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Abstract

A simple cloud point extraction method followed by inductively coupled plasma-optical emission spectrometry (ICP-OES) was developed for
simultaneous preconcentration and determination of trace amounts of U(VI), Th(IV), Zr(IV) and Hf(IV) ions in aqueous samples. The metal ions in
50 ml of aqueous solution (containing 0.1 M sodium acetate, pH 6.0) were formed complexes with dibenzoylmethane (DBM). Then, Triton X-114
(0.2%, w/v) was added to the solution. By increasing the temperature of the solution up to 50 °C, a phase separation occurred. After centrifugation
at 4000 rpm for 6 min, the surfactant-rich phase (sediment phase) was diluted with 1.0 ml of 20:80 (v/v) of methanol/1 M HNOj. The metal ions
were then determined using ICP-OES. Finally, the main factors affecting the cloud point extraction were evaluated and optimized. Under optimized
conditions, enhancement factors in the range of 37.0-43.6 were obtained. The calibration graphs were linear in the range of 0.5-1500 wg1~' for
Th and Zr, 0.5-500 wg 1=! for Hf and 2.5-1240 p.g 1~ for U with correlation coefficients (+?) better than 0.9926. The detection limits were between

0.1 and 1.0 pg1~! and the R.S.D. values for seven replicates were lower than 6.1%.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Uranium (U) and thorium (Th) have special significance
among actinides as nuclear fuel for electricity production
in power plants. They are known to cause acute toxicolog-
ical effects for human and their compounds are potential
occupational carcinogens. They are highly toxic which cause
progressive or irreversible renal injury that in acute cases may
lead to kidney failure and death. The WHO, Health Canada and
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Australian drinking water guidelines fixed the maximum ura-
nium concentration in drinking water to be less than 9, 20 and
20 wg 17!, respectively [1-3]. Uranium is present in sea water,
though in very small concentrations of about 3.3 wg 1~! or lower.
In view of the extensive usage of uranium and thorium for vari-
ous industrial purposes and their toxicity, precise determination
of these elements in environmental and biological samples is a
challenging task [4,5].

Zirconium (Zr) and hafnium (Hf) are strategic elements, thus
their identification and determination are very important. Zr
alloys are employed in the production of optical glasses with
high refractive index and in the ceramic industry to produce
enamels. Its transparency to thermal neutrons has made Zr as
a good structural material in nuclear reactors and chemical
plants. Hf is found only in natural zirconium compounds. It
has also been found to be a good absorber of neutrons, leading
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to its use as a moderator in control rods for nuclear reactors
[6,7].

Most zirconium compounds have low systemic toxicity due
to their poor solubility. However, some soluble compounds, such
as zirconium tetrachloride, are irritants and may cause corrosive
injury. In addition, skin and lung granulomas have been reported
following repeated zirconium exposure. Hafnium has no known
biological function. Very little information is available concern-
ing its toxicity, but it is generally regarded as being of low
toxicity.

Direct determination of U(VI), Th(IV), Zr(IV) and Hf(IV)
by instrumental techniques is still difficult because of the
very low concentrations of these elements in nature and pres-
ence of complex matrix. To solve these problems, various
preconcentration and separation techniques including solvent
extraction, solid phase extraction, ion-exchange, electrodepo-
sition, extraction chromatography, etc. have been developed
[8-18].

Cloud point extraction (CPE) is a simple and powerful
method for separation and preconcentration of metal ions. CPE
is based on the fact that under cloud point conditions the orig-
inal surfactant solution easily separates into two apparently
immiscible phases: a bulk-diluted aqueous phase containing
surfactant at a concentration below or equal to critical micelle
concentration (CMC), and a surfactant-rich phase [19-22]. This
phenomenon is especially observed with polyoxyethylene sur-
factants and can be attributed to the two ethylene oxide segments
in the micelle that repel each other at low temperatures, when
they are hydrated. They attract each other as the temperature
increases due to dehydration, causing a decrease in the effective
area occupied by the polar groups on the micelle surface and
increasing the size of the micelle, resulting in phase separation
[23,24].

