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A simple and sensitive electroanalysis method has been developed for the direct determination of lead
ions of nanomolar levels in real samples of drinking water and milk by employing magnetic mesoporous
thiourea-formaldehyde resin (TUF@Fe3O4) nanocomposites as the capturing absorbents. Here, the pre-
pared TUF@Fe3O4 with the large-surface-area mesoporous structure and strong Pb2+-binding ligands
could facilitate the selective and large-scale adsorption of Pb2+ ions from the complex sample matrices
to be further magnetically separated onto the magnetic electrodes. Moreover, the Pb2+ ions magnetically
accumulated were electrochemically measured alternatively by the solid state-based anodic stripping of
PbCl2. The detection limit was found to be 0.0070 nmol L�1. The as-developed Pb2+ electroanalysis
method with the magnetic electrodes and TUF@Fe3O4 nanocomposites could avoid the complicated sam-
ple preparation and electrode modification, thus holding the great potential of applications for the Pb2+

detection in different real samples.
� 2017 Elsevier Ltd. All rights reserved.
1. Introduction methods, and especially the composition complexity of sample
It is well-known that lead (Pb2+) ion is a highly toxic pollutant
due to its long-term environmental toxicity and serious damage
to human health (Demayo, Taylor, Taylor, Hodson, & Hammond,
1982; Tchounwou, Yedjou, Patlolla, & Sutton, 2012). Lead poison-
ing typically results from the exposure to Pb2+-contaminated water
or food (Tong, Schirnding, & Prapamontol, 2000). For example, lead
ions are commonly found in drinking water as a result of corrosion
of pipes which commonly contain lead metal (Kim & Herrera,
2010; Lasheen, Sharaby, El-Kholy, Elsherif, & El-Wakeel, 2008).
Lead ions could not be metabolized by the body and would accu-
mulate in the soft issues ultimately resulting in a serious hazard
to human health (Hu, Shih, Rothenberg, & Schwartz, 2007;
Moreira, Vassilieff, Vassilieff, & l, 2001; Navas-Acien &
Rothenberg, 2007). However, the amounts of lead ions in real sam-
ples are usually lower than the detection limits of most analytical
matrices like wastewater and food may cause a serious interfer-
ence for its determination. Therefore, the sensitive and selective
analytical techniques are required ideally together with a pre-
concentration procedure for targeting Pb2+ ions.

Magnetic solid-phase extraction (MSPE), which allows for the
extraction of different compounds from the samples using
magnetic adsorbents, has received considerable attentions due
to its simplicity, rapidity, low cost, and high selectivity
(Herrero-Latorre, Barciela-García, García-Martín, Pena-Crecente, &
Otárola-Jiménez, 2015; Wan Ibrahim, Nodeh, Aboul-Enein, &
Sanagi, 2015; Wierucka & Biziuk, 2014). By using an external mag-
netic field provided by a magnet, the analytes that are adsorbed on
the surface of magnetic adsorbents could be effectively separated
from the large-volume sample matrices without the additional
steps such as centrifugation, precipitation, or filtration. As a result,
the targeting analytes can be eluted from the magnetic adsorbents
with the addition of appropriate solvents to be further analyzed by
the various analysis methods, such as the combined with induc-
tively coupled plasma mass spectrometry (ISP-MS) (Li, Chen, Hu,
& Lian, 2015; Su, Chen, He, Hu, & Xiao, 2014), inductively coupled
plasma optical emission spectrometry (ICP-OES) (Cheng, He, Peng,
& Hu, 2012; Falaki & Berijani, 2016) and atomic absorption
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spectrometry (AAS) (Shegefti, Mehdinia, & Shemirani, 2016;
Yilmaz, Alosmanov, & Soylak, 2015), high-performance ion chro-
matography (HPIC) (Wei, Sandron, Townsend, Nesterenko, &
Paull, 2015), high-performance liquid chromatography (HPLC))
(Ibarra, Miranda, Rodriguez, Nebot, & Cepeda, 2014; Zhang et al.,
2015), and biological and chemical sensing (Mandil, Idrissi, &
Amine, 2010; Si, Zhang, et al., 2014). However, these instrumental
detection methods may be limited by the need of expensive and
complex instruments, well-trained personnel, and high operation
costs. More seriously, the analytes absorbed on magnetic adsor-
bents could not be analyzed directly. Alternatively, they must be
eluted, evaporated, and re-dissolved, so that the highly enriched
targets may be analyzed by the aforementioned analysis tech-
niques. In the process of desorption, the type, concentration, and
volume of the eluents might affect the recovery rates of target ana-
lytes, in addition to entailing the laborious procedures.

