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Abstract: Biomacromolecule have a significant contribution to the adsorption of metal ions. Moreover,
chitosan is one of the most studied biomacromolecule, which has shown a good performance in the
field of wastewater treatment. In this context, a new adsorbent of the aminophosphonic modified
chitosan-supported Ni(II) ions type was prepared from the naturally biopolymer, chitosan. In the
first step, modified chitosan with aminophosphonic acid groups was prepared using the “one-pot”
Kabachnik-Fields reaction. It was characterized by different techniques: FTIR, SEM/EDAX, TGA, and
31P-NMR. In the second step, the modified chitosan with aminophosphonic acid was impregnated
with Ni(II) ions using the hydrothermal reaction at different values of pH (5, 6 and 7). The physical-
chemical characteristics of final products (modified chitosan carrying aminophosphonic groups and
Ni(II) ions) were investigated using FTIR, SEM images, EDAX spectra and thermogravimetric analysis.
In this work, the most important objective was the investigation of the adsorbent performance of the
chitosan modified with aminophosphonic groups and Ni(II) ions in the process of removing Pb(II)
ions from aqueous solutions by studying the effect of pH, contact time, and Pb(II) ions concentration.
For removal of Pb(II) ions from the aqueous solution, the batch adsorption method was used.

Keywords: chitosan; aminophosphonic groups; modified chitosan-supported Ni(II) ions; lead ad-
sorption

1. Introduction

Chitosan is derived from natural sources, such as insects’ skeletons, crustaceans
and fungi that act to be biocompatible and biodegradable [1,2]. Chitosan polymers are
semisynthetic derivatives of aminopolysaccharides with distinctive structures [3,4]. It is
a polycationic polymer composed of two types of units: an N-acetyl-d-glucosamine unit
together with a d-glucosamine unit, with the arrangement of these units depending on
the proportion of acetylated fragments [5–7]. Chitosan has two hydroxyl groups and one
amino group in its glycosidic residue [7]. Particular attention is paid to chitosan due to its
very efficient biosorbent properties and low cost (compared to active carbon) and its high
content of functional hydroxyl and amino groups [2,3].

This biopolymer is a smart substitute for other biomaterials because of its physico-
chemical characteristics: high reactivity, excellent chelation behavior, chemical permanence
and high selectivity to pollutants [8–10].

Chitosan can be chemically modified to generate new biofunctional materials, as
chemical modification changes the chitosan skeleton and ultimately brings new properties
depending on the environment of the newly introduced unit. Changing chitosan by
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introducing phosphonic acid, phosphonate and aminophosphonic acid groups by synthesis
of the phosphorylating agent with the chitosan amino groups is known to achieve increased
chelating properties [1–3].

They have highly functionalized properties, and are widely used in biomedical and
industrial domains [5]. Natural chitosan can be modified by various methods (both physical
and chemical) in order to increase the adsorption capacity against different varieties of
pollutants. Different forms of chitosan, for example: membranes, microspheres, gels, beads
and films have been prepared and used to remove various pollutants from waste waters.

Chitosan and products derived from it have been presented in treatment processes of
water for the elimination of metal ions such as: zinc(II), copper(II), cadmium(II), nickel(II),
lead(III), and lead(II) ions [2,11,12], and for the removal of fluoride from waste wa-
ters [13–17]. The potential of chitosan in adsorption of heavy metals can be linked to:
the high hydrophilicity on glucose units due to the high number of hydroxyl groups, the
high reactivity of the additional functional groups and the flexible structure of the polymer
chain [10].

Natural polysaccharide-type absorbents (e.g., chitosan or cellulose) are used to remove
the Pb(II) ion, which has been shown to have good sorption properties [15–17]. Pollution
of lead ions in wastewater is a serious problem. Therefore, we examined the ability of
ChitPNi as an adsorbent for lead ions, expecting good adsorption properties.

In previous articles, we have reported the chemical modification of polymers [11,18].
That is a method of great interest because were obtained the efficient materials for en-
vironmental remediation such as: adsorbent material [11], antibacterial polymer [18],
catalyst [19,20] and corrosion protection [21]. Obtaining chitosan derivatives by chemical
modification is an excellent method exemplified by reviews in recent years [22–24].

The present paper mainly focuses on the chemical modification of chitosan with 1-
phosphonopropyl groups (α-aminophosphonic acid groups) and nickel ions and its adsorp-
tion performance. The efficient synthesis of modified chitosan with 1-phosphonopropyl
groups (α-aminophosphonic acid groups) and Ni(II) ions was analyzed by varying the
reaction pH. The samples of both modified chitosan with α-aminophosphonic acid and
modified chitosan with α-aminophosphonic acid and Ni(II) ions were investigated by
Fourier Transform Infrared spectroscopy (FTIR), Scanning Electron Microscopy (SEM),
and Energy Dispersive X-ray spectroscopy (EDAX), and Thermogravimetric Analysis
(TG/DTA). The modified chitosan with α-aminophosphonic acid was analyzed by Nuclear
Magnetic Resonance spectroscopy (13C-NMR and 31P-NMR). The adsorbent performance
of the modified chitosan with α-aminophosphonic acid and Ni(II) ions was studied in the
process of removing Pb(II) ions from aqueous solutions. The effects of pH, initial lead
concentration, and contact times upon adsorption properties were investigated in detail.

2. Materials and Methods
2.1. Materials

Chitosan (the degree of N-deacetylation (%) of chitosan is 75–85% DD, the degree
of N-acetylation (%) of chitosan is 15–25% DA, molecular weight is 190,000–310,000 DA,
Sigma-Aldrich, Darmstadt, Germany), phosphorus acid 99% (Sigma-Aldrich), propionalde-
hyde 97% (Sigma-Aldrich), acetone (Chimreactiv, p.a), nickel acetate(II) tetrahydrate
(Ni(OCOCH3)2·4H2O, purum p.a., ≥99.9%, Sigma-Aldrich) were used for preparation of
modified chitosan. All chemicals used in our work were of analytical reagent grade and
were used without further purification.

2.2. The Chemical Modification of Chitosan with Aminophosphonic Groups Using the “One-Pot”
Kabachnik-Fields Reaction

Six g of chitosan powder was dissolved in aqueous acetic acid 2% (w/v) (100 mL), and,
after complete dissolution was placed in a round bottomed flask. The reaction mixture
was prepared by adding both the phosphorous acid (2 g) dissolved in distilled water and
propionaldehyde (2.5 mL) in dropwise over the solution of chitosan at the temperature of
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50 ◦C. The reaction of chemical modification of chitosan was remained at 70 ◦C, for time of
24 h. Finally, the product was precipitated in acetone, filtrated and the obtained product
(ChitP) was dried in an oven at temperature of 30 ◦C for 24 h.

