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ABSTRACT
7KLVSDSHUGHVFULEHVWKHGHYHORSPHQWRIDSURFHGXUHIRU3E ,, LRQVUHPRYDOIURPYDULRXVZDWHUVDPSOHVDIWHU
PDJQHWLFVROLGSKDVHH[WUDFWLRQ 013V E\PDJQHWLWHQDQRSDUWLFOHV )H3O413V PRGL¿HGZLWKVRGLXPGRGHF\O
VXOIDWH 6'6  DQG S\UUROLGLQHGLWKLRFDUER[\OLF DFLG DPPRQLXP 3'7&$$  7KH V\QWKHVLV RI )H3O4 NPs was
FHUWL¿HG E\ FKDUDFWHUL]DWLRQ WHFKQLTXHV LQFOXGLQJ ¿HOG HPLVVLRQ VFDQQLQJ HOHFWURQ PLFURVFRS\ )(6(0  ;UD\
GLIIUDFWLRQ ;5'  )RXULHU WUDQVIRUPV LQIUDUHG )7,5  VSHFWURVFRS\ DQG YLEUDWLQJVDPSOH PDJQHWRPHWHU 960 
DQGWKHGHWHUPLQDWLRQSURFHVVFDUULHGRXWE\ÀDPHDWRPLFDEVRUSWLRQVSHFWURPHWU\ )$$6 ,QÀXHQWLDOSDUDPHWHUV
DIIHFWLQJWKHH[WUDFWLRQHI¿FLHQF\VXFKDVS+PDVVRIDGVRUEHQWDQGDPRXQWVRIPRGLI\LQJDJHQWVDORQJZLWK
GHVRUSWLRQFRQGLWLRQVLQFOXGLQJW\SHFRQFHQWUDWLRQDQGOHDVWDPRXQWRIWKHHOXHQWZHUHLQYHVWLJDWHGDQGRSWLPL]HG
8QGHUWKHRSWLPL]HGH[SHULPHQWDOFRQGLWLRQVDG\QDPLFOLQHDUUDQJH '/5 RIȝJ/ was obtained and the
OLPLWRIGHWHFWLRQ /2'Q  DQGUHODWLYHVWDQGDUGGHYLDWLRQ 56'Q & ȝJ/ ZHUHIRXQGWREH
ȝJ/DQGUHVSHFWLYHO\7KHGHYHORSHGPHWKRGZDVDSSOLHGIRUUHPRYDORI3E ,, LRQVIURPZDWHUVDPSOHV
Keyword: 0DJQHWLWH QDQRSDUWLFOHV 3E ,,  LRQV 6RGLXP GRGHF\O VXOIDWH  3\UUROLGLQHGLWKLRFDUER[\OLF DFLG
ammonium; Magnetic solid phase extraction.

1. INTRODUCTION
Heavy metal distribution throughout natural water resources still remains a great issue facing the world today and it will be assumed such a great deal to remove
hazardous levels of inorganics like As, Cr, Hg, Pb, Ni,
(*) Corresponding Author - e-mail: sina.yekta.chem@gmail.com

