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Abstract We demonstrate the applicability of ionic liquid-
modified silica-coated Mn3O4 nanoparticles (NPs) as a sor-
bent for solid-phase extraction and preconcentration of Ag(I)
ion without a chelating agent. The size, morphology and sur-
face coating of the nano-sorbent were characterized via X-ray
diffraction analysis, scanning electronmicroscopy and Fourier
transform IR spectroscopy. Following desorption with HCl,
silver was quantified by AAS. Under optimized experimental
conditions, the calibration graph is linear in the 0.8−
320 ng mL−1 concentration range (with an r2 of 0.9970).
The limit of detection and limit of quantification are 0.2 and
0.8 ng mL−1, respectively. The relative standard deviation (for
n=6; at an Ag(I) concentration of 60 ng mL−1) and
preconcentration factor are 1.9 % and 50, respectively. The
methodwas used to determine Ag(I) in (spiked) water samples
and in radiology films. The accuracy of the method was con-
firmed by successfully analyzing the certified reference mate-
rial NIST SRM 1566b.

Keywords Silver . Ionic liquid .Manganese oxide
nanoparticles . Nanosorbent . Solid phase extraction . Flame
atomic absorption spectrometry

Introduction

Silver is widely used in consumer products ranging from
disinfecting medical devices and home appliances to water
treatment. These widespread applications have resulted in in-
creased silver content of environmental water samples. Expo-
sure to relatively high levels of silver compounds may cause
breathing problems, lung and throat irritation, stomach pain
and pigmentary disorders. Skin contact with silver compounds
has been found to cause allergic reactions in some people [1].
Therefore, highly-sensitive analytical methods for the deter-
mination of trace levels of silver need to be established. Up to
now, variety of methods including flame atomic absorption
spectrometry [2], spectrophotometric methods [3], voltamm-
etry [4], spectrofluorometry [5] inductively coupled plasma
optical emission spectrometry [6, 7], inductively coupled plas-
ma mass spectroscopy [8], ion exchange chromatography
with chemiluminescence detection [9] Rayleigh light-
scattering [10], and capillary zone electrophoresis [11] have
been used for trace determination of silver in different
samples.

In the all reported analytical procedures, sample prepara-
tion is the most critical step, since direct trace determination of
elements appears to be difficult task. A successful sample
preparation for most analytical techniques has multifarious
roles related to analyte extraction, pre-concentration and
clean-up from interfering species or to improve the detectabil-
ity of the analytical techniques [12, 13]. Solid phase extraction
(SPE) has become a well-established sample preparation
method to pre-concentrate the analyte and separate it from
the interferences, because of its simplicity, high pre-
concentration factor, minimum eluent volume, reduced dis-
posal cost, rapidity and ability to attain high recoveries [14,
15]. In SPE procedure, the choice of appropriate adsorbent is
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an important factor to achieve quantitative recoveries and high
enrichment factors. So far, several types of SPE sorbents such
as dithizone-modified naphthalene [2], polymeric supports
[16–18], chelating resin [19], activated carbon [20] and func-
tionalized silica [21] have been reported for the selective pre-
concentration and determination of silver.

Recently, nanosized materials have gained more attention
due to their highly chemical activity and adsorption capacities
to many metal ions. Nanomaterials possess a series of unique
physical and chemical properties that make them suitable ad-
sorbents for SPE procedures. Metal oxides nanoparticles as a
class of nanosized materials exhibit intrinsic surface reactivity
and high surface areas, and can strongly chemisorb many
substances [22]. Among metal oxides, nanometer-sized
Mn3O4 with notable increased surface area, high sorption ca-
pacity and strong acid sites is expected to display better per-
formance as a good sorbent for removing metal ions from
aqueous media. However, when packed into a SPE column,
Mn3O4 nanoparticles give rise to the formation of flocks or
gels due to their high free energy states. Hence, these
nanometer-sized metal oxides were not selective and not suit-
able for samples with complicated matrices [23]. Therefore, a
suitable coating is essential to prevent the mentioned limita-
tions. It has been demonstrated that the formation of a passive
coating of inert materials such as silica on the surfaces of metal
oxide nanoparticles could help to prevent their aggregation,
improve their chemical stability and allows achieving repro-
ducible experimental conditions [24]. In addition, surface
silanol groups could offer many possibilities for further sur-
face modification such as the introduction of hydroxyl, car-
boxyl and amino groups.