2.3. The Impregnation with Ni(II) Ions of Chemically Modified Chitosan

Next, 1.2 g of modified chitosan (ChitP) (phosphorus content 14.43% by weight) was
placed in an Erlenmayer flask and it was dissolved in 50 mL of 1% glacial acetic acid
solution under magnetic stirring for 12 h until the complete dissolution occurred. In
another glass, the nickel acetate (II) tetrahydrate (Ni(OCOCH3)2·4H2O) was dissolved in
100 mL of distilled water and 0.5 g of urea was added under stirring until a clear solution
was formed. Under the reaction conditions, urea is slowly hydrolyzed with the release
of NH3 and allowing the pH raising in a homogeneous manner. The molar ratio used
was 1:1 = Ni(II) ions: phosphorus contained in the aminophosphonic group. The clear
solutions were mixed and the pH value of the resulting mixture was 4.15. The method
described above was repeated 2 times to obtain 3 glasses of samples with solutions of
modified chitosan carrying aminophosphonic groups and Ni(II) ions. Afterwards, the final
pH of the solutions was adjusted to different values 5, 6, and 7 by adding 0.1N NaOH.
The solutions thus obtained were placed in a water bath at 80 ◦C for 60 h. The precipitate
formed was filtered, washed with distilled water and the final products (ChitPNi) were
dried in an oven at 50 ◦C for 48 h.

2.4. Characterization

The FTIR spectrum (performed on KBr tables) of the obtained material was recorded
using a JASCO-FT/IR-4200 spectrophotometer (JASCO, Tokyo, Japan). The surface mor-
phology of the investigated samples was studied by Scanning Electron Microscopy (SEM)
using a Quanta FEG Microscope equipped with EDAX ZAF quantifier—(FEI Company,
Hillsboro, OR, USA). The thermal stability of the sample was investigated by differential
thermography (TG-DTA) by using a Mettler-Toledo machine (Greifensee, Switzerland), in
the temperature range 25–700 ◦C, at a heating rate of 10 ◦C/min, under a nitrogen and air
atmosphere.

The 31P NMR spectrum of modified chitosan with aminophosphonic acid (ChitP) was
recorded on a Bruker DRX 400 MHz spectrometer (Bruker Corporation, Billerica, MA,
USA), in CD3COOD/D2O at 298 K. The sample was dissolved in 2 wt. CD3COOD/D2O at
a 20 mg mL−1 concentration, and the NMR tube was kept at 60 ◦C to dissolve the polymer
% in solution for 24 h. The pH of the solutions was measured via a CRISON MultiMeter
MM41 (Crison Instruments, Barcelona, Spain) fitted with a glass electrode, which had
been calibrated using various buffer solutions. Lead ion concentrations were determined
using a Varian SpectrAA 280 Fast Sequential Atomic Absorption Spectrometer (Varian,
Duisburg, Germany). For batch experiments, a Julabo SW23 shaker bath (Labortechnik
GmbH, Sellbach, Germany) was used. All the solutions used in this experiment were
prepared with distillated water.

X-ray photoelectron spectroscopy (XPS) was performed on a KRATOSAxisNova
(KratosAnalytical, Manchester, UK), using AlK radiation, with a current of 20 mA and a
voltage of 15 kV (300 W). The XPS spectrum for the tested sample was made in the binding
energy range −10–1200 eV, using pass energy of 160 eV with a resolution of 1 eV. The XPS
spectrum for all identified elements (N, P, O, C, Ni) was performed using a pass energy of
20 eV and a step size of 0.1 eV. Vision Processing software (Vision2 software, Version 2.2.10)
was used for data analysis.

The X-ray diffractograms of ChitP and ChitPNi were recorded using a Rigaku Ultima
IV X-ray diffractometer (Rigaku Europe SE—Neu-Isenburg, Germany) (40 kV, 40 mA) with
CuKα radiation.
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2.5. Adsorption Studies of the Modified Chitosan with Aminophosphonic Acid Groups and Ni(II)
Ions (ChitPNi)

The chitosan with aminophosphonic acid groups and Ni(II) ions (ChitPNi), which
was obtained and characterized was used as the adsorbent material in the treatment of
lead containing aqueous solutions. Adsorption experiments are conducted using under
continuous stirring at a speed of 200 rpm, in batch mode, using a Julabo SW23 shaker bath.
A stock solution of 1 g L−1 Pb(NO3)2 was used for the whole process. The aqueous solutions
containing different amounts of lead ions were obtained through adequate dilution of the
stock solution using distilled water. During the adsorption process, the initial pH of the
lead containing aqueous solutions was adjusted around the value pH = 5. At this pH,
the obtained modified adsorbent presents the best characteristics, and also according to
a literature survey, the best pH value to use in the adsorption of lead ions onto various
chitosan derivatives is in the range: 4.5–5.5 [25,26]. By using the adsorbent in this condition,
leaching of the nickel ions from the functionalized chitosan is avoided.

The adsorption process was discussed from the kinetic and equilibrium point of view,
studying the modified chitosan adsorption performance, function of the stirring time,
and function of the initial lead concentrations. The chitosan adsorption performance was
expressed as the quantity of lead ions adsorbed onto one g of functionalized chitosan, qm
in Equation (1).

qe =
(C0 − Ce)·V

m
(1)

where: qe is the quantity of lead ions adsorbed in (mg Pb) per 1 g of adsorbent of studied
adsorbent; C0 and Ce represent the initial and equilibrium lead concentrations of the
aqueous solutions (mg L−1). V is the volume of the lead containing aqueous solutions (L)
and m is the mass of the functionalized chitosan (g) used in the experiments.

2.6. Adsorption Theory Background

In order to determine the optimum operational conditions necessary to treat lead
containing aqueous solutions at full scale, it is necessary to examine the results of the
adsorption experiments from the kinetic and equilibrium point of view.

2.6.1. Kinetic Studies

The studies on the influence of stirring time upon the adsorption performance have
been used to determine the time necessary to establish the equilibrium between modified
chitosan with aminophosphonic acid groups and Ni(II) ions (ChitPNi) and the adsorbate
(Pb(II)). The experimental results can be modeled with different kinetic isotherms in order
to establish the rate limiting step and the type of adsorption mechanism [27–29]. In this
paper, three kinetic models are discussed: pseudo-first order, pseudo-second order and
intra particle diffusion.

