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Anaĺıtica, Cidade Universitária Zeferino Vaz
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)-imprinted poly(methacrylic acid)
polymeric particles loaded with 1-(2-pyridylazo)-2-
naphthol (PAN) for micro-solid phase
preconcentration of Pb2+ on-line coupled to flame
atomic absorption spectrometry

Andréia M. Basaglia,a Marcela Z. Corazza,b Mariana G. Segatellia

and César R. T. Tarley *ac

In the present study, a new ion-selective imprinted polymer based on poly(methacrylic acid) loaded with 1-

(2-pyridylazo)-2-naphthol (PAN) (IIP/PAN) has been synthesized, characterized and evaluated as a solid

adsorbent for the preconcentration of Pb2+ with on-line determination by Flame Atomic Absorption

Spectrometry (FAAS). For comparative study, a blank polymer (NIP) and IIP (imprinted polymer) without

PAN were synthesized. The polymers were characterized by FT-IR and textural data through nitrogen

adsorption/desorption measurements. Selectivity studies were performed by comparing the competitive

adsorption of Pb2+ with Cu2+, Cd2+, Ni2+, Co2+ and Zn2+ on IIPs and NIP, yielding relative selectivity

coefficients (k0) higher for IIP/PAN than for IIP and NIP, which confirms the effect of PAN on the

improvement of selective performance of IIP. Adsorption kinetic studies showed that the equilibrium

adsorption of Pb2+ was reached at 100 min for the three polymers and its data were well described by

pseudo-second-order and Elovich models. The maximum adsorption capacities (MAC) were found to be

41.4 mg g�1 for IIP/PAN, 34.2 mg g�1 for IIP and 30.1 mg g�1 for NIP. The proposed on-line

preconcentration method was based on loading 20.0 mL of Pb(II) solution (pH 5.70 buffered with

0.048 mol L�1 acetate buffer) through 30 mg of IIP/PAN packed into a minicolumn at 4.0 mL min�1
flow

rate with further elution using 1.0 mol L�1 HCl solution. The limits of detection (LOD) and quantification

(LOQ) were found to be 0.52 and 1.79 mg L�1, respectively, and linearity was from 1.75 to 200.0 mg L�1 (r

¼ 0.989). The precision of the method assessed in terms of repeatability was found to be 4.1 and 1.9%

for 10.0 and 150.0 mg L�1 Pb(II) solutions, respectively. The developed method was successfully applied

to different kinds of samples (water, synthetic seawater, serum physiological solution, chocolate powder

and Gingko biloba) and its accuracy was assessed by means of recovery tests and analysis of a certified

reference material (MESS-3, marine sediment).
Introduction

The contamination by potentially toxic metals is still one of the
environmental concerns in recent decades due to the several
health problems that metals can cause and their tendency to
accumulate in food chains.1–3 Lead is considered one of the
metals with unquestionable toxicity and high concentrations in
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the ecosystem have a substantial impact on the environment
and human health. The presence of Pb2+ causes various severe
problems in the metabolic processes of humans, such as
damaging the kidney, liver, blood composition and nervous
system and also retarding the reproductive system in terms of
mental function.4–6 Due to the fact that Pb2+ is non-
biodegradable and tends to bioaccumulate in the cells of
living organisms, stricter environmental requirements and
urgent treatment solutions to eliminate lead are crucially
necessary. Therefore, many countries and international orga-
nizations have set a permissible level for lead in different
samples. The World Health Organization and the National
Health Surveillance Agency xed themaximum level in drinking
water as 10 mg L�1, whereas for U.S. Environmental Protection
and the maximum amount established is 15 mg L�1.7–9 The
European Union has set the maximum allowable concentration
RSC Adv., 2017, 7, 33001–33011 | 33001
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in food to be from 0.02 to 1 mg L�1 whereas for the organization
Food and Agriculture Organization of the United Nations this
level is xed at 25 mg L�1.10 Consequently, the development of
reliable methods for the removal and determination of lead in
environmental and food samples is of great importance.
However, direct determination of metal ions at very low
concentration (<mg L�1) by ame atomic absorption spectrom-
etry (FAAS) is limited due to its low sensitivity and for some
complex samples it may be prone to matrix interference.11,12

Under these circumstances, in order to determine very low
concentrations of Pb2+, separation and preconcentration
procedures are highly recommendable for a reliable analysis. In
this sense, several adsorbents have been applied to metal ion
preconcentration exploiting solid phase extraction (SPE) tech-
nique, including silica gel, resins, activated carbon, graphene,
titanium oxides, among others. The majority of these adsor-
bents demonstrate good adsorption capacity, high surface area
and good chemical and physical stability. However, interfering
compounds might be co-extracted with the target analytes and
a matrix effect can be observed using these conventional
adsorbents.2,4,13 Over the past several decades, much progress
have been made in the development of ion-imprinted polymers
(IIPs) with the aid of novel types of tailored selectivity polymeric
materials. Due to the popularity of SPE, IIPs have recently been
developed and widely employed as advanced analytical tools.
These rigid and stable materials are prepared by formation of
specic recognition sites in a polymeric matrix. Due to the
interaction between monomers and templates, the imprinted
materials possess a predetermined arrangement of ligands and
selective cavity, which present affinity for the template ion over
other structurally related compounds.14 The high selectivity of
IIPs can be explained in terms of the polymer memory effect for
a metal ion interaction with a specic ligand, coordination
geometry, metal ion coordination number and size/charge of
the metal ion, which makes them very applicable for elimina-
tion of interferences in complex matrices samples.14,15 The
synthesis of these polymers may be initiated by the proper
choice of monomers, crosslinking agents and ligands to
promote exchange interactions with the metal ion, improving
the properties of synthesized IIP. Moreover, literature data have
reported that nonvinylated chelating trapped in the polymeric
chain has been exploited as a promising approach for
improving the selectivity performance of IIPs.16 The azo type
chelating have been widely employed due to their capacity to
form mostly neutral and hydrophobic complexes with the
majority of transition metals through oxygen atom of the ortho-
hydroxyl group, nitrogen atom from pyridine and one of
nitrogen atoms of azo group. It should be noted that theses
complexes are stable with rather limited solubility in aqueous
solution but much greater solubility in organic system.16