Ionic liquids (ILs) have many fascinating properties, in-
cluding wide liquid ranges, low volatilities, good thermal sta-
bilities, electrolytic conductivity, wide range of viscosities,
adjustable miscibility, reusability, and non-flammability.
Imidazolium-based ILs present a great extraction capability
toward different analytes with which they can interact by elec-
trostatic, hydrophobic and π–π interactions. On the other
hand, they could covalently bond on silica via n-alkyl chains.
Consequently, the surface modifying of silica particles with
imidazolium-based ILs can enhance their stability against
flocculation in aqueous media due to the additional steric/
electrostatic repulsive forces, and increases the versatility of
the technique even improving the selectivity of the extraction
procedures.

This article describes ionic liquid-modified silica coated
Mn3O4 nanoparticles as a new solid phase extractor for sepa-
ration of Ag(I) ions from aqueous solutions. To the best of our
knowledge, this is the first time that ionic liquid-modified
silica coated Mn3O4 nanoparticles (Mn3O4@SiO2@IL) have
been used as an adsorbent for separation and pre-
concentration of Ag(I) ions. The effect of experimental param-
eters affecting the extraction efficiency was studied and

optimized. Under the optimized conditions, the enrich-
ment factor of the method, detection limit and adsorp-
tion capacity of the nanosorbent for Ag(I) ion were 50,
0.2 and 56.9 mg g−1, respectively. To evaluate the appli-
cability of the method, it was applied to the determination
of Ag(I) ion in different water samples and in radiology
films.

Experimental

Apparatus

A SpectrAA 220 (Varian, Australia, http://www.agilent.com)
flame atomic absorption spectrometer was used for the
determination of silver. It was equipped with a hallow
cathode lamp and an air/acetylene burner. The instrumental
parameters were as follows: wavelength, 328.1 nm; lamp cur-
rent, 5 mA; band pass, 0.5 nm. The flame composition was
controlled at an acetylene flow rate of 1.5 L min−1 and air flow
rate of 3.5 L min−1. A 2 mL polypropylene cartridge (30×
7 mm i.d.) (Shafa Co., Iran, http://www.shafapharma.com)
packed with 320 mg of IL-modified silica coated Mn3O4

was used to pre-concentrate the analyte in SPE procedures.
To prevent material losses, a small portion of cotton was used
to block both sides of the cartridge. The flow rate of solution
through the column was controlled with an air-driven fluid
pump model 440 (Rocker Scientific Co., Taiwan, http://
www.rocker.com).

To identify the crystal structure of the nanosorbent, powder
X-ray diffraction (XRD) measurements were performed at
room temperature by employing a D8 Advance (Bruker, Ger-
many, http://www.bruker.com) instrument with Cu-Kα

radiation (1.54 Å), an acceleration voltage of 40 kV, and a
current of 35 mA. In addition, a Vector 22 (Bruker,
Germany) Fourier transform infrared spectrometer was
employed to elucidate the functional groups present in the
sorbent. FT-IR spectra were recorded in the range of 4000–
400 cm−1 at 4 cm−1 resolution using the conventional KBr
pellet technique with a ratio sample/KBr of 1:100 by mass.
A scanning electron microscope model LEO1430vp (Carl
Zeiss, Germany, https://www.microscopy.zeiss.com) was
used to examine the morphological characteristics of the
sorbent.

The pH values were measured with a digital pH-meter
model 827 (Metrohm Ltd., Switzerland, https://www.
metrohm.com) supplied with a glass-combined electrode. An
EX. 1200–4 L electrical furnace (Exciton Co., Iran) was ap-
plied to control the temperature in the sorbent synthesis pro-
cess. An electronic analytical balance model PB303 (Mettler
Toledo, Switzerland, https://www.mt.com) was used to weight
the solid materials.
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Standard solutions and reagents

