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O cddmio de uma amostra aquosa foi quantitativamente adsorvido em uma microcoluna
empacotada com cadion imobilizado em nanoparticulas de TiO, recobertas por dodecilsulfato
de sédio. O cadmio retido foi eluido com uma soluc@o de acido cloridrico 2,5 mol L' e medido
por espectroscopia de absor¢ao atdmica com vapor frio (CVAAS). As influéncias de diferentes
varidveis, como pH, taxas de fluxo da amostra e do eluente, quantidade do sorvente e volume da
amostra, na recuperagdo do cddmio foram investigadas. Sob condi¢gdes 6timas, um volume de
200 mL de amostra resultou em um fator de pré-concentracdo de 100. A precisio (RSD%, n = 8)
em 0,05 ug L' de cadmio foi 3,6% e o limite de detec¢do, baseado em trés vezes o desvio padrio
do branco (3S,), foi de 1,3 ng L"'. O método foi aplicado com sucesso a determinacao de cadmio
em amostras de arroz, peixe, leite e dgua.

Cadmium was quantitatively adsorbed from aqueous sample onto a microcolumn packed with
cadion immobilized on sodium dodecyl sulfate-coated TiO, nanoparticles. The retained cadmium
was eluted with 2.5 mol L' hydrochloric acid solution and measured by cold vapor atomic
absorption spectrometry (CVAAS). The influences of different variables such as pH, sample and
eluent flow rates, amount of the sorbent and volume of the sample on the recovery of cadmium
were investigated. Under the optimum conditions, a sample volume of 200 mL resulted in a
preconcentration factor of 100. The precision (RSD%, n = 8) at the 0.05 ug L' level of cadmium
was 3.6% and the limit of detection based on three times the standard deviation of blank solution
(3S,) was 1.3 ng L'". The method was successfully applied to the determination of cadmium in
rice, fish, milk, and water samples.
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Introduction

Cadmium is a highly toxic non-essential element for
animals, plants and humans even at low concentrations and
can be accumulated in kidneys, liver and lungs.! Cadmium
is found in phosphate fertilizers, industrial dusts, tobacco
smoke, food and some water supplies. The International
Agency for Research on Cancer (IARC) classified
cadmium as a human carcinogen.”? The World Health
Organization (WHO) has set a maximum permissible level
of 3.0 ug L'! for this element in drinking water.? Therefore,
determination of trace or ultra-trace amounts of Cd in water
and food samples is of special interest.

*e-mail: sdadfarnia@yazd.ac.ir

The determination of cadmium at trace levels have
been performed using a variety of instrumental analytical
techniques such as flame atomic absorption spectrometry
(FAAS),* electrothermal atomic absorption spectrometry
(ETAAS),’ inductively coupled plasma optical emission
spectrometry (ICP-OES),% spectrofluorimetry,” neutron
activation analysis (NAA),® and differential pulse anodic
stripping voltammetry (DPASV).*!° In recent years, cold
vapor generation of cadmium for atomic absorption
spectrometry as an alternative sample introduction
technique has attracted more attention.'""' The main
advantages of this technique are: simplicity, rapidity,
high sensitivity and relative freedom from interferences.
Although cold vapor atomic absorption spectrometry
(CVAAS) is a powerful technique for the determination of
cadmium at trace levels, a separation and preconcentration
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step usually is required due to the very low concentration
of this element in the environmental samples.