Although promising it is interesting to note that most of these
studies are devoted to solid phase extraction procedures by
using batch experiments or off-line SPE, which in turn are time-
consuming and few studies have demonstrates the real advan-
tages of nonvinylated chelating on the selective performance of
IIPs by comparing the IIP-loaded with chelating and the one
without chelating.17–21
33002 | RSC Adv., 2017, 7, 33001–33011
Therefore, the main objective of the present study deals with
synthesis of an ion imprinted poly(methacrylic acid) loaded
with chelating 1-(2-pyridylazo)-2-naphthol (PAN) and its use in
the development of a sensitive and selective preconcentration
analytical methodology for Pb(II) using a ow injection system
on-line coupled to FAAS. Additionally, the highlight of study
relies on a set of experiments for comparing the selective and
adsorptive performance of IIP loaded with PAN, IIP without PAN
and NIP by means of kinetic and isothermal studies. Moreover,
the proposed method was applied to water samples (tap, lake,
mineral, synthetic seawater, serum physiologic solution) as well
as in acid digested samples with different matrix content, such
as chocolate powder, Ginkgo biloba and certied marine sedi-
ment, which exalts the great feasibility of method for real
sample analysis.

The polymers were characterized by FT-IR and textural data
through nitrogen adsorption/desorptionmeasurements and the
optimization of analytical method was carried out by using
chemometric tools (fractional factorial design and Doehlert
matrix),22 which enables the simultaneous study of several
control variables, are also faster to implement and more cost-
effective than traditional univariate approaches.

To the best of our knowledge, such approach involving the
complete investigation of adsorptive, selective and analytical
performance of IIP loaded with azo compound in ow injection
system has not been reported in the literature.

Materials and methods
Apparatus

An AA-6601 Shimadzu (Kyoto, Japan) ame atomic absorption
spectrometer equipped with a hollow cathode lamp as the
radiation source (Hananatsu Photonics, K.K.) and a deuterium
lamp as background correction was used in the measurements
of Pb2+. The hollow cathode lamp was operated at 8.0 mA and
the wavelength was set at 217.0 nm, while the ame composi-
tion was maintained at acetylene at a ow rate of 2.0 mL min�1

and air at a ow rate of 15 L min�1. The ow injection system
was constructed from a peristaltic pump (Ismatec IPC-08,
Glattzbrugg, Switzerland) equipped with Tygon® tubes for
propelling samples and reagents and a homemade injector
commutator Teon® containing a minicolumn made of poly-
ethylene coupled to the atomic absorption spectrometer. A
digital pH meter (Metrohm 826, Herisau, Switzerland) was used
for the pH adjustments at 25 � 1 �C temperature and for the
kinetic and isothermal studies a horizontal shaker table
(Novatecnica, NT 146 model, São Paulo, Brazil) was used. For
the polymers characterization, infrared spectra were recorded
on a Shimadzu FT-IR-8300 Fourier transform spectrometer in
transmission mode (4000–400 cm�1). Specic surface areas as
well as average pore sizes and volumes were estimated through
mathematical models of Brunauer–Emmett–Teller (BET) and
Barrett–Joyner–Halenda (BJH) methods, respectively, using
a Quantachrome Nova 1200e, (Boynton Beach, Florida, USA). A
microscopy JEOL JSM-6360 LV equipped with dispersive energy
microscopy was used to evaluate the morphological features of
polymers. A microwave oven Milestone ETHOS One (Sorisole,
This journal is © The Royal Society of Chemistry 2017
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Italia) was utilized for sample preparation. For obtain data
related to the multivariate analysis and to obtain the nonlinear
adsorption isotherms, STATISTICA (version 7.0) and MATLAB
13.0 soware were used.

Reagents and solutions

All the reagents employed were of analytical grade and all the
solutions were prepared in Milli-Q ultrapure water (Millipore,
Bedford, MA, USA). Methacrylic acid (MAA, purity 99.5%), 2,20-
azoisobutyronitrile (AIBN, purity 98%), ethylene glycol dime-
thacrylate (EGDMA), HNO3 (purity 65%, v/v), H2O2 (purity 30%),
HCl (37%, v/v) and HF (purity 40%, v/v) were all acquired from
Sigma-Aldrich® and used without further purication. 1-(2-
Pyridylazo naphthol – PAN) (purity 99.0%) used as chelating
agent and Pb(NO3)2 (purity 98.0%) used as ion template were
obtained from Vetec, Brazil, respectively. Dimethylsulfoxide
(DMSO) was obtained from FMaia (Rio de Janeiro). Buffer
solution of Tris–HCl (purity 99–100.1%) and sodium acetate/
acetic acid (purity 99.8%) were prepared from its respective
salt, both purchased from Merck (Darmstadt, Germany). Pb2+

working solutions were prepared from appropriate dilutions of
a 1000 mg L�1 Pb2+ standard solution (NIST) (Spec. Sol, Brazil)
using ultrapure water. Cationic solutions used in the foreign
studies were prepared from their respective salts without puri-
cation, all acquired from Vetec (Brazil).

Synthesis of polymers IIP/PAN, IIP and NIP

The synthesis of ion imprinted poly(methacrylic acid) loaded
and unloaded with PAN as well as the blank polymer (NIP) was
performed by precipitation polymerization technique. Initially
in a sealed ask 0.40 mmol of 1-(2-pyridylazo)-2-naphthol (100
mg) was dissolved in 10.0 mL of DMSO to form the Pb–PAN
complex. Subsequently, 52 mg of lead nitrate salt (0.157 mmol),
dissolved in 1.0 mL ultrapure water, was added to the solution
containing the Pb–PAN complex, until completely homoge-
nized. To the mixture, 5.87 mmol of methacrylic acid,
5.30 mmol of ethylene glycol dimethacrylate and 0.304 mmol
(50 mg) of 2,20-azoisobutyronitrile were added to the mixture
and N2 gas was bubbled through the solution for 10 minutes
before the ask is sealed and kept in an oil bath for 24 hours at
60 �C. Aer polymerization, the polymer was dried at 60 �C,
ground and sieved to obtain particles with diameters between
106# mm# 150. To remove the excess of reagents trapped into
the polymeric matrix and Pb2+ from cavity, successive washings
were carried out using 2.0 mol L�1 HCl and water. In addition,
to evaluate the selective features and adsorption capacity of the
proposed polymer (IIP/PAN), the synthesis of IIP and NIP was
performed in the same way as IIP/PAN, except by the absence of
PAN and Pb2+, respectively.

