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ABSTRACT: A novel magnetic Ce(Ill) ion-imprinted polymer (Ce(IlI)-MIIP), grafted on organic-inorganic hybrid
monolithic vinyl functionalized Fe3O4 (Fe;Os@HM), was synthesized for the first time by using the surface ion imprinting
technology, in which Ce(Ill) was used as the template ion and acrylamide as the functional monomer. After the synthesized
nanocomposites were well characterized, some parameters such as pH, adsorption time, eluent type, elution time and eluent volume,
which affects the efficiency of magnetic solid phase extraction (MSPE), were studied in the determination of Ce(IIl). Under the
optimized experimental conditions, Ce(II)-MIIP nanoparticles were used as the MSPE matrix, followed by inductively coupled
plasma mass spectrometry (ICP-MS) determination with excellent selectivity, Tr0s

strong anti-interference ability, low mass transfer resistance and high .&

adsorption capacity. The limit of detection, enrichment factor and adsorption ., 0@
capacity were 0.008 ug-L™!, 25 and 67.8 mg-g !, respectively. The protocol was _ _ P
validated by analyzing certified reference materials and spike recoveries of “ Hﬁ guﬂ &ﬁ‘
complex environmental and mineral samples with satisfactory results. The

relative standard deviations for the real samples were 1.7%~7.0%. In view of

the advantages of facile preparation, fast adsorption rate, excellent selectivity
and high adsorption capacity to Ce(IlI), the hybrid monolith-assisted Ce(III)-
MIIP-based MSPE-ICP-MS protocol is promising for the determination of
cerium in real environmental and mineral samples. e e T

INTRODUCTION sources.® However, cerium usually leads to accumulated toxicity,

. .. . and with the increasing use of cerium-containing products, the
Rare earth elements (REEs) are widely used in industrial fields due L . gA . . & p .
to their ontical and electrical properties.h 2 As a rare earth metal possibility of its release into the environment is also increasing. It
element vr:fith the highest abui darl)lce in. nature, cerium plays an can accumulate in the body through the food chain, which will
important role in lighting, biological me dicine’ and ceramics.® 4 cause potential harm to human health.” Therefore, it is critical to
. . ’ ’ determine cerium in environmental and mineral samples.

and is also an important part of many products, such as automotive P

catalytic converters, diesel additives and plant growth regulators.> Many techniques have been reported for the determination of
¢ Moreover, cerium in some mineral samples can indicate its origin cerium, such as inductively coupled plasma mass spectrometry
and provide valuable information in traceability of origin,” while (ICP-MS),'%!! inductively coupled plasma optical emission
the cerium content of particulate matter (PM) in some specific spectrometry  (ICP-OES),'> 13 X-ray  fluorescence
areas can provide valuable information about environmental spectrometry,!'#!5 efc. ICP-MS has the advantages of high
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sensitivity, wide dynamic linear range, multi-element ability, etc.,
making it the most powerful detection technology for trace
element analysis. However, the existing level of cerium in the
majority of real samples with complex matrices is lower than the
limit of detection (LOD) of ICP-MS. This causes serious matrix
effects and makes it difficult to get accurate analysis results with
direct measuring methods. Especially metal ores with a high main
metal content can cause instrumental contamination or even
damage. In order to solve these problems, a pre-concentration step
before analysis is required. Therefore, developing a suitable
pretreatment method with perfect selectivity and high sensitivity
for the determination of cerium in environmental and mineral
samples is of great significance.

Combined with the above cerium detection technologies, there
are a variety of separation and enrichment methods, including ion-
exchange,!® 7 solid phase extraction (SPE)!® and liquid-liquid
extraction,!® among which SPE plays an important role due to its
efficiency, simplicity and flexibility. SPE is one of the commonly
used pretreatment methods for trace metal ions with the
advantages of strong separation ability, high enrichment
coefficient, less sample and solvent consumption, efc. As one of
the latest SPE methods, magnetic solid phase extraction (MSPE)
has attracted widespread attention because no centrifugation
and/or filtration are needed after extraction with magnetic
nanoparticles (MNPs) when the static batch mode is applied. The
whole operating process is more convenient and time-saving than
ordinary SPE.?’ However, the main problem with MSPE is that
most of the existing adsorbents, usually functionalized
nanoparticles, are non-specific and do not have sufficient
selectivity for certain metal ions.”! The presence of a large number
of coexisting elements is not conducive to the extraction of target
ions from the solution, and matrix interference will affect the
accuracy of subsequent ICP-MS analysis. Thus, it is critical to
develop a novel adsorbent with high selectivity and adsorption

capacity.

