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Abstract This research focuses on the removal of heavy met-
al ions from aqueous solutions using magnetic chitosan hy-
drogel beads as a potential sorbent. Highly porous magnetic
chitosan hydrogel (PMCH) beads were prepared by a combi-
nation of in situ co-precipitation and sodium citrate cross-
linking. Fourier transform infrared spectroscopy indicated that
the high sorption efficiency of metal cations is attributable to
the hydroxyl, amino, and carboxyl groups in PMCH beads.
Thermogravimetric analysis demonstrated that introducing
Fe;04 nanoparticles increases the thermal stability of the ad-
sorbent. Laser confocal microscopy revealed highly uniform
porous structure of the resultant PMCH beads, which
contained a high moisture content (93%). Transmission elec-
tron microscopy micrographs showed that the Fe;O4 nanopar-
ticles, with a mean diameter of 5 + 2 nm, were well dispersed
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inside the chitosan beads. Batch adsorption experiments and
adsorption kinetic analysis revealed that the adsorption pro-
cess obeys a pseudo-second-order model. Isotherm data were
satisfactorily described by the Langmuir equation, and the
maximum adsorption capacity of the adsorbent was
84.02 mg/g. Energy-dispersive X-ray spectroscopy and X-
ray photoelectron spectra analyses were performed to confirm
the adsorption of Pb** and to identify the adsorption
mechanism.

Keywords Magnetic chitosan beads - Porous structure -
Heavy metal - Bioadsorbent

Introduction

Currently, the contamination of water by heavy metal ions has
drawn global attention due to their nondegradability (Jarup
2003). The bioconcentration of heavy metal ions through the
food chain makes the problem an intractable threat to human
health (Lin et al. 2016). Many research groups have devoted
efforts to find suitable materials as adsorbents for the purifi-
cation of wastewater contaminated with heavy metals (Zhou
et al. 2009). To avoid secondary pollution and reduce costs,
renewable biomaterials with robust absorbability have gained
increased attention (Singh et al. 2003). Due to its abundant
natural occurrence, chitin has attracted great attention from
researchers. Chitosan, a commercially available derivative of
chitin with more reactive functional groups (typical commer-
cial chitosan has 66-99% degree of deacetylation), is one of
the most potential starting materials (Varma et al. 2004). Thus,
it has broad application prospects in the field of wastewater
purification (Li et al. 2016a).

In a number of previous reports, adsorbents based on chi-
tosan have shown good adsorption capacity (Prakash et al.
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2012). Chitosan-based hydrogel beads, such as
poly(methacrylic acid)-grafted chitosan microspheres
(Huang et al. 2013), impregnated chitosan beads (Wang
et al. 2014), and acrylic acid-grafted alginate/chitosan
beads(Abou El Fadl 2014), were reported to adsorb heavy
metal ions. To obtain more effective treatment, amino and
hydroxyl groups, the main functional groups of chitosan that
effectively chelate a broad range of metal ions, have to be
accessible during the adsorption process (Dinu and Dragan
2010; Ngah and Fatinathan 2010). The research on chitosan-
based adsorbents has utilized two dominating systems to
achieve this goal: (1) porous chitosan hydrogel (Liu et al.
2010; Wang and Chen 2014; Lin et al. 2017) and (2) chitosan
nanoparticles (Hosseini et al. 2016; Lu et al. 2016). Chitosan
hydrogels satisfy this requirement due to their porous struc-
ture, but the difficulty in separating the metal ions and the low
diffusion velocities in a bulk hydrogel limit their applications
(Li et al. 2016b). Magnetic separation has been a promising
environmental purification technique because it produces no
contaminants during treatment and can treat a large amount of
wastewater within a short time (Men et al. 2012; Kharissova
etal. 2015). Magnetic chitosan-based hydrogels, such as mag-
netic chitosan/cellulose microspheres (Luo et al. 2015),
ethylenediamine-modified cross-linked magnetic chitosan
resin (Hu et al. 2011), and PVA/chitosan magnetic composite
(Zhu et al. 2014), were reported to adsorb heavy metal ions.
Decreasing the size of the elementary unit of the adsorbent to
fabricate magnetic nanoparticles is another approach to over-
come these drawbacks (Chen et al. 2014; Galhoum et al.
2015). The utilization of magnetite-bonded chitosan particles
(Kim et al. 2016) or hybrid materials containing magnetite
particles (Podzus et al. 2009) is a feasible option to facilitate
the recycling process of chitosan-based materials.
Contaminants can be absorbed using magnetic adsorbents
and then separated from a solution by using an external mag-
netic field. Various approaches have been developed for pre-
paring magnetic chitosan microspheres or nanoparticles; how-
ever, the preparation process of chitosan-Fe;O,4 nanoparticles
is quite complicated and requires multistep operations and
harsh reaction conditions (Hritcu et al. 2011; Jiang et al.
2014). Additionally, the use of emulsifiers and surfactants in
previous methods to prevent the coagulation of the adsorbent
particles in solution resulted in substantial environmental con-
tamination. In recent years, application of the chelating func-
tion of chitosan to immobilize the Fe**/Fe** and then to co-
precipitate Fe;O, particles or Fe304-bonded chitosan particles
has been reported (Li et al. 2006). However, to obtain the
nanoscale Fe;04-bonded chitosan particles by these methods
(Lietal. 2006; Wang et al. 2009), the excess chitosan has to be
washed off, which imposes higher manufacturing costs and
unnecessary waste (Yuwei and Jianlong 2011). Therefore,
combining the advantages of magnetic chitosan nanoparticles
and chitosan hydrogels, the adsorbent based on chitosan