Batch adsorption studies

Kinetic studies. In order to understand the adsorption
mechanism and evaluating the performance of the adsorptive
materials (IIP/PAN, NIP and IIP), 50 mg of each polymer were
separately stirred with 25.0 mL of 8.0 mg L�1 Pb2+ aqueous
solution, buffered with 0.048 mol L�1 sodium acetate at pH 5.70
This journal is © The Royal Society of Chemistry 2017
for different period of time (5 to 300 s). The resulting suspen-
sions were centrifuged at 1600 rpm for 10 min and the super-
natant was used for the determination of Pb2+ ions retained
according to eqn (1):

Qt

�
mg g�1

� ¼ ðCo � CeÞV ðLÞ
m ðgÞ (1)

where C0 and Ce represent the initial and equilibrium Pb2+

concentrations (mg L�1) in the solution determined by FAAS,
whereas V and m are solution volume and sorbent mass, given
in mL and g, respectively. The kinetic data were applied to the
common linear kinetic models as, pseudo-rst-order, pseudo-
second-order, Elovich and intraparticle diffusion.

Adsorption studies. In similar way to kinetic studies and in
order to get the maximum adsorptive capacities of each poly-
mer, 25.0 mL of Pb2+ solutions with concentrations varying
from 8.0 to 100.0 mg L�1 were stirred during 100 s. The most
commonly used isotherm models, including Langmuir and
Freundlich as well as Langmuir–Freundlich for one site (L–F 1)
and Langmuir–Freundlich for two sites (L–F 2) were applied to
t the data and characterize the metal ion adsorption.

Selective rebinding study. In order to check the imprinting
effect created by selective ion cavity during the synthesis and
aer template removal, a competitive adsorption study in batch
procedure using binary solutions containing Pb2+/Cu2+, Pb2+/
Cd2+, Pb2+/Ni2+, Pb2+/Co2+ and Pb2+/Zn2+ was carried out. For
this task, 50 mg of each polymer (IIP/PAN, IIP and NIP) were
added separately to 25.0 mL of binary solution containing
8.0 mg L�1 of each metal and stirred for 100 s under optimized
conditions (pH 5.70 and sodium acetate 0.048 mol L�1). Aer
stirring time, the solution was centrifuged and the supernatant
was analyzed by FAAS. The values of Kd (distribution coefficient)
for Cu2+, Cd2+, Ni2+, Co2+ and Zn2+ were than determined
according to eqn (2):

Kd ¼ Ci � Cf

Cf

� V

M
(2)

where, Ci is the initial concentration (mg L�1) and Cf is equi-
librium metal ion concentrations (mg L�1). The selectivity
coefficient (k) and the relative selectivity (k0) coefficients were
calculated according to the following eqn (3) and (4),
respectively.

kPb2þ=M2þ ¼ KdðPb2þÞ
KdðM2þÞ (3)

k ¼ kPb2þ=M2þðIIPsÞ
kPb2þ=M2þðNIPÞ (4)

Optimization of on-line micro-solid phase preconcentration
for Pb2+ determination by FAAS

The diagram of micro-solid phase preconcentration system on-
line coupled to FAAS is shown in Fig. 1.

In order to examine the importance of some factors that
usually play an important role on the micro-solid phase pre-
concentration, such as pH, buffer concentration, adsorbent
RSC Adv., 2017, 7, 33001–33011 | 33003
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Fig. 1 Diagram of micro-solid phase preconcentration system on-line
coupled to FAAS. Preconcentration step (a) and elution step (b). A ¼
sample, B ¼ peristaltic pump, C ¼ minicolumn, D ¼ waste, E ¼ eluent.
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mass, ow rate preconcentration and eluent concentration,
a 25�1 fractional factorial design containing central point was
employed. For this study, 20.0 mL of Pb2+ solution at 200 mg L�1

concentration were percolated through minicolumn. The
factors and their levels investigated are shown in Table 1 and
the experiments were conducted randomly in duplicate to avoid
possible systematic errors. The data obtained were analyzed in
the STATISTICA 7.0 soware package and the signicance of
each factor was checked by means of the Pareto chart. The nal
optimization of those factors statistically signicant in the
preconcentration system was than optimized by means of
Doehlert matrix.
On-line micro-solid phase preconcentration for Pb2+

determination by FAAS

Under optimized condition, the on-line preconcentration
system was performed percolating 20.0 mL of sample previously
buffered with 0.048 mol L�1 sodium acetate (pH 5.70), through
a minicolumn packed with 30 mg of IIP/PAN at a ow rate of 4.0
mL min�1. Aerwards, Pb2+ ions adsorbed on the polymer was
eluted with 1.0 mol L�1 HCl solution and transported toward
the FAAS detector.
Table 1 Factors and their levels utilized in the 25�1 fractional factorial
design

Factors

Levels

(�) (0) (+)

pH 4.0a 5.75a 7.5b

Buffer concentration (BC) (mol L�1) 0.010 0.055 0.100
Eluent concentration (EC) (mol L�1)c 1.00 1.25 1.50
Preconcentration ow rate (PFR) (mL min�1) 4.0 5.0 6.0
Adsorbent mass (AM) (mg) 30 40 50

a Acetate/acetic acid buffer. b Tris–HCl buffer. c HCl.

