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g r a p h i c a l a b s t r a c t
� A Cu(II) ion-imprinted hybrid mono-
lithic column was facilely prepared
via one-pot.

� The ion-imprinted column shows
excellent selectivity for Cu(II) in
complex matrices.

� The hybrid monolith possesses
strong mechanical stability and good
site homogeneity.

� The applicability of ion-imprinting
protocol was validated by analyzing
real samples.
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In this work, a novel amino functionalized Cu(II) ion-imprinted organic-inorganic hybrid monolithic
column (Cu(II)-IIHMC) was prepared via one-pot co-condensation and the combination of sol-gel and
ion-imprinting techniques in a fused capillary. The Cu(II)-IIHMC was used as solid phase microextraction
(SPME) matrix followed by inductively coupled plasma-mass spectrometry (ICP-MS) for the analysis of
trace Cu(II). The prepared Cu(II)-IIHMC has good mechanical strength, stable imprinting sites and ho-
mogeneous structure of network skeleton with large flow-through pores by optimizing the synthesis
process. Under the optimized conditions, the Cu(II)-IIHMC can selectively adsorb Cu(II) with the
adsorption capacity of 3.13 mg g�1. With enrichment factor of 10-fold, the calibration curve was estab-
lished in the range of 0.05e50 mg L�1 with r2 of 0.9992 and the detection limit was 0.008 mg L�1 for Cu(II).
Compared with the non-imprinted hybrid monolithic column (Cu(II)-NIHMC), the Cu(II)-IIHMC pos-
sesses better selectivity, anti-interference ability and adsorption capacity. The Cu(II)-IIHMC can specif-
ically capture the target ion in the presence of competitive ions, with the selectivity coefficients
exceeding 39.4. The protocol was validated by analyzing Certified Reference Materials of standard
sediment, soil and iron ore, and the results were in good agreement with certified values. Moreover, the
mical Engineering and Center
in Avenue, Nanjing, 210023,

rial Product and RawMaterial
eng Road, Shanghai, 200135,

_chen@customs.gov.cn (C. Li).

mailto:hzlian@nju.edu.cn
mailto:li_chen@customs.gov.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.aca.2021.338477&domain=pdf
www.sciencedirect.com/science/journal/00032670
www.elsevier.com/locate/aca
https://doi.org/10.1016/j.aca.2021.338477
https://doi.org/10.1016/j.aca.2021.338477


J.-j. Fei, X.-h. Wu, Y.-l. Sun et al. Analytica Chimica Acta 1162 (2021) 338477
proposed in-tube SPME procedure can not only preconcentrate trace Cu(II), but also effectively reduce
the matrix effect and powerfully eliminate the interference from the main metals in real samples.
Therefore, the developed SPME-ICP-MS method with facile preparation, specific selectivity, high sensi-
tivity and efficient analysis, was applied in the determination of trace Cu(II) in environmental and
mineral samples with the recoveries of 89.8e111.8% in all spiked samples.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Copper is an essential and integral trace element for life, which
plays an important role in carbohydrate and lipid metabolism [1].
However, excess amount of copper discharged in aqueous effluents
from multiple sources such as coal mining, chemical and electro-
lytic plating, is extremely hazardous for the human physiology and
other biological systems [2]. Besides, the determination of the
abundances of trace Cu(II) as the characteristic metal prevalent in
environmental and mineral samples is of critical meaning for their
source recognition [3]. The content of typical heavy metals like
copper can affect the toxicity of atmospheric particles and reflect
their distribution characteristics [4]. Therefore, it is particularly
essential to develop novel extraction materials and analytical
methods for highly sensitive, selective and accurate analysis of
trace Cu(II) in environmental and mineral samples.

Among various detection techniques, inductively coupled
plasma-mass spectrometry (ICP-MS) has gained strong recognition
in the determination of trace metals due to its advantages of wide
linear range, high sensitivity, good reproducibility and multi-
elemental analysis capability [5e7]. Despite the above advan-
tages, direct determination of Cu(II) by ICP-MS in real samples is
limited due to its low level of concentration and matrix in-
terferences in environmental and mineral samples. Not only severe
mass spectrum interference, but also strong memory effects result
from the metallic mineral matrix [8e10]. It leads to non-linear
calibration graphs, decreasing sensitivity with time, inaccurate
measurement results and even the damage of mass spectrometer
[5,11]. Thus, efficient sample pretreatment methods are generally
required before ICP-MS detection to preconcentrate the target an-
alyte and separate potential interference components [12].

Capillary microextraction (CME), also referred to in-tube solid
phase microextraction (SPME), is a new extraction technique with
the advantages of less sample consumption, fast speed and easy
automation [13,14]. As a late model SPME material, capillary
monolithic columns have attracted extensive attention featured
with the merits of uniform structure, controllable morphology,
convective mass transfer and excellent adsorption performance
[15,16]. There are three main types of monolithic columns,
including inorganic silica, organic polymer and organic-inorganic
hybrid monolithic columns [17e20]. Among them, organic-
inorganic hybrid monolithic columns prepared via sol-gel process
obtained substantial interest for their advantages such as good
organic solvent tolerance, large surface area and high permeability
[21]. Recently, organic-inorganic hybrid monolithic columns have
been widely reported in the field of metal ions enrichment in
biological and environmental samples [15,16,22,23]. It is worth
noting that only a few works are related to the extraction of trace
metal ions from high main metal ores using hybrid monolithic
material as SPME matrix [24]. This is due to the poor selectivity of
conventional hybridmonolithic columns, especially in the presence
of other metals [3]. In addition, most of hybrid monoliths cannot
extract single metal ion specifically.

