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aracterization of a surface-grafted
Pb(II)-imprinted polymer based on activated carbon
for selective separation and pre-concentration of
Pb(II) ions from environmental water samples

Zhenhua Li, * Lihua Chen, Qiong Su, Lan Wu, Xiaohong Wei,* Liang Zeng
and Muchen Li

Even the lowest concentration level of lead (Pb) in the human body is dangerous to health due to its

bioaccumulation and high toxicity. Therefore, it is very important to develop selective and fast adsorption

methods for the removal of Pb(II) from various samples. In this paper, a new Pb(II) ion-imprinted polymer

(Pb(II)-IIP) was prepared with surface imprinting technology by using lead nitrate as a template, for the

solid-phase extraction of trace Pb(II) ions in environmental water samples. The imprinted polymer was

characterized by X-ray diffraction, Fourier transform infrared spectroscopy, Raman spectroscopy,

scanning electron microscopy and N2 adsorption–desorption isotherms. The separation/pre-

concentration conditions for Pb(II) were investigated, including the effects of pH, shaking time, sample

flow rate, elution conditions and interfering ions. Compared with non-imprinted particles, the ion-

imprinted polymer had a higher selectivity and adsorption capacity for Pb(II). The pseudo-second-order

kinetics model and Langmuir isotherm model fitted well with the adsorption data. The relative selectivity

factor values (ar) of Pb(II)/Zn(II), Pb(II)/Ni(II), Pb(II)/Co(II) and Pb(II)/Cu(II) were 168.20, 192.71, 126.13 and

229.39, respectively, which were all much greater than 1. The prepared Pb(II)-imprinted polymer was

shown to be promising for the separation/pre-concentration of trace Pb(II) from natural water samples.

The adsorption and desorption mechanisms were also proposed.
Introduction

In recent years, water pollution caused by heavy metals has been
one of the major economic and environmental problems all
over the world. Among heavy metal ions, lead (Pb) is one of the
most toxic for animals and humans. Through the food chain
system of soil-plant-animal-human, Pb(II) is transferred into
animals and human beings, causing severe contamination.1

Therefore, the accurate and sensitive determination of Pb(II) in
real samples is an important part of analytical chemistry.
Reproducible, accurate and sensitive analytical methods are
required for the determination of trace Pb in environmental
samples. Among the spectral methods, inductively coupled
plasma atomic emission spectrometry (ICP-OES) and atomic
absorption spectrometry (AAS) are simple and rapid methods
for the determination of metal ion concentrations,2 however
they are usually insufficiently sensitive due to matrix
ly Composite Materials and Biomass

, Northwest Minzu University, Lanzhou,

h12@lzu.edu.cn; Fax: +86 931 4512932;
interferences and the very low concentration of metal ions
present. Therefore, a separation/pre-concentration step is
required.

Nowadays, the solid-phase extraction (SPE) technique is
widely used for the pre-concentration of heavy metals due to its
high enrichment factors, absence of emulsion formation, safety
with respect to hazardous samples, minimal costs due to low
consumption of reagents, exibility and ease of automation.3

The choice of sorbent is an important factor in SPE because
it can control the analytical parameters such as affinity, capacity
and selectivity.4 Activated carbon is known as the most tradi-
tional adsorbent for removal of organic and inorganic pollut-
ants from aqueous as well as gaseous environments.5 It is
a widely used adsorbent in water and wastewater treatments
due to its high surface area, environmentally friendly nature
and because the methods are well developed. However, without
any surface treatment, activated carbon presents an adsorption
capacity for metal ions ranging from fair to zero, due to the fact
that metal ions oen exist in solution either as ions or as
hydrous ionic complexes. On the other hand, chelating-agent
modied activated carbons have been reported for the enrich-
ment of metal ions.6–9 Although remarkable adsorption capac-
ities and adsorption rates may be achieved by using these
This journal is © The Royal Society of Chemistry 2019
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adsorbents, the adsorption selectivity for target metal ions
remains unsatisfactory, which means that the adsorbents are
unlikely to remove or enrich target metal ions from wastewater
in the presence of many competitive ions. Recently, however,
more and more extensive studies describing highly selective
molecularly imprinted materials have been reported.10–12

Molecular imprinting is a method for the tailor-made prep-
aration of highly selective synthetic polymer receptors for given
molecules. The principle of molecular imprinting is that
a target molecule (template) and functional monomers are
polymerized with a crosslinking reagent. Aer removal of the
template, the functional groups in the resulting binding sites
should be arranged in positions suitable for subsequent inter-
actions with template molecules13 and so molecular imprinting
polymers (MIPs) are capable of recognizing and binding the
desired molecular target with a high affinity and selectivity.14 An
ion-imprinted polymer (IIP) is obtained when a metal ion is
used as the template in the above-described synthesis. In most
cases, specic ligands capable of forming a stable complex with
the metal ion (or metal ion complexes with such specic
ligands) are used in the polymerization process. The high
selectivity of IIP can be explained by the polymer memory effect
toward the metal ion interaction with a specic ligand, coor-
dination geometry, metal ion coordination number, charge and
size.15 One potential application of IIPs that has recently
attracted widespread interest is the clean-up and enrichment of
analytes present at low concentrations in complex matrices.16,17

Many studies on IIPs and their use for selective separation and
pre-concentration of metal ions have been reported.18–21

However, as far as we know, there has been no report on using
a surface-imprinted activated carbon sorbent for Pb(II)
enrichment.