L Recently, ion-imprinted polymers (IIPs) have received
extensive attention because of their specific recognition to target
ions.?? Ion imprinting is a process where cross-linking functional
monomers are aligned in a predetermined orientation to their
stereo-chemical interactions with the template ions. Template ions
and functional monomers are mainly combined through non-
covalent bonds, including hydrogen bonds, ionic bonds, Van der
Waals forces, etc.? In addition, some functional monomers can be
combined with the target ions through coordination, and the
resulting IIPs have more stable binding sites and better selectivity
for target ions.?* The high selectivity of IIPs can be explained by
the polymer memory effect toward the metal ions related to the
coordination geometry, coordination number, efc.

Currently, different approaches have been reported for metal ion
imprinted polymers, such as bulk polymerization,? precipitation

www.at-spectrosc.com/as/article/pdf/2021027

218

polymerization,?® suspension polymerization?’ and so on. Kegili et
al®® developed a novel Ce(Ill) ion imprinted cryogel-based bulk
polymerization technique in which 2-hydroxyethyl methacrylate
(HEMA) and N-methacryloylamido antipyrine (MAAP) were
used as functional monomers. The prepared cryogels were
successfully applied for the selective extraction of Ce(IIl) ions
from aqueous solutions and bastnasite ore samples. Although these
methods possess the advantage of high selectivity, they suffer
some disadvantages, such as heterogeneous distribution of the
binding sites, embedding of most binding sites, slow mass transfer
rate and incomplete removal of the templates. To overcome the
above shortcomings, the surface ion imprinting technology has
received wide attention due to its complete template removal, low
mass transfer resistance, good site accessibility for target ions,
large adsorption capacity and simple preparation.?3! Zhang et
al® prepared a Ce(Ill)-imprinted functionalized potassium
tetratitanate whisker adsorbent by using the surface-imprinting
technique with chitosan as the functional monomer. Pan et al.??
established a surface-imprinting technique combined with a
sacrificial support process to synthesize a Ce(Ill)-imprinted
polymer in which attapulgite acted as the sacrificial support
material. These two methods were applied to the separation and
determination of trace Ce(IIl) in river sediments combined with
inductively coupled plasma-atomic emission spectrometry (ICP-
AES). However, there is a very complicated post-process
following the SPE procedure, such as requiring filtration and
centrifugation when applying these IIPs. Therefore, it is urgent to
develop new IIPs with a simple separation process. Furthermore,
if IIPs encapsulating Fe3;O4 as nuclear can be synthesized, the
magnetic separation will replace the filtration and centrifugation
steps in a convenient and economical way. Liu et al’* have
synthesized a Ce(III)-IIP grafted on Fe3O4 nanoparticles supported
by SBA-15 mesoporous microreactor via reversible addition-
fragmentation chain transfer (RAFT) polymerization for the
selective removal of Ce(Ill) from aqueous solution. Ce(Ill) was
combined with the functional monomer acrylamide (AM) by
coordination bonds, and the competitive adsorption studies
showed that Ce(III)-IIP offered the advantages of selectivity
towards Ce(III) compared with a non-imprinted polymer (NIP) in
the presence of other metal ions. However, the multistep
preparation contained magnetic SBA-15 (m-SBA-15), m-SBA-
15@Cl, m-SBA-15@RAFT and finally a coating m-SBA-
15@RAFT with the Ce(Ill)-imprinted layer.
modification reactions were carried out for organic solvents but

Some post-
they are very time-consuming.

Our previous work® was based on the solvothermal method for
generating FesO4 nanoparticles and the “one-pot” method for
synthesizing  organic-inorganic  hybrid monolithic  vinyl
functionalized Fe3;Os (Fe;Os@HM) of good chemical and
mechanical stability. In the present study, a magnetic Ce(III) ion-
imprinted polymer (Ce(III)-MIIP) was synthesized, during which
Ce(III) was used as the template ions, and AM, ethylene glycol
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dimethacrylate (EGDMA) and 2,2’-azobisisobutyronitrile (AIBN)
were used as the functional monomer, cross-linking agent and
initiator, respectively. After characterization, the adsorption
condition on the Ce(III)-MIIP and the elution condition from the
Ce(II)-MIIP of the cerium ions were optimized. Finally, the
application potential of Ce(IlI)-MIIP was investigated as MSPE
absorbent for the ICP-MS determination of Ce(III)
environmental waters, sediments, soils, atmospheric particles,
coals and iron ores.

