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Abstract We describe a novel magnetic metal-organic frame-
work (MOF) for the preconcentration of Cd(I) and Pb(II) ions.
The MOF was prepared from the Fe;04-pyridine conjugate and
the copper(Il) complex of trimesic acid. The MOF was charac-
terized by IR spectroscopy, elemental analysis, SEM and XRD.
A Box-Behnken design through response surface methodology
and experimental design was used to identify the optimal param-
eters for preconcentration. Extraction time, amount of magnetic
MOF and pH value were found to be critical factors for uptake,
while type, volume, concentration of eluent, and elution time are
critical in the elution step. The ions were then determined by
FAAS. The limits of detection are 0.2 and 1.1 ugL™" for Cd(II),
and Pb(Il) ions, respectively, relative standard deviations
are <4.5% (for five replicates at 50 pugL ™" of Cd(IT) and Pb(II)
ions), and the enrichment capacity of the MOF is at around
190 mgg " for both ions which is higher than the conventional
Fe304-pyridine material. The magnetic MOF was successfully
applied to the rapid extraction of trace quantities of Cd(I) and
Pb(Il) ions in fish, sediment, and water samples.
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Introduction

Heavy metal ions are toxic pollutants which exist in waste-
waters and are concerning for industries and environmental
organizations all over the world. Most of these pollutants ions
are so dangerous and very toxic for human health. Thus
determination of trace amounts of heavy metals is often a
major task for the analytical chemists, as it is a good tool for
identification and monitoring of toxicants in environmental
samples. Among existing heavy metals of the environment,
cadmium monitoring is very vital since cadmium concentra-
tions in the environment are increasing dramatically [1, 2].
Cadmium exposure can be linked to diseases associated with
aging such as osteoporosis, prostate, and pancreatic cancer
[3, 4]. Lead is one of the most toxic and hazardous elements
in human health, because it can cause detrimental effect on
metabolic processes of human beings [5], and it has been
proven to be a carcinogenic agent. Various instrumental tech-
niques, including electrothermal atomic absorption spectrom-
etry (ETAAS) [6], inductively coupled plasma-optical
emission spectrometry (ICP-OES) [7], flame atomic absorp-
tion spectrometry (FAAS) [8], inductively coupled plasma-
mass spectrometry (ICP-MS) [9], and total reflection XRF-
spectrometry [10] have been used for the determination of
heavy metals. However, the heavy metals concentration level
in environmental samples is fairly low and complexity of
matrices is a main problem; thus preconcentration techniques
are often required [11]. Different procedures such as: liquid-
liquid extraction (LLE) [12], cloud point extraction [13],
chemical precipitation [ 14], ion exchange [15], and solid phase
extraction (SPE) have been developed for extraction and pre-
concentration of heavy metals in natural matrices [16, 17].
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Among mentioned methods, the most commonly used
technique is solid phase extraction for preconcentration of
heavy metal ions from environmental samples due to its
simplicity, rapidity, minimal cost, and low consumption of
reagents [18]. By advent of SPE, various diverse sorbents
have been utilized such as magnetic nanoparticles [19], acti-
vated carbon [20], solid sulfur [21], Amberlite XAD-2 resin
[22], cotton [23], and modified porous material [24]. Porous
materials are defined as solids containing empty voids which
can host other molecules. The fundamental feature of these
materials is their porosity, the ratio between total occupied and
empty space, the (average) size of the pores and the surface
area. Typical values for the surface area of porous materials
applied in technological processes range between 2000 and
8000 m*g™" [25]. Most important applications of such materi-
als are the storage of small molecules and filtering . The Metal
Organic Framework defining a nanoporous material can con-
sist of either inorganic or organic materials. MOFs have
shown high potential in gas storage, separation, chemical
sensing and drug delivery [26, 27]. In general, the flexible
and highly porous structure of MOFs allow guest species such
as metal ions to diffuse into the bulk structure, and the shape
and size of the pores lead to selectivity over the guests that
may be adsorbed. These features make MOFs an ideal sorbent
in solid phase extraction of heavy metals. However, there is
little information about MOFs as an adsorbent [28, 29].

