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A B S T R A C T

In this work, by introducing solvothermal method for generating Fe3O4 nanoparticles and “one-pot” method for
synthesizing organic–inorganic hybrid monolithic vinyl functionalized Fe3O4 (Fe3O4@HM), a facile procedure
was proposed for preparing poly(1-vinylimidazole) (PVIM) functionalized gold ion imprinted polymer based
MNPs@IIP (MNPs@HM@PVIM-Au-IIP). The as-prepared magnetic nanocomposites were characterized by
scanning electron microscopy (SEM), transmission electron microscope (TEM), Fourier transform infrared
spectroscopy (FT-IR), X-ray diffraction (XRD), thermogravimetric analysis (TGA), and vibrating sample mag-
netometry (VSM), etc. After the optimum conditions, including solution pH, adsorption time and sample volume,
eluent composition and volume, and elution time were investigated, this MNPs@IIP was employed as ion im-
printed polymer magnetic solid phase extraction (II-MSPE) matrix for separation and enrichment of trace gold
ions followed by inductively coupled plasma mass spectrometric (ICP-MS) determination with excellent se-
lectivity and sensitivity, and strong anti-interference ability. These merits were benefited from the formation of
hybrid monolithic interlayer enduing the resultant MNPs@HM@PVIM-Au-IIP with good chemical and me-
chanical stability, as well as the dimensional homogeneity due to the solvothermal-generated Fe3O4 nano-
particles as the cores. The applicability superiority of this MNPs@IIP was confirmed by the rapid and efficient
extraction of trace level Au(III) in environment water, sediment, soil, coal and ore samples with satisfactory
results. The reliability of this II-MSPE-ICP-MS method was also verified by using corresponding Certified
Standard Reference materials and spiking recovery of the real samples analyzed.

1. Introduction

Gold has wide applications in the fields of electronics, military,
communications technology, aerospace, medical and cosmetic, etc. As a
precious metal, however, the content of gold in geological samples such
as soils, rocks and ores is as low as about 4 ng g−1 [1]. Because gold has
good chemical stability and is not easy to migrate and enrich, its oc-
currence and abundance, even at ultra-trace level, might reflect key
source information related to geologic origin of some minerals [2], and
the remaining gold in archaeological artefacts has great value for the
provenance study [3]. On the other hand, increasing utilization of gold-
containing products issues in its direct exposure to the environment,

resulting in a potential impact on human health [4]. Therefore, de-
termining gold in mineral, environmental and biological samples is of
important significance.

Many detection techniques have been reported for gold such as
flame atomic absorption spectrometry (FAAS) [5–7], graphite furnace
atomic absorption spectrometry (GFAAS) [8], inductively coupled
plasma optical emission spectrometry (ICP-OES) [9] and inductively
coupled plasma mass spectrometry (ICP-MS) [10]. ICP-MS is the most
powerful detection technique among them for trace elements because of
its high sensitivity, wide dynamic linear range, multi-element cap-
ability, etc. [11,12]. However, lower existing level than limit of de-
tection (LOD) of ICP-MS for gold with complex matrices in a majority of
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real-world samples causing serious matrix effect brings inaccurate
analytical results, and especially those metallic ores with very high
content of main metal lead to instrument contamination or even da-
mage [13,14]. Therefore, it is necessary to employ suitable pretreat-
ment methods for accurate and sensitive quantitation of gold in en-
vironmental and mineral samples.

In combination with above detection techniques for gold, various
separation and enrichment methods have also been proposed, including
solid phase extraction (SPE) [15,16], cloud point extraction [17], li-
quid–liquid extraction [18], electrodeposition [19], etc. Among these
pretreatment methods, SPE is one of the frequently used methods for
trace metal ions due to its strong separation capacity, high enrichment
factor, minimal sample and solvent consumption, low cost and easy
automation. As a late SPE model, magnetic solid phase extraction
(MSPE) has attracted extensive attention because no centrifugation
and/or filtration are needed after extraction with magnetic nano-
particles (MNPs) when static batch mode is applied. The whole op-
eration procedure is more convenient and time-saving than common
SPE with adsorbents packed in cartridges [20,21]. However, the main
problem for MSPE is that most of existing adsorbents, usually functio-
nalized nanoparticles, are non-specific and do not have enough se-
lectivity for certain metal ions. The presence of a large number of co-
existing substances is not conducive to the extraction of target ions
[22], and the matrix interference will affect the accuracy of subsequent
ICP-MS detection.

