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Abstract

A new hyphenated method was developed for the speciation of TI. In this method, TI(I11) was complexed with DTPA to form a
TI(111)-DTPA anionic complex. TI(l) did not formacomplex with DTPA. Thetwo specieswere separated simultaneously by means
of ion chromatography using aDionex cation exchange guard column, CG12A, and 15 mmol/¢ nitric acid aseluant. When | CP-OES
was used asdetector the detection limitsfor both specieswere 0.8 mg/¢for aninert \VV-groove nebuliser and 0.1 mg/¢for an ultrasonic
nebuliser. No spectral interference was observed but high concentrations of metals such as Fe and Al could lead to broadening of
the TI(1) peak. It was demonstrated that the same chromatographic method can be used with |CP-M S detection. Detection limits

were then reduced to 25 ng/¢ for TI(I) and 70 ng/¢ for TI(I11).

Introduction

Tl and its compounds are used in various industrial applications
such as semiconductors, nuclear medicine, catalysts, dyes and
pigments, thereby increasing the risk of occupational poisoning
and environmental pollution (Asami, 1996). It isa so abyproduct
in mercury mining. It ispresent in flue dust from coal -fired power
stations and thus is being distributed in the environment. It is
known that thallium is more toxic than Hg, Pb or Cd and is one of
13 priority metal pollutantslisted by the USAEPA. Tl poisoningis
therefore a recognised industrial hazard (Lin and Nriagu, 1999;
Shabalinaand Spiridonova, 1979), although not widespread. Some
unique applications of Tl are stimulating T related research in
diverse fields ranging from toxicology (Borgmann, et al., 1998)
and biology (Lepp and Logan, 1983) to chemistry (Kocovsky and
Baines, 1993, Linand Nriagu, 1999), and environmental monitoring.
In these research fields the determination of the TI(1) and TI(I11)
speciesisimportant. Inrecent work intheenvironmental field (Lin
and Nriagu, 1999), TI(111), themorereactiveform of TI, wasfound
to bethe dominant Tl speciesin polluted waters of the Huronriver.
One must therefore assume that TI(I11) can be stabilised through
complexation with ligands present in polluted river waters. TI(111)
formsvery stablecomplexeswith dicarboxylicacidsand 3-ketones.
Depending ontheapplication, theconcentration levelsat whichthe
analysis must be performed span awide range and can vary from
mg/¢ in chemical research to ng/¢ in environmental monitoring.
During the last decade many analytical methods for Tl
determination were devel oped, most of them focused on low level
determinationsin natural waters. Atomic absorption spectrometry
(Ivanovaetal, 1997), inparticular ETA-AASiswidely usedfor the
determination of T, due to its high sensitivity. Electrochemical
methods (Bohrer and Schwedt, 1998; Kahlert et al, 1996 and
Diewald et a, 1994), as well as spectrophotometric methods
(Vartak and Shinde, 1998; Namboothiri etal, 1991; Mihgjlovicand
Stafilov, 1996 and Hafez et a, 1996) have also been used for TI
determination. In addition, fluorimetric methods (Perez-Ruiz et al,
1996), liquid scintillation counting (Rajesh and Subramanian,
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1992 and 1994), and isotope dilution mass spectrometry (Oliver
andKlaus, 1999) havebeenreportedfor Tl determination. However,
thesemethodscan determineonly oneof thetwo T speciesat atime
(Linand Nriagu, 1999 and Perez-Ruiz et al, 1996). Typically, one
Tl speciesis measured, followed by the determination of total Tl
concentration after oxidation or reduction. The other species
concentration is then obtained by subtraction. Interference from
other metalsis a common problem in many published methods.

