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Abstract We have designed and synthesized a thermosensitive
tri-block copolymer for selective trace extraction of Pb(Il) ions
from biological and food samples. The polymer was character-
ized by Fourier transform IR and NMR spectroscopy, and by gel
permeation chromatography. The critical aggregation concen-
tration and lower critical solution temperature were determined
via fluorescence and UV spectrophotometry, respectively. The
effects of solution pH value, amount of copolymer, of the
temperature on extraction and on phase separation, and of the
matrix on the extraction of Pb(Il) were optimized. Pb(Il) ions
were then quantified by FAAS. The use of this copolymer
resulted in excellent figures of merit including a calibration
plot extending from 0.5 to 160 pg L™ (with an R* of >0.99),
a limit of detection (LOD) as low as 90 pg L', an extraction
efficiency of >98 %, and relative standard deviations of <4 %
for eight separate extraction experiments.

Keywords Lead - Thermosensitive tri-block copolymer -
Sample treatment technique - Environmental and biological
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Introduction

Heavy metals contamination is an important topic due to its
various effects on human health and the environment, and
furthermore, exposure to certain heavy metals at trace amounts
can entail irrecoverable and severe effects [ 1-4]. In addition, the
presence of heavy metals in water has been a major concern for
many years due to their toxicity which endangers the aquatic-
life, and there is a worldwide tendency to decrease the permitted
level of contamination in drinking water and this has been a big
challenge for the environmental researchers [5]. The sources of
heavy metals pollution are mainly industries such as metal
cleaning, mining activities, metal finishing, and etc. [6, 7].

The toxicity of lead which widely exists in the environment
is worth mentioning. This metal can accumulate in the vital
organs of human and animals and its cumulative poisoning
effects can cause serious hematological damages such as brain
damage, anemia and kidney malfunctioning. Lead concentra-
tion in natural waters is typically between 2 and 10 ng mL ™" for
which the upper limit recommended by World Health Organi-
zation (WHO) is less than 10 ng mL™" [8]. As it was previously
stated, lead is one of the most ubiquitous elements in the
environment, and has become recognized as a major health risk
to the environment. Lead can release into the biosphere partic-
ularly as a fuel additive in large quantities as a result of its
widespread industrial applications [9]. The primary sources of
lead in humans and other animals include food, beverages,
water, soil, and paint [10]. Therefore, the development of
analytical methods that are rapid with low detection limits is
necessary.

Analysis of trace heavy metals is difficult because of their very
low concentrations in samples and high complexity of sample
matrices. Therefore, preliminary preconcentration and matrix
removal steps are highly needed to ensure the accuracy and
precision of the analytical results [11]. Various preconcentration
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techniques such solvent extraction; coprecipitation, cloud point
extraction, ion-exchange and solid phase extraction [12—16] have
been developed for various environmental samples. Recently, the
use of polymeric materials such as micelles and hydrogels for
separation of heavy metals from natural water has been developed
extensively. Some monomers which can act as ligands and form
complexes with metals are more favorable for this purpose
[17-20].

In this study, we focused on the design and synthesis of a
system which, in addition to acting as ligand, it can respond to
change in the environmental temperatures by altering its
physiochemical structure from sol-to-crudy-to-syneresis in an
aqueous medium and hence, extraction and separation of heavy
metals can be tuned by regulation of temperature. For this
reason, we used an atom transfer radical polymerization
(ATRP) for synthesis of tri-block copolymer which consists of
polyethyleneglycol (PEG) as a hydrophilic central block and
poly(N-isopropylacrylamide) (PNIPAAm) as thermosensitive
terminal blocks. The ATRP reaction was used to synthesize the
block copolymers. By using this reaction, some polymerization
limitations such as high poly dispersity and unwanted random
or branched polymerization can be removed and hence, it
allows adjusting the composition and temperature-induced
phase transition behavior of the synthesized tri-block aqueous
solution precisely [21-23]. PNIPAAm, the most popular
thermosensitive and water-soluble polymer, shows reversible
hydration—dehydration changes in response to small solution
temperature changes [24-26]. PNIPAAm chains hydrate to
form an expanded structure at temperatures lower than 32 °C
but undergo a sharp phase transition at higher temperatures to
form inter- and intra-chain associations which results in precip-
itation. A temperature showing hydration—dehydration changes
is called the lower critical solution temperature (LCST) [27,
28]. This phase transition can be used for extraction and sepa-
ration of impurities from aqueous media. Various factors affect-
ing the adsorption and desorption steps for the lead were
investigated and optimized. Finally, the mentioned copolymer
was validated using Fourier Transform Infrared spectrometry
(FT-IR), Gel permission chromatography (GPC), Nuclear Mag-
netic Resonance (NMR), and UV—vis spectrophotometry.

