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Abstract An ion-imprinted polymer-coated maghemite
nanoparticle adsorbent for selective extraction of Hg(Il) ion
was synthesized. The polymerization was carried out by the
new mercaptoethylamino monomer as the functional mon-
omer, ethylene glycol dimethacrylate as the crosslinking
agent and ammonium persulfate as the initiator in the pres-
ence of Hg(Il) ions as the template. The synthesized nano-
particles were characterized using FT-IR, XRD and TEM
analysis. The effects of various factors that may affect the
solid-phase extraction of Hg(Il) (i.e. pH, adsorbent dosage,
contact time) and the preconcentration factor (i.e. initial
sample volume, type and volume of the desorbing solvent)
were optimized using one-at-a-time method. The maximum
adsorption capacity was obtained as 72.8 mg g~!. Com-
pared with the non-imprinted polymer-coated nanoparti-
cles, the synthesized ion-imprinted polymer-coated nano-
particles had higher selectivity for Hg(I). The detection
limit was found to be 4.1 g L™! for an initial sample vol-
ume of 200.0 mL using flame atomic absorption spectrom-
etry. The developed method was successfully applied to the
determination of trace amounts of mercury in tap water and
wastewater samples.
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Introduction

Toxicity and widespread usage of various harmful heavy
metal ions and their uncontrollable release into the envi-
ronment have attracted great attention in the recent years,
worldwide. Mercury (II) is a widely distributed environ-
mental pollutant in aqueous environments and its toxicity
to humans and animals even at low concentrations is well
known. Mercury (II) is included in all the lists of prior-
ity pollutants as a result, and the different regulations and
guidelines have been developed for monitoring its levels in
water and sediments [1].

To determine trace metals in aquatic environments by
instrumental analysis a separation and preconcentration
technique is frequently required, which is because of low
concentration of trace metal ions and presence of interfer-
ences [2-5]. Many sample pretreatment methods (e.g. sol-
vent extraction, cloud point extraction, solid-phase extrac-
tion, membrane filtration, electrodeposition, flotation,
coprecipitation and ion exchange) have been developed for
the preconcentration of trace metals from natural waters
[4-13]. Among these techniques, solid-phase extraction
(SPE) procedures are considered superior to other proce-
dures for their simplicity, consumption of small volumes of
organic solvent and ability to achieve a higher enrichment
factor.

New SPE sorbents have recently appeared as alterna-
tives to conventional solid-phase extraction sorbents with
the aim of achieving a more selective preconcentration of
the target analytes. Molecular imprinting has become an
established technique for preparing robust molecular rec-
ognition elements for a wide variety of target molecules
[14, 15]. Molecularly imprinting polymers (MIPs) have
been investigated as highly selective sorbents for SPE to
concentrate and clean up samples prior to analysis. MIPs,
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involving the formation of cavities in synthetic polymer for
a template analyte, are useful for selective extraction. This
analytical method is a rapidly developing technique for the
preparation of polymeric materials that are capable of high
molecular recognition [16-20]. Scientists always try to
prepare imprinting polymers with high affinity toward the
template compounds. For this purpose, the type of mono-
mers and polymerization are designed for better selectivity.
A particularly promising application of ion-imprinted poly-
mer (similar to MIPs) is the solid-phase extractive precon-
centration and/or separation from other coexisting ions or
complex matrices [21-23].

In this work, an ion-imprinted polymer adsorbent is
introduced as a solid phase for the selective extraction of
Hg(Il) from wastewater samples. Then, the concentra-
tion of Hg(Il) in the extract solution was determined using
flame atomic absorption spectrometry. It should be noticed
that several solid supports, such as chelating resins [24],
modified silica [25], modified clay [26], alumina [27] and
ion exchange resins have also been used for the preconcen-
tration of mercury (II) ion or its other forms. However, the
present method is more rapid, simple and sensitive, com-
pared with previous ones. The developed procedure was
successfully applied to the determination of Hg(II) ions in
wastewater samples.