In recent years, some novel SPE adsorbents based on ion-imprinted
polymers (IIPs) have been developed to increase the selectivity for
metal ions. Ion imprinting is a process of co-polymerization of func-
tional polymer and cross-linker in the participation of target ion. The
cross-linking functional monomers are aligned in a predetermined di-
rection according to their stereochemical interaction with the template
ion [23]. The high selectivity of IIP materials is associated with the
interaction between metal ions and specific ligands via polymer
memory effect [24]. IIPs have been grafted onto the surfaces of various
supports such as carbon nanotubes, mobile composite material (MCM),
TiO2 and SiO2 particles for different applications [25–28]. These IIPs, as
SPE adsorbents, not only have high adsorption capacity, but also can
specifically recognize and selectively adsorb target metal ions in a so-
lution containing various other ions [20]. However, the application of
these IIP based SPE requires tedious post-processing such as cen-
trifugation and/or filtration. Because of the magnetic property, in-
tegration of IIP with MNPs makes separation of the synthesized ion
imprinted MNPs (MNPs@IIP) convenient from solutions and removal of
imprinted ions easy from the MNPs@IIPs by an external magnetic field.

Ebrahimzadeh et al. pioneered the ion imprinted polymer magnetic
solid phase extraction (II-MSPE) approach for Au(III) using an IIP based
on dipyridyl amine-coated Fe3O4 nanoparticles with fast extraction
kinetic of being in several minutes. This MNPs@IIP was used for the
preconcentration of Au(III) in tap and environmental water samples
followed by FAAS detection. However, the multistep preparation con-
tained Fe3O4 nanoparticles, vinyl functionalized Fe3O4, N-allyl-N-
(pyridin-2-yl)pyridin-2-amine (a-bipy), gold complex of a-bipy (Au(a-
bipy)2Cl3), and then the final magnetic IIP. Some post-modification
reactions were carried out in organic solvents for rather long time [29].
Hu research group developed a poly(1-vinylimidazole) (PVIM) func-
tionalized gold ion imprinted polymer - silica coated magnetic nano-
particles (MNPs@SiO2@PVIM-Au-IIP) as II-MSPE adsorbent for Au(III)
in environmental water, sediment, ore and human urine determined by
GFAAS. Although the preparation of MNPs@IIP including Fe3O4 na-
noparticles, SiO2 wrapped Fe3O4, vinyl functionalized Fe3O4@SiO2, and
then the final product, was shorten to four steps, coating of Fe3O4 na-
noparticles by SiO2 and vinylation of SiO2 coated Fe3O4 nanoparticles
were realized stepwise, taking 12 and 24 h respectively [30]. On the
other hand, both of above MNPs@IIPs were made using Fe3O4 nano-
particles by coprecipitation method as starting material, which are la-
bile to aggregation in subsequent preparation of intermediates and final

products. In this present work, we proposed a simpler procedure for
preparing the PVIM based MNPs@IIP by introducing solvothermal
method for generating Fe3O4 nanoparticles, and “one-pot” method for
synthesizing organic–inorganic hybrid monolithic vinyl functionalized
Fe3O4, with better particle uniformity and chemical stability to ensure
the efficiency of enrichment for target gold ion. In addition, we em-
ployed more sensitive, selective and interference free ICP-MS than
FAAS and GFAAS to detect the enriched Au(III) by the MNPs@IIPs. The
performance of this protocol for enriching and determining Au(III) was
demonstrated by the successful applicability in environmental waters,
sediments, soils, coals and copper concentrate ores.