The pseudo-first order model is expressed in its linear form, according to Equation
(2) [27–29]:

ln(qe − qt) = lnqt − k1·t (2)

where: qe and qt represent the quantity of lead adsorption onto 1 g of (ChitPNi) at equilib-
rium and after the treatment time, t; k1 represent the rate constant specific for the adsorption
process of lead ions onto modifieds chitosan with aminophosphonic acid groups and Ni(II)
ions (ChitPNi) (min−1). The rate constant and the equilibrium adsorption capacity were
determined from the slope and intercept of ln(qe − qt) versus time of stirring.

If the process of lead adsorption onto the modified chitosan (ChitPNi) is controlled by
the chemisorption rate, then the experimental data are well modeled by the pseudo-second
order kinetic model in its linear form, in Equation (3) [27–29]:

t
qt

=
1

k2·q2
e
+

t
qe

(3)
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where: qe, qt and t have the same significance as shown above, and k2 is the rate constant
of the pseudo-second order kinetic model. These parameters could be determined from the
slope and intercept of the linear plot between t/qt and stirring time.

The rate limiting step in the process of adsorption of lead ions onto (ChitPNi) could be
established from the intraparticle diffusion experimental data model, in Equation (4) [29,30].

qt = kin · t1/2 + C (4)

where: kin represents the rate constant of the intraparticle diffusion model.

2.6.2. Equilibrium Studies

Equilibrium studies have been conducted to determine the interactions between the
modified chitosan with aminophosphonic acid groups and Ni(II) ions (ChitPNi) surface
and the lead ions. Additionally, the maximum adsorption capacity developed by the
modified chitosan (ChitPNi) in the adsorption of lead ions from aqueous solutions was
studied. For this purpose, four isotherm models, based on two parameters, were applied to
model the equilibrium data obtained experimentally: Langmuir, Freundlich, Temkin and
Dubinin–Radushkevich.

The linearized Langmuir isotherm represented by the Equation (5) suggests that the
lead adsorption onto modified (ChitPNi) chitosan occurs as a monolayer covering the
adsorbent surface [31–33].

Ce

qe
=

1
qm·KL

+
Ce

qm
(5)

where: qm represents the maximum adsorption capacity of the modified (ChitPNi) chitosan
and KL represents the Langmuir constant. These two parameters can be determined from
the linear plot of Ce/qe versus Ce.

The affinity between the modified (ChitPNi) chitosan and the lead ions can be obtained
by fitting the data to the linearized form of the Freundlich isotherm, in Equation (6) [26–28]:

ln(qe) = ln(kF) +
1
n

ln(Ce) (6)

where: 1/n and the Freundlich constant kF represent the Freundlich isotherms parameters
and can be determined from the plot of ln(qe) versus ln(Ce).

If the surface of the adsorbent is heterogeneous, the equilibrium data will present a
good fit for the linearized form of the Temkin isotherm model, which is given by Equation
(7), suggesting that the heat of adsorption decreases during the adsorption process [31–33].

qe =
R·T

b
lnkT +

R·T
b

ln(Ce) (7)

where: kT is the equilibrium binding constant, and b is related to the heat of adsorption,
which were determined from the linear plot between qe and ln(Ce).

The modelling of the experimental data according to the linearized form of the
Dubinin-Radushkevich (Equation (8)) lead to the obtaining of the mean sorption energy E,
which is given by Equation (9), which indicates whether the type of adsorption process is
physical or chemical [31–33].

ln(qe) = ln(qm)−Kad·ε2 (8)

E =
1√

2Kad
(9)

where: qm and Kad can be determined from the slope and intercept of the linear plot ln(qe)
= f(ε)2.

For all the isotherm modeling used in the equilibrium studies, a correlation coefficient,
R2, had to be obtained. This coefficient had to be close to unity, in order to suggest that
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the given equations fit the experimental data. In addition to these correlation coefficients,
for a better fit (even when the values of R2 are close to each other) three error functions
were analyzed for each adsorption isotherm: chi-square analysis (χ2)—Equation (10),
root mean square error (RMSE)—Equation (11) and the sum of the square of the errors
(ERRSQ)—Equation (12). The lower the errors analysis, the better the fits are [34].

χ2 = ∑N
i=1


(

qe, exp − qe, calc

)2

qe,calc

 (10)

RMSE =

√
1
N∑N

i=1

(
qe, exp − qe, calc

)2
(11)

ERRSQ = ∑N
i=1

(
qe, calc − qe,exp

)2
(12)

where: each term has its previously mentioned meaning and N represent the number of
data items.

3. Results and Discussion
3.1. Adsorbent Characterization

Scheme 1 presents the modified chitosan with aminophosphonic acid (ChitP).
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Figure 1 presents for comparison the FTIR bands both of (ChitP) and (ChitPNi pH 5).
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The recorded FTIR spectrum of (ChitPNi) pH 5 (see Figure 1) indicates the presence of
a 1050 cm−1 band assigned to the –P-O-H group. The N-H stretch strips and band appear
at 1655 and 1560 cm−1. A strong absorption is observed at 3430 cm−1, corresponding to
the tensile vibration of the hydroxyl groups in the water coordinated with the Ni atom
superimposed with the tensile vibration N-H. At 1420 cm−1, it was assigned a band for
OH bending vibration. The band at 1540 cm−1 is due to vibrations of the carboxylate ion.
The absence of bands in the range 2700–2560 cms−1, corresponding to the P-O vibration of
the P-OH acid groups, confirms the formation (ChitPNi) [35,36]. These dates are in line
with the proposed structures of functionalized chitosan (ChitPNi).

The FTIR confirms the existence of phosphorus on the polymeric support, and thus
the aminophosphonic group is active and allows the binding of Ni(II) ions. The syntheses
were recorded at different pH because the crystallinity of the product is highest at pH
5 [37], it was chosen for our study.

The characteristic chemical shifts for ChitP in 13C NMR appear at 18.41, 22.10, 55.77,
77.56, 59.93, 70.00, 74.73, 76.27 and 97.48 ppm and assigned to CH3, CH2, C6, C2, CH, C5,
C3, C4 and C1 carbons, respectively.

The 31P-NMR spectrum of the raw material (ChitP) displayed only one signal at
2.858 ppm. This peak is generally expected for phosphonic group [36,38]. The 31P-NMR
spectrum confirms the successful incorporation of the phosphorous group is chemically
bonded to the chitosan.

