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8-crown-6 functionalized
magnetic nanoparticles as a solid-phase extraction
adsorbent for the determination of Pb2+†

Jing-yan Kang,ab Wei Ha,a Hai-xia Zhang c and Yan-ping Shi *a

A novel magnetic adsorbent has been designed and fabricated for the adsorption and determination of lead

metal ions (Pb2+) based on a self-assembly approach between 40-aminobenzo-18-crown-6 (AB18C6) and

Fe3O4–CHO via dehydration condensation. 40-Aminobenzo-18-crown-6modified Fe3O4 (Fe3O4@AB18C6)

was characterized by transmission electron microscopy (TEM), dynamic light scattering (DLS), Fourier

transform infrared spectrometry (FT-IR), X-ray diffraction (XRD), vibrating sample magnetometry (VSM)

and zeta potential analysis. Experiments proved that Fe3O4@AB18C6 had excellent adsorbability and

selectivity for Pb2+, which is because the cavity of AB18C6 matches with the size of Pb2+. The magnetic

solid-phase extraction (MSPE) method was applied for Pb2+ determination from tap water, rice, milk and

apples. Furthermore, it was shown that the method had satisfactory linearity with a linear coefficient (R2)

above 0.997, a linear range from 0.01 mg g�1 to 10 mg g�1, good precision with an RSD less than 8.62%,

desirable recoveries ranging from 93.8% to 108.6%, and a low limit of detection (LOD) of 12.5 ng g�1 for

Pb2+. The established MSPE method has excellent potential for the selective determination of trace Pb2+

from complicated samples.
Introduction

Heavy ion pollutants in food have aroused global attention
because of their toxic and accumulative nature in humans, and
they are a focus of the important global food contamination
monitoring program of the United Nations Development
Program (UNDP) and World Health Organization (WHO).1–3

Lead (Pb) is one of most prominent toxic heavy ions, and has
a direct and adverse inuence on human health even at trace
concentrations.4 At present, there are some challenges to Pb2+

determination such as the matrix complexity of real samples
and the fairly low concentration levels of Pb2+ in food
samples.5,6 Various methods including X-ray uorescence
spectrometry (XRF),7,8 anodic stripping voltammetry (ASV)9,10

and inductively coupled plasma optical emission spectrometry
(ICP-OES)11,12 have been reported for Pb2+ detection. Among
these techniques, ICP-OES is popular because of its low cost,
good stability, high accuracy and capacity for multielement
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determination. However, Pb2+ determination in food samples
with ICP-OES still suffers from interference by inorganic salts
and other metal ions. Therefore, separation and enrichment
steps are indispensable prior to trace determination of Pb2+ in
complex real samples.

Various sample pretreatment methods have been developed
for extraction of metal ions, such as liquid–liquid extraction
(LLE),13,14 solid phase extraction (SPE),15,16 electromembrane
extraction (EME),17,18 cloud point extraction (CPE)19,20 and
magnetic solid-phase extraction (MSPE).21,22 MSPE technology
has received considerable attention in recent years because it
can combine extraction and separation, as well as elution and
detection of analyte concentration, into one step.23 In MSPE, the
magnetic extraction materials can homogeneously disperse in
solution and increase the interfacial area between adsorbents
and analytes.24 Compared with traditional centrifugation,
magnetic adsorbents provide a more rapid and simpler method
in the phase separation process.25 Furthermore, the magnetic
extraction materials can be reused aer elution of analytes,
which is economical and environmentally friendly.26 Therefore,
magnetic adsorbents exhibit many advantages for extraction
such as rapidity, simplicity, excellent extraction capacity and
selectivity. However, at present, there are some major chal-
lenges to adsorption of Pb2+ with MSPE: rstly, the trace levels
of Pb2+ in samples require an effective MSPE method which has
high extraction efficiency and good recovery. In addition, the
complexities of real samplesmake it necessary for the extraction
materials to have excellent selectivity and resistance to
Anal. Methods, 2019, 11, 1735–1742 | 1735
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interference. Therefore, the design of an adsorbent with high
extraction efficiency and good selectivity could improve the
determination of Pb2+ in complex real samples and reduce
tedious extraction times.27

A functionalized magnetic adsorbent with high efficiency is
crucial in MSPE technology to realize selectivity for the target,
but it requires the modication of the magnetic materials with
specic functional groups.23 Various MSPE adsorbents have
been prepared, including magnetic materials coated by inor-
ganic complexes, graed organic complexes, polymers and
carbon nanomaterials (carbon nanotube and graphene).28–30