Theaim of thiswork wasto develop aquick, interference-free
method for the simultaneous separation and determination of the
two Tl species, TI(1) and TI(I11). A hyphenated technique, |C-ICP-
OES,i.e.ionchromatography (1C) coupledwithinductively coupled
plasmaoptical emission spectrometry (ICP-OES), or IC-ICP-MS,
ion chromatography coupled with inductively coupled plasma
mass spectrometry (ICP-MS) wasdevel oped for thispurpose. This
is the first useful IC-ICP-OES/MS method for the simultaneous
online determination of TI(I) and TI(I11) species.

Experimental
Apparatus

The IC-ICP-OES system consisted of a Dionex analytical pump
(2000i), a Dionex cation exchange guard column, CG12A, and a
VarianLiberty 1101 CP-OESspectrometer with V-groovenebuliser.
Theeffluent from the column wasfed directly into the nebuliser of
thel CP-OES system. An ultrasonic nebuliser (Cetac, U-5000AT*)
was used to enhance detection limits. The analog signal from the
spectrometer was digitised and analysed using Varian Star
Chromatography software (Version 4.0).

ThelC-ICP-M S system consisted of aWaters Alliance 2690D
high performanceliquid chromatograph, aDionex cation exchange
guard column, CG12A, and a Micromass Platform ICP-MS
(collision cell) with aV-groove nebuliser. Masslynx 3.4 software
was used to control theinstrument, to acquire, and to process data.

Reagents
A 1 000 mg/¢ TI(I) stock solution was prepared by dissolving an

appropriateamount of TINO, (Seelze-Hannover) indeionised H,O
(18 MQ). A 1 000 mg/¢ TI(l11) stock solution was prepared by
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TABLE 1
Optimised ICP-OES conditions
TABLE 2
Parameter Value Optimised conditions for the ICP-MS
Er.nisz.;ion Wg\/el ength 351.924 nm ICP Hexapole Quadruple/Detector
Viewing height 12 mm
ﬁ?rch window 0.0Aénm Nebuliser:  [0.80 ¢/min | Hex Exit: | 355V LM Res: 12.5
Olr deerr 1 Intermediate: | 1.2 ¢/min | Ion Focus: | 400 V HM Res: 12.5
Photomultiplier voltage 700V Coolant: 13.5 ¢/min| Hex Bias: | 0.0 V ' Ton E‘ne.rgy: 1.0V
Power 1.00 KW Power: 1200 W | HeFlow: | 5.2 mémin | Multiplier: 450 V
Plasma gas flow rate 18.0 ¢/min H, Flow: | 5.1 m¢/min
Auxiliary gas flow rage 1.5¢/min
Nebuliser pressure 200 kPa
3500 separatethetwo speciesusing HNO, aseluant. Theanionic TI(111)-
3000 - DTPA complex had no retention on the cation exchange column
2500 and eluted from the column with the eluant front, followed by TI*.
g 2000 - o TI(N) Optimisation of spectrometer conditions
4
§ 1500 1 BT The optimum ICP-OES and | CP-M S conditions were determined
1000 - experimentally and are listed in Table 1 and 2, respectively.
500 4 o "
0 The optimisation of IC conditions
0 10 20 30 40 The choice of eluant

Nitric Acid Concentration(mmol/t)

Figure 1
The change in peak area vs HNO, concentration for a sample
containing 20 mg/¢each of TI(l) and TI(lll). Flow rate 2 m#min.
Sample volume 50 ut .

dissolving an appropriate amount of TI(NO,),-3H,0 (Sigma-
Aldrich) in 10 mmol/¢ HNO, and 5 mmol/¢ DTPA (diethylene-
triaminepentaacetic acid, Merck). A mixture of 1 mmol/¢ DTPA
and 10 mmol/¢ nitric acid (Suprapure, Merck) was used as diluent
for all samples containing TI(I11). All solutions were filtered with
0.22 micron membrane filters before use.

