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ABSTRACT: Chitosan (CS) nanoparticles with different
mean sizes ranging from 100 to 195 nm were prepared by
ionic gelation of CS and poly(acrylic acid) (PAA). Variations
in the ﬁnal solution pH value and CS : PAA volume ratio
were examined systematically for their effects on nanoparticle size, intensity of surface charge, and tendency toward
particle aggregation. The sorption capacity and sorption isotherms of the CS–PAA nanoparticles for nickel ions were
evaluated. The parameters for the adsorption of nickel ions
by the CS–PAA nanoparticles were also investigated. The
CS–PAA nanoparticles could sorb nickel ions effectively.
The sorption rate for nickel ions was affected signiﬁcantly by

INTRODUCTION
Metal removal or recovery from aqueous waste
streams is becoming an increasingly important issue
because of growing economic and environmental
concerns. One of the metals released to the environment from a number of sources is nickel. Nickel is
one of the most commonly occurring metals in electroplating processes, nickel batteries, alloys, steels,
and also discharged efﬂuent. It is easily absorbed if
ingested and is toxic in two signiﬁcant ways: it poses
hazards to the neural system and also possibly causes
gene mutations. Therefore, the removal of nickel from
aqueous waste streams is a matter of top priority.
Incidentally, nickel is also expensive, so its recovery
should pay, in part or in full, for the cost of the abatement technology.
Current methods for wastewater treatment include
precipitation, coagulation/ﬂotation, sedimentation,
ﬂotation, ﬁltration, membrane processes, electrochemical techniques, ion exchange, biological proCorrespondence to: J.-W. Wang (jinwen.tw@yahoo.com.tw).
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the initial concentration of the solution, sorbent amount,
particle size, and pH value of the solution. The samples of
nanoparticles were well correlated with Langmuir’s isotherm
model, and the adsorption kinetics of nickel correlated well
with the pseudo-second-order model. The maximum
capacity for nickel sorption deduced from the use of the Langmuir isotherm equation was 435 mg/g, which was signiﬁcantly higher than that of the micrometer-sized CS. Ó 2007
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cess, chemical reactions, and adsorption.1 Each
method has its merits and limitations in application.
Adsorption is considered an effective and economical method for the removal of pollutants from wastewater. The adsorption process with activated carbon
is attractive to many scientists because of the effectiveness of the removal of heavy-metal ions at trace
quantities.2 However, the process has not been used
extensively because of its high cost. Therefore, the
uses of low-cost materials as sorbents for metal
removal from wastewater has been a focus. Biopolymers have been studied as adsorbents for the removal of various heavy-metal ions from water and
industrial efﬂuents because they possess a number
of different functional groups, such as hydroxyls
and amines, which increase the efﬁciency of metalion uptake and the maximum chemical loading possibility. Chitosan (CS), a linear polysaccharide based
on a glucosamine unit, is obtained from the deacetylation of chitin, which is the major component of
crustaceans shells. CS has received considerable
interest for heavy-metal removal because of its excellent metal-binding capacities and its low cost compared to activated carbon.3 Most commercialized or
developed CS is submicrometer to micrometer sized
and has large internal porosities to ensure adequate
surface area for adsorption. However, diffusion limitations within the particles lead to a decrease in the
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adsorption rate and available capacity. To reduce this
resistance to mass transfer, CS-based nanoparticles
have been developed to reduce its crystallinity and
size to favor the sorption rate.4 CS nanoparticles
should have the following advantages:5 (1) CS nanoparticles can be produced in large quantity with the
sol–gel method; (2) it can be expected that the adsorption capacity for CS nanoparticles will be higher