Experimental

Reagents

The information about reagents was described in the electron-
ic supplementary material (ESM).

Instrumentation

The information about instrumentation was described in the
electronic supplementary material (ESM).
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Synthesis of Bromo-terminated PEG

Bromo-terminated Poly (ethylene glycol) (Br-PEG-Br) was
synthesized by the esterification of the terminal hydroxyl
groups of the PEG with 2-bromoisobutyryl bromide in the
presence of triethylamine (TEA) in toluene [29]. Typically,
2.0 g of PEG (M,=2,000 g mol ') was dissolved in 50 mL
toluene in a 250 mL three-neck flask under azeotropic distilla-
tion. After trace removal of water, the TEA (0.8 g, 8 mmol,
1.11 mL) was added via a syringe and the mixed solution was
cooled to 4 °C. Then, 2-Bromoisobutyryl bromide (1.84 g,
8 mmol, 1 mL) was added drop wise to the vigorously stirred
solution at 4 °C over 1 h. The reaction mixture was stirred at
room temperature for 24 h. The precipitate was removed by
filtration, and most of the toluene was evaporated by rotary
evaporator. The crude product was dissolved in 50 mL methy-
lene chloride, and then washed consecutively with 1.0 mol L™
NaHCO; aqueous solution and distilled water, and finally it
was dried over anhydrous MgSQO,, filtered and concentrated
before pouring into large amounts of ice-cooled diethyl ether to
precipitate the product. The resulting white solid was dried
under vacuum at room temperature for 24 h.

Synthesis of (PNIPAAm-b-PEG-b-PNIPAAm) tri-block
copolymer

The (PNIPA Am-b-PEG-b-PNIPA Am) tri-block copolymer was
prepared by ATRP of NIPAAm using dibromo-terminated PEG
(Br-PEG-Br), as macroinitiator [29]. Briefly, 2 g Br-PEGyyo-Br
(Mp=2,299.8 g mol ', 1.74 mmol Br), 0.172 g of CuCl
(1.74 mmol), 0.6 g PMDETA (3.44 mmol, 0.72 mL), 15.74 g
NIPAAm (139.2 mmol) and 30 mL dry dioxane were added to a
50 mL Schlenk flask with a magnetic stirring bar, and oxygen
was removed by bubbling the contents of the flask by nitrogen
for 30 min. Then, the flask was placed in an oil bath thermostat
under nitrogen flow at 70 °C to start the polymerization. Poly-
merization was performed at 70 °C for 24 h. The resultant
solution was diluted with THF and passed through a silica gel
column to remove the copper catalyst. The polymer was recov-
ered by two times precipitation into cold diethyl ether and then
dried under vacuum for 24 h. Figure 1 provides a schematic
illustration of the synthesized (PNIPAAm-b-PEG-b-PNIPAAm)
tri-block copolymer.

Real samples pretreatment for Pb(II) analysis

Honey The organic matrix of honey samples was mineralized
in order to determine the total content of Pb(Il). The digestion
was carried by a microwave digestion unit Milestone MLS
1200, (Milestone, Italy) equipped with airtight closure (vessel)
Mod. SV140. The operative conditions were referred to a 0.5 g
of honey sample. The conditions were: sample acidification, by
4 mL of HNOj;, 24 h, room temperature; first microwave
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Fig. 1 Synthetic scheme of Q o o
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treatment, 3 min at 25 % power and 1 min at 50 % power; after
cooling, addition of 2 mL of H,O, 30 %; final microwave
treatment, 3 min at 25 % power and 1 min at 50 % power.
The mineralised honey solution was transferred into the vessel
and then the solution was diluted to 20 mL with double distilled
water, and finally, the pH value was adjusted to 7.0 with NaOH
solution for further analysis [30].