All chemicals used were of analytical-reagent grade and all
solutions were prepared with high-purity deionized water
(Shahid Ghazi Co., Tabriz, Iran, http://www.sgco-infusion.
com). A stock solution of 1000 mg L−1 Ag(I) was prepared
by dissolving appropriate amount of AgNO3, obtained from
Merck (Darmstadt, Germany, http://www.merck.com), in
deionized water and stored in a dark place. The working
solutions were prepared by stepwise diluting the stock
solution. Ethanol, hydrochloric acid, nitric acid, disodium
hydrogenophosphate (99 %), tetraethylorthosilicate (TEOS,
98 %), 3-chloropropyltrimethoxysilane, ammonia (25 %), N-
methylimidazole, polyethyleneglycol (PEG, 10,000 Da),
NaOH solution (32 %) and Mn(NO3)2·4H2O (99 %) were
purchased from Merck. Toluene, acetone, diethyl ether,
acetonitrile and H2O2 (35 %) were purchased from Acros
organics (New Jersey, USA, http://www.acros.com). 0.
1 mol L−1 phosphate buffer solutions with various pH values
were prepared by dissolving an appropriate amount of
Na2HPO4 in deionized water and adjusting the pH values
with 0.1 mol L−1 HCl or NaOH solutions. A standard
reference material, SRM 1566b (Oyster Tissue) (from
National Inst i tute of Standards and Technology,
Giathersburg, MD, USA, http://www.nist.gov) was used for
validation of the presented method. All the plastic and
glassware used for the trace analysis were kept in 15 % (v/v)
nitric acid at least overnight and rinsed three times with
deionized water prior to use.

Synthesis of ionic liquid immobilized on silica coated Mn3O4

nanoparticles

The synthesis of the nanosorbent was carried out following
four defined steps. First of all, Mn3O4 nanoparticles were
prepared by polyethylene glycol-assisted hydrothermal route
according to the procedure described by Durmus & et al. [25].
1.4 g of PEG (as the surfactant) with a molecular mass of
about 10,000 Da was dissolved in 10 mL deionized water
and added to a beaker containing 4 g Mn(NO3)2.4H2O. Under
continuous stirring, an excessive amount of 2 mol L−1 NaOH
was added until the pH of the solution reached around 10 to
formMn(OH)2 gel. Afterwards, a 20 mL of H2O2 (35 %) was
dropped into the suspension. Finally, it was transferred into a
100 mLTeflon-lined stainless-steel autoclave and was kept at
160 °C for 16 h, then cooled to room temperature. The brown
product was centrifuged and washed three times with deion-
ized water and acetone, then dried at 70 °C for 3 h.

Silica has been considered as one of the most ideal shell
materials due to its reliable chemical stability and versatility in
surface modification via silanol groups [26]. In a second step,
the Mn3O4 nanoparticles were coated with silica following the
Stöber process [27] with some modifications. For this

purpose, 2.2 g Mn3O4 nanoparticles were dispersed in the
mixture of ethanol (160 mL), deionized water (40 mL) and
ammonium hydroxide solution (2mL, 25%). Then, 2.2 mL of
TEOS was added and followed by stirring at 25 °C for 24 h.
The produced particles (Mn3O4@SiO2) were washed several
times with deionized water to eliminate excess reactants and
dried at 65 °C.

Thirdly, 1-methyl-3-[(3-trimethoxysilyl)propyl]
imidazolium chloride [MTMSPIm]+ [Cl]− was synthesized
following a procedure described elsewhere [28]. Briefly, N-
me t h y l im i d a z o l e ( 2 . 3 8 mL ) wa s a dd ed t o 3 -
chloropropyltrimethoxysilane (7.22 mL) and then refluxed
for 96 h at 90 °C. The resultant mixture was washed with
diethyl ether and dried under vacuum at room temperature.
The synthesis route was illustrated in Scheme 1.

Finally, in order to prepare ionic liquid immobilized on
silica coated Mn3O4 nanoparticles, 1 g of as-prepared ionic
liquid was dispersed in 60 mL toluene by ultrasonification for
10 min. Afterward, 1 g Mn3O4@SiO2 was added and the
mixture was refluxed at 90 °C for 24 h. The obtained product
(Mn3O4@SiO2@IL) was rinsed several times with deionized
water and dried at 60 °C [29]. Illustration of the procedure is
shown in Scheme 1.

Column preparation

Mn3O4@SiO2@IL was employed as a nanosorbent in the
SPE procedure. For this purpose, the SPE column was pre-
pared by introducing 320 mg of the nanosorbent into a 2 mL
polypropylene cartridge. The ends of the column were
plugged with a small portion of cotton to retain the
nanosorbent in the column. Prior to each use, the column
should be cleaned with 5 mL of 3 mol L−1 HCl solution and
conditioned by passing 5 mL of deionized water.