because of their larger surface area and highly active
surface sites; and (3) it is possible that the uptake process occurs via external adsorption, which results in a
very short adsorption time. Qi and Xu6 studied the
sorption behavior of CS–tripolyphosphate nanoparticles for lead and found that the adsorption capacities for lead (398 mg/g) were very high due to the
large surface area. Chang and Chen7 studied the
sorption behavior of carboxymethylated CS-bound
Fe3O4 nanoparticles for Acid Orange 12 and found
that the adsorption capacities for Acid Orange 12
(1883 mg/g) were also extremely high. They also
found that CS-bound Fe3O4 nanoparticles were
shown to be efﬁcient for the removal of Cu(II) ions at
pH > 2.8 In particular, the adsorption rate was so fast
that equilibrium was achieved within 1 min due to
the absence of internal diffusion resistance.
Self-assembly is a process whereby atoms, molecules, and molecular aggregates organize and
arrange themselves through weak and noncovalent
forces such as hydrogen bonding, electrostatic interactions, and hydrophobic forces into stable and
structurally well-deﬁned functional entities at the
mesoscale and nanoscale dimensions. Self-assembly
combining two oppositely charged polyelectrolytes
into nanoparticles can be achieved by ionic gelation.
For example, negatively charged DNA can form
nanoparticles with positively charged polymers,
such as CS9 and polyethylenimine.10 So far, there
have been many reports on the formation of CS
nanoparticles through the ionic gelation process.
Bodmeier et al.11 ﬁrst reported the ionotropic gelation of CS with tripolyphosphate for drug encapsulation. Lin et al.12 prepared nanoparticles composed of
CS/poly(g-glutamic acid) and evaluated their permeability through Caco-2 cells. Douglas and Tabrizian13
introduced a new procedure for the preparation of
alginate–CS nanoparticles and examined several experimental parameters in relation to their formation
and characteristics. Alonso-Sande et al.14 reported
the formation of a new type of nanoparticle made of
hydrophilic polysaccharides, CS, and glucomannan
and studied their potential for the association and
delivery of proteins. Kabanov et al.15 indicated that
these biomedical nanoparticles consisted of a longhost molecule sequentially complexed with shorter
guest polyions of opposite charge, according to a zip
mechanism. In addition, Schatz et al.16 demonstrated
that the inﬂuence of the molecular weight of compoJournal of Applied Polymer Science DOI 10.1002/app
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nents on their particles sizes could be well explained
by the chain-length ratios of the two polymers.
Therefore, high-molecular-weight CS was used as a
host material complexed with short guest polyions
of poly(acrylic acid) (PAA) in this study. To avoid irreversible ﬂocculation occurring with a dropwise
approach for the polyelectrolyte complex particle, a
one-shot addition of polyelectrolyte was used in this
study when the mixing ratios were close to unity.
This one-shot process was easy to perform, was
insensitive to the mixing order of reactants, and led
to highly stable, charged, biopolymer-based colloids.
The aim of this study was to synthesize CS nanoparticles by the ionic gelation of high-molecular CS
and PAA. The sorption capacity and sorption isotherms of CS–PAA nanoparticles for nickel ions
were also evaluated. The inﬂuences of various experimental conditions, such as the initial concentration
of the solution, sorbent amount, particle size, and
pH value of the solution, on the adsorption capacity
of the nanoparticles for nickel ions were investigated. The equilibrium sorption capacities for the
nickel on the nanoparticles were studied with the
adsorption isotherm technique. The experimental
data were then ﬁtted into the Langmuir and Freundlich equations. This information will be useful for
further applications of system design in the treatment of practical waste efﬂuents.
EXPERIMENTAL
Materials
CS (weight-average molecular weight  40,0000) was
purchased from Fluka (Buchs, Switzerland). The
degree of deacetylation was about 88%, as determined by an IR method. PAA (viscosity 5 8000–