Butter Butter sample was purchased from a local supermarket
in Tehran, Iran, and stored at 4 °C until the analysis. Fats were
digested as follows: sample was accurately weighed on an
analytical balance and then it was transferred to a flask. After
that 150 mL of concentrated HNO5 was added, and the mixture
was left at room temperature overnight. The flask was gradually
heated to 150160 °C on a hotplate, while hydrogen peroxide
(1-5 mL) was periodically added to the solution until the
digestion was completed. After cooling, the sample was trans-
ferred into a volumetric flask and diluted to 20 mL with double
distilled water before adjusting the pH to 7.0 [31].

Tangerine 0.5 g of dried and grounded tangerine sample was
put into burning cup with 15 mL of pure NHO;. The sample
was incinerated in a MARS 5 microwave oven at 200 °C.
After digestion treatment, the sample was filtrated through
Whatman No. 42. After filtration, the obtained clear solution
was diluted to 20 mL (pH of 7.0) for metal analysis [32].

Nail Finger nails were clipped with a stainless steel cutting
instrument providing a sample in amount of 1.0 g. For micro-
wave assisted digestion of nail sample, approximately 1.0 g of
the sample was weighed and transferred to a vessel followed by

Br-PEG-Br

— o

NH

CuCl
PMDETA

o o
Cl o) \ Cl
e bey
/HL ) 0 /t

addition of 0.5 mL of HNO; and 0.5 mL of H,O,. The vessel
was then closed, mounted in sleeves (outer vessels) and heated in
the microwave oven at 325 W for 30 min. After cooling to room
temperature, the vessel was carefully vented in a fume hood and
9 mL of ultrapure water was added, resulting in a solution of
10 mL. The solution was then transferred to acid-cleaned (hot
mixture of HNO3/HCI followed by soaking in 10 % HNO;
overnight) flask before adjusting the pH to 7.0 [33].

PNIPAAm-PEG-PNIPAAmM

Urine The urine sample was collected from a smoker person
and the volunteer was asked to refrain from eating fish and
seafood for 3 days prior to sample collection. Early morning,
urine sample was collected in 50 mL polypropylene tubes and
centrifuged at 1,500 rpm for 10 min to clear them of particu-
late matter. The sample (20 mL) was stored in acid-washed
polypropylene tubes at —20 °C [34]. Before analysis, the pH of
urine sample was adjusted to 7.0.

Extraction procedure

In the extraction procedure, 20 mL of an aqueous solution
containing Pb(II) ions was prepared in room temperature and
its pH was adjusted to 7.0 (optimum pH for extraction), then,
5 mg of PNIPAAm-PEG-PNIPAAm tri-block copolymer was
dissolved in the solution. After dissolving the copolymer, the
solution temperature was increased to 40 °C and the solution
was stirred at this temperature for 30 s and the solution became
cloudy, and for complete extraction, the solution was allowed to
stir for another 30 s. After this time, the temperature of the
solution was again increased up to 65 °C. At this temperature,
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the cloudy solution was become a solution containing second
phase. After that, the stirring was stopped so that the second
phase can be reached the surface of the solution, and conse-
quently, it can be separated from the aqueous phase. Finally, the
nanomicelles containing the adsorbed Pb(I) ions was separated
from the aqueous solution and dissolved in 0.5 mL of distilled
water (room temperature) and then the content of the solution
was determined by flame atomic absorption spectrometry.

