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a b s t r a c t

Chitosan/poly(amidoamine) (MCS/PAMAM) microparticles were prepared as magnetic adsorbents for
removal of Reactive Blue 21 (RB 21) dye from aqueous solution. Characterization of these particles was
carried out using scanning electron microscopy, Fourier transform-infrared spectroscopy, X-ray diffrac-
tometry and vibrating sample magnetometry. The results indicate that the magnetic chitosan micropar-
ticles (MCS) were functionalized with PAMAM dendrimers and maintained its intrinsic magnetic
properties. The effects of initial pH, adsorbent dose, initial concentration, contact time and temperature
on adsorption were investigated. Kinetic studies showed that the dye adsorption process followed a
pseudo-second-order kinetic model but that the adsorption rate was also influenced by intraparticle dif-
fusion. Equilibrium adsorption isotherm data indicated a good fit to the Langmuir isotherm. The maxi-
mum adsorption capacities obtained from the Langmuir model were 555.56, 588.24, 625.00 and
666.67 mg g�1 at 303, 313, 323 and 333 K, respectively. The thermodynamic parameters revealed the fea-
sibility, spontaneity and endothermic nature of the adsorption. Recycling experiments confirmed the rel-
ative reusability of the adsorbent.

� 2015 Published by Elsevier B.V.

1. Introduction

Synthetic dyes are used widely in various industrial fields, such
as in textiles, dyeing, paper, tanneries and printing [1]. It is
estimated that more than 100,000 commercially available dyes
exist and that over 7 � 105 tonnes of dyestuff is produced annually
[2–4]. Many dyes are stable and are difficult to biodegrade because
of their synthetic origin and complex aromatic molecular structure.
Dye-bearing wastewater, if released into the environment, can
damage aquatic life and human beings because it is toxic, muta-
genic and carcinogenic [5–7]. It is therefore important to treat col-
ored effluents for the removal of dyes. In recent years, various
techniques have been used to decolorize dye effluents, including
coagulation [8], flocculation and membrane filtration [9]. These
processes all display limitations.

Adsorption is one of the prominent methods used in wastewa-
ter treatment for dye removal, because of its universal nature,
affordability and ease of operation [10]. Commercial activated car-
bon is an effective adsorbent, but its high cost limits its large-scale

application. For these reasons, the search for alternative adsorbents
has intensified in recent years. Various renewable materials have
been utilized to remove dyes from wastewater, including rice husk
[11], sawdust [12], banana peel [13], wheat shell [14] and peanut
hull [15]. However, most of these materials have low adsorption
capacities in their as-received form. Therefore, new biosorbents
that are more effective, eco-friendly and cost-effective are highly
desired.

Chitosan is produced by the partial deacetylation of chitin, which
is the second most abundant natural biopolymer after cellulose
[16,17]. It is found mostly in the shells of prawns, crabs, fungi,
insects and other crustaceans. Chitosan has attracted particular
attention as a functional material because of its biocompatibility,
biodegradability, non-toxicity and adsorption properties [18].
Various biomaterials based on chitosan have already been explored
as excellent adsorbents for the removal of various dyes from aque-
ous solutions since amino and hydroxy functional groups on chi-
tosan chains can serve as electrostatic interaction and
coordination bonds, respectively [19]. However, to improve its
adsorption capacity and to enhance separation rates, the design
and synthesis of novel adsorbents is critical [20].

Dendrimers are attractive molecules owing to their highly
branched three-dimensional shape, large number of end (reactive)
terminal groups, space availability within their interior and
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uniform molecular weight structures [21]. Poly(amidoamine)
(PAMAM) dendrimers are among the most widely studied den-
drimers, because of their early discovery and commercial availabil-
ity. Recently, PAMAM dendrimers have received considerable
attention in many fields, such as in engineering, materials science,
chemistry and biological sciences [22,23]. The use of PAMAM den-
drimers in environmental applications has been reported for the
removal of heavy metals and dyes from aqueous solution [24–27].

Magnetic separation has been considered to be an effective
method for solid–liquid phase separation and has been applied to
wastewater treatment and in environmental pollution control. In
recent years, many studies have reported on dye and metal ion
removal using magnetic chitosan (MCS) composite adsorbents.
However, only limited research has been conducted on MCS func-
tionalized with PAMAM and it application in dye removal from
aqueous solution.

Based on the favorable adsorption properties of chitosan and
the unique properties of PAMAM, in this study, the possibility of
using MCS/PAMAM as biosorbents was explored. The MCS
microparticles functionalized with dendrimer-like PAMAM poly-
mers were synthesized, and then characterized by scanning elec-
tron microscopy (SEM), X-ray diffractometry (XRD), Fourier
transform-infrared spectroscopy (FT-IR) and vibrating sample
magnetometry (VSM). Reactive Blue 21 (RB 21), an anionic dye,
was used as a model dye for bath adsorption experiments to inves-
tigate the adsorption properties of the MCS/PAMAM. The effects of
solution pH and initial dye concentration on RB 21 adsorption were
investigated. The Lagergren pseudo-first-order and pseudo-sec-
ond-order models were evaluated to describe the adsorption kinet-
ics. Equilibrium isotherms and thermodynamic parameters were
also determined and will be discussed. These results will be useful
for further applications involving dye removal from aqueous
solutions.