Ion-imprinted polymers (IIPs) fabricated by ion-imprinting
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technique owning the tailor-made binding sites complementary
with target ions can be utilized in specific recognition of target ions
in the presence of other coexisting competitive ions and compli-
cated matrices [25e28]. Up to now, several kinds of ion-imprinted
sorbents of different metal ions were synthesized and used for the
separation of target ions, with the advantages of high selectivity,
fast mass transfer and binding kinetics [29e31]. Cu(II) ion-
imprinted polymers are a kind of common ion-imprinted mate-
rials, which demonstrate the virtues of simple preparation, wide pH
application range and high adsorption capacity [32,33]. However,
there are some limitations in the above polymers, such as the
swelling of materials and the deformation of imprinting sites,
leading to the decrease of the stability and selectivity. Ion-
imprinted hybrid materials prepared via sol-gel process have the
advantages of good reproducibility and stable imprinting sites, with
excellent selectivity and anti-interference ability [34]. However, the
reported ion-imprinted hybrid mesoporous material has the dis-
advantages of complex preparation process, difficult automation
and large reagent consumption, and the grinding of the material
may destroy some binding sites. To our knowledge, the research on
Cu(II) ion-imprinted monoliths has been rarely reported [35]. More
importantly, there are not any reports to develop ion-imprinted
organic-inorganic hybrid monoliths, especially to introduce ion-
imprinted hybrid monoliths into the preparation of capillary col-
umns for the selective separation and enrichment of trace Cu(II) in
environmental andmineral samples prior to ICP-MS determination.

Herein, a novel amino functionalized Cu(II) ion-imprinted
hybrid monolithic column (Cu(II)-IIHMC) was prepared by “one-
pot” process and the combination of sol-gel and ion-imprinting
techniques in a fused capillary. The synthesis method of the
Cu(II)-IIHMC was optimized in detail. The adsorption and elution
conditions were also optimized systematically. Moreover, the
developed Cu(II)-IIHMC was compared with the non-imprinted
hybrid monolithic column (Cu(II)-NIHMC) in terms of selectivity,
anti-interference ability and adsorption capacity. Based on it, a new
method of ion-imprinted solid phase microextraction (II-SPME)
coupled with ICP-MS was proposed for the determination of trace
Cu(II) in environmental waters, sediment, soil, atmospheric parti-
cles, coals and iron ores.
2. Materials and methods

2.1. Reagents and materials

Tetraethoxysilane (TEOS, 98%) was purchased from Alfa Aesar
(Tianjin, China). 3-(2-(2-Aminoethylamino)ethylamino)propyl-tri-
methoxysilane (AAAPTES, 95%) was purchased from Macklin
(Shanghai, China). N-(b-aminoethyl)-g-aminopropyltri
ethoxysilane (AEAPTES, 98%) was purchased from Ourchem
(Shanghai, China). Cetyltrimethylammonium bromide (CTAB,
98þ%) was purchased from TCI (Tokyo, Japan). Tetramethy-
lammonium hydroxide (TMAOH, 25% aqueous solution) was pur-
chased from Meryer (Shanghai, China). Hydrochloric acid, nitric
acid and hydrogen peroxide (30%) were of guaranteed reagent



Scheme 1. Preparation of the Cu(II) ion-imprinted hybrid monolithic column and SPME-ICP-MS analysis procedure.
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grade and obtained from Merck (Zurich, Switzerland). All other
chemicals were at least of analytical reagent grade and used
without further purification. Pure water (18.25 MU cm) obtained
from aMilli-Qwater system (Millipore, Bedford, MA, USA)was used
throughout the experiment.

The stock solutions (1 mg mL�1) of Cu(II), Pb(II), Ni(II), Fe(III),
Mg(II) and Zn(II) were prepared by dissolving appropriate amounts
of CuCl2‧2H2O, Pb(NO3)2, Ni(NO3)2‧6H2O, FeCl3‧6H2O, MgCl2‧6H2O
and Zn(NO3)2‧6H2O (99.99%, National Institute of Metrology, Bei-
jing, China) in 2% (v/v) diluted HNO3, respectively. Lower concen-
tration standard solutions of Cu(II) were prepared daily by
appropriate dilutions from the Cu(II) stock solutions. Binary metal
mixed standard solutions (each of 1 mg L�1) including Cu(II)/Pb(II),
Cu(II)/Ni(II), Cu(II)/Zn(II), Cu(II)/Fe(III) and Cu(II)/Mg(II) were pre-
pared by mixing and diluting the above stock solutions.

Various Certified Reference Materials and the spiked experi-
ments of real samples were chosen for evaluating the performance
of the analytical method in this work. Rain water was collected in
Xianlin Campus of Nanjing University in Qixia District, Nanjing.
Lakewater was taken from Yangshan Lake in Qixia District, Nanjing.
Each water sample was stored with 2% (v/v) HNO3 and filtered
through a 0.45 mm cellulose acetate membrane prior to use.
Certified Reference Materials of GBW07302 sediment (GSD-2) and
GBW07403 soil (GSS-3) were purchased from Institute of
Geophysical and Geochemical Prospecting for Certified Reference
Materials (Langfang, China). Certified Reference Material of ZBK309
iron ore (Fe, 55.19%) was purchased from National Research Center
for Certified Reference Materials (Beijing, China). All mineral sam-
ples were provided by Technical Center for Industrial Product and
Raw Material Inspection and Testing, Shanghai Customs (Shanghai,
China). Atmospheric particles (PM3.3-10) were collected by Teflon
sampling membrane in Xianlin Campus of Nanjing University in
Qixia District, Nanjing. Sediment, soil, PM3.3-10, coal and iron ore
samples were digested with nitric acid, hydrogen peroxide and
aqua regia before analysis. The detail procedure is given in the
Supplementary Material.
2.2. Instrumentation

The determination of 63Cu was performed on a PerkinElmer
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NexION 350D ICP-MS (PerkinElmer SCIEX, Concord, Canada) and
the optimum operation conditions are summarized in Table S1. The
pH values of solutions were controlled by a FiveEasy Plus pH meter
(Mettler-Toledo, Shanghai, China). During the extraction process, a
syringe infusion pump (LSP04-1A, LongerPump, Hebei, China) was
used to introduce the solution into the monolithic column.