Upon such cloud point phase separation, dissolved hydropho-
bic, amphiphilic or even ionic species, originally present in
the aqueous solution, will be distributed between immisci-
ble phases in a way analogous to liquid-liquid extractions.
The use of preconcentration steps based on CPE permits the
design of extraction schemes that are simple, low cost, high
efficient and of lower toxicity rather than the extractions that
use organic solvents. Also, CPE has high preconcentration fac-
tors as well as environmental and personal safety characteristics
[25-29].

The main purpose of this work was to apply CPE as a precon-
centration step for simultaneous extraction and determination
of low concentrations of U, Th, Zr and Hf ions in aqueous
samples. In the developed system, dibenzoylmethane (DBM)
was used as a chelating agent and Triton X-114 as a non-
ionic surfactant. The target ions were complexed with DBM
and the resulted complexes were preconcentrated using Tri-
ton X-114 as an extractant. Then, the preconcentrated analytes
in the surfactant-rich phase were simultaneously determined
by inductively coupled plasma-optical emission spectrometry
(ICP-OES). Potential factors affecting the cloud point precon-
centration and subsequent analytical performance of ICP-OES
such as pH, surfactant and reagent concentration, nebulizer pres-
sure, viewing height, etc. were investigated in detail.

2. Experimental
2.1. Reagents and materials

All chemicals used were of analytical reagent grade.
7ZrOCl,-8H;0, UO»(NO3)2-6H,0O, Th(NO3)4-5H,O0 and
1000 mgl’1 of standard solution of Hf(IV) were purchased
from Merck (Darmstadt, Germany). The stock standard solution
of each analyte (1000 mg1~!) was prepared in distilled water.
Standard solutions were diluted with distilled water to prepare
a mixed stock solution of the above ions in such a way that
the concentration of mixture was 10mgl~! respect to each
analyte. All the working solutions were freshly prepared by the
addition of ligand and surfactant and subsequent diluting of
the solution with buffer to the required concentration. Reagent
grade dibenzoylmethane (DBM) from Merck was used as
chelating agent. The standard solution of DBM (0.04 mol1~")
was prepared by dissolving proper amounts of reagent in HPLC
grade methanol from Caledon Company (Georgetown, Ont.,
Canada). The non-ionic surfactant, Triton X-114 from Fluka
Company (Chemie AG, Switzerland) was used without further
purification.

2.2. Apparatus

A simultaneous inductively coupled plasma-optical emis-
sion spectrometry (ICP-OES, Varian Vista-PRO, Springvale,
Australia) with a radial torch coupled to a V-groove nebulizer
and equipped with a charge-coupled detector (CCD) was used
for simultaneous determination of the target elements in the
surfactant-rich phase. The argon gas with 99.999% purity for
ICP-OES was purchased from Roham Gas Company (Tehran,
Iran). A thermostated water-bath from GFL Company (Burg-
wedel, Germany) was employed for adjusting the temperature
of the solutions in CPE experiments and a centrifuge from Fer-
dous Ray Company (Tehran, Iran) was utilized to accelerate the
phase separation process.

2.3. Extraction procedure

For the cloud point extraction, aliquots of the solution con-
taining the analytes were adjusted to the appropriate ionic
strength and pH (sodium acetate: 0.1 M, pH 6.0). The ions
in the initial aqueous solution were complexed with DBM
(5 x 10 ~*mol1~1). Triton X-114 at 0.2% (w/v) concentration
was added as non-ionic surfactant. The solutions were kept at
50 °C (the temperature above the cloud point temperature of the
system) for 15min in the thermostatic water-bath to become
cloudy. Since the surfactant is denser than water, the surfactant-
rich phase typically settles through the aqueous phase. The
phase separation was accelerated by centrifuging for 6 min at
4000 rpm. Upon cooling in an ice bath (for 5 min), the surfactant-
rich phase became viscous and was retained at the bottom of the
tube that could facilitate separation of the aqueous phase by
means of a suitable pipette. After separation of the bulk aqueous
phase, in order to decrease the viscosity of the extract, 1.0 ml of
a solution containing 20:80 (v/v) methanol/1 M HNO3 in water
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was added to the surfactant-rich phase. The final volume of the
sample was 1.2 ml. Finally, the samples were introduced into
the ICP nebulizer with a peristaltic pump and the intensity was
measured at the proper wavelength for each ion.