Experimental
Reagents and apparatus

All the used chemicals were of analytical reagent grade
or the highest purity available and were purchased from
Merck Company (Darmstadt, Germany). Aqueous solu-
tions of chemicals were prepared with double distilled
water (DDW). The stock solutions of Hg(II) ion were pre-
pared from its nitrates salt as 1,000 mg L~'. Working solu-
tions, as per the experimental requirements, were freshly
prepared from the stock solution for each experimental run.
Britton—Robinson universal buffer was used for pH adjust-
ment of the working solutions.

A Metrohm model 713 (Herisau, Switzerland) pH-
meter was used for pH measurements. The concentra-
tion of the metal ion was determined by atomic absorp-
tion spectrometry using an Aurora model Spect AI 1200
apparatus. The instrumental settings of the manufacturer
were followed. Transmission electron microscopy (TEM)
involved use of TEM, Philips, CM10, 100 kV transmis-
sion electron microscope. X-ray diffraction (XRD) meas-
urement involved use of an X-ray diffractometer (XRD)
(38066 Riva, d/G.Via M. Misone, 11/D (TN) Italy) at
ambient temperature with Cu K-alpha (Cu K,) radiation.
Infra-red (IR) spectra were recorded with use of a Fourier
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transform infrared spectrometer (FT-IR, Perkin Elmer,
spectrum 100).

Preparation of maghemite nanoparticles (MNPs)
and Si0O,-coated MNPs (SCMNPs)

Maghemite nanoparticles (MNPs) were prepared accord-
ing to the previously reported procedure [28]. Then, syn-
thesized MNPs were coated with a layer of SiO, according
to the following procedure: typically, 0.5 g of MNPs was
dispersed in 60.0 mL ethanol and 10 mL of DDW water by
sonication for 15 min, followed by the addition of 1.0 mL
ammonium hydroxide (25 %) and 3.0 mL tetraethoxysilane
(TEOS) sequentially. The mixture was reacted for 12 h at
room temperature under continuous stirring. The resultant
product (SiO,-coated MNPs, SCMNPs) was collected by
an external magnetic field, and rinsed six times with etha-
nol and DDW, respectively. Finally, the SCMNPs obtained
were dried under vacuum at 60 °C for 3 h.

Preparation of Hg(Il)-imprinted polymer-coated
maghemite nanoparticles (HZIPMNPs)

The mercaptoethylamino monomer was synthesized
according to a previously reported procedure with some
modifications [14]. Briefly, the mercaptoethylamino mon-
omer was synthesized by slow addition of 1 g (0.01 mol)
maleic anhydride to the solution of 1.7 g (0.015 mol)
cysteamine hydrochloride in 20 mL DDW. The solu-
tion was heated at 120 °C for 1 h, until all the water was
removed and cysteamine reacted with the maleic anhydride
through ring-opening reaction (Scheme 1a).

To prepare HgIPMNPs, the mercaptoethylamino mono-
mer (functional monomer) was polymerized in the pres-
ence of SCMNPs (0.5 g) and ammonium persulfate (0.1 g,
as the initiator), ethylene glycol dimethacrylate (20 pL,
as the cross-linking monomer) and Hg(IT) (0.01 g, as the
template) in 30 mL DDW at 85 °C for 12 h (Scheme 1b).
The product was separated using an external magnet and
washed with methanol to remove unreacted reagents
and then washed overnight with a mixture of thiourea
(0.5 mol L™ /nitric acid (0.05 mol L™ aqueous solution
(1:1, v/v) to remove the template. Finally, the product was
washed with DDW to neutral pH and the resulting particles
were dried under vacuum for 12 h. The NIP nanoparticles
were also synthesized by the same procedure, without addi-
tion of the template.