Scanning electron microscopy (SEM) images and energy
dispersive X-ray spectroscopy (EDX) spectra were recorded with a
Hitachi S-3400 II SEM (Hitachi, Tokyo, Japan). Fourier-transform
infrared (FT-IR) spectra were collected on a NEXUS 870 FT-IR
spectrometer (Nicolet, USA) using KBr pellets. The elemental
analysis (EA) of the monolith was obtained using an Elementar
Vario EL II elemental analyzer (Elementar, German) with oxygen as
the combustion gas. Thermogravimetric analysis (TGA) and differ-
ential scanning calorimeter (DSC) were employed for the thermal
analysis of the Cu(II) ion-imprinted hybrid monolith on a Perki-
nElmer Pyris 1 from 298 to 1073 Kwith a heating rate of 10 Kmin�1.
More than that, the surface area was calculated using the mercury
intrusion porosimetry (Poremaster GT-60, Quantachrome, USA).
2.3. Preparation of the Cu(II)-IIHMC

The fused-silica capillary (Reafine Chromatography Ltd., Hebei,
China) with 530 mm i. d. and 690 mm o. d. was used to prepare the
hybrid monolithic capillary column. Prior to preparation, the
capillary was rinsed at ambient temperaturewith 1.5 mol L�1 NaOH
for 10 h, water for 30 min, 1.5 mol L�1 HCl for 10 h, water for 30 min
and methanol for 30 min to activate the silanol groups on the wall
[36].

The Cu(II) ion-imprinted hybrid monolithic gels were prepared
as illustrated in Scheme 1. The optimal preparation conditions were
as follows: 25.0 mg CuCl2‧2H2O was dissolved with 130 mL water
and 450 mL ethanol in a 1.5 mL Eppendorf vial. Then, 80 mL AEAPTES
was slowly added into the solution followed by continuously vor-
texing at the room temperature for 2 h. With the addition of
AEAPTES, the solution changed from green to dark blue, which
proved the coordination reaction between the functional monomer
and the template ion. Subsequently, 44.4 mg CTAB and 20 mL 10%
TMAOH aqueous solution were added to the Cu(II) complex solu-
tion, stirring continuously for 3 min. After dropping 320 mL TEOS
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into the above mixed solution and ultrasonicating at 0 �C for 1 min,
the pre-polymerization solution was quickly introduced into the
pretreated capillary with a certain length by a syringe. The capillary
was sealed at both ends with silicone rubber, placing into the
thermostat water bath cauldron to allow gelation within the
capillary at 45 �C for 24 h. After cooling to room temperature, the
prepared monolithic capillary was rinsed with methanol and
1 mol L�1 HCl until no Cu(II) could be detected by ICP-MS in the
effluent. In the end, the capillary was syringed with diluted NH3‧

H2O until the effluent was neutral. For comparison, the non-
imprinted hybrid monolithic column was prepared employing an
identical procedure without the addition of CuCl2‧2H2O during the
preparation of pre-polymerization solution. Both the prepared
Cu(II) ion-imprinted and non-imprinted monolithic columns were
stored at 4 �C in a refrigerator and the long capillary containing a
continuous monolith was cut into short pieces of 5 cm length prior
to use.

2.4. Analytical procedure and selectivity of the Cu(II)-IIHMC

A 5 cm Cu(II) ion-imprinted hybrid monolithic columnwas used
as SPME matrix during the Cu(II) selective extraction procedure
prior to ICP-MS detection. Firstly, 3 mL sample solution (pH 5.0)
was passed through the Cu(II)-IIHMC by a peristaltic pump at the
flow rate of 50 mL min�1. Subsequently, the Cu(II)-IIHMC was
washed with 500 mL water to remove the residual solution. Finally,
300 mL eluent (1 mol L�1 HCl) was used for the recovery of Cu(II)
adsorbed by the monolith at the flow rate of 50 mL min�1 in the
elution step. Effluents obtained during the loading and elution
processes were collected and determined by ICP-MS.

Selectivity of monoliths was evaluated based on adsorption
performances of Cu(II) and competitive metal ions in binary sys-
tems of Cu(II)/Pb(II), Cu(II)/Ni(II), Cu(II)/Zn(II), Cu(II)/Fe(III) and
Cu(II)/Mg(II). 1 mL binary metal mixed aqueous solution (pH 5.0)
containing 30 mg L�1 Cu(II)/Pb(II), Cu(II)/Ni(II), Cu(II)/Zn(II), Cu(II)/
Fe(III) or Cu(II)/Mg(II) was continuous pumped through the Cu(II)-
IIHMC and Cu(II)-NIHMC at a flow rate of 50 mL min�1, respectively.
All above effluents were collected for the determination of the
target ion and competitive ions by ICP-MS. In order to evaluate the
selectivity of prepared adsorbents, the adsorption rate r, distribu-
tion coefficient d, selectivity coefficient k and relative selectivity
coefficient k’ in each binary system were calculated using the
following equations:

r¼C0 � C1
C0

� 100% (1)

d¼C0 � C1
C1

� V
m

(2)

k¼dðCuðIIÞÞ
dðMÞ (3)

k0 ¼ kCuðIIÞ�IIHMC

kCuðIIÞ�NIHMC
(4)

where M represents Pb(II), Ni(II), Zn(II), Fe(III) or Mg(II), C0 is the
initial concentration of metal ions in the solution before loading (mg
L�1), C1 is the concentration of metal ions in the effluent after
loading (mg L�1), V is the solution volume (L), m is the mass of
monoliths in a 5 cm long capillary (g), kCu(II)-IIHMC and kCu(II)-NIHMC
represent the selectivity coefficients of the Cu(II) ion-imprinted and
non-imprinted monolithic columns, respectively. Moreover, the
mass density of Cu(II) ion-imprinted monolith and non-imprinted
4

monolith is 0.56 and 0.77 mg cm�1, respectively.