Ethylenediamine has stable physical and chemical proper-
ties, and is commonly used as complexing agent. Based on this,
in this work, ethylenediamine was selected as the functional
monomer, epichlorohydrin was selected as the cross-linker, and
a new and green Pb(II)-IIP was prepared by the surface molec-
ular imprinting technique for the removal of Pb(II) ions from
aqueous solutions. The proposed method presented high
adsorption capacity and selectivity for Pb(II), and offered
a convenient, accurate and simple route to the clean-up of water
samples.

Experimental
Apparatus

An Iris Advantage ER/S inductively coupled plasma emission
spectrometer, (Thermo Jarrel Ash, Franklin, MA, USA) was used
for the determination of all metal ions. The instrumental
parameters were those recommended by the manufacturer. The
wavelength selected for Pb was 216.999 nm. Infrared spectra
(4000–400 cm�1) in KBr were recorded on a Nicolet NEXUS 670
FT-IR apparatus (USA). Raman spectra were measured with
a 532 nm edge by using a LabRAM HR Evolution spectrometer
(HORIBA Jobin Yvon S.A.S.) A JSM-6701F (JEOL, Japan) was used
to obtain scanning electron microscopy (SEM) images. A Philips
X'pert diffractometer with Cu Ka radiation (Holland) was used
This journal is © The Royal Society of Chemistry 2019
to acquire the X-ray diffraction (XRD) patterns of powdered
samples. N2 adsorption–desorption isotherms (Brunauer–
Emmett–Teller; BET) were measured using a TriStar II 3020
V1.04 apparatus (USA). The pH values were controlled with
a pHs-3C digital pH meter (Shanghai Lei Ci Device Works,
China). A YL-110 peristaltic pump (General Research Institute
for Non-ferrous Metals, Beijing, China) was used in the
separation/pre-concentration process. A polytetrauoro-
ethylene (PTFE) column (50 mm � 9.0 mm i.d.) (Tianjin Jinteng
Instrument Factory, Tianjin, China) was used.

Chemicals and reagents

Standard stock solutions of Pb(II), Zn(II), Ni(II), Co(II) and Cu(II)
(1 mg mL�1) were prepared by dissolving appropriate amounts
of analytical grade salts in double distilled water (DDW) with
the addition of 1.0% HNO3, and they were further diluted daily
prior to use. Activated carbon (AC, 40–60 mesh) was provided by
Tianjin Guangfu Fine Chemical Research Institute, Tianjin,
China. It was dried in a vacuum at 110 �C for 48 h before use.
Ethylenediamine (EN), thiourea and N,N0-dicyclohex-
ylcarbodiimide (DCC) were purchased from Sinopharm Chem-
ical Reagent Co., Ltd. (Beijing, China). Epichlorohydrin (EIN)
was provided by Shenyang Xinxing Reagent Factory (Shenyang,
China). The certied reference materials (GBW 08301: river
sediment; GBW 08303: polluted farming soil) were obtained
from the National Research Center for Certied Reference
Materials (Beijing, China).

Sample preparation

The river water samples were collected from Yellow River
(Chengguan district of Lanzhou, China) and Huangshui River
(Centre Square of Xining, China). Lake water was collected from
South Lake, Lanzhou, China. The water samples were ltered
through a 0.45 mmPTFE millipore lter, and acidied to a pH of
about 2 with concentrated HCl prior to storage for use. Tap
water samples taken from our research laboratory were
analyzed without any pretreatment. The pH value was adjusted
to 2 with 0.1 mol L�1 HCl prior to use.

The certied reference materials (GBW 08301: river sedi-
ment; GBW 08303: polluted farming soil) were digested
according to the literature methods.22

Synthesis

Preparation of carboxylic derivative of activated carbon (AC-
ACOOH). The activated carbon (AC) was rst puried and acti-
vated with 10% (v/v) HCl solution for 24 h in order to remove the
metal ions and other impurities sorbed on it. Then 10 g of the
puried AC was suspended in 300 mL of 32.5% (v/v) HNO3

solution with heating and stirring for 5 h at 60 �C. The mixture
was ltered, washed with deionized water to neutral, and dried
under vacuum at 80 �C for 8 h. The product was the carboxylic
derivative of activated carbon (AC-ACOOH).