In this work the magnetic MOF Fe;O4—pyridine nano-
composite has been utilized as a novel adsorbent for fast
separation and preconcentration of Cd(Il) and Pb(Il) ions in
various matrixes. Magnetic sorbent was characterized by X-
ray diffraction (XRD), Fourier transform infrared spectros-
copy (FT-IR) and scanning electron microscopy (SEM). The
magnetic property of sorbent causes rapid and easy separa-
tion of the new solid phase from the solution. The presence
of pyridine group in the sorbent helps the new solid phase to
have selectivity towards these heavy metals. A Box—
Behnken design was used in order to finding the optimum
conditions for the method through response surface meth-
odology. Finally, the sorbent was used for preconcentration
and determination of Cd(II), and Pb(II) ions in different real
samples and satisfactory results were obtained.

Experimental
Reagents and solutions

All reagents of analytical grade (benzene-1,3,5-tricarboxylate
(BTC), Cd(II), Pb(Il) Cu(OAc),.3H,0, FeCl,, FeCl;, Cu
(NO3),.3H,0, HCl, HNOs, K,S0O,, NaOH, KClI, thiourea,
3-choloropropyltriethoxysilane, toluene and triethylamine, etha-
nol, DMF, toluene, methanol and acetone) were purchased from
Merck (Darmstadt, Germany, www.merck-chemicals.com) or

@ Springer

from Fluka (www.sigmaaldrich.com) and used without further
purification. N-[2-(triethoxysilyl) propyl] isonicotinamide
(TPT) was prepared according to previous reports [30]. Standard
solution of 1000 mgL ™" of Cd(II) and Pb(II) were prepared. All
solutions were prepared using double distilled water.

Instrumentation

AA-680 Shimadzu (Kyoto, Japan) flame atomic absorption
spectrometer with a deuterium background corrector was used.
Cadmium and lead hollow cathode lamps (HCL) were used as
the radiation source with wavelengths of 228.8 and 283.3 nm,
respectively. All measurements were carried out in an air/ace-
tylene flame. The pH of solution was measured at 25+1 °C
with a digital WTW Metrohm 827 Ion analyzer (Herisau,
Switzerland) equipped with a combined glass-calomel elec-
trode. CHN analysis was performed on a Thermo Finnigan
Flash EA112 elemental analyzer (Okehampton, UK). IR spectra
were recorded on a Bruker IFS-66 FT-IR Spectrophotometer.
High-angle X-ray diffraction patterns were obtained on a
Philips-PW 17C diffractometer with Cu K« radiation. Scan-
ning electron microscopy (SEM) was performed by gently
distributing the powder sample on the stainless steel stubs,
using SEM (KYKY- 3200, Beijing, China) instrument.

Synthesis of magnetic sorbent
Synthesis of Fe3;0 ~ pyridine

Fe;04 nanoparticles were synthesized according to the pre-
viously reported procedure [16] and their formation was
confirmed by X-ray powder diffraction. For Preparation of
pyridine functionalized Fe;0,4 nanoparticles, 1.0 g of Fe;04
nanoparticles was suspended in 70 mL of toluene, afterward
1.0 g of TPI was added and the mixture was refluxed for
24 h (Fig. 1a). The solid phase was filtered, separated, and
washed 3 times with 50 mL of ethanol in order to remove
the impurities and then dried at room temperature. Function-
alization of Fe;O4 nanoparticles was confirmed by IR spec-
troscopy, and thermal and elemental analysis.

Synthesis of Cuz (BTC) , metal-organic framework

Cuz(BTC), MOF was synthesized according to the previ-
ously reported procedure [31]. A solution consisting 0.84 g
of trimesic acid and 1.75 g of Cu(NO3),.3H,O in 50 mL of
ethanol was refluxed under vigorous stirring. After a few
hours, a blue solid started to precipitate which was kept
under reflux conditions for 48 h, and subsequently cooled
at room temperature. The obtained blue powder was recov-
ered by centrifugation, washed with water and ethanol re-
spectively. Afterwards, the sample was dried under vacuum
at 100 °C for 12 h and then kept under dry nitrogen until
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Fig. 1 a A schematic diagram of pyridine functionalized Fe;04. b Schematic illustration of synthesized magnetic MOF-pyridine nanocomposite

further use (sample A). The synthesized MOF was charac-
terized by IR spectroscopy, CHN, SEM and XRD.