12000 cp) was obtained from Showa (Tokyo, Japan).
Acetic acid was obtained from Fluka. Nickel nitrate
was purchased from Riedel-de Haën (Seelze, Germany). All other reagents were analytical grade and
were used without further puriﬁcation.
Preparation of the CS–PAA nanoparticles
CS–PAA nanoparticles were prepared in our previous study.17 To simplify the preparation procedure,
the incubation processes were modiﬁed. Brieﬂy, CS
ﬂakes were measured and dissolved in an acetic acid
solution at a concentration of 0.01 wt % with 1% acetic acid; the pH was then raised to 4.5 with 10N
sodium hydroxide. The PAA solution was also dissolved in deionized water at 1%, and the pH of the
prepared PAA solution was 4.7. CS–PAA nanoparticles formed spontaneously on the dropwise addition
of an aqueous PAA solution into CS solution at a
dropping rate of 1 drop/s with a syringe connected
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to a peristaltic pump. The ﬁnal pH value of the CS–
PAA complex was adjusted to 3 by 1M hydrochloride
acid and then to 5 and 7 by 1M sodium hydroxide.
Different mean sizes of nanoparticles were obtained
by adjustment of the ratio of PAA to CS. Nanoparticles were puriﬁed by centrifugation at 9000 3 g for
30 min. The supernatants were discarded, and the
CS–PAA nanoparticles were rinsed extensively with
distilled water to remove any sodium hydroxide residues; the nanoparticles were kept at 2558C for 1 day
and then freeze-dried again before further use or
analysis.
Fourier transform infrared/attenuated total
reﬂectance (FTIR–ATR) spectrum analysis
FTIR spectra were measured with a Thermo Nicolet
(Madison, WI) Nexus 470 FTIR–ATR spectrometer to
determine the chemical interaction between CS and
PAA.
Transmission electron microscopy
(TEM) observation
A Hitachi HF-2000 ﬁeld emission transmission electron microscope (Tokyo, Japan) was used to observe
the morphology of the nanoparticles. The samples
were placed on a copper grid coated with a carbon
membrane at room temperature without staining.
Size distribution and f potential analysis
Mean diameter size distribution and f potential of
the CS–PAA nanoparticles were determined with a
Malvern Zetasizer 3000 HS (Herrenberg, Germany).
Each sample of the nanoparticle suspension was
adjusted to a concentration of 0.01 wt % in deionized
water or in 0.01 mol/L sodium chloride solution for
f potential examination. All analyses were done
three times, and the results are the average of three
runs.
Scanning electron microscopy (SEM) observation
The surface morphology of the CS–PAA nanoparticles was observed with a Jeol 3100 scanning
electron microscope (Tokyo, Japan) at 25 kV. The
platinum-coated particle surface was prepared under
an argon atmosphere.
X-ray diffraction (XRD) analysis
The crystal structure of CS–PAA nanoparticle was
determined with a Rigaku D/max3 Vx X-ray diffractometer (Tokyo, Japan) at a scanning rate of 48/min
for 2y values from 10 to 508.
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Adsorption experiments
A stock solution (1000 ppm) of nickel ion was prepared with nickel nitrate (Riedel-de Haën). The stock
solution was then diluted to give a standard solution
of appropriate concentration. Batch experiments
were conducted in 250-mL beakers and equilibrated
with a magnetic stirrer. Then, 100-mL aliquots of
these standard solutions were placed in 250-mL
beakers, and CS–PAA nanoparticles were added.
In the adsorption equilibrium experiments, 0.10 g
of CS–PAA nanoparticles and 100 mL of nickel
solution buffered at pH 5 containing several concentrations of Ni(II) ions were used. The system was
maintained under shaking at 258C until the adsorption equilibrium was reached. Nickel ion uptake
experiments were conducted in the range pH 5 3–7
by the addition of 1M hydrochloride or 1M sodium
hydroxide as required. After equilibration, the nickel
nitrate solutions were ﬁltered through papers and
quantiﬁed by a GBC Scientiﬁc Equipment SensAA
Flame atomic absorption spectrophotometer (Melbourne, Australia). The adsorption capacities of the
nickel ions taken up by the sorbent in each ﬂask were
determined by the following mass balance equation:
Q¼

