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a  b  s  t  r  a  c  t

Chitosan–MAA  nanoparticles  (CS–MAA)  with  an  average  size  of  10–70  nm  were  prepared  by  polymeri-
zing  chitosan  with  methacrylic  acid  in  aqueous  solution.  The  physicochemical  properties  of  nanoparticles
were  investigated  using  Fourier  transform  infrared  spectroscopy  (FT-IR),  scanning  electron  microscopy
(SEM),  X-ray  photoelectron  spectroscopy  (XPS),  dynamic  light  scattering  (DLS)  and  nuclear  magnetic  res-
onance  (NMR).  The  adsorption  of Pb(II),  Cd(II)  and  Ni(II)  from  aqueous  solution  on CS–MAA was  studied
in  a batch  system.  The  effects  of  the  solution  pH,  initial  metal  concentration,  contact  time,  and  dosage  of
hitosan–MAA nanoparticle
dsorption isotherm
inetics
esorption

the  adsorbent  on  the  adsorption  process  were  examined.  The  experimental  data  were  analyzed  using  the
pseudo-second-order  kinetic  equations  and  the  Langmuir,  Freundlich  and  Redlish–Peterson  isotherms.
The  maximum  adsorption  capacity  was  11.30,  1.84,  and  0.87  mg/g  for Pb(II),  Cd(II)  and  Ni(II)  ions,  respec-
tively,  obtained  by the  Langmuir  isotherm.  However,  the  adsorption  isotherm  was  better  explained  by
the  Freundlich  rather  than  by the Langmuir  model,  as  the  high  correlation  coefficients  (R2 >  0.99)  were
obtained  at  a higher  confidence  level.
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. Introduction

Recently, heavy metals pollution has become the focus of much
nternational attention, mainly because of the voluminous dis-
harge into the environment from industrial activities. Heavy
etals are toxic to the ecosystems as well as humans, so their

ioaccumulation in the food chain causes serious disorders [1,2].
or example, lead (Pb(II)) may  be found in the textile dying, ceramic
nd glass industries, petroleum refining, battery manufacture and
ining operations[3,4]. Pb(II) is categorized as persistent envi-

onmental toxic substance and may  cause mental disturbance,
etardation, and semi-permanent brain damage [5]. Another, cad-
ium (Cd(II)) is also a risky pollutant coming from metal plating,
etallurgical alloying, mining, ceramics and other industrial oper-

tions [6]. Cadmium toxicity results in a wide range of syndromes
ncluding renal dysfunction, hypertension, hepatic injury, lung
amage and teratogenic effects [7]. In addition, nickel (Ni(II)) is
ommonly used in contemporary industry. Too much exposure of
Please cite this article in press as: A. Heidari, et al., Int. J. Biol. Macromol. (2

i(II) in humans can cause significant influences such as lung, car-
iovascular and kidney diseases [8,9].
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Methods such as chemical precipitation, reverse osmosis, elec-
trolytic methods of membrane filtration, solvent extraction, ion
exchange and adsorption [10,11] have been used for the reduc-
tion of heavy metals and recovery from wastewater regarding,
which well-known adsorbents such as activated carbon, zeolites,
tree bark, biomass, lignin, dried mushrooms, and chitosan have
been studied [12,13]. Among the different techniques, adsorption
is highly effective because of the ease of operation and its low cost
[14].

Chitosan is a biopolymer obtained from natural resources, a par-
tially de-acetylated product of chitin. Chitin is an advantageous
compound easily obtainable (from the exoskeleton of shellfish as
waste product of the seafood industry), biocompatible, nontoxic,
and with antimicrobial properties. In addition, chitosan can chelate
heavy metal ions and is therefore a suitable material to be used in
heavy metal removal processes [15]. Chitosan is a linear homopoly-
mer  formed by �-(1,4)-linked glucosamine units, with reactive
hydroxyl and amino groups that can act as substrate for a variety
of chemical modifications. These modifications can produce appro-
priate materials for different medical and industrial purposes. For
most heavy metals, chitosan-based sorbents have demonstrated
013), http://dx.doi.org/10.1016/j.ijbiomac.2013.06.032

high removal efficiency and sorption kinetics because of the pres-
ence of amine groups as chelation sites [16]. Furthermore, physical
and chemical modifications have been shown to increase the capac-
ity of chitosan for metal ions sorption selectively [17,18].
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were used in the analysis of data. The amount of metal ions sorbed
(q ) onto CS–MAA nanoparticles was calculated by the following
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Previous studies have illustrated that Cd(II), Ni(II), and Pb(II) ions
an be adsorbed from wastewater using chitosan and its derivatives
19–22]. Currently, limited data are available in the literature on
he properties of chitosan nanoparticles for heavy metal sorption.
i and Xu have prepared chitosan nanoparticles by ionic gelation
f chitosan and tripolyphosphate (CS–TPP), which have the amine
nd phosphoric groups as sorption sites for the removal of lead ions
rom aqueous solution [23]. Haider and Park synthesized chitosan
anofibers by the electrospinning technique and by chemical neu-
ralization of ammonium into an amine group, in order to remove
b(II) and Cu(II) ions from an aqueous solution [24]. Such data are
ery helpful and urgently needed, because chitosan nanoparticles
ave unique characteristics including small size, high surface area,

arge quantum size per unit mass and wet absorption that is well-
uited for adsorption of metal ions.

The objective of this study was to produce chitosan nanopar-
icles (CS–MAA) by polymerizing methacrylic (MAA) in a chitosan
olution. This study reports on adsorption the capacity of CS–MAA
or heavy metal ions from aqueous solution. The effects of the pH,
he initial metal concentration and the dosage of the adsorbent
n the adsorption rate and the adsorption capacity of CS–MAA
anoparticles were evaluated. The adsorption isotherm and sorp-
ion kinetics of Ni(II), Cd(II) and Pb(II) ions on CS–MAA are
resented.

. Materials and methods

.1. Apparatus

Infrared spectra, in the range of 400 to 4000 cm−1, were
ollected by a Fourier transform infrared (FT-IR) spectroscopy (Shi-
adzou, FT-IR1650 spectrophotometer, Japan) using KBr powder

f spectroscopic quality. The pH value of each solution was adjusted
y using a pH meter (Mettler Toledo Instruments Co., Cyber-
can, Singapore). The samples were centrifuged (236HK, Hermle,
ermany) and a freeze-drier system (Opergn, Korea) was  used for

yophilization of the nanoparticles. A scanning electron microscope
SEM, XL30, Philips and Netherlands) was used for characterization
f the morphology of CS–MAA nanoparticle and for estimating its
article size. The micrograph of the gold coated CS–MAA nanoparti-
le was recorded on a field emission scanning electron microscope
SEM) at an electron acceleration voltage of 20 kV. In addition, the
article size distribution was measured by a microstructure mea-
urement and a SEM image. The residual Cd(II), Pb(II) and Ni(II) ions
n the adsorption were measured by using an atomic adsorption
pectrophotometer (AAS, Philips, PU9400, UK). The 13C NMR  mea-
urements were performed with a Chemagnetics CMX  270 MHz
nfinity NMR  spectrometer, with a 6.0 mm double-resonance MAS
MR  probe operating at 68.01 MHz. For all the samples, 30,000

ransients were accumulated using a 0.5 ms  contact time and
 s recycle time with an MAS  rate of 5 kHz. The chemical shifts
ere referenced to hexamethylbenzene (HMB) using the methyl

ignal (+17.35 ppm) as an external reference. The average nanopar-
icle size and the size distribution of CS–MAA was  determined
y a Malvern Zetasizer analyzer (Malvern Instruments Ltd) using
ynamic light scattering (DLS), which determines the nanoparticle
ize by measuring the distribution of the intensity of the laser light,
cattered by nanoparticles as they diffuse through a fluid operating
ith a 50 mW laser. A suitable amount of distilled water solu-

ion of nanoparticles at total concentration of 1% was  placed into a
Please cite this article in press as: A. Heidari, et al., Int. J. Biol. Macromol. (2

uartz cell and measured at a 90◦ detector angle of, 633 nm wave-
ength and 25 ◦C. XPS (X-ray photoelectron spectroscopy) spectra

ere obtained with 8025-BesTec twin anode XR3E2 X-ray source
ystem (Germany). XPS data were taken using achromatic Mg  K�
 PRESS
ical Macromolecules xxx (2013) xxx– xxx

(1253.6 eV) and Al K� (1486.6 eV) X-ray source which operated at
15 kV.