Figure 2 presents a semi-quantitative EDAX analysis of chitosan modified with
aminophosphonic groups impregnated with Ni(II) ions where the presence of nickel can
be seen in the spectrum. The impurities recorded by the device (<1%) were not shown in
Table 1.

1 
 

 

 
Figure 2. Figure 2. EDAX and SEM images for (ChitP) initial sample and (ChitPNi) final sample at—pH = 5.
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Table 1. The semi-quantitative EDAX analysis of modified chitosan with aminophosphonic groups
(ChitP) and aminophosphonic modified chitosan-supported Ni(II) (ChitPNi) at various pH values.

Sample/Elem.
ChitP ChitPNi pH 5 ChitPNi pH 6 ChitPNi pH 7

Wt% Wt% Wt% Wt%

C 26.21 30.88 24.38 33.47
N 5.23 5.90 6.04 5.29
O 54.13 57.32 60.19 55.38
P 14.43 3.34 4.17 1.47

Ni - 2.13 3.25 2.54

The X-ray photoelectron spectroscopy (XPS) method was described in a previous
article [39]. In the analysis of the XPS spectrum in Figure 3, we obtained elements: C, N, O,
P and Ni. From XPS spectrum was observed that ChitPNi exhibit for phosphorus and Ni
ions comparable with the one presented in the literature [40–42]. Additionally, the values
for the phosphorus, nitrogen and nickel content are given in Figure 3.
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Termogravimetric analysis (TG and DTA) was carried out from 25 to 700 ◦C under a
nitrogen and air flow, in 10 ◦C min−1 heating step.

The thermal stability of the raw material (ChitP) in nitrogen and of the final products
(ChitPNi at pH = 5, 6 and 7) in nitrogen is presented in Figure 4. From the TG curves, it can
be observed that the ChitP sample has a mass loss of 61.07% compared to ChitPNi (pH =
5) with a mass loss of 44.62%. For (ChitPNi) products at pH = 6 and 7, the mass losses of
47.56% and 56.26%, respectively, were obtained. Thus, the sample (ChitPNi) to pH 5 has a
higher stability, we have further studied it in order to use for recovery of lead ions.

Figure 5 shows the TG and DTA curves for ChitPNi (pH 5). The thermogravimetric
analysis of the TG/DTA diagrams recorded in nitrogen for the (ChitPNi) sample at pH =
5 (Figure 4) shows three distinct mass losses [40]. The first loss between 50–180 ◦C was a
mass loss of ~15.37%, which was assigned to the evaporation of the physically adsorbed
water and the organic compounds from the acetate decomposition [40]. In the second
stage between 190–380 ◦C the mass loss of ~44.62% was associated with the decomposition
of organic compounds, the degradation of the N-C-P bond between chitosan and the
aminophosphonic group, and the formation of nickel [36]. The third step in the temperature
range 390–700 ◦C shows a mass loss of ~6.08%, which is attributed to the degradation of the
complex P-O structure together with the degradation of the carbohydrate nucleus [36,40].
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From the TG/DTA diagrams of the (ChitPNi) sample at pH = 5 (Figure 6) in an
atmosphere of air, an endothermic effect is observed in the range 60–150 ◦C. The first mass
loss of 13.60% is a result of the evaporation process of the water in the sample, followed by
a sequence of exothermic effects in the range 180–700 ◦C due to the oxidative degradation
of the sample. At 320 ◦C, NiO is obtained [36,40], and at 358 ◦C, P2O5 is detached [43]. The
mass loss of the oxidative degradation step was 42.62%, and the total loss of the (ChiPNi)
sample is 56.21%.

The RX-diffractograms of ChitP and ChitPNi samples are presented in Figure 7. The
X-ray diffraction of ChitP exhibit very broad peak at 2θ = 20◦, which is specific for chitosan-
based samples. The XRD pattern obtained for modified sample, ChitPNi shows that the
specific peak of chitosan is doubled, with another peak at 2θ = 26.48◦, which corresponds
to γ-NiOOH, and depicts a peak at 2θ = 36.48◦ corresponding to the miller indices (111).
These results suggest the interactions between Ni and chitosan, which lead to obtaining
an amorphous sample with a higher specific surface area, which is expected to develop a
higher adsorption capacity.
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3.2. Adsorbent (ChitPNipH5) Characterization after Pb(II) Ions Adsorption

The SEM image and EDAX spectra after Pb(II) ions adsorption onto modified chitosan
(ChitPNi) is presented in Figure 8. It can be observed that after Pb(II) ions adsorption, the
surface of the modified chitosan is more compact and rigorous, suggesting that the lead
ions are adsorbed onto its surface, filling all the pores and linking all the active sites. The
Pb(II) ions adsorption is confirmed by the characteristic peak, which appears in the EDAX
spectra of the sample. The elements quantification is presented in Table 2.
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Figure 8 Figure 8. SEM image and EDAX spectra of modified chitosan ChitPNi (pH 5) after Pb(II) ions
adsorption.

Table 2. EDAX ZAF Quantification (Standardless) of the modified chitosan (ChitPNi) after Pb(II)
ions adsorption.

Sample/Elem.
Modified Chitosan (ChitPNi) after Pb(II) Adsorption

Wt% At%

C 59.91 67.63
N 4.52 4.37
O 31.62 26.80
P 0.15 0.07

Ni 2.14 0.33
Pb 1.66 0.47

3.3. Kinetic Studies

The equilibrium between the modified chitosan (ChitPNi) and adsorbed Pb(II) ions is
achieved after 120 min of contact, as can be noticed from Figure 9, which represents the
adsorption capacity in relation to stirring time.

The adsorption capacity increased quickly in the first half, and after this time it
increased more slowly, achieving the equilibrium at 120 min. The equilibrium is achieved
more quickly than in the other reported adsorption processes with lead ions, for example,
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onto chitosan-grafted-poly acrylic acid (te = 240 min) [33] and, respectively, more than
5 h onto chitosan impregnated granular activated carbon [26]. For example, with the
adsorption of lead onto chitosan-grafted-poly acrylic acid, equilibrium was achieved after
4 h, and with lead and chitosan impregnated granular activated carbon, the time was more
than 5 h.
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The linear plots of the kinetic model studied are presented in Figure 10. The kinetic pa-
rameters obtained from the slope and intercept of these plots, together with the correlation
coefficients, are summarized in Table 3.
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Table 3. Kinetic models parameters for Pb(II) ions adsorption onto modified chitosan (ChitPNi).