All the optimizing experiments were done using Falcon tubes
with 10 ml volume. To draw calibration graphs and to extract the
ions from the real samples in order to increase the concentration
factor; Falcon tubes with 50 ml volumes were applied. Calibra-
tion was performed against the aqueous standards submitted to
the same cloud point extraction procedure. A blank, submitted
to the same procedure described above, was measured parallel
to the samples and calibration solutions.

3. Results and discussion
3.1. Method development

In the proposed procedure, to achieve maximum extraction
efficiency, various parameters affecting the emission intensities
of the ions in ICP-OES as well as the parameters influencing the
complexation of target ions and cloud point extraction were opti-
mized using univariate optimization approach. The optimized
conditions of ICP-OES are summarized in Table 1.

3.2. Influence of pH

pH of solution plays a unique role on metal—chelate formation
and subsequent extraction. The extraction yield depends on the
pH at which the complex formation occurs. In the present work,
the effect of pH upon the complex formation of target ions was
studied within the pH range of 2.2-10.7 using sodium acetate
solution and addition of NaOH or HNOj3. As shown in Fig. 1,
the emission intensities were nearly constant in the pH range of
6.0-7.0. Hence, the pH of 6.0 was chosen for the subsequent
extractions.

3.3. Influence of reagent concentration

CPE can be used for preconcentration of metal ions after
the formation of sparingly water-soluble complexes. The nature
of the chelating agent and its concentration are important fac-
tors that should be considered. CPE efficiency depends on the

Table 1
The optimized conditions for ICP determination of the target ions

ICP-OES conditions (radial torch)

RF generator power (kW) 1.65
Frequency of RF generator (MHz) 40
Plasma gas flow rate (I min~') 15.0
Aucxiliary gas flow rate (Imin~!) 1.5
Nebulizer pressure (kPa) 240
Viewing height (mm) 9

Pump rate (rpm) 15

Hf wavelength (nm) 282.023
Zr wavelength (nm) 343.823
U wavelength (nm) 367.007
Th wavelength (nm) 339.203
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Fig. 1. Influence of pH on the CPE of the ions. Extraction
conditions—500 pg1~! of the ions in the solution (pH 6.5), 0.2% (W/v)
Triton X-114, equilibration temperature: 60 °C (for 10 min) and centrifugation
time: 10 min.

hydrophobicity of the ligand and the formed complex, the appar-
ent equilibrium constants in the micellar medium, the kinetics of
the complex formation and the transference between the phases
[22,30]. In the present study, dibenzoylmethane was used as a 3-
diketone reagent that forms 1:2 complexes (metal:ligand) with
target ions.

The variation of emission intensities with DBM concen-
tration in the range of 0 to 1 x 10™3moll~! is shown in
Fig. 2. Concentration of the target ions was fixed at 500 pg1~!
and the molar ratio of DBM was changed within 0-50.
The results revealed that at the reagent concentration of
1x10%t02 x 1074 mol 17!, more extraction occurred. There-
fore, 2 x 10~*mol1~! was selected as the optimal chelating
agent concentration value. After studying the effect of foreign
ions on the extraction of analytes, in order to prevent the reduc-
tion of extraction efficiency in the presence of interferences,
higher concentrations of DBM was utilized.