Results and discussion
The stabilisation of TI(lII)

TI(l) is stable in agueous media but TI(111) is reactive and can be
hydrolysedinalkalineor neutral solutionsand reduced by common
reducing agents. It can, however, be stabilised by complexation. In
this study a chelating reagent, DTPA was utilised to prevent
hydrolysis and reduction of TI(I11) and to stabilise it in agueous
solutions. TI(111) forms avery stable complex, [TI(DTPA)]?, with
DTPA with stability constant of logK = 46 (Inczedy, 1976). A
TI(1)-DTPA complex is not formed. After the stabilisation of
TI(I11), the two species exist as TI* and [TI(DTPA)]%, and can in
principle, be separated by either an anion exchange column or a
cation exchange column. In practice, however, the use of an anion
exchangecolumnisnot useful, becausethealkalineel uant normally
used with this column, could cause the hydrolysis of TI(lI1). A
cation exchange guard column, CG12A, was therefore used to
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HNO, was selected as eluent because among the common strong
acids, HNO,, H,S0, and HCl, HCI cannot be used asel uant because
itcanformaprecipitate(TICl) withTI(I). H,SO, isalsonot suitable,
becausein real samples common cations such asBa?*, Ca* or Pb**
may bepresent, whichwill precipitatewith SO,* and cause column
blockage.

Optimising eluant concentration and composition
Figure 1 shows the change in peak area for the chromatographic
peaks obtained after separating 20 mg/¢ TI(I) and 20 mg/¢ TI(I11)
usingdifferent HNO, concentrations. Clearly aninverserelationship
of peak area (or sensitivity) vs HNO, concentration exists for the
two Tl species. Optimum sensitivity is achieved at HNO,
concentrations of between 15 and 20 m mol/¢. Baselineresolution
was achieved at HNO, concentration < 20 m mol/¢ The trend for
peak height is the same. An acceptable compromise between
sensitivity and resolution, was obtained by selecting an eluent
concentration of 15 mmol/¢ HNO,.

To determine whether it was necessary to add DTPA to the
eluant to ensure the stability of the TI(111) DTPA complex, aset of
eluants containing 15 mmol/¢ HNO, and different DTPA con-
centrations weretested. It was found that the addition of DTPA to
the eluant does not significantly change the chromatographic
parameters, resolution, retention time, peak area and peak height.
DTPA wastherefore, not added totheel uant in subsequent analyses.

The optimisation of eluant flow rate
Theeffect of eluant flow rate on resolution, peak area, peak height
and retention time was evaluated experimentally, and the results
areshownin Table 3.

From the Table 3, it can be seen that even at high flow rates,
good resol ution wasobtained. Flow ratedid, however, asexpected,
affect the retention time and peak area. Both decreased with the
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TABLE 3
The effect of flow rate on resolution, peak area, peak
height and retention time.Sample: 20 mg/¢ TI(lll), 20
mg/L TI(l) in 1 mmol/t DTPA and 10 mmol/t HNO,.
Injection volume: 50 w

Flow | Reso-|Retention Ti(m) TI(1)
rate | lution| time | peak | Peak | Peak | Peak

(mdlt) (min) | area | height| area | height
1.0 2.34 167 | 2706 236 2856 189
1.4 2.21 1.20 3361 251 2735 210
1.8 2.18 0.96 2598 262 2328 228
2.2 2.21 0.80 1942 253 1773 220
2.6 197 0.67 1787 247 1616 222
3.0 193 0.58 1648 251 1489 228
34 1.89 0.52 1450 256 1223 234

increasein flow rate. The best sensitivities can be achieved at low
flow rates but thiswill result in longer retention timesfor the TI(1)
species. Tokeep analysistimebelow 1 minper sample, aflow rate
of 2 m¢/min was chosen.

Optimising sample size

Sample sizes between 20 and 100 w! weretested. The results show
that retention time of TI(I) and resolution were not influenced
significantly by changesin samplevolume. Asexpected, peak area
and peak height increased linearly with increasing samplesize. In
order to obtain maximum sensitivity, the maximum sample size of
100w, waschosenfor further analysis. Thisrelatively largesample
size did not cause column overload. Optimised chromatographic
conditionsfor the separation of thetwo TI speciesare summarised
inTable 4.