hydrogel beads and containing magnetic particles (Mi et al.
2015), which can provide enough contact area during the ad-
sorption process, would be an ideal solution to solve the above
problems.

Herein, we describe the advantages of using both chitosan
hydrogel and magnetic chitosan nanoparticles to fabricate a
novel magnetic adsorbent by a facile one-step in situ co-
precipitation process. Batches of the adsorption experiments
were performed systematically. During the fabrication pro-
cess, nontoxic reagents were used, which completely eradicat-
ed the secondary contamination. The main characteristics of
the porous magnetic chitosan hydrogel (PMCH) beads are (1)
uniform porous structure, (2) multilayer structure, and (3) con-
trolled size. Such structures can be utilized to respond to dif-
ferent demands under particular conditions.

Materials and methods
Materials

Chitosan (95% deacetylation, viscosity average molecular
weight 3.0 x 10° g mol™') was obtained from Aladdin
Reagent Factory (Shanghai, China). Acetic acid, sodium hy-
droxide, and sodium citrate were purchased from Kelong
Chemical Reagent Factory (Chengdu, China). FeCl;-6H,0,
FeCl,-4H,0, and Pb(NOs), were obtained from Zhiyuan
Chemical Reagent Factory (Tianjin, China). All compounds
are commercially available chemicals and were used as re-
ceived without further purification. Deionized water used for
all experiments was generated from the Milli-Q water purifi-
cation system (Ulupure Corporation).

Methods
Preparation of stock solution

The Fe®*/Fe** mixture solution (molar ratio = 2) was prepared
by dissolving 2.956 g of FeCl;-6H,0 and 1.087 g of
FeCl,-4H,0 in 12.5 mL ultra-pure water. The alkaline soaking
solution was prepared by dissolving 12.500 g of sodium hy-
droxide and 7.356 g of sodium citrate into 250 mL ultra-pure
water.

Preparation of PMCH beads

First, 0.8 g chitosan was dissolved in 24 mL 2.0% acetic acid
solution and stirred for 30 min at 3000 r/min. Next, 2 mL Fe>*/
Fe?* solution was added to the chitosan solution and stirred for
another 30 min. The color of the resulting viscous solution
changed from intense yellow to dark red. Subsequently, the
composite sol was slowly dropped into an alkaline solution of
sodium citrate by a peristaltic pump through a tube with an
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Fig. 1 a Schematic illustration of
preparation of PMCH beads and
removal of heavy metal ions from a
aqueous solution. b Fe?* and Fe**

ion complex with chitosan and

Fe;04 particles are formed. ¢ The
magnetic hydrogel beads are @
formed along with the diffusion of
alkaline solution. The stepwise
layer-by-layer shrinking of the gel
results in the formation of a mul-
tilayer structure
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inner diameter of 0.4 mm and soaked for 24 h. After that step,
the formed beads were extensively washed several times with
a diluted hydrochloric acid solution and deionized water to
remove the residual alkali and cross-linker.