Among these magnetic materials, superparamagnetic iron-
oxide nanoparticles are a novel material that is used for
promoting the process of testing and realizing trace detection.
Such nanoparticles can be applied in the enrichment and
separation of trace metal ions, pesticides, and polycyclic
aromatic hydrocarbons in food samples (milk, fruit, vegeta-
bles and cereals).31,32 For example, Bagheri et al. utilized
molecularly imprinted polymers with propanamide as dummy
template molecules and modied the surface of magnetic
nanoparticles. The material was then applied for the accurate
determination of acrylamide in food samples,30 Ma et al.
developed a MSPE technology using magnetic multi-walled
carbon nanotubes as adsorbents, which realized the rapid
determination of Hg2+.31

18-Crown-6, a cyclic compound, more easily coordinates
with metal ions than other single ligands as its oxygen atoms
are all in the same plane and form a very strong negative
potential barrier. Some studies have proved that 18-crown-6
and its derivatives can be applied in the adsorption of Pb2+.33

Fakhre and Ibrahim developed a novel supramolecular poly-
saccharide composite from cellulose and dibenzo-18-crown-6
using ceric ammonium nitrate as an initiator, and this had
excellent adsorption capacity for heavy ions due to the
dibenzo-18-crown-6.34 Besides, Parra and his group reported
a new material of multi-walled carbon nanotubes modied
with benzo-18-crown-6 to realize the selection and detection of
Pb2+.35 The 18-crown-6 derivative 40-aminobenzo-18-crown-6
(AB18C6) has the negative cavity and the side chain of ami-
dogen, which can not only coordinate with metal ions but can
also be easily modied with the extraction medium. Above all,
its cavity has the radius of 2.2–3.2 Å which exactly matches
with the radius of Pb2+ (2.4 Å).36 Thus AB18C6 is a suitable
functionalized group which could realize the selective
adsorption and determination of Pb2+.

In this work, magnetic AB18C6 modied Fe3O4 nano-
particles (Fe3O4@AB18C6) were designed to develop a novel,
simple and rapid method for the adsorption and detection of
Pb2+ from different samples (tap water, apple, milk and rice).
The method can not only realize the detection of trace Pb2+ with
excellent selectivity, but also dramatically reduce the limit of
detection (LOD). Moreover, a related MSPE procedure was
established and the principal inuencing factors including the
content of AB18C6, solution pH, extraction time and salt
concentration were optimized. In conclusion, the method was
developed by combining it with ICP-OES and it was successfully
applied for the detection of trace Pb2+ in real food samples.
1736 | Anal. Methods, 2019, 11, 1735–1742
Experimental
Materials

Standard solutions of lead ions, strontium ions, cobalt ions,
cesium ions and barium ions (each at 1000 mg mL�1) were
purchased from National Standard Testing & Certication (Bei-
jing, China). Manganese chloride, nickel chloride hexahydrate
(NiCl2$6H2O), sodium chloride (NaCl) and ethylene glycol
[(CH2OH)2] were bought from Rionlon Bohua Pharmaceutical &
Chemical Co., Ltd. (Tianjin, China). Glutaric dialdehyde, calcium
chloride (CaCl2) and copper chloride (CuCl2) were purchased
from Tianjin Kemiou Chemical Reagent Co., Ltd. (Tianjin,
China). Zinc chloride (ZnCl2), mercury dichloride (HgCl2) and
magnesium sulfate (MgSO4) were bought from Xilong Scientic
Co., Ltd. (Guangdong, China). Cerous nitrate was obtained from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Ferric
chloride (FeCl3$6H2O) was obtained from Beijing Tonghui
Chemical Factory (Beijing, China). Sodium acetate (CH3COONa)
was bought from Kelong Chemical Reagent Factory (Chengdu,
China). 1,6-Diaminohexane was obtained from Shanghai Chem-
ical Reagent Co., Ltd. (Shanghai, China). Phosphate buffered
saline was bought from Solarbio Science & Technology Co., Ltd.
(Beijing, China). 40-Nitrodibenzo-18-crown-6 was purchased from
TCI Development Co., Ltd. (Shanghai, China). Sodium cyano-
borohydride (NaBH3CN) was obtained from J&K Scientic Co.,
Ltd. (Beijing, China). Trichloroacetic acid (TCA) was bought from
Shanghai Shanpu Chemical Co., Ltd. (Shanghai, China). All
reagents were of analytical grade and were used without further
purication. Mixed working solutions were freshly prepared by
diluting the stock solutions with deionized water to obtain the
desired concentrations.
Synthesis of Fe3O4@AB18C6