Model Parameter Value

Pseudo-first order

qeexp (mg g−1) 23.6
K1 (min−1) 0.0235

qecalc (mg g−1) 7.72
R2 0.8456

Pseudo-second order
K2 (min (mg g−1)−1) 0.128

qecalc (mg g−1) 24.4
R2 0.9981

Intra particle diffusion
Kint 2.053

C 5.47
R2 0.9947

The kinetic parameters presented in Table 3 for the pseudo-first order and pseudo-
second order kinetic models were compared, and it was noticed that the adsorption of
Pb(II)ions onto modified chitosan (ChitPNi) is best described by the second model. The
highest correlation coefficient (R2 = 0.9981) is obtained for the second order correlation
model and the adsorption capacity achieved by modified chitosan in the removal of
Pb(II)ions is closest to that calculated one. Therefore, it would seem that the removal of
Pb(II)ions from aqueous solutions is due to chemisorption processes [27–29].

This chemisorption process is a complex one, which takes place in two steps, according
to the intraparticle diffusion plot (Figure 10c). It is obvious that the intraparticle diffusion
is not the rate-limiting step for adsorption of Pb(II) onto the modified chitosan (ChitPNi).
In the first 10 min, the Pb(II) diffuses through the solution until it reaches the (ChitPNi)
chitosan surface, then the rate limiting step is controlled by the adsorption of the Pb(II)
inside the (ChitPNi) chitosan particles [29,30].

3.4. Equilibrium Studies

The maximum adsorption capacity of the ChitP and modified chitosan, ChitPNi de-
veloped for the removal of Pb(II) can be experimentally determined from the equilibrium
isotherm presented in Figure 11. The maximum adsorption capacity obtained experimen-
tally for Pb(II) removal is of 48.1 mg Pb(II) g−1 of modified chitosan (ChitPNi) and 21 mg/g
for ChitP. It is observed that the modification of ChitP with Ni leads to a doubling of
the maximum adsorption capacity of the studied materials. As the modified chitosan
developed a high adsorption capacity, the forward experiments were made only with the
newly obtained adsorbent materials.
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The linear plots of the equilibrium isotherm studied are presented in Figure 12. The
equilibrium parameters, together with the correlation coefficients and the error values, are
listed in Table 4.
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Table 4. Equilibrium sorption isotherm parameters for Pb(II) ions.

Type of
Isotherm

Parameter Value
Errors Values

χ2 RMSE ERRSQ

Langmuir
KL, L (mg−1) 0.150

1.23 1.63 18.7qmcalc (mg g−1) 50.3
R2 0.9991

Freundlich
KF (mg g−1) 7.995

14.4 25.8 4611/n 0.4243
R2 0.9380

Temkin
KT (L g−1) 2.556

11.4 3.013 63.6bT (J mol−1) 289.85
R2 0.9670

Dubinin-
Radushkevich

Kad (mol2 kJ−2) 2.4 ∗ 10−7

41.9 12.4 1084
qm (mg g−1) 27.6

R2 0.6721
E (kJ mol−1) 1.44
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From the data listed in Table 4, it can be observed that the Pb(II)ions adsorption onto
modified chitosan (ChitPNi) is best described by the Langmuir isotherm. In this case, the
correlation coefficient is close to 1, and the values for error function are low. Furthermore,
a maximum adsorption capacity for Pb(II)ions adsorption onto (ChitPNi) of 50.3 mg g−1

was obtained, which is close to that obtained experimentally. For the entire concentration
range the RL values are in the frame of 0–1 range indicating a favorable adsorption of Pb(II)
ions onto modified chitosan (ChitPNi). The adsorption of lead ions onto the surface of the
(ChitPNi) in a mono layer involves a lot of surface energy and because of the great bonding
between the Pb(II) ions and modified chitosan (ChitPNi), the value for KL was high (0.150 L
mg−1) [31]. The Freundlich isotherm presents a correlation coefficient R2 > 0.9, but values
for error function were also high, which limits the usefulness of this adsorption isotherm
in describing the data for the adsorption of Pb(II) ions onto (ChitPNi). Even if the 1/n
value indicates a high affinity of modified chitosan for Pb(II) ions the value obtained for
KF = 7.995 mg g−1 suggests a low quantity of Pb(II) ions adsorbed onto modified chitosan
which contradicts the results obtained experimentally [29–32]. As with the Langmuir
isotherm model, the Temkin isotherm gave good results, suggesting that the surface of the
(ChitPNi) sample is of the heterogenous type. The Dubinin–Radushkevich model resulted
in the lowest values for R2 and for the error functions. The value of the mean sorption
energy E = 1.44 kJ mol−1, obtained from the Dubinin–Radushkevich modeling suggests
physiosorption of Pb(II) ions onto (ChitPNi) [26].

The maximum adsorption capacity acquired from the Langmuir isotherm for the
removal of Pb(II) ions onto modified chitosan (ChitPNi) was compared with the maximum
adsorption capacities reported by other researchers in literature on adsorption capacities of
other derivatives of chitosan, or of other biosorbents (Table 5).

Table 5. Maximum adsorption capacities given/demonstrated by different chitosan derivatives, or
biosorbents in the treatment process of aqueous solutions containing Pb(II) ions.

Adsorbent qm (mg g−1) References

Chitosan beads 34.98
[25]Chitosan-GLA beads 14.24

Chitosan-alginate beads 60.27
Groundnut shell 42.6 [31]

Chitosan 47.39 [32]
Chitosan-grafted-poly acrylic acid 54 [33]

Crosslinked chitosan 24.2 [44]
Polyaniline grafted chitosan 16.1 [45]
Modified chitosan (ChitPNi) 50.25 Present paper

It can be observed that the modified chitosan (ChitPNi) studied in this paper presents
a good adsorption efficiency in the removal of Pb(II) ions compared with similar materials
presented in the specialty literature.

For the recovery of lead ions from the ChitPNi surface, a solution of 1 M HCl was used,
and the samples were mixed for 15 min. After the regeneration process, the phases were
separated and the recycled adsorbent, ChitPNi, was used in other adsorption processes
and the extracted lead ions from the solution were determined (Scheme 2). Additionally,
the content of nickel ions in solution after lead adsorption was investigated, by atomic
absorption spectrometry. Any nickel content was identified in solution, and this means
that there is now an ionic exchange between nickel and lead ions during the adsorption
process. This aspect can be also be observed on the semi-quantitative EDAX analysis
(Tables 1 and 2).
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4. Conclusions

In our study, the modified chitosan with aminophosphonic groups and Ni(II) ions
(ChitPNi) was prepared as a novel adsorbent material to remove Pb(II) from water. The
(ChitPNi) adsorbent material was obtained by using chitosan modified with aminophos-
phonic groups (ChitP) through the hydrothermal reaction. Additionally, the raw material,
ChitP, was previously obtained by the chemical modification reaction of chitosan with
phosphorous acid and propionaldehyde. The achieved results of the FTIR specroscopy,
SEM, EDAX and TG analysis and the 13C NMR and 31P NMR spectra of (ChitP) and of the
RX diffraction show that the modified chitosan with aminophosphonic groups (ChitP) and
the modified chitosan with aminophosphonic groups Ni(II) ions (ChitPNi) were obtained.
Through modification of ChitP with Ni ions, an adsorbent material with higher active site
and higher specific surface area is obtained, which leads to the development of a higher
adsorption capacity (qmax = 50.25 mg/g) in the removal process of Pb ions from aqueous
solutions compared with nickel free ChitP (qmax = 21 mg/g).