Synthesis of magnetic metal-organic framework
nanocomposite

Magnetic metal-organic framework nanocomposite was syn-
thesized according to the following procedure (Fig. 1b).
2.38 mmol trimesic acid (H;BTC) was dissolved in a mixture
of DMF/ethanol solution (1:1, 80 mL). Thereafter 25 mL of
ethanol solution containing 0.2 g Fe;04-pyridine was pre-
pared, and then1OmL (sample B) was added to the mixture
under magnetic stirring, and it was heated to 70 °C. After the

addition of 40 mL Cu(OAc),. H,O (0.86 g, 4.31 mmol) aque-
ous solution to the reaction mixture, the reaction was carried
out at 70 °C with stirring for a further 4 h. Finally, the product
was isolated from the supernatant solution by magnetic de-
cantation and washed with water (50 mL) and ethanol
(10 mLx3). Magnetic sorbent was characterized by IR spec-
troscopy, CHN, SEM and XRD.

Uptake and elution step
General procedure for preconcentration of Cd(Il) and Pb(II)

ions from aqueous solutions was performed in batch mode
analysis. Uptakes were performed in test tubes containing
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25 pg of Cd(Il) and Pb(II) ions in 25 mL of double distilled
water. According to a preliminary experimental design, the
pH of solution was adjusted by drop wise addition of 1 mol
L' sodium hydroxide and 1 molL™" hydrochloric acid; and
then magnetic sorbent was added into the solutions. After
that, the mixture was shaken for an appropriate time to
extract Cd(I) and Pb(II) ions from the solution completely.
Finally, the test tubes were exposed to a strong magnet
(15 cmx 12 ecmx5 cm, 0.8 T), where permanent magnet in
the wall causes the particles to aggregate on one side of the
test tube. The enriched amounts of Cd(Il) and Pb(Il) ions
were determined using FAAS from the concentration change
of these ions in solution after adsorption. The instrument
response was periodically checked with known Cd(Il) and
Pb(II) standard solutions. Extraction percentage for each ion
was calculated from the following equation:

Ca—Cg

A

Extraction% = x 100

where C, and Cj are initial and final concentrations (mgL ™)
of each ion in the solution, respectively. In the elution step,
6 mL of 0.8 molL ™' EDTA in 0.01 molL ™" NaOH solution
was added to magnetic sorbent and shaken. The result mixture
was again exposed to a strong magnet and the clear solution,
containing the eluted Cd(II) and Pb(II) ions was introduced to
FAAS in order to determine the amount of ions.

Experimental design methodology

To fully understand the effect of the experimental variables
that significantly affect the extraction procedure, individual
factors must be considered along with nonlinear effects and
interaction terms. The chemometric approach has a rational
experimental design, which allows the simultaneous varia-
tion of all experimental factors, reducing the required time
and number of trials that ends in reducing the overall re-
quired costs. The Box—Behnken design (BBD) is probably
the most widely used experimental design applied for fitting
a second-order response surface. This cubic design is char-
acterized by a set of points lying at the midpoint of each
edge of a multidimensional cube and center point replicates
whereas the ‘missing corners’ help the experimenter to
avoid using the combined factor extremes. This property
prevents a potential loss of data in those cases [32].

In this study the StatGraphics plus 5.1 software was used
for the analysis of the experimental design data and calcu-
lation of the predicted responses.

Real sample pretreatment
This method was successfully used to determine Cd(II) and

Pb(Il) ions in tap, river, sea and mineral water, fish and
sediment samples.
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Water samples

River water sample was collected from Siahroud River
(Gilan Province in North of Iran) and sea water sample from
the Caspian Sea (North of Iran). The samples were filtered
through nylon filters (Millipore) and were stored in cleaned
polyethylene bottles. Tap water was taken from our research
laboratory with no pretreatment. Before SPE procedure, the
samples were adjusted to pH of 6.3 according to the opti-
mized experimental conditions.