in

EXPERIMENTAL

Reagents and materials. All reagents used in the following
experiments were of analytical reagent grade, unless otherwise
stated. Ferric trichloride (FeCls-6H20), anhydrous sodium acetate
(CH3COONa), ethylene glycol (EG), HCI, NH3-H20 (25%),
methanol and ethanol were purchased from Nanjing Chemical
Reagent Company (Nanjing, P. R. China). Tetracthoxysilane
(TEOS) and methacryloxy propyl trimethoxyl silane (y-MAPS)
were from Alfa Aesar (Tianjin, P. R. China). Acrylamide (AM) and
cerium nitrate (Ce(NO3)3-6H20) were from Macklin Biochemical
Technology Co. Ltd. (Shanghai, P. R. China). Ethylene glycol
dimethacrylate (EGDMA) and 2,2’-azobisisobutyronitrile (AIBN)
were from Aladdin Biological Technology Co. Ltd. (Shanghai, P.
R. China). Pure water (18.25 MQ-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 materials GBW07403 soil sample
(GSS-3) and GBWO07310 sediment sample (GSD-10) were
purchased from the Institute of Geophysical and Geochemical
Prospecting for Certified Reference Materials (Langfang, P. R.
China). Certified reference material of W-2a diabase (Al, 15.45%;
Fe, 10.83%) was purchased from the United States Geological
Survey (USGS, USA). Other mineral samples were provided by
the Technical Center for Industrial Product and Raw Material
Inspection and Testing, Shanghai Customs (Shanghai, P. R. China).
PM33.10 and rain water were collected at the Chemistry Building
on Xianlin Campus of Nanjing University. River water was taken
from the Yangtze River in Nanjing. All water samples were filtered
through a 0.45 pum cellulose acetate membrane before analysis.
The PM33.10, soil, sediment, coal and ore samples were digested
with hydrogen peroxide and aqua regia before analysis.’® The
detailed procedure is given in Supplementary Material.

Apparatus. The determination of cerium was performed on a
PerkinElmer NexION 350D ICP-MS (PerkinElmer, Inc., USA)
and the optimum operating conditions are summarized in Table S1.
The pH values of the solutions were measured with a Mettler-
Toledo Five Easy Plus pH meter (Shanghai, P. R. China). Scanning
electron microscopy (SEM) images of materials were taken on a

www.at-spectrosc.com/as/article/pdf/2021027

219

Hitachi S-3400N 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-3400N
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
(Bruker, Germany) with Cu Ko radiation operated at tube voltage
and current of 40 kV and 40 mA, respectively. Thermogravimetric
analysis (TGA) was studied on a STA-499C thermal analyzer
(Netzsch, Germany) at a heating rate of 10 °C min™! from 25 to
800 °C in air. Fourier-transform infrared (FT-IR) spectra of
materials were recorded on a Nicolet-6700 spectrometer (USA)
using the KBr pellet technique. The magnetism measurement was
performed using a superconducting quantum interference device
(SQUID) magnetometer (Quantum Design, USA) at room
temperature.

Preparation of Ce(I1I)-MIIP. The preparation of Fe;04@HM
nanocomposites is referred to in our previous work.* The detailed
procedure is given in Supplementary Material. The Ce(Ill) ion
imprinted polymer grafted Fe;O4s@HM was prepared by using the
surface ion imprinting technology via free radical polymerization
reaction.” 38 In detail, Ce(NO3)3-6H20 (43.4 mg) and AM (28.4
mg) were dissolved in a 100-mL mixture solution of CH:OH/H20
(4:1, v/v). Then, Fe;04@HM (0.8 g), EGDMA (800 pL) and
AIBN (30 mg) were added to the mixture, stirred for 10 min and
transferred to a 200-mL flask. Then the reaction was initiated at
70 °C in an oil bath and maintained at that temperature for 16 h.
The obtained product was collected with a magnet and washed
with 1.0 mol-L™! HCI several times to remove Ce(IIl) until no
cerium ion was detected in the supernatant by ICP-MS, and finally
dried under vacuum at 60 °C overnight. The magnetic non-
imprinted polymer (Ce(Ill)-MNIP) was synthesized
following the same procedure but without adding Ce(III) ions. The
schematic of the synthesis from Fe3Os4 to Ce(III)-MIIP is

also

illustrated in Fig. 1.
¥ 200°C
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=

FeCl; _ H
EG+NaAc
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Wash

Fig. 1 Schematic diagram of the procedure for preparation of Ce(l11)-MIIP
and MSPE of cerium ion.
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Fig. 2 SEM images (left), EDX spectra (middle) and TEM images (right)
of Fes0,4 (A), Fes0,@HM (B), Ce(ll1)-MIIP (C) and Ce(Il1)-MNIP (D).
Scale bar of SEM images: 500 nm; scale bar of TEM images: 100 nm.

Extraction procedure. The MSPE procedure for enrichment of
cerium ions is shown in Fig. 1. In the adsorption step, the pH of 50
mL aqueous solution containing Ce(IIl) was adjusted to 6.0 by
adding HCI or NH3-H2O solution. Then 10 mg of Ce(III)-MIIP
nanocomposites were added to the sample solution as MSPE
adsorbent. After this solution was stirred for 15 min to obtain
adsorption equilibrium, the Ce(I1I) loaded Ce(I1I)-MIIP adsorbent
was isolated using a magnet. In the desorption step, the Ce(1ll) on
the adsorbent was eluted with 2.0 mL 1.0 mol-L™' HCI under
continuous stirring. After achieving desorption equilibrium, the
concentration of Ce(I1l) was determined by ICP-MS.