Several procedures for the separation and
preconcentration of cadmium from aqueous samples have
been developed, including solid phase extraction (SPE),*!3
coprecipitation,'® cloud point extraction (CPE),'”!8 liquid-
liquid extraction (LLE),'? temperature-controlled ionic liquid
dispersive liquid-phase microextraction (TCIL-DLPME),*
and ultrasound-assisted emulsification solidified floating
organic drop microextraction (USAE-SFODME).”! Among
these separation and preconcentration methods, solid
phase extraction has become increasingly more popular
because of its advantages of simplicity, rapidity, ease of
automation, low cost, low consumption of organic solvents,
high recovery and high preconcentration factor. Different
substances such as microcrystalline naphthalene,”> XAD
resins,” modified alumina,** activated carbon®, titanium
dioxide,? and polyurethane foam?” have been proposed as
solid phase extractants. In recent years, a variety of metal
oxide nanoparticles (NPs) such as AL,O,,% Fe,0,,” CeO,,*
ZrO,*" and TiO,* have been used as the new solid phase
materials for the extraction of metal ions from aqueous
samples. Metal oxide nanoparticles have an excellent
adsorption capacity toward metal ions owing to their high
reactivity, small size and large surface area.’> Chemical
or physical modification of NP surface with appropriate
chelating ligand can improve its affinity and selectivity
towards metal ions.3*3

1-(4-nitrophenyl)-3-(4-phenylazophenyl)triazene
(cadion), which forms a red water-insoluble chelate
with cadmium (Figure 1), is a highly sensitive reagent
commonly used for its spectrophotometric determination.*
In this work, the use of cadion immobilized on surfactant-
coated TiO, NPs for the solid phase extraction of trace
amounts of cadmium from aqueous solutions prior
to its determination by cold vapor atomic absorption
spectrometry is reported.

Figure 1. Structure of cadion.
Experimental
Apparatus

An Analytik Jena model novAA® 300 (Jena, Germany)

atomic absorption spectrometer with deuterium lamp
background correction was used for all absorption
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measurements. A cadmium hollow cathode lamp (Analytik
Jena, Germany) operated at 3.0 mA was used as the
radiation source. The wavelength and spectral band pass
were set at 228.8 and 1.2 nm, respectively.

An Analytik Jena hydride generator (model HS-60,
Jena, Germany) was used to produce the cadmium vapor.
The vapor generator was used in batch mode. The cadmium
ions were reduced to metallic cadmium with sodium
tetrahydroborate and argon was used as the carrier gas.
Important parameters for cold vapor atomic absorption
spectrometric determination of cadmium were investigated
and optimized. All the measurements were carried out in
the optimized conditions given in Table 1.

Table 1. Analytical parameters for the cold vapor atomic absorption
spectrometric determination of cadmium

Instrumental parameter Applied condition

Measurement mode Batch method

Integration time / s 60
Argon carrier gas flow rate / (mL min™) 160
Sample volume / mL 2.0
NaBH, concentration / %, m/v 1.0
NaBH, flow rate / (mL min™') 15
NaBH, pumping time / s 20
Reaction time / s 20

The pH measurement was done by a Metrohm pH
meter (model 691, Herisau, Switzerland) equipped with a
combined glass-calomel electrode. The sample and eluent
flow rates through the microcolumn were adjusted using a
peristaltic pump (EYELA SMP-23, Tokyo, Japan).

Reagents

TiO, nanoparticles (99.5% purity) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Other chemicals
were of the highest purity available from Merck (Darmstadt,
Germany) and used as received. Double-distilled deionized
water was used to prepare all the solutions. A stock solution
of Cd(I) at a concentration of 1000 mg L' was prepared
by dissolving appropriate amount of Cd(NO,),.4H,01in 1%
(v/v) nitric acid solution. Working solutions were prepared
daily by serial dilution of the stock solution. A 1.0% (m/v)
sodium tetrahydroborate solution was prepared daily
by dissolving an appropriate amount of NaBH, in 0.3%
(m/v) sodium hydroxide. A 0.04% (m/v) cadion solution
was prepared by dissolving 0.04 g of cadion in 100 mL
of ethanol. The glassware used was soaked overnight in
10% nitric acid solution and was subsequently rinsed with
double-distilled deionized water.
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Preparation of the sorbent

TiO, NPs were suspended in 25 mL of a solution
containing 100 mg of sodium dodecyl sulfate (SDS) and
mixed with a magnetic stirrer. Then, 25 mL of cadion
solution (0.04% m/v) were added and the pH was adjusted
to approximately 2.5 with 1 mol L' hydrochloric acid
solution and mixed for 20 min. The mixture was filtered
through Millipore filter using a vacuum pump. The solid
phase was washed twice with distilled water, air dried
and kept in a closed brown bottle for subsequent use. The
modified sorbent was stable at least for 2 months.