Batch adsorption experiments

A 200 mg/L Pb** solution was prepared by dissolving
0.320 g lead nitrate in 1 L ultra-pure water. In the adsorp-
tion experiment, 2.000 g wet PMCH beads was added to a
conical flask (150 mL) containing 40 mL Pb>* solution
and shaken at 160 r/min at room temperature for 24 h.
After separation of the adsorbent by an external magnet,
the final concentration of Pb** was analyzed by an atomic
absorption spectrophotometer (Ggx-9, Haiguang,

@ Springer

Beijing). The degree of adsorption (g) was calculated by
the following equation:

q=(Co—C)V/M

where C, and C, are the concentrations of Pb>*solution (mg/L)
before and after adsorbing for # min, respectively, V is the
volume of the Pb** solution, and M is the weight of magnetic
adsorbent. All experiments were repeated in triplicate, and the
average of three replicate experiments was calculated and
used for data analysis.

Desorption of heavy metals and reusability of PMCH beads

After adsorption of lead from 40 mL of 200 mg/L Pb** solu-
tion, the adsorbent was separated by an external magnet and
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then mixed with 20 mL 0.01 M ethylenediaminetetraacetic
acid disodium (Na,EDTA) solution under stirring for 5 min,
then washed several times with deionized water to remove
extra desorption solution. The composite microspheres were
then exposed in Pb>* solution under the same conditions. Five
consecutive cycles of adsorption-desorption were executed to
test the reusability of the adsorbent.

Results and discussion
Preparation of PMCH beads

We employed chitosan and iron salts as the components for
the in situ co-precipitation reaction and sodium citrate as a
cross-linker to fabricate the multilayered PMCH beads and
remove Pb**at room temperature. As shown in Fig. 1, Fe**/
Fe?* solution was added to the chitosan/acetic acid solution,
and Fe?*/Fe** chelated with the chitosan matrix. Then, the
mixed solution was dropped into the alkaline solution and
soaked for 24 h, where Fe;04 was generated by in situ co-
precipitation and chitosan was cross-linked with citrate ions.
Subsequently, heavy metal ions were adsorbed on the func-
tional groups of PMCH beads, and the adsorbent was separat-
ed by an external magnet.

The basic principle of the PMCH bead formation process is
illustrated in Fig. 1b, c. PMCH beads were formed by
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chelating Fe** and Fe** ions with chitosan followed by for-
mation of Fe30,4 through the in situ co-precipitation reaction
and cross-linking of chitosan with citrate ions (Fig. 1b). The
magnetic chitosan beads were fabricated by dropping the re-
sulted reaction mixture into the soaking solution. The gel and
Fe;04 nanoparticles (NPs) were formed immediately when
the sol contacted the alkaline solution, more rapidly than the
OH diffusion velocity. Diffusion of the OH and the exis-
tence of Fe;0,4 NPs resulted in layer-by-layer shrinking and
the eventual formation of a multilayer structure (Fig. 1¢).
Photographic images of wet and dried PMCH beads in
Fig. 2 (a, b) show a dramatic shrinkage of beads because of
dehydration (drying). As shown in Fig. 2 (c), after an external
magnet is placed beside a solution with beads, the hydrogel
beads are separated from the solution, and thus the beads can
be recycled and reused easily after the adsorption step. And on
this foundation, with the way of observation, it is visual to
have compared the difference of pure chitosan gel beads and
magnetic chitosan beads (see Supporting Information,
Fig. S1). To address particular application demands, the size
of composite beads can be controlled in a range between 0.1
and 20 mm (Fig. 2 (d)) by adjusting the drop size in the
dropping process. To observe the interior structure of the
beads, a PMCH bead with 20 mm diameter was cut in half,
and the multilayer onion-like structure was clearly observed
(Fig. 2 (d")). The particle size distributions of the beads before
and after drying are shown in Fig. 2 (e). The average volume
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Fig. 2 Photographic images of a wet and b dried magnetic chitosan
hydrogel beads. ¢ Magnetic chitosan hydrogel beads collected by an
external magnet. d Size-controlled magnetic hydrogel beads of 0.1 mm
to 2.0 cm diameters. d' The onion-like multilayered cross-sectional
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structure of wet PMCH beads. e Diameter distributions of wet and dried
hydrogel beads. At least 100 beads were measured to build each distribu-
tion. f Hysteresis loop of PMCH beads in the range of ~60000—-60000 Oe
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of the microspheres decreased by approximately 15 times, yet
the spherical shape of the beads was retained. The moisture
content of the hydrogel beads measured by an electronic rapid
moisture analyzer was approximately 93%, which is consis-
tent with the above volume decrease.