RESULTS AND DISCUSSION

Characterization. The surface morphology, size and composition
analysis of Fe3O4, Fe;04@HM, Ce(III)-MIIP and Ce(III)-MNIP
were characterized by SEM, EDX and TEM. Fig. 2 shows the
SEM images, EDX spectra and TEM images of the Fe3Os,
Fe;0s@HM, Ce(III)-MIIP and Ce(III)-MNIP. As shown in the
SEM images, the average diameters of the Fe3O4 nanospheres
were 200 nm. The particle size of Fe;Os@HM was slightly
increased compared to Fe3O4, which was due to the encapsulation
of the hybrid monolithic material. The particle size of Ce(I1I)-MIIP
increased to about 250 nm and was slightly larger than that of
Ce(III)-MNIP. This was due to the presence of imprinted holes in
the imprinted layer, which made the surface of the material looser.
The results from the EDX spectra showed that the Ce(I1T)-MIIP
contains C, O, Si and Fe, indicating that the ion-imprinted layer
was generated by stepwise polymerization. The TEM images
further confirmed that the prepared materials were uniform, quasi-
spherical in shape, and had nearly uniform distribution of particle
size. As the TEM images of Ce(IlI)-MIIP and Ce(III)-MNIP
showed, due to the free radical polymerization reaction during the
structured Fe;O4@HM

imprinting process, the core-shell
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nanocomposites were wrapped around a translucent polymer layer
with a thickness of about 50 nm.

The FT-IR spectra of the Fe3O4, FesOs@HM, Ce(1II)-MIIP and
Ce(III)-MNIP are shown in Fig. 3A. The characteristic peak at 578
cm’!, corresponding to the stretching of the Fe-O bond, was
observed in all spectra. The characteristic peaks of Si-O, C=C and
C=0 at 1120, 1635 and 1720 cm™', respectively, were observed in
the spectrum of FesO4@HM. The peak at 1452 cm™ in the spectra
of Ce(Ill)-MIIP and Ce(IIl)-MNIP was ascribed to the
characteristic absorption of C-N from the functional monomer
AM. The remarkable rise of the intensities of the C=C and C=0
peaks came from AM and EGDMA. And the peak of 2960 cm™!
was assigned to the stretching vibration of the C-H bond, which
was attributed to the formation of organics in the imprinted layer.
These results confirmed the successful preparation of the Fe3Oa,

FesOs@HM, Ce(I1I)-MIIP and Ce(IIT)-MNIP.

The XRD patterns of Fe3Os, FesOs@HM, Ce(I1I)-MIIP and
Ce(III)-MNIP are shown in Fig. 3B. Six main peaks were
observed in four materials at the indices of (220), (311), (400),
(422), (511) and (440), which corresponded to the standard XRD
data card of the Fe3Os crystal (JCPDS No. 19-0629). In
comparison to Fe3Os, the peak intensity of FesOs@HM was
weakened, indicating that the hybrid monolith was successfully
coated on Fe3Os. And compared with Fe;Os@HM, each peak
intensity of the Ce(III)-MIIP and Ce(III)-MNIP was weakened
with the peak position unchanged, suggesting that the polymer
was successfully grafted on Fe;O4@HM and did not change the
crystal structure of Fe3Oa. All of the results indicated that the
crystal phase of the Fe3O4 nanoparticles was not changed upon
coating of the hybrid monolith and ion imprinting polymerization
process.

To analyze the thermal stability and content of the prepared
materials, FesO4, FesOs@HM, Ce(III)-MIIP and Ce(III)-MNIP
were characterized using thermogravimetric analysis, the results
are shown in Fig. 3C. The weight loss of the four materials was
slight at 30-160 °C, which was due to the evaporation of adsorbed
water and residual solvents on the surface of the materials. For the
TGA curve of the Fe3O4 nanoparticles, the weight loss of 3.2% at
550-600 °C was ascribed to the transformation of FesOs to o-
Fe203:. Due to the coating of hybrid monolithic material, the same
transformation for Fe;O4@HM occurred at a higher temperature
in the range of 620-700 °C. And in the range of 400-620 °C, the
slight weight loss was ascribed to the slow decomposition of
hybrid monolithic material, indicating its great stability. The
weight loss trend of Ce(I1I)-MIIP was the same with Ce(I1T)-MNIP
due to the similar preparation process. The weight loss occurred
from 280 to 450 °C, owing to the decomposition of organic matter
in the imprinted layer of the outermost shell. The next flatter stage
occurred between 450 to 700 °C, which can be explained by the
decomposition of the hybrid monolithic material wrapped on the
surface of Fe3Oa. The last stage occurred in the range of 700 to
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Fig. 4 Influence of solution pH on adsorption rate of Ce(l11) onto Ce(llI)-
MIIP and Ce(ll1)-MNIP. Dose of adsorbent: 10 mg; concentration of
Ce(III): 20 pg-LY; sample volume: 50 mL; extraction time: 15 min.