Preparation of the microcolumn

The microcolumn was made of polytetrafluoroethylene
(PTFE, Teflon®) tubing (35 mm in length x 3.0 mm i.d.)
filled with a homogeneous mixture of 60 mg cadion-
modified TiO, NPs and 60 mg of glass beads, which were
retained in the column by a small portion of glass wool
at both ends of the column. Glass beads were added to
cadion-modified TiO, NPs to prevent them from packing
the column too tight and improve the flow rate and
backpressure in the system.®

Recommended procedure

The pH of sample or standard solution containing
1-36 ng of cadmium was adjusted to about 8.0 with
diluted sodium hydroxide or hydrochloric acid solution
and was passed through the microcolumn at a flow rate of
5 mL min™' with the help of a peristaltic pump. The retained
cadmium on the microcolumn was then eluted using 2 mL
of 2.5 mol L' HCI at a flow rate of 2 mL min"! and was
transferred to the reduction cell. Five milliliters of 1% (m/v)
NaBH, solution as the reducing agent were added through
the peristaltic pump (Figure 2). The produced cadmium
vapor was then directed to the quartz cell by a stream
of argon at 160 mL min"' and was quantified by atomic
absorption spectrometry. All measurements were performed
by integrated absorbance mode (peak area).

Sample preparation

Water samples were filtered through a Millipore filter
(0.45 um pore size); the pH of the samples was adjusted
to 8.0 with diluted sodium hydroxide or hydrochloric acid
solution, and was treated according to the recommended
procedure.

Fish muscle samples were oven dried at 40 °C for about
2 h and 500 mg of dried sample was refluxed with 20 mL of
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Figure 2. Schematic diagram of CVAAS apparatus.

nitric acid (65%) at 200 °C for 2 h. Then, 10 mL of K,S,0O,
(5% m/v) was added and the solution was heated for one
hour. After complete digestion, it was cooled, filtered,
neutralized with sodium hydroxide solution and diluted
to 200 mL with deionized water.*” Fifty milliliters of this
solution were analyzed according to the recommended
procedure.

Milk samples were analyzed according to the given
procedure;*** thus, 5 mL of cow milk were treated with
5 mL concentrated nitric acid and 2 mL of 30% hydrogen
peroxide and digested on a hot plate at 90 °C. Then the
temperature of mixture was gradually increased to 120 °C
until brown fumes appeared and the organic matrix of milk
was oxidized. After cooling, the solution was filtered and
the pH was adjusted to approximately 8. The solution was
then transferred to a 50 mL flask and diluted to the mark
with distilled water. The final solution was treated according
to the recommended procedure.

Rice samples were digested according to the given
procedure in the literature,* i.e., the samples were washed
thoroughly with distilled water, grounded and dried. An
amount of 0.5 g of the rice sample was weighed and added
to a beaker; 10 mL of concentrated HNO, were added and
the mixture was kept overnight. Then, 2 mL of concentrated
HCIO, were added and the solution was evaporated to near
dryness on a heater-stirrer at 130 °C for about 3 h. The
clear solution was neutralized and diluted to 200 mL with
distilled water. The pH was adjusted to 8 by the addition
of diluted sodium hydroxide solution and was treated
according to the recommended procedure.