The magnetic hysteresis loop of the PMCH beads is shown
in Fig. 2 (f). The saturation magnetization of the PMCH beads
was 11.3 emu/g, which revealed that magnetic beads can be
recycled by using an external magnet. It also confirms the
existence of Fe;O4 by correspondence with other characteri-
zation results.

Microscopic characterization

To identify the functional groups in the resultant hydrogel
beads, Fourier transform infrared spectroscopy (FTIR) spectra
of (a) pure chitosan, (b) the PMCH beads, and (c) the PMCH
beads after exposure to Pb** ion solution were analyzed
(Fig. 3). The interaction between chitosan, citrate, and Pb>*
affects the position and the intensity of characteristic peaks.
Pure chitosan hydrogel beads are characterized by a peak lo-
cated at 1074 cm™ " attributed to the C-O stretching mode of
the CH,—OH group (Reddy and Lee 2013), a peak at
1382 cm ! related to the —C—O stretching of the primary al-
cohol group (Hritcu et al. 2011), and a peak at 1419 cm '
attributed to the C—N stretching (Fig. 3a, sample a). The band
at 1594 cm ! is assigned to the C=0 bending vibration, and
the peak at 1643 cm ' is assigned to the N—H stretching (Peng
et al. 2014). The broad absorption peak at 3430 cm ' corre-
sponds to —OH and —NHj, stretching vibrations (Wang et al.
2008).

The intrinsic peaks remain in both spectra of the magnetic
hydrogel beads. The peak that appeared at 574 cm™" in sam-
ples b and c is attributed to the Fe—O bond vibration, which is
the characteristic absorption peak for Fe;O4 (Peng et al. 2014).
In the spectrum of sample b, the intensity of the amide peak at
1643 cm™ ' decreased, while the intensity of the C=0 peak at
1594 cm™ " increased as a result of cross-linking by citrate and
weak interactions between Fe;O,4 and chitosan. Peaks at 1643
and 1598 cm ' combined together in Fig. 3a (sample c), sug-
gesting complex formation between Pb>* ions and chitosan.

Thermal methods, such as thermogravimetry (TG) and dif-
ferential thermogravimetry (DTG), have been used as power-
ful tools to interpret physical and chemical changes in both
natural and synthetic polymers (Giacometti et al. 2005). The
TG and DTG curves both of pure chitosan beads and of mag-
netic chitosan beads are shown in Fig. 3b, c. Figure 3b shows
that the weight loss of pure chitosan beads occurred in three
stages. First, bound water was lost in the range 25-90 °C,
which is an endothermic process (Fig. 3¢). In the second stage,
the chitosan decomposed in the temperature range of 90—
320 °C. The peak at 300 °C indicates that the decomposition
velocity is fast at 300 °C. When the temperature increased
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further, the weight slowly declined. The weight at 800 °C
corresponded to the residual carbon, which is the final product
of pyrolysis. In the case of the PMCH beads, the bound water
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was eliminated in the range of 25-120 °C accompanied by an
adsorption of heat, and the chitosan decomposed completely
at 320 °C. The third stage involved the carbonization of
decomposed chitosan. Then, at ca. 600 °C, Fe;0, reacted with
the carbon to generate monoplasmatic iron, and the reaction
rate reached its maximum at 710 °C and ended at 750 °C. The
residual weight at 800 °C corresponded to the carbon and the
monoplasmatic iron. The decomposition onset temperature of
the PMCH beads is higher than for pure chitosan beads, which
indicated that the existence of Fe;O, increased the thermal
stability of the adsorbent, but the introduction of Fe;O04 NPs
did not prevent the degradability of the adsorbent. The adsor-
bent can still be easily degenerated after lose efficacy.
Confocal microscopy was used to analyze the interior
structure of the adsorbent. The sectional images of pure chi-
tosan beads and PMCH beads are shown in Fig. 4. Pure chi-
tosan beads have a smooth sectional view (Fig. 4 (a)), but in
the sectional profile of magnetic beads, the concentric rings
are indicative of a multilayered structure (Fig. 4 (b)).
Furthermore, in the magnified micrographs, pure chitosan
beads show no characteristic features (Fig. 4 (c)), while the
porous structure of the magnetic chitosan gel beads can be
clearly observed in Fig. 4 (d), which has pores with an average
diameter of 12 um. A piece of the PMCH beads from the
inside and analyzed by SEM, the highly porous structure,