Fish and sediment samples

Fish and sediment samples were collected from the Persian
Gulf (the south of Iran), and has several subsidiary creeks. The
fish samples (platycephalus indicus) were placed in ice, trans-
ferred to the laboratory and stored at -20 °C prior to analysis.
Fish samples were dissected with clean plastic knife and a part
of the muscle was taken out quickly and was dried in an oven
at 70 °C for 48 h. Analysis were performed according to the
procedure by Yilmaz (2003) [33]. A porcelain mortar was
used to grind dry tissues. 0.4 g of each sample was digested
with 5 mL of concentrated HNO5 in Teflon beakers for 4 h at
100 °C. The content was filtered into a 25 mL standard
volumetric flask and diluted up to 25 mL with double distil-
lated water. Sediment samples were collected using Peterson
grab sampler, stored in a plastic bag in ice, transferred to the
laboratory and kept at —20 °C before analysis. 1.0 g of these
samples was digested with 6 mL of HCI (37%) and 2 mL of
HNO; (65%) in a microwave digestion system. Digestion was
carried out for 2 min at 250 W, 2 min off, 6 min at 250 W,
4 min at 400 W, 8 min at 550 W and then venting for 8 min.
The residue resulted from the digestion was then diluted to
100 mL with double distilled water.

Results and discussion
Characterization studies
Spectra and elemental analysis

The FT-IR spectra of MOF, and magnetic MOF were recorded
using KBr pellet method (Fig. 1s, Supporting Information). In
the IR spectra of MOF absorptions due to C=0 (1645 cm ™),
C—H (2936 cm ") corresponding to aromatic groups, and —O—
C—O— (1552 and 1437 cm ") were observed. In the IR spectra
of magnetic MOF, the same absorptions were witnessed with a
little shift that indicates the successful immobilization of
Fe;04—pyridine. In addition, absorptions due to N-H
(3486 cm ) was observed which confirms the immobilization
of MOF by Fe;O4—pyridine. Furthermore, elemental analysis
showed the presence of 0.252% N in the structure of magnetic
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MOF which emphasizes that Fe;O4—pyridine had been suffi-
ciently immobilized in the structure of magnetic MOF
(C: 55.923%, H: 7.512%, N: 0.252%, O: 16.024%).

Scanning electron microscopy

To investigate the surface morphology of the MOF and mag-
netic sorbent, the samples were characterized by SEM (Fig. 2).
The crystals of original [Cu; (BTC),(H,0)s],, sample are octa-
hedral with a smooth surface and have an average size of
10 um (Fig. 2a). However, surface of the magnetic MOF tends
to be rougher after immobilization by Fe;O4-pyridine (Fig. 2b).

X-ray diffraction analysis

For further study, MOF and magnetic MOF-pyridine nano-
composite were investigated by XRD. All of the diffraction
peaks for Fe;O4-pyridine immobilized samples showed that
the sketch of the MOF crystal is well retained even after
modification with Fe;04-Pyridine, because all diffraction
peaks of the immobilized MOF can readily be indexed to
[Cuz(BTC),(H,0)5], (Fig. 2s, Supporting Information).

Optimization of the preconcentration procedure
Uptake step

The optimization step for uptake of metal ions on the mag-
netic sorbent was carried out using Box—Behnken design
(BBD). Variables affecting the extraction efficiency were
chosen: pH, amount of magnetic sorbent, and extraction
time. Other parameters involved in the extraction were kept
constant, especially the concentration of heavy metal ions
(0.5 mgL_l). This design permitted the responses to be
modeled by fitting a second-order polynomial, which can
be expressed as the following equation:

Y = By + Bix1 + Baxa + Baxz + Boxixa + Bi3xixis
+Ba3x2x3 + B1ix; + B3 + B3xis

where, X, x,, and X3 are the independent variables, {3, is an
intercept, (31- (333 are the regression coefficients, and Y is the

Fig. 2 The SEM images of a
MOF and b magnetic MOF-
pyridine nanocomposite

Table 1 Experimental variables and levels and of the Box Behnken
design (BBD).