Results and discussion
Modification of TiO, nanoparticles with SDS-cadion
Above the so-called critical micellar concentration

(CMO), surfactants aggregate and form micelles in aqueous
solutions. The hydrophilic ends of the surfactant molecules
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are in contact with the solvent and the hydrophobic tails are
in the center of spherical nanostructure of micelles. However,
when the concentrations of surfactants are slightly below
the CMC, ionic surfactant molecules can be adsorbed on
the active solid surfaces such as alumina, silica, iron oxides
and titania exposed to the solution, forming one layer (hemi-
micelles) and two layer (ad-micelles) aggregates on these
surfaces. Then, hydrophobic compounds can be sorbed into
the hydrocarbon cores of these micellar surface aggregates.

The sorption of SDS on TiO, nanoparticles was found
to be highly dependent on the pH of solution. TiO, NPs
can strongly adsorb negatively charged SDS surfactant
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ions at pH below 6 (the isoelectric point of TiO, NPs)
due to columbic attraction. Thus, when TiO, NPs were
shaken with acidified solution containing cadion and
SDS, the ligand was trapped homogeneously on the hemi-
micelles or ad-micelles formed by SDS on TiO, NPs and
the color changed from white to yellow. The modified
sorbent was then characterized by Fourier transform
infrared spectroscopy (FTIR). The IR spectra of TiO, NPs,
pure cadion and cadion immobilized on sodium dodecyl
sulfate-coated TiO, NPs were recorded using KBr pellets
(Figure 3). Comparison of the IR spectra of bare TiO, NPs,
cadion and modified TiO, NPs indicated that modified TiO,
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Figure 3. FTIR spectra of (a) TiO, NPs; (b) pure cadion and (c) cadion immobilized on sodium dodecy] sulfate-coated TiO, NPs.
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NPs contain the peaks corresponding to TiO, NPs and some
bands of the cadion (3272 cm! of N-H stretching, 1595 cm’!
of N=N, 1478 and 1508 cm™' of C=C stretching of aromatic
rings, and 1109, 1170 and 1250 cm™ of N-C stretching).
Some IR bands of SDS (1210 cm™ of S=O asymmetric
stretching, 1148 cm of S=O symmetric stretching and
2918 cm! of aliphatic C—H stretching) are also observed
in modified TiO, NPs spectrum. Thus, it was shown that
cadion was successfully immobilized onto the surfaces of
the SDS-coated TiO, NPs.

Figure 4 portrays the scanning electron spectroscopy
(SEM) images of the naked TiO, NPs and cadion
immobilized on the sodium dodecyl sulfate-coated TiO,
NPs. According to SEM images, although the average size
of cadion immobilized on sodium dodecyl sulfate-coated
TiO, NPs is increased, it is still in the nano range (about
75 nm).
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Figure 4. SEM images of (a) TiO, NPs and (b) cadion immobilized on
sodium dodecyl sulfate-coated TiO, NPs.

Effect of variables on sorption and elution of cadmium ions

In order to establish the best conditions for sorption and
desorption of cadmium, the influence of various variables
such as pH, type, concentration and volume of eluent,
sample and eluent flow rates, sample volume, and amount
of adsorbent was studied and optimized.

Effect of pH

The reaction between cadmium ions and cadion reagent
may be influenced by the pH of the sample solution.
Therefore, the effect of the pH on the extraction efficiency
of 10 ng Cd from 50 mL of solution was studied by varying
the pH of solution in the range of 2.0-12.0. The pH was
adjusted by adding either diluted hydrochloric acid or
sodium hydroxide solution. As shown in Figure 5, the
highest recoveries of Cd were obtained in the pH range
7.0-10.0. At pH greater than 10, recoveries of cadmium
extremely decreased probably due to precipitation of
cadmium as cadmium hydroxide. On the other hand, the
gradual decrease in the recovery of analyte at pH lower
than 7 is due to the competition between the proton and
cadmium ions for the reaction with the ligand. Therefore,
pH 8 was selected for the subsequent studies.
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Figure 5. Effect of pH on the recovery of 10 ng cadmium from 50 mL of
sample solution. Conditions: sample flow rate, 4 mL min™'; eluent, 2 mL of
3 mol L' HCI; eluent flow rate, 2 mL min''; amount of sorbent, 80.0 mg.