The AB18C6 was synthesized according to the route shown in
Fig. S1† and the Fe3O4@AB18C6 was prepared by a simple
method according to previous reports, as shown in Fig. 1(a).23

FeCl3$6H2O (1.0 g, 3.7 mmol) was dissolved in ethylene glycol
(30 mL), and sodium acetate (2.0 g, 24.3 mmol) was gradually
added into the solution which was constantly stirred for 30 min
at room temperature. Eventually, 1,6-diaminohexane (0.65 g,
55.9 mmol) was added to the solution and the solution mixture
was continuously stirred until a homogeneous and transparent
solution was obtained. The solution was transferred into
a Teon-lined autoclave and reacted at 200 �C for 24 h. The
magnetic nanoparticles were obtained, rinsed with water and
ethanol for three times each, and then dried at 60 �C in
a vacuum overnight.

The magnetic nanoparticles (200 mg) were dispersed in
60 mL of 0.01 mol L�1 phosphate buffer (PBS, pH: 7.4) via
ultrasonication. Glutaric dialdehyde (20 mL) was added and the
mixture was stirred for 10 h at room temperature. The resulting
products (Fe3O4–CHO) were collected and washed with PBS
solution to remove excess glutaric dialdehyde. Then the Fe3O4–

CHO was redispersed into 80 mL PBS solution, 40-nitrodibenzo-
18-crown-6 (800 mg) was added, and the reaction was allowed to
continue for another 10 h at room temperature. Finally,
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Scheme showing the synthetic route for the preparation of
Fe3O4@AB18C6 particles and their application for MSPE.
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NaBH3CN (0.6 g, 9.5 mmol) was added in order to reduce the
unstable Schiff base and the solution was stirred for 10 h at
30 �C. The ultimate products (Fe3O4@AB18C6) were washed,
collected and dried for further application.

Instrumentation

The concentrations of metal ions were determined using an
Agilent Technologies 5100 inductively coupled plasma optical
emission spectrometer (ICP-OES, Australia). Transmission
electron microscopy (TEM) images were acquired using a Tec-
nai-G2-F30 eld TEM instrument (FEI, USA). X-ray diffraction
(XRD) patterns were observed on an X'pert PRO X-ray diffrac-
tometer using Cu Ka radiation (Philips, Netherlands). Fourier
transform infrared (FT-IR) spectra were obtained with an
IFS120HR spectrometer (Bruker, Germany). The magnetic
properties of the materials were analyzed using a 3473-70
vibrating sample magnetometry (VSM) instrument (Gmw Asso-
ciates, USA). The zeta potentials and particle sizes of the
materials were determined with a Zetasizer Nano series ZS
instrument (Malvern Instruments, United Kingdom).

Magnetic solid-phase extraction and desorption

A schematic presentation of the MSPE procedure is shown in
Fig. 1(b). Fe3O4@AB18C6 (5.0 mg) was dispersed into a 5.0 mL
Pb2+ standard solution (20.0 mg mL�1, pH: 5.0). Then the mixed
solution was sonicated and shaken on an oscillator at room
temperature for 60 min to achieve equilibrium. Aer that, the
composite was gathered with an external magnet, and the
supernatant solution was collected for extraction efficiency
evaluation. Thereaer, the analytes adsorbed on the Fe3O4@-
AB18C6 composite were eluted by 1.0 mol L�1 HCl with ultra-
sound, and the Fe3O4@AB18C6 composite was magnetically
collected from the desorption solution. The same desorption
This journal is © The Royal Society of Chemistry 2019
procedure was repeated two more times. The resulting desorp-
tion solution was collected in a centrifuge tube for analysis.

Selectivity and anti-interference evaluation of Fe3O4@AB18C6

14 different individual metal ions solution, namely Na+, Ca2+,
Ce2+, Cs+, Ba2+, Co2+, Mg2+, Sr2+, Mn2+, Cu2+, Hg2+, Ni2+, Fe3+ and
Zn2+, were prepared in deionized water such that each ion was
at the concentration of 20 mg mL�1, and the solution pH was
adjusted to 5.0. Fe3O4@AB18C6 (5.0 mg) was respectively
dispersed into 5.0 mL of the solution of the 14 different indi-
vidual metal ions and 20.0 mg mL�1 Pb2+ to evaluate the selec-
tivity of the composite.