Results and discussion

Characterization of the(PNIPAAm-b-PEG-b-PNIPAAm)
tri-block copolymer

FTIR, NMR and GPC analysis

The dibromo-terminated PEG macroinitiator and thermo-
responsive PNIPAAm-PEG-PNIPA Am tri-block copolymerswere
prepared according to the reaction sequence shown in Fig, 1. The
chemical structures of the synthesized copolymers were character-
ized by "H NMR and FT-IR spectroscopy. The molecular
weight and polydispersity of the synthesized copolymer
were alsodetermined by gel permission chromatography
(GPCQ). First, the starting dibromo-terminated PEG as ATRP
macroinitiator was prepared by the esterification reaction of
the terminal hydroxyl groups of PEG with 2-bromoisobutyryl
bromide. The PNIPAAmM-PEG-PNIPAAm tri-block copoly-
mer was synthesized via ATRP of NIPAAm in dioxane at
60 °C from the Br-PEG-Br macroinitiator units. The FT-IR
spectrum of PNIPAAm-PEG-PNIPAAm tri-block copolymer
shows one band at 1,111 cm ™' related to C—O—C stretching
vibrations of the repeated-OCH,CH, units in PEG. PNIPAAm
block shows characteristic peaks at 1,652, 1,541, and
1,245 cmﬁl, which can be attributed to C=0 stretching and
N-H bending of amide group and a methyl group in --
CH(CHs;),, respectively. A broad band in the range of
3,200-3,600 cm ! belongs to N-H stretching vibration.
Figure 1S (ESM) shows the '"H NMR spectrum of the Br-
PEG-Br macroinitiator and PNIPAAm-PEG-PNIPAAm tri-
block copolymer. For Br-PEG-Br, there are two signals which
correspond to methylene protons of the PEG (H, at 3.59 ppm)
and methyl protons of the 2-bromoisobutyrate group (H, at
1.88 ppm) indicating that the terminal hydroxyl groups were
substituted. As shown in the "H NMR spectrum of the
PNIPAAmM-PEG-PNIPAAm tri-block copolymer, a broad
peak at around 6.50 ppm was obtained which can be attributed
to the characteristic signal of hydrogen of NH in the
PNIPAAm. Moreover, the signals at 1.09 and 3.95 ppm are
assigned to methyl protons (NH-CH-(CH 3),) and
methylidyne proton (NH-CH—(CHs;),) of isopropyl unit, re-
spectively. The chemical shifts at 1.60 and 2.09 ppm are
attributed to the methylene (CH ,-CH-C=0) and methylidyne
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(CH,-CH—-C=0) protons adjacent to the carbonyl group. The
composition of the block polymers was also calculated from the
area ratio of peaks (a) and (g) in Figure 1S (ESM) and is
summarized in Table 1S (ESM). The results in table 1S
(ESM) illustrate that the results from NMR are in good agree-
ment with those obtained from GPC (Figure 2S (ESM)).

CAC determination

The information about CAC determination was described
in the electronic supplementary material.

LCST determination
of PNIPAAm-b-PEG-b-PNIPAAmtri-block copolymer

The transition phenomena can be easily characterized by optical
property change (turbidimetry) of polymeric solution [35]. The
effect of the temperature on the absorbance of visible light (A=
500 nm) through the synthesized tri-block copolymer solution
(0.025 wt%) is shown in Fig. 2. Based on the Fig. 2, the LCSTs
were determined at the temperature with a half of the optical
transmittance change between below and above the transitions.
It is evident that the polymer solution phase transition slowly
increases with temperature, and at 33 °C, a sharp increase
indicates the formation and low aggregation of micelles. There-
fore, the LCST of tri-block copolymer is about 33.5 °C and is
more than LCST of the PNIPAAm chain alone which is about
32 °C. The addition of hydrophilic PEG block to the PNIPAAm
chain increased the LCST of PNIPAAm since the hydrophilic
block in this structure prevents the dehydration of the polymer
chain and expands the collapsed structure [24, 25].

Proposed mechanism for extraction of Pb(II)

The synthesized PNIPAAm-PEG-PNIPAAm tri-block copoly-
mer consists of two types of thermosensitive blocks (PEG and
PNIPAAm). In temperatures below 33.5 °C, PEG and
PNIPA Am blocks are hydrophilic due to formation of hydrogen

3.5 A
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Fig.2 The plot of copolymer solution absorbance at 500 nmin a 25 wt %
solution in different temperature
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bonding between their heteroatoms and H,O, and therefore,
they can be easily dissolved in aqueous solutions. In tempera-
tures ranging from 33.5 °C to 65 °C, although the hydrogen
bonding of PEG block remains stable, hydrogen bonding be-
tween the amide group of N-isopropylacrylamide in PNIPAAm
and H,O breaks, therefore, PEG group remains hydrophilic but
PNIPAAm block becomes hydrophobic. Thus, between
33.5 °C and 65 °C, the hydrophobic blocks aggregate together
and formation of micelles and micelles aggregation was begin-
ning and solution was being turbid. By formation of these
micelles aggregate, lead ions due to interactions with N-H
groups of PNIPAAm can be trapped in the core of aggregated
micelles and extracted from the aqueous solution. In tempera-
tures higher than 65 °C, due to decrease in hydrophilic charac-
teristic of PEG group, the overall hydrophobic property of
aggregated micelles increases, consequently, initially aggregat-
ed micelles come closer to each other and high micelle aggre-
gation occurs. This high micelle aggregation causes the forma-
tion of a second phase at the surface of the solution which can
be easily separated from the aqueous phase without the need for
centrifugation. Figure 3 demonstrated a scheme of proposed
mechanism for extraction of lead ions.