Preparation of the Pb(II) imprinted and non-imprinted
polymers. The Pb(II)-imprinted activated carbon polymer
(Pb(II)-IIP) was prepared by the procedure shown in Fig. 1.
Firstly, 2.782 g of Pb(NO3)2 was dissolved in 80 mL of ethanol
RSC Adv., 2019, 9, 5110–5120 | 5111
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with stirring and heating, and then 3 mL of ethylenediamine
(EN) was added into the mixture. The solution was stirred and
reuxed for 1 h. In this process, functional monomers (EN) and
template ions (Pb(II)) were preassembled. Secondly, 6 g of AC-
COOH and 2 mL of epichlorohydrin (EIN) were added into the
mixture, aer which, 5.0 g of N,N-dicyclohexylcarbodiimide
(DCC) was slowly added and the suspension was reuxed for
48 h. In this process, EIN was used as the cross-linker and DCC
was used as the condensation agent. Lastly, the product was
recovered by ltration, washed with ethanol and stirred for 10 h
in 100 mL of 0.04 mol L�1 HCl to remove Pb(II) ions. The nal
product was cleaned with DDW and then dried under vacuum at
70 �C for 12 h. The non-imprinted polymer (Pb(II)-NIP) was
prepared using an identical procedure except that Pb(NO3)2 was
not added.
Procedures

Static procedure. A portion of a standard or sample solution
containing Pb(II) was transferred to a 10 mL beaker, and the pH
value was adjusted to the desired value with 0.1 mol L�1 HNO3

or 0.1 mol L�1 NH3$H2O. Then the volume was adjusted to
10 mL with deionized DDW. Pb(II)-IIP or Pb(II)-NIP (30 mg) was
added, and the mixture was mechanically shaken for 30 min to
attain equilibrium. Aer the solution was centrifuged, the
concentrations of the metal ions in the solution were directly
determined by ICP-AES. The adsorption capacity, distribution
ratio, selectivity coefficient and relative selectivity coefficient
were calculated according to the following equations:

Q ¼ ðCo � CeÞV
W

E% ¼ ðCo � CeÞ
Co

� 100%
Fig. 1 Scheme for the preparation of Pb(II)-IIP.

5112 | RSC Adv., 2019, 9, 5110–5120
D ¼ Q

Ce

a ¼ DPb

DM

ar ¼ ai

an

where Q represents the adsorption capacity (mg g�1), Co and Ce

represent the initial and equilibrium concentrations of Pb(II)
(mg mL�1), W is the mass of Pb(II)-imprinted amino-
functionalized AC polymer (g), V is the volume of metal ion
solution (L), E% is the extraction percentage, D is the distribu-
tion ratio (mL g�1), DPb and DM represent the distribution ratios
of Pb(II) and Ni(II), Co(II), Zn(II), or Cu(II) respectively, a is the
selectivity coefficient, ar is the relative selectivity coefficient,
and ai and an represent the selectivity factors of Pb(II)-IIP and
Pb(II)-NIP, respectively.

Dynamic procedure. Functionalized Pb(II)-IIP (30 mg) was
packed into a PTFE column which was plugged with a small
portion of glass wool at both ends. Before use, 0.1 mol L�1 HCl
and deionized DDW were successively passed through the
microcolumn in order to equilibrate, clean and neutralize it. A
suitable aliquot of the sample solution containing 1.0 mg mL�1

Pb(II) in a volume of 50 mL was adjusted to pH 4.0 and passed
through the column at a ow rate of 3.0 mL min�1 under the
control of a peristaltic pump. The bound metal ions were
stripped off from the gel column with 0.04 mol L�1 HCl solu-
tion. The concentration of the metal ions in the eluate was
determined by ICP-AES.
Results and discussion
Characteristics of the imprinted polymer

FT-IR spectra. The modication of the AC was conrmed by
FT-IR analysis (Fig. 2). When the FT-IR spectrum of AC-COOH
was compared with that of AC, a new band (1706 cm�1)
appeared due to the C]O stretching vibration of the carboxylic
acid group, which indicated that the carboxylic derivative of AC
had been prepared successfully. Several new peaks also
appeared in the spectrum of Pb(II)-IIP. According to the litera-
ture,23,24 the new peaks could be assigned as follows: the peak at
1702 cm�1 was due to C]O stretching vibrations; the peak at
1567 cm�1 was caused by N–H bending vibrations; and the
bands around 3430 cm�1 could be assigned to N–H stretching
vibrations. The main bands of the spectra of Pb(II)-IIP and Pb(II)-
NIP showed very similar locations and appearances. This indi-
cated that N–H was recovered aer removal of Pb(II) in the
imprinted sorbent. These results suggested that –NH2 had been
graed onto the surface of the AC aer modication.