Removal and preconcentration experiments
To a 20.0 mL sample solution containing Hg(Il) and

10.0 mL Britton—Robinson buffer solution of pH 5.5, 0.04 g
of HgIPMNPs was added. The solution was shaken at room
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temperature for 60.0 min. Subsequently, the Hg(II)-loaded
HgIPMNPs were separated from the mixture with a perma-
nent hand-held magnet within 60 s. The residual amount
of the metal ion in solution was determined using atomic
absorption spectrometer at 253.7 nm. The percent adsorp-
tion, i.e., the metal ion removal efficiency, was determined
using the following equation:

C() - Ct
Co

} x 100 (1)

where C,, and C, represent the initial and final (after adsorp-
tion) concentrations of the Hg(II) in mg L~!, respec-
tively. Also, all the experiments were performed at room
temperature.

Preconcentration studies for the determination of trace
amounts of Hg(Il) were performed by the addition of
200.0 mL of solution containing 20.0-1,000.0 wg L™ of
Hg(IT) and 150 mL of Britton—Robinson buffer of pH 5.5
to 0.04 g of HgIPMNPs and the solution was stirred for
60 min. The concentration of Hg(Il) decreased with time
due to adsorption by the HgIPMNPs. The Hg(Il)-loaded
nanoparticles were separated with magnetic decantation
and desorption was performed with 2.0 mL of a 1:1 (v/v)
mixture of thiourea (0.5 mol L~!)/nitric acid (0.05 mol
LY aqueous solution. The concentration of Hg(Il) in the
resulting solution was measured using atomic absorption
spectrometer at 253.7 nm.

% Removal efficiency = [

Preparation of natural and sewage water samples

The KWC company wastewater (collected from KWC
Company, Arak, Iran), and Radiator manufacturing
wastewater (collected from Arak, Iran), and tap water

0 N

— A
<]
o]

g
-

NH

(collected from Hamedan, Iran) were immediately fil-
tered through Millipore cellulose membrane filter
(0.45 pm pore size), acidified to pH 2.0 with HNO;, and
stored in pre-cleaned polyethylene bottles. After that, pH
of the sample was adjusted at 5.5 and the SPE procedure
was carried out.

Results and discussion
Characterization of the adsorbents

The FT-IR spectra of the products, in each step of the
HgIPMNPs synthesis, were recorded to verify the for-
mation of the expected products. The related spectra are
shown in Fig. 1. The characteristic absorption band of
Fe-O in MNPs (around 634 cm™') was observed in Fig. 1a.
A peak at about 1,054 cm~! in Fig. 1b is attributed to Si-O
in SiO,. In Fig. 1c the bands around 1,168, 1,610, 1,719,
2,595 and 3,031 cm™!, observed in synthesized monomer
can be attributed to the presence of C-N, C=C, C=0, S-H,
and =CH groups, respectively. Two new absorption peaks
at about 1,700 and 1,160 cm™! in Fig. 1d are assigned to
C=0 and C-N bands in the polymer-coated final product
(HgIPMNPs) [29, 30]. Based on the above results, it can be
concluded that the fabrication procedure (Scheme 1b) was
successfully performed.

The XRD pattern (Fig. 2) shows diffraction peaks that
are indexed t0 (220),(311),(400),(422),(511),(44
0), (6 2 0) and (5 5 3) reflection characteristics of the cubic
spinel phase of maghemite (JCPDS powder diffraction data
file no. 39-1346), revealing that the resultant nanoparticles
were mostly y-Fe,O;. The crystallite size was obtained
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Fig. 2 XRD pattern of the HGZIPMNPs nanoparticles

around 11.3 nm from the XRD pattern according to Scher-
rer equation [28].

TEM revealed the diameters of the MNPs as almost
15-25 nm (Fig. 3a) for a generally homogeneous size and

the edges in Fig. 3b shows the immobilization of the core—
shell layer in final product.