Fig.4 Laser confocal scanning microscopy images of a the section and ¢
the magnified interior structure of pure chitosan beads. b The sectional
view and multilayer structure of PMCH beads, and d the magnified
porous structure of PMCH beads. e TEM image of the inner part of

and the multilayer structure were observed (see Supporting
Information, Fig. S2). The large surface area of this highly
porous material can provide a large contact area for adsorption
processes.

TEM observation was performed to gain deeper insight
into the nanoscale morphology of PMCH beads containing
Fe;0,4 nanoparticles (Fig. 4 (e)). Fe;04 NPs were well dis-
persed in PMCH beads due to their homogeneous growth.
The corresponding size distribution of Fe;O4 NPs is shown
in Fig. 4 (¢'); the diameter of Fes04 NPs is 5 + 2 nm. EDS
spectra of PMCH beads before and after Pb** adsorption are
shown in Fig. 4 (f). The peaks of C and O indicate major
constituents of chitosan. The intense peaks at 0.7 and
6.4 keV indicate the presence of Fe as a part of Fe;O,4. The
EDS spectra of PMCH beads after adsorbing Pb** contain
new peaks (Fig. 4 (f)), and intense peaks at 1.8 and 2.3 keV
indicate the presence of Pb**. The EDS spectra provide direct
evidence for the efficient adsorption of Pb>* by PMCH beads.

Figure Sa—c shows XPS spectra of pure chitosan beads and
PMCH beads before and after Pb>* adsorption. Compared
with Fig. 5a, the new peak with binding energy (BE) of
720 eV appeared in Fig. 5b, c. The Fe 2p BE signal has a
low intensity due to a low atomic content, but in the result
of EDS shown in Fig. 4 (f), the element Fe was detected. In the
FTIR spectrum in Fig. 3a, the peak at 574 cm™ " is attributed to

0
35 40 45 50

65 70 75 80

Energy (keV)
PMCH beads; Fe;04 NPs are well dispersed in the chitosan matrix. e’
Size distribution of Fe;0, NPs inside PMCH beads. EDS spectra of the
PMCH beads F before and F" after adsorption of Pb>*
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Fig. 5 XPS spectra of a pure a d ]
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Fe—-O bond vibration. The combined results of EDS, FTIR,
and XPS confirm the existence of Fe. The Pb 4f peak with
binding energy of 138.55 eV appeared in Fig. 5c as a result of
the Pb>* adsorption process. The O 1s signal in Fig. 5a—c did
not change, which might indicate that hydroxyl groups of
chitosan do not play a major role in the chemical binding of
Pb** during adsorption. However, the N 1s signal shifted due
to cross-linking and the weak interaction between the Fe;Oy
particles and chitosan (Wang et al. 2011) (Fig. 5d, e).
Furthermore, the N 1s peak at 401.8 eV can be observed
(He et al. 2014), which may indicate that a pair of electrons
in the nitrogen atom was donated to form a coordination bond
between N and Pb>* (Peng et al. 2014) (Fig. 5f).

@ Springer

Adsorption of heavy metal by PMCH beads

Heavy metal ion adsorption experiments (specifically Pb(Il))
were performed to evaluate the influence of key parameters
such as solution pH and adsorption time.