The electrochemical detection methods have attracted the great
interest in the detection of heavy metal ions since they are highly
sensitive, simple, fast, and easily adaptable for the in-situ measure-
ments (Gumpu, Sethuraman, Krishnan, & Rayappan, 2015; Lee
et al., 2015; Niu et al., 2013). Furthermore, in order to improve
the detection sensitivity of electrochemical sensors to measure
low concentration of heavy metal ions, the working electrodes
should often be modified with various functional materials of inor-
ganic nanoparticles (i.e., quantum dots, carbon nanotubes, and gra-
phene), organic chelating agents, polymers, and biological stuffs
(i.e., enzymes, nucleic acids, and proteins) (Cui, Wu, & Ju, 2015;
Huang, Chen, Liu, & Ma, 2014; Mehta et al., 2016; Pikna,
Heželová, & Kováčová, 2015; Ting, Ee, Ananthanarayanan, Leong,
& Chen, 2015; Zhao et al., 2015). Moreover, magnetic nanoparticles
(e.g., Fe3O4) have been widely applied due to their unique proper-
ties such as magnetic responses, good biocompatibility, low toxic-
ity, strong adsorptive ability, huge specific area, and easy
preparation. Remarkably, a number of Fe3O4 composites were uti-
lized for the electrochemical analysis of heavy ions. For example,
glassy carbon electrodes or carbon paste electrodes were sepa-
rately modified with c-AlOOH (boehmite) @SiO2/Fe3O4 (Wei
et al., 2011), polydopamine@Fe3O4 (Song et al., 2013), amine-
functionalized Fe3O4 (Xiong et al., 2013), and diethylenetriamine-
pentaacetic acid (DTPA) functionalized Fe3O4 (Bagherzadeh,
Pirmoradian, & Riahi, 2014) for the direct electrochemical detec-
tions of Pb2+ ions. However, Fe3O4 nanoparticles are prone to
aggregate and especially lack of the special recognition groups
for selectively binding to targeting metal ions, thus making it nec-
essary for their surface functional modifications (Hong et al., 2009).
In addition, the magnetic nanoparticles-aided separation of ana-
lytes from the complicated matricesis highly desired for their
direct analysis with high detection sensitivity. Therefore, the
objective of the present study is to couple the versatile MSPE with
the sensitive electroanalysis methods, which allows for the pre-
concentration and direct detection of Pb2+ ions in the large-
volume samples without tedious sample elutions simply by using
the magnetic electrodes.

2. Experimental

2.1. Chemicals and apparatus

Thiourea, formaldehyde, FeCl3�6H2O and FeCl2�4H2O were
obtained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). All the reagents used in the experimental studies were of
analytical grade or better quality. The water (18.2 MX cm)
obtained from a Millipore Milli-Q purification system was used
to prepare all solutions.

Electrochemicalmeasurements were conductedwith an electro-
chemical workstation CHI760D (CH Instrument, Shanghai, China). A
magnetic glassy carbon electrode (Incole Union Technology,
Tianjin, China) served as a working electrode; a Pt wire electrode
and a saturated Ag/AgCl electrode were used as a counter-
electrode and a reference electrode, respectively. The square wave
voltammetry (SWV) parameters were performed at the square
wave frequency of 15 Hz and square wave amplitude of 25 mV.
Transmission electron microscopy (TEM, FEI Tecnai G20, USA)
imagingoperated at 100 kV and fourier transform infrared (FTIR)
spectrophotometer (Thermo Nicolet Nexus 470FT, USA) were
employed to characterize the prepared magnetic materials.