Sample preparation

Water samples including tap water, mineral water, spring wa-
ter and well water were collected from local sources. After
sampling, they were filtered through 0.45 μm pore-size cellu-
lose filter, transferred to the PTFE container and stored in
refrigerator at 4 °C. Then, aliquots of 50 mL of each sample
were analyzed by following the procedure described in
BGeneral procedure^ section.

Radiology film samples were dissolved according to the
following procedure [2]. 10 mL of concentrated nitric acid
was added to 50 mg of radiology film sample in a beaker
and boiled for 20 min. The resulting solution was then trans-
ferred into a 50 mL volumetric flask and diluted to the mark
with deionized water. Finally, the solution was taken for anal-
ysis according to the BGeneral procedure^.

An accurately measured amount (25 mg) of the standard
reference material (NIST SRM 1566b, Oyster Tissue) was
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heated on a hot plate at 120 °C for 45 min in the glass beaker
containing mixture of concentrated nitric acid 65 % (10 mL)
and hydrogen peroxide 35 % (5 mL) after covering with a
clock glass [30]. Afterward, the sample was heated at
150 °C for 45 min and the heating process was continued to
dryness of the sample at 200 °C. Then, the sample was cooled
down to room temperature and the residue was dissolved in a
1.0 mL of HNO3 0.1 mol L−1. After dilution with deionized
water, the pH was adjusted to nearly 3 by adding diluted
NaOH solution. Finally, the solution was transferred into a
50.0 mL volumetric flask and after dilution to the mark with
the deionized water, the concentration of Ag(I) was deter-
mined as described in the BGeneral procedure^ section.

General procedure

Aliquots of 50.0 mL sample or aqueous standard solution
containing silver ions in the range of 0.8−320 ng mL−1

(pH 3, adjusted by phosphate buffer solution) was passed
through a SPE column, packed with 320 mg of
Mn3O4@SiO2@IL nanosorbent, at a controlled flow rate in
5.0 mL min−1 by an air-driven fluid pump. After sample load-
ing, the retained analyte on the column was eluted with 1 mL
of 3 mol L−1 HCL solution. Finally, the absorbance of silver
atoms as an analytical signal was measured by atomic absorp-
tion spectrometer at λ=328.1 nm. A reagent blank was pre-
pared using a similar procedure but without silver ion.

Results and discussion

Choice of adsorbent

The main requirements for a substance to work effectively as
an SPE adsorption material are as follows: it should consist of
a stable and insoluble porous matrix having suitable active

groups, typically organic groups, which can interact with
analytes; it should achieve fast and quantitative sorption; and
it should have high adsorption capacity, good regenerability,
and surface area accessibility. Recently, metal oxide nanopar-
ticles are widely used in SPE procedures. However, it should
be noted that pure metal oxide nanoparticles (such as Fe3O4,
Mn3O4, Mn2O3 and Fe2O3) can easily form large aggregates,
which may alter their magnetic properties [31]. Moreover,
these nanometer-sized metal oxides are not target-selective
and not suitable for samples with complicated matrices be-
cause of their low capacities. Hence, surface modification
can not only improve their dispersibility but also provide an
active surface to interact with certain molecules [7].

Silica has been considered as one of the most ideal shell
materials due to its reliable chemical stability, biocompatibil-
ity and versatility in surface modification. The core–shell sil-
ica magnetic nanoparticles have high surface areas. Also, the
silica shell can efficiently prevent the aggregation and chem-
ical decomposition of nanoparticles in a harsh environment
[32]. On the other hand, silica coated magnetic nanopar-
ticles can be fashioned with a wide range of materials
using surface modification techniques and giving rise to
highly selective metal ions extraction systems. Although
according to the literature, silica-coated Fe3O4 nanopar-
ticles modified with g-mercaptopropyltrimethoxysilane
[31] or 1- N-(3-(Triethoxysilyl)propyl)isonicotinamide
[33] have been used for SPE of trace amounts of Cd,
Cu, Hg, and Pb, there is no report on the use of bare
or modified Mn3O4 nanoparticles for the extraction of
trace metal ions. Consequently, in the present work, to
find the best adsorbent for extraction of silver(I) ion as a
target analyte from aqueous solutions, the synthesized
adsorbents including SiO2, Mn3O4 nanoparticles, ionic
liquid-coated silica (SiO2@IL), silica-coated Mn3O4