2.2. Materials

Chitosan (CS) used in the present study was purchased from
Sigma-Aldrich Chemical Co (UK) with deacetylation degrees higher
than 85%. Potassium persulfate (K2S2O8), methacrylic acid (MAA),
HCl and NaOH were purchased from Merck (Darmstadt, Germany)
and used without alterations. The Cd(II), Pb(II) and Ni(II) standard
solutions were also obtained from the same company. The metal
ion solutions for adsorption experiments were prepared by dilut-
ing 1000 mg/l of standard solution of Cd(II), Pb(II) and Ni(II) using
de-ionized water (Titrisol, Merck, Darmstadt, Germany). The pH
of each the heavy metal solution was adjusted by adding diluted
NaOH (1 M)  or HCl (1 M)  using a pH meter (CyberScan, Singapore).

2.3. Synthesis of CS–MAA nanoparticle

The preparation of CS–MAA nanoparticles was done according
to the methods of de Moura et al. [25] with slight modification.
The nanoparticles were synthesized by polymerizing methacrylic
acid in a chitosan solution. Chitosan was  dissolved in an aqueous
of MAA  solution to achieve concentrations of chitosan of 0.25%,
0.5% and 1% (w/w) by magnetic stirring for 12 h. The MAA  solu-
tion was  also dissolved in de-ionized water at 0.5% (w/v). The CS
to MAA  ratios used in the synthesis were 1:2, 1:1, and 2:1 (w/w,
%). The MAA  solution was  added to the CS solution drop-wise.
Afterward, while stirring, 0.2 mmol  of K2S2O8 was added to the
chitosan–methacrylic acid solution for 1.5 h at 70 ◦C in an N2 atmo-
sphere. Subsequently, polyampholyte CS–MAA nanoparticles were
formed. The formation of the polyampholyte CS–MAA nanoparticle
was obtained, because after cross-linking two  representative free
functional groups of CS–MAA were found. In this case, the residual
free amino groups of chitosan were available, which could be pro-
tonated in the moderately acidic pH, and the free carboxylic acid
groups were available after cross-linking, which could be partially
deprotonated in a neutral solution: consequently polyampholyte
were obtained. The mixtures were then cooled in an ice bath,
and the nanoparticle suspension was  centrifuged for 30 min at
4000 rpm and the supernatant was  discarded. The particles thus
obtained were freeze-dried for 36 h using a freeze-dry system
(Opergn, Korea). The resulting freeze-dried CS–MAA nanoparticles
were stored in a refrigerator at 4 ◦C to be used in our adsorption
experiments.

2.4. Batch adsorption studies

Adsorption experiments were conducted in 250 ml  conical
flasks each containing 100 ml  of Cd(II), Ni(II) and Pb(II) solution
with known initial concentrations of the ternary aqueous solution,
the range varying from 10 to 50 mg/l prepared from stock solu-
tions. The adsorbent dosage was 5 g/l. The pH value of each solution
was adjusted to remain constant. The flasks were agitated on a
shaker at 200 rpm at room temperature. A 1 ml  sample was taken
from each flask at incremental time intervals. After adsorption, the
samples were centrifuged at 16,000 rpm for 10 min  and the super-
natants analyzed for the residual heavy metal concentration. All
experiments were carried out at least twice and the mean values
013), http://dx.doi.org/10.1016/j.ijbiomac.2013.06.032

e

equation

qe = (C0 − Ce)V
W

(1)
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where qe is the equilibrium sorption capacity in mg/g, Ce the
nal concentration of metal ions in mg/l, V the volume of metal ions
olution in l, and W the weight of the adsorbent in grams. The effect
f pH on the adsorption of Pb(II), Ni(II) and Cd(II) ions was  evaluated
y varying the pH from 3 to 5. The adsorption experiments were
arried out within the pH range of 3 to 5 due to the fact that metal
recipitation appeared at higher pH values and interfered with the
ccumulation or deterioration of the adsorbent.

The concentration of metal ions adsorbed on the CS–MAA was
etermined by centrifuging at 16,000 rpm for 10 min  to remove
he metal ions not adsorbed onto the CS–MAA. The supernatant
as diluted in a 10 ml  volumetric flask up to mark with distilled
ater. This solution was injected in to an AA spectrometer (AAS,

hilips, PU9400, and UK) with separate calibrations curve for each
etal ion. On the other hand, the AA technique requires a calibra-

ion curve which was obtained using a standard solution for each
etal. In order to reduce the random errors, all experiments were

un three times and the average of these measurements is reported.
he errors in the adsorption determination of the metal ions were
maller than 0.5%.

.5. Equilibrium parameters of adsorption

Equilibrium isotherm data obtained from batch experiments
ere examined using different types of isotherm models such as

angmuir, Freundlich and Redlich–Peterson. The nonlinear form of
angmuir isotherm [26] is given by

e = qmbCe

1 + bCe
(2)

here qe is the equilibrium sorption capacity of sorbent in mg/g, Ce

he equilibrium concentration of metal ions in mg/l, qm the maxi-
um  amount of metal sorbed in mg/g and b the constant that refers

o the bonding energy of sorption in l/mg. The Freundlich isotherm
27] is express as

e = Kf C
1
n

e (3)

here qe is the equilibrium sorption capacity of the adsorbent in
g/g, Ce the equilibrium concentration of heavy metal ions in mg/l,

f the constant related to the adsorption capacity of the sorbent
n mg/l and n the constants related to the sorption intensity of
dsorbent.

The nonlinear form of Redlich–Peterson isotherm [28] is
xpressed as

e = kRPCe

1 + ˛RPCˇ
e

(4)

here kRP is the Redlich–Peterson isotherm constant in l/mg, ˛RP

he Redlich–Peterson isotherm constant in (l/mg)ˇ and  ̌ the expo-
ent that lies between 0 and 1. For if  ̌ = 1, the Redlich–Peterson

sotherm becomes a Langmuir isotherm. Nonlinear regression was
erformed with the statistical software Sigma Plot software for
indows (Sigma Plot 10.0, SPSS Inc., USA).