The kinetic and equilibrium studies confirmed the fact that the Pb(II) adsorption
corresponds to a complex process involving both physisorption of the metal ions onto the
pores of the adsorbent and also chemisorption as the metal ions link with the active sites of
the (ChitPNi) illustrated into the Pb2+ ions removal over ChitPNi scheme. This modification
of chitosan leads to the obtaining of a potential adsorbent with good performance in treating
water with lead content.

Author Contributions: Methodology, experiment design, and investigation: A.P., B.M. and L.L.; vali-
dation, characterization of aminophosphonic modified chitosan-supported Ni(II) and experiments:
A.P., A.V., B.M., I.H. and L.L.; formal analysis, data curation and visualization: A.P., B.M. and L.L.;
software, data analysis, writing and editing: A.P., A.V., B.M., I.H. and L.L.; analyzed the data, writing
and editing, supervision: A.P., B.M. and L.L. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported partially by Project number 2.2 and 2.3, from the “Coriolan
Dragulescu” Institute of Chemistry.

Institutional Review Board Statement: Not applicable.



Materials 2021, 14, 7894 17 of 18

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Acknowledgments: Adina Coroaba (adina.coroaba@icmpp.ro)—for the XPS survey spectra of
ChitPNi sample, that was tested at Centre of Advanced Research in Bionanoconjugates and Biopoly-
mers, “Petru Poni” Institute of Macromolecular Chemistry Iasi, Grigore Ghica Voda Alley, No. 41 A,
700487 Iasi, Romania.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Krishnapriya, K.R.; Kandaswamy, M. Synthesis and Characterization of a Crosslinked Chitosan Derivative with a Complexing

Agent and Its Adsorption Studies Toward Metal (II) Ions. Carbohyd. Res. 2009, 344, 1632–1638. [CrossRef]
2. Hamza, M.F.; Hamad, N.A.; Hamad, D.M.; Khalafalla, M.S.; Abdel-Rahman, A.A.-H.; Zeid, I.F.; Wei, Y.; Hessien, M.M.; Fouda, A.;

Salem, W.M. Synthesis of Eco-Friendly Biopolymer, Alginate-Chitosan Composite to Adsorb the Heavy Metals, Cd(II) and Pb(II)
from Contaminated Effluents. Materials 2021, 14, 2189. [CrossRef]

3. Budnyak, T.; Tertykh, V.; Yanovska, E. Chitosan Immobilized on Silica Surface for Wastewater Treatment. J. Mater. Sci. 2014, 20,
177–182. [CrossRef]

4. Hirano, S.; Seino, H.; Akiyama, Y.; Nonaka, I. Chitosan: A Biocompatible Material for Oral and Intravenous Administrations. In
Progress in Biomedical Polymers; Gebelein, C.G., Dunn, R.L., Eds.; Springer: Boston, MA, USA, 1990; pp. 283–290. [CrossRef]

5. Muzzarelli, R.; Muzzarelli, C. Chitosan Chemistry: Relevance to the Biomedical Sciences. Adv. Polym. Sci. 2005, 186, 151–209.
[CrossRef]

6. Hoppe-Seiler, F. Chitin and Chitosan. Ber. Dtsch. Chem. Ges. 1994, 27, 3329–3331.
7. Agrawal, P.; Strijkers, G.J.; Nicolay, K. Chitosan-Based Systems for Molecular Imaging. Adv. Drug. Deliv. Rev. 2009, 62, 42–58.

[CrossRef] [PubMed]
8. Muxika, A.; Etxabide, A.; Uranga, J.; Guerrero, K.; de la Caba, P. Chitosan as a Bioactive Polymer: Processing, Properties and

Applications. Int. J. Biol. Macromol. 2017, 105, 1358–1368. [CrossRef]
9. Dash, M.; Chiellini, F.; Ottenbrite, R.M.; Chiellini, E. Chitosan-A Versatile Semi-Synthetic Polymer in Biomedical Applications.

Prog. Polym. Sci. 2011, 36, 981–1014. [CrossRef]
10. Bhatnagar, A.; Sillanpää, M. Applications of Chitin-and Chitosan-Derivatives for the Detoxification of Water and Wastewater-A

Short Review. Adv. Colloid. Interfac. 2009, 152, 26–38. [CrossRef]
11. Maranescu, B.; Popa, A.; Lupa, L.; Maranescu, V.; Visa, A. Use of Chitosan Complex with Aminophosphonic Groups and Cobalt

for the Removal of Sr2+ Ions. Sep. Sci. Technol. 2018, 53, 1058–1064. [CrossRef]
12. Prabhua, S.M.; Viswanathanb, N.; Meenakshi, S. Defluoridation of Water Using Chitosan Assisted Ethylenediamine Functional-

ized Synthetic Polymeric Blends. Int. J. Biol. Macromol. 2014, 70, 621–627. [CrossRef] [PubMed]
13. Cho, D.W.; Jeon, B.H.; Jeong, Y.; Nam, I.H.; Choi, U.K.; Kumar, R.; Song, H. Synthesis of Hydrous Zirconium Oxide-Impregnated

Chitosan Beads and Their Application for Removal of Fluoride and Lead. Appl. Surf. Sci. 2016, 372, 13–19. [CrossRef]
14. Salehi, E.; Daraei, P.; Shamsabadi, A.A. A Review on Chitosan-Based Adsorptive Membranes. Carbohydr. Polym. 2016, 152,

419–432. [CrossRef] [PubMed]
15. Jin, X.; Xiang, Z.; Liu, Q.; Chen, Y.; Lu, F. Polyethyleneimine-Bacterial Cellulose Bioadsorbent for Effective Removal of Copper

and Lead Ions from Aqueous Solution. Bioresour. Technol. 2017, 244, 844–849. [CrossRef]
16. Lu, J.; Jin, R.N.; Liu, C.; Wang, Y.F.; Ouyang, X.K. Magnetic Carboxylated Cellulose Nanocrystals as Adsorbent for the Removal of