3. Results and discussion

3.1. Preparation and characterization of the Cu(II)-IIHMC and
Cu(II)-NIHMC

3.1.1. Optimization of synthesis conditions for the Cu(II)-IIHMC
The Cu(II) ion-imprinted hybrid monolithic column was pre-

pared in presence of Cu(II) as the template ion, aminosilane reagent
as the functional monomer, ethanol and water as cosolvent, and
suitable surfactants. Cu(II) ion-imprinted monolith prepared via
sol-gel process involved three major steps, which included the
formation of Cu(II) complex, hydrolysis of silane agents and poly-
condensation of siloxane precursors. Therefore, the selection of
functional monomers and surfactants were particularly important.
Initially, TEOS and AAAPTES (H2Ne(CH2)2eNHe
(CH2)2eNHe(CH2)3eSi(OCH3)3) were chosen as the precursors. It
was found that Cu(II) complex could not be dissolved in the
cosolvent after coordination of AAAPTES with Cu(II). Further at-
tempts to change the ratio of ethanol and water were still unable to
dissolve the Cu(II) complex and TEOS simultaneously. This was not
conducive to the formation of homogeneous gels in the capillary,
even though several kinds of solvents, such as methanol, iso-
propanol and N,N-dimethylformamide were tried. It resulted from
the fact that organosilane reagents were nonpolar and soluble in
ethanol, but the Cu(II) complex formed by the coordination of
AAAPTES with Cu(II) was hydrophilic. Therefore, AEAPTES
(H2Ne(CH2)2eNHe(CH2)3eSi(OCH3)3), which made the Cu(II)
complex dissolve in cosolvent well after coordination with Cu(II),
was applied to replace the original functional monomer.

The problem of co-solubility of silane reagents and Cu(II) com-
plex was solved by the use of AEAPTES as the functional monomer.
However, the addition of Cu(II) changed the reaction rates of the
hydrolysis of silane agents and polycondensation of siloxane pre-
cursors, resulting in the fragile skeleton structure of monoliths.
Therefore, different kinds of surfactants were added in the prepa-
ration of the ion-imprinted monolith, and the results are shown in
Table S2. Urea was used to adjust the pH value of the solution,
however, it was found that urea could not improve the mechanical
strength of the monolithic column; even worse, it was easy to
precipitate (M 1e9). After many attempts, TMAOH and CTAB were
added in the preparation of pre-polymerization solution. TMAOH
could not only adjust the reaction rate of sol-gel process, but also
make the silane reagents dissolve better, which was conducive to
the formation of cross-linking and porous network structure of the
monolith. Moreover, effect of the ratio of TMAOH and H2O on the
mechanical strength of the Cu(II) ion-imprintedmonolithic column
was investigated. The result indicates that the appropriate dosage
of TMAOH could accelerate the speed of sol-gel reaction and make
the skeleton structure sturdier (M 1e20 and M 1e21). When the
concentration of TMAOH continued to increase, TEOS could not
hydrolyze sufficiently to make the gel heterogeneous (M 1e25 and
M 1e26). Therefore, 20 mL 10% TMAOH and 44.4 mg CTAB were
added to improve the permeability and mechanical strength of the
Cu(II)-IIHMC. After continuous optimization of conditions, the
optimized pre-polymerization solution was comprised of TEOS
(320 mL), AEAPTES (80 mL), TMAOH (10%, 20 mL), H2O (130 mL), EtOH
(450 mL), CTAB (44.4 mg), and CuCl2‧2H2O (25.0 mg).

Moreover, effect of reaction temperature on the synthesis of the
Cu(II)-IIHMC was also investigated. Water bath temperature from
30 �C to 60 �C was tried and it was found that the polymerization
process was too slow to form a solid skeleton when the tempera-
ture was below 40 �C, but too quick to obtain homogeneous ma-
terials above 50 �C. Therefore, the reaction temperature was finally
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set at 45 �C.
Fig. 2. FT-IR spectrum of the Cu(II) ion-imprinted monolith and non-imprinted
monolith.
3.1.2. Characterization of the Cu(II)-IIHMC and Cu(II)-NIHMC
The SEM images at different magnifications reveal that different

morphological characteristics of the Cu(II)-IIHMC and Cu(II)-
NIHMC. Fig. 1 shows that the prepared Cu(II)-IIHMC was capable
of tightly binding to the inner wall of capillary without obvious
voids. The Cu(II)-IIHMC had more globular, porous and rough
morphology as compared with the Cu(II)-NIHMC and unwashed
Cu(II)-IIHMC which were more smoother, packed, low porous and
dense with spaces at magnifications of � 1.00 k and � 5.00 k
(Fig. S1). Rough surface and continuous microporous structure
were beneficial to improve the adsorption capacity and selectivity
of the Cu(II)-IIHMC. What’s more, homogeneous structure of
network skeleton with large flow-through pores was instrumental
in high permeability, low backpressure and fast mass transfer.
Other than that, the EDX results (Fig. S2) indicate that no Cu(II)
could be detected in the Cu(II)-IIHMC after being eluted with
1mol L�1 HCl. A great quantity of three-dimensional holes were left
in the ion-imprinted monolith, which corresponded to the tem-
plate ion in the space configuration and functional group, and can
selectively rebind to the Cu(II). Furthermore, the surface area of the
Cu(II)-IIHMC was 13.5 m2 g�1.

Based on the absorption peaks and bands on FT-IR spectra, many
functional groups on the surface of monolith can be depicted and
characterized. As it can be seen from Fig. 2, all the spectra of the
Cu(II)-IIHMC and Cu(II)-NIHMC were similar, because the type and
amount of organosilane reagents used during the preparation of
the two monoliths were the same. In detail, absorption bands
around 939 and 1088 cm�1 corresponded to the stretching vibra-
tions of SieOeH and SieOeSi groups, respectively, which
confirmed the formation of three-dimensional network structure.
The absorption peak around 1625 cm�1 resulted from the NeH
stretching vibration and the absorption peak at 3413 cm�1
Fig. 1. SEM images of the Cu(II) ion-imprinted monolithic
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corresponded to OeH bond. The characteristic adsorption band of
CeH appeared around 3006 cm�1. Specifically, the appearance of
adsorption peak at 1462 cm�1 in the spectra was ascribed to the
stretching vibration of CeN, indicating that amino functional
monomer AEAPTES was successfully cross-linked into the network
structure of monolith. As listed in Table S3, the EA result also shows
significant existence of carbon and nitrogen elements. Meanwhile,
thermal analyses, including TGA and DSC, were carried out for
further providing evidence for the presence of amino groups
(Fig. S3). The TGA result indicates that the weight loss process was
column (A. � 140; B. � 350; C. � 1.00 k; D. � 5.00 k).
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divided into three stages, and the proportion of each stage was
approximately 4.5%: 4.5%: 6%, which was consistent with the
decomposition of aminosilane reagent. AEAPTES lost two amino
groups (-NH2 and eNHe) one after the other, and eventually lost
the carbon chain with the increase of temperature. Three sharp
peaks in DSC curve between 200 and 600 �C was observed, corre-
sponding to the exothermic process at 280 �C, 450 �C, and 600 �C,
respectively, which was related to the decomposition of organic
matters. Based on the above results, it could be concluded that the
Cu(II)-IIHMC was successfully synthesized.