ðC0  Ce ÞV
W

(1)

where Q is the sorption capacity (mg/g); C0 and Ce are
the initial and solution-phase nickel ion concentrations at equilibrium (ppm), respectively; V is the solution volume (L); and W is the mass of sorbent (g)
For batch kinetic studies, the CS–PAA nanoparticle
and 100 mL of nickel ion solutions with different initial concentrations were placed in 250-mL beakers
and stirred by a magnetic stirrer. Different amounts
of CS–PAA nanoparticles with different mean particle sizes were placed in 250 mL of the nickel solution with shaking for 24 h at 260 rpm; this was
expected to provide information about the optimum
conditions for adsorption of Ni ions. The sorption
time was varied between 10 and 100 min. During
the kinetic experiments, samples were withdrawn at
ﬁxed time intervals, ﬁltered, and quantiﬁed by the
Flame atomic absorption spectrophotometer.
Isotherm studies were conducted with a constant
CS–PAA nanoparticle weight (0.10 g) and various
initial concentrations of nickel ions in the range 40–
100 ppm.
RESULTS AND DISCUSSION
Particle size and structure of the
CS–PAA nanoparticles
The preparation of the CS–PAA nanoparticles was
based on an electrostatic-induced interaction between
Journal of Applied Polymer Science DOI 10.1002/app
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TABLE I
Mean Particle Size and f Potential of CS–PAA Complex Nanoparticles at Different
CS : PAA Volume Ratios and pH Values
Sample

pH

I
II
III
IV
V

3
5
5
5
7

CS : PAA
(w/w)
1
1
1
2
1

:
:
:
:
:

1
2
1
1
1

Mean
diameter (nm)

Polydispersity

6
6
6
6
6

0.0522
0.0717
0.0491
0.0801
0.1752

35
194
175
100
638

positively charged CS and negatively charged PAA at
room temperature.18 Adjusting the ﬁnal solution pH
value directly instead of during the incubation process
changed the incubation process for the modiﬁed CS–
PAA nanostructure. The CS–PAA nanoparticles prepared in the experiment had a white powder shape
and were insoluble in water and dilute acid.
CS–PAA nanoparticles produced at a solution pH
of 4.5 were tested for their size and f potential
response to changing pH values of the residing solution medium by simple adjustment of the solution
pH from 3 to 7. Table I shows the results of the
mean diameter and surface charge of the CS–PAA
nanoparticles with the CS:PAA volume ratio ﬁxed at
1 under different pH values. Both measured particle
size and f potential were very sensitive to the
change in pH values of the residing aqueous environment, which indicated that the surface density of
the protonized amino groups and the degree of protonation were reversibly responsive to changing solution pH values. The increase in measured average
particle size could have been caused mainly by particle aggregation when the solution pH value
increased. Apparently, the diameter of the nanoparticles increased with increasing pH from 3 to 7. The
increase in size at pH 7 suggested that the degree of
protonation at the surfaces of the particles was
reduced, which decreased the electrostatic repulsion
between the particles and, thereby, increased the
probability of particle aggregation. An extremely
small size of the CS–PAA nanoparticles (about
35 nm) could be obtained at pH 3. However, the
high positive charge of these nanoparticles did not
favor metal chelating. Thus, the ﬁnal pH value of
the CS–PAA nanoparticle solution was changed to
5 for further adsorption experiments.
The particle size distributions and surface charges
of the CS–PAA nanoparticles with various CS : PAA
volume ratios was also characterized by the Zetasizer at pH 5. The results are also shown in Table I.
The mean diameter of the nanoparticles ranged from
100 to 194 nm with a narrow size distribution. With
increasing CS:PAA volume ratio, the mean size of
the nanoparticles decreased. The surfaces of the
CS–PAA nanoparticles had positive charges of about
20–30 mV. Table I also shows that as the ratio of
Journal of Applied Polymer Science DOI 10.1002/app