Point of zero charge (pHpy) of the adsorbent

The pHpy- of the HgIPMNPs was determined in
degassed 0.01 mol L™! NaNOj; solution at 20 °C. Ali-
quots of 30 mL 0.01 mol L™' NaNO; were mixed with
30 mg HgIPMNPs in several beakers. The initial pH
of the solutions was adjusted at 3.0, 4.0, 5.0, 6.0, 7.0,
8.0, 9.0 and 10.0 using 0.01 mol L' of HNO; and/or
NaOH solutions as appropriate. The initial pHs of the
solutions were recorded, and the beakers were covered
with parafilm and shaken for 24 h. The final pH values
were recorded and the differences between the initial
and the final pH (the so-called ApH) of the solutions
were plotted against their initial pH values. The pHp,
corresponds to the pH where ApH = 0 [14]. pHp, for

Fig. 3 Transmission electron microscopy image of a MNPs and b HgIPMNPs nanoparticles

@ Springer



JIRAN CHEM SOC (2015) 12:1235-1243

1239

100

80 -

60 1

40 1

Removal efficiency (%)

20 A

2 3 4 5 6 7 8
pH

Fig. 4 Effect of pH on the adsorption of Hg(Il). Condition: adsor-
bent, 0.01 g; initial concentration of metal ion, 10.0 mg L*l; volume
of metal ion solution, 20.0 mL; time, 30.0 min; at 298 K

HgIPMNPs was determined using the above procedure
and was obtained as 4.2.

Adsorption properties of the HgIPMNPs
Effect of pH

One of the important factors affecting the removal of cati-
ons from aqueous solutions is the pH of the solution. The
dependence of metal sorption on pH is related to both the
metal chemistry in the solution and the ionization state of
the functional groups of the sorbent which affects the avail-
ability of binding sites.

To evaluate the influence of pH on the adsorption of
Hg(II) ion, the experiments were carried out within the pH
range of 3.0-7.0. A 0.01 g sample of adsorbent was sus-
pended in 20 mL solution of 10.0 mg L~! Hg(II) at sev-
eral pH values (3.0, 4.0, 4.5, 5.0, 5.5, 6.0 and 7.0), using
Britton—Robinson universal buffer for pH adjustment, and
removal of the metal ion was investigated. The results are
shown in Fig. 4. The removal efficiency increased with pH
in the range 3.0-5.0 but remained nearly constant at pHs
higher than 5.0.

The observed dependence of removal efficiency on
pH may be attributed to the changes in the surface of the
adsorbents with pH, which was consistent with the pH-
dependent zeta-potential of HgIPMNPs. The pH of zero
point charge (pH,,.) was found to be 4.2. At pH < pH,,,
the surface of the adsorbents is positively (or neutrally)
charged and therefore adsorption of mercury ion at the
adsorbent decreases. By increasing the pH of the solu-
tion, the carboxylic acid and thiol functional groups
turn into their corresponding anions and the adsorption
increases gradually up to pH > pHpzc. After that, func-
tional groups turn completely into their corresponding
anions, with almost no change in adsorption. Consider-
ing that the metal ion precipitates as hydroxide at higher

q (mg g™
w

10 30 50 70 90

Time (min)

Fig. 5 Effect of time on the adsorption of Hg(Il); adsorbent: 0.04 g,
initial concentration of the metal ion: 10.0 mg L™, volume of solu-
tion: 20.0 mL, pH: 5.5, at 298 K

pHs, the pH 5.5 was chosen for further experiments. The
probable adsorption mechanism is that the metal ions
are mainly interacted with the adsorbent by chelation
between the cation and the carboxylate and thiolate ani-
ons (Scheme 1c¢) [31].

Furthermore, we studied the dependence of the adsorp-
tion of cations on the amount of modified nanoparticles at
room temperature and at pH 5.5 by varying the adsorbent
amount from 0.01 to 0.05 g in contact with 20.0 mL solu-
tion of 10 mg L~ Hg(II) cations. The suspension was then
stirred for 30.0 min. After magnetically filtering, the super-
natant was analyzed for the remaining cations. The results
showed that the percentage removal of cation increased by
increasing the amount of adsorbent due to the greater avail-
ability of the adsorbent. The adsorption reached a maxi-
mum with 0.04 g of adsorbent the maximum percentage
removal was about 98 %.