Factors Level
Lower Central Upper
Uptake step  A: pH 3.5 5.5 7.5
B: Extraction time (min) 4.0 10 16
C: Magnetic sorbent 20 25 30
amount (mg)
Elution step  A: Eluent concentration 5 12.5 20
(mol L1
B: Eluent volume (mL) 0.1 0.55 1
C: Elution time (min) 3 5 7

response (removal % or recovery %). The number of experi-
ments (N) is defined by the expression below:

N=2K(K—1)+C,

where K is the number of variables and C, is the number of
center points [34]. In this study, K and C, were both set at 3,
which meant that 15 experiments had to be done. The levels of
the factors are listed in Table 1. The ANOVA results produc-
ing the Pareto chart of main and interaction effects are shown
in Fig. 3a. The standard effect was estimated for computing
the t-statistic for each effect. The vertical line on the plot
shows statistically significant effects. The bar extracting be-
yond the line corresponds to the effects that are statistically
significant at 95% confidence level [35]. Furthermore, the
positive or negative sign (corresponding to a colored or col-
orless response) can be enhanced or reduced, respectively,
when passing from the lowest to the highest level set for the
specific factor. According to Pareto chart the pH of solution
has the highest significantly positive effect on the extraction
efficiency. The adsorption of heavy metal ions increases as the
pH increases. This observation is due to the protonation of the
active sites of the magnetic sorbent especially O and N atoms
of pyridine group in acidic solutions. A proposed mechanism
for uptake of Cd(II) and Pb(II) is shown in Fig. 3s (Supporting
Information). The response surface methodology (RSM)
(Fig. 3b) was applied to analysis simultaneous effects of time
and pH variables on the response and the two-dimensional
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Fig. 3 a Pareto chart of the main effects in the BBD (uptake step). AA,
BB and CC are the quadratic effects of the pH, extraction time and
amount of polymer, respectively. AB, AC and BC are the interaction
effects between pH and extraction time; pH and amount of polymer
and extraction time and amount of polymer, respectively. b RSM
obtained by plotting of pH vs magnetic MOF amount using the BBD

contour plot that displayed the interaction between indepen-
dent variables. The adsorption efficiency of Cd(II) and Pb(II)
ions increased along with the increase in pH and magnetic
MOF amount. Extraction time, amount of magnetic MOF and
pH of solution showed a positive and significant effect on the
extraction efficiency. According to the overall results of the
optimization study, the following experimental conditions
were chosen: pH, 6.3; extraction time, 14 min; amount of
magnetic sorbent, 30 mg.

Selection of eluent
In this work several eluents including HCl, HNO3, K,SO,,

NaOH, KCI, EDTA solution and mixtures of them were
examined as the desorption solvent. Other factors were kept

. +
—J-

AA

BB | | J
cc| [ J

AC
AB
BC| I

0 4 8 12 16
Standardized effect

Fig. 4 Pareto chart of the main effects in the BBD (elution step). AA, BB
and CC are the quadratic effects of the eluent concentration, eluent
volume and elution time, respectively. AB, AC and BC are the interaction
effects between eluent concentration and eluent volume; eluent concen-
tration and elution time; and eluent volume and elution time, respectively
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volume and eluent concentration

constant during the optimization (pH, 6.3; extraction time,
14 min; amount of magnetic sorbent, 30 mg; eluent volume,
5 mL; elution time, 25 min). Results showed that HCI,
HNO;, and NaOH decompose the structure of magnetic
sorbent but 0.01 molL ™' NaOH increases the recovery with-
out any structure decomposition. Based on the results, the
best quantitative recovery was obtained with 0.01 molL ™
NaOH in EDTA solution as the desorption solvent.

Elution step

Three factors were studied in desorption step using experi-
mental design: eluent volume (mL), elution time (min), and
concentration of eluent (mol L ™). In these conditions, a re-
sponse surface design could be done without previously
performing a screening design. The BBD was chosen because
it requires the least number of experiments (15 run). The data
obtained were evaluated by analysis of variance (ANOVA).