Cd in diverse forms. The occurrence of these pollutants
in the environment can be the cause of so many maladies especially different sorts of cancers [1, 2]. Of the
most general public concerning hazards is lead which
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has been introduced to a variety of environmental media resulting from many industrial activities such as
mining, smelting, metal plating, alloy, paper and fertilizer industries, tanneries, batteries, pesticides, lead
paints, coating, electroplating, petrochemical units
and photographic materials production [3, 4]. The
plants absorb lead from air, soil and fertilizers and it
can accumulate in their tissues. Therefore lead can
reach the food chain of human and other living systems [5]. Even low concentrations of lead impose serious health risks because of its bioaccumulation in live
tissues throughout the food chain. Lead is commonly
adsorbed to human body through inhalation, diet (contaminated food and drinking water) and skin contact
[6] and it remains for a long period due to its long
half-life when absorbed [7]. Lead exposure redounds
various disorders, almost in each organ of body for
instance brain, kidney, lungs, neurotic system [8-10].
The lower limit of lead in natural systems according to
:RUOG+HDOWK2UJDQL]DWLRQ :+2 LVPg L-1. The
drinking water and wastewater standard set by Environmental Protection Agency (EPA) for lead is 0.05
and 0.5 mg L-1, respectively [11, 12].
The low concentrations of Pb(II) ions in industrial
or environmental samples often fall below the detection limit of conventional analytical techniques such
DV ÀDPH DWRPLF DEVRUSWLRQ VSHFWURPHWU\ )$$6 
and graphite furnace atomic absorption spectrometry
(GFAAS). Hence, analytical determination usually requires a preconcentration step in order to increase lead
concentration. To date, different methodologies have
been utilized for enriching Pb(II) ions and separate it
IURPLQWHUIHUHQFHVQDPHO\PHPEUDQH¿OWUDWLRQ>@
cloud point extraction (CPE) [14, 15], liquid–liquid
extraction (LLE) [16], dispersive liquid-liquid microextraction (DLLME) [17, 18], liquid phase micro extraction (LPME) [19] and solid phase extraction (SPE)
[20-23]. Such systems improve the sensitivity and
selectivity of the determination techniques, although
some of these methods found to be high cost and time
consuming processes.
Over the past two decades, nanoscale materials
have elicited much tendency because of their intriguing physical and chemical properties [24, 25]. These
properties occur under conditions differing from those
of the bulk atoms that lead to quantum effects and the
144
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increased fraction of the surface atoms as their size
decreases [26, 27]. The surface atoms are unsaturated
and have high chemical activity and adsorption capacity to various substances [28] while induce a minimum for internal diffusion resistance when compared
to the traditional micron sized supports. Nanomaterials have particular adsorptive, electronic, optical,
magnetic and catalytic properties, so they are focused
LQYDULRXV¿HOGVRIH[SHUWLVH>@1DQRPDWHULDOV
are divided into different groups including either inorganic elements like metal and metal oxide nanoparticles (Fe3O4, TiO2 and SiO2) or organic part like carbon
nanotubes- based on their role in adsorption processes
which is dependent on their innate surface property
and further external functionalization [31].
Magnetic solid phase extraction (MSPE) is recognized as a high yield preconcentration process which
handles magnetic adsorbents like iron oxide nanoparticles, cobalt ferrite (Fe2CoO4) and chromium dioxide (CrO2 >@DQGDQRXWZDUGPDJQHWLF¿HOGWR
separate the analytes of interest. Use of iron oxide
magnetic nanoparticles (MNPs) in several types of
Į)H2O3 ȕ)H2O3 Ȗ)H2O3 İ)H2O3, and Fe3O4 as a
practical adsorbent is one of the new approaches. One
of the most popular magnetic materials is known as
magnetite (FeO.Fe2O3) [34]. The bulk Fe3O4 crystallize in converse spinel structure at room temperature
where the close-packed-face centered-cubic lattice is
vocalized by oxygen atoms and the interstitial sites are
occupied with iron atoms [35]. At room temperature
magnetite transforms to maghemite [36], therefore opWLPL]DWLRQRIWKHVSHFL¿FFRDWLQJDJHQWVZLOOGHFUHDVH
the mentioned exchanging process [37]. Magnetite
nanoparticles (Fe3O4 NPs) are the most common type
that is black in color and spherical in shape [38]. Large
surface area and biocompatibility with complex matrices make Fe3O4 NPs unique for MSPE and overcome problems with conventional classic solid phase
extraction such as packing of SPE column and long
extraction time [39]. In addition to this, Fe3O4 NPs
cannot be used in naked form. Because of their large
surface to volume ratio and high surface energy; they
tend to aggregate for minimizing this surface energy
[40]. Naked Fe3O4 NPs get easily oxide in expose of
air and lose magnetic properties, dispersion capability
and undergo biodegradation as a result [41]. Hence,
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stabilizing them via modifying agents opens the narrow window of poor behavior in extraction processes
and complexation with analyts. Recent papers have
proposed the use of coatings such as dithizone sodium
dodecyl sulfate (DTZ/SDS) [42], 3-(trimethoxysilyl)1-propanethiol-ethylene glycol bis-mercaptoacetate
(TMSPT-EGBMA) [43], tetraethyl orthosilicate-(3aminopropyl)trimethoxysilane (TEOS-APTMS) [44],
cetyltrimethylammonium bromide (CTAB) [45],
polydopamine [46] and amino group (NH2) [47] to induce functional groups of thiol, carboxylic and amino
on the surface of MNPs for the preconcentration of
trace metal ions.
In present work, a Fe3O4 NPs-assisted MSPE procedure is optimized based on co-precipitation of
(FeCl2.4H2O) and (FeCl3.6H2O) precursors and SDSPDTCAA external functionalization for the extraction and determination of Pb(II) ions in various water
samples. Also for gaining the most suitable results
different factors including pH, mass of adsorbent
and amounts of modifying agents along with desorption conditions such as type, concentration and least
amount of the eluent were surveyed and optimized as
mentioned. Moreover for optimization of these paUDPHWHUV WKH PRVW VLJQL¿FDQW UDQJHV ZHUH VHOHFWHG
7RWKHEHVWRIRXUNQRZOHGJHWKLVLVWKH¿UVWWLPHWKDW
SDS-PDTCAA immobilized on magmetite nanoparticles (SDS-PDTCAA-Fe3O4 NPs) is used for the removal of trace amounts of Pb(II).

