector line
33 Forward Pump stack of zones to detector

until the second bubble is visible
outside the flow cell. This ensure
that the product zone is entirely
inside the flow cell

43 Off Pump stop, a waiting period is now
installed to ensure that there will be
no interferences due to mirages that
occur when ethanol and water are
mixed

93 BLANK/STANDARD/SAMPLE A signal is sent to the diode array
spectrophotometer to do either a
blank, standard or sample spectra

103 Forward Stack of zones are pump to waste
153 Off Pump stop, end of analytical cycle
3.1.1. Introduction and removal of air bubbles 3.1.2. Flow rate

Air bubbles are highly undesirable in flow and sequen-  From previous experimen{8], it was clear that slower
tial injection systems, not only because they led to spurious flow rates improve the mass transfer from aqueous to or-
results, but also because it decreased the reproducibility ofganic phase, while faster flow rates were needed to propel
the procedure. Although it was feared that the introduction the formed product zone through the detector. The faster flow
of air bubbles into a flow system would have led to irrepro- rates through the detector was necessary to eliminate excess
ducible results, this was to a major extent not the case. Thedilution of the product zone as well as to prevent peak tailing
bubbles separated the extraction zones from the surroundingn the detector. During this application absorbance measure-
carrier solution, preventing excessive dilution of the extrac- ments were not made while the product zones were propelled
tion zones. through the detector. The product zone was stopped inside the

No removal of bubbles took place in this procedure, since flow cell and after a waiting period of 50 s, the absorbance was
the product zone was halted inside the flow cell during detec- measured. Thereafter, the product zone was flushed to waste.
tion. Flow was stopped as soon as the second bubble was jusPump rate was therefore only optimised to ensure optimum
outside the flow cell. Because the extraction zones were soextraction.
big, the first bubble had at that stage not yet entered the flow  Slower flow rates result in thinner organic film and in-
cell. This ensured that the whole product zone was inside theevitably in longer extraction times. Thinner film is useful
flow cell when absorbance measurements were done. Afterwhen back extractions are employed, but for single extrac-
measurements were completed, the product zone as well asions, thicker films resulted in better extraction efficiency,
the bubbles was flushed to waste. since they have higher capacitib]. Flow rates between
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the larger product zone inside the flow cell during measure-
ments.

Several extraction options, including multiple flow rever-
sals to obtain thorough mixing of the zones were evaluated.
Longer extraction times were evaluated for the proposed SIE
system, but did not have any effect on the sensitivity of the
technique. This might be due to the waiting period incorpo-
Cu \-/_, AN rated prior to detection. This allows the reactions to reach

N2 Cd . a certain level of equilibrium. Extraction times shorter than

) - N 11 s led to a decrease in sensitivity and 11 s were therefore
chosen as optimum extraction time.

Fe Dithizone

Absorbance
==
(/=]

300 400 500 600 700 800 3.1.5. Organic film thickness
wavelength (nm) Relative film thickness per unit lengthjdcan be pre-

dicted using the equatid25]
Fig. 2. Spectra of the different dithizonates in ethanol. Optimisation of the 4
sequential injection system was done at 500 nm. di = kd (’/”7)
= t D

- 1 - . . .
1.5 and 3m| T'” were evaluated. An optimum flow rateé \yhereu represents flow rate (velocity) ami tubing diam-
of 2.4mlmin~= was chosen, due to its sensitivity and good  gter. The solvent characteristics also play an important role

reproducibility. and are included in the equation. Viscosity of the solvent is
represented by and surface tension by, k anda are con-
3.1.3. Sample volume stants between 1/2 and 2/3. From the equation it can be

Smaller sample zones lead to bigger dispersion and ulti- seen that film thickness is directly proportional to viscosity
mately to lower sensitivity. The sample volume was therefore and inversely proportional to surface tension. As colligative
carefully evaluated to obtain maximum sensitivity and repro- properties, it is appropriate to consider either interfacial or
ducibility. Larger sample volumes led to better sensitivity un- surface tension to viscosity as a film thickness parameter,
til a plateau was reached. Since the flow was stopped inside;)/y [25]. The film thickness parameter for ethanol was cal-
the flow cell, a large enough extraction zone must be createdculated to be 4.64 102 ( = 1.06 cP and = 21.80)[28].
to allow that the whole product zone will be situated inside The thickness of the organic film is very important since it
the flow cell during measurements. The reproducibility of the influences extraction by affecting the mass transfer of ana-
method decreased with volumes larger than @B his is lytes into the film[29]. Under optimum running conditions
due to insufficient zone overlap, because larger volumes ledthe relative film thickness was calculated to be 9.
to smaller axial dispersion which decrease the zone penetra-
tion [26,27]. An optimum sample volume of 180 was thus 3.1.6. Diameter and length of tubing

chosen for the system. 3.1.6.1. Extraction coil.The length of the extraction coil
depends on the zone inversion length. Results showed that
3.1.4. Extractant volume and extraction time during the extraction step a reverse step of 5s should