Effect of elution parameters

To ensure the quantitative elution of the cadmium
ions from the modified TiO, NPs, the type, volume and
concentration of the eluent were studied. Two milliliters
of different eluents (3 mol L) such as hydrochloric
acid, nitric acid, acetic acid and ammonia solution were
examined. The results revealed that hydrochloric acid was
more effective than the others. The effect of hydrochloric
acid concentration was then studied in the range of 0.5
to 3.0 mol L. As shown in Figure 6, the recovery of the
analyte increased with an increase in the hydrochloric acid
concentration up to 2.5 mol L' and then remained constant
at higher concentration. Therefore, subsequent experiments
were performed with hydrochloric acid at concentration
of 2.5 mol L!. The influence of the eluent volume on the
desorption of cadmium was also investigated in the range of
0.5-3.0 mL. The results showed that at a volume higher than
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Figure 6. Effect of hydrochloric acid concentration on the recovery of
20 ng cadmium from 50 mL of sample solution. Conditions: sample
pH, 8; sample flow rate, 4 mL min’'; eluent volume, 2 mL, eluent flow
rate, 2 mL min’'; amount of sorbent, 80.0 mg.
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2 mL, the recovery of analyte was quantitative. Therefore,
a volume of 2 mL was selected as the optimum volume of
the eluent in further studies.

Effect of sample and eluent flow rates

The effect of the sample and eluent flow rates on
the retention and elution of cadmium ions was also
studied. The effect of sample flow rate, in the range of
2.0-9.0 mL min"' was investigated by passing 50.0 mL
of sample solution containing 20 ng of cadmium through
the microcolumn with a peristaltic pump. The results
showed that the retention of cadmium is relatively fast and
independent of flow rate up to 5.0 mL min™'. Therefore,
a sample flow rate of 5.0 mL min"' was selected for
subsequent studies.

The effect of the eluent flow rate on the desorption of
cadmium from the microcolumn was also studied in the
range of 2.0-7.0 mL min™' and it was found that the recovery
remained constant at the flow rates up to 3.0 mL min™'. Thus,
a flow rate of 3.0 mL min" was selected for the eluent.

Effect of sample volume

To attain the maximum preconcentration factor, the
influence of the sample volume on the recovery of cadmium
was studied. An aliquot of 50-400 mL of aqueous solution
containing 10 ng of cadmium was passed through the
microcolumn under the optimum conditions. The recoveries
were found to be quantitative and constant up to 250 mL
(Figure 7). Therefore, the breakthrough volume for the
method is 250 mL and a maximum preconcentration factor
of 125 can be obtained based on consideration of the
final eluent volume (2 mL) and the breakthrough volume
(250 mL).

0.18

0.17 1
0.161
0.154
0.14+

0.134

Absorbance

0.12 4
0.114
0.104
0.09 1

0.08 T T T T T T T T
0 50 100 150 200 250 300 350 400 450

Sample volume / mL

Figure 7. Effect of sample volume on the recovery of cadmium.
Conditions: amount of cadmium, 10 ng; sample pH, 8; eluent, 2 mL of
2.5 mol L' HCI; amount of sorbent: 80.0 mg; sample flow rate, 5 mL min™;
eluent flow rate, 3 mL min’'.
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Effect of the amount of adsorbent

The amount of adsorbent is an important parameter
affecting quantitative recovery. In order to estimate the
optimum amount of sorbent, the recoveries of cadmium
were investigated by varying the amounts of the modified
sorbent from 10.0 to 120.0 mg. The results indicated that
the quantitative recoveries of Cd were achieved when the
amount of sorbent was greater than 60.0 mg. Therefore,
60 mg of the modified TiO, NPs were used in subsequent
studies.