33004 | RSC Adv., 2017, 7, 33001–33011
Sample pretreatment

Water samples including tap, mineral, lake, synthetic
seawater23 and serum physiologic (NaCl, 0.9% m/v) were
analyzed in order to assess the applicability of the proposed
method in real samples using external calibration. Tap water
was collected at the Campus of the State University of Londrina
(Londrina, Brazil), whereas the mineral water and serum
physiologic were acquired from supermarket and drugstore
local, respectively. The lake water sample was collected from
Igapó Lake, located in the city of Londrina, Brazil, which was
acidied in situ with some drops of concentrated HNO3, l-
trated under vacuum using 0.45 mm cellulose acetate
membranes before use and stored in polyethylene bottles. All
the water samples were spiked with 8 mg L�1 of Pb2+ ions. P
powder chocolate (3 brands) and medicinal herb (Ginkgo biloba)
samples were acid digested using a microwave oven. For this
task, 700 mg of each powdered samples and 500 mg of Ginkgo
biloba were kept overnight with 10.0 mL of concentrated HNO3

and 4.0 mL of H2O2 (30%, v/v) and subsequently subjected to
the acid digestion procedure under a temperature program as
previously reported by a research group.24 Aer decomposition
step, the solutions were heated on a hot plate almost to dryness
and the residues previously cooled at room temperature were
dissolved in ultrapure water and transferred to volumetric ask
of 100 mL, adjusting the pH to 5.70 with a solution of ammo-
nium hydroxide. In addition, analytical blanks were used to
conrm the absence of interference in the analytical procedure.
Results and discussion
Characterization of polymers by FT-IR and nitrogen
adsorption/desorption measurements

The FT-IR spectra of IIP/PAN, IIP/PAN unleached, IIP and NIP
are shown in Fig. 2. It can be observed in all polymers an intense
band in the range of 3456 cm�1, which is attributed to O–H
stretch from segments of the monomer of methacrylic acid
(MAA) and adsorbed water molecule whereas signals at 2914–
3000 cm�1 are attributed to the C–H asymmetric stretching
from CH2 and CH3 bonds of the polymer chain and EGDMA.25,26

The intense band present in all polymers at 1724 cm�1 is
assigned to stretching C]O of the functional monomer (MAA),
Fig. 2 FTI-R spectra of polymers IIP/PAN, IIP/PAN* (unleached), IIP
and NIP.

This journal is © The Royal Society of Chemistry 2017
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Table 2 Textural data of polymers

Polymers
Surface area
(m2 g�1)

Pore volume
(cm3 g�1)

Average pore
diameter (nm)

IIP/PAN 1.77 0.009 18.82
IIP 22.48 0.126 22.44
NIP 1.15 0.005 17.16
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while the band of low intensity in the range of 1633–1654 cm�1

can be attributed to vinyl groups (–C]C–) fromMAA unreacted,
deformation OH groups of adsorbed water molecules and
possible overlap with stretching N]N of the azo group of the
PAN ligand.27 The bands of average intensity at 1392 and 1460
cm�1 is assigned to angular out of plane deformation of the
methyl groups in the polymeric chain, whereas the stretching
vibration of O–C(O)–C from EGDMA can be observed at 1258
and 1160 cm�1.28 In addition, an intense peak at 1020 and 954
cm�1 in the IIP/PAN unleached can be attributed to bending of
hydroxyl groups from the PAN ligand and the residue MAA and
the presence of C–O bonds, respectively.29,30 The absence of
these bands in the spectra of IIP/PAN indicates that lead ions
have been coordinated with non-bonding electron pairs of the
functional groups containing nitrogen and oxygen from ligand.
Besides, these observations can be a strong evidence for the
presence and appropriate interaction of the selective recogni-
tion sites in the IIP particles created during imprinting process.

Fig. 3 depicts the scanning electron micrographs of IIP/PAN,
IIP and NIP. It can be observed that, in general, the particles of
IIP are more spherical with lower degree of aggregation when
compared to IIP/PAN and NIP. The absence of PAN in the IIP
synthesis may explain this outcome. Therefore, it seems that the
solubility of complex Pb–MAA becomes lower in the porogenic
solvent (DMSO) in the absence of PAN, and as consequence,
making the removal of solvent from the interstices of polymer
easier during polymeric synthesis.31 Such assumption is further
corroborated by textural data shown in Table 2.

The results of surface area, pores volume and pores diameter
of polymers are shown in Table 2. According to IUPAC deni-
tion, all the materials are considered mesoporous (2–50 nm).32

As observed from Table 2, the polymers synthetized in the
presence of PAN, i.e., IIP/PAN and NIP showed the lowest
Fig. 3 Scanning electron micrographs of IIP/PAN (a), IIP (b) and NIP
(c). Magnification of 30 000 times.

This journal is © The Royal Society of Chemistry 2017
porosity, thus suggesting the PAN molecule can be loaded
inside pores of material and, as consequence, decreasing the
pore volume and surface area. It worth emphasize that although
the IIP/PAN has presented lower surface area (1.77 m2 g�1) and
pore volume (0.009 cm3 g�1), it presented higher adsorptive
capacity and selectivity towards Pb2+ when compared to IIP and
NIP as will be further demonstrated. These results makes
possible to infer that imprinting sites created during polymer
synthesis together the presence of PAN shows synergic effect on
the performance of polymer, while no dependence on the
textural data was observed.
Adsorption kinetics

The equilibrium time for Pb2+ obtained in the IIP/PAN, IIP and
NIP was found to be 100 s. This outcome indicates that the
polymers can be successfully used as adsorbent materials in
ow analysis due to highmass transfer kinetic. Additionally, the
kinetic study allows obtaining insight into adsorption process
with more details. Thus, the behavior of adsorption kinetic of
Pb2+ on the polymers was evaluated by the linear kinetic
models, pseudo-rst-order, pseudo-second-order, Elovich and
intraparticle diffusion33 and the obtained results are described
in Table 3. As one can see, the pseudo-second-order model
provided the best t to the experimental data for all polymers.
The adsorbed amount of Pb2+ on the IIP/PAN, IIP and NIP were
found to be 3.84, 3.70 and 2.92 mg g�1, respectively, which are
very similar to the ones values forecasted by the pseudo-second-
order model, 3.72, 3.60 and 2.95 mg g�1, respectively. This
model presumes that the adsorption of Pb2+ ions on the surface
of the polymers occurs at energetically heterogeneous binding
sites, in this case, assigned possibly to the carboxylic group of
methacrylic acid monomer and atoms of nitrogen or oxygen
present in the 1-(2-pyridylazo)-2-naphthol and assumes that the
adsorption site occupancy rate is proportional to the square of
the number of unoccupied sites. In addition, the rate-limiting
step is chemisorption involving sharing or exchange of elec-
trons between polymers and metal.33,34 It should be noted that
Elovich model also presented a good t to the experimental
data, which corroborates the pseudo-second-order model and
conrms the existence of a surface energetically heterogeneous.