2. Materials and methods

2.1. Reagents and materials

All reagents used in following experiment were analytical reagent
grade unless stated otherwise. Ferric trichloride (FeCl3·6H2O), anhy-
drous sodium acetate (CH3COONa), ethylene glycol (EG), HCl,
NH3·H2O (25%), methanol and ethanol were purchased from Nanjing
Chemical Reagent Company (Nanjing, China). HNO3 was of guaranteed
reagent grade and obtained from Merck (Zurich, Switzerland).
Tetraethoxysilane (TEOS) and methacryloxy propyl trimethoxyl silane
(γ-MAPS) were purchased from Alfa Aesar (Tianjin, China). 1-Vinyl
imidazole (VIM), ethylene glycol dimethacrylate (EGDMA) and 2,2-
azobisisobutyronitrile (AIBN) were from Aladdin Biological Technology
Co. Ltd. (Shanghai, China). Thiourea was from Nanjing WanQing
Chemical Glassware & Instrument Co. Ltd. 1000 mg mL−1 of HAuCl4
solution was supplied by National Research Center for Certified
Reference Materials (Beijing, China). Stock solutions of other elements
are prepared from their salts by conventional method. Pure water
(18.25 MΩ∙cm) obtained from a Milli-Q water system (Millipore,
Bedford, MA, USA) was used throughout the experiment.

In this paper, different kinds of environmental and mineral samples
were selected to evaluate the analytical performance of the protocol.
Certified Reference Material (CRM) of ZBK338 ore sample (copper
concentrate, 24.70% Fe; 20.56% Cu) was purchased from National
Research Center for Certified Reference Materials (Beijing, China). In
addition, CRMs, GBW07309 sediment sample (GSD-9) and GBW07402
soil sample (GSS-2), were purchased from Institute of Geophysical and
Geochemical Prospecting for Certified Reference Materials (Langfang,
China). Tap water was taken from Chemical Building in Xianlin Campus
of Nanjing University. River water was taken from Qinhuai River in
Qinhuai District, Nanjing, China. Soil was taken from Gulou Campus of
Nanjing University. All coal and copper concentrate ore samples were
provided by Technical Center for Industrial Product and Raw Material
Inspection and Testing, Shanghai Customs (Shanghai, China).

2.2. Apparatus

Gold concentration was determined by a Perkin-Elmer NEXION
350D ICP-MS (Perkin-Elmer SCIEX, Concord, Canada) under the op-
timal operating conditions listed in Table S1. The pH values of solutions
were measured by a Mettler-Toledo Five Easy Plus pH meter (Shanghai,
China). Scan electron microscopy (SEM) images of materials were taken
on a Hitachi S-3400 N II electron microscope (Tokyo, Japan). Energy-
dispersive X-ray spectroscopy (EDX) was carried out with an EX 250
spectroscope (Horiba, Kyoto, Japan) attached to the S-3400 N II SEM.
Transmission electron microscopy (TEM) images were obtained on a
JEOL JEM-200CX microscope (Tokyo, Japan) operated at 200 kV. The
X-ray diffraction (XRD) patterns were collected on a Bruker D8 Advance
X-ray powder diffractometer (Karlsruhe, German) with Cu Kα radiation
operated at tube voltage and currents of 40 kV and 40 mA, respectively.
Thermogravimetric (TG) curve of MIIP was investigated by a STA-499C
thermal analyzer (Netzsch, Bavaria, Germany) at a heating rate of 10 °C
min−1 from 25 to 800 °C in air. Fourier-transform infrared (FT-IR)
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spectra of materials were recorded on a Nicolet-6700 spectrometer
(Madison, WI, USA) using KBr pellet technique. The magnetism mea-
surement was performed using a superconducting quantum interference
device (SQUID) magnetometer (Quantum Design, San Diego, CA, USA)
at room temperature.