(Mn3O4@SiO2) and silica-coated Mn3O4 modified with
([MTMSPIm] Cl) ionic liquid (Mn3O4@SiO2@IL) were

Scheme 1 Synthesis of 1-
methyl-3-[(3-
trimethoxysilyl)propyl]
imidazolium chloride ionic liquid,
and ionic liquid-modified silica
coated Mn3O4 nanoparticles
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individually tested. As can be seen from Fig. 1, the ex-
traction efficiency is negligible in case of unmodified
SiO2 and Mn3O4 nanoparticles. Mn3O4@SiO2 core-shell
nanostructures are present in an aggregated form. The
presence of aggregates could be attributed to the forma-
tion of H-bond between the silica shells due to the pres-
ence of Si-OH bond over the shell surface. Also, Mn3O4

is a magnetic material and there is an inherent tendency
of these metal oxide nanoparticles to agglomerate. Nev-
er the less , the re ten t ion of the ana ly te on the
Mn3O4@SiO2@IL is the highest, indicating that the ad-
sorption amount is positively related with the IL. Ac-
cordingly, Mn3O4@SiO2@IL was employed as an adsor-
bent for further experiments.

Characterization of the nanosorbent

Characterization of the synthesized Mn3O4 nanoparticles,
Mn3O4@SiO2 and Mn3O4@SiO2@IL was performed
using Fourier transform infrared (FT-IR) spectroscopy,
powder X-ray diffraction (XRD) and scanning electron mi-
croscopy (SEM). Figure 2a shows XRD pattern of Mn3O4

nanoparticles. It can be observed the characteristic reflec-
tions of (112), (200), (103), (211), (004), (220), (204),
(015), (312), (303), (321), (224), (116) and (400) planes
of a crystalline Mn3O4 which is in agreement with the re-
sults reported in literature [25]. To characterize the surface
nature of the nanoparticles, the infrared absorption spec-
troscopy was used. Figure 2b presents the FT–IR spectrum
of Mn3O4 nanoparticles synthesized via polyethylene
glycol-assisted hydrothermal route. The bands observed
in the range 400–600 cm−1 are assigned to the intrinsic

stretching vibrations of metal ions in the crystal lattice.
The bands with maximum peak at around 1084 and
1151 cm−1 can be ascribed to C–O stretching modes and
C–O–C bending vibrations that indicate the presence of
linkage in the absorbed molecules due to PEG. A broad
band is observed at around 2640 cm−1, which is responsible
for the stretching modes of methylene (−CH2–) and methyl
(−CH3–). The broad peak around 3422 cm

−1 and weak peak
around 1637 cm−1 are attributed to the stretching and bend-
ing vibration of water molecules [25].

Moreover, FT-IR spectra of Mn3O4@SiO2 (1),
[MTMSPIm] [Cl] ionic liquid (2) andMn3O4@SiO2 modified
with [MTMSPIm] [Cl] ionic liquid (Mn3O4@SiO2@IL) (3)
are shown in Fig. 3a. For silica coatedMn3O4, the strong bond
at around 1100 cm−1 represents Si–O bonds, while the bond at
592 cm−1 corresponds toMn–O vibrations of the Mn3O4 core,
and the bond at around 797 cm−1 is the characteristic of Si–O–
Mn, which implies that SiO2 is chemically bonded to Mn3O4.
The bonds at 3420 and 1637 cm−1 correspond to the stretching
and bending vibrations of Si–OH [28]. The FT-IR spectrum of
ionic liquid modified Mn3O4 nanoparticles shows the charac-
teristic bonds of ionic liquids. The introduction of imidazole
groups in the Mn3O4 nanoparticles surface involves the
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Fig. 1 Effect of adsorbent type on the extraction efficiency of silver ions

Fig. 2 (a) XRD pattern and (b) FT-IR spectrum of Mn3O4 nanoparticles
synthesized via PEG-assisted hydrothermal route
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appearance of a band around 1635 cm−1, which is assigned to
the –NH– stretching vibration of imidazole ring. Slightly in-
tense bands corresponding to the C–H stretching vibrations
can be observed at 2922 and 2961 cm−1 [26]. Moreover, the
bonds at around 1437 and 1199 cm−1 correspond to the bend-
ing vibrations of C−H and/or N−H. FT−IR spectra prove that
silica coated Mn3O4 nanoparticles are bonded with
imidazolium based [MTMSPIm] [Cl] ionic liquid.