3.4. Influence of surfactant concentration

Triton X-114 was chosen for the extraction due to its
low cloud point temperature (CPT) and high density of the
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Fig. 2. Effect of reagent concentration on the CPE of the ions. Extraction
conditions—500 g 17! of the ions in the solution (0.1 M of sodium acetate, pH
6.0), 0.2% (w/v) Triton X-114, equilibration temperature: 60 °C (for 10 min)
and centrifugation time: 10 min.
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Fig. 3. Effect of Triton X-114 on the CPE of the ions. Extraction
conditions—500 wg1~! of the ions in the solution (0.1 M of sodium acetate,
pH 6.0), 2 x 10~*mol 1! DBM, equilibration temperature: 60 °C (for 10 min)
and centrifugation time: 10 min.

surfactant-rich phase, which facilitates phase separation by cen-
trifugation. A successful cloud point extraction should maximize
the extraction efficiency and minimize the phase volume ratio
to improve preconcentration factor. The effect of Triton X-114
concentration on the extraction efficiency was studied in the
range of 0.03-0.8% (w/v). The variation of emission intensity
as a function of surfactant concentrations is shown in Fig. 3.

Extraction rate of the analytes increased with the increase
of Triton X-114 concentration from 0.03% to 0.2% (w/v). At
lower concentrations of surfactant, the extraction efficiency was
low, probably due to inadequacy of the assemblies to entrap
the hydrophobic complex quantitatively. Further increase in the
concentration of Triton X-114 (higher concentrations than 0.2%
(w/v)) resulted in a decrease in the magnitude of the emis-
sion signals of the analytes likely due to the increasing of the
surfactant-rich phase volume. So a concentration of 0.2% (w/v)
was chosen as the optimum surfactant concentration in order to
achieve the highest possible extraction efficiency and precon-
centration factor.
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Fig. 4. Effect of salt concentration on the CPE of the ions. Extraction
conditions—500 wg 17! of ions in the solution (0.1 M of sodium acetate, pH 6.0),
2% 10~*mol1=! DBM, 0.2% (w/v) Triton X-114, equilibration temperature:
60 °C (for 10 min) and centrifugation time: 10 min.
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Fig. 5. Effect of equilibration temperature on the CPE of the ions. Extraction
conditions—500 wg 1~! of ions in the solution (0.1 M of sodium acetate, pH 6.0),
2 x 107 mol1~! DBM, 0.2% (w/v) Triton X-114, centrifugation time: 10 min.

3.5. Influence of salt concentration

Salt effect was studied by the addition of NaNOs3 to the solu-
tion in the range of 0—1.0 mol 1~ !. The results presented in Fig. 4
show that salt addition had no significant effect on the extrac-
tion efficiency which is in agreement with the literature results
which demonstrated that an increase in ionic strength in micellar
systems does not seriously alter the extraction efficiency of the
analytes.

3.6. Influence of incubation time, equilibration temperature
and centrifugation time

Optimal incubation time and equilibration temperature are
necessary to complete extraction and to achieve easy phase sep-
aration. It is also desirable to employ the shortest equilibration
time and the lowest equilibration temperature, which compro-
mise the completion of reaction and efficient separation of the
phases. It appears that the phase volume ratio of all non-ionic
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Fig. 6. Influence of type of the diluent. Extraction conditions—500 p.g1~! of the
ions in the solution (0.1 M of sodium acetate, pH 6.0), 2 x 10~* mol1~! DBM,
0.2% (w/v) Triton X-114, equilibration temperature: 50 °C and centrifugation
time: 6 min.
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Table 2
The optimized conditions for cloud point extraction of the target ions

Optimum CPE conditions

Chelating agent (mol1~") 2x 107

Surfactant percent (w/v) 0.2

Buffer Acetic acid/acetate solution (0.1 M, pH 6.0)
Equilibrium temperature (°C) 50

Centrifugation time (min) 6

Equilibrium time (min) 15

Diluent 20% (v/v) methanol/1 M HNOj3

surfactants decreases as the equilibration temperature increases.
The greatest analyte preconcentration factors can be obtained
when the CPE is conducted at the temperatures well above the
CPT of the surfactant [31].