The effect of solution’s pH

Among the tested parameters, pH was found to be one of the
most important variables affecting the selective adsorption of

lead on PNIPAAm-PEG-PNIPAAm tri-block copolymer. To
assess the mentioned effect, 5 mg of copolymer was dissolved
in 20 mL of solution containing lead ions (2 mg L") and then
the pH was tested in the ranges from 2 to 9. In the experiment,
after dissolving the desired amount of copolymer in the solu-
tion, and adjusting the pH, the solution temperature was
increased to 40 °C and the solution was stirred for 60 s, then,
the temperature was again increased to 65 °C for better sepa-
ration of the formed extraction phase from the aqueous phase.
Finally, in order to measure the lead ions of the solution with
flame atomic absorption spectrometry and for injection to the
instrument, the separated phase was dissolved in 0.5 mL of
distilled water (room temperature) and then, the content of
solution was determined using FAAS. As can be seen in
Figure 4, maximum quantitative recovery of lead ions on the
copolymer was obtained in the pH of 7.0. Lowering the pH
value of the solution decreased the quantitative recovery of the
copolymer due to the electrostatic repulsion of the protonated
active sites on the copolymer with the positively charged lead
species. Due to hydrolysis, pH above 9.0 was not tested.

The effect of amount of copolymer

In order to achieve maximum quantitative recovery for extrac-
tion of Pb(I), the amount of PNIPAAmM-PEG-PNIPAAm tri-
block copolymer was optimized. Therefore, different amounts
of copolymer ranging from 2—10 mg was dissolved in 20 mL of

Clear solution

Fig. 3 Proposed mechanism for extraction of Pb(II)

Cloudy solution

Two phase separation
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Fig. 4 The effect of solution pH

solution consisting of Pb(I) (2 mg L") after adjusting the pH to
7.0. The same extraction procedure mentioned in section ex-
traction procedure was used. The results illustrated that; 5 mg of
the copolymer can provide quantitative adsorption of lead ions
and in concentrations higher that the recovery remained con-
stant. Consequently, this amount of copolymer (5 mg) was
selected for further experiments.

The effect of temperature on extraction

Temperatures between 32 and 45 °C were tested in order to
achieve an optimum temperature for extraction of Pb(II) on
PNIPAAmM-PEG-PNIPAAm tri-block copolymer with best
quantitative recovery. According to the results, best recovery
for extraction of Pb(Il) ions can be obtained in 40 °C and in
temperatures higher than that the recovery remained constant.

Therefore, the mentioned temperature was used in the follow-
ing experiments.

The effect of temperature on phase separation

In order to separate the extraction phase from the aqueous phase
easily, temperatures between 50 and 75 °C were examined.
Easy, fast and complete separation of extraction phase from
the aqueous phase can be obtained in 65 °C and in temperatures
higher than that the recovery remained constant. Therefore, the
optimum temperature of 65 °C was used in further experiments
in order to have a complete separation PNIPAAm-PEG-
PNIPAAm tri-block copolymer from the aqueous phase.

The effect of potentially interfering ions on extraction
of Pb(1l)

Because of the presence of other elements in real samples, pre-
concentration of lead-containing samples is difficult. Therefore,
the effects of common potentially interfering cations and anions
on the selective extraction of lead ions on the thermosensitive
tri-block copolymer were investigated. The degree of tolerance
for some alkaline, alkaline earth and transition metal ions are
presented in Table 1. From the tolerance data, it can be seen that
the potentially interfering ions have no significant effects on
preconcentration of lead ions at pH 7.0.

Validation of the method

Certified reference material (ore polymetallic gold zidarovo-
PMZrZ (206 BG 326)) was used for the validation of the
method. As Table 2S (ESM) shows, the measured mean value
is not significantly different from the certified value [36].