2.3. Preparation of MNPs@IIP

The schematic route of the synthesis from Fe3O4 to MNPs@IIP is
illustrated in Scheme 1. Fe3O4 nanoparticles were prepared by the
solvothermal method [31,32] and the procedure is described in the
Supplementary Material. Hybrid monolithic (HM) vinyl functionalized
Fe3O4 (Fe3O4@HM) nanocomposites were fabricated via “one-pot”
method. In detail, 0.4 g of Fe3O4 nanoparticles were evenly dispersed in
150 mL ethanol solution containing 20% (v/v) water. After sonicated
for 10 min, the suspension was transferred to a three-necked flask, and
then 8 mL of ammonia solution was added to create an alkaline en-
vironment, and 0.8 mL TEOS and 0.2 mL γ-MAPS were added by
peristaltic pump for 30 min. After stirring at room temperature for 8 h,
the resulting Fe3O4@HM was rinsed several times with water and
ethanol, and subsequently dried under vacuum at 60 °C overnight.
Compared with traditional inorganic silica and organic polymer
monolithic materials, hybrid monoliths prepared via sol–gel process
possess following advantages like large specific surface area, high me-
chanical stability and good biocompatibility. If functional groups are
involved directly in the monolithic framework during the reaction of
co-condensation of functional monomers such as γ-MAPS and TEOS, the
facile synthesis method is called “one-pot”, which makes functional
groups distributed much more evenly than those by post-modification
[33,34]. Then, Au(III) ion imprinted polymer was grafted onto Fe3O4@
HM via free radical polymerization reaction in aqueous media as de-
scribed in Ref. [30,35] with minor modification, which are detailed in
the Supplementary Material. In the meantime of preparing MNPs@
HM@PVIM-Au-IIP (MIIP for short), non-imprinted polymer grafted
Fe3O4@HM (MNPs@HM@PVIM-Au-NIP, MNIP for short) was prepared

with the same procedures as above described without adding gold ions.

2.4. Extraction procedure

The II-MSPE workflow for the enrichment of gold ion is also shown
in Scheme 1. In adsorption step, 50 mL aqueous solution containing Au
(III) was adjusted to pH 4.0 by adding HCl or NH3·H2O solutions. 5 mg
of MNPs@HM@PVIM-Au-IIP nanocomposites were added to the sample
solution as II-MSPE adsorbent. After this solution was stirred for 15 min
to attain adsorption equilibrium, Au(III) loaded MIIP adsorbent was
isolated using a magnet. In desorption step, the Au(III) imprinted in the
adsorbent was eluted by 2.5 mL 0.5 mol L−1 HNO3 containing 1% (m/
v) thiourea under continuous stirring, and the supernatant was sepa-
rated using the magnet, followed by the ICP-MS determination.

2.5. Preparation of certified reference materials and real samples

Tap and river water samples were filtered through a 0.45 μm cel-
lulose acetate membrane and stored in a refrigerator at 4 °C before
analysis. CRM of ZBK338 copper concentrate used for method valida-
tion was digested referring to Ref. [36]. Briefly, 0.5 g ZBK338 copper
concentrate was weighted accurately and placed in a beaker. After 4 mL
HNO3 (65%, m/m) and 2 mL H2O2 (30%, m/m) were added, the beaker
was heated on a hot plate at 190 °C overnight to eliminate organic
matters. Then, 5 mL of aqua regia were added, and the temperature was
increased at 250 °C and remained until the solution was in a semi-dry
state. The inner wall of beaker was purged by water followed by cen-
trifugation to remove the undissolved salts from the obtained solution.
Afterwards, the supernatant was transferred to a 50-mL volumetric flask
and diluted to volume with water, and stored at 4 °C. Samples of copper
concentrate, soil and coal, as well as CRMs sediment (GSD-9) and soil
(GSS-2) used as the samples, were subjected to the identical wet di-
gestion process to CRM of ZBK338 with hydrogen peroxide and aqua
regia.

Scheme 1. Schematic diagram of the procedure for preparation of MNPs@HM@PVIM-Au-IIP and II-MSPE of gold ion.
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3. Results and discussion

3.1. Characterization of MIIP adsorbent

The morphology and surface structure of MIIP and MNIP were
evaluated by SEM and TEM. It can be seen from SEM images (Fig. 1A
and B), all the nanocomposites were of predominantly regular spherical
shape with a similar particle diameter of approximately 200 nm. The
EDX analysis indicated the existence of Fe, Si, O and C in MIIP (Fig. S1),
suggesting that the ion imprinted layer has been produced via stepwise
polymerization. The TEM images of MIIP and MNIP (Fig. 1C and D)
showed that they were quasi-spherical monodisperse nanoparticles
with uniform distribution. Moreover, it can be observed that the
core–shell structural Fe3O4@HM nanocomposites were embedded with
translucent polymers in a thickness of about 50 nm.