2. EXPERIMENTAL
2.1. Chemicals
Lead (II) nitrate (Pb(NO3)2), Ferrous chloride tetrahydrate (FeCl2.4H2O), ferric chloride hexahydrate (FeCl3.6H2O), sodium dodecyl sulfate (SDS,
CH3(CH2)11OSO3Na), pyrrolidin-1-dithiocarboxylic
acid ammonium (PDTCAA, C5H12N2S2), acetone and
sodium hydroxide were all purchased from Merck
(Merck, Darmstadt, Germany). A stock solution of
lead (1000 mg L-1) was prepared by dissolving 1.6 g of
Pb(NO3)2 in 1000 mL deionized water. Standard and
working solutions of Pb(II) were prepared daily by
appropriate dilution of stock solution, and all the solutions were stored in pre-cleaned polypropylene con-
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tainers. Solutions of 0.002 (0.006 gr in 10 mL high puUL¿HGZDWHU PRO/-1 SDS and 0.01 mol L-1 PDTCAA
were prepared by dissolving the appropriate amount
of these reagents in deionized water and acetone respectively. Also the stock solutions of various coexistent ions (1000 mg L-1) were prepared from their nitrate or chloride salts by conventional method. All the
chemicals and reagents used in present research were
RIDQDO\WLFDOJUDGHZLWKRXWIXUWKHUSXUL¿FDWLRQDQGGHionized (DI) water was used for the preparation of all
solutions. The pHs of the solutions were adjusted by
addition of appropriate volumes of HCl or NaOH.
2.2. Apparatus
Ultrasonic experiments were performed by a Eurosonic 4D model (Euronda, Italy) for dissolving the
modifying gents and synthesis of magnetic adsorbent.
The synthesized Fe3O4 NPs were subjected to various
characterization instruments. The morphology and
size of Fe3O4 NPs were determined via SEM microJUDSKVXVLQJ¿HOGHPLVVLRQVFDQQLQJHOHFWURQPLFURVcopy (FESEM, Hitachi-S4160). The powder X-ray
diffraction (XRD) patterns were recorded at room
temperature using a Philips-X’Pert Pro diffractometer-MPD (Netherlands) equipped with a high power
Cu-KĮUDGLRDFWLYHVRXUFH Ȝ QP DWN9
and 30 mA to determine chemical structure and average size of the nanoparticles. Data were collected over
WKHUDQJH±LQșZLWKDVFDQQLQJVSHHGRIPLQ
1. The IR spectra were scanned on a Fourier transform
infrared spectrometer (FTIR, Vertex 70, Bruker) in
the wavelength range of 450 to 4000 cm-1 using KBr
pellets to identify the as prepared nanoparticles and
investigate the linkage between Fe3O4 NPs and modifying/coating agents. Magnetic properties of the particles were determined by a LDJ9600 model vibrating
sample magnetometer (VSM, Electronics Inc Troy,
MI, USA). Magnetic separations were performed using a strong neodymium iron boron (Nd2Fe12B) magnet (10×5×4 cm, 1.4 Tesla). A M5AA system model
ÀDPHDWRPLFDEVRUSWLRQVSHFWURPHWHU 7KHUPR86$ 
HTXLSSHGZLWKDQDLUDFHW\OHQHÀDPHDQGDOHDGKROlow cathode lamp at an operating current of 15 mA
was used for lead determinations. Lead ion concentration was measured using atomic absorption at wavelength of 283.3 nm and spectral bandwidth of 0.2 nm.
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All measurements were based on peak height. The pH
measurements were made with a Metrohm Model 774
pH meter with a combination glass electrode.
2.3. Synthesis of Fe3O4 NPs
In a typical preparation procedure, 9.94 g of FeCl2.
4H2O and 27 g of FeCl3.6H2O with a molar ratio of 1:2
were dissolved in 100 mL deionized water separately
DQG DGGHG WR D WKUHHQHFN ÀDVN FRQWDLQLQJ  P/
deionized water, then slowly heated up to 80°C under vigorous stirring (800 rpm) using a hotplate magnetic stirrer and maintained at this temperature. 20 g
of NaOH was dissolved in 100 mL deionized water
and poured in a volumetric burette. Subsequently, the
mixture was titrated by NaOH solution under nitrogen
atmosphere until after 2 h the black precipitate magnetite was observed. Nitrogen atmosphere was used to
degas the solution against oxygen to prevent the conversion of Fe3O4 NPs to other types of iron oxides during the synthesis procedure. During the synthesis process, the pH of the solution was maintained at about
12. The precipitates were heated at 80°C for 120 min,
and then were washed several times with deionized
water and ethanol. Finally, the black precipitates were
dried in a vacuum oven at 60-70°C [39]. Figure 1, represents a schematic for the synthesis process.