Although the extractant volume is dependant on a critical be used. This time multiplied with the flow rate 5.38
parameter called the zone inversion length, it also governscms! (2.64 mimir 1), resulted in a zone inversion length
the linear ranges of the different analytes determined as wellof 26.9 cm. Due to dispersion in the flow conduit, these zones
as the number of analytes that can be analysed. The organioccupy about nine times the inversion length. Thickness of
solvent, ethanol, is miscible with water in all ratios, therefore the wetting film is directly proportional to the inner diameter
optimal mixing rather than film thickness will be optimised. of the coil[29]. As a result, the extraction capacity (volume
Since extraction still has to take place, longer extraction will of the wetting film) is larger for wider and longer extraction
be allowed for the reaction. The volume of the extractant zone coils. Using an extractant volume of 1g0an extraction coil
influenced both the time of the extraction as well as the length of 3.8 m was needed. To ensure that none of the zones reached
of the extraction coil. the pump conduit and became deformed, an extraction coll

Extractant volumes between 45 and 18Qvere evalu- of 4 mwas used. An inner diameter of 1.02 mm ensured good
ated. Smaller volumes gave very irreproducible results, be- axial dispersion and zone overlap.
cause of the imperfect flow dynamics of the pump (start
up and stopping are not instantaneo[,27], and these  3.1.6.2. Reaction coilThe spectrophotometer should be
small volumes were not aspirated reproducibly. A plateau is positioned as close to the debubbler as possible. Longer
reached in peak height at volumes larger thanil38n op- distances between the debubbler and detector led to higher
timum extractant volume of 180 was chosen due to the dispersion, longer rinsing times and ultimately lower sample
good precision and sensitivity. This also contributed towards throughput. Wider tubing also contributes to dispersion and
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undesired dilution of the product zone. Since no removal of tages[22]. There are several factors, including economical
bubbles was needed, a45cm 1.25 mmi.d. Teflon reaction coilfactors that influence the choice of organic solvent used.
was used. This length of tubing was needed as it represents Dithizone, as well as its metal dithizonates are all highly
the shortest distance between the valve and the spectrophosoluble in chlorinated solvents and the most common solvent

tometer. used in extractions are carbon tetrachloride and chloroform
[22,30]. One disadvantage about @@ that it is highly car-
3.1.7. Waiting period and measuring intervals cinogenic and has ozone-depleting propertsd3. To avoid

Because the diode array spectrophotometer is so extremelythe use of toxic organic solvents such as £@hd CHC}
sensitive, it was very difficult to obtain smooth analytical [20], ethanol was used as solvent for the dithizone reagent.
curves therewith. When the water and ethanol were mixed The major reasons to justify the use of ethanol as solvent
due to the flow in the manifold conduit, variations in the are as follows. Firstly, since ethanol and water are miscible
refractive index within the flow cell were created in the pro- in all ratios, the use of phase separators were omitted and the
cess. These variations led to very spurious peaks. To reducamixture of aqueous and organic liquids containing the reac-
the effect of the variation to a great extent, a waiting period tion product were determined directly. Secondly, according
was incorporated into the flow programming, to allow the to the physical properties of ethanol, it was calculated that it
product peak to come to a standstill within the flow cell. It would produce the thickest extraction film, when compared
was difficult to evaluate the influence of the waiting period to a few other solvents. The film thickness parameter, as cal-
on sensitivity and precision, because of the high noise ex- culated for ethanol was 4.64 10~2.
perience with none or short waiting periods. Waiting periods
longer than 50 s did notimprove the shape and smoothness 088.2.3. Concentration of dithizone
the peaks and only increased the analysis time. The waiting Dithizone is only sparingly soluble in ethanol, with a sol-
period was then taken as 50s. ubility of 0.3 g I"* at 20°C?2. Since solutions of dithizone of