2.2. Synthesis of TUF@Fe3O4 nanocomposites

Fe3O4 nanoparticles were prepared according to the literature
(Shin & Jang, 2007). In the synthesis TUF@Fe3O4, 0.152 g thiourea
and 0.162 g formaldehyde were dissolved in 10.0 mL distilled
water at 80sC, with pH values adjusted to 10 by using 0.10 M
NaOH solution. After stirring for 2 h to complete the hydrox-
ymethylation reactions, Fe3O4 nanoparticles (0.10 g) were ultra-
sonically dispersed in 20.0 mL of deionized water and dropped
into the mixture after stirring for 30 min. Then, pH was adjusted
to 5 using 10% HCl solution while the mixture was mechanical stir-
red under 80 �C for 8 h. Finally, the magnetic microspheres were
separated by a magnetic field and washed with ethanol and dis-
tilled water, and then the product was dried in a vacuum oven at
60 �C for 10 h.

2.3. Sample preparation

Drinking water was collected from the laboratory and acidified
to pH 3.0 with HCl. Milk and yoghurt were purchased from local
shops. An aliquot of 5.0 mL of each milk sample was accurately
weighed in a beaker and a mixture of 10.0 mL of HNO3 (65%) and
10.0 mL of H2O2 (35%) was added. Then the samples were heated
on an electric hot plate at 100 �C until the solutions became clear.
After cooling the samples, the residues were diluted to a final vol-
ume of 50.0 mL with deionised water and adjusted to pH 3.0.

2.4. Determination of lead ions with TUF@Fe3O4 nanocomposites

The magnetic glassy carbon electrode (GCE) was polished with
0.05 lm a-Al2O3 powder slurries until a mirror shiny surface
appeared, and was sonicated in ultrapure water for 1 min. Then,
an aliquot of 6.0 mg TUF@Fe3O4 was incubated in 50.0 mL of Pb2+-
standard or sample solution. The pH of the solutions was then
adjusted to 3.0, and then the solution was shaken at 298 K for
30 min to ensure the sorption process reach equilibrium. The
TUF@Fe3O4 nanocomposites were magnetically separated and the
supernatant was discarded. Subsequently 500 lL of distilled water
were added, and the magnetic GCE was inserted into the solution
for 2 min to collect the TUF@Fe3O4 nanocomposites on the elec-
trode surface. TUF@ Fe3O4 could be easily attracted onto the mag-
netic GCE within several minutes by use of the magnetism of
TUF@Fe3O4. Finally, the magnetic GCE was immersed into the NH4-
Cl-HCl solution for the solid state-based electrochemical measure-
ments. After Pb2+ ions were measured in the electrochemical cell,
TUF@Fe3O4 was removed from the magnetic GCE to be further
reused by washing with 0.10 M H2SO4.
3. Results and discussion

3.1. Synthesis and characterization of TUF@Fe3O4 nanocomposites

The magnetic TUF@Fe3O4 nanocomposites were synthesized
using Fe3O4 nanoparticles, thiourea, and formaldehyde through
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the hydroxymethylation reactions. The yielded products were
investigated by the FT-IR spectra taking Fe3O4 as the control
(Fig. 1A). It can be seen that the characteristic peak of Fe3O4