NaOH

N2

Fe2+/Fe3+

Heater 80oC

S.Y

Figure 1: The schematic of the synthesis process of Fe3O4
NPs.
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0RGL¿FDWLRQRI)H3O4 NPs
After characterization and controlling the size and
morphology of the Fe3O4 NPs which provide particular advantages on their acts and properties in aqueous solutions including absorbance and dispersion,
it sounds necessary to modify nanoparticles to gain
selectivity against Pb(II) ions. MNPs should be modi¿HGGXHWRDEXQGDQWDGYDQWDJHVLPSURYLQJWKHDFWRI
extraction process including (a) stabilize the nanoparticles in solution (b) enhancement of the nanoparticles
solubility in various solvents (c) geminate the partiFOHVLQVSHFL¿FDUUD\V G 3URYLGHIXQFWLRQDOJURXSVDW
the surface of MNPs (e) imprinting layers have ability to modify chemical and electronic optical properties of these particles (f) reduction of their toxicity
(g) protection against oxidation [2, 12, 28 and 39]. In
this work, SDS as an anionic surfactant was used as
coating agent to activate their surfaces and PDTCAA
was used as organic ligand to protect SDS coatedFe3O4 NPs against exterior effects and provide amine
functional groups on the surface of MNPs. For this
purpose, 1 mL suspension (containing 0.1 g) of dried
as synthesized Fe3O4 NPs accrued in a beaker and
0.006 g of SDS previously dissolved in 10 mL deionized water and adjusted in pH of 5 was added. The
mixture was shaken and allowed to complete the coating process for 2 min in 25°C. Then the lower phase
ZDVVHSDUDWHGE\RXWZDUGPDJQHWLF¿HOGSURYLGHGE\
an Nd-Fe-B strong magnet which was placed at the
bottom of the beaker. 400 μL (0.01M) of PDTCAA
and 10 mL deionized water were added suddenly to
the precipitated Fe3O4 13V6'6:KLOH S+ RI  DGjusted, the components were shaken for 6 min at room
temperature. Again the lower solution was separated
E\H[WHUQDOPDJQHWLF¿HOGLQDYHU\VKRUWWLPHDERXW
12 s and then dried at 60-70°C in an autoclave for 2 h
until a black powder was derived. The preparation of
SDS-PDTCAA-Fe3O4 NPs (as can be seen in Figure
2a) and adsorption of Pb(II) ions is demonstrated in
Figure 2.
2.5. MSPE procedure based on Fe3O4 NPs
The procedure for MSPE as illustrated in Figure 2b
was investigated in batch experiments and the details
are as follows: Adsorption of lead from aqueous solutions was performed in an 250 mL beaker containing
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ȝJ/-1 Pb(II) ions. The pH was adjusted by dropwise addition of 1 mol Lí sodium hydroxide and 1
mol L-1 hydrochloric acid. 0.1 g SDS-PDTCAA-Fe3O4
NPs was added and the mixture was shaken for 5 min
to facilitate adsorption of Pb(II) ions onto the MNPs.
Using a Nd-Fe-B strong magnet, SDS-PDTCAAFe3O4 NPs were separated from the supernatant quickO\ ZKHUH WKH RXWZDUG PDJQHWLF ¿HOG FDXVHV WKH DJgregation of MNPs on one side of the beaker. Change
in the concentration of Pb(II) ions in the solution and
there upon the adsorption amounts of Pb(II) ions were
measured by FAAS analysis and checked with known
lead standard solutions. The magnet was removed and
Fe3O4 NPs was settled into 1 mL of 1 mol L-1 HNO3

as eluent to recover Pb(II) ions from the precipitate.
After shaking for 5 min, magnet was used again to
separate the adsorbent and the eluent was injected to
FAAS to measure the concentration of desorbed lead.
Extraction Percent of lead was calculated from the following equation:
§c c
E(%) ¨ i f
© ci

·
¸ u 100
¹

(1)

:KHUH&i and Cf represent the concentration of Pb(II)
ions before and after extraction in the solution, reVSHFWLYHO\6FKHPDWLFLOOXVWUDWLRQRIWKHPRGL¿FDWLRQ
of Fe3O4 NPs with SDS and PDTCAA groups and adsorption of Pb(II) ions.