.6. Adsorption kinetics

In order to evaluate the mechanism of adsorption and the poten-
ial steps controlling the rate of adsorption, the basic characteristics
f a good adsorbent considering adsorption kinetics under constant
Please cite this article in press as: A. Heidari, et al., Int. J. Biol. Macromol. (2

emperature and optimum solution pH, were determined, by using
arious initial metal ion concentrations. The pseudo-first-order and
seudo-second-order kinetic models were applied to the experi-
ental data to predict the adsorption kinetics [29]. The nonlinear
 PRESS
ical Macromolecules xxx (2013) xxx– xxx 3

form of the pseudo-second-order kinetic model can be written as
follows [30]:

qt = k2q2
e t

1 + k2qet
(5)

where k2 is the adsorption rate constant of pseudo second-order
in g/mg min  and qt the adsorption amount at time t in mg/g. The
experimental data were further analyzed by using Ho’s pseudo-
second-order kinetic model [30]

t

qt
= 1

k2qe
+ t

qe
(6)

The values of k2 and qe
2 of the pseudo-second-order kinetic

model can be obtained from the intercept and slope of the plot of
t/qt versus t. The linear regression was performed with the statis-
tical software SigmaPlot software (SigmaPlot 10.0, SPSS Inc., USA)
for windows.

2.7. Desorption experiments

The reusability of CS–MAA was investigated in a batch opera-
tion. The desorption of adsorbed precious Cd(II), Ni(II) and Pb(II)
ions from CS–MAA nanoparticles in NaCl and EDTA solutions was
studied. This procedure was  used in all the batch desorption experi-
ments using 100 ml  of desorption agent in 250 ml  Erlenmeyer flasks
containing the precious Cd(II), Ni(II) and Pb(II) ions adsorbed onto
CS–MAA. In order to get to a state of equilibrium, the flasks were
shaken at room temperature at 100 rpm using a mechanical shaker
for 3 h at 25 ◦C. The desorbed precious Cd(II), Ni(II) and Pb(II) ions
from CS–MAA were measured by AAS. The Cd(II), Ni(II) and Pb(II)
desorbed by the biosorbent were used in the next cycle of adsorp-
tion and desorption. The above procedure was employed for three
(3) consecutive cycles.

3. Results and discussion

3.1. Characterization of CS–MAA nanoparticles

CS–MAA nanoparticles were prepared by polymerizing
methacrylic (MAA) in the presence of chitosan solution [25].
The particles obtained in this manner appeared as white powder
and were insoluble in water, dilute acid and alkalescent solu-
tions. The morphology of the CS–MAA nanoparticle (at pH = 4)
characterized with SEM image is illustrated in Fig. 1(a)–(c). It can
be seen from Fig. 1 that there was a significant difference in the
morphology or the shape of the nanoparticles when the CS to MAA
weight ratio was in the range of 2:1–1:2. This result suggests that
the ratio of CS to MAA  may  be affected by the morphology and
diameter size of the CS–MAA nanoparticles. The ratio of 1:2 w/w
of CS to MAA  at synthesis and the experimental results showed
that the microspheres morphology of CS nanoparticles tend to
agglomerates during these experiments, as shown in Fig. 1(a).
However, as seen in Fig. 1(b), increasing the weight ratio of CS to
MAA causes an increase in both the nanoparticle diameter and
the size distribution range, due to the fact that a higher CS to
MAA weight ratio leads to the concomitant increase in the particle
aggregation and viscosity of the mixture solution. Furthermore,
the amine functional groups protonate increasingly at a higher
concentration of chitosan, and the repulsive interaction of the
positive ions increase the diameter of the nanoparticle. This is
because the availability of functional groups on CS and MAA  for
interaction is in stoichiometric proportion. Thus it is suggested that
013), http://dx.doi.org/10.1016/j.ijbiomac.2013.06.032

the best particle size distributions is obtained at an appropriate
CS to MAA  weight ratio of 2:1, and the SEM morphology is that
of the spherical particles, as shown in Fig. 1(c). This indicates that
unique diameter and size distribution of the nanoparticles can be
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ig. 1. SEM image of CS–MAA nanoparticles at pH 4 with (a) 1:2, (b) 1:1, and (c) 2:1
eight ratio of chitosan to MAA.

btained where the optimal CS to MAA  is at [COOH]/[NH2] molar
atio of 4.7:1 (2:1 weight ratio), as shown in Fig. 1(c).

Fig. 2(a) and (b) shows the sizes of the CS–MAA nanoparticle as a
unction of intensity and nanoparticle size distribution. Increasing
he CS–MAA weight ratio causes an increase in the measured mean
anoparticle size, up to 560 nm for the ratios tested as shown in
ig. 2(a). The mean diameter of CS–MAA nanoparticle was obtained
t 41 nm,  as measured by a zetameter as shown Fig. 2(a). These
esults suggest that the distribution of the spherical nanoparticles
ith the smallest diameter can be obtained when the CS to MAA

atio is at 2:1 (w/w, %), as shown in Fig. 2(b). However, with a fur-
her increase in the CS to MAA  weight ratio up to 1:2, we were not
Please cite this article in press as: A. Heidari, et al., Int. J. Biol. Macromol. (2

ble to measure the particle size distributions because the nanopar-
icles had a larger size distribution than those with 2:1 and 1:1
atios, which is difficulty associated with the analysis of particles
 PRESS
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≥6000 �m size range, as shown in the morphological SEM image
of Fig. 2(c).

Fig. 3 shows the FT-IR spectra of the chitosan (curve a) and
CS–MAA nanoparticles (curve b). In Fig. 4(a), the adsorption peaks
of chitosan were observed at 3050–3650 cm−1 (–OH and –NH2
stretching), 2924 and 2862 cm−1 (–CH stretching), 1581 cm−1 (–NH
amide band II), 1381 cm−1 (–NH amide band III) and 1080 cm−1

(–C–O stretching) [31,32]. In Fig. 4(b), the peaks at 1705 and
1544 cm−1 are related to (–CONH) functional groups that con-
firm the presence of MAA  in the CS–MAA [33]. Moreover, two
peaks at 1550 cm−1 and 1643 cm−1 are associated with NH3
and COO− groups, respectively [34,35]. The absorption around
3000–3600 cm−1 (–NH stretching) increases and two new absorp-
tion bands appear at 1636 and 1534 cm−1, which originate from the
amide band I and amide band II [31].

In Fig. 4 the 13C CPMAS NMR  spectra of chitosan and CS–MAA
nanoparticles are shown. The chitosan spectrum (Fig. 4(a)) shows
signals corresponding to different carbons associated with to the
chitosan structure, i.e. 59 ppm (C2, C6), 75.7 ppm (C3), 83.2 ppm
(C4) and 105.2 ppm (C1). The signals resonating at 174.3 ppm and
23.9 ppm correspond to the N-acetylglucosamine units [36]. In the
13C CPMAS spectrum of CS–MAA (Fig. 4(b)) several new signals are
observed. The formation of CS–MAA nanoparticles is implied by the
presence of signals at 182.3 ppm (C1), 56.6 ppm (C3), 45.8 ppm (C2)
and 18.8 ppm (C4) [37].