In addition, SEM images were used to obtain informa-
tion on the particle size and morphology of as-prepared
nanoparticles. Figure 3b shows the typical SEM images
of Mn3O4@SiO2 nanoparticles before and after modifica-
tion with the ionic liquid. It can be seen that the particles
are mainly spherical with average diameter of 60 nm. The
size and morphology of the nano-particles did not signifi-
cantly change after anchoring the 1-methyl-3-[(3-
trimethoxysilyl)propyl] imidazolium chloride ionic liquid
onto the silica shell. This finding suggested that
Mn3O4@SiO2 nano-particles were coated by a thin layer
of the ionic liquid. This type of coating can be provided
abundant reaction sites for grafting.

Adsorption/desorption mechanism

Based on findings of Neeraj and coworkers, there is a com-
plexation reaction between transitionmetal ions and imidazole
ring of the ionic liquids [34]. According to the hard–soft-acid–
base theory, the atom N in imidazole ring of [MTMSPIm]+

[Cl]− ionic liquid belongs to the soft base and has good affinity
for the soft acids. Hence, the silver ion, as a soft acid, could be
extracted by the ionic liquid. It seems that an anionic complex
is firstly formed between Ag(I), H2PO4

− and [Cl]− in the ionic
liquid structure, at pH 3 (phosphate buffer solution). Then, the
anionic complex is combined with [MTMSPIm]+ to form a
neutral compound, which is extracted by the ionic liquid [35].
On the other hand, the recovery of Ag(I) ion obviously de-
creased when the pH of sample solution was less than 2.5
(Fig. S1, Electronic Supplementary Material, ESM), indicat-
ing a feasibility of desorption with high acidity solution. In the
acidic media, the donor atoms in the adsorbent are protonized
and the complexes of metal ions and adsorbent become weak.
Moreover, desorption of Ag(I) ions from the adsorbent may be
due to a complexation reaction between Ag(I) and chloride

Before After

a

b

Fig. 3 (a) The FT-IR spectra of
(1) Mn3O4@SiO2; (2) ionic liquid
[MTMSPIm] [Cl] (3)
Mn3O4@SiO2 modified with
[MTESPIm] [Cl]
(Mn3O4@SiO2@IL), and (b)
SEM image of the Mn3O4@SiO2

nanoparticles before (left) and
after (right) modification by
[MTMSPIm] [Cl] ionic liquid
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ions to produce an anionic complex, AgCl2
−, by using high

concentrations of HCl solution as an elution reagent.

Optimization of solid phase extraction conditions

To achieve the optimum conditions for selective separation/
pre-concentration of silver ions, the effect of several parame-
ters such as pH, the amount of nanosorbent, the sample vol-
ume and the elution conditions on the extraction efficiency
was studied and discussed in the Electronic Supplementary
Material. In all cases, the recovery percentage used as the
analytical signal, which was calculated from the amount of
silver ions in the starting sample and the amount of silver ions
eluted from the column. Method optimization was carried out
using the one variable at a timemethodwith a concentration of
60 ng mL−1 of the silver ions. In the impact parameters opti-
mization procedure, the limits marked on the figures were
obtained from three experiments that repeated under the same
conditions.

Adsorption capacity

The adsorption capacity (qe, mg g−1) of the nanosorbent for
Ag(I) ion was calculated using the following equation:

qe ¼
V Co−Ceð Þ

W
ð1Þ

where, C0 (mg L−1) and Ce (mg L−1) are the initial and equi-
librium concentrations of the analyte in aqueous solution, re-
spectively, V(L) is the volume of sample solution, andW (g) is
the mass of used Mn3O4@SiO2@IL nanocomposite. To de-
termine the adsorption capacity, 100 mL of sample solution
containing 250 mg L−1 Ag(I) (pH 3.0) was transferred into a
beaker containing 320 mg of the nanosorbent. The solution
was shaken for 60 min at room temperature to reach equilib-
rium. Then, the supernatant is filtered through a filter paper
and loaded Ag(I) in the nanosorbent was stripped with 1 mL
of 3.0 mol L−1 HCl. Finally, the concentration of the analyte
was determined by flame atomic absorption spectrometry after
appropriate dilution. As a result , capacity of the
Mn3O4@SiO2@IL nanosorbent for Ag(I) was found to be
56.9 mg g−1.