8
8
14
11
112

f potential
(mV)
33.5
18.6
20.1
20.6
10.8

6
6
6
6
6

0.4
0.6
0.7
0.8
0.5

CS : PAA increased, the f potential also increased.
As the content of CS exceeded that of PAA, some of
the excessive CS was absorbed onto the surface of the
CS–PAA nanoparticles. The excess CS increased the
surface charges of the CS–PAA nanoparticles and
resulted in an increase in the f potential.
Morphology of the CS–PAA nanoparticles
Figure 1 shows the SEM image of pH 5 modiﬁed CS–
PAA nanoparticles obtained at a CS:PAA volume ratio
of 2 : 1. It exhibits aggregates composed of adjacent
nanoparticles with a microporous structure. According
to our previous study, when the pH values are
between 4.5 and 5.8, CS and PAA are partly ionized
and form a polyelectrolyte complex by ionic interaction, which leads to a microporous structure with solid
in consistent spherical shapes. The microporous structure of CS–PAA favors the sorption of nickel ions.6
Figure 2 illustrates TEM images of pH 5 modiﬁed
CS–PAA nanoparticles obtained at a CS:PAA volume
ratio of 2 : 1. It was clear that CS–PAA particles
were essentially monodisperse and had a similar
mean diameter of 100 nm. The TEM photographs
demonstrated that most of the nanoparticles were
solid in consistent spherical shapes.

Figure 1 SEM image of pH 5 modiﬁed CS–PAA nanoparticles obtained at a CS : PAA volume ratio of 2 : 1.
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carboxyl groups in pure PAA appeared at 1750 cm21)
was observed. The broad peak appeared at
2500 cm21, which conﬁrmed the presence of NHþ
3 in
the CS–PAA nanoparticles. In addition, the absorption peaks at 1450 and 1408 cm21 were assigned to
asymmetric and symmetric stretching vibrations of
COO2 anion groups. These results indicate that the
carboxylic groups of PAA were dissociated into
COO2 groups, which complexed with protonated
amino groups of CS through electrostatic interactions
to form the polyelectrolyte complex during the mixing procedure.
The FTIR–ATR spectra of the pH modiﬁed CS–PAA
nanoparticles are also shown in Figure 3. The intensity
of a new adsorption band at 1705 cm21, which was
assigned to the absorption peaks of the carboxyl groups
of PAA, decreased dramatically with increasing

Figure 2 TEM images of pH 5 modiﬁed CS–PAA nanoparticles obtained at a CS : PAA volume ratio of 2 : 1: (a)
20,0003 and (b) 200,0003.

Intermolecular interaction between the components
The FTIR–ATR spectra of PAA, CS, and the CS–PAA
nanoparticles with different pH values are shown in
Figure 3. For CS, the intensities of the amide I band at
1665 cm21 and amide II band at 1580 cm21 were
observed clearly. The basic characteristics of CS at
3450 cm21 (OH stretching and NH stretching) and
2920 cm21 (CH stretching on methyl) were also
observed. However, in the CS–PAA nanoparticles,
the two characteristic peaks of CS decreased dramatically, and a new absorption band at 1705 cm21, which
could be assigned to the absorption peaks of the
carboxyl groups of PAA (the absorption peak of

Figure 3 FTIR–ATR spectra of (a) CS, (b) PAA, and (c)
nonmodiﬁed, (d) pH 3 modiﬁed, (e) pH 5 modiﬁed, and
(f) pH 7 modiﬁed CS–PAA nanoparticles. T, transmittance.
Journal of Applied Polymer Science DOI 10.1002/app
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amorphous, not crystalline. When a polymer complex between CS and PAA is formed, the amino and
hydroxyl groups in the CS react with the carboxylic
groups of PAA. This reaction breaks the hydrogen
bonding between the amino groups and hydroxyl
groups in the CS and then leads to an amorphous
structure in the CS–PAA polymer complex.21 Many
studies have shown that the sorption may be restricted to external layers. This may be explained by
diffusion limitations and, more speciﬁcally, by resistance to intraparticle diffusion. However, it is not the
only cause. Piron et al.22 showed that decreasing
the crystallinity of CS results in an improvement in
the metal ion sorption properties. They prepared different forms of the polymer by dissolving CS followed by freeze drying to break the crystallinity of
the raw material without recrystallization and conﬁrmed that the low crystallinity of CS allowed rapid
sorption rates and high sorption capacities. The CS–
PAA nanoparticle also exhibited lower crystallinity
due to the freeze-drying procedure. As a result, the
nickel sorption rate improved signiﬁcantly.
Figure 4 XRD patterns of (a) CS, (b) PAA, and (c) pH 5
modiﬁed CS–PAA nanoparticles.