FT-IR spectra of MIIP and MNIP, as well as Fe3O4@HM nano-
composites are shown in Fig. 2. The absorption peaks at about 580,
1140, 1390, 1630, and 1720 cm−1 in all three spectra were assigned to

the stretching vibrations of FeeO, SieO, CeC, C]C, and C]O bonds,
respectively. The emergent band at 1460 cm−1 in the spectra of MIIP
and MNIP, corresponding to the stretching vibration of CeN, indicated
the graft of exclusive nitrogen-containing imidazolyl group in VIM.
Because the consumption of vinyl in VIM and methylvinyl in Fe3O4@
HM during their free radical polymerization reaction, the C]C bond in
MIIP and MNIP majorly originated from the vinyl of imidazole ring.
Compared to Fe3O4@HM, there are much more carbonyl groups in MIIP
and MNIP from EGDMA, which led to remarkable raise of C]O peak in
the spectra. The obvious increase in intensity of CeC absorption was
attributed to the introduction of EGDMA and the consequential for-
mation of polymer layer. All the FT-IR results confirmed the successful
preparation of MIIP and MNIP.

The phase composition and crystallite size of Fe3O4 nanoparticles
and MIIP were analyzed by XRD (Fig. 3). Six main peaks were observed
in two materials at the indices (220), (311), (400), (422), (511), and
(440), which corresponded to the standard XRD data card of Fe3O4
crystal (JCPDS No. 19-0629). The results indicated that the high crys-
talline state of Fe3O4 remained unchanged during the synthesis of MIIP.

Fig. 1. SEM (A,B) and TEM images (C,D) of MNPs@HM@PVIM-Au-IIP (A,C) and MNPs@HM@PVIM-Au-NIP and (B,D).

Fig. 2. FT-IR spectra of Fe3O4@HM, MNPs@HM@PVIM-Au-IIP and MNPs@
HM@PVIM-Au-NIP. Fig. 3. XRD patterns of Fe3O4 and MNPs@HM@PVIM-Au-IIP.
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In TGA and DSC curves of MIIP from 25 to 800 °C with a heating
rate of 10 °C·min−1, five stages of weight losses were observed (Fig. 4).
The first weight loss lasted until 160 °C was assigned to the evaporation
of adsorbed water and residual solvents from the prepared MNPs@IIP
surface. The weight loss from 160 to 280 °C corresponded to the escape
or decomposition of unreacted functional monomers from the ion im-
printed polymer layer. The sharp weight loss between 280 and 430 °C
was likely ascribed to the disintegration of ion imprinted polymer of the
outermost shell. In the temperature range of 430–720 °C, the slow
weight loss was presumably related to the decomposition of stable
hybrid monolithic substrate decorated on Fe3O4 cores. The last weight
loss occurred from about 650 °C was ascribed to the transformation of
Fe3O4 to α-Fe2O3.

Strong magnetism is important for II-MSPE separation of target
analytes in solution. From the hysteresis loops of Fe3O4, MIIP and MNIP
shown in Fig. S2, their saturation magnetization values were 85.8, 53.6
and 58.3 emu g−1, respectively. Although the magnetism of MNPs@IIP
and MNPs@NIP decreased in comparison with Fe3O4 owing to the
coating of nonmagnetic ion imprinted polymer, it is still sufficient for
the magnetic separation. Furthermore, the lower magnetism of MIIP
than MNIP was attributed to the formation of more abundant imprinted
cavities based on much larger surface area as reported by Hu research
group [27].