appeared at 580 cm�1. The advent of the absorption peaks of
>NAH (3340 cm�1), ANAC@SA (1630 and 1140 cm�1), >C@NH
(1560 cm�1) the successful confirmed anchoring of TUF resin onto
the magnetic nanocomposites. Fig. 1B illustrates the transmission
electron microscopy (TEM) image of TUF@Fe3O4nanocomposites.
One can note that the obtained TUF@Fe3O4 nanocomposites could
show the topological structure of highly mesoporous TUF polymers
shelled on the magnetic microspheres, with the average particle
sizes of about 600 nm. Furthermore, the specific surface area of
TUF@Fe3O4 was also characterized by using Brunauer, Emmett
and Teller (BET) analysis (Fig. 1C). The BET surface area was found
to reach 120.6 m2/g. The Barrett–Joyner–Halenda (BJH) desorption
pore size distributions of TUF@Fe3O4 was shown in Fig. 1D. As
illustrated in Fig. 1D, the pores were mainly distributed between
Fig. 1. (A) FT-IR spectra of pure Fe3O4 (a), TUF@ Fe3O4 (b); (B) TEM image of TUF@ Fe3O4;
(E) Comparison of SWASV responses between the magnetic GCEs modified with (a) TUF@
to the blank responses.
about 3.0 and 13 nm. The values of average pores diameter and
cumulative volume of pores for TUF@Fe3O4 were 3.27 nm and
0.278 cm3/g, respectively.

3.2. The protocol for the Pb2+electroanalysisusing TUF@ Fe3O4

nanocomposites

Scheme 1 illustrates the protocol for the Pb2+electroanalysisus-
ing mesoporous TUF@Fe3O4 nanocomposites and magnetic elec-
trodes. Herein, the magnetic TUF@Fe3O4 nanocomposites were
employed as the absorbents for capturing Pb2+ ions from the real
large-volume samples. Notably, the TUF@Fe3O4 could possess
with mesoporous structure, large surface areas, and especially
the high affinity for Pb2+ ions resulting from the abundant amine
(-NH2) and thiourea (AC@S) groups that may serve as the
Pb2+-chelating ligands. After the completion of Pb2+ absorption,
the magnetic GCE was dipped into the sample solution to collect
(C) N2 adsorption isotherm of TUF@ Fe3O4; (D) pore size distributions of TUF@ Fe3O4;
Fe3O4 and (b) Fe3O4 in 0.10 M NH4Cl-HCl (pH 3.0), where the dotted line corresponds



Scheme 1. Schematic illustration of the pb2+ adsorption and detection procedure of the electroanalysis method with TUF@Fe3O4 nanocomposites as the capturing probes.
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the magnetic TUF@Fe3O4 nanocomposites. Finally, the so accumu-
lated Pb2+ ions on the magnetic electrode would be measured in
the electrochemical cell alternatively by the sensitive electro-
chemical output of the solid state-based SWV of PbCl2, as also
reported previously for the AgCl electrochemistry (Si, Sun, et al.,
2014; Ting, Zhang, Gao, & Ying, 2009). A simple and sensitive elec-
troanalysis method with TUF@Fe3O4 capturing absorbents was
thereby developed for the direct determination of lead ions in real
samples, without the sophisticated sample purification and elec-
trode fabrication steps.

The adsorption performances of TUF@Fe3O4 toward Pb2+ ions
were first compared to those of Fe3O4 particles. As shown in Fig. 1E,
an aliquot of TUF@ Fe3O4 nanocomposites and Fe3O4 nanoparticles
were separately added into the 15.0 nmol L�1 standard Pb2+ ions to
be further magnetically accumulated onto the magnetic electrodes
for the solid state-based SWV of PbCl2 in NH4ClAHCl. As expected,
the TUF@Fe3O4 modified electrode could display a much stronger
SWV response to lead ions than the bare Fe3O4 particles. Accord-
ingly, the magnetic TUF@Fe3O4 nanocomposites could promise a
high-performance electrochemical sensing platform for the elec-
troanalysis of the low-level Pb2+ ions by the sensitive signal output
of the solid state-based anodic striping of PbCl2.
3.3. Optimization of electroanalysis conditions