XPS analysis is a useful method for specifying the binding energy
of carbon (C 1s), oxygen (O 1s) and nitrogen (N 1s) on the surface of
adsorbent. XPS high-resolution nitrogen, carbon and oxygen spec-
tra of the chitosan and CS–MAA nanoparticles are shown Fig. 5. As
can be seen in Fig. 5, the C 1s spectra of these adsorbents have two
peaks with binding energy of 290 and 290.8 eV. Based on the liter-
ature, these peaks can be attributed to C = O, O–C–O, and O = C–O
bonds of carboxylate groups of CS–MAA nanoparticles [38,39]. Fig. 5
shows two peaks with binding energy of 538 and 537.6 eV in the
O1s spectra of chitosan and CS–MAA nanoparticles, respectively.
Binding energy peaks can be assigned to C = O in carbonyl, C–O in
alcoholic hydroxyl and C–O bond in carboxyl functionalities [40].
There is one peak in the N 1s spectrum at the binding energy of
about 400.4 and 398.9 eV for chitosan and CS–MAA nanoparticles,
respectively. This is contributed to nitrogen atom in the amine
group. The amine group can be protonated under different pH value
and made the peak at greater binding energy at 400 eV such as
404.9.

3.2. Effect of pH

The initial pH of the metal solution is one of the most important
variables in the adsorption process. The uptake capacity of metal
ions and the adsorption mechanism involved are dependent on the
pH of the solution, which affects the degree of ionization, the sur-
face charge of the adsorbent and the speciation of the adsorbates
[41,42]. This could be attributed to two factors, first, the protona-
tion of amine and carboxylate groups resulting to unavailability of
amine and carboxylate groups for complexation with metals, and
second, the hydrogen ions (H+) compete with metal ions for the
same binding sites on the adsorbent [22].

At a low pH value of the solution, the carboxylate and amine
functional groups in the CS–MAA nanoparticle are protonated
to varied degrees and associated with H+ reducing the num-
ber of binding sites available for Pb(II), Ni(II) and Cd(II) ions
uptake, reducing the extent their uptake at high concentrations
of protons. Moreover, the protonation of amine and carboxyl-
013), http://dx.doi.org/10.1016/j.ijbiomac.2013.06.032

and Cd(II) ions. The degree of protonation of the amine groups
depends on both the degree of carboxylation and the pKa of the
CS–MAA nanoparticles. When the pH of the solution increases,
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Fig. 3. FT-IR spectra of (a) chitosan and (b) CS–MAA.

Fig. 4. 13C CPMAS NMR  spectra (5 kHz) of (a) chitosan and (b) CS–MAA nanoparti-
cles.
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the protonation of the amine group decreases and therefore the
electrostatic repulsion decreases [43,44]. As pointed out previ-
ously, the pH has also a critical effect on the concentration of
metal ions, the charge of the metal species present in the solu-
tion and composition of the solution and therefore on their affinity
for the adsorbent [23,45]. The pH of the aqueous solution also
affects the metal speciation in aqueous solution and the surface
properties of the adsorbent. It is observed that at pH less than
five (5) the predominant M(II) species is M2+ and other species
such as M(OH)+, M2(OH)3+, M3(OH)4

2+ and M4(OH)4
4+ are present

only in very small amounts. Besides, the surface of the CS–MAA
nanoparticle is negatively charged at moderate pH, with a strong
electrostatic attraction existing between the surface groups and the
M(II) species.

At a high pH, the metal ions react with hydroxide ions to form
Pb(OH)2 and Ni(OH)2 compounds, which are solid at room tem-
perature [46]. The experiments with Pb(II) could not be continued
beyond pH 6.0 due to the low solubility of Pb(II) hydroxide, an
occurrence observed also by other workers [47].On the other hand,
013), http://dx.doi.org/10.1016/j.ijbiomac.2013.06.032

at pH less than 5.0 the predominant Pb(II) species is Pb2+, other
species such as Pb(OH)+, Pb2(OH)3+, Pb3(OH)4

2+ and Pb4(OH)4
4+

present only in very small amounts [48]. A precipitation of Ni(OH)2
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Fig. 5. Representative wide scan of C 1s, O 1s and N 1s XPS spectrum for chitosan
and  chitosan–MAA nanoparticles.
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5 g/l, metal concentration of 30 mg/l, contact time of 120 min).
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for both soft and hard acids. Moreover, by decreasing the parti-
cle size of the adsorbent, the external and intra-particle diffusion
coefficients are decreased, causing a decrease in the adsorption of
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nd other species did not occur up to pH 8.0, after which there was
o change in the uptake capacity of Ni(II), indicating the precip-

tation of Ni(OH)2 and related species [47]. Within the pH range
tudied, the uptake capacity of Cd(II) showed a gradual increase
ith no indication of precipitation of Cd(OH)2. Cd(II) is mainly

ound as Cd2+ at pH ≤8 and from this value up to pH 9 Cd(OH)+

ons may  be formed. At pH>9, Cd(II) present in the solution occurs
s Cd(OH)2, Cd(OH)+ and Cd(OH)3−, and at pH >13 the Cd(OH)3−

nions predominate [21]. The decrease in the uptake capacity at
igher pH was likely due to the formation of soluble hydroxy-

ated complexes of the metal ions and their competition with the
ctive adsorption sites, as a consequence, the retention would
ecrease again [49]. At acidic pH, the surface of the adsorbent is
ositive and may  result in a repulsive force between the posi-
ively charged surface and the aqueous adsorbate species bearing

 similar charge [48]. Fig. 6 demonstrates the effect of pH on the
dsorption of Pb(II), Cd(II) and Ni(II) ions by CS–MAA. The percent-
ge of the metal ions adsorption to CS–MAA decreased as the pH of
he solution decreased. On the other hand, as the pH of the solution
ecreases, the amine groups are protonated to varying degrees and
he lower extenders of the carboxyl group are dissociated, block-
ng the interaction of metal ions [50], while the number of binding
ites available for chelation with metal ions decreases also [51]
nd the H+ ions compete with metal ions for the same binding
ites on the adsorbent [22]. The results of the this indicated that
he optimum pH for adsorption of Cd(II), Ni(II) and Pb(II) was 5.0.
mong the various factors that affect the uptake of metal ions by

he adsorbent, the reaction of metal ions with the functional groups
n the surface of adsorbents depends largely on the physicochem-
cal properties of metals [52]. It should be noted that the affinity of
he CS–MAA nanoparticles was significantly different for the metal
ons with different the atomic weights, electronegativity, electrode
otential and ionic size of metal ions, so it is clear that electroneg-
tivity is an important indicator for adsorption [53]: Thus, the high
ptake capacity by CS–MAA of Pb(II) ions resulted from their high
tomic weight along with the other related characteristics men-
Please cite this article in press as: A. Heidari, et al., Int. J. Biol. Macromol. (2
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3.3. Effect of dose and type of adsorbents

The dose of the adsorbent has a strong influence on the adsorp-
tion process. The percent removal of Cd(II), Ni(II) and Pb(II), as
function of the adsorbent dose with chitosan and CS–MAA nanopar-
ticles, is shown in Fig. 7(a)–(c). Our experiment was  carried out at
different doses of adsorbent (5–20 g/l), while the concentration of
the metal (50 mg/l at pH 5) and the contact time (120 min) was
not changed. The percent removal of Cd(II), Ni(II) and Pb(II) ions
increased with increasing the adsorbent dose, which may  be due to
the increase in the adsorbent surface area and the growing number
of available adsorption sites [54].