Effect of contact time and adsorption kinetic

Figure 5 shows the effects of contact time on the adsorption
of the Hg(Il) ions. The metal ion adsorption process rap-
idly reached equilibrium at about 60.0 min. In fact, 95 %
of the metal ion became adsorbed at about 50.0 min. To
ensure the equilibrium achievements, we used shaking for
60.0 min for all further experiments. The adsorption kinet-
ics of Hg(I) ions with HgIPMNPs was investigated by
pseudo-first-order and pseudo-second-order kinetic models,
Egs. (2) and (3), respectively [32].
Pseudo-first order model:

In(ge — g¢) = In ge — k1t ()

Pseudo-second-order model:

t 1 1
— =+t 3)
g kg ge
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Table 1 Values of the parameters obtained by different kinetic models

Pseudo-first order

Pseudo-second order

qe,cal (l’l'lg gil) qe,exp (mg gil) kl (minil) Rz

Geoxp (Mg g™")

e cal (l’l'lg gil) k2 (g mg71 min’l) R2

6.62 4.95 0.038 0.991

4.95 5.17

0.022 0.994

where g, (mg g~") is the amount of Hg(II) became adsorbed
at time ¢ (min); g, (mg g’l) is the amount of adsorbed ion
at equilibrium; and k, (min~!) and k, (g mg~! min~!) are
the kinetic rate constants for the pseudo-first order and
the pseudo-second-order models, respectively. The kinetic
adsorption data were fitted to Eqgs. (2) and (3), and the
calculated results are presented in Table 1. The correla-
tion coefficient (R?) for the pseudo-second-order adsorp-
tion model was higher than that for the pseudo-first-order
model. Therefore, the adsorption data are well represented
by the pseudo-second order kinetic model.

This result was expected because usually the exchange
processes are more rapid and mainly diffusion controlled,
whereas those with a chelating exchanger are slower and
are controlled by a second-order chemical reaction. The
sorbent, HEIPMNPs, which has chelating functional groups
on its surface (Scheme 1lc), most probably behaves as a
chelating exchanger. Therefore, the complexation chemical
reaction is expected in the adsorption processes [33] and
the rate-limiting step of the adsorption was dominated by a
chemical adsorption process [34].

Adsorption isotherm

The capacity of the adsorbent is an important factor that
determines how much sorbent is required to quantitatively
remove a specific amount of the metal ion from the solution.
For measuring the adsorption capacity of HgIPMNPs, the
absorbent was added into Hg(II) solutions at various con-
centrations, and the suspensions were stirred at room tem-
perature, followed by magnetic removal of the absorbent.
An adsorption isotherm describes the fraction of the sorb-
ate molecules that are partitioned between the liquid and the
solid phase at equilibrium. Adsorption of the metal ion by
HgIPMNPs and NIP nanoparticles was modeled using Fre-
undlich [35] and Langmuir [36] adsorption isotherm mod-
els. The remained Hg(Il) in the supernatants was measured
using flame atomic absorption spectrometer, and the results
were used to plot the isothermal adsorption curves as shown
in Fig. 6. The equilibrium adsorption data were fitted to
Langmuir and Freundlich isotherm models by linear regres-
sion. The resulting parameters are summarized in Table 2.
The higher correlation coefficient obtained for the Lang-
muir model (R* > 0.99) indicates that the experimental data
are better fitted into this model, and adsorption of Hg(II) on
HgIPMNPs is more compatible with Langmuir assumptions,
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Fig. 6 Isothermal adsorption curves of Hg(Il) on HZIPMNPs (filled
diamond) and on NIP nanoparticles (filled triangle)