Figure 2:D 6FKHPDWLFLOOXVWUDWLRQRIWKHPRGL¿FDWLRQRI)H3O4 NPs with SDS and PDTCAA groups
and adsorption of Pb(II) ions, b) application of SDS-PDTCAA-Fe3O4 NPs for separation and preconcentration of Pb(II) ions in water samples based on MSPE.
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3. RESULTS AND DISCUSSION
3.1. SEM study
Size and morphology of the as synthesized MNPs
ZHUH VXUYH\HG WKURXJK PDJQL¿FDWLRQ E\ 6(0
image as depicted in Figure 3a. The SEM study shows
homogeneous morphology, approximately quasispherical shape of the nanoparticles, porous structure
and also denotes that the particles morphology are retained with SDS-PDTCAA coating process which is
indicated by SEM image in Figure 3b. The presence of
some bigger particles in the micrographs is attributed
to the aggregation or overlapping of some smaller particles during the preparation step. The average crystalline size of Fe3O4 NPs was demonstrated to have
nanometric dimensions (less than 100 nm).
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3.2. XRD pattern
The crystalline structure and phase purity were determined by XRD pattern as described by Figure 4. The
peaks referring to Fe3O4 NPs occurred at scattering anJOHV ș RI
53.2888°, 66.6439°, 74.5259° and 78.7446° corresponding to diffraction planes of (220), (311), (222),
(400), (422), (442), (622) and (444), respectively that
have been crystallized in the cubic system with spinel
structure (Fd3m with lattice size of 8.4000 Å, ICSD
card # 01-072-2303). No characteristic peaks related
to the presence of impurities were observed in the patWHUQGXULQJV\QWKHVLVVWHS$GH¿QLWHOLQHEURDGHQLQJ
of the scattering patterns in Figure 4 is a demonstration upon which the synthesized Fe3O4 NPs are in nanoscale range. The size of the prepared Fe3O4 NPs was
investigated via XRD measurement and line broadenLQJRIWKHSHDNDWș XVLQJ'HE\H6FKHUUHU
equation [48]:
d

0.94O
E cos T

(2)

(a)

(a)

(b)

(b)

Figure 3: SEM images of a) Fe3O4 NPs and b) SDS-PDT-

Figure 4: XRD spectrum of a) Fe3O4 NPs and b) SDS-PDT-

CAA-Fe3O4 NPs.

CAA-Fe3O4 NPs.
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:KHUH G LV WKH FU\VWDOOLQH VL]H Ȝ LV WKH ZDYHOHQJWK
RI;UD\VRXUFHȕLVWKHIXOOZLGWKDWKDOIPD[LPXP
):+0 DQGșLV%UDJJGLIIUDFWLRQDQJOH8VLQJWKLV
equation, the average crystalline size in diffraction
planes of (222), (422) and (442) was calculated about
64 nm. The diffraction planes of Fe3O4 NPs before
and after coating process SDS-PDTCAA are retained
which is revealed by XRD in Figure 4a and 4b. The
crystalline size obtained from XRD measurement is
consistent with the results from the SEM study. However, a small loss of crystallinity is observed in Figures
4b associated with the lower intensity of the peaks.
3.3. FTIR spectrum
The characterization of the prepared Fe3O4 NPs and
the linkage with coating/modifying agents was furWKHUVXUYH\HGE\)7,5VSHFWUDDQGWKHUHVXOWVDI¿UP
the junctions. Figure 5a depicts the FTIR spectrum of
naked Fe3O4 NPs which have peaks around 445 cm-1
and 635 cm-1 assigned to bonding vibrations of Fe-O.
The peaks appeared at 1636 cm-1 and 3420 cm-1 corre-

(a)

spond to H–O–H bending and O–H bonding (hydroxyl groups) vibrations of nanoparticles, respectively.
As plotted in Figure 4b, coated Fe3O4 NPs exhibits
two intense peaks in 445 cm-1 and 630 cm-1 due to
the stretching vibration mode associated to the metaloxygen absorption band (Fe–O bonds in the crystalline lattice of Fe3O4). The bands at 869 cm-1 and 1452
cm-1 are corresponding to the S–O bending and N-H
bonding vibrations belong to SDS and PDTCAA
groups, respectively. The peaks around 1632 cm-1 and
3423 cm-1 are assigned to H–O–H bending and N-H
bonding vibrations, respectively.
3.4. VSM
)LJXUHLOOXVWUDWHVDQGFRPSDUHVPDJQHWLFVSHFL¿FDtions of bare Fe3O4 NPs and SDS-PDTCAA-Fe3O4
NPs via VSM magnetization curves at room temperature. VSM curves interpret and further distinguish
the characteristic feature of superparamagnetism or
ferromagnetism. Also regarding this technique, the
maximum magnetic strength under the term saturation magnetization could be derived whose magnitude
determines the power of the utilized magnet. The two
curves have a similar shape and symmetry about the
origin. Both bare and functionalized Fe3O4 NPs exhibit typical superparamagnetic behavior since no hysteresis, remanence and coercivity are observed. The saturation magnetization of bare Fe3O44 NPs was 76 emu
g-1, while as expected coating SDS-PDTCAA groups
over nanoparticles lessened the quantity to 30 emu g-1.
This difference was due to the existence of nonmagnetic shell surrounding the magnetite nanoparticles

(b)
Figure 5: FTIR spectra of a) Fe3O4 NPs, and b) SDS-PDT-

Figure 6: The magnetic behavior of a) Fe3O4 NPs, and b)

CAA-Fe3O4 NPs.