The mixture solution which simultaneously contained the
metal ions of Na+, Ca2+, Ce2+, Cs+, Ba2+, Co2+, Mg2+, Sr2+, Mn2+,
Cu2+, Hg2+, Ni2+, Fe3+ and Zn2+ and Pb2+ (each at 20.0 mg mL�1)
was prepared and the pH was adjusted to 5.0. Fe3O4@AB18C6
(5.0 mg) was homogenously dispersed into 5.0 mL of the solu-
tion above to evaluate the anti-inference properties of the
composite.

Sample preparation

Apples were supplied by the local market of Lanzhou, China.
Apple pieces (10.0 g) were accurately weighed into a juicer,
juiced with 50 mL deionized water, transferred into a centrifuge
tube and centrifuged at 4000 rpm for 20 min. Then, the
supernatant was collected and the pH was adjusted to 5.0 for
the MSPE of Pb2+. Spiked samples were prepared through
adding specic volumes of a standard solution of Pb2+ to the
apple samples, and then the samples were prepared as
described.

Milk was purchased from the local market of Lanzhou,
China. Milk (200 mL) was transferred into a beaker and 10%
trichloroacetic acid (TCA) was added dropwise until the protein
was precipitated. The solution mixture was transferred into
a plastic centrifuge tube and centrifuged at 4000 rpm for
20 min, the supernatant was collected and the pH was adjusted
to 5.0. For the spiked samples, specic volumes of standard
solutions of Pb2+ were added to the milk samples, and then the
above preparation procedures were repeated.

Rice was bought from the market of Lanzhou, China. Rice
samples were milled using an experimental miller, screened
through a 65-mesh sieve and then used for subsequent experi-
ments. Rice (10.0 g) was accurately weighed, mixed with 100 mL
deionized water in a 250 mL beaker and sonicated for 2 h, and
then the mixture was transferred into a centrifuge tube and
centrifuged at 4000 rpm for 20 min. The supernatant was
collected and the pH was adjusted to 5.0. Spiked samples were
prepared through adding specic volumes of standard solu-
tions of Pb2+ to the rice samples, and then the above prepara-
tion procedures were repeated.

Results and discussion
Characterization of Fe3O4@AB18C6

The morphologies of Fe3O4–NH2 and Fe3O4@AB18C6 were
investigated using TEM and DLS. The Fe3O4–NH2 was
Anal. Methods, 2019, 11, 1735–1742 | 1737
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Fig. 3 (a) FT-IR spectra of AB18C6, Fe3O4–NH2 and Fe3O4@AB18C6,
(b) zeta potential of Fe3O4–NH2 and Fe3O4@AB18C6, (c) XRD spectra
of Fe3O4–NH2 and Fe3O4@AB18C6, (d) magnetization curves of
Fe3O4–NH2 and Fe3O4@AB18C6.
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synthesized by a solvothermal reduction method, in which the
electrostatic stabilization by NaAc and the high temperature of
the reaction system prevented the nanoparticles from aggre-
gating. It can be seen from Fig. 2(a) that the Fe3O4–NH2 nano-
particles were mono-dispersed and the particle size was 163 nm,
whereas the particle size was increased to 182 nm when AB18C6
was used to modify the surface of Fe3O4–NH2, as shown in
Fig. 2(b). The Fe3O4@AB18C6 obviously had good dispersity and
the 40-aminobenzo-18-crown-6 formed a thin lm (19 nm); the
Fe3O4@AB18C6 also retained the favorable dispersity during
MSPE. Aer bound analytes were eluted from Fe3O4@AB18C6
by 1.0 mol L�1 HCl, the nanoparticles still retained their orig-
inal morphologies, as revealed in Fig. 2(c), and they clearly
remained stable. The EDS of Fe3O4–NH2 and Fe3O4@AB18C6
are shown in Fig. S2;† the content of the elements C and O was
increased in Fe3O4@AB18C6 which indicated that the AB18C6
had modied the surface of Fe3O4–NH2.