2. Materials and methods

2.1. Materials

Chitosan (deacetylation degree: 85%, molecular weight:
3.0 � 105 g mol�1) was supplied by Sinopharm Chemical Reagent
Co., Ltd., China. The FeCl3�6H2O, FeSO4�7H2O, methyl acrylate
(MA), ethylenediamine (EDA) and glutaraldehyde compounds used
were of analytical grade and were purchased from Tianjin Kermel
Chemical Reagent Co., Ltd., China. A stock solution of RB 21
(1000 mg L�1) was prepared in double-distilled water. Desired RB
21 solution concentrations were obtained by successive dilution
of the stock solution.

2.2. Preparation of MCS/PAMAM

MCS microparticles were prepared by a one-step co-precipita-
tion method according to our previous work [28]. Chitosan was
dissolved in 2% (v/v) acetic acid solution. FeCl3�6H2O and
FeSO4�7H2O were mixed in the solution and dripped into NaOH
solution to form Fe3O4 magnetic particles under a N2 atmosphere.
After 6 h, the black products were washed several times and dis-
persed in a glutaraldehyde solution for crosslinking. Three hours
later, the products obtained were separated and washed several
times with distilled water and then dried in a vacuum.

The modification of MCS with amino-terminated PAMAM poly-
mers was carried out according to Ma et al. [24] (Fig. 1). Formation
of PAMAM dendrimers on the MCS surface was achieved by repeat-
ing two processes: Michael addition and amidation of terminal
ester groups with EDA. Each Michael addition reaction produces

a half generation of PAMAM dendrimers and the amidation reac-
tion creates a full generation.

Michael addition was carried out as follows. Methanol (150 mL)
containing 6 g MCS was placed in a round-bottom flask with a con-
denser. MA (15 mL) was added and stirred for 24 h at 50 �C under
N2. The resultant product was separated and washed repeatedly
with methanol.

Amidation of the terminal ester group was carried out as fol-
lows. Methanol (150 mL) and 30 mL of EDA were added into a
250 mL flask that contained the MCS after Michael addition of
MA. The mixed solution was stirred at 50 �C under N2. After 24 h,
the particles were separated and washed repeatedly with metha-
nol. The two steps were repeated for a different number of cycles
until the specified generation of dendrimers was obtained.

2.3. Characterization of MCS/PAMAM

The morphologies and microstructures of the samples were
observed by SEM with an accelerating voltage of 15 kV. FT-IR spec-
tra were measured at room temperature on an FT-IR spectrometer
(Nicolet 560) to study the microparticle functional groups. The
microparticle crystal structures were determined by XRD (Rigaku
D/max-2200 diffractometer) using Cu Ka radiation at 40 kV and
30 mA. Magnetic hysteresis loops were obtained at 300 K by
VSM. Zeta potentials and sizes of particles were measured using
Malvern Zetasizer Nano 90.

The point of zero charge (pHzpc) of MCS/PAMAM was deter-
mined by the pH drift method. The pH was adjusted to a value
between 2 and 11 using 0.5 M HCl or 0.5 M NaOH. 20 mg of
MCS/PAMAM was added into 50 mL of the pH-adjusted solution
in a conical flask and equilibrated for 720 min. The final pH was
measured by pH meter and plotted against the initial pH. The pH
at which the curve crosses the pHinitial = pHfinal line is taken as
pHzpc.

2.4. Adsorption experiments

Batch adsorption experiments were conducted by adding the
adsorbent samples to 50 mL of different RB 21 test solutions in a
250 mL conical flask on a thermostatic rotary shaker at 120 rpm.
After adsorption, the adsorbent was removed from the solution
using an adscititious magnet. The concentration of residual RB 21
was analyzed using an ultraviolet–visible spectrophotometer at
kmax = 626 nm. The amount of RB 21 adsorbed on the biosorbent,
qt (mg g�1), was calculated from:

qt ¼
ðC0 � CtÞV

W
ð1Þ

where C0 and Ct are the initial and instantaneous RB 21 concentra-
tions (mg L�1), respectively; V is the volume of the dye solution (L)
and W is the adsorbent mass (g).

3. Results and discussion

3.1. Material characterization

3.1.1. SEM analysis and size measurement
The surface morphology of MCS/PAMAM was investigated by

SEM. Honeycomb-like porous structures can be seen in Fig. 2(a).
The shapes of the particles are irregular and their surfaces are rel-
ative rough because of aggregation. Malvern Zetasizer Nano 90
instrument was used to measure particle size and size distribution
of MCS/PAMAM. The results are shown in Fig. 2(b) and indicate
that the distribution curve is single-peak distribution with a max-
imal size evaluated at 1.476 lm. The measurement was conducted
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