The intraparticle diffusion model also can to be used to
explain the transport of Pb2+ ions towards active sites of the
polymers. As can be observed in Table 3, only the rst linear
segment presented a reasonable t to experimental data, with
a determination coefficient varying from 0.92 to 0.97 for the
three polymers. Additionally, as the linear coefficient from the
intraparticle diffusion model (Ci), i.e., the boundary layer
RSC Adv., 2017, 7, 33001–33011 | 33005
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Table 3 Kinetic model parameters estimated for the studied
polymersa

Pseudo rst-order Pseudo second-order

logðQe �QtÞ ¼ log Qe � k1

2:303
t

t

Qt

¼ 1

k2Qe
2
þ 1

Qe
t

Materials k1

Qe

(mg g�1) R2 k2

Qe

(mg g�1) R2

IIP/PAN �1.19 0.76 0.64 12.80 3.72 0.99
IIP �0.87 0.72 0.60 9.40 3.60 0.99
NIP �0.20 0.21 0.00 26.60 2.95 0.99

Elovich Intraparticle diffusion

Qt ¼ 1

b
lnðabÞ þ 1

b
ln t Qt ¼ kidt

1/2 + C

Materials b a R2 kid C R2

IIP/PAN 0.35 3.72 0.90 1.18 2.28 0.95
�0.03 3.43 �0.03

IIP 0.30 3.51 0.93 0.88 2.82 0.97
�0.00 3.76 �0.25

NIP 0.60 3.32 0.90 2.81 1.04 0.92
�0.05 3.05 0.09

a k1 ¼ pseudo rst-order adsorption rate constant (min�1); k2 ¼ pseudo-
second-order adsorption rate constant (g mg�1 min�1); b is the extent of
surface coverage and activation energy for chemisorption (g mg�1), a is
the initial adsorption rate constant (min�1 mg g�1), kid is the internal
diffusion coefficient (mg g�1 min�1/2) and C is the boundary layer
thickness (mg g�1).

Table 4 Isotherm parameters for the adsorption of Pb2+ onto poly-
mers using different isotherm modelsa

Polymers

IIP/PAN IIP NIP

Non-linear Langmuir: Qeq ¼ kLbCeq�
1þ kLCeq

�

k1 0.080 0.036 0.025
b1 59.120 66.690 71.760
R2 0.953 0.929 0.873

Non-linear Freundlich: Qeq ¼ kFCeq
1/n

k1 6.474 3.579 2.660
n1 0.578 0.679 0.720
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thickness (mg g�1) is different from zero, it can be infer that the
adsorption process occurred rather in the external surface of
adsorbent governed by mass transfer in the external liquid lm,
which indicates that binding sites are located outside pores of
polymer.
R2 0.922 0.895 0.834

Langmuir–Freundlich for one site (L–F 1): Qeq ¼ b
�
kCeq

�n

1þ �
kCeq

�n

k1 0.137 0.104 0.087
b1 46.740 36.620 33.940
n1 1.289 2.055 2.604
R2 0.958 0.962 0.941
Adsorption isotherms

Fig. 4 depicts adsorption isotherm built under equilibrium
condition of Pb2+ on the polymers. In order to evaluate the
maximum adsorption capacity of IIP/PAN, IIP and NIP the
experimental data were compared to theoretical non-linear
adsorption isotherm models of Langmuir, Freundlich,
Fig. 4 Adsorption isotherms of Pb(II) on the polymers IIP/PAN, IIP and
NIP; pH 5.70 (acetic acid/sodium acetate 0.048 mol L�1).

33006 | RSC Adv., 2017, 7, 33001–33011
Langmuir–Freundlich for one site (L–F 1) and Langmuir–
Freundlich for two sites (L–F 2).

As can be seen in Table 4, the Langmuir and Freundlich
models presented R2 values ranging from 0.83 to 0.95, sug-
gesting that the adsorption of Pb2+ ions may follows the
assumption of both models. This outcome can be conrmed
bearing in mind the best t of experimental data to the hybrid
Langmuir–Freundlich models for one and two sites, with R2

values varying from 0.941 to 0.989, in which suggest that
adsorption of Pb2+ may takes place in high and low-affinity
sites.35

The L–F 1 model describes both the Langmuir and Freund-
lich model and it allows one evaluate the presence of hetero-
geneous and homogeneous binding sites according to the
degree of heterogeneity of the site (n). However, although L–F 1
has shown good t to the experimental data, it fails in
describing the availability of more than one type of adsorption
site with different affinities towards adsorbate and their
contribution to the process.26 On the other hand, the L–F 2
model admits the presence of heterogeneous solid surface and
Langmuir–Freundlich for two sites (L–F 2):

Qeq ¼ b1
�
k1Ceq

�n1

1þ �
k1Ceq

�n1 þ
b2
�
k2Ceq

�n2

1þ �
k2Ceq

�n2

k1 26.320 0.189 0.081
k2 0.136 0.093 0.416
b1 5.012 16.840 24.320
b2 36.40 17.40 6.604
n1 0.450 1.219 5.061
n2 1.825 5.374 2.822
R2 0.967 0.989 0.966

a In the Langmuir, Freundlich and Langmuir–Freundlich equations: k
(Langmuir), k1,2 (Langmuir–Freundlich) (L g�1), k (Freundlich) (mg
g�1) (L g�1)—adsorbate–adsorbent affinities, b, b1,2—maximum
adsorption capacities (mg g�1), and n, n1,2—intensities or degrees of
favorability for adsorption.

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Relative selectivity coefficients for the adsorption of binary
mixtures on the IIP–PAN and NIP. Experimental condition: pH 5.70
(acetic acid/sodium acetate 0.048 mol L�1) and stirring time of 100 s.