With an increase in the adsorbent dose, from 5 to 20 g/l, the
amount of adsorbed Cd(II), Ni(II) and Pb(II) ions with CS–MAA
nanoparticles increased from 20.2% to 72.4%, 8.2% to 15.3% and
90.2% to 97.7%, and with chitosan from 8.2% to 52.8%, 5% to 68.6%
and 62.5% to 97.7%, respectively. As Fig. 7 shows, the CS–MAA
nanoparticles absorbed Cd(II) and Pb(II) ions in aqueous solution
better than chitosan. CS–MAA nanoparticles with the mean size of
30 nm have a higher removal efficiency for Cd(II) and Pb(II) due to
different functionalized groups and a variable distribution of car-
boxyl groups in comparison with chitosan and also compared to
the decrease in the time required to reach equilibrium. The sorp-
tion performance of chitosan and its derivatives can be significantly
affected by the particle size and the conditioning of the sorbent
due to the diffusion restrictions caused by the low porosity and
crystallinity of the raw chitosan [55]. Most studies have shown
that CS–MAA nanoparticles are superior in enhancing the metal
ions adsorption from aqueous solution as compared to chitosan.
On the other hand, the use of CS–MAA nanoparticles as adsor-
bent for Cd(II), Ni(II) and Pb(II) adsorption from aqueous solution
seems beneficial due to its high amino and carboxyl functional
groups. This could be because a functionalized particle may  pref-
erentially improve the level of reactivity by a fast diffusion (i.e.
enhanced kinetics) onto the CS–MAA cross-linked nanoparticle.
However, one of the key benefits identified for CS–MAA nanopar-
ticles in comparison to zeolite has been the rapid adsorption of
Cd(II), Ni(II) and Pb(II) from aqueous solution [56] and the acti-
vated carbon [10] which both require a somewhat higher contact
time.

The removal efficiency is not significantly increased with an
increase in the adsorbent dose. Evidently, the optimum amount
of CS–MAA nanoparticles for further adsorption experiments with
5 g/l and the removal of Cd(II), Ni(II) and Pb(II) were found to be
20.2%, 15.3% and 90.2%, respectively. In addition, the removal effi-
ciency of metal ions decreased from 5 to 20 g/l with the increase
in the adsorbent dosage (Fig. 7). It is to be noticed that the both
a different equilibrium concentration and adsorption capacity was
reached when various adsorbent dosages were used. The maximum
uptake capacity at 5 g/l of CS–MAA nanoparticles was  determined
as 1.84 mg  Cd(II)/g, 0.87 mg  Ni(II)/g and 11.3 mg  Pb(II)/g. The affin-
ity of chitosan to transition metal cations depends on parameters
such as the total number of free amine groups (deacetylation
degree), the number of available free amine groups and diffusion
properties [57,58]. It should be noted that hard acids bind preferen-
tially to oxygen donor ligands (hard) such as the carboxylate groups
in CS–MAA, while soft acids bind preferentially to ligands contain-
ing nitrogen or sulphur (soft) such as the amine groups in chitosan
[59]. The decrease in the adsorption of Ni(II) by CS–MAA compar-
ing to that by chitosan may  be related to a lower amine group in
its structure: this again is because of the grafting of carboxyl func-
tional groups on CS–MAA nanoparticles for preparing an adsorbent
013), http://dx.doi.org/10.1016/j.ijbiomac.2013.06.032

Ni(II) by CS–MAA [43]. 496
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Fig. 7. Effect of dosage on adsorption (a) Pb(II), (b) Ni(II) and (c) Cd(II) ions by CS–MAA nanoparticle and chitosan (pH 5, metal concentration of 50 mg/l, contact time of
120  min).
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This result suggests that a large adsorbent dosage reduces the
nsaturation of the adsorption sites and likewise the number of
uch sites per unit mass decreases, resulting a relatively much
educed adsorption at a higher adsorbent dosage [60,61]. In the
atural form of the chitosan biopolymer which is in the bulk the
vailable sites on the surface of chitosan are limited for the adsorp-
ion of heavy metal ions. However, introducing new functional
roups (–COO−) on the surface of chitosan by means of MAA  when
S–MAA nanoparticles are formed, resulting in an increase of avail-
ble sites. There are several reasons for introducing new functional
roups (both amine and carboxylic) on the surface of chitosan such
Please cite this article in press as: A. Heidari, et al., Int. J. Biol. Macromol. (2

s to increase the density of sorption sites, to change the pH range
or metal sorption and to vary the sorption sites and/or the uptake

echanism, in order to increase sorption selectivity for the target
etal [58].
3.4. Adsorption isotherms

The Langmuir, Freundlich and Redlish–Peterson isotherms were
applied to describe the equilibrium data. The Langmuir model
assumes that the maximum adsorption takes place in a mono-
layer of the adsorbate molecules on the adsorbent surface and that
all adsorption sites have equivalent energy and negligible interac-
tion between adsorbed molecules [62]. The Freundlich adsorption
isotherm, however, is an empirical model and can be used in the
case of a heterogeneous surface energy system [5,63]. Further-
more, the Redlich–Peterson model incorporates three parameters
013), http://dx.doi.org/10.1016/j.ijbiomac.2013.06.032

into an empirical isotherm and, therefore, can be applied either in
homogenous or heterogeneous systems due to its high versatility
[64]. Thus, the Cd(II), Ni(II) and Pb(II) equilibrium data on CS–MAA
nanoparticles from the isotherm studies were fitted to Langmuir,
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Table  1
Langmuir and Frendlich parameters for Cd(II), Ni(II) and Pb(II) ions using CS–MAA.

Metals Langmuir Freundlich Redlich–Peterson
qm (mg/g) b (l/mg) R2 Kf (mg/g)(mg/l)−n n R2 kRP (l/mg) aRP (l/mg)  ̌ R2

Cd(II) 2.42 0.25 0.9924 0.86 3.70 0.9962 1.67 1.44 0.81 0.9986
Ni(II)  1.13 0.11 0.9872 0.30 3.31 0.9902 2.38 7.56 0.71 0.9904
Pb(II)  13.72 0.52 0.9675 4.64 2.20 0.9846 32.47 5.90 0.61 0.9857

Table 2
The physicochemical of Cd(II), Ni(II) and Pb(II) ions.

Metal ions Ionic radius (pm) Electronegativity Atomic weight Characteristics

Pb(II) 133 2.1 207.2 Borderline
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Cd(II) 109 1.69 

Ni(II)  83 1.91

reundlich and Redlich–Peterson adsorption isotherm models as
hown in Fig. 8. The adsorption parameters calculated for the
dsorption of Cd(II), Ni(II) and Pb(II) on CS–MAA nanoparticles are
ummarized in Table 1. The model parameters for the adsorption
f Cd(II), Ni(II) and Pb(II) on CS-MAA nanoparticles were statisti-
ally significant at 95% confidence levels for Langmuir (correlation
oefficient, 0.9675 < R2 < 0.9924), Freundlich (0.9846 < R2 < 0.9962)
nd Redlich–Peterson (0.9857 < R2 < 0.9986) isotherm models. The
edlich–Peterson and Freundlich isotherm models predicted the
dsorption data to CS-MAA nanoparticles better than did the Lang-
uir model, because the high correlation coefficients (R2 > 0.99)
ere obtained at a higher confidence level. The constant value ˇ

f the Redlich–Peterson isotherm model was 0.81, 0.71 and 0.61
or Cd(II), Ni(II) and Pb(II), respectively, which was lower than
nity, indicating that the heterogeneous adsorption of Cd(II), Ni(II)
nd Pb(II) onto CS-MAA nanoparticles was predominant. On the
ther hand, Redlich–Peterson coefficient, ˇ, remained less than
nity indicating the process to have conformed to the experimen-
al Freundlich model, of adsorption onto a heterogeneous surface.
lthough the correlation coefficients were obtained according to