Raman spectroscopy. Raman spectroscopy is a powerful tool
for characterizing carbonaceous materials due to their high
Raman intensity.25 Fig. 3 shows the Raman spectra of AC, AC-
COOH and Pb(II)-IIP. Two prominent peaks were clearly
observed at around 1350 and 1600 cm�1, corresponding to the D
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 FT-IR spectra of AC (a), AC-COOH (b), Pb(II)-IIP (c) and Pb(II)-NIP (d).
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peak (resulting from a disordered sp3 carbon structure) and the
G peak (representing sp2 ordered crystalline graphite-like
structures), respectively. The intensity ratio (ID/IG) is character-
istic of the extent of disorder present within a material.26 The
calculated ID/IG ratios of AC, AC-COOH, and Pb(II)-IIP were
This journal is © The Royal Society of Chemistry 2019
0.827, 0.884 and 0.968, respectively, indicating an increase in
disorder. Compared with AC, the increased ratio for AC-COOH
may be attributed to the carboxylation of AC. Similarly, the
increase in the ID/IG ratio for Pb(II)-IIP might be ascribed to the
covalent interaction of AC-COOH with the amino groups and
RSC Adv., 2019, 9, 5110–5120 | 5113
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Fig. 3 Raman spectra of AC, AC-COOH and Pb(II)-IIP. Fig. 5 XRD patterns of AC (a) and Pb(II)-IIP (b).
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IIP. All these results suggested that Pb(II)-IIP was successfully
synthesized.

SEM images. SEM was conducted to characterize the AC, AC-
COOH and Pb(II)-IIP. The representative SEM images are shown
in Fig. 4. The AC formed a dense and robust structure (see
Fig. 4a). Compared with AC, AC-COOH (see Fig. 4b) showed
a greater degree of microstructure and the specic surface area
was increased. It can be observed in Fig. 4c that the surface
structure of Pb(II)-IIP was also changed obviously, and the micro
structure was more bulky. Pb(II)-IIP had a rich network of hole
structures which could be applied for the enrichment of Pb(II).

XRD patterns. To clarify the crystal structure of AC and Pb(II)-
IIP, XRD was carried out and the results are shown in Fig. 5.
Obviously, the diffraction peaks around the angle of 23� were
related to the surface planes (002) of quasi graphitoid micro-
crystals. Aer the surface imprinting treatment, the intensity
of the (002) diffraction peak was weakened, showing a wider
and shorter characteristic. No other obvious diffraction peaks
were found in the patterns, indicating that the degree of crys-
tallization of the two materials was not very high.

BET analysis. In addition, the results of the BET analysis
showed that the specic surface area and pore volume of AC
were 100.7967 m2 g�1 and 0.11 cm3 g�1, respectively. Compared
to AC, Pb(II)-IIP presented lower values for both the surface area
(76.7967 m2 g�1) and pore volume (0.08 cm3 g�1), which was
Fig. 4 SEM images of AC (a), AC-COOH (b) and Pb(II)-IIP (c).

5114 | RSC Adv., 2019, 9, 5110–5120
attributed to the modication of AC achieved at the expense of
porosity and specic surface area.27

Effect of pH. One of the most important parameters inu-
encing the efficiency of retention of an analyte on a sorbent is
the pH of the sample. The effect of varying pH values on Pb(II)
uptake was investigated using the recommended procedure
(static method). The solutions were enriched at pH values
ranging from 1–7 and then analyzed by ICP-AES. It can be seen
from Fig. 6 that Pb(II) could be adsorbed quantitatively on Pb(II)-
IIP within the pH range of 3–7. In order to avoid hydrolysis at
higher pH values, pH 4 was selected as the enrichment acidity
for subsequent work.

Effect of elution conditions on recovery. Elution of Pb(II)
from the microcolumn containing the Pb(II)-IIP was carried out
using various concentrations and volumes of thiourea and HCl
eluents following the general procedure (dynamic method).

From the data given in Table 1, it is obvious that quantitative
elution was not obtained by using thiourea alone as the
desorption reagent (recovery < 60%). When HCl was used as the
desorption agent, the coordination spheres of chelated Pb(II)
were disrupted and subsequently Pb(II) ions were released from
the lead templates into the desorption medium. Quantitative
recoveries (>95%) of Pb(II) could be obtained using 2 mL of
0.04 mol L�1 HCl solution as the eluent. Therefore, 2 mL of
This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Effect of pH on the adsorption of Pb(II) on Pb(II)-IIP. Fig. 7 Effect of shaking time on the adsorption of Pb(II) on Pb(II)-IIP.
Other conditions: pH 4.0, temperature 25 �C.
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0.04 mol L�1 HCl was used as the eluent in subsequent
experiments.