pH value of the CS–PAA solution. The presence of the
amide II band increased as the pH value was
increased to 7, which indicated that some amine
groups from CS were in the NH2 form. At this pH,
PAA was highly swollen, whereas CS was insoluble.
(The pKa values of PAA and CS were 4.75 and 6.50,
respectively),19 which resulted in the phase separation
of nanoparticles; that is, the CS was just physically
coated on the CS–PAA nanoparticles. Thus, under
neutral conditions, the CS–PAA nanoparticles would
be destroyed, which would result in an aggregation of
CS due to its insolubility in neutral solution.

Adsorption of CS–PAA nanoparticles for Ni ions
Adsorption isotherms
To examine the relationship between sorbed (Q) and
aqueous concentrations (Ce) at equilibrium, sorption
isotherm models are widely employed to ﬁt the
data, of which the Langmuir and Freundlich equations are the most widely used. To get the equilibrium data at pH 5 and room temperature, initial
metal concentrations were varied, whereas the biomass weight in each sample was kept constant. Figure 5 shows the experimental equilibrium isotherms
for the sorption of nickel ions by the CS–PAA nano-

Crystallinity of the CS–PAA nanoparticles
Figure 4 shows the XRD patterns of the CS, PAA,
and the CS–PAA nanoparticles, in which a broad
reﬂection peak was obtained for CS and PAA, which
indicated that both CS and PAA had an inferior
crystallinity. The XRD pattern of CS showed the
characteristic peak at 2 y 5 208, which indicated the
presence of (101) and (002). The peak at 208 was the
allomorphic tendon form of CS, which resulted in a
strong decrease in the sorption capacities.20 However, in the XRD pattern of the CS–PAA nanoparticles, we found that the reﬂection peak of the CS
disappeared, but another broad reﬂection peak was
found at 2 y 5 23.828, which showed that a crosslinked reaction occurred. The new polymer complex
had an inferior crystallinity, which means that it was
Journal of Applied Polymer Science DOI 10.1002/app

Figure 5 Ni21 sorption isotherm by the CS–PAA nanoparticles (sorbent dosage 5 100 mg, particle mean size 5
100 nm, pH 5).
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where Ce is the equilibrium concentration of nickel
ions (ppm), Qe is the amount of nickel ions sorbed
per unit weight of CS–PAA nanoparticles at equilibrium (mg/g), Qmax is the maximum amount adsorbed on a monolayer (mg/g), and b is the Langmuir sorption equilibrium constant (mL/mg), which
is a measure of the energy of sorption. A linearized
plot of Ce/Qe against Ce gave Qmax and b [Fig. 6(a)].
The results obtained were Qmax 5 435 mg/g and
b 5 0.0078 ppm. The equation was Ce/Qe 5 Ce
3 0.0054 1 0.7186. The plots demonstrated that the
Langmuir equation provided a reasonable description of the experimental data.
To a lesser extent, the equilibrium data were also
well described with the Freundlich equation, probably due to the real heterogeneous nature of the
surface sites involved in the metal uptake.24 The
widely used empirical Freundlich equation, based on
sorption by a heterogeneous surface is
 
1
log Qe ¼
(3)
log Ce þ log k
n

Figure 6 (a) Langmuir and (b) Freundlich plots for Ni21
uptake by the CS–PAA nanoparticles (sorbent dosage 5
100 mg, particle mean size 5 100 nm, pH 5).