he Langmuir and Freundlich models for Pb(II), Ni(II) and Cd(II) ions,
nd they both were close. The judgment as to which mechanism is
perative is usually based on the correlation coefficient, which is
ometimes better for Langmuir and for Freundlich isotherm at other
Please cite this article in press as: A. Heidari, et al., Int. J. Biol. Macromol. (2

imes. For example, Ng et al. studied the sorption of lead ions from
queous solution onto chitosan and showed that between the three,
he Freundlich equation is the best fit equilibrium data based on a
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ig. 8. Langmuir, Freundlich and Redlich-Peterson isotherm models for the adsorp-
ion of Cd(II), Ni(II) and Pb(II) by CS–MAA (dosage 5 g/l, pH 5, contact time of
20 min).
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linearized correlation coefficient [65]. On the other hand, Popuri et
al. showed that both models predicted adequately the experimen-
tal data for the adsorption of Ni(II) by chitosan coated PVC beads
[14]. The interactions of metals with chitosan are complex and
may  involve various mechanisms (chelation, ion exchange, elec-
trostatic attraction, etc.) which probably simultaneously dominate
by adsorption, ion exchange and chelation [66].

The Freundlich constants KF and 1/n  for Pb(II) were found to
be 2.25 mg/g and 1.19, respectively (Table 1). The values of 1/n
are less than 1 for all three metal ions, indicative of the degree
of nonlinearity between the solution concentration and amount of
metal ions adsorbed. However, high the KF indicated that the Pb(II)
adsorption capacity of CS–MAA nanoparticles was  high; the low 1/n
suggested that any large change in the equilibrium concentration
of Pb(II) ions would not result in a change in the amount of Pb(II)
sorbed by the CS–MAA nanoparticles. According to the values of
the correlation coefficient (R2), the best-fit isotherm model was the
Redlich–Peterson one. The conclusion is that the Redlich–Peterson
isotherm model supported the Freundlich isotherm model. This
result can be also confirmed from the value of the  ̌ in Table 1,
which is lower than unity (<1) [64,67].

Nevertheless, there are many studies in the literature indicating
that the adsorption mechanism of metal ions is described by dif-
ferent experimental models, depending on the metal species and
types of chitosan particles [68]. For the case of Pb(II), Cd(II) and Ni(II)
ions, the equilibrium isotherms in other studies are best repre-
sented by the Langmuir model. The maximum adsorption capacity
values (qm) for Pb(II), Cd(II) and Ni(II) ions were 13.72, 2.42, and
1.13 mg/g, respectively, which indicates selectivity of CS–MAA for
the adsorption of metal ions. The increase in the maximum adsorp-
tion capacity of the CS–MAA nanoparticles was observed in the
following order: Pb(II) > Cd(II) > Ni(II). The high adsorption affinity
we found for Pb(II) which may  be linked to the physicochemical
properties of Pb(II) (Table 2).

The relative selectivity of heavy metals is, in general, related to
some relevant metallic properties. The affinity sequences for their
adsorption increases based on the ionic radii, atomic weight, elec-
tronegativity, hydrolysis constant, and softness of the metal [53].
On the other hand, the interaction between the heavy metal ions
and the NH2 groups (as binding sites) depends on hard and soft
acids and bases (HSAB) besides the charge and size of the metal
ions. Pb(II) is considered a soft heavy metal (class B), while Ni(II)
and Cd(II) are considered a borderline case between hard (class
A) and soft (class B) metals [53]. Nevertheless, the amine groups
of chitosan, when responsive to Cd(II) ions they are known as
soft base ligands, then the interaction between this ligand and the
013), http://dx.doi.org/10.1016/j.ijbiomac.2013.06.032

soft Lewis acids (metal ions) is easier. However, borderline metal
ions could bind soft and hard base ligands with different prefer-
ences. Therefore, the presence of ligands and this type of metal ions
strongly controls the adsorption isotherm and the uptake capacity
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Table 3
Comparison of maximum adsorption capacities of Cd(II), Ni(II) and Pb(II) on chitosan adsorbents in single and multi element system.

Metal System Adsorbent pH Contact time Particle size qe (mg/g) Refs.

Pb(II) Single-component Chitosan nanofibers 4.6 24 h 235 nm 263.15 [79]
Chitosan nanoparticles 5.5 24 h 40 nm 398.00 [23]
Chitosan 5 24 h 300–425 �m 141.10 [46]

4.5 336 h 303 �m 1.37 [65]
4.5 336 h 605 �m 0.23 [65]
5 24 h 300–425 �m 141.10 [46]

Multi-metal component Chitosan 4 – – 3.33 [21]
Cd(II) Single-component CS–MAA 5 120 min 20–68 nm 11.30 This study

Chitosan 8 504 h – 105.00 [80]
Multi-metal component 7 24 h – 150.00 [43]

4 – – 5.32 [21]
Ni(II) Single-component CS–MAA 5 120 min  20–68 nm 1.84 This study

Chitosan 5 24 h 300–425 �m 52.86 [46]
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Multi-metal component Chitosan 

CS–MAA 

echanism. Thus selectivity can be enhanced by a chemical mod-
fication of the adsorbent surface by introducing new functional
roups. This study elucidates the fact that the difference in the
onic size is not the only dominant factor in the adsorption process

etals ions, meaning that the adsorption process may  be affected
y the density of the ion charge and/or by the orbital energy valence,
hich is a measure of the strength of the covalent bonding relative

o ionic bonding. In this study, the uptake capacity of the CS–MAA
or Pb(II) was found to be higher than that for Ni(II). In the case
f chitosan, the metals Ni(II), Cd(II) and Pb(II) with empty orbitals
unction as a Lewis acid capable of accepting electron pairs. This

eans that the NH2 functional groups that have nonbonding elec-
ron pairs function as Lewis bases donating their electrons pair [21].
he maximum adsorption capacities for Ni(II), Cd(II) and Pb(II) on
hitosan and CS–MAA in a single metal solution are reported in
able 3 [23,53]. The simultaneous presence of Cd(II), Pb(II) and Ni(II)
n an aqueous solution leads to a low adsorption capacity, which
hanges the maximum uptake (qm) for each component [1]. The
etal ions at maximum are competing for the same binding sites

53]. Moreover, the maximum adsorption capacity increased with
n increase in the contact time and an equilibrium was established
n the first 5 min  of the contact time. After an equilibrium time at
20 min, no more Cd(II), Ni(II) and Pb(II) were adsorbed. The equi-

ibrium adsorption time in this study was much shorter than what
as been previously reported in literature (Table 3).