3.2. Optimization of the extraction conditions

3.2.1. Effect of pH
The pH of the sample solution is one of the key factors affecting

the adsorption behavior of metal ions onto the monolithic columns
[37]. In this work, effect of the pH on the adsorption rates of Cu(II)
using the Cu(II)-IIHMC and Cu(II)-NIHMC as SPME materials was
investigated with 1 mL Cu(II) solution (30 mg L�1) under different
pH ranging from 1.0 to 8.0. It can be observed in Fig. 3 that the
change trends of adsorption effect on the Cu(II)-IIHMC and Cu(II)-
NIHMC with the increase of pH were consistent, which was
related to the preparation process with the same precursors. When
the pH was lower than 3.0, Cu(II) was hardly adsorbed for the
reason that the functional groups on the monoliths were easily
protonated to NH3

þ, leading to the formation of electrostatic
repulsion between NH3

þ and Cu(II) [38]. When the pH increased
from 3.0 to 8.0, the functional groups on the monoliths changed
from NH3

þ to NH2, so the electrostatic interaction gradually dis-
appeared, and the coordination interaction between NH2 and Cu(II)
dominated. Consequently, both Cu(II)-IIHMC and Cu(II)-NIHMC had
the identical characteristics of the adsorption, which can quanti-
tatively capture Cu(II) in a relatively wide pH range of 4.0e8.0.
Ultimately, pH 5.0 was selected as the optimal adsorption condition
in subsequent experiments, taking account of the possibility of
hydrolysis and precipitation of heavy metal ions at the higher pH
than 6.0.

3.2.2. Effect of flow rate and sample volume
Flow rate plays an important role on the extraction of Cu(II). In
Fig. 3. Effect of solution pH on the adsorption of Cu(II) on the Cu(II) ion-imprinted
monolithic column and non-imprinted monolithic column. Concentration of Cu(II),
30 mg L�1; Sample volume, 1 mL.
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this work, identical loading and elution flow rates ranging from 20
to 250 mL min�1 were used for investigating the recovery rates of
Cu(II) on the Cu(II)-IIHMC. In detail, 3 mL sample solution (pH 5.0)
and 1 mL 1 mol L�1 HCl were successively pumped through the
Cu(II)-IIHMCwith different flow rates. The result in Fig. S4 indicates
that the recovery rates were higher than 90% at the flow rate lower
than 75 mL min�1 and decreased rapidly with further increasing of
the flow rate, possibly due to the destruction of the monolithic
skeleton at high flow rates. Accordingly, 50 mL min�1 was adopted
as both the sample loading and elution flow rate in subsequent
experiments, which is time-saving, safe enough and much more
suitable for obtaining better precision.

To assess the effect of sample volume on recovery rates, various
volume solutions (1, 3, 5, 7 and 9mL, respectively) containing 50 ng
Cu(II) were driven under the optimized pH and flow rate through
the Cu(II)-IIHMC, and then 1 mol L�1 HCl was used for elution. As
illustrated in Fig. S5, the recovery rates for Cu(II) were in the range
of 93e103% with no apparent variation under the investigated
volumes. Although the increasing of the sample volume can make
the enrichment effect better, it consumes more time. Comprehen-
sively considering the requirement of environmental and mineral
samples analysis, 3 mL sample solution volume was sufficient for
the further experiments.

3.2.3. Effect of elution conditions
Obviously, it can be seen in Fig. 3 that the adsorption effect of

Cu(II) dropped speedily under strong acid condition. Therefore,
hydrochloric acid was utilized as eluent to release Cu(II) from
amino functionalized Cu(II)-IIHMC. The concentration of HCl as
eluent was investigated. The result in Fig. 4 shows that the recovery
rates of Cu(II) increased with the increasing HCl concentration, and
Cu(II) can be quantitatively recovered when the concentration of
HCl exceeded 0.5 mol L�1. To ensure elution effect, 1 mol L�1 HCl
was selected as eluent for subsequent experiments. Effect of eluent
volume on the recovery of Cu(II) was also optimized. 1 mol L�1 HCl
was continuously applied to desorb Cu(II) from the Cu(II)-IIHMC
and collected each 300 mL. It is obvious in Fig. S6 (elution effects
of initial 7 times) that the eluent volume of 300 mL was sufficient for
desorbing Cu(II) with the recovery of almost 100%. Less eluent
volume means higher SPME efficiency and greater enrichment
Fig. 4. Effect of HCl concentration on the recovery rates of Cu(II) on the Cu(II) ion-
imprinted monolithic column. Concentration of Cu(II), 30 mg L�1; Solution pH, 5.0;
Sample volume, 3 mL; Eluent volume, 1 mL; Flow rate, 50 mL min�1.



Table 2
Interference effects of diverse ions (mean ± SD, n ¼ 3).

Coexisting ion Concentration (mg L�1) Recovery (%)

Cu(II)-IIHMC Cu(II)-NIHMC

Naþ 25 96.3 ± 0.7 e

Kþ 25 98.1 ± 3.4 e

Ca2þ 5 97.9 ± 2.7 94.6 ± 1.4
Ca2þ 15 101.8 ± 4.5 158.3 ± 27.0
Fe3þ 25 103.7 ± 1.9 105.7 ± 9.1
Fe3þ 100 97.3 ± 8.2 206.5 ± 34.8
Zn2þ 5 97.8 ± 6.6 e

Al3þ 5 97.5 ± 1.6 e

Ni2þ 5 92.5 ± 2.2 e

Mn2þ 5 101.7 ± 1.8 e

Mg2þ 5 95.1 ± 8.2 e

SO4
2- 50 96.3 ± 0.7 e

Cl� 25 101.8 ± 4.5 e

NO3
� 5 97.8 ± 6.6 e

PO4
3- 5 89.9 ± 5.1 e
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factor. Comprehensive considering the elution effect and the min-
imum injection volume of the ICP-MS in our lab, the eluent volume
was set to 300 mL ultimately when the sample consumption was
3 mL with the enrichment factor of 10 times.