SDS-PDTCAA-Fe3O4 NPs.
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which quench the magnetic moment [49]. However,
WKH GLIIHUHQFH ZDV RI QR VLJQL¿FDQFH DQG WKH VXSHUparamagnetic property of the synthesized adsorbent
ZDVVXI¿FLHQWIRU063(ZLWKDFRQYHQWLRQDOPDJQHW
3.5. Analysis studies
3.5.1. Effect of pH

2IWKHPRVWFULWLFDOSDUDPHWHUVLQÀXHQFLQJWKHH[WUDFWLRQHI¿FLHQF\DQGDGVRUSWLRQFDSDFLW\RI6'63'7CAA-Fe3O4 NPs is the acidity of the sample solution.
In this work, the optimization of pH was assayed upon
three steps: (a) SDS appending, (b) PDTCAA appending and (c) MSPE procedure. In Figure 7, the curve
of ER% (extraction recovery) versus pH is shown. As
depicted in this Figure, the highest adsorption characteristic of Pb(II) ions was achieved at pH ranges
of 3-9 for steps a and b and 4-7 for step c. Both the
metal chemistry in the solution and ionization state
of modifying agents which results in the availability
of adsorption sites thoroughly rely on pH. The lead
retention was progressively decreased at low pHs
due to the stronger interaction of H+ ions with the adsorptive sites of SDS-PDTCAA-Fe3O4 NPs than that
of Pb(II) ions. Protonation of SDS and PDTCAA in
highly acidic conditions reduces the available ionized
groups. Also at high pHs, concentration of negative
charge density on the adsorbent surface results in the
reduction in the SDS adsorption that together with
the formation of lead hydroxide due to excess of OHions in basic media subsequently result in a decrease
in lead adsorption. To gain the best selectivity and exWUDFWLRQHI¿FLHQF\S+VRIDQGZDVVHOHFWHGIRUWKH
PRGL¿FDWLRQDQGH[WUDFWLRQVWHSVUHVSHFWLYHO\
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3.5.3 Effect of amounts of modifying agents

Choose of appropriate amounts of both modifying
agents is a key factor which affect the whole extraction and recovery process. Figure 8b, c describes the
optimization for SDS and PDTCAA amounts in deionized water. Fe3O4 NPs accept a certain amounts of
PRGL¿FDWLRQ VR XWLOL]DWLRQ RI KLJK DPRXQWV RI 6'6
and PDTCAA might be cause of their disruption from
the surface of the adsorbent into solution and ultimately formation of lead complexes within sample solution
instead of Fe3O4 NPs surfaces. On the other hand, because of the amphiphilic properties induced via both
head and tail parts of the organosulfate, SDS exhibits
a micellar behavior in aqueous solutions depending
on its critical micelle concentration (CMC, 8×10-3 mol
L-1). Above CMC the surface tension remains relatively constant, so SDS forms micelles and would not
adsorbed on the surface of Fe3O4 NPs. As could be
seen in Figure 8b, with increasing the amount of SDS,
extraction percent of lead was increased and reached
a maximum after the SDS amount approached 0.006 g
in 10 mL deionized water, then a decreasing trend was
observed up to CMC. Therefore, 0.006 g SDS was
selected for further experiments. Also at PDTCAA
YROXPHV OHVV WKDQ  ȝ/ PD[LPXP FRPSOH[DWLRQ
Table 1: Effect of various inferences on Pb(II) extraction.

3.5.2. Effect of amount of adsorbent

)LJXUHDUHSUHVHQWVWKHVLJQL¿FDQFHRIWKHDPRXQWRI
adsorbent. As Fe3O4 NPs mass increased, extraction recoveries generally declined. This could be interpreted
E\WKHIDFWWKDWZLWKVLJQL¿FDQWO\KLJKVXUIDFHDUHDDQG
low diffusional resistance of nanoparticles, less amount
of adsorbent would provide satisfactory results in exWUDFWLRQHI¿FLHQF\2QWKHRWKHUKDQGIDFLQJZLWKKLJK
amount of nanoparticles, the eluent would not be strong
enough to recover all Pb(II) ions from adsorptive sites.
Hence, 0.1 g was chosen as the appropriate mass for
Fe3O413VWRIXO¿OKLJK\LHOGH[WUDFWLRQ
150

(a)

Coexistent ions

Permissive limit
(ppm)

ERa
(%)

ClNO3SO42PO43NH4+
Na+
Ca2+
Ni2+
Zn2+
Cu2+
Fe3+
Mn2+
Cd2+
Co2+
Fe2+
Al3+

500
50
250
50
100
500
50
100
100
50
50
50
25
25
10
100

96.5
97.83
100
103
102.1
95
104.3
105
95
101.3
102.1
95
96.97
95
95
95

Extraction recovery
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Table 2:$QDO\WLFDO¿JXUHVRIPHULWRIWKHSURSRVHGPHWKRGIRUWKHH[WUDFWLRQRI3E ,, LRQV

(a)

DLRa
ȝJ/-1)