The pH values selected in this experiment ranged from
3 to 6 and were adjusted by adding 1 M hydrochloric acid
solution. As shown in Fig. 6a, the uptake capacity of Pb**
increased with increasing pH, and the maximum adsorp-
tion amount (45.2 mg/g) was achieved at pH 6. This may
be because the -NH, groups are protonated at low pH
values, which is unfavorable for the adsorption of Pb*
due to the electrostatic repulsion and inability of Pb** and
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Fig. 6 a Amount of Pb>* adsorbed by the PMCH beads under varied pH
values (pH = 3, 4, 5, 6; initial concentration 200 mg/L). b Relative
amount of Pb** adsorbed by the PMCH beads and the pure chitosan
beads at different times under the same experimental conditions
(pH = 6; initial concentration 200 mg/L). ¢ The Pb>* removal efficiency
of the magnetic chitosan beads with different initial concentrations
(pH = 6; initial concentrations: 120, 200, 240, 300, 480 mg/L)

the nitrogen of the amine group to form a coordination
bond (Guibal et al. 2004).

Adsorption time is an important parameter that can
affect the adsorption kinetics. Figure 6b shows that the
amount of Pb®* adsorbed by PMCH beads increased with
the increase of adsorption time. The adsorption capacity
of magnetic beads is significantly higher than that of
pure chitosan beads because the highly porous structure
of the magnetic composite provides a large specific sur-
face area, which leads to higher adsorption of Pb%* com-
pared to the pure chitosan beads. The adsorbed amount
of Pb** by magnetic bead adsorbent increased sharply
during the first 180 min. Then, the rate slowed down,
and the adsorption reached an equilibrium value after
approximately 24 h. The extended adsorption kinetics
might reflect the porous structure of PMCH beads. In
the beginning of the adsorption process, the adsorbate
diffuses quickly into the adsorbent, and the adsorption
sites are easily accessed by Pb®* jons. Later, however,
during the adsorption process, more active sites were
occupied, and the remaining active sites are not easily
accessed.

The adsorption experiments were performed at differ-
ent initial Pb?* concentrations ranging from 120 to
480 mg/L at pH 5.0, and kinetic curves were measured
over 24 h adsorption time. The removal efficiency de-
creased slightly with the increase of Pb>*concentration,
as shown in Fig. 6c¢, but the removal amounts increased
with greater concentrations.

Adsorption kinetics

The adsorption process on porous adsorbents mainly fol-
lows three steps: (1) diffusion of adsorbates toward the
external surface of adsorbent, (2) diffusion of adsorbates
into the pores of adsorbent, and (3) adsorption of adsor-
bates on the internal surface of the adsorbent (Ruthven
1984). To reveal the mechanism that controls the adsorp-
tion process, three kinetic models, i.e., the pseudo-first-
order model, pseudo-second-order model, and
intraparticle diffusion model, were employed to analyze
the adsorption kinetics (Jeon et al. 2004).

The results of the kinetic analysis are shown in Table 1
(see Supporting Information, kinetic equations, and
Fig. S3). The pseudo-second-order equation represented
the adsorption process best, suggesting that the overall
adsorption process is controlled by chemisorptions, in
which specific surface area is a significant factor affecting
the adsorption.
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Table 1 Best-fit kinetic model
parameters for Pb>* adsorption on

magnetic chitosan beads
First-order model

Second-order model
Intraparticle model -

0. (mg/g) k R

Qegeary (Mg/g) = 18.81 k; (min ") = 0.00932 0.9629

Qe(can (Mg/g) = 45.81 k, (g/(mg min)) = 0.00149 0.9998
k, (mg/g min>*) = 0.67202 0.5828

Table 2 Best-fit isotherm model parameters for Pb>* adsorption on
magnetic chitosan beads

Langmuir Freundlich

4, (mg/g) 84.02 K (mg/g) 20.54

b 0.0669 n 4.142
R 0.9333 R 0.8536

Isothermal adsorption

To quantify the adsorption capacity of the PMCH beads, the
Langmuir and Freundlich adsorption isotherm models were
used to interpret the adsorption data.

The Langmuir equation is represented as
C, 1 C,

490 bd, 4y

where ¢, (mg/g) and C, (mg/L) represent the amount of
adsorbed adsorbate and its concentration in solution at equi-
librium, b (L/mg) is the Langmuir adsorption equilibrium con-
stant, and ¢,,, (mg/g) is the maximum adsorption capacity for
monolayer formation on an adsorbent.

The Freundlich isotherm is an empirical equation used to
describe heterogeneous systems, and it is expressed as

1
Ing, = InK r +—C.

where K is the Freundlich constant, and 7 is the heterogeneity
factor.