Pb(II) from Aqueous Solution. Int. J. Biol. Macromol. 2016, 93, 547–556. [CrossRef]
17. Kumar, R.; Sharma, R.K. Synthesis and Characterization of Cellulose Based Adsorbents for Removal of Ni(II), Cu(II) and Pb(II)

Ions from Aqueous Solutions, React. Funct. Polym. 2019, 140, 82–92. [CrossRef]
18. Popa, A.; Ilia, G.; Iliescu, S.; Dehelean, G.; Pascariu, A.; Bora, A.; Davidescu, C.M. Mixed Quaternary Ammonium and

Phosphonium Salts Bound to Macromolecular Supports for Removal Bacteria from Water. Mol. Cryst. Liq. Cryst. 2004, 418,
923–931. [CrossRef]

19. Popa, A.; Parvulescu, V.; Tablet, C.; Ilia, G.; Iliescu, S.; Pascariu, A. Heterogeneous Catalysts Obtained by Incorporation of
Polymer-Supported Phosphonates into Silica Used in Oxidation Reactions. Polym. Bull. 2008, 60, 149–158. [CrossRef]

20. Lazar, M.M.; Dinu, I.A.; Silion, M.; Dragan, E.S.; Dinu, M.V. Could the Porous Chitosan-Based Composite Materials Have a
Chance to a “NEW LIFE” after Cu(II) ion Binding? Int. J. Biol. Macromol. 2019, 131, 134–146. [CrossRef]

21. Maranescu, B.; Plesu, N.; Visa, A. Phosphonic Acid vs. Phosphonate Metal Organic Framework Influence on Mild Steel Corrosion
Protection. Appl. Surf. Sci. 2019, 497, 143734. [CrossRef]

22. Sahee, I.O.; Oh, W.D.; Suah, F.B.M. Chitosan Modifications for Adsorption of Pollutants—A Review. J. Hazard. Mater. 2021, 408,
12488. [CrossRef]

23. Abd El-Hack, M.E.; El-Saadony, M.T.; Shafi, M.E.; Zabermawi, N.M.; Arif, M.; Batiha, G.E.; Khafaga, A.F.; Abd El-Hakim, Y.M.;
Al-Sagheer, A.A. Antimicrobial and Antioxidant Properties of Chitosan and Its Derivatives and Their Applications: A Review.
Int. J. Biol. Macromol. 2020, 164, 2726–2744. [CrossRef] [PubMed]

http://doi.org/10.1016/j.carres.2009.05.025
http://doi.org/10.3390/ma14092189
http://doi.org/10.5755/j01.ms.20.2.4975
http://doi.org/10.1007/978-1-4899-0768-4_28
http://doi.org/10.1007/b136820
http://doi.org/10.1016/j.addr.2009.09.007
http://www.ncbi.nlm.nih.gov/pubmed/19861142
http://doi.org/10.1016/j.ijbiomac.2017.07.087
http://doi.org/10.1016/j.progpolymsci.2011.02.001
http://doi.org/10.1016/j.cis.2009.09.003
http://doi.org/10.1080/01496395.2017.1304961
http://doi.org/10.1016/j.ijbiomac.2014.07.016
http://www.ncbi.nlm.nih.gov/pubmed/25036602
http://doi.org/10.1016/j.apsusc.2016.03.068
http://doi.org/10.1016/j.carbpol.2016.07.033
http://www.ncbi.nlm.nih.gov/pubmed/27516289
http://doi.org/10.1016/j.biortech.2017.08.072
http://doi.org/10.1016/j.ijbiomac.2016.09.004
http://doi.org/10.1016/j.reactfunctpolym.2019.04.014
http://doi.org/10.1080/15421400490479280
http://doi.org/10.1007/s00289-007-0844-z
http://doi.org/10.1016/j.ijbiomac.2019.03.055
http://doi.org/10.1016/j.apsusc.2019.143734
http://doi.org/10.1016/j.jhazmat.2020.124889
http://doi.org/10.1016/j.ijbiomac.2020.08.153
http://www.ncbi.nlm.nih.gov/pubmed/32841671


Materials 2021, 14, 7894 18 of 18

24. Wang, W.; Meng, Q.; Li, Q.; Liu, J.; Zhou, M.; Jin, Z.; Zhao, K. Chitosan Derivatives and Their Application in Biomedicine. Int. J.
Mol. Sci. 2020, 21, 487. [CrossRef] [PubMed]

25. Wan Ngah, W.S.; Fatinathan, S. Pb(II) Biosorption Using Chitosan and Chitosan Derivatives Beds: Equilibrium, Ion Exchange and
Mechanism Studies. J. Environ. Sci. 2010, 22, 338–346. [CrossRef]

26. Ridha, A.M. Removal of Lead(II) from Aqueous Solution Using Chitosan Impregnated Granular Activated Carbon. J. Eng. 2017,
3, 46–60. [CrossRef]

27. Gunay, A.; Arslankaya, E.; Tosun, I. Lead Removal from Queous Solution by Natural and Pretreated Clinoptilolite: Adsorption
Equilibrium and Kinetics. J. Hazard. Mater. 2007, 146, 362–371. [CrossRef] [PubMed]

28. Maranescu, B.; Lupa, L.; Visa, A. Synthesis Characterisations and Pb(II) Sorption Properties of Cobalt Phosphonate Materials.
Pure Appl. Chem. 2016, 88, 979–992. [CrossRef]

29. Anitha, T.; Senthil Kumar, P.; Kumar Sathish, K.; Sriram, K.; Feroze Ahmed, J. Biosorption of Lead(II) Ions onto Nano-Sized
Chitosan Particle Blended Polyvinyl Alcohol (PVA): Adsorption Isotherms, Kinetics and Equilibrium Studies. Desalin. Water Treat.
2016, 57, 13711–13721. [CrossRef]

30. Senthil Kumar, P.; Gayathri, R. Adsorption of Pb(II) Ions from Aqueous Solutions onto Bael Tree Leaf Powder: Isotherms, Kinetics
and Thermodynamics Study. J. Eng. Sci. Technol. 2009, 4, 381–399.