R2

LOD
ȝJ/-1)

RSD %
Q & ȝJ/-1)

EFb

Calibration equation

2.5-48

0.9945

2.5

2.2

250

Y = 1.403X + 0.007

Dynamic linear range;

(b)

Enrichment factor

of Pb(II) ions cannot be achieved, since the amount
of PDTCAA molecules immobilized into SDS cores
LVWRRORZ)RUYROXPHVPRUHWKDQȝ/RYHUORDGing circumstance makes PDTCAA molecules disrupt
from the surface of Fe3O4 NPs and lack of the adsorptive sites on the surface of Fe3O4 NPs decreases the
H[WUDFWLRQSHUFHQW+HQFHȝ/3'7&$$LQP/
deionized water was chosen for further studies.
3.5.4. Effect of type, concentration and volume of the eluent

The type, concentration and least amount of the eluent was investigated to establish conditions for sigQL¿FDQWO\3E ,, LRQVGHVRUSWLRQIURP6'63'7&$$
Fe3O4 NPs. Different eluents such as HCl, HNO3,
H2SO4 and H3PO4 at various concentrations and vol-

umes were examined and the results are depicted by
Figure 9. Desorption acid must not decompose the
MNPs. From this point of view, concentrations and
volumes higher than 3 mol L-1 and 3.5 mL were observed to have inverse effects on Fe3O4 NPs. On the
other hand, the less volume for desorption will lead to
higher enrichment factor. Therefore, 1 mL of 1 mol L-1
HNO3 was found to have highest effect for quantitative recovery of adsorbed Pb(II) ions and expel them
from SDS-PDTCAA-Fe3O4 NPs.
3.5.5. Effect of adsorption time

Lack of internal resistant, high surface to volume ratio, shorter diffusion route and the ease of separation
procedure via MSPE proposed for less time even for

Table 3: Results for the determination of Pb(II) ions in different water samples.

Sample

Added (μg L-1)

Found (μg L-1)a

Sea water

0.0

ndb

10.0
0.0
10.0
0.0

10.2 ± 0.2
1.3 ± 0.2
11.5 ± 1.1
nd

10.0
0.0
10.0
0.0
10.0
0.0
10.0
0.0
10.0

9.6 ± 1.8
nd
10.3 ± 2.2
nd
9.8 ± 1.1
2.2 ± 0.8
9.12 ± 2.2
3.2 ± 0.6
13.9 ± 0.1

0.0

nd

10.0

9.0 ± 0.5

0.0

nd

10.0

9.7 ± 0.1

River water
Spring water
:HOOZDWHU
Mineral water
Stream water
waste water
Drinking waterc
Drinking waterd
(a)

Relative recovery (%)
102
102
96
103
98
96
107
95
97

Mean ± SD (n = 3); (b) Not detected; (c) Tehran city; (d) Ramsar city
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Table 4: Comparison of the proposed method with some of the previously methods reported in the literature for
extraction and determination of Pb(II) ions.

Method

EF

LOD
ȝJ/-1)

RSD
(%)

References

Rice husk

FAAS

46.0

14.1

<6

[49]

Chromosorb-102

FAAS

–

10.0

<3

[42]

0RGL¿HGDPEHUVRUE

FAAS

75.0

3.65

2.0

[5]

2-(2-benzothiazolylazo)-2-p-cresol-Amberlite XAD-2

FAAS

27.0

3.7

4.4-2.3

[19]

Dithizone-microcrystalline naphthalene

ICP-OES

13.3

47

2.47

[15]

naphthalene alizarin

ICP-OES

40.0

53

1.8-4.6

[6]

microcrystalline naphthalene

FAAS

200.0

2.5

2.1

[22]

Grinded eucalyptus stem

FAAS

50.0

4.5

3.6

[35]

Solid sulfur

FAAS

250.0

3.2

5.1

[38]

ICP-AES

41.0

15.3

0.9

[56]

FAAS

250.0

4.0

2.0-5.7

[51]

FAAS

–

2.2

6.8

[20]

FAAS
FAAS
FAAS

14.0
44.2
40.0

6.3
2.6
3.52

2.1
1.4
–

[53]
[3]
[17]

ICP-OES

236.0

0.08

4.0

[34]

FAAS

250.0

2.5

2.2

This work

Adsorbent

Methylthiosalicylate-silica gel
o-Dihydroxybenzene-Silica Gel
2-(2-thiazolylazo)-5-dimethylaminophenolpolyurethane foam
poly(aminophosphonic acid)
Multiwall carbon nanotubes
Multiwall carbon nanotubes
3-(trimethoxysilyl)-1-propanethiol-ethylene glycol bismercaptoacetate-Fe3O4 NPs
SDS-PDTCAA-Fe3O4 NPs

larger volumes of samples. The adsorption time was
surveyed in the range of 1–20 min and FAAS analyVLVVKRZHGWKDWWKHH[WUDFWLRQUHFRYHU\¿UVWLQFUHDVHG
up to 5 min and then remained constant. Therefore, to
achieve a shorter analysis time 5 min was chosen as
optimum value.
(IIHFWRIFRH[LVWLQJLRQV