3.3. Selectivity studies

In order to compare the selectivity of the Cu(II)-IIHMC and
Cu(II)-NIHMC, competitive adsorption of Cu(II)/Ni(II), Cu(II)/Zn(II),
Cu(II)/Fe(III), Cu(II)/Pb(II) and Cu(II)/Mg(II) from their binary mix-
tures was investigated in batch experiments. Among them, Cu(II),
Ni(II), Zn(II) and Fe(III) have similar ionic radius; Cu(II), Ni(II), Zn(II),
Pb(II) and Mg(II) have the same charge; and all these five
competitive ions are common coexisting ions in environmental and
mineral samples. Table 1 summarizes the adsorption rate r, distri-
bution coefficient d, selectivity coefficient k and relative selectivity
coefficient k’ of the Cu(II)-IIHMC and Cu(II)-NIHMC. The selectivity
of the Cu(II)-IIHMC was much better than the Cu(II)-NIHMC with
the relative selectivity coefficients of 5.0e53.2. It was worth noting
that the Cu(II)-NIHMC could not specifically extract the target ion
with the adsorption rates exceeding 90% of the competitive ions in
the binary competitive adsorption systems of Cu(II)/Ni(II), Cu(II)/
Zn(II) and Cu(II)/Pb(II). However, the Cu(II)-IIHMC can selectively
capture Cu(II) in the presence of the competitive ions with the
selectivity coefficients exceeding 39.4. Interestingly, the Cu(II)-
NIHMC can selectively adsorb Cu(II) in the presence of Fe(III) and
Mg(II), with the adsorption rates of 32.3% and 18.3% for Fe(III) and
Mg(II), respectively. However, the selectivity of the Cu(II)-IIHMC
was obviously better with the adsorption rates of 10.6% and 8.6%
for Fe(III) and Mg(II), respectively. Therefore, the Cu(II)-IIHMC
prepared by ion-imprinting technique has the spatial structure
and imprinting sites matching with the target ion which can spe-
cifically select and extract Cu(II), showing the potential of the ac-
curate and sensitive analysis of trace Cu(II) in environmental and
mineral samples with complex matrix.

3.4. Interference study

The coexisting ions in environmental and mineral samples may
interfere with the performance of the extraction and determina-
tion. The effect of coexisting ions on the recovery rates of the
developed Cu(II)-IIHMC was studied in 5 mg L�1 of Cu(II) solutions
Table 1
Competitive adsorption of Cu(II)/Ni(II), Cu(II)/Zn(II), Cu(II)/Fe(III), Cu(II)/Pb(II) and Cu(II)/M
non-imprinted monolithic column.

Hybrid monolithic column Metal ions Adsorption rate (r, %) Distribution coeffi

Cu(II)-NIHMC Cu(II) 94.3 4.3
Ni(II) 90.6 2.5

Cu(II)-NIHMC Cu(II) 96.1 6.4
Zn(II) 93.5 3.7

Cu(II)-NIHMC Cu(II) 93.0 3.4
Fe(III) 32.3 0.12

Cu(II)-NIHMC Cu(II) 96.8 8.0
Pb(II) 96.4 6.9

Cu(II)-NIHMC Cu(II) 94.1 4.1
Mg(II) 18.3 0.06

Cu(II)-IIHMC Cu(II) 95.6 7.8
Ni(II) 20.6 0.09

Cu(II)-IIHMC Cu(II) 94.9 6.7
Zn(II) 31.9 0.17

Cu(II)-IIHMC Cu(II) 94.1 5.7
Fe(III) 10.6 0.04

Cu(II)-IIHMC Cu(II) 93.2 5.1
Pb(II) 16.5 0.08

Cu(II)-IIHMC Cu(II) 96.6 10.3
Mg(II) 8.6 0.03

7

containing various cations such as 100 mg L�1 Fe3þ, 25 mg L�1 Naþ

and Kþ, 15 mg L�1 Ca2þ, 5 mg L�1 Mg2þ, Zn2þ, Mn2þ, Ni2þ, Al3þ, and
main anions such as NO3

�, PO4
3�, SO4

2� and Cl�. The results in Table 2
indicate that the recovery rates of Cu(II) on the Cu(II)-IIHMC were
in the range of 89.9e103.7% in the mixed solutions with ultra-high
concentration of interfering ions coexisted. According to the main
components of the environmental and mineral sample solutions
which were digested, the concentration of major interfering ions
was lower than the tolerance limits of coexisting ions we examined.
Furthermore, the differences in the anti-interference ability of the
Cu(II)-IIHMC and Cu(II)-NIHMC were focused. Fe3þ and Ca2þ as the
main interference ions in iron ores were selected to experiment
with the procedure described previously. The results show that
when Fe3þ with the concentration of 25 mg L�1 and Ca2þ of
5 mg L�1, both Cu(II)-IIHMC and Cu(II)-NIHMC can maintain good
recovery of Cu(II). As the concentration of interfering ions
increased, the recovery rates of Cu(II) on the Cu(II)-IIHMC were
97.3% (100 mg L�1 Fe3þ) and 101.8% (15 mg L�1 Ca2þ), superior to
that on the Cu(II)-NIHMC (206.5% and 158.3%, respectively). It
demonstrated that compared with the Cu(II)-NIHMC, the prepared
Cu(II)-IIHMCwasmore selective, more resistant to interference and
more suitable for the analysis of Cu(II) in real samples with ultra-
g(II) from their binary mixture on the Cu(II) ion-imprinted monolithic column and

cient (d, L g�1) Selectivity coefficient (k) Relative selectivity coefficient (k’)

1.7 e

1.7 e

28.3 e

1.2 e

68.3 e

86.7 51.0

39.4 23.2

143 5.1

63.8 53.2

343 5.0
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high content of mainmetal. Therefore, the developed SPME-ICP-MS
procedure has an excellent selectivity for the extraction of Cu(II)
and shows great potential in the analysis of trace Cu(II) in envi-
ronmental and mineral samples.