Sorbent capacity

The maximum sorption capacity of cadion immobilized
on SDS-coated TiO, NPs was examined in a batch
experiment. One hundred milligrams of the sorbent were
added to 50 mL of the solution containing 0.3 mg of Cd at
pH 8 and the mixture was shaken for 30 min. It should be
noted that the sorption of analyte to the sorbent increased
with time up to 15 min and then levelled off, thus, in
order to guarantee the achievement of equilibrium the
mixture was shaken for 30 min. After centrifugation of the
mixture, the amount of cadmium left in the solution was
determined by flame atomic absorption spectrometry. The
maximum sorption capacity of the modified TiO, NPs was
calculated by the difference between the initial and final
concentrations of analyte in the solution and was found
to be 1590 + 42 pg g'. This high capacity suggested high
performance of the microcolumn even in the presence of
competing cations.

Interference studies

The interference of common coexisting metal cations
and anions on the solid phase extraction and determination
of cadmium was investigated under the optimized
conditions. For this purpose, 50 mL of solution containing
10 ng of cadmium and various amounts of coexisting ions
were analyzed according to the recommended procedure.
A relative error of less than 5% in the determination
of cadmium was considered to be within the range of
experimental error. As shown in Table 2, even at the
presence of high concentration of foreign ions, the cadmium
ions in binary mixtures were quantitatively retained on the
modified TiO, NPs. Thus, the proposed method is selective
for the determination of the analyte.

Analytical performance

Under the optimum conditions, for a sample volume of
200 mL, the calibration graph exhibited linearity over the
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Table 2. Tolerance limits of foreign ions on the solid phase extraction
and determination of 10 ng of cadmium from 50 mL sample solution

Foreign ion® Mole ratio
(ion / Cd*)
Ca*, K*, Na*, Mg*, CI, NO;~, F-, SO,* 5000
Pb**, Zn**, Co*, Mn**, Bi**, Sb** 1000
Cr¥, Ni*, Cu*, Ag*, Fe*, Sn*, Se*, Hg* 800

2All cations were as their nitrate salts and all anions were as their sodium
salts.

range of 0.005-0.180 ug L' of cadmium. The equation of
the calibration graph was A =2.7771C + 0.0245 (where A
is the absorbance and C is the concentration of cadmium
in ug L") with a correlation coefficient (r*) of 0.9990.
The limit of detection (LOD), defined as 3S, / m (where
S, is standard deviation of 5 replicate measurements of
the blank and m is the slope of the calibration graph) was
1.3 ng L. The precision of the method was evaluated
by passing 200 mL of solution containing cadmium
through the microcolumn and repeating this procedure
eight times. The relative standard deviation (RSD%) for
eight replicate measurements of 50 ng L' cadmium was
3.6%. The enhancement factor of 98.1 was obtained from
the ratio between the slopes of the calibration graphs
constructed with the preconcentrated samples and the ones
not submitted to the preconcentration step. The closeness
of the enhancement factor (98.1) to the preconcentration
factor (100) further indicates the quantitative retention and
elution of analyte by the sorbent. A single microcolumn
was used up to 9 times in different days without a
significant loss in its performance.

Application

The proposed method was applied to the determination
of cadmium in well water, river water (taken from Karoon
River) and seawater (taken from the Persian Gulf),
cow milk, fish and rice samples. In order to validate
the method, the recovery experiments were carried
out by spiking the samples with a known amount of
cadmium before treatment. The results are summarized
in Tables 3 and 4. The recoveries are in the range of
95.0-98.8%, and indicate the applicability of the method
for the determination of cadmium in different real
samples. Furthermore, the accuracy of milk analysis was
checked by independent analysis using electrothermal
atomic absorption spectrometry. The results were found
to be 473 + 10 and 560 % 12 for low fat and high fat
milk, respectively, which is in agreement with the results
obtained by the given procedure.
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Table 3. Determination of Cd ions in water and cow milk samples

Added / Found /

Sample (ng L) (ng L'y Recovery / %
Well water 0 69.7 2.0 -
20 89.2+3.7 97.5
Sea water 0 144.1 +4.5 -
20 163.5 +4.1 97.0
River water 0 97.9+43 -
20 117.6 £2.6 98.5
Pasteurized milk 0 470.3 +18.5 -
(low fat) 50 5188 +£25.2 97.0
Pasteurized milk 0 565.0 £24.5 -
(high fat) 50 614.2 £23.3 98.4

“Mean and standard deviation related to three determinations.