Another option to smooth the analytical curve was to re- any but the lowest concentration are deeply coloured, and of-
duce the number of measurements. Initially measurementsten almost opaque, itis quite difficultto be certain whether ex-
were done at every wavelength (1 nm intervals). This was cess solid is present in contact with a saturated solution. Spe-
reduced to measurements at every fifth nanometre. Experi-cial care is needed to ensure that metallic impurities are not
ments with measurements at intervals 10 nm apart resultedintroduced by the filtering medium, especially when the con-
in very poor reproducibility and sensitivity. Measurements at centration is to be calculated afterwards from the absorbance
intervals of five nanometres were chosen for measurementsof a suitably diluted aliquot and a knowledge of the molar
done by the sequential system. Manual measurements (handdecadic) absorption coefficient[22].
extractions) were still taken with measurements at 1nm in- A stock solution containing 0.05 g of dithizone in 250 ml

tervals. ethanol was prepared. Since most of the primary dithizonates
favoured a 1:2 metal:dithizone ratio, excess reagent was

3.2. Chemical parameters needed in the determinations. The solution was first used
undiluted, but the presence of undissolved dithizone reagent

3.2.1. pH resulted in very ‘spiky’ peaks and together with the sensitiv-

The formation of all dithizonates is pH dependant and ity of the detector ultimately interfered in the determination.
when employing different pH values differentiation between Filtering of the reagent through a Whatman no. 4 filter pa-
different metals is possible. A pH between 7 and 7.5 allowed per solved this problem. The reagent was however too con-
the extraction of all seven metal ions as dithizonates. The pH centrated and resulted in deformed peaks. Several dilutions,
of clean drinking water falls into this range. The pH of all using ethanol, were made and evaluated. A 1:1 dilution gave
samples that were analysed with this system were thereforesmooth peaks and allows the determination of slightly more
measured and corrected to pH 7.5 with 1 mdl ammonia concentrated samples. This solution was used throughout the

solution or 0.5 molt?! sulphuric acid solution. whole procedure as optimum dithizone concentration. The
solution had to be prepared daily, but the stock solution was
3.2.2. Choice of organic solvent stable for up to two weeks when stored in the refrigerator and

Except for the flow rate, the viscosity and surface tension protected from light.
of the organic solvent also play a major role in the film thick-
ness and therefore in the extraction efficiency. Solvents with
low viscosities do not offer a sufficient difference in flow ve- 4. Evaluation of the system
locity when compared to water and make SIE less effective
as it requires more time and longer extraction coils. On the  The proposed sequential extraction method was evaluated
other hand, highly viscous solvents are difficult to wash out under optimum running conditions with regard to first lin-
of the tubing. With less dense solvents, phase separation mayearity of the individual analytes, then accuracy and precision
present problems, although there may be cases where the usesing standard solutions of the seven analytes in mixed stan-
of adiluent not much less dense than water has special advanedards and also for standard solutions of the seven analytes in
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the different real samples, sample frequency, sample interacthis peak shape the calibration curve was linear between 1

tion and major interferences. and 10mgt?!. Higher concentrations of zinc showed peak
profiles with maximum absorbance close to 571 nm. The cal-
4.1. Linearity ibration curve was linear between 10 and 20 migfbr these

peak profiles.

Originally analytical curves for the different metals were For lead no change in peak shape or form was ob-
difficult to obtain, since the unreacted dithizone reagent inter- served. The difference in the absorbance between the dif-
fere at low concentrations. At these concentrations the shapderent concentrations was noticeable, but very small. Virtu-
of the dithizone reagent was very recognisable. Calibration ally no distinction could be made between the blank and a
graphs and their linearity were first examined by using a series0.1 mg -1 solution. The graph shows linearity between 1 and
of single metal ion standard solutions. Concentrations up to 20 mg I-* when measuring absorbance at 525 nm. The cali-
20 mg I-1 were evaluated where there was still excess reagentbration graph(s) equation was as follow:
present, since most dithizonates react in a 1:2 metal:reagent ) 2
ratio. Filtering of the concentrated dithizone reagent solution App = 0.015[Pb]+ 0.807; r®=09974
and a 1:1 dilution of the filtrate with ethanol gave smooth  The calibration curve for cadmium was constructed for
peaks and allows the determination of the more concentratedmeasurement values taken at 435 nm. Two different linear
samples. The following were, however, some of the problems ranges could be found: between 1 and 5 mgdnd between
for each analyte originally encountered with before establish- 5 and 20 mgt1. Asin the case with the other metals, the peak

ing the final proposed operating SIA analyser. . shape was different for higher concentrations of the analyte.
At 519 nm, the absorbance maximum for cobalt, difficul-

ties were experience in finding the correct absorbance value4 2. Accuracy and precision