Analytical parameters for ICP-OES

Evaluating peak area and peak height as response
functions

TI species can be quantified by using either peak area or peak
height. To determine which function is the most effective for the
guantitative determination of Tl, a set of standards was measured
under the optimum conditions shown in Table 1 and Table 4. The
respective calibration curves are given in Figs. 2 and 3.

For TI(I11), the difference between the relative standard
deviations for peak area and peak height determinations and the
correlation coefficient for the calibration graphswasinsignificant.
Sensitivity wassignificantly better for peak areameasurements, as
can be seen from the following equations for TI(I11) calibration
curves:

Peak area:
Peak height:

y = 162.18x + 103.37
y = 18.96x —29.40

For TI(1), thecalibration curve was non-linear (See Fig.3) for peak
height determinations, possibly because of peak broadening. Peak
area was, therefore, chosen for the quantitative determination of
TI(1) and TI(I11).

Detection limits and working range

Detection limits were calcul ated as that concentration equivalent
to asignal of three times the standard deviation of the calibration
line obtai ned by the successivedilution of standards. Thedetection
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TABLE 4
The optimised chromatographic conditions for Tl
speciation
Column CG12A cation exchange guard column
Eluant 15 mmol/¢ HNO,
Flow rate 2 m¢/min.
Sample size 100 wt
Sample pretreatment | The mixture of 1 mmol/¢ DTPA and
10 mmol/¢ HNO, as diluent.
18000 .
16000 | R =0.9972
14000 -
12000 R?=0.9987
()
10000
=
F; 8000 1 * TI(I)
4000 +
2000 -
0 T T
0 50 100 150
Concentration (mg/t)
Figure 2
Ti(l) and (1ll) calibration curves using peak
area as response function
2000 2
1800 -+ R =0.999
1600
£ 1400 -
2 1200 -
T 1000 + "
E 800 A < TI(I)
o 600 - = Ti(1)
400 +
200 +
0 T T
0 50 100 150

Concentration (mg/t)

Figure 3
Calibration curves for TI(l) and TI(lll) using peak height as
response function

limits for both species were 0.8 mg/{ using an inert V-groove
nebuliser and 0.1 mg/¢ for the ultrasonic nebuliser.

Thelinear range for TI measurement by this method can span
up to three orders of magnitude.

Interference study: IC-ICP-OES

Common anions

In samples containing precipitating ions, such as I+, TI(l) will be
precipitated out of thesol utionas Tl and woul d not bedeterminabl e.
Experimental results, show that no interference from the common
anions, F, ClI,, Br, SOZ, and HPO?, was observed for the
determination of TI.
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TABLE 5
Analysis of water samples with different TI(l) and TI(lll)
concentrations using the V-groove nebuliser

Cations

Spectral interference at the 351.924 nm Tl line
may come from spectral lines of the following
elements: Ce (351.908 nm), Th (351.890 nm)

and Zr (351.960 nm). Ce and Th are very rare

sa,:"""e Ti(i) (mg/e) Tid) (mg/) e ement(s inthe natur?e and they are not exgected

©- |Known Measured Recovery | Known Measured Recovery in most samples. To investigate if Zr interferes

1 4 48+1 120% 4 45+ 04 113% with the measurement of Tl at the chosen

> 8 85+ 0.9 107% 8 904+13 118% conditions, four samples containing 30 mg/¢

3 15 153 + 0.9 102% 15 163+ 23 109% TI(I1) an_d 30 mg/t TI(I) with different Zr
4 | 30 | 27912 93% | 30 283+25 | 94% concentrations were analysed. .