750 °C, which corresponded to the transformation of Fe3O4 to a-
Fe20s. The total weight loss of the Ce(IIT)-MIIP and Ce(I1I)-MNIP
nanocomposites was 35.6% and 36.7%, respectively.

To study the effect of magnetism on the separation process, the
magnetization curves of the materials were prepared. The
magnetic hysteresis loops of the Fe3O4, Fes04@HM, Ce(111)-MIIP
and Ce(III)-MNIP nanocomposites are displayed in Fig. 3D. Their
saturation magnetization values were 80.2, 76.1, 67.5 and 69.6
emu-g’!, respectively. The slight decrease of saturation
magnetization of the Fe3;Os@HM nanocomposites compared to
Fe304 was observed owing to the nonmagnetic hybrid monolithic
material wrapped on the surface of Fe3O4. The significant decrease
on saturation magnetization of Ce(III)-MIIP and Ce(III)-MNIP
was attributed to the coating of the nonmagnetic ion imprinted
polymer. In addition, the weaker magnetism of Ce(1II)-MIIP than
Ce(IIT)-MNIP was attributed to the formation of more abundant
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imprinted cavities based on the much larger surface area, as
reported by the Hu research group.’® The final magnetism was
sufficient for Ce(III)-MIIP to be separated with a magnet.

Optimization studies

Effect of loading condition on adsorption. The effect of pH on
the adsorption process is very crucial because the pH of the
aqueous solutions can influence both the ionic stability and the
number of the protonated functional groups of the polymer. In this
work, the effect of pH on the Ce(I1)-MIIP adsorption percentage
was examined by adjusting the pH of the solution in the range of
pH 3.0-8.0. As indicated in Fig. 4, with the pH value increasing
between 3.0 to 6.0, the adsorption ability increased greatly and
reached a maximum at pH 6.0. However, the adsorption rate
decreased when the pH continued to increase. This could be
explained that at a lower pH, the electrostatic repulsion force
between the Ce(III) ions and the positively charged surface of the
adsorbent, which was created by protonation of the amino groups,
became stronger, leading to a lower adsorption rate. As the pH
increased, the functional monomer gradually deprotonated, so that
the adsorption efficiency increased and reached maximum value
when the pH was 6.0. When the pH was above 6.0, precipitation
of the cerium hydroxide could occur, which would reduce the
adsorption of Ce(III) on Ce(III)-MIIP. Therefore, the sample pH
of 6.0 was selected for adsorbing Ce(Ill) in subsequent
experiments.

In order to investigate the effect of contact time on the
adsorption rate of Ce(Ill) onto Ce(III)-MIIP, the adsorption
kinetics was evaluated in a time interval between 1 and 30 min;
the results are shown in Fig. S1. The adsorption rate of Ce(III)-
MIIP increased rapidly during the first 5 min, then plateaued at 15
min and reached equilibrium. In the initial stage of adsorption,
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Fig. 5 Effect of type of eluent (A), concentration of HCI (B), elution time
(C) and volume (D) on elution rate of Ce(lIl) from Ce(lII)-MIIP. Dose of
adsorbent: 10 mg; solution pH: 6.0; concentration of Ce(Ill): 20 pug-L™;
sample volume: 50 mL; extraction time: 15 min. Elution conditions: eluent:
A.5mL 1 mol £ HNOs, HCl and H,SO4; B. 2 mL HCI (0.2-2.0 mol L.%);
C.2mL 1 mol Lt HCI; D. 1 mol L.t HCI (0.5-5 mL); elution time: A: 20
min; B: 20 min; C: 5-40 min; D: 20 min.

large numbers of imprinting sites were available on the surface of
the adsorbent, so the adsorption was relatively quick. Over time,
the number of imprinting sites on the polymer surface that
remained unoccupied by Ce(Ill) gradually decreased. Therefore,
the increase of the amount of adsorbed Ce(I1I) continually slowed,
and finally the adsorption essentially reached saturation. In
subsequent experiments, 15 min was selected.

In the analysis of real samples, the sample volume is one of the
important parameters influencing the preconcentration factor.
Therefore, the effect of sample volume on the quantitative
adsorption of the Ce(Ill) ions was investigated (Fig. S2). For this
purpose, 10 mg of Ce(III)-MIIP was suspended in different sample
volumes (10, 30, 50, 70, 90, 100 mL) and the total amount of
loaded Ce(Ill) was kept constant at 50 ng. When the sample
volume was less than 100 mL, the adsorption rate of Ce(Ill) was
greater than 90%. Comprehensively considering the experimental
efficiency and the experimental time, we chose 50 mL as the
sample volume for subsequent experiments. If the cost of time
does not need to be considered, a higher concentration multiple
could be obtained by increasing the sample volume.