3.5. Adsorption capacities and adsorption isotherms of the Cu(II)-
IIHMC and Cu(II)-NIHMC

To evaluate the performance of SPME materials, the maximum
adsorption capacities of the Cu(II)-IIHMC and Cu(II)-NIHMC were
investigated by the breakthrough curve experiment as follows.
1 mg L�1 Cu(II) solution (pH 5.0) was continuously pumped
through 5 cm length Cu(II)-IIHMC and Cu(II)-NIHMC at 50 mLmin�1,
respectively. The concentration of Cu(II) in the effluent was deter-
mined by ICP-MS. When the adsorption of Cu(II) by a monolithic
column was saturated, the concentration of Cu(II) in the effluent
suddenly increased and approached the initial concentration
(Fig. S7). Based on it, the maximum adsorption capacity of the
Cu(II)-IIHMC for Cu(II) was 3.13 mg g�1, almost twice the Cu(II)-
NIHMC (1.65 mg g�1).

To further verify the maximum adsorption capacities of the
Cu(II)-IIHMC and Cu(II)-NIHMC and make out the possible
adsorption mechanism, effect of initial Cu(II) concentration ranging
from 1 to 100 mg L�1 on the adsorption of Cu(II) on the Cu(II)-
IIHMC and Cu(II)-NIHMC was studied and the results are shown
in Fig. S8. The adsorption capacities of both Cu(II)-IIHMC and Cu(II)-
NIHMC first increased dramatically and then reached a plateau
with the increase of initial concentration of Cu(II). According to
adsorption isotherms, the maximum adsorption capacities of Cu(II)
were 3.61 mg g�1 for the Cu(II)-IIHMC, and 1.73 mg g�1 for the
Cu(II)-NIHMC, which were basically matched with above.

Langmuir (Eq. (5)) and Freundlich (Eq. (6)) adsorption isotherm
models were introduced to evaluate the adsorption properties:

Ce
qe

¼ Ce
qm

þ 1
qmKL

(5)

lnqe ¼
lnCe

n
þ lnKF (6)

where Ce (mg$L�1) is the equilibrium concentration of Cu(II) in
1 mL sample solution, qe (mg$g�1) and qm (mg$g�1) are the equi-
librium and theoretical maximum adsorption capacities, respec-
tively, KL is the Langmuir isotherm constant, KF and n are the
Freundlich isotherm constants.

The Langmuir and Freundlich adsorption isotherm models were
calculated and the results are shown in Fig. S9 and Fig. S10,
respectively. It was obvious that the Langmuir model (r2 of 0.9929
for the Cu(II)-IIHMC and r2 of 0.9958 for the Cu(II)-NIHMC) fits the
experimental data better than the Freundlich model (r2 of 0.8321
for the Cu(II)-IIHMC and r2 of 0.7928 for the Cu(II)-NIHMC), indi-
cating that the adsorption process mainly occurs on the surface of
the monolith. The theoretical maximum adsorption capacities
calculated from the Langmuir adsorption model were 4.37 mg g�1

for the Cu(II)-IIHMC and 2.10 mg g�1 for the Cu(II)-NIHMC,
respectively, which were close to the experimental results above.

3.6. Preparation reproducibility and reusability of the Cu(II)-IIHMC

The satisfactory preparation reproducibility of the capillary
monolith is pivotal for the application in SPME. In order to evaluate
the preparation reproducibility of the Cu(II)-IIHMC, the recovery
rates of 30 mg L�1 Cu(II) solution on the Cu(II)-IIHMC prepared
within one batch (n ¼ 6) and among different batches (n ¼ 6) were
investigated under the optimized conditions. The intra-batch
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relative standard deviation (RSD) of the efficiencies was 2.1% for
Cu(II), and the RSD was 4.2% among different batches. The stability
of the Cu(II)-IIHMC stored for different time (freshly-prepared,
stored for one week, two weeks and four weeks, n ¼ 4) was also
evaluated, and the RSD of the recovery rates was 2.7% for Cu(II).
Furthermore, the reusability of the Cu(II)-IIHMC was investigated.
The monolithic column was regenerated by flushing with diluted
NH3‧H2O and pure water after the elution. The result in Fig. S11
indicates that the Cu(II)-IIHMC can be reused 5 times at least
with the recovery rates for Cu(II) in the range of 91.6e104.2%, which
reveals that the prepared Cu(II)-IIHMC has good stability and
reusability.

3.7. Analytical performance and sample analysis

The analytical method based on Cu(II) ion-imprinted hybrid
monolithic column was developed for the selective separation and
enrichment of Cu(II) in real environmental and mineral samples
prior to ICP-MS detection. The analytical performance was verified
in regard of linearity, sensitivity, accuracy and precision under the
optimized conditions. With 10-fold enrichment factor, the limit of
detection (LOD, defined as 3-fold the standard deviation of blank
signal intensity) was 0.008 mg L�1, and the limit of quantitation
(LOQ) was 0.05 mg L�1 for Cu(II), whichwas considerably lower than
the concentration of Cu(II) in environmental and mineral samples
we determined in this experiment. Moreover, the calibration curve
shows good linearity in wide concentration range of
0.05e50 mg L�1, and the equationwas Y¼ 10.4165X - 0.0020 with r2

of 0.9992. Therefore, this protocol is quite suitable for trace Cu(II)
analysis in real samples with complex matrix.

We compared the prepared Cu(II)-IIHMC with other Cu(II) ion-
imprinted materials for the extraction of Cu(II), and the results
are shown in Table 3. Compared with other analytical methods, the
in-tube SPME-ICP-MS method based on the Cu(II)-IIHMC has the
advantages of high sensitivity and specific selectivity. Moreover, the
relative selectivity coefficients and anti-interference ability of the
Cu(II)-IIHMC were much better than the results reported in the
references. Since traditional Cu(II) ion-imprinted materials were
mostly ion-imprinted polymers, the ion-imprinted hybrid mono-
lithic columnwe prepared had no obvious advantage in adsorption
capacity. However, it was simple operation, good selectivity, fast
mass transfer, high extraction efficiency, easy automation and low
sample consumption with application potential in the accurate
analysis of trace Cu(II) in environmental and mineral samples,
especially those ores with very high content of main metal.