Dependence of extraction efficiency upon equilibration tem-
perature was studied in the range of 30-70°C. As shown in
Fig. 5, the optimal temperature was found to be in the range of
50-60 °C. Therefore, an equilibration temperature of 50 °C was
chosen for further experiments. The effect of incubation time on
the extraction efficiency was studied in the range of 5-20 min
and it was found that an incubation time of 15 min was adequate
for the extraction of the metal ions. The effect of centrifuga-
tion time upon the analytical signals was studied in the range of
2-15 min. Since complete separation occurred within this time
and no significant improvements were observed for longer times
a centrifugation time of 6 min at 4000 rpm was selected as the
optimum centrifugation time.

3.7. Influence of the surfactant-rich phase viscosity

After centrifugation, the surfactant-rich phase (150 wl) with
high viscosity was sedimented. In order to reduce the viscosity
of the sediment phase and to facilitate its transfer into the ICP
nebulizer, several diluents were used. As shown in Fig. 6, 20%
(v/v) methanol in 1 M HNOj3 was chosen as the proper diluent
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and 1.0 ml of this diluent was added to the surfactant-rich phase
to reduce the viscosity and to ensure a sufficient volume of the
sample for aspiration. The final surfactant-rich phase volume
was 1.2ml. The optimized conditions of CPE are summarized
in Table 2.

3.8. Interference effect of metal ions

Due to high selectivity provided by inductively coupled
plasma spectrometry, the only interferences investigated were
the cations that may form complexes with DBM and decrease
the extraction efficiency. To investigate the interference effect of
different species, 10 ml of a solution containing 200 pg 1~ ! of the
target ions and foreign ions in different interference-to-analyte
ratios were subjected to the extraction procedure. The obtained
results (Table 3) showed that under the conditions specified in
the procedure, the major cations in the water samples had no
obvious influence on CPE of the target ions. On the other hand,
some ions including Cr** and Hg?* could interfere in CPE of
the ions. Further experiments showed that interference effect of
these elements could be eliminated by increasing the reagent
concentration up to 5 x 10™*mol 17!,

3.9. Figures of merit

Calibration curves were obtained using 50 ml of the standard
solutions buffered at pH 6, containing 0.2% (w/v) Triton X-114
and known amounts of the target ions in the concentration range
of 0.5-1500 wg 17!, For this purpose, each standard sample was
extracted by the suggested CPE method at optimum conditions
and the calibration curves were obtained by plotting the inten-
sity of the signal against concentration of the analytes in the
aqueous phase. The calibration curves exhibited good linearity
with correlation coefficients better than 0.9926 in a wide range
of concentrations. The limit of detections (LODs), calculated
as the concentration equivalent to three times of the blank stan-

Table 3

Effect of foreign ions on the recovery of 200 pg1~! of target ions

Foreign ion Hf(IV) Th(IV) u(vI) Zr(VI)

Ag* 200? (>92%)° 200 (100%) 200 (>100%) 200 (>96%)
Pb** 200 (>100%) 200 (>98%) 200 (>98%) 200 (>100%)
Co?* 220 (102%) 220 (99%) 220 (100%) 220 (98%)
Ni%* 220 (99%) 220 (102%) 160 (>100%) 220 (102%)
Mn2* 160 (>100%) 220 (>96%) 220 (>98%) 220 (>95%)
cd* 160 (>100%) 220 (>95%) 220 (>99%) 220 (>92%)
Zn% 160 (>92%) 220 (>94%) 220 (>98%) 220 (>92%)
Fe* 200 (>94%) 150 (>100%) 50 (>99%) 150 (>93%)
Li* 200 (>100%) 200 (>95%) 200 (>99%) 200 (>92%)
K* 200 (>100%) 200 (>95%) 200 (>99%) 200 (>92%)
Hg 5¢ (>100%) 5¢ (>95%) 5¢ (>99%) 5¢ (>92%)
Cu? 160 (>94%) 160 (>100%) 30 (>99%) 30 (>93%)
Cr3* 5¢ (>90%) 5¢ (>90%) 5¢ (>90%) 5¢ (>90%)
Mg+ 200 (>94%) 150 (>100%) 50 (>99%) 150 (>93%)
Ca?* 200 (>93%) 200 (>100%) 200 (>95%) 150 (>96%)