Effect of elution condition on desorption. It can be seen from the
results of the sample pH experiment that Ce(Ill) was hardly
adsorbed on Ce(III)-MIIP under strong acid condition. Based on
this, the reported HCI?® and other acid reagents, HNO3 and H2SO4
were selected as the eluents to release the adsorbed Ce(III) from
Ce(III)-MIIP. As shown in Fig. 5A, HCI had the best elution effect
with the same elution conditions (concentration, 1.0 mol-L™%;
volume, 5 mL). Then, the effect of the concentration of HCI on the
elution rate was investigated (Fig. 5B). The maximum elution rate
was achieved when the concentration of HCI reached 1.0 mol-L™.
The effect of elution time on the elution rate of Ce(Ill) was
investigated in the range of 5-40 min. It was found that the elution
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rate increased up to 90% when the desorption time was 20 min
(Fig. 5C). The effect of eluent volume was also optimized in the
range of 0.5-5 mL, and from Fig. 5D it can be seen that 2.0 mL of
the eluent was plentiful for desorbing the target ions from Ce(III)-
MIIP. Considering the enrichment factor, the eluent being as low
as possible, the elution volume was ultimately set to 2.0 mL when
the sample volume was 50 mL with an enrichment of 25 times for
the cerium ions.

The adsorption capacity. The adsorption capacity is an important
factor for evaluating Ce(IIT)-MIIP and Ce(III)-MNIP. It is defined
as the maximum amount of metal ions per gram of sorbent. The
adsorption capacity (Q,, mg-g™") and the adsorption amount at ¢
min (Q;, mg-g ") were calculated with the following equations:

Co—C,
T m

Q. XV

Co—C
0= fxy

where C,, C; and C, are the initial concentration of Ce(IIl),
concentration of Ce(IIl) at # min, and the final concentration of
Ce(IIT) under equilibrium, respectively. V is the volume of the
solution (L), and m is the amount of the adsorbent (g).

The isothermal adsorption curves of Ce(I1I)-MIIP and Ce(11I)-
MNIP provide important information on the process of Ce(IlI)
adsorption by these materials. To investigate this parameter,
Ce(III)-MIIP or Ce(III)-MNIP (10 mg) were equilibrated with
Ce(III) solutions (50 mL) with different initial concentrations of 1,
5, 10,20, 30,40 mg-L ! at pH 6.0. As can be seen in Fig. S3, when
the Ce(Ill) concentration increased, the adsorption amount first
increased sharply, then increased slightly, and finally reached
saturation. The adsorption capacities of Ce(III)-MIIP and Ce(I1I)-
MNIP were calculated to be 67.8 and 27.4 mg-g~!, respectively.
The capacity of Ce(I11)-MIIP was larger than that of Ce(I1T)-MNIP.
This difference indicated that imprinting played an important role
in the adsorbent behavior. During preparation of the Ce(II11)-MIIP,
the presence of Ce(IIl) encouraged an orderly ligand arrangement.
After removal of Ce(Ill), the imprinted cavities and specific
binding sites of the functional groups in a predetermined
orientation were formed. However, no such specificity was found
in Ce(III)-MNIP. Therefore, the memory effect owned by Ce(IlI)-
MIIP to the Ce(II) ions allowed it to possess a higher adsorption
capacity to the metal ions than Ce(III)-MNIP.

The adsorption behaviors of Ce(III)-MIIP and Ce(III)-MNIP
were studied to determine the adsorption mechanism. Langmuir
and Freundlich adsorption isotherm models were used to fit the
adsorption process in this study. These models are defined by the
following two equations:

Langmuir isotherm model:

c, ¢ 1
quL

de  dm
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Table 1 Distribution Ratio (Kq), Selectivity Coefficient (K) and Relative
Selectivity Coefficient (K’) Values of Ce(III)-MIIP and Ce(I1I)-MNIP
Mate

X Kq K s
Cation MIP MNIP_ MIP MNP X
Ce(l11) 57.89 6.27 - - -
Fe(ll1) 0.55 2.77 106.01 2.27 46.78
Pb(I1) 0.60 2.32 96.03 2.71 35.47
Ca(ll) 0.60 2.40 97.05 2.61 37.16
Ag(l) 0.52 2.81 111.89 2.23 50.14

Freundlich isotherm model:
InC,
Ing. = " + InKjy

where @, (mg-g') is the maximum adsorption capacity at
equilibrium; C, (mg-L™') and g, (mgyg"') represent the
equilibrium concentration and adsorption capacity towards Ce(I1I)
in solution at adsorption equilibrium, respectively; K; (L-mg™")
is the Langmuir constant, which is related to the affinity between
the adsorbent and the solution. Kr (mg-g™") and n (Freundlich
constants) indicate the adsorption capacity and adsorption intensity,
respectively.