due to the cobalt dithizonate. This was mainly because of

the excess reagent present when smaller concentrations were To evaluate the accuracy of the proposed sequential in-
determined. The calibration curve was constructed from the . ction system, three soil samples, three urine samples, two

absorbance values at 420 nm. This represents the decrease Ep water samples and one synthetically prepared agueous
reagent With increasing cobalt concentration. The calipration test solution were evaluated. Seven standards, which contain
curve was linear between 1 and 20 m§ Co. The equation six of the seven analytes as well as one standard containing
of the line was: all seven analytes were prepared. The standard mixed solu-
Aco = —0.022[Co0]+ 1.1609; 2 = 0.9955. tions of the seven analytes to construct the calibration data are
. o . listed inTable 2. The results of real samples spiked with stan-
Eor mercury_|t was even more difficult to set up a cali- dards are as follows. The diode array spectra obtained for the
bra‘u_on Curve, since t_he peak shape changed and absor_banc&ﬁerent samples using the conventional manual extraction
maximurm Sh'ft.ed with increasing mercury concentration. procedure are shown Fig. 3and those for the proposed SIA
The decrease n reagent coqcentratlon, with Increasing ar"system irFig. 4. The concentrations of the various analytes as
alyte concentration, was monitored at 430 nm. This plot gave well as the precision of each determination were obtained us-

alinear range for mercury between 1 and 10mg| ing the multivariate calibration option and multiwavelength
As with mercury, the peak form for iron changed when detection of the diode array detector

highercon_centrations were a_nalysed. ltseems asifthere WET®  The results and the relative standard deviations obtained
Imears_ectlons onthe cahbratlon curvethat_correspondedWlthwi,[h the proposed SIA system are givenTables 3 and 4.
a certain peak form. The linear range for iron was taken be- The results of the proposed SIA system were verified us-

tween 1 ar:jd flO mgr’lll. Tge csllbratlon ggrve f0r4|.|'20n WaSTh ing results obtained by conventional manual extractions at
constructed from the absorbance readings at 425nm. he same pH with diode array detection. The results and

_s;mall _an_alytlcal range can be ascnbed_ to the fact that thethe relative standard deviations obtained with conventional
iron-dithizone complex favours a 1:3 ratio.

For copper it was impossible to use decrease of reagenty, e »
to construct the calibration curve, because the spectra ofstandard mixed solutions prepared to construct calibration data
the different concentrations overlap tremendously, especially siangard ~ Analyte (mgt)
at the wavelengths where dithizone absorb. The calibration

curve was therefore constructed from the absorbance read- PIP* Cw* zn* Co*  Cdt Fer  Hgt
ings at 490 nm. This resulted in a linear range between 1 and! 7 6 5 4 3 1 0
20mg 1 copper. The equation of the line was: ;2:, g i g 3 i g g
Acy = 0.028[Cu]+ 1.009;  r? = 0.9976. 4 4 3 2 1 0 6 5
5 3 2 1 0 7 5 4
With zinc the peak shape seemed to determine the lin-6 2 1 0 7 6 4 3
ear range. Lower concentrations of zinc showed peaks with é (5) Z g g 2 2

a dithizone shape, due to the excess of the reagent and fof



1210 J.F. van Staden, R.E. Taljaard / Talanta 64 (2004) 1203-1212

Table 4
1 Relative standard deviations obtained for spiked real samples analysed with
the proposed sequential injection extraction system
Sample %R.S.D.
trol
8 \ C;:“'; PB* CW@" zm*t C@" Cd+ Fé* Hg?
§ Urine 3 Soil 1 081 019 0.34 049 078 041 108
o Soil 2 021 014 026 032 058 031 081
2 — Soil 3 076 080 146 186 137 176 1.66
< Tap water 1 098 104 190 194 136 128 1.06
Tap water 2 078 085 154 197 154 185 1.88
. Urine 1 096 107 193 144 144 134 1.13
- T Urine 2 087 094 170 115 191 195 1.40
e aan oan Urine 3 052 028 050 068 117 062 1.63
390 440 4 4
340 90 540 590 640 690 740 Control samples 0.64 0.75 067 047 028 0.58 0.84
Wavelength (nm)
Fig. 3. Spectra obtained for the different samples analysed. Conventional Table 5
manual extractions were used to obtain the dithizonates. Results obtained for spiked real samples using conventional manual (hand)
extractions
Sample Analyte concentration found (md)
_.Tap water 1
. Urine 1 P*t Cwt zmt Co?t Cdt Fet  Hg?t
4 Control Soil 1 426 364 031 2317 109 1059 2.40
§ “ Soil 2 715 599 552 1702 533 885 561
8 A Soil 3 374 212 474 1821 545 1119 146
3 e ---Soil 1 Tap water 1 8.60 7.67 1.18 23.09 13.00 47.80 0.74
§ oil3 Tap water 2 556 524 174 27.88 13.41 47.23 0.58
Urine 2~ é’di'l 2 Urine 1 845 640 531 397 1356 492 1.46
Urine 2 7.05 519 5380 356 12.01 438 1.32
Urine 3 0 2.62 358 148 10.70 2.87 5.73
‘‘‘‘ B Control samples 4.95 5.09 4.99 487 5.01 518 5.08
300 400 500 600 700 800
Table 6