Foreign anions and cations as matrix constituents
within real environmental samples may react with
modifying agents and induce interference via reducLQJWKHDGVRUSWLRQHI¿FLHQF\RIWKHWDUJHWDQDO\WH7R
track this effect, solutions (250 mL) containing 1 mg
L-1 of Pb(II) ions and various amounts of coexisting
ions were prepared and extracted according to the procedure described in the experimental section. Interference was considered as the deviation of ±5% from the
152

recovery of the standard solution. The results shown
in the Table 1 point out to good selectivity of the procedure toward Pb(II) ions.
$QDO\WLFDO¿JXUHVRIPHULW

Under the optimal experimental conditions described,
the linear calibration range for lead extraction obtained
EHWZHHQWRȝJ/-1 (R2 = 0.9945) for 250 mL of
solution. The limit of detection (LOD) of the extraction procedure for subsequent lead analysis was found
WREHȝJ/-1XVLQJ/2'  ı EODQNPZKHUHı
is the standard deviation of 10 replicate measurements
of blank solution and m is the slope of the calibration
curve. The repeatability and precision of the method
was assessed through ten adsorption/elution cycles
ZLWKLQP/VDPSOHVROXWLRQFRQWDLQLQJȝJRI
lead. The recovery of lead as a function of sample vol-

Yekta S et al
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(a)

(b)

(c)
Figure 7:(IIHFWRIS+RQD 6'6FRDWLQJVWHSE 3'7&$$PRGL¿FDWLRQVWHSDQGFWKHH[WUDFWLRQHI¿FLHQF\RIȝJ/-1
Pb(II) ions using the proposed MSPE procedure.

(a)

(b)

(c)
Figure 8: Effect of amount of a) SDS-PDTCAA-Fe3O4 NPs, b) SDS and c) PDTCAA on the adsorption characteristics of
ȝJ/-1 Pb(II) ions using the proposed MSPE procedure.
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(a)

(b)

(c)
Figure 9: Effect of a) type, b) concentration, and c volume of eluent (HNO3 RQWKHGHVRUSWLRQFKDUDFWHULVWLFVRIȝJ/-1
Pb(II) ions from SDS-PDTCAA-Fe3O4 NPs using the proposed MSPE procedure.

XPHZDVTXDQWLWDWLYH ! :KHUHDVKLJKUHFRYHUies were constant up to 250 mL, at higher volumes,
they declined. A relative standard deviation (RSD) of
ZDVREWDLQHGIRUDPHDQFRQFHQWUDWLRQRIȝJ
L-1. Using 250 mL sample volume and 1 mL eluent an
enrichment factor of 250 was obtained. The resulting
analytical characteristics are summarized in Table 2.

prove the capability of present method for Pb(II) extraction in different aqueous samples. ER % and Relative recovery (%) more than 100%. This can be due
to high and positive relative standard deviation and
sometimes the presence of interfering ions which have
the wavelength very close to that of Pb(II) ions.

3.5.8. Analytical application and validation

4. CONCLUSIONS

The applicability and validity of the proposed MSPE
procedure were assessed through real world sample
analysis. Table 3 shows the mean values (n = 3) of
founded amounts of Pb(II) ions and mean recoveries
RIȝJ/-1 ȝJ RIVSLNHG3E ,, LRQVIURP
mL of different water samples previously adjusted pH
and subjected to recommended optimizations with external calibration method. Based on three replicated
analyses for each sample, results demonstrated almost
quantitative percent extraction recoveries. Finally, the
present method has compared with the other similar
methods and the results which are denoted in Table 4

In this study, a MSPE method based on magnetite
nanoparticles (Fe3O4 NPs) was successfully developed for convenient and fast lead adsorption through
complexation of Pb(II) ions by SDS-PDTCAA coating/modifying groups under optimized conditions.
7KH V\QWKHVL]HG DGVRUEHQW ZDV LGHQWL¿HG DQG FKDUacterized by employing FESEM, XRD, FTIR and
VSM techniques and the extraction process followed
by FAAS analysis. Magnetic separation and high surface area of nanoparticles together endue the method
with high extraction capacity and enrichment factor.
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The recoveries of Pb(II) ions were almost quantitative
(>95%). The method is simple and proposes for sensitivity and short adsorption time for large volumes of
sample solutions. The adsorbent was applied for ef¿FLHQWUHPRYDORI3E ,, LRQVIURPYDULRXVQDWXUDODQG
industrial water samples. The obtained results con¿UPHGWKDW6'63'7&$$)H3O4 NPs has a high potential for removal of Pb(II) ions from various aqueous samples.
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