The structure of Fe3O4@AB18C6 was further characterized
by FT-IR spectroscopy. As shown in Fig. 3(a), the peak at
3420 cm�1 corresponding to the –CONH– bond existed in Fe3-
O4@AB18C6, which indicated that the dehydration condensa-
tion had occurred between –NH2 of AB18C6 and –CHO of
Fe3O4–CHO, and the peak at 2888 cm�1 belonging to the strong
stretching vibration of –CH2– existed in both AB18C6 and Fe3-
O4@AB18C6. Besides, the peaks at 1626 cm�1 and 582 cm�1

could be attributed to the –NH2 and Fe–O of Fe3O4–NH2

respectively, and they also existed in Fe3O4@AB18C6. Moreover,
some of the characteristic peaks of AB18C6 were also present in
Fig. 2 TEM images and the corresponding DLS plots of (a) Fe3O4–
NH2, (b) Fe3O4@AB18C6 and (c) Fe3O4@AB18C6, after elution with
1.0 mol L�1 HCl.

1738 | Anal. Methods, 2019, 11, 1735–1742
the spectrum of the Fe3O4@AB18C6, such as the peak at
1727 cm�1 corresponding to the –NH2 bond, and the peaks at
1284 cm�1 and 1045 cm�1 attributed to the –C–O–C– bond.28,30

All these data suggested that AB18C6 had modied the surfaces
of Fe3O4–NH2 successfully. To further prove the success of
preparation of Fe3O4@AB18C6, the zeta potentials of Fe3O4–

NH2 and Fe3O4@AB18C6 were measured. As shown in Fig. 3(b),
the zeta potential of Fe3O4@AB18C6 was negatively charged
(�1.85 mV) and was obviously lower than that of Fe3O4–NH2

(36.7 mV), because the –NH2 of Fe3O4–NH2 could combine with
H+ of H2O and present a positive charge, however, when Fe3O4–

NH2 was modied with AB18C6, the AB18C6 prevented –NH2

from interacting with H+ of H2O and AB18C6 had a zero charge.
These results also suggested that Fe3O4–NH2 had been
successfully modied with AB18C6.

Identication of the crystalline phases of Fe3O4–NH2 and
Fe3O4@AB18C6 were performed by XRD analysis. As shown in
Fig. 3(c), the XRD patterns of the Fe3O4@AB18C6 obviously
exhibited characteristic diffraction peaks of Fe3O4, displaying
the diffraction peaks for the (111), (220), (311), (400), (511) and
(440) planes, in accordance with those of the standard magne-
tite XRD pattern (JCPDS card, le no. 19-0629).23 This showed
that the composite structure of Fe3O4 was not destroyed by its
functionalization.

Magnetism is an important feature of magnetic materials so
VSM was conducted to ensure that the materials could be
separated from a liquid medium in practical application. As
shown in Fig. 3(d), the magnetic hysteresis loops for both
Fe3O4–NH2 and Fe3O4@AB18C6 showed almost zero coercivity
and remanence, which suggested that the composites had
excellent paramagnetism. The maximum saturation magneti-
zation (Ms) values of Fe3O4–NH2 and Fe3O4@AB18C6 were 72.9
emu g�1 and 59.4 emu g�1, respectively. In comparison with
Fe3O4–NH2, Fe3O4@AB18C6 showed reduced magnetization,
but the magnetic response of Fe3O4@AB18C6 was still suffi-
ciently high for practical application.
This journal is © The Royal Society of Chemistry 2019
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Optimization of extraction parameters for MSPE

The extraction parameters are important for MSPE proce-
dures, and greatly inuence the extraction efficiency. Some
vital extraction parameters for MSPE such as the pH, content
of AB18C6, extraction time and salt concentration were
evaluated.

The solution pH is closely linked to the properties of the
analytes and the extractant, and inuence the extraction effi-
ciency.27 The effect of the solution pH onMSPE was investigated
by changing the pH from 3.0 to 8.0. The composite (5.0 mg) was
added into the Pb2+ solution (5.0 mg mL�1) at room temperature
and incubated for 3 h without salt addition. Fig. 4(a) shows that
the extraction efficiency was highest when the pH of the analyte
solution was 5.0 and so the analyte solution was adjusted to pH
5.0 in the following experiments.