The accuracy of the proposed SPME-ICP-MS method was eval-
uated by determining Cu(II) in Certified Reference Material of GSD-
2 (Sediment), GSS-3 (Soil) and ZBK309 (Iron ore). As can be seen
from Table S4, determined values were in good agreement with
certified values, demonstrating good accuracy of the analytical
method. However, if the digested solutions were determined by
ICP-MS directly without the separation and enrichment of Cu(II) by
the Cu(II)-IIHMC during the in-tube SPME pretreatment, the
determined results were greatly differed from the certified values
with poor repeatability, whichwas caused bymatrix interference in
environmental andmineral samples with very high content of main
metal. Therefore, the concentration of main interfering ions in the
effluent was measured, and it was found that 89.4% Fe3þ and 93.5%
Ca2þ in the iron ore sample were eliminated during the SPME
procedure. The above results prove that the proposed SPME
method can not only preconcentrate trace Cu(II), but also power-
fully eliminate the interference from the main metals in environ-
mental and mineral samples to improve the precision and
reliability of analysis.

The proposed SPME-ICP-MS method was applied to the analysis



Table 3
Comparison of the performance for several Cu(II) ion-imprinted sorbents.

Sorbents Methods LOD (mg
L�1)

Tolerance level of Fe3þ

(mg L�1)
Adsorption capacity
(mg$g�1)

Relative selectivity
coefficient (k’)

Ref.

Restricted accessed material-Cu(II) ion-imprinted
polymer

SPE-ICP-OES 0.17 5 15.9 Cu(II)/Ni(II) 3.10 [1]
Cu(II)/Zn(II) 3.80
Cu(II)/Pb(II) 3.20

Stoichiometric Cu(II)-imprinted chelating resin SPE-ICP-OES 0.5 e 4.8 Cu(II)/Ni(II) 11.3 [33]
Cu(II)/Zn(II) 16.1

Salicylic acid-formaldehyde-4-(2-pyridylazo)
resorcinol-Cu(II)

SPE-AAS 0.9 e 0.31 Cu(II)/Ni(II) 2.47 [39]
Cu(II)/Zn(II) 3.17

Cu(II)-imprinted polymer microbeads SPE-FAAS 0.4 e 48 Cu(II)/Ni(II) 9.51 [40]
Cu(II)/Zn(II) 7.40

Cu(II) ion-imprinted hybrid monolithic column In-tube SPME-
ICP-MS

0.008 100 3.13 Cu(II)/Ni(II) 51.0 This
studyCu(II)/Zn(II) 23.2

Cu(II)/Pb(II) 53.2
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of trace Cu(II) in environmental water, PM3.3-10, coal and iron ore
samples from different sources, and the results along with the re-
coveries for the spiked samples are given in Table 4. It can be seen
that trace Cu(II) in environmental and mineral samples was selec-
tively extracted by the Cu(II)-IIHMC and the recoveries for the
spiked samples were between 89.8% and 111.8%, providing a new
possibility for the specific separation and enrichment of trace Cu(II)
in environmental and mineral samples with high content of main
metal. In order to facilitate statistics, contents of Cu(II) in Certified
Reference Materials, and real environmental and mineral samples
are summarized in Table S5.
4. Conclusions

In this work, a novel amino functionalized Cu(II) ion-imprinted
hybrid monolithic column with good permeability, high mechani-
cal strength and stable imprinting sites was developed via one-pot
co-condensation and used as SPME matrix for the separation and
enrichment of trace Cu(II) in environmental and mineral samples.
Compared with the Cu(II)-NIHMC, the prepared Cu(II)-IIHMC pos-
sesses an extremely porous structure and rough surface with
excellent selectivity, anti-interference ability and adsorption ca-
pacity. Furthermore, the established SPME-ICP-MS method which
demonstrated the virtues of strong extraction ability, simple
Table 4
Determination of Cu(II) in real samples (mean ± SD, n ¼ 3).

Samples Analyte Added Found Recovery

(mg L�1) (%)

Rain water Cu(II) 0 0.64 ± 0.03 e

1 1.76 ± 0.11 107.1
5 5.56 ± 0.30 98.6

Yangshan Lake Cu(II) 0 6.60 ± 0.09 e

1 7.85 ± 0.42 103.2
5 11.20 ± 0.68 96.5

Particulate matters (PM3.3-10) Cu(II) 0 2.13 ± 0.23 e

1 2.99 ± 0.42 95.5
5 7.51 ± 0.25 105.3

Philippine coal Cu(II) 0 0.77 ± 0.06 e

0.5 1.14 ± 0.13 89.8
1 1.71 ± 0.12 96.6

Canadian coal Cu(II) 0 1.38 ± 0.05 e

0.5 1.74 ± 0.08 92.6
1 2.59 ± 0.11 108.8

Australian iron ore Cu(II) 0 6.43 ± 0.83 e

5 12.54 ± 1.57 109.7
10 15.64 ± 1.86 95.2

Brazilian iron ore Cu(II) 0 4.72 ± 0.40 e

5 10.87 ± 0.74 111.8
10 15.02 ± 0.91 102.0
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operation, easy automation, high analysis efficiency and low sam-
ple consumption, was applied for the accurate and sensitive anal-
ysis of trace Cu(II) in real samples with miscellaneous matrix
interference. To the best of our knowledge, this work is the first
time to synthesize an amino functionalized ion-imprinted hybrid
monolithic column with ion-imprinting technique by facile sol-gel
method for the extraction of trace Cu(II). Most importantly, specific
recognition and selection of the target analyte endowed the Cu(II)-
IIHMC with ability to be applied for the determination of trace
Cu(II) in complex environmental and mineral samples, especially in
the ores with high content of main metal.
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