Adsorption kinetics study. The effect of shaking time on the
percentage extraction of metal ions is considered to be very
important because it determines the possible discrimination in
the behavior of the new synthesized phases towards different
metal ions. In this work, different shaking times (ranging from
5 to 40 min) were studied for the percentage extraction of Pb(II)
by Pb(II)-IIP. The results (Fig. 7) showed that the level of Pb(II)
uptake was found to increase rapidly with the increase in
contact time during the rst 15 min and then a plateau was
reached at equilibrium. This could be attributed to the fact that
there were a large number of adsorption sites on the sorbent
surface, which were available for the adsorption of Pb(II) ions
during the early stage. This indicated that the surface
imprinting greatly facilitated the diffusion of Pb(II) to the
binding sites and that the adsorption was a rapid kinetic
process. We selected 15 min shaking time for further studies.

In order to investigate the factors inuencing the adsorption
rate, it is necessary to study the kinetics of the adsorption
Table 1 Eluent recovery (%) for Pb(II) adsorbed on Pb(II)-IIP (N ¼ 3)

Optimization of eluent type and concentration (V ¼ 10 mL)

Eluent type
Concentration
of eluent

Recovery
(%)

Thiourea 0.01 M 42.47
0.05 M 58.09

HCl 0.01 M 90.74
0.02 M 94.82
0.03 M 98.35
0.04 M 99.42
0.05 M 99.11

Optimization of eluent volume (C ¼ 0.04 mol L�1 HCl)
Eluent volume (mL) 1.0 1.5 2.0 2.5 3.0 4.0
Recovery (%) 86.65 96.16 100 100 100 100

This journal is © The Royal Society of Chemistry 2019
process. Pb(II)-IIP (30 mg) was allowed to interact with 10 mL of
Pb(II) solution (400 ug mL�1) for periods of 15–120 min.

Therefore, the kinetic changes in this study were evaluated
using the pseudo-rst-order kinetic model (1) and pseudo-
second-order kinetic model (2):

ln(Qt � Qe) ¼ �K1t + ln Qe (1)

t

Qt

¼ t

Qe

þ 1

K2Qe
2

(2)

where Qe and Qt represent the adsorption capacity at equilib-
rium and at the time t (mg g�1) respectively, K1 represents the
rate constant of pseudo-rst-order adsorption (min�1), and K2

represents the rate constant of pseudo-second-order adsorption
(g mg�1 min�1).

The kinetics parameters for Pb(II) adsorption are listed in
Table 2. The correlation coefficients (R2) of the pseudo-second-
order equation were higher than those of the pseudo-rst-order
equation. Also, the calculated Qe values were in better agree-
ment with the experimental results for the pseudo-second-order
kinetic model, indicating its better suitability for describing the
adsorption kinetics of Pb(II) onto Pb(II)-IIP. The good t to the
pseudo-second-order kinetic model could imply that the
predominant adsorption process was chemisorption. The
results also suggested that Pb(II) ions could combine with active
sites on the Pb(II)-IIP via covalent chemical bonding.28 The
results could be expected because the polymerization reactions
occurred only on the AC.

Effect of ow rate. Another important parameter in adsorp-
tion is the ow rate of the sample solution, which inuences the
adsorption of cations to the sorbent surface in the time of
analysis. Therefore, the effect of the ow rate of sample solu-
tions was examined under the optimum conditions by passing
10 mL sample solutions through the column with a peristaltic
pump. The ow rates were adjusted in the range of 0.5 to 5.0
mL min�1. It can be seen from Fig. 8 that the retention of Pb(II)
was practically unchanged up to a ow rate of 3.0 mL min�1.
RSC Adv., 2019, 9, 5110–5120 | 5115
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Table 2 Parameters of different kinetic models for the adsorption process

First-order model Second-order model

K1 (min�1) Qe (mg g�1) R2 K2 (g mg�1 min�1) Q2 (mg g�1) R2

0.041 3.64 0.779 0.036 90.90 0.999

Fig. 8 Effect of solution flow rate on the recovery of Pb(II). Other
conditions: volume 50 mL, pH 4.0, temperature 25 �C.