The theoretical parameters of adsorption isotherms
along with regression coefficients are summarized in
Table 2 (see Supporting Information, Fig. S4). For the
two isotherm models we studied, the data fit the
Langmuir model better than the Freundlich model, sug-
gesting that the maximum adsorption capacity of magnet-
ic beads is 83.40 mg/g. It has been reported that values of
n in the range 1-10 represent good adsorption (Bulut
et al. 2007). In the present work, the exponent was
1 < n < 10, indicating the adsorption system is
“favorable.”

Table 3 compares the adsorption capacities of chitosan-
based adsorbent with different types of adsorbents previously
used for the removal of heavy metals. The maximum adsorp-
tion capacity of Pb** on PMCH beads was higher than that of
other previously reported adsorbents, indicating that PMCH
beads prepared by a combination of in situ co-precipitation
and sodium citrate cross-linking were an efficient adsorbing
material for the removal of heavy metals from aqueous
solutions.

Table 3 The comparison
of magnetic chitosan beads with

other chitosan-based adsorbents

Adsorbent Adsorbate Omax (mg/g) Reference
Magnetic chitosan beads Arsenic(V) 35.7 (Wang et al. 2014)
Arsenic(11I) 353
Epichlorohydrin-crosslinked chitosan particle Copper(Il) 35.46 (Chen et al. 2008)
Zinc(Il) 10.21
Lead(Il) 34.13
Chitosan-bound Fe;O,4 nanoparticles Copper(1l) 21.5 (Chang and Chen 2005)
Magnetic chitosan/cellulose microspheres Cadmium(Il) 61.12 (Luo et al. 2015)
Lead(II) 45.86
Poly(methacrylic acid)-chitosan microspheres Copper(1l) 83.2 (Huang et al. 2013)
PVA/chitosan magnetic composite Cobalt(Il) 14.39 (Zhu et al. 2014)
Ethylenediamine-magnetic chitosan resin Chromium(VI) 51.813 (Hu et al. 2011)
Magnetic chitosan beads Lead(Il) 84.02 This study
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3
Using times
Fig. 7 Adsorption capacity of PMCH bead adsorbent for Pb** during

cyclic experiments (40 mL Pb** solution with initial concentration of
200 mg/L at pH 5.0)

Desorption experiment

The regeneration ability is an important property for evaluat-
ing the potential application value of a bioadsorbent. As
shown in Fig. 7, the adsorption capacity for Pb** has a small
decrease after 5 cycles.

The complexing capacity of the ethylenediaminetetraacetic
acid disodium (Na,EDTA) is stronger than that of chitosan
(Ge et al. 2016), so Pb>* was complexed by Na,EDTA, and
the active functional groups were released. Therefore, the re-
use study of adsorbent indicated that PMCH beads were an
efficient and stable adsorbent for Pb** removal. Though the
adsorption property of the magnetic gel beads decreased
somewhat after 5 cycles, the adsorption result was not affected
significantly in the purification of wastewater containing low
concentration of heavy metals. However, for high concentra-
tions of the pollutants in wastewater, the recycling rate may
need to be enhanced further.

Conclusions

In this research, porous magnetic chitosan hydrogel (PMCH)
beads were prepared by in situ co-precipitation and sodium
citrate cross-linking using no toxic reagents. The structure and
heavy metal adsorption properties of the porous magnetic chi-
tosan hydrogel beads were thoroughly investigated. PMCH
beads showed a great affinity for heavy metal ions, such as
Pb*", due to the presence of efficient chelating amino groups
and a large specific area. The maximum adsorption capacity
for Pb** reached 84.02 mg/g. The kinetics of adsorption was
best described by the pseudo-second-order kinetic model, and
the adsorption equilibrium was well approximated by
Langmuir adsorption isotherms. Overall, PMCH was shown
to be a bioadsorbent with excellent adsorption capacity that

can be casily recovered after the treatment of wastewater con-
taining heavy metal ions. This novel multilayer porous mag-
netic adsorbent fabricated by an environmentally friendly and
facile method represents a low-cost alternative to other adsor-
bents. Because of the advantages and special structure of the
adsorbent, these results might inspire other applications in
further research.
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