Reusability of the nanosorbent

The potential reusability and stability of the nanosorbent was
studied by monitoring the change in recovery of the analyte
through several adsorption–elution cycles. It was observed
that the column packed with 320 mg of the nanosorbent could
be reused up to 300 times without decrease in recovery of the
analyte. Based on the obtained results, % CV of absolute

recovery values after 300 times adsorption/desorption cycles
(for n=20; at an Ag(I) concentration of 60 ng mL−1) was
3.7 % with an average recovery of 98.0 %, suggesting the
good reusability of the sorbent.

Study of interferences

The pre-concentration procedures and thus recoveries of
analytes may be affected by the other constituents of the sam-
ples. Therefore, the reliability of the presented method should
be examined in the presence of some potentially interfering
ions. For this purpose, the possible interfering elements were
added to 50 mL of aqueous solutions containing 60 ng mL−1

Ag(I) ions as their nitrate salts. The tolerance limit was con-
sidered as the highest ion concentration causing ±5 % devia-
tion in recovery of the analyte. As can be seen from Table 1,
the tested potential interfering ions have no significant effect
on the recovery of Ag(I) ions.

Analytical figures of merits

Under the optimized experimental conditions, the analytical
features of the presented method, such as the linear range of
the calibration graph, the limit of detection, the accuracy and
the precision were examined. The calibration graph was linear
in the range of 0.8−320 ng mL−1 for silver ions with a corre-
la t ion coeff ic ient of about 0.9985 applying the
preconcentration procedure. However, the calibration graph
without using the pre-concentration procedure was linear in
the range of 40–16,000 ng mL−1 with the same correlation
coefficient. The calibration equations relating to with and
without preconcentration procedure were ΔA=2.439 C+
0.069 and ΔA=0.048 C+0.069, respectively, where ΔA is
the blank-corrected absorbance and C is the concentration of
Ag(I) ion in ng mL−1. The enhancement factor, calculated as
the ratio of slope of preconcentrated samples to that obtained
without preconcentration, was 50.8. The limit of detection

Table 1 Tolerance limits of interfering ions in the determination of
60 ng mL−1 of Ag(I)

Interfering ions Interferent to
analyte ratio

Recovery (%)

Na+, K+, Ca2+, Mg2+,
Ba2+, CH3COO

−,
5000:1 (98.0±3.1)−(103.5±1.7)

SO4
2−, NO3

−, PO,
H2PO4

−, HPO4
2−

Ni2+, Co2+, Cu2+,
Pb2+, Mn2+, MnO4

−,
1000:1 (96.0±3.6)−(101.2±2.4)

Cr3+, CrO4
−, BrO3

−,
VO3

−, CO3
2−, Cd2+

F−, Zn2+, Al3+ 800:1 (98.7±2.9)−(101.0±1.8)
Fe3+ 500:1 97.6±2.1
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(LOD) and limit of quantification (LOQ) of this method, de-
fined as 3Sb/m, and 10Sb/m (where Sb is the standard deviation
of six replicate measurements of the blank and m is the slope
of the calibration curve) were 0.2 and 0.8 ng mL−1, respec-
tively. The relative standard deviation resulting from the anal-
ysis of six replicates of 50 mL solution containing 60 ngmL−1

of Ag(I) ion under optimum experimental conditions was
1.9 %, showing the good precision of the developed method.
The reproducibility of the method was evaluated by repeated
analysis of Ag(I) during the course of experimentation by the
same adsorbents synthesized on different days under the opti-
mized experimental conditions. For batch to batch variation,
solutions of Ag(I) ion at concentrations of 60 ng mL−1 were
determined in triplicate, and the RSD (n=5) was found to be
2.56 %.

Analysis of real samples and method validation

To test the applicability of the method, it was used to deter-
mine Ag(I) in radiology film and water samples including tap
water, mineral water, spring water and well water. The

obtained results are summarized in Table 2. In order to eval-
uate the accuracy of the presented method, known quantities
of Ag(I) ions were added into the real samples, and then the
samples were prepared and analyzed according the general
procedure described in Experimental section. As can be seen
from Table 2, recoveries between 95.0 and 102.4 % were
obtained, which confirm the accuracy of the developed meth-
od. Furthermore, the accuracy of the method was also verified
by determining the content of Ag(I) ions in a certified refer-
ence material, NIST SRM 1566b (Oyster Tissue), with certi-
fied silver content of 0.666±0.009 μg g−1. The obtained value
for silver by using the presented procedure was 0.648±
0.008 μg g−1 (mean of three determinations±standard devia-
tion). It was found that there is no significant difference at
95 % confidence level between result found by the developed
method and certified value according to Student t-test. It can
be concluded that the presented procedure is reliable for the
determination of silver in different real samples including wa-
ter samples, radiology film and biological samples.