Fitting of the experimental data to the adsorption model was
performed. The curves are shown in Fig. S4 and the corresponding
isotherm constants are summarized in Table S2. The correlation
coefficients of Ce(IlI)-MIIP and Ce(III)-MNIP for the Langmuir
model (0.971 and 0.994, respectively) were better than those for
the Freundlich model (0.917 and 0.968, respectively) in describing
the adsorption process, indicating that the binding sites of Ce(I1I)-
MIIP and Ce(IlI)-MNIP were uniformly distributed on their
surfaces and the adsorption process tended to be monolayer
adsorption.

Selectivity study. The adsorption selectivity of Ce(III)-MIIP and
Ce(II)-MNIP was investigated in the mixture containing
competitive ions. Four types of metal ions, Fe(IIl), Pb(Il), Ca(II)
and Ag(I), were selected as competitors, which have the same
charge or similar ionic radius as Ce(Ill). Their ionic radii are 64
pm, 119 pm, 100 pm and 94 pm for Fe(III), Pb(Il), Ca(Il) and Ag(I),
respectively, which are close to 102 pm for Ce(Ill). 10 mg of
Ce(IIT)-MIIP and Ce(III)-MNIP was added into 50 mL of mixed
solution containing 20 pg-L™! of each metal ion mentioned above.
After reaching adsorption equilibrium, the concentrations of each
type of ion were determined. The distribution coefficient K,
selective coefficient K and relative selectivity coefficient
K’ were calculated according to the formulas below. The results
are shown in Table 1.

CO - Ce
Ce

4
X_

K
a m

Kd—template metal

K_

Kd—interferent metal

, K
K = e

KNIP
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where Cy, and C, represent the concentrations of given metal
ions in the initial and equilibrated solutions, respectively. V is the
volume of the solution and m is the weight of the adsorbent.

As can be seen in Table 1, Ce(IlI)-MIIP exhibited good
adsorption selectivity for Ce(I1l) in the presence of the competitive
metal ions. The adsorption ability for the four competing metal
ions was lower compared to that for Ce(IlI), which could be
attributed to the imprinting effect. The relative selectivity
coefficients of Ce(III)-MIIP for Ce(II)/Fe(IIl), Ce(IIT)/Pb(II),
Ce(II)/Ca(ll) and Ce(Il)/Ag(I) were further calculated to be
46.78, 35.47, 37.16 and 50.14 times higher than those of Ce(II)-
MNIP, respectively. This can be interpreted that selective binding
sites towards Ce(III) were effectively formed in the Ce(I1I)-MIIP.
It is clear that the polymer recognized the template Ce(IIl)
preferentially, and this demonstrated the successful formation of
the imprinted cavities and the significance of the memory effect of
Ce(II)-MIIP.

Interference study. The interference of other main coexisting ions
in environmental and mineral samples includes Al**, Na*, K*, Fe*",
Mg?",NO*", CI', and SO4>", etc. The determination of Ce(III) was
examined using a 50 mL solution containing 5 ug-L™! target Ce(III)
ions and a certain concentration of interfering ions as the sample
under the optimized conditions described above. The results in
Table S3 indicate that in the presence of 20 mg-L™! AI**, Na*, K*,
NO*" and CI', 10 mg-L™' Fe*", Mg?, Ca?" and SO+, the
recoveries of Ce(Ill) were still in the range of 92.4-104.0%.
Therefore, the proposed method could be applied for the analysis
of Ce(I1l) in real samples with good tolerance of interference.

Reusability. Reusability is one of the important advantages of a
novel adsorbent. To investigate the stability and reusability of the
Ce(III)-MIIP, it was washed with 1 mol-L™! HCI eluent and then
reused to adsorb Ce(Ill). We performed 15 -consecutive
adsorption/desorption cycles with the same MIIP adsorbent. As
can be seen from the Fig. 6, the recovery of Ce(I1l) on Ce(I1I)-

100

60

40

Recovery (%)

20

0 2 4 6 8 10

Cycle

Fig. 6 Reusability of Ce(l11)-MIIP. MSPE conditions: Dose of adsorbent:
10 mg; solution pH: 6.0; concentration of Ce(Ill): 20 pg-L™%; sample
volume: 50 mL; extraction time: 15 min; elution condition: eluent: 2.0 mL
1 mol L* HCI; elution time: 20 min.
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Table 2 Analytical Results of Ce in Certified Reference Materials
(mean %= SD, n=3)

Certified Found Reference value

Reference Recovery
Material @) (%)
GSS-3 36.50H.21 39 93.6
GSD-10 36.3542.08 38 95.6
W-2a 20.8510.64 23 90.7

MIIP particles did not show an obvious decrease after reusing the
same Ce(III)-MIIP for 12 times, with the recovery of Ce(I1) above
80%. However, it gradually decreased to 75% after the adsorbent
was used repeatedly for 15 times. The results indicated that
Ce(III)-MIIP had good stability and could maintain good retention
without any obvious loss after being repeatedly used 12 times.