2 Foreign ion concentration (mg1~1).

b Recovery of target ions in the presence of the mentioned amount of the foreign ion.
¢ Due to high interference effect of the ion, the ligand to metal ratio increased to 30.
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Table 4

Analytical characteristics of the proposed CPE method

Element LOD (pgl™h) Regression equation P DLR (pngl™h R.S.D. (%) EF
Hf 0.15 1=99.427 C (pgl™!) —412.54 0.9995 0.5-500 5.1 39.5
Th 0.10 1=269.64 C (ngl~1)+1616.1 0.9948 0.5-1500 3.6 43.6
U 1.00 I=21.118 C (pgl™!) — 123.64 0.9931 2.5-1240 6.1 37.0
Zr 0.20 1=467.82 C (ngl™')+8296.8 0.9926 0.5-1500 3.9 41.7

dard deviation divided into the slope of calibration curve, were
in the range of 0.1-1.0 pg1~!. The relative standard deviations
(R.S.D.s), resulted from CPE-ICP-OES of seven replicates of
200 wg1~! of the metal ions from a 50 ml solution, were in the
range of 3.6-6.1%.

The enhancement factors (EF), defined as the ratio of slope
of the preconcentrated samples to that obtained without pre-
concentration, were in the range of 37.0-43.6. The analytical
performance of the proposed method is summarized in Table 4.

A comparison between the figures of merit of the proposed
CPE method and some of the published methods are summa-
rized in Table 5. It clearly shows that our proposed method
has good sensitivity and precision with a wide dynamic linear
range. Also, the obtained LODs are better than those obtained
by some presented methods [1,32,33,36,40] and higher than
WHO and Health Canada and Australian drinking water guide-
line levels [1-3]. Higher LOD levels of the proposed method
comparing to the inductively coupled plasma-mass spectrome-
try (ICP-MS) methods are related to the higher sensitivity of the
ICP-MS instrument. Accordingly, the main advantages of our
proposed method include high sensitivity with good precision,

low consumption of organic solvents, low cost and simplicity to
operation.

3.10. Analysis of real samples

In order to demonstrate the applicability and also accuracy of
the proposed CPE-ICP-OES method for extraction and determi-
nation of Hf, Zr, Th and U in aqueous samples, various matrixes
were studied. At first, each sample was extracted using the men-
tioned method at optimal conditions. The results showed that
concentration of the analytes was lower than the limit of detec-
tions of our method. Then, for studying the matrix effect on the
extraction efficiency, the samples were spiked at 8 and 15 pg1~!
concentration levels of the analytes. Finally, the spiked sam-
ples were extracted using the described CPE method. For real
samples, the calibration curve was plotted against the aqueous
standards submitted to the same cloud point extraction proce-
dure. The summarized results in Table 6 are the average of three
replicate measurements.

As Table 6 shows, there is a good agreement between the
obtained results and the known values, indicating the successful

Table 5

Comparison of the proposed CPE method with other published methods

Ion Method of extraction/detection system LOD (pgl™h) DLR (pgl™")? R.S.D. (%) EF® Ref.

U(VI), Th(AV), Zr(IV), CPE/ICP-OES 0.1-1.00 Th, Zr: 0.5-1500, Hf: <6.1 37.0-43.6 Proposed

Hf(IV) 0.5-500, U: 2.5-1240 method

U(VD)-ThIV) SPE with malonamide grafted 20-50 - <4 400-350 [32]
polymer/UV-vis

U(VD)-Th(IV) SPE with calix[4]arene anchored 6.14-4.29 U: 100-15,000, Th: 1.7-1.5 143-153 [1]
chloromethylated polystyrene/UV—vis 20-3400