Table 3 Effect of coexisting ions on the recovery of 1.0 mg mL�1 Pb(II)
(N ¼ 3)

Ion
Concentration
(mg mL�1) Added as Recovery (%)

K+ 2000 KCl 100
Na+ 2000 NaCl 100
Mg2+ 1000 MgSO4 96.45
Ca2+ 1000 CaCl2 97.24
Cd2+ 100 Cd(NO3)2$4H2O 98.18
Cr3+ 100 CrCl3 96.38
Co2+ 100 CoCl2 96.35
Fe3+ 100 FeCl3 94.23
Mn2+ 100 MnSO4$H2O 91.90
Ni2+ 100 NiCl2$6H2O 93.82
Zn2+ 100 ZnCl2 97.01
Hg2+ 100 HgCl2 96.87
SO4

2� 3000 Na2SO4 96.75
NO3

� 3000 NaNO3 99.18
Cl� 3000 NaCl 92.42
F� 3000 NaF 99.17
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The recovery of Pb(II) decreased slightly when the ow rate was
over 3.0 mL min�1. Thus, a ow rate of 3.0 mL min�1 was
selected in this work.

Maximum sample volume and enrichment factor. To explore
the possibility of adsorbing low concentrations of analytes from
large volumes of solution, the effect of sample volume on the
retention of metal ions was investigated. For this purpose,
different volumes of puried water at pH 4.0 were spiked with
Pb(II) at a concentration level of 1.0 mg mL�1. Following the
experimental procedure, the recoveries of analyte from different
volumes were obtained. The experimental results showed that
a maximum sample volume of 400 mL gave a recovery of >95%.
Therefore, 400 mL of sample solution was adopted for the pre-
concentration of Pb(II) from sample solutions, and a high
enrichment factor of 200 was obtained when 2 mL of
0.04 mol L�1 HCl was used as the eluent in these experiments.

Effect of coexisting ions. The effects of common coexisting
ions were investigated. In these experiments, solutions of 1.0 mg
mL�1 of Pb(II) with added interfering ions were treated
according to the procedure described for the batch adsorption
test. The tolerance of the coexisting ions is dened by the
amount that reduces the recovery of the studied element to less
than 90%. It can be seen (Table 3) that the presence of major
cations and anions had no obvious inuence on the determi-
nation of Pb(II) under the selected conditions, which showed
that the Pb(II)-IIP had a good selectivity for Pb(II) and was suit-
able for the analysis of samples with complicated matrices.
There are three possible reasons for the selectivity of Pb(II).29

One is the inherent selectivity of the amino-functionalized
group: the amino group is a so base that would not interact
5116 | RSC Adv., 2019, 9, 5110–5120
with alkali metal and alkali earth metal ions that are classied
as hard acids. The second is the hole-size selectivity: the size of
Pb(II) exactly ts the cavity of the Pb(II)-IIP. The third is the
selectivity of the coordination-geometry: the Pb(II)-IIP can
provide ligand groups which are arranged in the way required
for coordination of Pb(II). Although some ions have similar sizes
to Pb(II), and some ions have high affinity to the amino ligand,
the Pb(II)-IIP still exhibited high selectivity for extraction of
Pb(II) in the presence of other metal ions. These results sug-
gested that the coordination-geometry selectivity might domi-
nate in the enhancement of selectivity.

Adsorption capacity of Pb(II)-IIP for Pb(II). The adsorption
capacity is an important factor because it determines howmuch
sorbent is required to quantitatively concentrate the analytes
from a given solution. The capacity study was modeled on the
paper by Maquieira et al.30 Pb(II)-IIP or Pb(II)-NIP (30 mg) was
equilibrated with 10 mL of various concentrations (50–500
mg mL �1) of Pb(II) solutions buffered with 0.1 mol L�1 of HNO3

or NH3$H2O at pH 4. A breakthrough curve was gained by
plotting the concentration (mg mL �1) versus the number of
micrograms of Pb(II) adsorbed per gram of sorbent. From the
breakthrough curve (Fig. 9), the maximum adsorption capac-
ities of the Pb(II)-IIP and Pb(II)-NIP for Pb(II) were found to be
90.14 and 21.15 mg g�1, respectively. The adsorption capacity of
the Pb(II)-IIP was about four times that of the Pb(II)-NIP. The
results showed that the Pb(II)-IIP had a high adsorption capacity
for Pb(II). This difference indicated that imprinting plays an
important role in the adsorption behavior. During the
This journal is © The Royal Society of Chemistry 2019
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Fig. 9 Effect of initial concentration (Co) of Pb(II) on the adsorption
quantity (Q) of Pb(II)-IIP and Pb(II)-NIP. Other conditions: pH 4.0,
temperature 25 �C.

Table 4 Competitive loading of Pb(II) with Ni(II), Co(II), Zn(II) and Cu(II)
ions by the Pb(II)-IIP and Pb(II)-NIP

Metal
ions

E (%) D (mL g�1) a

arImprinted
Non-
imprinted Imprinted

Non-
imprinted ai an

Pb(II) 99.70 59.77 122 213.24 495.18
Zn(II) 52.56 42.97 368.44 251.11 331.70 1.972 168.20
Ni(II) 55.90 49.74 422.78 329.95 289.07 1.500 192.71
Co(II) 56.35 39.75 430.25 219.92 284.05 2.252 126.13
Cu(II) 59.61 57.84 491.95 457.33 248.43 1.083 229.39
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preparation of the Pb(II)-IIP, the presence of Pb(II) made the
ligands arrange in an orderly way. Aer the removal of Pb(II), the
imprinted cavity and specic binding sites of the functional
groups were formed in a predetermined orientation, whereas no
such specicity was found in Pb(II)-NIP.