particles. The experiment showed that the sorption
capacity increased with increasing initial concentration of nickel ions. When the concentration of nickel
ions at equilibrium was 585 ppm, the sorption
capacity reached 350 mg/g, which was a considerable improvement over that of CS.23
The Langmuir isotherm is based on the assumption of monolayer adsorption onto a surface containing a ﬁnite number of adsorption sites of uniform
energies of adsorption with no transmigrates of adsorbate in the plane of the surface. The experimental
data were ﬁtted to the Langmuir isotherm:
Ce
Ce
1
¼
þ
Qe Qmax Qmax b

where k and n are Freundlich constants indicating
sorption capacity and intensity, respectively. k and
n can be determined from a linear plot of log Qe
against log Ce [Fig. 6(b)]. The calculated results of
the Langmuir and Freundlich isotherm constants
are given in Table II. The adsorption of nickel ions
by the CS–PAA nanoparticle correlated well (correlation coefﬁcient (R2) 5 0.999) with the Langmuir
equation as compared to the Freundlich equation
(R2 5 0.9432) under the concentration range. The
magnitudes of k and n showed easy separation of
Ni(II) ions from the aqueous medium and indicated
favorable adsorption. As shown in Table II, n values were high enough for the separation of heavymetal ions from the aqueous medium. The conformity of the adsorption data to the Langmuir isotherm (correlation coefﬁcient > 0.95) could be interpreted as indicating a homogeny adsorption process, leading to monolayer binding. The essential
features of a Langmuir isotherm can be expressed
in terms of a dimensionless constant separation factor or equilibrium parameter (RL), which is used to
predict whether an adsorption system is favorable
or unfavorable. RL is deﬁned as follows:25
RL ¼

(2)

1
1 þ bC0

(4)

TABLE II
Parameters of the Langmuir and Freundlich Isotherms for the Adsorption of Ni(II) on the CS–PAA Nanoparticles
Langmuir

Freundlich

Metal

Qmax (mg/g)

b (mL/mg)

Correlation coefﬁcient

k

n

Correlation coefﬁcient

Ni(II)

435

0.0078

0.9990

28.2033

2.1701

0.9430

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE III
RL Values Based on the Langmuir Equation
C0 (mg/L)

RL

70
100
150
250
600

0.646831
0.561798
0.460829
0.338983
0.176056

21

where C0 is the initial Ni concentration (ppm) and
b is the Langmuir adsorption equilibrium constant
(mL/mg). Table III lists the calculated results. RL
values in the range 0 < RL < 1 indicated that the
CS–PAA nanoparticles were favorable adsorbents for
Ni(II) removal from the aqueous solution.

amount reached 195 mg/g, and the sorption percentage increased to 98%. To evaluate the mechanism of
adsorption kinetics, the pseudo-ﬁrst-order and
pseudo-second-order were tested to interpret the
experimental data. The pseudo-ﬁrst-order kinetic
model26 is given as follows:
logðQe  Qt Þ ¼ log Qe 

k1
t
2:303

(5)

where Qe is the amount of sorbate adsorbed per unit
weight of sorbent at equilibrium (mg/g), Qt is the
amount of sorbate uptake per unit weight of sorbent
at any time t (mg/g), t is the time (min), and k1 is
the adsorption rate constant of pseudo-ﬁrst-order
(min21). The values of k1 were calculated from the
slopes of the plot of log (Qe 2 Qt) versus t. The
pseudo-second-order equation27 may be expressed
as follows:

Adsorption kinetics
Effect of initial nickel concentration. Sorption kinetics
are important physicochemical parameters for the
evaluation of the basic qualities of a good sorbent.
The removal of nickel ions by the CS–PAA nanoparticles as a function of time at pH 5 at various initial
concentrations (40–100 ppm) is shown in Figure 7.
The results indicate that at higher initial concentrations of nickel ions, it took more time to reach equilibrium, and there was a lower sorption percentage.
When the initial concentration of nickel ions was
40 ppm, the sorption percentage reached 88% at
10 min, the sorption amount was 70 mg/g, and the
equilibrium time was just 30 min. When the initial
concentration of nickel ions increased to 100 ppm,
the sorption percentage was 75% at 10 min, and the
sorption amount was 150 mg/g. The sorption
reached equilibrium after 90 min, the sorption

Figure 7 Effect of the initial concentration of nickel ions
on the sorption kinetics of the CS–PAA nanoparticles (sorbent dosage 5 50 mg, particle mean size 5 100 nm, pH 5).
Journal of Applied Polymer Science DOI 10.1002/app

Figure 8 Linearization of adsorption kinetics: (a) pseudoﬁrst-order and (b) pseudo-second-order model (sorbent
dosage 5 50 mg, particle mean size 5 100 nm, initial concentration of nickel ions 5 100 ppm, pH 5).