3.2. Optimization studies

3.2.1. Effect of loading condition on adsorption
In order to evaluate the effect of pH on extraction of gold ion on

MIIP and MNIP, the pH of 50 mL sample solutions containing 30 μg L−1

of Au(III) was adjusted in the range of 1.0 to 9.0. After Au(III) loaded
adsorbent was removed by a magnet, the remaining Au(III) in the su-
pernatant was determined by ICP-MS. As showed in Fig. 5. Both MIIP
and MNIP had high adsorption ability toward Au(III) in pH 1.0–5.0 with
the adsorption rates of around 93% and 88%, respectively. This is be-
cause the imidazolyl on the surface of adsorbents were protonated
under acidic conditions, leading to the electrostatic interaction with
AuCl4− anion. At higher pH than 5.0, the functional group was de-
protonated so that the adsorption efficiency decreased. Therefore, pH
4.0 was selected in subsequent batch experiments.

To optimize the suitable extraction time for gold ion, 5 mg of MIIP
adsorbent were added to 50 mL solution containing 30 μg L−1 Au(III) at
pH 4.0 and stirred for 1–25 min, followed by magnetic separation and
ICP-MS detection. It was found in Fig. S3A that the adsorption per-
centage was increased in the first 5 min and hereafter reached equili-
brium. Because shorter contact time resulted in reduced efficiency and

lengthy time led to high overall analysis period, 15 min was selected for
loading sample in subsequent experiments.

To study the effect of sample volume on the adsorption rate of gold
ion, various volume solutions (10, 30, 50, 70 and 90 mL, respectively)
containing 30 ng Au(III) were subjected to II-MSPE under the selected
pH and contact time. The result in Fig. S3B indicated that Au(III) could
be quantitatively adsorbed when the volume was in 10–70 mL. The
larger sample volume meant higher enrichment factor but longer
loading time. As a compromise, 50 mL solution was chosen for further
experiments.

3.2.2. Effect of elution condition on desorption
In order to elute the captured gold ion from MIIP, a series of eluents

were investigated including different concentrations of HCl or HNO3,
with each containing different concentrations of thiourea that helped to
remove gold ion for its good affinity with gold ion. According to the
result, the desorption rate of Au(III) was below 70% by using
0.5 mol L−1 HCl + 1% thiourea, while 0.5 mol L−1 HNO3 + 1% (m/v)
thiourea provided quantitative elution of Au(III) from the adsorbent.
The concentrations of HNO3 and thiourea in the mixed eluent were
optimized respectively. The desorption rate of Au(III) was around 95%
when HNO3 concentration was high than 0.4 mol L−1 containing 1%
(m/v) thiourea (Fig. S4A), and when HNO3 concentration was fixed at
0.5 mol L−1 containing more than 1% (m/v) thiourea (Fig. S4B). The
influence of elution time on desorption rate of Au(III) was investigated
in the range of 5–30 min. Au(III) was quantitatively eluted when des-
orption time was 10 min and the recovery was increased to 90% after
15 min desorption (Fig. S4C). The effect of eluent volume was also
examined in the range of 1–5 mL. Quantitative desorption of Au(III)
was realized when 1.5 mL eluent was used and the recovery was over
90% once 2.5 mL eluent was used (Fig. S4D).

3.3. The adsorption capacity

Adsorption capacity is an important parameter which is defined as
the maximum amount of an analyte adsorbed for 1 g of adsorbent. The
adsorption capacity (Qe, mg g−1) and the adsorption amount at t min
(Qt , mg g−1) were calculated from the following equations:

= ×Q C C
m

V .e
e0

= ×Q C C
m

V .t
t0

Fig. 4. TGA-DSC curves of MNPs@HM@PVIM-Au-IIP. Fig. 5. Influence of solution pH on adsorption rate of Au(III) onto MNPs@HM@
PVIM-Au-IIP and MNPs@HM@PVIM-Au-NIP. Dose of adsorbent: 5 mg;
Concentration of Au(III): 30 μg L−1; Sample volume: 50 mL; Extraction time:
15 min.
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where C0, Ct and Ce. are the initial concentration of Au(III), con-
centration of Au(III) at t min, and the final concentration of Au (III)
under equilibrium, respectively. V is the volume of the solution (L), and
m is the amount of the adsorbent (g).