Some important factors including the supporting electrolytes,
pH, deposition potential and deposition time, which could have
influences on the Pb2+ electrochemical deposition and reduction
on the electrode surface, were investigated separately. For this pur-
pose, TUF@Fe3O4 nanocomposites were introduced into the stan-
dard solutions of Pb2+ ions (10.0 nmol L�1, pH 3.0) to be mixed
for 30 min. Then, TUF@Fe3O4 nanocomposites were magnetically
collected onto the magnetic GCE for the electrochemical Pb2+ mea-
surement in the electrochemical cell. The SWV curves (Fig. 2A)
were assessed in different supporting electrolytes: 0.10 M PBS,
KNO3, NH4Cl-HCl, and NaAc-HAc buffer solutions. No significant
signal was obtained in PBS solution. Optimum sensitivity was
found in NH4ClAHCl solution, where the stripping peak height
was greater and well defined. According to our previous reports
(Zhao et al., 2015), enhanced Pb2+ electroanalysis performance
could be achieved by the solid-state PbCl2 voltammetry. Therefore,
NH4Cl-HCl solution was selected throughout subsequent electro-
chemical analyses. The effects of pH values on the determination
of Pb2+ ions were investigated in NH4Cl-HCl solution (pH range
of 2.0–8.0). As shown in Fig. 2B, the peak height increased as the
pH of the supporting electrolyte increased from 2.0 to 3.0, then
decreased on increasing the pH from 3.0 to 8.0. It was found that
the optimized pH value should be 3.0.

The effects of the deposition potential on the peak current of
Pb2+ ions were studied in the potential range from �1.6 V to
�0.8 V. Pb2+ ions can be electrochemically reduced to Pb0 at a cer-
tain potential resulting in larger amount of Pb2+ ions adsorbed on
the TUF@Fe3O4 transferred to the electrode surface in the accumu-
lation step. As shown in Fig. 2C, the negative shifts of reduction
potential can obviously increase the peak current. To obtain the
good sensitivity for Pb2+ ions, �1.4 V was employed as the optimal
accumulation potential for further studies. Also, the effect of the
deposition time on the stripping current of lead was examined.
As seen in Fig. 2D, the peak currents were found to increase rapidly
with the deposition time up to 200 s. After that, the peak currents
tended to be constant, suggesting that the electrode surface was
saturated by Pb2+ ions. Therefore, the deposition time of 200 s
was used for all of the subsequent Pb2+ measurements.
3.4. Optimum pre-concentration conditions with magnetic
nanocomposites

In this method, Pb2+ ions were captured by TUF@Fe3O4 firstly,
and were subsequently collected on the magnetic electrode surface
prior to the voltammetric detection. The sensitivity of this method
also depends on the binding affinity between the lead ions and
TUF@Fe3O4. Therefore, the pH of sample solution, extraction time,
adsorbent amount, and sample volume can have profound effects
on the pre-concentration of Pb2+ ions.

The pH values of the sample solutions were importantly vari-
able for the adsorption of targeting metal ions (Asgharinezhad,
Ebrahimzadeh, Rezvani, Shekari, & Loni, 2014). It might affect both
the protonation of the adsorbent donor atoms and the chemistry of
target metal ions. The pH effects on the adsorption of TUF@Fe3O4

for Pb2+ ions (10.0 nmol L�1) were investigated under different
pH values (Fig. 3A). It was found that the optimized pH value
should be 3.0, and then the extraction efficiency started to
decrease intensely. The results could be attributed to a competition
for Pb2+ ions that might occur among OH� ions and TUF@Fe3O4 in
the testing solutions. As a result, the amounts of Pb2+ ion adsorbed
onto TUF@Fe3O4 would be reduced at higher pH values. Moreover,



Fig. 2. The optimization of electroanalysis conditions for the detection of 10.0 nmol L�1 Pb2+ ions using TUF@Fe3O4 including: (A) supporting electrolytes of NaAc-HAc,
NH4Cl-HCl, KNO3, and PBS solutions (0.10 M); (B) pH values; (C) deposition potentials and (D) deposition time. Data are given as the average ± SD (n = 3).
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the heteroatoms of TUF@Fe3O4 would be protonated at the low pH
values thus making them be less available for coordinating with
Pb2+ ions.