Fig. 6 Relative selectivity coefficients for the adsorption of binary
mixtures on the IIP and NIP. Experimental condition: pH 5.70 (acetic
acid/sodium acetate 0.048 mol L�1) and stirring time of 100 s.
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describes adsorption binding interactions among adsorbing
compounds considering adsorption sites with different affini-
ties. According to these statements, for the IIP/PAN material, it
can be observed, according to L–F 2 model that the highest
adsorption of Pb2+ (b2 ¼ 36.4 mg g�1) occurred in lower-affinity
sites (k2¼ 0.136 L g�1), most likely attributed to carboxyl groups
from methacrylic acid, whereas a lower adsorptive capacity (b1
¼ 5.01 mg g�1) took place in higher-affinity binding sites (k1 ¼
26.3 L g�1), which can be attributed to chelating PAN in the
polymer. These ndings corroborate the pseudo-second order
model, from kinetic data, conrming the existence of higher-
affinity and lower-affinity adsorption sites for the IIP/PAN. The
L–F 1model in turn, as already mentioned, does not distinguish
the affinities of the sites and assumes that the maximum
adsorptive capacity (b1 ¼ 46.74 mg g�1) occurred only in lower-
affinity sites (k1 ¼ 0.137 L g�1).

For the IIP material, it can be seen from the L–F 2 model that
similar adsorbed amounts (b1 ¼ 16.84 mg g�1 and b2 ¼
17.40 mg g�1) occurred at sites with slightly different affinities
(k1 ¼ 0.189 L g�1 and k2 ¼ 0.093 L g�1). Compared to the L–F 1
model, the adsorbed amount (b1 ¼ 36.62 mg g�1) also occurs at
lower-affinity sites (k1 ¼ 0.104 L g�1), suggesting that the two
sites of interaction can be attributed to the chemical imprinting
sites formed by methacrylic acid and those non imprinted sites.

The adsorptive behavior of NIP was somewhat similar to IIP-
PAN and IIP. In this case, the L–F 2 model was also able to
predict the existence of two sites with different affinities. As the
NIP has no selective binding sites assigned to chemical
imprinting, but contains the chelating PAN, it can be inferred that
the higher and lower-affinity sites are assigned to the PAN and
carboxyl from methacrylic acid or to carbonyl group of EGDMA,
respectively. Additionally, one should note that k2 value (0.416 L
g�1) attributed to PAN in the NIP was found to be substantially
lower than the one k1 (26.32 L g�1) achieved to PAN in the IIP,
suggesting once again a synergic effect between chelating PAN and
the chemical imprinting process for improving the adsorbate–
adsorbent affinity at the polymer binding sites.

Themaximum adsorption capacities (sum b1 + b2) of Pb
2+ ions

were found to be 41.4 mg g�1 for IIP/PAN, 34.2 mg g�1 for IIP and
30.09 mg g�1 for NIP. In spite of shows low porosity, the IIP/PAN
demonstrated the higher adsorption capacity regarding the other
ones polymers, which in turn allowed us satisfactory infer that
PAN and carboxyl from methacrylic acid from the imprinting
process were responsible for the greatest adsorption of Pb2+.
Selective rebinding study

Batch rebinding studies by means of Pb2+ ions adsorption in the
presence of Cu2+, Cd2+, Ni2+, Co2+ or Zn2+ were performed to
assess the adsorption of template ion to the different polymers
IIP/PAN, IIP and NIP. The foreign metal ions show similar ionic
radius to Pb2+, likewise are divalent, are capable to form
metallic complexes with PAN and carboxylic acid from mono-
mer (MAA).36,37 It is well known that the relative selectivity
coefficient (k0) is to most important parameter to prove the
specic affinity of the polymer towards template ion.38 The
higher the k0 value, the greater the selectivity of imprinted
This journal is © The Royal Society of Chemistry 2017
polymer. From the Kd (distribution coefficient) and the selec-
tivity coefficients (k) (data not shown), the k0 values were
determine as the ratio kIIP–PAN/NIP and kIIP/NIP, whose
values are depicted in the Fig. 5 and 6. Comparing the k0 values
for the IIP-PAN/NIP with IIP/NIP, it can be observed large k0

values for the imprinted adsorbent containing the chelating
PAN. This outcome reveals high adsorption and high selectivity
for Pb2+ over the foreign metal ions in the IIP-PAN compared
with IIP and IIP. Once again, this may be result from the
imprinting effect and synergic effect with chelating PAN.

Multivariate optimization of micro-solid phase
preconcentration of Pb2+ on-line coupled to FAAS

Taking into account its better adsorptive and selective perfor-
mance regarding the IIP and NIP, the multivariate optimization
of preconcentration method was carried out by using the IIP–
PAN as adsorbent. Table 5 shows the results of 25�1 fractional
factorial design and the Pareto chart is shown in Fig. 7.

As can be observed from the Pareto chart, all the studied
factors exert inuence on the preconcentration method, except
the buffer concentration; however most of two-order
RSC Adv., 2017, 7, 33001–33011 | 33007
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Table 5 Experimental 25�1 fractional factorial design and analytical
responses for micro-solid phase preconcentration of Pb2+ on-line
coupled to FAASa

Runs pH EC BC PFR AM Absorbance

1 �1 �1 �1 �1 1 0.0324 0.0354
2 1 �1 �1 �1 1 0.1121 0.1171
3 �1 1 �1 �1 �1 0.0514 0.0512
4 1 1 �1 �1 1 0.1011 0.1124
5 �1 �1 1 �1 �1 0.0492 0.0512
6 1 �1 1 �1 1 0.1206 0.1294
7 �1 1 1 �1 1 0.0256 0.0311
8 1 1 1 �1 �1 0.1699 0.1710
9 �1 �1 �1 1 �1 0.0637 0.0657
10 1 �1 �1 1 1 0.0705 0.0728
11 �1 1 �1 1 1 0.0450 0.0501
12 1 1 �1 1 �1 0.1533 0.1602
13 �1 �1 1 1 1 0.0106 0.0117
14 1 �1 1 1 �1 0.1263 0.1308
15 �1 1 1 1 �1 0.0182 0.0198
16 1 1 1 1 1 0.1056 0.1128
17 0 0 0 0 0 0.1602 0.1653

a BC ¼ buffer concentration; EC ¼ eluent concentration; PFR ¼
preconcentration ow rate; AM ¼ adsorbent mass. Experimental
condition: preconcentration of 20.0 mL of Pb2+ solution at 200 mg L�1

concentration.