i.e., adsorption takes place at specific homogeneous sites
within the adsorbent. The Langmuir model is based on the
physical hypothesis that the maximum adsorption capacity
consists of a monolayer adsorption, that there is no interac-
tion between adsorbed molecules, and that the adsorption
energy is distributed homogeneously over the entire cov-
erage surface. This sorption model serves to estimate the
maximum uptake values where they cannot be reached in the
experiments. According to the results (Table 2), the maxi-
mum amount of Hg(II) that can be adsorbed by HgIPMNPs
was found to be 72.8 mg g~! at pH 5.5. The relatively high
adsorption capacity of HgIPMNPs shows that the adsorption
of Hg(II) ions takes place at a large number of specific homo-
geneous sites within the adsorbent (specific cavities of the
MIP), besides non-specific interactions which are approxi-
mately identical for both HGIPMNPs and NIP nanoparticles.

Reusability and stability

The reusability and stability of HgIPMNPs for the extrac-
tion of Hg(Il) was assessed by performing ten consecu-
tive separation/desorption cycles under the optimized
conditions. Desorption of Hg(Il) from the adsorbent was
performed with 2.0 mL of a 1:1 (v/v) mixture of thiourea
(0.5 mol L™ Yy/nitric acid (0.05 mol L™} aqueous solution
as described in above. There was no significant change
in the performance of the adsorbent during ten cycles
(Removal efficiency % = 97.2-98.6, Recovery % = 96.3—
98.4), indicating that the fabricated HgIPMNPs is a reus-
able and stable solid-phase sorbent for the extraction of
Hg(II) during this ten cycles.
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Table 2 Adsorption isqtherm Isotherm model Langmuir Freundlich

parameters for Langmuir and

Freundlich models Parameters K q,, (mgg™h R? Ky 1/n R’
HgIPMNPs 0.0272 72197 0.9900 10.1455 0.3431 0.9874
NIP 0.0308 40.145 0.9955 7.0643 0.2993 0.9678

Table 3 Assay of Hg(Il) in natural and sewage water samples by
means of the proposed method (n = 3)

Sample Added (png Found (g RSD % Recovery%
L™ L™ (n=3)
Tap water
- ND - -
50.0 51.1 23 102.2
200.0 199.0 2.3 99.5
500.0 487.0 1.9 97.4
KWC wastewater
- 34.0 2.6 -
50.0 85.2 2.3 102.4
200.0 236.0 22 101.0
500.0 532.0 1.5 99.6
Radiator manufacturing wastewater
— ND - -
50.0 49.1 3.1 98.2
200.0 203.0 3.1 101.5
500.0 504.0 2.6 100.8
ND Not detected

Effect of initial sample volume

The effect of sample volume on the metal ion adsorption
was studied in the range 20.0-300.0 mL. 20.0 mL sam-
ples containing 1.0 mg L™! of the metal ion were diluted
to 20.0, 50.0, 75.0, 100.0, 150.0, 200.0 and 300.0 mL with
DDW. Then adsorption and desorption processes were
performed under the optimum conditions (pH 5.5; contact
time, 60 min; HgIPMNPs dosage, 0.04 g) as described in
the experimental section. The results showed that the metal
ion content in the volumes up to 200.0 mL was completely
and quantitatively adsorbed by the nanoparticles, but there
was a decrease in the amount adsorbed at higher volumes.
Therefore, for the determination of trace quantities of the
metal ion, a sample volume of 200.0 mL was selected for a
high preconcentration factor.