Table 4. Determination of Cd ions in rice and fish samples

Added / Found /
Sample Recovery / %
P (ng g") (ng g'y* v
Otolithes ruber 0 99.2+4.8 -
16 114733 96.9
Aethaloperca rogaa 0 65.5+£3.2 -
16 81.3+4.0 98.8
Scomberomorus 0 131.1+£5.0 -
commerson 16 146.4 +£2.7 95.6
Tarom rice 0 178 £0.8 -
8 254 +1.1 95.0
Basmati rice 0 289+ 1.2 -
8 36.7+1.3 97.5
Sadri rice 0 322+1.2 -
8 399+1.5 96.2

“Mean and standard deviation related to three determinations.

Comparison with other SPE methods

The figures of merit of the presented method were
compared with some of the previously reported solid phase
extraction methods for the separation and determination of
cadmium and the results are shown in Table 5. As it can
be seen, the preconcentration factor (PF) of the proposed
method is larger than the other CVAAS techniques and
the detection limit is better than the other SPE methods.

Conclusions

Cadion immobilized on sodium dodecyl sulfate-coated
TiO, NPs has been successfully applied as a novel sorbent
for the separation and preconcentration of ultratrace
levels of cadmium prior to its determination by cold vapor
atomic absorption spectrometry. The method is simple,
convenient, inexpensive and environmentally friendly. The
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Table 5. Comparison of this work with some reported SPE methods for preconcentration and determination of cadmium

Capacity /

LOD/ Detection

Support Ligand (mg g1) PF (ng L) RSD /% technique Ref.
Lewatit MonoPlus TP207 - - 20 2.1 2.5 CVAAS 12
Sulfur powder 2-MBT 0.002 80 4.6 4.1 CVAAS 15
Fe,O, NPs Todide 16.7 250 60 32 FAAS 41
Amberlite XAD-4 2-ATP 32 99 300 4.0 FI-FAAS 42
Silica gel TMTA 0.59 50 230 3.0 FAAS 43
Amberlite XAD-2 DHB - 100 20 5.0 ICP-OES 44
TiO, NPs PAN 8.9 33 960 4.5 FAAS 45
TiO, NPs 8-Hydroxyquioline - 66.7 250 22 FAAS 46
Activated carbon 8-Hydroxyquioline - 80 18 2.5 FI-ICP-OES 47
ALO, NPs SDS-PAN 11.1 250 150 2.8 FAAS 48
TiO, NPs Cadion 1.59 100 1.3 3.6 CVAAS This work

PF: preconcentration factor; LOD: limit of detection; RSD: relative standard deviation; 2-MBT: 2-mercaptobenzothiazole; 2-ATP: 2-aminothiophenol;
TMTA: 2,4,6-trimorpholino-1,3,5-triazin; DHB: dihydroxybenzoic acid; PAN: 1-(2-pyridylazo)2-naphthol; SDS: sodium dodecyl sulfate; CVAAS: cold
vapor atomic absorption spectrometry; FAAS: flame atomic absorption spectrometry; ICP-OES: inductively coupled plasma optical emission spectrometry;

FI-ICP-OES: flow injection inductively coupled plasma optical emission spectrometry.

method has good sensitivity, high selectivity and relative
high preconcentration factor. The proposed method allows
determination of cadmium in different real samples with
good accuracy and reproducibility.
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