Table 2 Studies on Cd(II) and Pb(Il) recoveries in the presence of
potentially interfering ions

Foreign ion Tolerable concentration Recovery (%)+S*
ratio X/Pb(Il) and Cd(II)
Pb(II) Cd(ID)

Na© 10000 99+1.5 98+2.0
K" 10000 98+2.0 97+1.0
Ca* 5000 96+1.0 99+2.0
Mg>* 5000 97+1.7 98+2.1
cu** 125 95+1.0 96+1.2
Mn?>* 125 97+1.6 96+2.0
Zn*" 100 99:+1.4 96+1.0
NiZ* 100 95+1.6 96+2.0
Fe** 100 96+1.0 95+1.1
crt 75 99+1.8 98+1.6
Hg>" 75 97+1.4 98+1.3

 Standard deviation (n=3)

Conditions: pH, 6.3; sample volume, 100 mL, extraction time, 14 min;
amount of magnetic sorbent, 30 mg; eluent, 6 mL 0.8 molL ™' EDTA in
0.01 molL™! NaOH solution; and elution time, 16.5 min. X:Concen-
tration of potentially interfering ions
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Table 3 Determination of Cd(II) ] -
and Pb(II) in certified reference Reference material Elements (ug Kg )
materials (mean + S.D, n=3)
Pb(II) Cd(IID)
Certified  Found Certified  Found
NIST-1640A (Natural water) 12.00 11. 78+0.4 3.96 3.7+0.2
Ore Polymetallic gold Zidarovo-PMZrZ (206 BG 326) 5470 5300+£300 - -

The results of the experimental design were evaluated at 5% of
significance and analyzed by standardized Pareto chart
(Fig. 4). Based on BBD, volume and concentration of eluent
showed a positive and significant effect on the recovery of
heavy metal ions while elution time had a positive and non-
significant effect. As Fig. 4 shows, eluent volume has the
greatest influence. The RSM (Fig. 5) was applied to analyze
simultaneous effects of eluent concentration and eluent vol-
ume variables on the responses. The two-dimensional contour
plot (Fig. 4s, Supporting Information) displays the interaction
between independent variables. The extraction efficiency of
Cd(Il) and Pb(I) ions increased along with the increase in
eluent concentration and elution time. According to the over-
all results of the optimization study, the following experimen-
tal conditions were chosen: eluent volume, 6 mL;
concentration of eluent, 0.8 molL ™" EDTA in 0.01 molL™"
NaOH solution; and elution time, 16.5 min.

Effect of breakthrough volume

For the analysis of real samples, the sample volume is one of
the important parameters affecting the preconcentration factor.
The breakthrough volume of sample solutions was investigat-
ed by dissolving 1 mg of each Cd(II) and Pb(Il) in 25, 100,
250, 500, 750, 1000, 1100, 1200, 1300, 1400, and 1500 mL of

distilled water and the SPE protocol was carried out. The
results demonstrated that the dilution effect was not significant
for sample volumes up to 1000 mL. Thus, the adsorbent
enabling an enrichment factor of 167 was obtained for Cd
(II) and Pb(II) ions.

Effect of the potentially interfering ions

To investigate the effect of potentially interfering ions found
in natural samples, various metal ions were added to 100 mL
of solution containing 0.01 mg Cd(II) and 0.01 mg Pb(II)
ions. The degree of tolerance for some alkaline, alkaline
earth, and transition metal ions are presented in Table 2.
From the tolerance data, it can be seen that the high level of
potentially interfering ions has no impact on the preconcen-
tration of Cd(II) and Pb(II) ions at pH6.3. So the method
could be applied to determine these heavy metal ions in
complicated matrix samples.