5 | 50 | 501+38 | 100% | 50 | 463+99 | 93% The measured resultswere n agreement with

6 80 789+ 95 99% 80 804+ 9.1 100% the known value, indicating that Zr did not

7 100 1012+ 96 101% 100 101.6 + 3.7 102% interferewiththemeasurement of TI. Fe(l11) and

AI(I11) canform complexeswith DTPA and may

elute with TI(111)-DTPA. They are

not expected to cause spectral

TABLE 6 interference. Itwas, however,found

Comparing known concentrations with measured concentrations for

various TI(Ill) to TI(l) ratios using the V-groove nebuliser

that they do slightly affect the peak
shapes. TheTI(l) peak wasfoundto
bedlightly broadenedandtheTI(l11)

Sample| Ratio Ti(in) TI(1) peak slightly narrower.
No. Known Measured Recovery | Known Measured Recovery
(mglt) (mglt) (mglt) (mg/) The ratio of TI(I) and TI(Ill)

1 | 1:20 5 48+04 950% | 100 | 1021+61 | 102% When low concentrations of one

2 | 18 10 100+ 05 | 100% | 80 811+10 | 101% species were to be determined

3 | 23 30 309+22 | 103% | 60 59.0+25 | 98% together with high concentrations

4 | 54 50 490+10 | 98% | 40 389+12 | 97% of theother species, thedetectionof

5 | 41 80 801+13 | 100% | 20 | 200+05 | 100% the species a low concentration

6 | 101 100 1002+ 14| 100% | 10 109+07 | 110% becomes difficult. The concen-

tration ratio of the two species

therefore, can affect the measure-

ment. This is especialy true for low concen-

TABLE 7 trations of TI(I) because of peak broadening.

Comparing known concentrations with measured concentrations
using the ultrasonic nebuliser

The effect of concentration ratios on the
reliability of the measurement was studied for

the working range 4 to 100 mg/{. When low
Sample Ti(im) Ti(1) concentrations of TI(111) were to be determined
No. I?rr:lo%)n M?%Sl;tl’)ed Recovery I?rr:lo%)n M((e?nSl;tr)ed Recovery in the presence of high TI(I) concentrations,
g 9 9 9 TI(1)/ TI(11) ratiosof upto 25 could beanalysed
1 2 1.98+ 017 99% 2 199+ 015 | 100% without difficulty. Whenlow concentrations of
2 3 |304+010 | 101% 4 | 403+012 | 101% TI(1) were to be determined in the presence of
3 4 3.96 + 0.10 99% 6 5.96+ 0.07 99% high TI(I11) concentrations, the TI(I) valuesare
4 5 5004+ 0.12 100% 8 801+012 | 100% impaired at concentrationratiosof TI(111)/ TI(1)

5 | 2 |190+010 | 9% | 8 | 7.88+017 | 98% below 12 _
Better resolution and correspondingly higher

140000
y = 25742x - 934.03
120000 - R®=1
100000 -
2 80000 - * )
g = TI(l)
§ 60000 - y = 19087x - 17563
R? =0.9997
40000 -
20000 -
0 h T T
0 2 4 6
Concentration (ng/t)
Figure 4
Calibration curves of the two Tl species by means of
HPLC-ICP-MS
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ratios could be achieved by using two guard
columns in series or guard column plus the anaytical column
Csi12.

Application of IC-ICP-OES for Tl speciation

The proposed method was used to analyse water samples with
known concentrations of the TI species. The measured
concentrationsand recoveriesaresummarisedin Table5and 6 for
the V-groove nebuliser, and Table 7 for the ultrasonic nebuliser.
The confidence intervals are based onthreereplicatemeasurements
(t = 4.30) and a confidence level of 95%.

