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a  b  s  t  r  a  c  t

A  new  porous  magnetic  chitosan  modified  by  melamine  (MA-CS/Fe3O4) was  synthesized.  The  composi-
tions  and  surface  topographies  were  characterized  by  infrared  (IR) spectroscopy,  X-ray  diffraction  (XRD)
analysis,  thermogravimetric  (TG)  analysis  and  scanning  electron  microscope  (SEM),  respectively.  The
results  of adsorption  kinetics  showed  the  adsorption  behavior  could  be better  described  by the  pseudo-
second-order  equation  (R > 0.999).  The  adsorption  isotherm  was  well  fitted  by  the  Langmuir  equation
eywords:
agnetic chitosan
elamine

dsorption of Cu(II)

(R  >  0.999),  and  the  values  of  separation  factors  were  in  the  range  of  0–1.0. The maximum  adsorption
capacity  for  Cu(II)  was  2.58 mmol  g−1 at the optimal  experimental  conditions,  which  were  pH  =  5.5,
t  = 25 min,  C0 = 5.0  mmol  L−1. The  rate-controlling  step  was  supposed  to be chemical  adsorption  rather
than  mass  transport.  The  adsorbent  still  exhibited  high  adsorption  capacity  after  five  regeneration  cycles.
The adsorption  mechanism  was  due  to  coordination  between  Cu(II)  and  N atoms.
. Introduction

Recently, water pollution caused by heavy metals has become
erious environmental problem and attracted global attention [1].
race amounts of heavy metal ions cause serious pollution problem
ecause of their high toxicity and non-biodegradability. So removal
f toxic metal ions from wastewater is a subject of paramount
mportance [2,3]. Among these heavy metals, Cu(II) is the most
ommon one, which is abundant in waste streams from copper
lectroplating and textile industries. According to the specifica-
ion released by the U.S. Environmental Protection Agency (EPA),
he maximum contaminant level (MCL) for Cu(II) is 1.3 mg  L−1 in
ndustrial effluents [4].

At present, there are several techniques for removing Cu(II) from
astewater, such as chemical precipitation, ion exchange, electro-

hemical separation process and adsorption technique [5]. Among
hem, the adsorption process using choitosan (CS) as adsorbent is
ne of the research hotspots due to the advantages of easy opera-
ion, and low cost [6].
CS derives from chitin, which are abundant, biodegradable, and
enewable resources [7–10]. CS macromolecules are rich in amino
nd hydroxyl groups, which show high reaction activity with heavy
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metal ions and some organic compounds. Therefore, CS can be used
as heavy metal ions adsorbents [11,12]. However, CS is unstable and
easily soluble in acidic solutions. In addition, the adsorption capac-
ity of CS for heavy metal ions is still insufficient due to the limited
adsorption sites. All of these problems are stumbling blocks in the
practical treatment of heavy metal ions [13,14]. So it is necessary for
modifying CS in order to improve performance of adsorption and
acid resistance. Generally, modifier compounds with high content
of nitrogen, oxygen or sulfur are preferred to improve adsorption
capability of CS, such as triethylene-tetramine (TETA) [15], ethane-
diamine [16], thiol [17–19], and ethylenediaminetetraacetic acid
(EDTA) [20].

Melamine (MA) is a cheap chemical raw material. There are
three free amino groups and three aromatic nitrogen atoms in MA
molecule, which is capable of chelating to both Cu(II) and Cu(I)
[21–23]. However, as far as we  know, CS-based adsorbent using MA
as modifier has rarely been reported in references. So, it is expected
to obtain inexpensive and high efficient adsorbent by grafting MA
onto CS.

Moreover, another important matter is how to separate
adsorbents from aqueous solution after adsorption. Traditional
separation methods, such as filtration, sedimentation and cen-
trifugation, are both time-consuming and uneconomic [24,25].

Also, if the adsorbents are abandoned with sludge, it will pro-
duce secondary pollution. Therefore, it is necessary to choose an
effective separation method. Magnetism is a unique physical prop-
erty of magnetic body and magnetic technology has been used in

dx.doi.org/10.1016/j.ijbiomac.2015.09.020
http://www.sciencedirect.com/science/journal/01418130
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eparating adsorbents from aqueous solution [26–29]. In this way, a
arge amount of adsorbent can be separated from aqueous solution
n a very short period of time costing less energy and producing no
ollutant.

In this work, a new magnetic CS modified by MA  (MA-CS/Fe3O4)
as synthesized successfully. The influences of pH, contact time

nd initial Cu(II) concentration on adsorption capacity of MA-
S/Fe3O4 were studied. The adsorption kinetics and adsorption

sotherm were simulated. Also, adsorption and desorption mecha-
ism were discussed.