The adsorption capacities of MIIP and MNIP toward Au(III) were
studied by static adsorption method. 5 mg of adsorbent was equili-
brated with 50 mL solution containing different initial concentrations of
Au(III) ion (1–50 mg L−1) at pH 4.0, and the equilibrium concentration
in the solution was measured by ICP-MS to determine the amount of Au
(III) bound to the adsorbent. The results in Fig. S5 showed that the
adsorption amount was increased as increasing Au(III) concentration
(1–20 mg L−1) with the saturation value reached in the range of
20–50 mg L−1. The maximum adsorption capacities of Au(III) on MIIP
and MNIP were found to be 92.8 and 45.9 mg g−1, respectively. This
was likely attributed to the ion-specific binding sites of MIIP for Au(III).
The difference in selectivity indicated that ion imprinting played a key
role in the behavior of the adsorbent.

In order to elucidate adsorption process, Langmuir and Freundlich
isotherm models described by the following equations were used to fit
the adsorption process.

Langmuir model:

= +C
q

C
q q K

1e

e

e

m m L

Freundlich model:

= +lnq lnC
n

lnKe
e

F

where, Ce (mg L−1) and qe (mg g−1) demonstrate the equilibrium
concentration and the amount of Au(III) respectively adsorbed at
equilibrium. qm (mg g−1) and KL (L mg−1) refer to Langmuir constants
which correspond to adsorption capacity and energy of adsorption,
respectively. KF and n (Freundlich constants) indicate adsorption ca-
pacity and adsorption intensity, respectively.

The fitting plots are shown in Fig. S6 and the corresponding iso-
therm constants are summarized in Table S4. The results indicated that
the adsorption of Au(III) on MIIP and MNIP fit the Langmuir model
with higher correlation coefficients of 0.992 and 0.991 respectively
compared to the Freundlich model, indicating that the adsorption sites
of the adsorbent towards Au(III) on the surface of MIIP are effectively
homogeneous and undergo chemical adsorption.

3.4. Selectivity study

The selectivity of MIIP toward Au(III) was investigated by the
competitive adsorption against Pb(II), Ag(I), Zn(II), Cu(II) and Ni(II)
from their mixture and compared with those on MNIP in the batch
experiment with equal initial concentration of 30 μg L−1 for all the
enrolled ions. The competitive ions were chosen because their ionic
radii are 119, 94, 74, 73 and 69 pm, respectively, for Pb(II), Ag(I), Zn
(II), Cu(II) and Ni(II), which are close to 85 pm for Au(III). Table 1
summarizes the distribution ratio (Kd), selectivity coefficient (K) and

relative selectivity coefficient (K ) calculated via the following equa-
tions, respectively.

= ×K C C
C

V
m

.d
e

e

0

=K
K
K

.d template metal

d interferent metal

=K K
K

.IIP

NIP

where C0. and Ce. represent the concentrations of given metal ions in
solution at initial and equilibrium, respectively. v is the volume of the
solution and m is the weight of the adsorbents used for II-MSPE.

As can been from Table 1, the following results were found: The
distribution ratio of gold ion on MIIP was far greater than that on MNIP.
In addition, compared to gold ion, MIIP had a low adsorption capacity
to the five competing metal ions. The selectivity coefficients of MIIP for
Au(III)/Pb(II), Au(III)/Ag(I), Au(III)/Zn(II), Au(III)/Cu(II) and Au(III)/
Ni(II) were significantly higher than those of MNIP, which means that
MIIP possess much better selectivity for Au(III) in the presence of Pb(II),
Ag(I), Zn(II), Cu(II) and Ni(II) ions. All of these are attributed to the
specific geometric structure of imprinted polymer with high selective
binding sites toward Au(III). As a measure of relative adsorption ability
toward the imprinted ion, the relative selectivity coefficients of MIIP for
Au(III)/Pb(II), Au(III)/Ag(I), Au(III)/Zn(II), Au(III)/Cu(II) and Au(III)/
Ni(II) were further calculated to be 31.83, 24.33, 33.72, 27.31 and
34.67 times higher than MNIP, respectively.

3.5. Interference study

The influence of coexisting cations and anions on the determination
of Au(III) was investigated by the optimized II-MSPE-ICP-MS proce-
dure. As can be seen from Table S2, the recoveries of 10 μg L−1 Au(III)
were still in the range of 93–96% in the presence of 10 mg L−1 of Fe3+,
Cu2+, Cl− and SO42−, and 5 mg L−1 of Zn2+, Pb2+, Ni2+, Ag+ and
NO3−. This proposed protocol was suggested to be of excellent anti-
interference ability for Au(III) determination in real samples with
complex matrices.