Application of IC-ICP-MS for Tl speciation in
environmental samples

For the determination of Tl speciesin environmental samples, the
| C-ICP-OESmethod doesnot havesufficient sensitivity. However,
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it was demonstrated in this study that ICP-MS
detection can be used without modification of the
chromatographicconditions. Indoing so, detection
limits were improved dramatically, thereby

TABLE 8

Analysis of water samples with known Tl concentrations
using IC-ICP-MS

making it possible to apply the method for the
analysisof environmental samples. Thedetection sa,:':)p'e T i
limitsfor TI(1) and TI(111) were 25 ng/¢ and 70 ng/ " |Known | Measufed | Recovery | Known | Measufed | Recovery
{, respectively, by using the VV-groove nebuliser.
Calibration curvesfor TI(1) and TI(I11) are shown 1 0.25 0.26 104% 0.25 0.23 92%
in Fig. 4 . Excellent linearity was obtained for 2 0.50 0.46 92% 0.50 0.48 96%
both calibration curves. To determine the 3 1.00 0.93 93% 1.00 1.01 101%
reliability of the method, several samples with 4 2.00 2.01 100% 2.00 2.00 100%
very low known concentrations were measured. 5 5.00 5.01 100% 5.00 5.01 100%
The measured results and recoveries are
summarised in Table 8.

Tap water samples spiked with 0.5 ug/¢ TI(1)
and 0.5 ug/¢ TI(I1) and 1 mmol/¢ DTPA were determined by TABLE 9

HPLC-ICP-MS. Theresults arelisted in Table 9.

Excellent consistency of themeasured concentrationswith the
known concentrations has been achieved by means of the |C-1CP-
MS. These results show that the IC-ICP-MS can be used in the
measurement of Tl speciesat levelsappropriate for environmental
samples.

The measurement of Tl at mass 205 is practically interference
free since no other stable isotopes occur at this mass number.
Interference from adjacent peaks could, however, be possible if
large quantities of lead (***Pb) and mercury (**Hg) are present. It
was beyond the scope of this paper to include a comprehensive
interference study.

Conclusion

The main objective of this work was to demonstrate that the
simultaneous separation and determination of Tl species was
possible using a hyphenated anaytical technique such as |C-1CP-
OES and IC-ICP-MS.

Theproposed methodisthefirst for thesimultaneousseparation
and determination of both Tl species. The method isfast, simple,
accurateand interference-free. It hasbeen used successfully for the
determination of Tl in self-prepared samples. The disadvantage of
thel C-ICP-OESmethodisitspoor detectionlimitwhichisinherent
to the |CP-OES detector for this element. The method using | CP-
OES detection can find application in the determination of both Tl
speciesinindustrial samples, orinchemical andbiological research.

For application in environmental trace analysis, it was
demonstrated that the same chromatographic conditions can be
used for the separation of thetwo T speciesand that in conjunction
with ICP-MS detection, analysis could be performed with the
appropriate sensitivity.

Acknowledgements

The authors would like to thank Microsep for providing accessto
a Micromass Platform ICP-MS and a Waters Alliance 2690D
chromatographic system.

References

ASAMI T, MI1ZUI C, SHIMADA T and KUBOTA M (1996) Determina-
tion of thallium in soils by flame atomic absorption spectrometry.
Fresenius' J. Anal. Chem. 356 348.

BOHRER D and SCHWEDT (1998) Anodic stripping voltammetric
determinationof thalliumas[TIBr ] -rhodamine B complex. Fresenius
J. Anal. Chem. 362 224.

Available on website http://www.wr c.or g.za

The measurement of tap waters spiked with 0.5 pg/t
TI(l) and 0.5 pg/t Ti(lll)and 1 mmol/{ DTPA by means
of HPLC-ICP-MS

Sample TI(IT) T(I)
No.
Spiked Measured Spiked Measured
conc. conc. conc. conc.
(ng/y (nglt) (nglt) (nglt)
1 0.50 0.58 0.50 0.52
2 0.50 0.55 0.50 0.54
3 0.50 0.56 0.50 0.52
4 0.50 0.59 0.50 0.52

BORGMANN U, CHEAM V, NORWOOD W Pand LECHNER J(1998)
Toxicity and bioaccumulation of thallium in Hyalella azteca, with
comparison to other metals and prediction of environmental impact.
J. Environ. Pollut. 99 105.