Fig. 7 Pareto chart from the 25�1 fractional factorial design in the 95%
confidence interval.

Table 6 Doehlert design and analytical response in the optimization
of micro-solid phase preconcentration of Pb2+ on-line coupled to
FAASa

Assays pH
BC (buffer concentration)
(mol L�1) Absorbance

1 0 (5.25) 0 (0.049) 0.1998
2 0 (5.25) 0 (0.049) 0.2003
3 0 (5.25) 0 (0.049) 0.2064
4 1 (7.25) 0 (0.049) 0.1232
5 0.5 (6.25) 0.866 (0.1) 0.1556
6 �1 (3.25) 0 (0.049) 0.0125
7 �0.5 (4.25) �0.866 (0.001) 0.1104
8 0.5 (6.25) �0.866 (0.001) 0.1435
9 �0.5 (4.25) 0.866 (0.1) 0.0369

a The rst number represents the Doehlert matrix coded values,
whereas the values between parentheses stand for the real values.
Experimental condition: preconcentration of 20.0 mL of Pb2+ solution
at 200 mg L�1 concentration at 4.0 mL min�1

ow rate and using 1.0
mol L�1 HCl as eluent.
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interactions were statistically signicant. The sample pH has
shown the greater inuence on the system, with positive stan-
dardized effect estimated (65.09), thus indicating that higher
Pb2+ adsorption is obtained at higher pH value. At lower pH
values, the adsorption decrease probably due to protonation of
the selective sites of the IIP/PAN, which weaken the interaction
of Pb2+ ions with nitrogen moieties and carbonyl and hydroxyl
groups as well as the carboxyl group from MAA. The adsorbent
mass was the second most important factor on the preconcen-
tration system with negative standardized effect estimate
(�21.35), suggesting the lower mass must be utilized in the
system. This result can be rationalized bearing in mind the
greater dispersion of sample zone inside the minicolumn
during elution when higher mass are utilized. Thus, the lower
mass (30 mg) was xed for further studies. Regarding the eluent
concentration the positive effect (standardized effect estimate
of 8.61) shows that 1.5 mol L�1 gives rise to higher analytical
33008 | RSC Adv., 2017, 7, 33001–33011
signal. Additionally, the pH � EC interaction was found to be
signicant with positive effect (11.26). Therefore, it would be
expect better analytical response when higher EC is used, but
taking a compromise between reagent consumption and high
reusability of minicolumn, 1.0 mol L�1 HCl was chosen for
further experiments. It worth to mention that using 1.0 mol L�1

HCl no memory effect was observed under cycles of pre-
concentration and elution. A negative effect was observed for
the preconcentration ow rate (PFR) (�6.93), thus suggesting
a kinetic limitation of mass transport towards binding sites of
IIP/PAN when higher PFR was used. The two-order interactions
BCxPFR was also found to be statistically signicant with
negative effect. Thus, a ow rate of 4.0 mL min�1 was set for
further experiments. Although the buffer concentration
analyzed alone was not signicant, the two-order interaction pH
� BC was statistically signicant, which justies their simul-
taneous optimization. Therefore, a Doehlert design for two
variables was carried out, whose levels and analytical response
(absorbance) are shown in (Table 6).

From Doehlert design the quadratic model shown in the eqn
(5) was obtained and validated by means of ANOVA. The
absence of lack of t was assured by taking into account the
lower MSlack of t/MSpure error ratio (9.148) when compared to
tabulated F1,2,95% (18.513) at a condence interval of 95%.

Abs ¼ �0.8169 + 0.3621pH � 0.0336pH2

� 0.2684BC � 23.0892BC2 + 0.4362pH � BC (5)

The response surface was built (Fig. 8) using the validated
quadratic model, from which the maximum points for pH and
buffer concentration were found to be 5.70 and 0.048 mol L�1,
respectively. These values were further used as the best condi-
tion for Pb2+ ion extraction from real samples.
Analytical features of proposed method

Under optimum conditions of proposed method, the IIP/PAN
showed a linear calibration curve in the range 1.75 (LOQ)–
This journal is © The Royal Society of Chemistry 2017
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Fig. 8 Response surface for the factors buffer concentration (BC) and pH.

Fig. 9 Analytical curves obtained by micro-solid phase preconcen-
tration of Pb2+ on-line coupled to FAAS, using IIP/PAN, NIP and IIP as
adsorbents. Experimental condition: preconcentration of 20.0 mL of
Pb2+ solution (pH 5.70 buffered with 0.048mol L�1 acetic acid/sodium
acetate) at 4.0 mLmin�1

flow rate, and using 1.0 mol L�1 HCl as eluent.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
Ju

ne
 2

01
7.

 D
ow

nl
oa

de
d 

on
 4

/5
/2

02
6 

5:
54

:1
6 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
200.0 mg L�1, providing the following equation: Abs ¼ 0.0056 +
0.00116 [Pb2+, mg L�1], r ¼ 0.990. The linear calibration built
without preconcentration step was from 2500 to 10 000 mg L�1
Table 7 Some methods for lead ions preconcentration using FAASa

Solid phases PF PV (mL)
LD
(mg L

XAD-16 modied with
1,10-phenanthroline

48 1200 7.9

Functionalized silica with
3,6-dithia-1,8-octanediol

28 52.8 1.0

XAD-4 24 10 2.92
Graphene 125 100 0.61
Bentonite ND 1000 1.6
DMAA–AGE/IDA–silica (resin) 10 100 3.5
APDC with 1-hexyl-3-
methylimidazolium as ionic liquid

40 20 1.5

MWCNT/HSPIMP 18 250 2.89

Polyurethane foam modied with BTAC 26 7 1.0
IIP/PAN 33 20 0.52

a PV ¼ volume preconcentration; FP ¼ factor preconcentration; LD
benzothiazolylazo), APDC ¼ pyrrolidine dithiocarbamate, HSPIMP ¼
nanotube multiwalled.