Analytical parameters and applications

Calibration graph was constructed from spectrophotomet-
ric measurement of the desorbed Hg(Il) after perform-
ing its adsorption/separation under the optimum condi-
tions described above. The calibration graph was linear

in the range 20.0-1,000.0 wg L~! for a sample volume
of 200.0 mL. The calibration equation was A = 0.0109
Cy, + 0.0091 with a correlation coefficient of 0.9948
(n =T), where A is the absorbance of the eluate at 253.7 nm
and C is the concentration of the metal ion in g L~'. The
limit of detection, defined as LOD = 3 S,/m, (where LOD,
Sy, and m are the limit of detection, standard deviation of the
blank and the slope of the calibration graph, respectively),
was 4.1 pg L™! of Hg(II). As the metal ion in 200.0 mL of
the sample solution was concentrated into 2.0 mL, a pre-
concentration factor of 100.0 was achieved in this method.

The analytical applicability of the proposed method was
evaluated by determining the Hg(II) content of natural and
waste water samples. The samples were also analyzed after
spiking with different amounts of the Hg(Il). The results
given in Table 3 shows good recoveries of the proposed
method for the Hg(IT) added to investigated real samples.

To evaluate the selectivity of the synthesized HgIPMNPs
adsorbent over NIP adsorbent, we investigated selectivity
in the removal step of the proposed method. In this regard,
the Hg(II) content of the spiked sample in the presence
and/or absence of various contents of Cd*", Pb*" and Ag™
ions was determined using the proposed method and by
HgIPMNPs and/or NIP adsorbents. The results are shown
in Table 4. The results indicated that the selective removal
of Hg(II) by HgIPMNPs is responsible for overall selectiv-
ity of the proposed method in addition to the used selective
detection method.

Conclusion

The preparation and characterization of MNPs coated with
ITIP layer of a mercaptoethylamino monomer polymeriza-
tion homopolymers in the presence of Hg(II) ions as tem-
plate was described. The synthesized nanoparticle have
been used for selective extraction of Hg(I) ions prior to its
flame atomic absorption spectrometric determination. The
performance of the proposed method (detection limit and
linear range) showed that this method is advantageous over
previously reported methods such as thermospray flame
furnace atomic absorption spectrometry [37], room tem-
perature phosphorescence energy transfer [38], total reflec-
tion X-ray fluorescence spectrometry [39] and fluorimetry
[40]. In comparison with the methods that use Hg(II) spe-
cific sample preparation methods, i.e. cold vapor atomic
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Table 4 Determination of Hg(Il) in the presence and/or absence of various contents of Cd>*, Pb>* and Ag* ions using the proposed method
(n = 3, condition: adsorbent: 0.01 g, total volume of the solution: 200.0 mL, pH: 5.5, contact time: 60.0 min, at 298 K)

Type of the adsorbent Spiked value (mg LY Hg(II) removal % Hg(II) found (mg L Hg(II) recovery % RSD %
He?* cdt Pb2t Ag"

HgIPMNPs
2.0 - - - 98.6 1.98 99.0 2.4
2.0 2.0 - - 98.2 1.96 98.0 2.2
2.0 4.0 - - 97.4 1.92 96.0 2.5
2.0 - 2.0 - 97.6 1.93 96.5 1.8
2.0 - 4.0 - 96.5 1.90 95.0 3.1
2.0 - - 2.0 98.1 1.95 97.5 1.6
2.0 - - 4.0 97.2 1.94 97.0 2.2

NIP
1.0 - - - 98.3 0.96 96.0 3.1
1.0 1.0 - - 94.2 0.84 84.0 2.6
1.0 2.0 - - 62.3 0.41 41.0 1.9
1.0 - 1.0 - 91.5 0.81 81.0 2.6
1.0 - 2.0 - 53.8 0.38 38.0 1.8
1.0 - - 1.0 97.6 0.92 92.0 22
1.0 - - 2.0 48.0 0.29 29.0 2.2

absorption spectrometry [41-43], and more sensitive instru-
mental detection methods, such as ICP [44-46], the pro-
posed method cannot provide comparable detection limit
and linear range criterions. But it should be highlighted that
the proposed method have some outstanding advantages
over these methods such as high removal capacity, more
selective extraction step, more reachable detection instru-
ments and, to some extent, is inexpensive and more rapid.
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