Wavelength . o . . .
avelength (nm) Relative standard deviations obtained for spiked real samples when using

. . . conventional manual (hand) extractions
Fig. 4. Spectra obtained for the different samples analysed. The proposed ( )

injection extraction system was used to obtain the dithizonates. Sample %R.S.D.
PBZt Cuwt zmt Cd*t Cht Fet  Hg*t
017 020 035 046 083 044 116

manual extractions are givenTables 5 and 6. The accuracy g7

of the proposed sequential injection extraction system was sj 2 013 014 025 031 057 030 078
also evaluated by comparing the results of the seven metalsoil 3 074 083 151 191 147 182 1.80
ions of the different spiked real samples (Table 3) with the Tap water1 095 107 194 146 148 134 118
results obtained by using standard AAS methods (Table 7) on 2P water 2 077 086 156 197 158 187 1.95

. . Urine 1 097 106 192 142 141 131 1.08
conventional manual extraction samples. The results between ;. » 086 094 170 115 191 105 140

the proposed sequential injection extraction system (Table 3), Urine 3 026 028 050 064 116 061 1.60
conventional manual extractions (Table 5) and standard AAS Control samples  0.18 0.17 019 0.34 049 0.78 041

Table 3 Table 7
Results obtained for spiked real samples employing the proposed sequentiaResults obtained with standard AAS methods on conventional manual ex-
injection extraction system traction samples
Sample Analyte concentration found (mg) Sample Analyte concentration found (mg)

Pt Cuwt zn?t Cct Cdt Fét  Hgt Pt Cuwt zn?t Cc?t Ccdt Fét  Hgt
Soil 1 460 318 066 2256 130 9.69 252 Soil 1 431 329 049 2332 117 9.76 2.49
Soil 2 729 599 558 1737 583 867 6.25 Soil 2 720 6.05 561 1740 551 871 6.09
Soil 3 3.74 203 474 1756 474 930 1.22 Soil 3 377 221 466 1799 468 1055 131
Tap water 1 849 7.67 110 23.62 1293 46.82 0.29 Tapwaterl 840 7.63 121 2386 13.32 46.99 0.59
Tap water 2 496 562 175 27.00 13.20 46.20 0.47 Tap water2 561 571 175 2745 13.28 46.27 0.53
Urine 1 834 643 531 3.66 13.48 493 0.74 Urine 1 832 6.28 5.36 350 13.75 495 1.10
Urine 2 7.05 519 5380 3.61 1196 4.39 240 Urine 2 7.07 531 569 344 1197 440 205
Urine 3 0 2.61 358 145 13119 3.28 6.43 Urine 3 0 259 3.65 140 1284 248 6.04

Control samples 4.91 5.01 4.89 542 504 511 479 Controlsamples 491 501 5.06 512 506 515 4.95
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methods (Table 7) compared favourably. The precision of the plied without the use of phase separators or segmentors. This
proposed SIE system (Table 4) and conventional manual ex-fact highlights the durability and robustness of the technique,
traction (Table 5) were evaluated and both gave a %R.S.D. <since less maintenance will be needed. The sequential injec-

2.0%. tion system is fully computerised and allows the determi-
nation of seven metal ions (lead, zinc, copper, iron, cobalt,
4.3. Sample frequency cadmium and mercury) in the same sample without prior sep-

aration. A sample frequency of 27 samples per hour (189
To complete the whole analytical cycle, including the ex- measurements per hour) place it ahead of other SIA systems,
traction and detection, took 135s. This resulted in a samplewhere the main drawback usually is the low sample through-
frequency of 27 samples per hour representing 189 determi-put. Coupling sequential injection extraction with a diode
nations per hour. When considering that seven analytes werearray spectrophotometer resulted in high sample throughput
determined simultaneously, the sample frequency is quite re-and a sensitive method to determine related species without
markable for a sequential injection system. the need of tedious analyte separations.
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