The content of AB18C6 is a relevant factor for the extraction
system, because a limited amount of AB18C6 would reduce the
adsorption capacity for Pb2+, whereas excess AB18C6 could be
wasteful. AB18C6 content was investigated by changing the
ratio of Fe3O4–NH2 to AB18C6 from 50 : 50 to 50 : 400, and then
using 5.0 mg composite containing different quantities of
AB18C6 for Pb2+ (10 mg mL�1, pH: 5.0) extraction at room
temperature without salt. As shown in Fig. 4(b), the extraction of
Pb2+ was the highest when the ratio of Fe3O4–NH2 to AB18C6
was 50 : 200. Therefore, the optimal quantity ratio of Fe3O4–

NH2 to ABA8C6 was 50 : 200 for MSPE.
Extraction time is connected with the extraction kinetics

and the extraction equilibrium, which also inuence the
extraction efficiency.26 Extraction times of 10–180 min were
inspected for the MSPE of Pb2+. The composite (5.0 mg) was
added to Pb2+ solutions (each at 20 mg mL�1, pH: 5.0) and
extraction was performed at room temperature without salt. As
illustrated in Fig. 4(c), the extraction of Pb2+ was gradually
increased as the extraction time increased from 10 min to
60 min, aer which there was no obvious improvement in
extraction, which suggested that the extraction equilibrium
Fig. 4 Effect on Pb2+ extraction efficiency of (a) pH, (b) content of
AB18C6, (c) extraction time, and (d) concentration of salt.

This journal is © The Royal Society of Chemistry 2019
had been attained. Thus 60 min was the optimal time for the
MSPE of Pb2+ ions.

The salt concentration also inuences the extraction effi-
ciency by increasing the strength of solution ions and the
viscosity of Pb2+ solution, and decreasing the solubility of ana-
lytes.25 The inuence of salt was investigated by adding a series
concentration of sodium chloride to Pb2+ solution. The
composite (5.0 mg) was employed for Pb2+ (20 mg mL�1, pH: 5.0)
extraction with different concentrations of added sodium
chloride at room temperature. Fig. 4(d) shows that the extrac-
tion of Pb2+ decreased as the concentration of sodium chloride
increased. Thus, salt addition reduced the MSPE of Pb2+, and
there was no need to add salt in subsequent extraction
experiments.

Desorption conditions

Desorption is the other critical factor for MSPE, and it is also an
important process for application in real samples.40 Four acid
solutions, namely hydrochloric acid, nitric acid, sulfuric acid
and phosphoric acid, were selected for exploring the desorption
conditions, as shown in Fig. S3(a).† The above desorption
solvents were each employed three times to elute the extracted
composite (0.2 mL � 3), and the results displayed that the
hydrochloric acid had the highest desorption efficiency for Pb2+,
with a recovery attaining 100.3%. Then the concentration of
hydrochloric acid was optimized: a series of hydrochloric acid
concentrations was added to the extraction composite and each
was used three times for desorption (0.2 mL � 3). As shown in
Fig. S3(b),† when the concentration of hydrochloric acid was
1.0 mol L�1, the desorption efficiencies were the highest.
Therefore, 1.0 mol L�1 HCl was chosen as the desorption
solvent for Pb2+ in this work.

Reusability evaluation

It is vital to evaluate the reusability of the MSPE composite. To
evaluate the durability and reusability of the composite, the
number of times that the extraction composite could be reused
was investigated. The extraction composite was rst desorbed,
then cleaned by ultrapure water and dried, and the resulting
composite was reused for the MSPE procedure. The result is
shown in Fig. S4.† It was observed that the extraction capacity of
the composite did not show any obvious loss aer it was reused
3 times, which suggested that the composite was stable and that
its structure was not changed by reuse. The FT-IR (Fig. S5†) and
TEM (Fig. S6†) characterizations also displayed that the struc-
ture and morphology of Fe3O4@AB18C6 were stable aer it was
reused three times.

Selectivity and anti-interference evaluation

The selectivity and specicity of the composite in the MSPE
experiment were evaluated by employing 14 metal ions which
might appear in real samples. The experimental details are
shown in Fig. 5(a). The metal ions, namely Na+, Ca2+, Ce2+, Cs+,
Ba2+, Co2+, Mg2+, Sr2+, Mn2+, Cu2+, Hg2+, Ni2+, Fe3+ and Zn2+,
were employed for the MSPE procedure. The results clearly
showed that the composite had excellent adsorption for Pb2+
Anal. Methods, 2019, 11, 1735–1742 | 1739
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Fig. 5 (a) Selectivity and (b) anti-interference evaluation of Fe3O4@-
AB18C6 for Pb2+ extraction in a solution containing 14 other metal
ions.