NANOPARTICLES FOR THE REMOVAL OF NICKEL IONS

Figure 9 Effect of pH on the adsorption of nickel ions by
the CS–PAA nanoparticles (sorbent dosage 5 50 mg, particle mean size 5 100 nm, initial concentration of nickel ions
5100 ppm).

t
1
t
¼
þ
Qt k2 Qe 2 Qe

(6)

where k2 is the pseudo-second-order adsorption rate
constant (g/mg min). The validity of this model could
be interpreted by linear plots of t/Qt versus t. As
shown in Figure 8(a,b), the correlation coefﬁcients (R)
given by these two kinetic models between the predicted and the experimental values were 0.9532 and
0.9999, respectively. Obviously, the pseudo-secondorder kinetic model, in contrast to the pseudo-ﬁrstorder, gave a good correlation for the adsorption of
nickel ions by the CS–PAA nanoparticles. This suggests that the rate-limiting step may be the chemical
adsorption, not the mass transport limitation. Increasing metal ion concentration in the aqueous solution
seemed to reduce the external diffusion of the adsorbent and enhanced intraparticular diffusion.28
Effect of pH value. Figure 9 shows the relationship
between the pH value in the original solution and
the adsorption capacity for nickel ions. The adsorption of nickel reached a maximum at pH 5 and
decreased at lower and higher pH values. Low pH
favored the protonation of the amino sites, which
resulted in a reversal of charge and greatly diminished the metal chelating ability of CS. In acidic solutions, more protons were available to protonate
amine groups to form NH31 groups, which
reduced the number of binding sites for the adsorption of nickel. Heavy-metal cations are completely
released under extremely acidic conditions Although,
at higher pH values beyond 6.5, the precipitation of
nickel hydroxide occurred simultaneously with the
sorption of nickel ions, which affected the sorption by
the CS nanoparticles. The other reasons for the
decrease of nickel adsorption with increased pH were
the aggregation of nanoparticles and, related to this, a
decrease in surface area.
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Effect of the amount of nanoparticles. We studied the
dependence of the adsorption of Ni(II) on the
amount of CS–PAA nanoparticles at room temperature and at pH 5 by varying the nanoparticle
amount from 0.02 to 0.05 g (mean size 5 100 nm) in
contact with 50 mL of nickel ion solution. The results
are shown in Figure 10. Apparently, the percentage
removal of nickel ions increased with increasing
nanoparticles due to the greater availability of the
adsorbent. The adsorption reached a maximum with
0.05 g of CS–PAA nanoparticles, and the maximum
percentage removal was about 98% for nickel ions.
Effect of the mean size of the nanoparticles. Figure 11
shows the sorption kinetics obtained at differing
sizes of CS–PAA nanoparticles. This indicates that
the higher sorption capacity was achieved as the
mean size of the CS–PAA nanoparticles decreased.
CS–PAA nanoparticles with a mean size of 100 nm
had a high sorption capacity of 195 mg/g when in
contact with a 100 ppm nickel ion solution. Increasing the size of the nanoparticles also increased the

Figure 10 Effect of the amount of nanoparticles on (a) the
nickel sorption capacity and (b) the nickel removal percentage (particle mean size 5 100 nm, initial concentration
of nickel ions 5 100 ppm, pH 5).
Journal of Applied Polymer Science DOI 10.1002/app
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fast and maximum adsorption of nickel ions from
aqueous solutions at pH 5 due to high speciﬁc surface
area and the absence of internal diffusion resistance.
The equilibrium adsorption data were correlated by
the Langmuir and Freundlich isotherm equations.
The maximum monolayer adsorption capacity of
the CS–PAA nanoparticle was 435 mg/g for nickel
ions. The kinetic experimental data correlated well
with the pseudo-second-order kinetic model. Nickel
(CS–PAA nanoparticle) sorption would be worthy of
further investigation to explore its high-capacity
advantage.
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