Table 1 The effect of matrix on

selective extraction of Pb(II) Foreign ion

Tolerable concentration ratio X/Pb

PNIPAAm-PEG-PNIPAAm tri-block copolymer
R® (%)=S® (Target ion)

K* 10,000
Na* 10,000
Ca*" 1,000
AP 1,000
Ag" 1,000
Cu?** 1,000
Fe?* 1,000
Ccd** 1,000
NiZ* 1,000
Mn?" 1,000
Zn** 1,000
Pd** 1,000
. PO, 1,000
Recovery C rO427 1,000

®Standard deviation

99.0+1.0
99.0+1.0
98.0+1.4
98.0+1.2
99.0+0.8
98.0+1.7
98.0£1.2
97.0£2.0
96.0+2.0
97.0+1.4
98.0+1.2
97.0+1.6
97.0+1.3
98.0+1.4

@ Springer



Synthesis and application of a thermosensitive tri-block

135

Table 2 Analysis of lead in different food and biological samples

Caddea (M€ kg ") Crouna (ng kg ') Recovery % RSD %

Environmental sample

Honey - - -
50 49.7 99.4 32
Butter - 52 -
50 54.5 98.7 3.8
Tangerine — 49 -
50 539 98.1 29
Biological sample
Nail - 6.9 -
50 55.8 98.0 3.6
Biological sample
Urine - 17.4 -
50 66.8 99.1 3.1

Therefore, the system can be used as a reliable extraction
method for determination of lead ions in food and biological
samples.

Extraction of lead in different samples

Since natural samples have complex matrices, non-specific
background absorption was caused by interfering species of
the sample matrix. To reduce this undesirable effect, tri-block
copolymer was applied for selective extraction of lead ions in
pH of 7.0 (20 mL of sample). As Table 2 shows, the newly
introduced microextraction system has high recovery for ex-
traction of lead ions even in complex matrices.

Comparison with other extraction methods
The microextraction system was compared to a variety of

extraction methods reported recently in the references. The
distinct features are summarized in Table 3. As can be seen in

Table 3 Comparison of the method with literature

the table, it is evident that extraction time, relative standard
deviation and detection limit obtained by the system is far better
than most of the other extraction techniques. Furthermore, the
mentioned system does not need toxic solvents (acidic and
organic) for elution of lead form the structure of copolymer
and instead the only solvent used was distilled water; therefore,
it can be referred as a green microextraction system.

Conclusion

We describe here a new sample preparation system based on
formation of thermosensitive tri-block copolymer. The
designed method has various and important advantages and
benefits compared to other extraction methods. First, the
mentioned system does not need toxic solvents (acidic and
organic) for elution of lead from the structure of copolymer
and instead the only solvent used was distilled water; there-
fore, it can be referred as a ligandless-green microextraction
system. Second, in solid phase extraction (SPE) methods high
volumes of real samples are needed, however, in this system
low volume of the real sample (20 mL) was used. This low
volume allows the system to be used in biological samples
(urine) easily. Third, it is a very simple, fast, and accurate for
Pb(II) extraction, and finally, the designed system is smart due
to the thermosensitive characteristic of the copolymer since
with temperature change fast extraction of lead can occur.
Furthermore, determination of the metal ion yielded good
quantitative recoveries in a wide range of real samples with
complex matrices. The synthesized copolymer also showed
good selectivity towards Pb(II) among other heavy metals in
pH of 7.0. In addition, the copolymer showed high tolerance
to interferences from the matrix ions. The important features
of the method were its simplicity and low detection limit
which is distinctive among other extraction methods.

Acknowledgments We gratefully acknowledge financial support from
the Research Council of Shahid Beheshti University.

Extraction method Ex. T* LOD RSD % Organic or acid solvent volume Ref
Pb(I)-1IP-FAAS 10 min 042 ug L™ 2.1 5 mL [8]
CPE-FAAS 30 min 75 ug L7 6.4 0.25 mL [36]
Sulfur- loaded alumina-FAAS 20 min 0.63 pg L' 4.8 3 mL [37]
IL-DLLME-FAAS 5 min 0.6 ug L™! 3.7 100 pL [38]
Dithizone-modified NPF 18 min 1.2 pg L' 24 2.5 mL [11]
Smart system-FAAS 2 min 0.09 ug L' 3.5 does not need organic or acid solvents This work

4 Extraction time
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