Enrichment capacity study

In order to investigate the enrichment capacity of magnetic
sorbent a standard solution containing 100 mgL ™" of Cd(II)
and Pb(II) ions was used. In order to evaluate the maximum
enrichment capacity, the initial and equilibrium amounts of

Table 4 Determination of Cd

(11) and Pb(II) ions in different Sample Cdd) Pb(II)
real samples
Spiked Found * Recovery (%)  Spiked Found * Recovery (%)
(ngmL™) (g mL ™) (gmL™)  (ngmL )
Tap water 0 ND © - 0 ND © -
10 9.8+0.4 98.0 15 15.2+0.6 103.3
Sea water ° 0 13.0£03 - 0 205421 -
10 22.7+1.5 97.0 15 34.9+2.5 96.0
Sea water © 0 3.5+0.1 - 0 9.1+£0.5 -
10 13.7+1.1 102 15 242+19 100.6
Siahroud river 0 7.0+0.2 — 0 135+7.1 -
“Mean = standard deviation 10 16.5+.08  95.0 50 18146.5  92.0
b .

Persian Gulf Sediment ¢ 0 42428 - 0 545494 -
“Caspian Sca 10 53.74#3.1 117 50 594+82  98.0
9For sediment and soil samples con- Fish ¢ 0 20+1.4 _ 0 73437 _
centrations are based on ug Kg™'

10 29.7+1.8 97.0 25 96.2+3.5 92.8

“Not detected
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heavy metal ions were determined by FAAS. The maximum
enrichment capacity is defined as the total amount of heavy
metal ions adsorbed per gram of the sorbent. The obtained
capacities for magnetic sorbent were found to be 186 and
198 mgg ' for CA(IT) and Pb(II) ions, respectively.

Analytical performance of the method

Under the optimal conditions, calibration curves were con-
structed for the determination of Cd(II) and Pb(Il) ions,
according to the mentioned procedure. Linearity was within
the range of 1-80 ngmL ™" for Cd(II) and 2.5-125 ngmL ™"
for Pb(Il) in initial solution. The correlation of determina-
tion (r*) was 0.9988 for Cd(II) and 0.9975 for Pb(II) ions.
The limit of detection which is defined as LOD=3S,/m,
where Sy is the standard deviation of 10 replicate blank
signals and m is the slope of the calibration curve after
preconcentration, for a sample volume of 500 mL, was
found to be 0.2 ngmL ™" for Cd(IT) and 1.1 ngmL™" for Pb
(II) ions, respectively. The precision of the method for a
standard solution containing 50 ngmL ™' of heavy metal ions
(n=5) was evaluated as the relative standard deviation
(RSD%) and was found to be 3.6 and 4.3%, for Cd(Il) and
Pb(II) ions respectively.

Validation of the method

The concentrations of Cd(IT) and Pb(II) ions obtained by the
current method were compared to the standard reference
materials (NIST-1640A (Natural water)) and Ore Polyme-
tallic gold Zidarovo-PMZrZ (206 BG 326)). As it can be
seen in Table 3, good correlation was achieved between the
estimated content by the present method and reference
materials. Therefore, magnetic sorbent can be used as a
reliable solid phase for the extraction and determination of
Cd(IT) and Pb(II) ions in various samples.

Determination of Cd(II) and Pb(II) ions in various real
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, mag-
netic sorbent was applied for selective extraction of Cd(II)
and Pb(Il) ions in pH6.3. Table 4 shows the Cd(II) and Pb
(II) ions recoveries in various real samples which in all
cases, were almost quantitative.

Conclusion

A simple, fast, reproducible, and selective solid-phase extrac-
tion procedure, based on metal-organic frameworks (magnetic
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MOF-pyridine nanocomposite), for determining Cd(Il) and
Pb(I) ions have been developed. In comparison with other
solid-phases, magnetic sorbent has the advantages of high
enrichment capacity, low limit of detection, and high enrich-
ment factor (Table 1s, supporting information). Other advan-
tages of this method are: (1) low time-consuming due to
magnetically-assisted separation of the adsorbent, and higher
surface area; therefore, satisfactory results can be achieved
using less amounts of the adsorbents. Due to the relatively
high preconcentration factor, trace amounts of heavy metals at
ng mL™" levels in high-volume samples can be quantified by
magnetic sorbent.
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