31. Bayuo, J.; Pelig-Ba, K.B.; Abukari, M.A. Isotherm Modelling of Lead(II) Adsorption from Aqueous Solution Using Groundnut
Shell as a Low-Cost Adsorbent IOSR. J. Appl. Chem. 2018, 11, 18–23. [CrossRef]

32. Asandei, D.; Bulgariu, L.; Bobu, E. Lead (II) Removal from Aqueous Solutions by Adsorption onto Chitosan. Cellul. Chem. Technol.
2009, 43, 211–216.

33. Grade, C.; Vallejo, W.; Zuluaga, F. Equilibrium and Kinetic Study of Lead and Copper Ions Adsorption on Chitosan-Grafted-Poly
Acrylic Acid Synthesized by Surface Initiated Atomic Transfer Polymerisation. Molecules 2018, 23, 2218. [CrossRef]

34. Ghaffari, H.R.; Pasalari, H.; Tajvar, A.; Dindarloo, K.; Gudarzi, B.; Alipour, V.; Ghanbarneajd, A. Linear and Nonlinear Two-
Parameter Adsorption Isotherm Modelng: A Case Study. Int. J. Eng. Sci. 2017, 6, 1–11. [CrossRef]

35. Visa, A.; Maranescu, B.; Bucur, A.; Iliescu, S.; Demadis, K.D. Synthesis and Characterization of a Novel Phosphonate Metal
Organic Framework Starting from Copper Salts. Phosphorus Sulfur Silicon Relat. Elem. 2014, 189, 630–639. [CrossRef]

36. Hu, S.; Song, L.; Pan, H.; Hu, Y. Thermal Properties and Combustion Behaviors of Chitosan Based Flame Retardant Combining
Phosphorus and Nickel. Ind. Eng. Chem. Res. 2012, 51, 3663–3669. [CrossRef]

37. Hamza, M.F.; Wei, Y.; Mira, H.I.; Abdel-Rahman, A.-H.; Guibal, E. Synthesis and Adsorption Characteristics of Grafted Hydrazinyl
Amine Magnetite-Chitosan for Ni(II) and Pb(II) Recovery. Chem. Eng. J. 2019, 362, 310–324. [CrossRef]

38. Jayakumar, R.; Nagahama, H.; Furuike, T.; Tamura, H. Synthesis of Phosphorylated Chitosan by Novel Method and Its
Characterization. Int. J. Biol. Macromol. 2008, 42, 335–339. [CrossRef]

39. Lupa, L.; Cocheci, L.; Trica, B.; Coroaba, A.; Popa, A. Photodegradation of Phenolic Compounds from Water in the Presence of a
Pd-Containing Exhausted Adsorbent. Appl. Sci. 2020, 10, 8440. [CrossRef]

40. De Jesus, J.C.; Gonzalez, I.; Quevedo, A.; Puerta, T. Termal Decomposition of Nickel Acetate Tetrahydrate: An Integrated Study
by TGA, QMS and XPS Techniques. J. Mol. Catal. 2005, 228, 283–291. [CrossRef]

41. Morshedy, A.S.; Galhoum, A.A.; Aleem, A.A.H.A.; El-din, M.T.S.; Okaba, D.M.; Mostafa, M.S.; Mira, H.I.; Yang, Z.; Ibrahim,
E.T. Functionalized Aminophosphonate Chitosan-Magnetic Nanocomposites for Cd(II) Removal from Aqueous solutions:
Performance and Mechanisms of Sorption. Appl. Surf. Sci. 2021, 561, 150069. [CrossRef]

42. Rathore, B.S.; Chauhan, N.P.S.; Jadoun, S.; Ameta, S.C.; Ameta, R. Synthesis and Characterization of Chitosan-Polyaniline-
Nickel(II) Oxide Nanocomposite. J. Mol. Struct. 2021, 1242, 130750. [CrossRef]

43. Popa, A.; Ilia, G.; Iliescu, S.; Plesu, N.; Ene, R.; Parvulescu, V. Styrene-Co-Divinylbenzene/Silica Hybrid Supports for Immobiliza-
tion Transitional Metals and Their Application in Catalysis. Polym. Bull. 2019, 76, 139–152. [CrossRef]

44. Rajesh, N.; Rajesh, V. An Indigenous Halomonas BVR1 Strain Immobilized in Crosslinked Chitosan for Adsorption of Lead and
Cadmium. Int. J. Biol. Macromol. 2015, 79, 300–308. [CrossRef]

45. Karthik, R.; Meenakshi, S. Removal of Pb(II) and Cd(II) Ions from Aqueous Solutions Using Polyaniline Grafted Chitosan. Chem.
Eng. J. 2015, 263, 168–177. [CrossRef]

http://doi.org/10.3390/ijms21020487
http://www.ncbi.nlm.nih.gov/pubmed/31940963
http://doi.org/10.1016/S1001-0742(09)60113-3
http://doi.org/10.1016/j.jhazmat.2011.04.096
http://doi.org/10.1016/j.jhazmat.2006.12.034
http://www.ncbi.nlm.nih.gov/pubmed/17261347
http://doi.org/10.1515/pac-2016-0709
http://doi.org/10.1080/19443994.2015.1061951
http://doi.org/10.9790/5736-1111011823
http://doi.org/10.3390/molecules23092218
http://doi.org/10.9790/1813-0609010111
http://doi.org/10.1080/10426507.2013.843004
http://doi.org/10.1021/ie2022527
http://doi.org/10.1016/j.cej.2018.11.225
http://doi.org/10.1016/j.ijbiomac.2007.12.011
http://doi.org/10.3390/app10238440
http://doi.org/10.1016/j.molcata.2004.09.065
http://doi.org/10.1016/j.apsusc.2021.150069
http://doi.org/10.1016/j.molstruc.2021.130750
http://doi.org/10.1007/s00289-018-2370-6
http://doi.org/10.1016/j.ijbiomac.2015.04.071
http://doi.org/10.1016/j.cej.2014.11.015

	Introduction 
	Materials and Methods 
	Materials 
	The Chemical Modification of Chitosan with Aminophosphonic Groups Using the “One-Pot” Kabachnik-Fields Reaction 
	The Impregnation with Ni(II) Ions of Chemically Modified Chitosan 
	Characterization 
	Adsorption Studies of the Modified Chitosan with Aminophosphonic Acid Groups and Ni(II) Ions (ChitPNi) 
	Adsorption Theory Background 
	Kinetic Studies 
	Equilibrium Studies 


	Results and Discussion 
	Adsorbent Characterization 
	Adsorbent (ChitPNipH5) Characterization after Pb(II) Ions Adsorption 
	Kinetic Studies 
	Equilibrium Studies 

	Conclusions 
	References