It is the adsorption mechanisms and reaction process between
he metal ions and the functional groups on the adsorbent surface
hat are of interest. The mechanism responsible for the adsorp-
ion of heavy metals is a physicochemical process and may  be one
r a combination of many ion exchanges, or surface complexa-
ion, coordination, adsorption, absorption, electrostatic interaction,
helation and microprecipitation. The adsorption of Ni(II) onto
S–MAA was decreased by 53.3%, which can be said to be because,
ue to a cross-linked polymerization, a portion of the amine groups
resent in chitosan involved in Ni(II) adsorption will be excluded.
ince the percent removal of Cd(II) and Pb(II) was increased by 12%
nd 27.7%, respectively, it suggests that the most important metal
inding groups are represented by the carboxyl ones, due to a con-
ition where highly negatively charged CS–MAA nanoparticles can
erve as an adsorption mechanism. Therefore, the percentage of
he removal of Cd(II), Ni(II) and Pb(II) ions from aqueous solutions
s strongly influenced by the surface morphology of the adsor-
ent. The results also show that the mechanism of the adsorption

s heterogeneous adsorption. This conforms with the assumption
Please cite this article in press as: A. Heidari, et al., Int. J. Biol. Macromol. (2

hat it is the different types of the functional groups that are
ainly responsible for heavy metal binding and adsorption, on

ther words, the surface complexation may  be the main mechanism
f the adsorption of heavy metals.
– – 2.40 [11]
120 min  20–68 nm 0.87 This study

3.5. Adsorption edge in aqueous system

The removal of Cd(II), Ni(II) and Pb(II) ions, ranging from 10 to
50 mg/l by the optimum dose of 5 g/l of CS–MAA nanoparticles at
pH 5, was studied by conducting batch experiments at room tem-
perature. The amount of Pb(II) adsorbed on the surface of CS–MAA
was significantly higher than of Cd(II) and Ni(II), which indicates
that the functional group (namely, carboxylic) which is dissociated
on the surface of CS–MAA nanoparticles, promotes Pb(II) removal.
We  observed that the carboxylic and amine groups are the main
adsorption sites on this adsorbent. However, the weak adsorption
capacity for Cd(II) and Ni(II) ions indicates that the carboxylic group
is the major functional group responsible for the Pb(II) removal by
this adsorbent. In order to indicate a more reliable description of
this fact, the decrease in the adsorption capacity of Cd(II) and Ni(II)
in the presence of Pb(II) could be attributed to the difference in
their class behavior on the basis of their covalent indices, which
indicates a competitive effect. It should be mentioned that Pb(II)
is classified as a class B ion, while Cd(II) and Ni(II) are classified as
class A ions.

The comparison of the adsorption capacity of the CS–MAA
nanoparticles used in this study with results obtained according
to the literature proves consistently that CS–MAA is effective for
enhancing adsorption. Qi and Xu [23] used CS–MAA nanoparticles
(between 40 and 100 nm)  for sorption of Pb(II) ions from aque-
ous solution with the maximum uptake capacity of Pb(II) ions was
obtained at the pH 5.5. The highest amount of adsorbed at 60 and
900 mg/l Pb(II) ions concentration on CS-MAA nanoparticles was
found to be 48 and 398 mg/g, respectively, and the corresponding
removal efficiency was  80% and 38.9%, respectively. Haider and Park
[24] studied Cu(II) and Pb(II) ions removal from aqueous solution
in the single-ion situation with chitosan nanofibers materials. They
reported that the chitosan nanofibers materials adsorbed Pb(II)
with the adsorption capacity of 263.15 mg/g at pH 5.0. when Paulino
et al. [46] removed Pb(II) and Ni(II) using chitosan produced from
silkworm chrysalides (75% deacetylation degree), the adsorption
capacities of Pb(II) and Ni(II) onto chitosan were found to be 141.10
and 52.81 mg/g, respectively, at pH 5 and contact time of 24 h. They
reported that the chitosan showed notable binding affinity for Pb(II)
but it adsorbed Ni(II) less efficiently. Ng et al. [65] investigated the
adsorption of Pb(II) ions on chitosan and observed that the adsorp-
tion capacity of the chitosan for Pb(II) was 115.5 mg/g at pH 4.5 with
contact time of 14 days and the corresponding removal efficiency
was 81.4%. In another study, in order to determine the selectivity
013), http://dx.doi.org/10.1016/j.ijbiomac.2013.06.032

of chitosan, the adsorption capacities of Pb(II) and Ni(II) onto chi-
tosan were investigated. They reported the amounts of adsorbed
Pb(II), Cd(II) and Cu(II) at 100 mg/l on the chitosan at pH 4.0 to be
7.45, 1.80 and 0.66 mg/g, respectively [21]. In our study, obviously
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Table  4
Pseudo-second-order parameters for adsorption of Cd(II), Ni(II) and Pb(II) ions onto CS–MAA.

Metal ions Concentration (mg/l) qe (mg/g) k2 (g/mg min) R2

Cd(II) 10 1.53 0.069 0.9987
20  1.92 0.098 0.9975
30  2.70 0.106 0.9984
40  3.30 0.074 0.9942
50  3.94 0.070 0.9933

Ni(II)  10 0.71 0.049 0.9929
20  0.80 0.052 0.9916
30  0.88 0.052 0.9916
40 1.03 0.042 0.9969
50  1.12 0.055 0.9950

Pb(II) 10 1.86 0.285 0.9999
20  4.05 0.590 0.9999
30  6.51 0.431 0.9958
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hat the adsorption capacities of the Cd(II), Ni(II) and Pb(II) ions on
S–MAA nanoparticles found at 11.30, 1.84, and 0.87 mg/g, respec-
ively, were lower than the values found for chitosan and modified
hitosan in literature, however, the fast uptake rate and the adsorp-
ion equilibrium time of CS–MAA was much shorter (120 min) than
hat for chitosan and modified CS–MAA nanoparticles (24 h). There-
ore, the corresponding removal efficiency of the Cd(II), Ni(II) and
b(II) ions was 20.2%, 15.3% and 90.2%, respectively, at pH 5.0 and
nitial ions concentration of 50 mg/l in ternary aqueous solution.
n the other hand, the CS–MAA nanoparticles as adsorbent were

ound to be most effective in removing the toxic Pb(II) ions from an
queous solution.

.6. Kinetics of adsorption

Elucidation of the kinetic parameters and adsorption character-
stics of the adsorbent materials is necessary in order to apply the
dsorption technique to larger scale processes [53] because kinetic
odeling not only shows estimation of adsorption rates but also

eads to how to express suitable rates that are characteristic of pos-
ible reaction mechanisms [53]. The pseudo-second-order kinetic
odel is based on the assumptions that the chemical sorption is the

ate-limiting step and that mass transfer in solution is not involved
53,69]. This means that there is an external surface mass transfer
rocess that controls the early stage of the adsorption process [70].
n the other hand, the sharp rise in the early stages of the adsorp-

ion process is also considered to be indicative of a fast initial mass
ransfer step [71].

The adsorption kinetics of Cd(II), Ni(II) and Pb(II) using the
seudo-second-order kinetic model with various initial concentra-
ions of heavy metal ions were estimated (Fig. 9).

The kinetics curve for Cd(II), Ni(II) and Pb(II) confirmed that the
dsorption was rapid for the first 30 min  and then slowed down
onsiderably. On the other hand, the experimental data suggest that
he adsorption capacity increased with increasing contact time and
eached an equilibrium at 120 min. Therefore, in the present study,
e selected 120 min  contact time for the equilibrium data calcula-

ions. Thus, the difference in contact time of CS–MAA nanoparticles
btained from our kinetics study for Cd(II), Ni(II) and Pb(II) ions
s considerable and the contact time was found to be the lowest
mong those for the corresponding chitosan adsorbents reported
n the literature (Table 4).