Table 1 Analytical results for the determination of Pb2+ in apple, milk
and rice samples (n ¼ 3)

Sample
Spiked
(mg g�1)

Found
(mg g�1)

Recovery
(%) RSD (%)

Tap water 0 — — —
0.1 0.111 111 5.41
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and that the adsorption capacity for Pb2+ was far more than that
for the other metal ions. Furthermore, Fig. 5(b) exhibited that
Fe3O4@AB18C6 had excellent anti-interference properties and
that the existence of other interfering metal ions had little effect
on the adsorption of Pb2+ in optimal conditions. This was
attributed to three points: rstly, the AB18C6 was a cyclic
compound, the oxygen atoms of AB18C6 were in the same plane
and formed a strong negative potential barrier, so the compound
easily coordinated with metal ions. Secondly, the AB18C6 had
a hydrophobic exterior structure and hydrophilic interior,
therefore it could form a stable coordination compound with
Pb2+. Lastly but not least, the AB18C6 cavity size matched the size
of Pb2+ as well as provided ion–dipole interactions with the Pb2+

ion. In brief, the Fe3O4@AB18C6 exhibited ideal selectivity for
Pb2+ because of the special structure of AB18C6.
0.5 0.513 102 1.75
Apple 0 — — —

0.1 0.104 104 5.08
0.3 0.281 93.8 8.62
0.5 0.486 97.2 1.09

Milk 0 — — —
0.3 0.326 108 8.22
0.5 0.512 102 5.24

Rice 0 — — —
0.1 0.099 99.4 7.73
0.3 0.321 107 8.62
0.5 0.512 102 1.50
Elucidation of adsorption and desorption mechanisms

With the purpose of evaluating the advantages of the proposed
Fe3O4@AB18C6-based MSPE and adsorption mechanism,
different amounts of AB18C6-modied Fe3O4@AB18C6 were
used to extract the same concentration of Pb2+ solution. As
shown in Fig. 4(b), the adsorption capacity was the best when
the ratio of Fe3O4–NH2 to AB18C6 was 50 : 200. AB18C6 could
be used to extract Pb2+ because it had special structure of
1740 | Anal. Methods, 2019, 11, 1735–1742
hydrophobic external skeleton and hydrophilic cavity.37 Besides,
the radius of AB18C6 cavity was 2.2–3.2 Å which exactly matched
with the radius of Pb2+ (2.4 Å).36 All these interactions contrib-
uted to the enhanced extraction affinity for Pb2+ and excellent
selectivity for Pb2+.

The desorption mechanism was mainly based on the pH of
the analyte solution, which could affect the surface charge of
AB18C6 and its ionization series. When the pH of the solution
was low, the concentration of H+ increased, which caused
protonation of surface sites and increasing positive charges,
and therefore, the adsorption capacity of Fe3O4@AB18C6 was
reduced for positive metal ions (electrostatic repulsion).38 In
addition, the complexation of Pb2+–AB18C6 and intermolecular
association of H+–AB18C6 were in competition in acid solu-
tion.39,40 If the concentration of H+ was at least 1.0 mol L�1, the
intermolecular association of H+–AB18C6 dominated, and the
H+ ions preferentially combined with AB18C6 and occupied the
effective adsorption sites which had originally combined with
Pb2+. Therefore, as shown in Fig. S3,† the different acid solu-
tions functioned as elution solutions and elution was best when
the concentration of hydrochloric acid was 1.0 mol L�1.
Method validation

The method for MSPE of Pb2+ was established according to the
optimal conditions. In order to validate the performance of the
method, a series of experiments to determine important
analytical parameters such as linearity, accuracy, limit of
detection (LOD) and limit of quantication (LOQ) was
conducted.

Calibration curves for Pb2+ were established by extraction of
solutions containing eight spiked levels of Pb2+ (0.01 mg g�1,
0.1 mg g�1, 0.5 mg g�1, 1.0 mg g�1, 4.0 mg g�1, 6.0 mg g�1, 8.0 mg
g�1, 10.0 mg g�1) in three parallel experiments, as shown in
Fig. S7.† Satisfactory linearity was obtained with the corre-
sponding correlation coefficient (R2) of 0.997 for Pb2+, over the
concentration range from 0.01 mg g�1 to 10 mg g�1. The LOD,
dened as the concentration at a signal-to-noise ratio (S/N) of
This journal is © The Royal Society of Chemistry 2019
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Table 2 Comparison of methods used for the determination of the target analytesa

Extraction
method

Analytical
method Matrix Linearity LOD Recovery (%) Interferences Ref.