The adsorption process is normally described by the Lang-
muir isotherm. The Langmuir isotherm is valid for monolayer
adsorption onto a surface containing a nite number of
homogeneous sites. The Langmuir equation is expressed as
follows (3):31

Ce

Qe

¼ Ce

Q
þ 1

Qb

: (3)

The plot of Ce/Qe versus Ce gave a straight line (R2 ¼ 0.999)
with a slope of 1/Q and an intercept of 1/Qb which conrmed the
validity of the Langmuir model for this process (Fig. 10).
Fig. 10 The linearized form of the Langmuir adsorption isotherm.
Other conditions: 30 mg Pb(II)-IIP, temperature 25 �C, pH 4.0.

This journal is © The Royal Society of Chemistry 2019
Selectivity of the imprinted sorbent. In order to evaluate the
selectivity of the imprinted sorbent, the competitive enrich-
ments of Pb(II)/Zn(II), Pb(II)/Ni(II), Pb(II)/Co(II) and Pb(II)/Cu(II)
from their mixtures were investigated in a static procedure
because these ve ions all have the same charge and similar
ionic radii. In the binary mixtures, the two metal ions had the
same concentrations of 5 mg mL�1 and the sorbent was 30 mg.
As can be seen in Table 4, the distribution ratio (D) values of
Pb(II)-IIP for Pb(II) were greatly higher than those of the other
metals. The relative selectivity factor values (ar) of Pb(II)/Zn(II),
Pb(II)/Ni(II), Pb(II)/Co(II) and Pb(II)/Cu(II) were 168.20, 192.71,
126.13 and 229.39, respectively, which were all much greater
than 1. The results indicated that the Pb(II)-IIP had high selec-
tivity for Pb(II). This means that Pb(II) can be determined even in
the presence of Zn(II), Ni(II), Co(II) and Cu(II).

Stability tests. To investigate the stability and the potential
regeneration of the sorbent, the experiments of desorption and
adsorption of Pb(II) were repeated eight times. Aer each test,
the sorbents were washed with 0.04 mol L�1 HCl for recycling.
As illustrated in Fig. 11, the adsorption capacity of Pb(II)-IIP
showed no obvious decline with cycling. Aer eight cycles, the
adsorption capacity of Pb(II)-IIP had decreased slightly from
90.13 to 87.09mg g�1, whichmainly resulted from themass loss
of imprinted materials in the cycling processes. Herein, the
reusability of Pb(II)-IIP was satisfactory; potentially it could be
reused in water treatment.
Fig. 11 Adsorption capacity of Pb(II)-IIP after eight cycles.

RSC Adv., 2019, 9, 5110–5120 | 5117
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Table 6 Analytical results for the determination of Pb(II) in natural
water samples

Ion Added Found a Recovery (%)

Pb(II) (mg mL�1)
Yellow River water 0 6.49 � 0.22

5 11.65 � 0.05 101.4
10 16.56 � 0.12 100.6

Huangshui River 0 2.07 � 0.09
5 7.13 � 0.11 100.5

10 12.04 � 0.15 99.7
South Lake 0 3.86 � 0.08

5 8.69 � 0.07 98.1
10 13.74 � 0.13 99.1

Tap water 0 4.14 � 0.08
5 9.12 � 0.21 99.8

10 14.33 � 0.14 101.3

a The value following “�” is the standard deviation (N ¼ 3).

Table 5 Analysis results for the determination of Pb(II) in standard
reference materials (N ¼ 3)

Analytes Measured (mg g�1) Certied (mg g�1)

GBW 08301 79.2 � 6.7 79 � 12.0
GBW 08303 73.4 � 1.3 73 � 2.0
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Analytical precision and accuracy of the proposed method.
Under the selected conditions, 11 standard solutions were
analyzed simultaneously following the general procedure. The
result showed that the relative standard deviation (RSD) was
2.2%, which indicated that the method had good precision for
the analysis of trace Pb(II) in solution samples. The detection
Table 7 Comparison of figures of merit for the determination of Pb(II)

Sorbent ETa (min) FRb (mL min�1) Q (mg g�1) EFa L

Pb(II)-imprinted
silica gel

30 1 19.66 100 0.

Co3O4 — — 35.5 175 0.
Pb(II)-imprinted polymer in
nano-TiO2 matrix

10 — 22.7 — 47

Functionalized
halloysite nanotubes

7 0.5 23.58 — 0.