The values of qe, and k2 of fitting experimental data with
seudo-second-order models are summarized in Table 4. The good
Please cite this article in press as: A. Heidari, et al., Int. J. Biol. Macromol. (2

inearized plots of t/qt vs. t according to Eq. (6) indicate the validity
f the pseudo-second-order kinetic model. We  observed that the
alue of R2 for pseudo-second-order kinetic model was higher for
ll three metal ions, which indicated that the pseudo-second-order
.03 0.780 0.9998

.52 0.492 0.9997

kinetic model is the best one in describing the adsorption kinetics
of metal ions on CS–MAA nanoparticles. We  also observed that the
Pb(II) was fitted better than Ni(II) or Cd(II) with this model, with the
correlation coefficient R2 = 0.9999. Linear correlation coefficients
higher than 0.99 indicate the applicability of the pseudo-second
order model for the adsorption process of metal ions on CS-MAA
nanoparticles. It is also apparent from Table 4, that the rate con-
stant (k2) of Pb(II) for all of concentrations is higher than that of
Cd(II) and Ni(II) indicating a high affinity between Pb(II) ions and
the CS–MAA nanoparticles. It is shown in Table 4 that for all Cd(II),
Ni(II) and Pb(II) the adsorption onto CS–MAA nanoparticles was
rapid at first, which this fact may  be explained by the availabil-
ity of different and more active sites on nanoparticle adsorbents,
while the faster adsorption rate of Pb(II) compared to Cd(II) and
Ni(II) suggests that –COO− groups were readily available and easily
accessible, the uniform CS–MAA nanoparticles probably facilitat-
ing the Pb(II) transfer in the adsorption process. The equilibrium
adsorption capacity of Pb(II) onto CS–MAA nanoparticles reached
within 120 min, with initial concentrations of 10, 20, 30, 40 and
50 mg/l was  1.86, 4.13, 6.51, 8.03 and 11.52 mg/g, respectively. In
parallel, the values of the rate constant, k2, were recorded at 0.285,
0.590, 0.431, 0.780 and 0.492 g/mg min.

Further, the results in Table 4 show that the uptake rates of the
divalent Cd(II) and Ni(II) ions were inhibited by Pb(II) ions because
of their larger ionic radii and electronegativity (Table 2) [70,71].
This demonstrates that the competing adsorptive ions have no
effect on the adsorption of Pb(II) on CS–MAA nanoparticles.

Overall, the adsorption process can be described as follows,
as these results suggest: The pseudo-second-order kinetic model
is predominant and that chemisorption may  be the rate-limiting
step that controls the adsorption process. The Pb(II) is selectively
adsorbed on the surface of CS–MAA nanoparticles where physico-
chemical interactions arise leading to competitive adsorption on
the CS–MAA nanoparticles. The metal ions adsorption of CS–MAA
nanoparticles depends mainly on the ionic nature of binding,
especially soft ions show a more covalent degree [72]. This is in
agreement with previous studies on the adsorption of Pb(II), i.e.
onto Ceramium virgatum [73], Cladonia furcata [49], Saccharomyces
cerevisiae [74] and Aspergillus niger [75,76]. Therefore, these results
do show that the development of selective metal-binding nanopar-
ticles and highly selective bioengineered adsorbents indicates
suggests a promising research direction for industrial application.
The United States environmental protection agency (USEPA) has
proposed effluent standards for metals in industry. The proposed
013), http://dx.doi.org/10.1016/j.ijbiomac.2013.06.032

standards on Ni(II), Cd(II) and Pb(II) are 1.1, 0.7 and 0.1 mg/l, respec-
tively [77]. The adsorption performance of CS–MAA nanoparticles
for Pb(II) from artificial wastewater at optimum pH (5) and dosage
(5 g/l) and 10–40 mg/l metal concentration greatly meets USEPA
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Fig. 9. Pseudo-second-order plots for adsorption (a) Cd(II), (b) Ni (c) Pb

tandard while Ni(II) and Cd(II) concentrations in the effluent were
igher than the USEPA standards which are absolutely because of
he selectivity of CS–MAA nanoparticles for Pb(II).

.7. Desorption and regeneration

Desorption from CS–MAA nanoparticles with previously
dsorbed Ni(II), Cd(II) and Pb(II) ions was conducted in 100 ml
f batches working solutions of 1 M NaCl and 0.1 M EDTA. When
gitated for 3 h at room temperature. It was found that NaCl
esorbed Cd(II) and Ni(II) better than EDTA, whereas Pb(II) was
ompletely desorbed by EDTA. These control results demonstrate
hat the amount of adsorption of Ni(II), Cd(II) and Pb(II) ions on
S–MAA nanoparticles did not change significantly with up to three
ecyclings, as the adsorption recovery was above 95%. There are
wo basic mechanisms for the adsorption of metal ions by chi-
osan, namely, electrostatic interactions or van der Waals force
physisorption) and covalent bonds (chemisorption: chelation and
on exchange) which may  happen simultaneously [21,78]. It is well
nown that EDTA is a strong chelating agent. If a solution of EDTA
an desorb the metal ions from the sorbent, it is believed that chela-
ion may  explain the desorption [58]. The complexation of the metal
ons by the ligand did not displace the metal significantly from the
Please cite this article in press as: A. Heidari, et al., Int. J. Biol. Macromol. (2

orbent. The desorption of Pb(II), Cd(II) and Ni(II) ions using NaCl
ay  be explained by an electrostatic interaction between metal

ons and the charged species from elution, through the compression
f the electric double layer, which would weaken the interaction
ime,  min

 by CS–MAA nanoparticle (pH 5, dosage 5 g/l, contact time of 120 min).

between chitosan and metal [78]. Therefore, NaCl desorbed Cd(II)
and Ni(II) from CS–MAA better than EDTA probably due to the fact
that in desorption the mechanism of electrostatic interaction is
more effective than chelation.

4. Conclusions

These experiments on the ability of CS–MAA nanoparticles to
remove Cd(II), Ni(II) and Pb(II) from aqueous solution were con-
ducted as function of the pH, adsorbent dose and initial metal
ions concentration. CS–MAA nanoparticles were produced by poly-
merizing MAA  in chitosan (CS) solution. The morphology and the
composition of the biosorbent were characterized by using SEM
images, NMR  spectroscopy, and Zetasizer analyzer and FT-IR spec-
tra. Our experiments showed that the presence of amine and
carboxylic groups in the CS–MAA nanoparticle composition pro-
vided binding sites for the metal ions. The Langmuir adsorption and
Freundlich models were used for analyzing the efficiency of adsorp-
tion of Cd(II), Pb(II) and Ni(II) ions onto CS–MAA nanoparticles. The
adsorption isotherm was better explained by the Freundlich rather
than by the Langmuir model. The maximum adsorption capac-
ity was 11.30, 1.84 and 0.87 mg/g for Pb(II), Cd(II) and Ni(II) ions,
013), http://dx.doi.org/10.1016/j.ijbiomac.2013.06.032

respectively, obtained by the Langmuir model. The pseudo-second-
order kinetic model was  fitted with the adsorption data of Pb(II),
Cd(II) and Ni(II) ions onto CS–MAA nanoparticles at various metal
concentrations. For CS–MAA nanoparticles and for the three metal
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ons studied, the value of the adsorption capacity increased in the
ollowing order: Pb(II) > Cd(II) > Ni(II). The aforementioned results
uggest that the nanoparticles, developed as a natural biopolymer-
ased biodegradable packaging material, can be used selectively for
he elimination of heavy metal pollution from wastewater. There-
ore, the CS–MAA nanoparticles could be successfully applied as
dsorbent for the recovery of Ni(II), Cd(II) and Pb(II) ions from water
nd wastewater.
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