DIEWALD W, KALCHER K, NEUHOLD C, SYVANCARA | and CAl X
(1994) V oltammetric behavior of thallium(l11) at asolid heterogeneous
carbon electrode using ion-pair formation. Analyst. 119 299.

HAFEZ M AH, KENAWY IMM and EMAM MEM (1996) Comparative
analytical determination of thallium in different grade minerals and
ores using semimethylthymol blue. India J. Chem. Sect.: Inorg., Bio-
inorg., Phys., Theor, Anal. Chem. 35 179.

INCZEDY J(1976) Analytical Applications of Complex Equilibria. UK.

IVANOVAE, YAN X,MOL WV and ADAMSF (1997) Determination of
thallium in river sediment by flow injection on-line sorption
preconcentration in a knotted reactor coupled with electrothermal
atomic absorption spectrometry. Analyst. 122 667.

KAHLERT H, KOMORSKY-LOVRIC S, HERMES M and SCHOLZ F
(1996) A Prussian Blue-based reactive electrode (reactrode) for the
determination of thallium ions. Fresenius' J. Anal. Chem. 356 204.

KOCOVSKY P and BAINES R (1993) Synthesis of estrone via a
thallium(l11)-mediated fragmentation of a 19-hydroxy-androst-5-ene
precursor. Tetrahedron Lett. 34 6139.

LEPP NW and LOGAN PG (1983) The absorption of thallium by plants:
A comparison of the uptake of thallium(l) and thallium(l11) by excised
barley roots(Hordeum vulgare c. v. maris mink). Inorg. Chim. Acta.
79 229.

LIN T and NRIAGU J (1999) Thallium speciation in the Great Lakes.
Environ. Sci. Technol. 33 3394.

LIN T and NRIAGU JO (1999) Thallium speciation in river waters with
Chelex-100 resin. Analytica Chimica Acta. 395 301.

MIHAJLOVIC D and STAFILOV T (1996) Spectrophotometric deter-
mination of thallium in zinc and zinc-base alloys with iodoacetic acid
hexamethylenetramine. Fresenius' J. Anal. Chem. 356 371.

NAMBOOTHIRI KK, BALASUBRAMANIAN N and RAMAKRISHNA
TV (1991) Spectrophotometric determination of thallium after its

ISSN 0378-4738 = Water SA Vol. 29 No. 1 January 2003 21



extraction as an ion-pair of the chloro-complex and pyronine G.
Talanta 38 (8) 945.

OLIVER FSand KLAUS GH (1999) Development of an isotope dilution
mass spectrometric method for dimethylthallium speciation and first
evidence of its existence in the ocean. Anal. Chem. 71 245459.

PEREZ-RUIZ T, MARTINEZ-LOZANO C, TOMASYV and CASAJUSR
(1996) Simpleflow injection spectrofluorimetric method for speciation
of thallium. Analyst. 121 813.

RAJESH N and SUBRAMANIAN MS (1992) Sub-stoichiometricisotope
dilutionanalysisfor thedeterminationof thalliumby liquid scintillation
counting. Analyst. 117 1953.

RAJESH N and SUBRAMANIAN MS (1994) Extraction separation and
determination of thallium and indium by liquid scintillation counting.
Analyst. 119 2071..

SHABALINA LP and SPIRIDONOVA VS (1979) Thallium as an indus-
trial poison (review of literature). J. Hyg., Epidemiol., Microbiol. and
Immunol. 23 247.

VARTAK SV and SHINDE VM (1998) An extraction study of gallium,
indium, and thallium using TPASO as an extractant. Talanta 45 925.

22 ISSN 0378-4738 = Water SA Vol. 29 No. 1 January 2003

Available on website http://www.wr c.or g.za