U(VD)-Th(IV) Precolumn derivitization/capillary zone 142-16.8 U: 800-100,000, Th: - - [33]
electrophoresis 100-50,000

U(VD)-Th(IV) SPE on Duolite XAD 761 0.0063-0.0045 - 2.3-45 30 [34]
resine/ICP-MS

U(VD)-ThIV) Coprecipitation/ICP-MS 0.05-0.07 - <2.8 30 [35]

UVl SPE with modified activated 5.0 5-200 2.5 - [36]
carbon/UV-vis

U(VI) Modified ODS disk/UV-vis 0.1 - - 8 [11]

U(VvI) CPE/FIA spectrophotometry 1.1 - 5.1 100 [37]

U(vIl) Homogeneous liquid-liquid 0.14 7.7-630 1.4 330 [38]
extraction/UV-vis

Zr(1V), HE(IV) Formation of ternary 0.2-0.8 Zr: 0.8-160, Hf: 1-200 <1.8 - [39]
complexes/RP-HPLC

Zr(1V), Hf(IV) PCA-ANN¢/UV-vis 20-80 Zr: 30-3400, Hf: - - [40]

200-7000

2 Dynamic linear range.
b Enrichment factor.
¢ Principle component analysis-artificial neural network.
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Table 6

Analysis of real samples

Sample Hf(IV) Th(IV) U(VI) Zr(VI)

Well water Added (ngl™!) 10.00 10.00 10.00 10.00
Found (pgl~")? 8.45+£0.78 10.19+0.79 9.03+£0.52 10.02+0.71
Relative recovery (%) 84.5 101.9 90.3 100.2

Sea water 1° Added (pgl™") 8.00 8.00 8.00 8.00
Found (pgl™") 7.50£1.20 8.38+0.64 8.22£0.49 8.39+0.66
Relative recovery (%) 93.8 104.8 102.8 104.9

Sea water 1 Added (pgl™") 15.00 15.00 15.00 15.00
Found (pgl™") 1497 £0.14 14.90 £0.45 14.57+0.34 14.55+0.39
Relative recovery (%) 99.8 99.3 97.1 97.0

Sea water 2¢ Added (ngl™!) 15.00 15.00 15.00 15.00
Found (pgl™") 1545+1.7 14.44 £0.52 12.01 14.44 +0.60
Relative recovery (%) 103.0 96.3 80.1 96.3

Spring water Added (pgl™") 8.00 8.00 - -
Found (ugl™!) 7.3840.89 7.4141.00 - -
Relative recovery (%) 923 92.6 - -

Spring water Added (pgl™") 15.00 15.00 - -
Found (ugl™!) 14.80+1.49 13.5+£1.51 - -
Relative recovery (%) 98.7 90.0 - -

2 Mean of three replicates £ S.D.
b Sea water 1 was collected from Anzali Lagoon (Caspian Sea, Iran).
¢ Sea water 2 was collected from Ghazian Coast (Caspian Sea, Iran).

applicability of this method for simultaneous determination of
target analytes in aqueous samples containing high concentra-
tions of salts such as sea water.

4. Conclusion

The use of micellar systems as an alternative to other meth-
ods of separation and preconcentration offers several advantages
including experimental convenience, safety and being an inex-
pensive method. Further, in comparison to solvent extraction
methods, it is much safer, since only a small amount of the
surfactant, which has a low toxicity, is used.

In the present study, we investigated the application of the
cloud point extraction method for preconcentration of Zr, Hf, Th
and U as a prior step to their subsequent determination by ICP-
OES. This method gives low limit of detection as well as good
R.S.D. and linearity for the analytes. The method was verified by
determination of the analytes concentration in the real samples
and satisfactory results were obtained. Also, our findings showed
thatitis possible to obtain a better limit of detection by extraction
of the analytes from large volumes of the sample solution and
diluting the surfactant-rich phase into a smaller volume, or using
the flow injection method to introduce smaller volumes of the
sample into the ICP nebulizer.
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