SPE ICP-OES Seafood 0.05–0.5 mg mL�1 0.1 mg kg�1 90–120 — 11
SPE AAS Water 0.2–50 mg L�1 0.06 mg L�1 95.5–104.6 7 15
UA-M-D-mSPE FAAS Water, sh, vegetables 2.0–600 mg L�1 0.6 mg L�1 92–97.6 — 41
MSPE ICP-MS Urine, plasma — 0.157 mg L�1 81–113 — 42
MSPE FAAS Water, fruit samples 3.5–150 mg L�1 1.0 mg L�1 94.0–106.0 — 43
MRT-SPE UV-vis — 0.01–0.75 mg L�1 6.4 mg L�1 — 4 44
MSPE ICP-OES Apple, milk and rice 0.01–10 mg g�1 12.5 ng g�1 93.8–108 14 This work

a SPE: solid-phase extraction; MSPE: magnetic solid-phase extraction; MCSPE: microcolumn solid-phase extraction; UA-M-D-mSPE: ultrasound-
assisted magnetic dispersive microsolid-phase extraction; MRT-SPE: molecular recognition technology solid-phase extraction.
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3, was 12.5 ng g�1, while that on the basis of an S/N ratio of 10
was 37.5 ng g�1.

The calibration curves for Pb2+ in tap water, apple, milk and
rice were established (Fig. S8, S9 and S10†) and the relevant
parameters are listed in Table S1.† The results displayed that
the curves were good even in the complex samples. The accuracy
of the prepared method was validated by MSPE of water, apple,
milk and rice samples spiked at three concentration levels (0.1
mg g�1, 0.3 mg g�1 and 0.5 mg g�1) and the results are shown in
Table 1. The extraction recoveries were used to evaluate accu-
racy. Recoveries ranged from 102% to 111% with the RSD in the
range from 1.75% to 5.41% for tap water, from 93.8% to 104%
with the RSD in the range from 1.09% to 8.62% for apple, from
102% to 108% with the RSD in the range from 5.24% to 8.22%
for milk, and from 99.4% to 107% with the RSD in the range
from 1.50% to 8.62% for rice. All these results illustrated that
the proposed MSPE method for Pb2+ determination could
satisfy the requirements of real sample analysis.
Precision

The precision of the proposed method was assessed by testing
intra-day and inter-day variations. Both repeatability and
intermediate precision were evaluated by analysis of ve
samples of tap water spiked at 0.5 mg g�1. Repeatability was
measured on the same day with the obtained RSD value of
1.89% while intermediate precision was measured on three
consecutive days with RSD values of 4.24%.
Application to real sample analysis

To demonstrate the application of the preparedmethod, samples
from apple, milk and rice purchased from a local market (Lanz-
hou, China) and tap water from our laboratory, were subjected to
MSPE and ICP-OES analysis. The results indicated that Pb2+ was
not detected in tap water, apple, milk or rice.
Method comparison

The proposed MSPE method was compared with some reported
methods for Pb2+ determination, from the viewpoints of line-
arity, LOD, recovery and selectivity. As shown in Table 2, the
prepared method had good extraction efficiency and the
dispersive extraction mode compared well with other listed
This journal is © The Royal Society of Chemistry 2019
methods. Furthermore, the proposed method exhibited a wide
linearity range, desirable recovery and superior selectivity and
anti-interference (as seen in Fig. 5). In addition, the magnetic
extractant-based preparation method made the analysis proce-
dure more convenient and time-saving. Due to the above dis-
cussed advantages, the proposed material can be considered as
a promising extractant for Pb2+ determination from complex
matrix samples.

Conclusions

A novel MSPE method was established for Pb2+ determination
based on 40-aminobenzo-18-crown-6 functionalized Fe3O4 (Fe3-
O4@AB18C6). Magnetic carrier technology made the separation
procedure quick and convenient. The composite displayed
excellent adsorption capacity and selectivity for Pb2+, as the
cavity of AB18C6 matched with the size of Pb2+. Furthermore,
the experimental parameters affecting adsorption efficiency
were optimized, including the pH of solution, the content of
AB18C6, the extraction time and the salt concentration. Under
the optimal conditions, the established analytical method had
good linearity, low limits of detection and satisfactory spiked
recoveries when it was applied to trace Pb2+ determination. The
results show that the proposed method can be applied to Pb2+

determination from complex matrix samples. Moreover,
considering the trend in on-line MSPE determination of heavy
metal ions in food samples, improved MSPE technology which
can realize the automation of sample pretreatment will be
researched in future work.
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