3.6. Reusability

The reusability is one of the important advantages of an adsorbent.
In order to verify the stability of the prepared MIIP nanocomposites in
practical application, the recoveries of Au(III) ions through several
adsorption–desorption cycles were evaluated under the optimized
condition. As shown in Fig. 6, no apparent decrease in the recovery was
observed after 15 successive extractions, that is, MIIP can be reused for
at least 15 times, which revealed that the hybrid monolith assisted MIIP
possesses good chemical and mechanical stability.

3.7. Analytical performance and sample analysis

The merits of the II-MSPE-ICP-MS protocol for gold determination
were evaluated under the optimal conditions. The LODs defined as 3-
fold the standard deviation of blank signal intensity was 0.002 μg L−1

for Au(III). The calibration curves in this work were established in the
range of 0.05–30 μg L−1 with the correlation coefficient of r2 = 0.9993.
In order to verify the accuracy of the method, the content of gold in
CRM of ZBK-338 copper concentrate was determined. The obtained
value, 4.56 ± 0.15 μg g−1 (mean ± SD, n = 3) was in accordance
with the certified value (4.68 μg g−1), which further confirmed the
reliability of the II-MSPE-ICP-MS protocol. In addition, after analyzing
the resulting supernatant being treated via II-MSPE by ICP-OES
(PerkinElmer SCIEX, Optima 5300, USA), it was found that 83.8% Fe
(III) and 73.5% Cu(II) in the copper concentrate ore CRM were removed

Table 1
Adsorption selectivity of Au(III), Pb(II), Ag(I), Zn(II), Cu(II) and Ni(II) on
MNPs@HM@PVIM-Au-IIP relative to MNPs@HM@PVIM-Au-NIP from their
mixture solution.

Cation Kd. K . K .

MIIP MNIP MIIP MNIP

Au(III) 163.17 15.24
Pb(II) 2.67 7.29 61.11 1.92 31.83
Ag(I) 3.24 7.36 50.36 2.07 24.33
Zn(II) 1.68 5.29 97.13 2.88 33.72
Cu(II) 3.83 9.79 42.60 1.56 27.31
Ni(II) 2.21 7.17 73.83 2.13 34.67
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and the concentrations of these two dominant matrix ions decreased
below their tolerant levels for Au(III) detection. Consequently, this MIIP
adsorbent can not only realize high selective enrichment of target gold
ion, but also effectively eliminate the interference of major metals in
corresponding ores.

Furthermore, the II-MSPE-ICP-MS protocol was employed to de-
termine trace gold in environmental water, sediment, soil, coal and
copper concentrate samples. The results are shown in Table 2. The
analytical accuracy was further evaluated through spiking known
amount of standard gold ion in these real samples. As listed in Table S3,
the recoveries of Au(III) in all spiked samples were 86–105%, indicating
the feasibility of this ion imprinting based method for the separation
and enrichment of ultra-trace gold ion from complex environmental
and mineral samples.

4. Conclusions

A facile “one-pot” method was implemented for fabricating vinyl
functionalized organic–inorganic hybrid monolith decorated Fe3O4
nanoparticles followed by preparation of PVIM based magnetic im-
printed polymer for gold ion. The formation of hybrid monolithic in-
terlayer endued the resultant MNPs@HM@PVIM-Au-IIP (MIIP) with
good chemical and mechanical stability, as well as the dimensional
homogeneity due to the solvothermal-generated Fe3O4 nanoparticles as
the cores. After well characterized, the MIIP was utilized as satisfactory
II-MSPE adsorbent for enriching Au(III) with excellent selectivity and
strong anti-interference ability. In combination with ICP-MS detection,
the proposed II-MSPE-ICP-MS protocol with significantly elevated

sensitivity has been successfully applied in the determination of ultra-
trace gold in complex environmental and mineral sample, especially in
the ores with extremely high content of main metal.
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