The influence of extraction time varied from 10 min to 70 min
on the stripping peak current is shown in Fig. 3B. The results
showed that the peak currents increased obviously with the incu-
bation time increased from 10 to 30 min, owing to the increased
amount of Pb2+ on the TUF@Fe3O4.Then, no further increase was
observed due to the surface saturation, therefore, 30 min was cho-
sen as the optimal extraction time.

The amounts of TUF@Fe3O4 particles were investigated. As is
shown in Fig. 3C, the peak current intensity increased with the
increasing amounts of TUF@Fe3O4, which is due to the enhanced
accumulation of Pb2+ from the sample solution. However, further
increase of the amount of TUF@Fe3O4 caused a decrease in the peak
current when the amount of TUF@Fe3O4 was above 6.0 mg, which
was thus used in all experiments.

In the analysis of Pb2+ ions in real samples, the sample volume is
one of the most important parameters which have a significant
influence on enrichment factor. The effect of sample volume on
the stripping peak current of Pb2+ was studied in the range 5.0–
100.0 mL with the mass of the Pb2+ ions was fixed in 0.50 nmol
(Fig. 3D). The bigger volume samples make it difficult to transport
target analytes to the adsorbent surface because of a lower amount
of adsorbent in the volume unit of the sample solution. The results
indicated that the dilution effect was not significant for sample
volumes up to 50.0 mL. Therefore, in order to obtain high sensitiv-
ity, 50.0 mL was considered to be the maximum and selected for
subsequent real sample analysis.
3.5. Calibration curve, selectivity, and reproducibility

Under the optimal experimental conditions, the electroanalysis
responses to Pb2+ ions of different concentrations were carried out,
each of which was measured repeatedly for three times. The cali-
bration curve was shown in Fig. 4, and the linear detection range
was 0.20–20.0 nmol L�1, with a regression equation of
Y = 6.416X + 15.31 (R = 0.9958) , and the limit of detection (LOD)
was 0.0070 nmol L�1 (S/N = 3).

The electrochemical stripping peaks of different ions will nor-
mally appear at the different potentials to a certain extent, so that
it may reduce any interference in the determination of Pb2+ (Wei
et al., 2011). However, the competitive adsorption between Pb2+

ions and some other possible interfering ions on the surface of
TUF@Fe3O4 might result in the reduced signal of Pb2+ ions. Then,
the selectivity of the developed method was investigated by the
addition of possible interferents such as Na+, K+, Cu2+, Cd2+, Fe3+,
Ca2+, Mg2+, Al3+, Cr3+ and Zn2+ ions into the sample solutions con-
taining 10.0 nmol L�1 Pb2+ ions under the optimized conditions.
These possible co-existing ions will have effect on the determina-
tion of Pb2+ ions to some degree by occupying the binding sites
of the adsorbent. The stripping voltammetric responses were com-
pared to those obtained for the pure standard Pb2+ solution, and
the tolerance limit was defined as the maximum concentration of
potential interfering ions that caused a relative error of stripping
peak current less than ± 5%. The results showed that 500-fold
Na+, K+ ions, 200-fold Fe3+, Ca2+, Mg2+, Zn2+ and Al3+ ions, and 50-
fold Cr3+, 20-fold of Cu2+ and Cd2+ ions did not cause the significant
interference in the Pb2+determinations.



Fig. 3. The extraction capacities of TUF@Fe3O4 for 10.0 nmol L�1 Pb2+ ions with depending on (A) pH values, (B) incubation time, (C) TUF@Fe3O4 amounts and (D) sample
volumes. Data are given as the average ± SD (n = 3).