This journal is © The Royal Society of Chemistry 2017
giving rise to linear equation: Abs ¼ 0.0088 + 0.000036 [Pb2+, mg
L�1], r ¼ 0.994. The limits of detection and quantication,
dened according to IUPAC denition and taking into account
the use of 20.0 mL of sample, were found to be 0.52 mg L�1 and
1.79 mg L�1, respectively. The repeatability of the preconcen-
tration method was assessed based on relative standard devia-
tion (RSD) (n¼ 10) for solutions with concentrations of 10.0 and
150.0 mg L�1, yielding RSD values of 4.13 and 1.87%, respec-
tively. Other efficiency parameters, such as consumption index
(CI) and concentration efficiency (CE) were determined in
according to Wutke and co-workers,24 were found to be 6.66
min�1 and 0.60 mL, respectively. In order to evaluate the
increase in the sensitivity of the preconcentration method as
a result of synergic effect between chelating PAN and the
chemical imprinting process, three curves using IIP/PAN, IIP
and NIP as adsorbents were built in the in the range 10.0–200.0
mg L�1 (Fig. 9).

As can be seen, higher sensibility was achieved when IIP/PAN
was used as adsorbent when compared to the others polymers.
These results conrm that synergism effect between the
chemical imprinting process and the presence of the auxiliary
chelating in the IIP/PAN, also provides improvements in the
sensitivity of method. The increase in the sensitivity can be
expressed by the preconcentration factor (PF), which was
calculated by the ratio between the angular coefficient of the
curves with and without preconcentration step. Thus, PF for IIP/
PAN, IIP and NIP were found to be 32.5, 12.2 and 5.8 times,
respectively.

The analytical features of the proposed method were
compared with other preconcentration procedures for Pb2+ ions
determination by FAAS (Table 7). As can be seen, the highlight
of method is the low limit of detection associated with low
sample consumption.
�1) Application
Linear range
(mg L�1) Ref.

Industrial water ND 39

Milk 5–20 000 40

Waters 20–80 41
Vegetables and waters 10–600 42
Wastewater and groundwater ND 43
Human plasma/waters ND 44
Natural waters ND 45

Samples of leek, radish,
caki and banana

0.02–0.35 46

Wine samples 1.0–500 47
Water samples, saline,
Ginkgo biloba and
chocolate powder

1.79–200 This work

¼ limit of detection; ND ¼ not available; BTAC ¼ p-cresol, 2-(2-
3-(hydroxy-4-(3-silylpropylimino)methyl)phenol, MWCNT ¼ carbon

RSC Adv., 2017, 7, 33001–33011 | 33009
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Table 8 Application of proposed method for Pb2+ ions determination
in real samples using IIP/PANa

Samples

Pb2+ (mg L�1)

Amount added Amount foundb Recovery (%)

Tap water 0 <LOD —
8.00 7.9 � 0.3 99

Lake water 0 <LOD —
8.00 8.4 � 0.2 105

Mineral water 0 <LOD —
8.00 8.2 � 0.1 103

Synthetic seawater 0 <LOD —
8.00 7.3 � 0.4 91

Serum physiologic 0 <LOD —
8.00 8.3 � 0.8 104

Chocolate powderc 0 1.1 � 0.2 —
1.42 2.4 � 0.1 90
2.40 3.5 � 0.1 95

Ginkgo bilobac 0 1.9 � 0.2 —
2.00 4.1 � 0.2 105
4.00 5.3 � 0.2 90

a ND ¼ not detected (below the limit of detection). b Results are
expressed as mean value � standard deviation based on three
replicates (n ¼ 3). c Values expressed in mg g�1.
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Application in real samples

In order to demonstrate the potential application of pre-
concentration method using IIP/PAN as adsorbent, different
water and food samples were analyzed. As can be seen in
Table 8, for the water and saline samples Pb2+ was not found.
Therefore, known amount of Pb2+ (8.0 mg L�1) bearing in mind
the maximum allowed levels established by international
organizations was added to samples and the recovery values in
the range 91–105%, attest the feasibility of method for Pb2+

determination in water samples interferences-free.
It should be emphasized that Pb2+ were quantied in choc-

olate powder and Ginkgo biloba samples, conrming the appli-
cability of the method in complex sample submitted to acid
digestion. Furthermore, the accuracy of the method was
checked from the analysis of the Certied Reference Material
for Trace Metals (MESS-3, marine sediment). The result ob-
tained by themethod (19.51� 0.42) was statistically equal to the
Pb2+ concentration in the certied material (21.10 � 0.70) at
a 95% condence interval (Student t-test) (n ¼ 3).
Conclusions

In the present study the synthesis and application of a new ion-
selective imprinted polymer based on poly(methacrylic acid)
loaded with 1-(2-pyridylazo)-2-naphthol (PAN) (IIP/PAN) for Pb2+

preconcentration from different kind of water samples, choco-
late powder, medicinal herb and sediment was demonstrated.
From the selectivity studies, IIP/PAN showed higher selectivity
towards Pb2+ regarding the other metal ions, while from
adsorption isotherms data higher adsorption capacity was
observed for the IIP/PAN in comparison to IIP and NIP.
33010 | RSC Adv., 2017, 7, 33001–33011
Moreover, adsorption isotherms tted to the L–F 2 model
allowed us to obtain insight into adsorption process with more
details, i.e., the adsorption occurs in two sites with different
binding energy attributed to carboxyl groups from methacrylic
acid and the chelating PAN. The good analytical features of
preconcentration method including low limit of detection,
satisfactory preconcentration factor even using low sample
volume (20.0 mL) and wide range of applicability, makes the
material an exceptional adsorbent for Pb2+. IIP/PAN also has
demonstrated exceptional reusability since only a minicolumn
was used in overall method development and analytical appli-
cation without loss of adsorption capacity. For nal remarks,
this study has evidenced that great advantage in using auxiliary
chelating agent during polymerization of poly(methacrylic acid)
for improving the analytical performance of preconcentration
method.
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