Comparison with other methods

The method was compared with other published techniques
for Ag(I) determination in Table 3. Limit of detection, linear-
ity, precision and the recoveries of this method are comparable
or better than those of the reported methods. In comparison
with the other methods, the developed method has the merits
of considerable analysis speed, good separation efficiency and
high sensitivity. The method is presented as a suitable alterna-
tive to more expensive instruments for Ag determination at
trace levels. This methodology is a reproducible, simple and
low cost technique and does not require further instrumenta-
tion and it can be used with regular FAAS equipment.

Table 2 Determination of silver in real samples (result of recoveries of
spiked samples and certified reference material analysis)

Sample Added Ag
(ng mL−1)

Found Aga

(ng mL−1)
Recovery (%)

Tap waterb – NDc –

100.0 99.6±0.8 99.6

200.0 197.6±1.2 98.8

Mineral waterd – NDc –

100.0 100.0±0.6 100.0

200.0 198.4±1.2 99.2

Spring watere – NDc –

100.0 98.3±0.3 98.3

200.0 195.8±1.5 97.9

Well waterf – 26.8±0.5 –

100.0 129.2±0.7 102.4

200.0 225.7±1.4 99.5

Radiology film – 1.7±0.3g –

1.0 2.7±0.4g 100.0

2.0 3.6±0.2g 95.0

NIST SRM 1566b Certified values
(μg g−1)

Assayed values
(μg g−1)

Relative error
(%)

0.666±0.009 0.648±0.008 −2.7

a Mean of three experiments±standard deviation
b From drinking water system of Azarshahr, Iran
c ND: Not detected
d Obtained from Vata Natural Mineral Water Co., Ardabil, Iran
e Obtained from spring water of Pirchupan village, Azarshahr, Iran
f Obtained from local source, Azarshahr, Iran
g Concentration unit is mg g–1

Table 3 Comparison of analytical characteristics of the presented
method with other reported techniques for determination of silver

Method Linear range
(ng mL−1)

LOD
(ng mL−1)

RSD (%) Reference

FAAS 10–1000 3.9 4.4 [2]

Spectrophotometry 100–9000 1.6 1.7 [3]

Voltammetry 70–1000 60 1.5 [4]

Spectrofluorometry 21.6–647 3.4 4.4 [5]

ICP–OES 100–900 20 <3.7 [6]

MSPE–ICP–OES 0.75–100 0.2 4.2 [7]

Ion chromatography–
CL detection

1–100 0.5 <3.5 [9]

RLS 1–700 0.5 2.1 [10]

SPE–FAAS 0.8–320 0.2 1.9 This work

FAAS, Flame atomic absorption spectrometry; ICP–OES, Inductively
coupled plasma optical emission spectrometry; CL, Chemiluminescence;
RLS, Rayleigh light-scattering; MSPE, Magnetic solid-phase extraction;
SPE, Solid-phase extraction
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Conclusions

In the present work, 1-methyl-3-[(3-trimethoxysilyl)propyl]
imidazolium chloride ionic liquid was covalently immobilized
on the surface of silica coated Mn3O4 nanoparticles and ap-
plied as an adsorbent for the selective solid phase extraction of
silver ion from aqueous solutions. The covalent immobiliza-
tion provides the ionic liquid coating with a high stability
avoiding it loses in the extraction and elution process. This
aspect is especially interesting since it allows the reuse of the
nanosorbent up to 300 times after cleaning with 5 mL of
3 mol L−1 HCl solution and conditioning by 5 mL of deion-
ized water. The enrichment factor (50), detection limit
(0.2 ng mL−1) and adsorption capacity (56.9 mg g−1) of the
new as-prepared nanosorbent for Ag(I) are satisfactory. An-
other advantage of the developed method is permitting to
study in acidic medium that minimize precipitation of metal
hydroxides. This work is a simple and fast method, and re-
veals the tremendous application potentials of ionic liquids in
environmental and biological sample preparation.
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