Fig. 4. The electrochemical responses to Pb2+ ions with different concentrations,
corresponding to the calibration curves (insert). Data are given as the average ± SD
(n = 3).
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The reproducibility of the proposed electroanalysis method was
studied by the coefficient of variation of three intra- and inter-day
replicate measurements. A relative standard deviation of peak cur-
rent was found to be 3.35% (intra-day precision) and 4.56% (inter-
day precision) for six replicated measurements of 10.0 nmol L�1 of
Pb2+ ions in the optimal experimental conditions. Moreover, no sig-
nificant change of electrochemical signal was observed when
TUF@Fe3O4 nanocomposites were taken out for the sample treat-
ments and further electrochemical tests after one month. The
obtained data showed that the proposed method is highly sensitive
for the Pb2+ determination. A comparison of analysis results was
carried out among the developed electroanalysis method and the
ones with different magnetic enrichment materials reported previ-
ously, with the data summarized in Table S1. One can note that
compared to the previous detection methods in Table S1, the
developed analysis strategy with TUF@Fe3O4 could provide the
lowest detection limit, presumably due to the strong adsorption
capacity of magnetic TUF@Fe3O4 adsorbents for Pb2+ ions. More-
over, the TUF@Fe3O4-based electroanalysis method can offer some
advantages over the traditional ones such as high analysis sensitiv-
ity, rapid response, cost effectiveness, and simple analysis manip-
ulation and apparatus, of which the electrodes need not any
modification and can be further reused by a simple washing step.
3.6. Determination of Pb2+ ions in real samples

The utility of the proposed method was separately tested by the
detection of Pb2+ ions in drinking water and milk samples. In order
to improve the detection sensitivity for practical application, the
sample volume is chosen of 50.0 mL. Moreover, the application fea-
sibility of the proposed method for the electroanalysis of Pb2+ ions
in the real samples was investigated by comparing with the AAS
technology. The analytical results are shown in Table 1. The results
indicate that the developed electroanalysis method could be com-
parable to the classic instrumental analysis method in term of the
detection sensitivity for Pb2+ ions. At the same time, the Pb2+

spiked water samples were measured each for three times, show-



Table 1
Determination of Pb2+ ions in different real samples (n = 3).

Sample CPb
2+

(10�9 mol/L)
Added
(10�9 mol/L)

Founda

(10�9 mol/L)
Foundb

(10�9 mol/L)
Recovery(%) RSD

%)

Distilled water n.d. 5.0 4.87 ± 0.13 4.96 ± 0.11 97.4 2.70
n.d. 10.0 9.68 ± 0.25 9.29 ± 0.18 96.8 2.57

Drinking water 12.5 5.0 17.26 ± 0.54 17.08 ± 0.42 95.2 3.12
Milk 7.3 5.0 12.48 ± 0.41 12.35 ± 0.26 103.6 3.29
Yoghurt 9.8 5.0 14.46 ± 0.34 14.73 ± 0.33 93.2 2.34

n.d.: No detection.
a The developed method.
b The AAS method.
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ing that the recoveries were found in the range of 93.2–103.6%,
with the relative standard deviation (RSD) low as 3.29%.

4. Conclusions

In the present study, magnetic TUF@Fe3O4 nanocomposites
with the mesoporous structure of high surface area, which were
synthesized in a large quantity using a simple preparation method
and inexpensive raw materials. They were successfully applied as
the novel absorbents for capturing Pb2+ ions from drinking water
and food samples for the sensitive electroanalysis. The strong bind-
ing affinity of TUF@Fe3O4 with Pb2+ ions could facilitate the elec-
trochemical detections of Pb2+ions with a high selectivity.
Moreover, the Pb2+-loaded TUF@Fe3O4 could be easily separated
from the high-volume samples via a magnetic electrode, thus
allowing for the direct detections of Pb2+ ions without the tedious
sample pretreatment, electrode modification, and expensive analy-
sis instrument. Particularly, the ultrasensitive electrochemical sig-
nal outputs could be achieved for Pb2+ ions by way of the sensitive
solid state-based anodic striping of PbCl2, showing the detection
limit of Pb2+ ions down to 0.0070 nmol L�1. Such a simple, rapid,
cost-effective, and sensitive electroanalysis method with magnetic
TUF@Fe3O4 nanocomposites can allow for the direct analysis of
Pb2+ ions without the sophisticated sample purification and elec-
trode fabrication steps, thus promising the extensive applications
for the detection of Pb2+ ions in the various medical, food, and envi-
ronmental sample matrices.
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