Analytical performance. With the overall optimized conditions,
the advantages of the MSPE-ICP-MS protocol for Ce(Ill)
determination were evaluated. The limit of detection (LOD,
defined as 3-fold signal-to-noise ratio) was 0.008 pg-L™' for
Ce(IlI), and the limit of quantification (defined as 10-fold signal-
to-noise ratio) for Ce(IIl) was 0.05 pug-L!. The calibration curve
in this work was established in the range of 0.05-50 pg-L™! Ce(III)
with a linear equation of y = 24.018 x + 5.8654, and a linear
correlation coefficient above 0.9986. Therefore, this protocol is
quite suitable for cerium analysis of environmental and mineral
samples.

Sample analysis. The accuracy of the proposed method was
verified by determining cerium in the certified reference materials
GSS-3 (Soil), GSD-10 (Sediment) and W-2a (Diabase). The
results as summarized in Table 2 indicate that the determined
values of the quantities of cerium were in accordance with the
certified values, which further proved the reliability of this
protocol. In addition, the analytical results for the resulting
supernatant of W-2a after treatment with the prepared Ce(IlI)-
MIIP by ICP-OES (PerkinElmer, Inc., Optima 5300, USA)
showed that 75.4% AI(III) and 86.8% Fe(III) were eliminated by
the MSPE procedure. The concentrations of both dominant matrix
ions decreased below their tolerance levels for Ce(IlI)
determination. Consequently, this Ce(III)-MIIP adsorbent could
not only realize high selective enrichment of target cerium ions,
but also effectively eliminate the interference of major metals in

Table 3 Comparison with Other Published Works

corresponding ores.

Furthermore, environmental water, PM33.10, coal and ore
samples were used for assessing the feasibility of the protocol
developed in this work. As listed in Table S4, the analytical
accuracy was further evaluated by spiking known amounts of
standard cerium ions in these real samples. The recoveries of
Ce(IID) in all spiked samples were obtained at 86.9%-114.9%. The
experimental results indicate that this proposed method could be
applied for the determination of cerium in real environmental and
mineral samples.

Comparison with other adsorbents. Some parameters of the
published methods using an ion-imprinted polymer as the
adsorbent for Ce(Ill) are summarized in Table 3.2% 3234 Ag is
shown, the Ce(III)-MIIP nanocomposite prepared in this work
presented comparable adsorption capacity and enrichment factor,
as well as competitive adsorption time, reusability and relative
standard deviations (RSDs). Notably, among all the listed methods,
our method exhibited the highest sensitivity. Considering all the
above parameters, it can be seen that Ce(I1I)-MIIP could be a good
potential candidate for extraction of Ce(IlI) from environment and
mineral samples.

CONCLUSIONS

A highly efficient Ce(III)-MIIP nanocomposite, grafted on vinyl
functionalized organic-inorganic hybrid monolith decorated Fe3Oa4,
was successfully synthesized via the surface ion imprinting
technique. The core of Fe3O4 nanoparticles prepared by the
solvothermal method was uniformly dispersed and uniform in size.
Moreover, the formation of a hybrid monolithic interlayer
endowed the resultant Ce(I1I)-MIIP with stable chemical property
and firmly rigid configuration. The Ce(I1I) ions could be captured
by Ce(II)-MIIP at pH 6.0 and quantitatively eluted with 1 mol-L!
HCI in MSPE operation. The obtained Ce(IIT)-MIIP exhibited a
very high degree of selectivity and adsorption ability towards the
Ce(IIl) ions owing to the specific cavities based on the
coordination interaction between functional monomer (AM) and
template metal ions (cerium ions). The maximum adsorption
capacity of Ce(III)-MIIP was 67.8 mg-g~' with a fast adsorption

. Adsorption . . . LOD
. Preparation ) Enrichment Adsorption . Detection RSD
Functional monomer . capacity (mg . . Reusability A (ng Ref.
technique ) factor time (min) technique L (%)
g
2-Hydroxyethyl methacrylate Bulk
UL
and N-methacryloylamido L. 36.58 - 30 25 ICP-MS 50 - 28
L. polymerization
antipyrine
Chitosan 43 100 13 6 ICP-AES 0.037 5.1 32
Chitosan 130.55 20 8 4 0.057 <2.6 33
) Surface-
Acrylamide N 87.42 - 45 - - - 34
imprinting Thi
Acrylamide 67.8 25 15 12 ICP-MS 0008  1.7-7.0 s
work

www.at-spectrosc.com/as/article/pdf/2021027 224

At. Spectrosc. 2021, 42(4), 217-226



rate. To the best of our knowledge, this work is the first attempt at
using a magnetic ion imprinted polymer based on hybrid monolith
decorated Fe3;Os nanoparticles as a satisfactory MSPE sorbent,
combined with ICP-MS determination of cerium in complex
environmental and mineral samples, especially in ores with a high
concentration of the main metal.
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