Diethylenetriamine-
functionalized
carbon nanotubes

30 1.5 5.4 75 0.

A new chelating resin — 4 18.3 200 1.

4-Aminoantipyrine
immobilized bentonite

— 2 38.8 100 0.

The new surface-imprinted
activated carbon
sorbent for Pb(II)

15 3 35.33 200 0.

a Equilibrium time. b Flow rate. c Enrichment factor.

5118 | RSC Adv., 2019, 9, 5110–5120
limit (blank + 3s), as dened by International Union of Pure and
Applied Chemistry (IUPAC), was found to be 0.18 mg L�1.

The presented method was applied to the determination of
trace Pb(II) in standard materials (GBW 08301: river sediment;
GBW 08303: polluted farming soil) for validation. The analytical
results for the certied reference materials (Table 5) were in
good agreement with the certied values.

For the analysis of Yellow River water, Huangshui water,
South Lake water and tap water samples, the standard addition
method was used. The results are given in Table 6. It was found
that the recoveries of analyte were in the range of 98–102%.
Evidently, the obtained results indicated that the method was
reliable, feasible and satisfactory for the analysis of water
samples.

Comparison with other methods for the determination of
Pb(II). The analytical characteristics of the method using Pb(II)-
IIP for the determination of Pb(II), such as the ow rate, the
equilibrium time, the enrichment factor, the number of cycles
the material can be used, the selectivity and RSDs, and the
adsorption capacity were compared with those of the other re-
ported methods (Table 7). As seen from the data, the present
method possesses advantages such as the recyclability of the
material over considerably more cycles, faster attainment of
equilibrium, higher selectivity, higher adsorption capacity and
larger enrichment factor.

Adsorption mechanism. As described previously, Pb(II)
adsorption onto Pb(II)-IIP could be tted well by the pseudo-
second-order kinetic model. This kinetic model indicates
chemical reaction mechanisms, which include ion-exchange,
adsorption, chemisorption and chelation.

A plausible adsorption mechanism of Pb(II) on Pb(II)-IIP is
shown in Fig. 12 and is proposed as follows. Nitrogen atoms of
Pb(II)-IIP have a lone pair of electrons that could bind with the
electron decient Pb(II) ions via chelation. Therefore, each
divalent Pb(II) ion could bind to four nitrogen atoms to form
OD (ng mL�1) Number of cycles RSD (%) Selectivity Ref.

004 — <2.0 Pb 32

72 — 1.5 Pb 33
4 4.1 Pb 34

32 — 3.4 Pb 2

16 — 3 Cr, Fe, Pb and Mn 35

9 — — Fe, Zn, Cu, Cr,
Co and Mn

36

12 — 2.7 Cr, Hg and Pb 37

18 8 2.2 Pb This work

This journal is © The Royal Society of Chemistry 2019
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Fig. 12 Proposed reaction mechanism for Pb(II)-adsorption.
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a compound with a coordination number of four. The IIP was
tailored to the template Pb(II). Other metal ions could chelate
with the nitrogen atoms of IIP, but they did not t the tailored
material. Therefore, IIP had a selectivity only for Pb(II).
According to the selectivity experiment, the selectivity was
controlled by the shape of the cavities (the size of the metal
ions) and the coordination-geometry.34

The inuences of pH and the initial concentration of Pb(II)
on the adsorption rate suggested that there was a competitive
adsorption of Pb(II) and H+ to the nitrogen atoms. At low pH, the
nitrogen atoms would be protonated, which would repel the
positively charged Pb(II) ions. Therefore, the chelation perfor-
mance decreased with the decreasing of pH and this is the
reason why HCl could achieve effective elution in this
experiment.
Conclusions

Ion-imprinted sorbents have attracted widespread attention as
highly selective sorbents for the selective removal of target
metal ions in the presence of other metal ions. In this study, we
have rstly synthesized a new surface-modied Pb(II)-IIP,
incorporating ethylenediamine as the chelating unit. The test
data from FT-IR, XRD, SEM and BET proved that the synthesis
of Pb(II)-IIP was successful. The prepared Pb(II)-IIP could be
applied to selectively extract or separate Pb(II) ions from envi-
ronmental samples containing foreign coexisting ions. The
adsorption process could be described well by the pseudo-
second-order model and Langmuir isotherm model. In addi-
tion, this adsorbent showed a number of good characteristics
such as high chemical stability, excellent reproducibility, high
adsorption capacity, high enrichment capability, high selec-
tivity, and fast adsorption and desorption kinetics. As
a conclusion, the Pb(II)-IIP prepared in this work can be
considered to be a suitable and reliable sorbent for the sepa-
ration and pre-concentration of Pb(II) ions in environmental
water samples.
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