. Experimental

.1. Materials

CS (deacetylation rate >90%) was obtained from Lanji technology
evelopment Co., Ltd. (Shanghai, China). Epoxy chloropropane was
btained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
hina). MA  and epoxy chloropropane were purchased from Basifu
hemical reagent Co., Ltd. (Tianjin, China). Fe3O4 with purity of
9.5% and diameter of 20 nm was purchased from Aladdin Chem-

stry Co., Ltd (Shanghai, China). Solutions of Cu(II) were prepared by
issolving appropriate Cu(NO3)2·3H2O (Hongyan chemical reagent
actory, Tianjin, China) in deionized water. All other reagents are
nalytical grade and used without further purification. Deionized
ater was used in the preparation of all solutions.

.2. Preparation of MA-CS/Fe3O4

CS powders (1.00 g) were dissolved in acetic acid (2 wt.%,
00 mL)  and stirred for 2 h. The mixtures were dropped into NaOH
0.25 mol  L−1, 100 mL)  under stirring. After the precipitation was
ompleted, the mixtures were filtered and the precipitation was
ashed with acetone. The residues were transferred to acetone

100 mL)  and stirred until to suspensions. Epoxy chloropropane
5 mL)  was added to above suspensions. Then the mixtures were
tirred continuously at 298 K for 24 h. After that, Fe3O4 (1.00 g) was
dded and ultrasonic dispersion was implemented for 20 min. Next,
A (5.50 g) dissolved in DMSO (50 mL)  was added and reflux was

erformed for 7 h at 338 K. Following this, MA (10.00 g) dissolved
n DMSO (50 mL), NaOH (1.00 mol  L−1, 50 mL)  and KI (0.05 g) were
dded in sequence, and the mixtures were stirred for 5 h. Then the
roducts were cooled, filtered and washed with deionized water
nd acetone orderly. Finally, the residues were dried in vacuum
rying oven at 333 K.

The schematic diagram of synthesis route is shown in Fig. 1.

.3. Adsorption experiments

Appropriate amounts of MA-CS/Fe3O4 were added into Cu(II)
olution (200 mol  L−1, 20 mL). After adjusting the pH values, the
ixtures were shaken in swing bed under the design condi-

ions. Then, the adsorbents were separated from solutions by
xternal magnet. Residual concentration of Cu(II) was  measured
y flame graphite furnace atomic absorption spectrophotometer
6810F/6810GF). The amounts of Cu(II) adsorbed by per unit mass
f adsorbent were obtained by the following equation:

 = (C0 − Ce)
m

V  (1)
here Q is the adsorption capacity of adsorbent for Cu(II)
mmol  g−1); C0 is the initial concentration of Cu(II) (mmol  L−1); Ce

s the equilibrium concentrations of Cu(II) (mmol  L−1); V and m are
he volume of solution (L) and the mass of the dry adsorbent (g).
cal Macromolecules 81 (2015) 838–846 839

2.3.1. Effect of pH
Six solution systems with Cu(II) ions (5 mmol  L−1) were pre-

pared by adjusting initial pH = 1.0, 2.0, 3.0, 4.0, 5.0 and 5.5. The
pH values of the aqueous solutions were measured using pH
meter (PHS-25C, Aolilong, Hongzhou). The adsorption experiments
were performed by shaking MA-CS/Fe3O4 adsorbent (10 mg)  with
different solution systems (20 mL)  at 298 K for 25 min. The resid-
ual Cu(II) concentrations in upper clear liquid were detected
by flame/graphite furnace atomic absorption spectrophotometer
(6810F/6810GF) after separation.

2.3.2. Effect of contact time
The removals of Cu(II) at different time intervals were obtained

by shaking MA-CS/Fe3O4 adsorbents (10 mg)  with Cu(II) solutions
(5 mmol  L−1, 20 mL,  pH = 5.5). Ten parallel experiments were done
at 298 K with different adsorption time of 1, 3, 5, 7, 9, 11, 13, 15, 20,
25 and 30 min. The residual Cu(II) concentrations were measured
according to the method in Section 2.3.1.

2.3.3. Effect of initial concentration
Ten solution systems (pH = 5.5) with different Cu(II) concentra-

tions were prepared. The initial concentrations of Cu(II) ions were
0.25, 0.5, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0 and 8.0 mmol L−1, respectively.
The adsorption tests were completed by shaking MA-CS/Fe3O4
adsorbents (10 mg)  with Cu(II) solution at 298 K for 25 min. The
residual Cu(II) concentrations were measured according to the
method in Section 2.3.1.

2.4. Desorption and regeneration studies

After adsorption of Cu(II), the adsorbents were collected and
washed fully with deionized water in order to remove the unab-
sorbed metal ions. Then, they were placed into HCl solutions
(0.5 mol  L−1) and shaken at room temperature for 2 h. After
desorption and separation, the adsorbents were still washed with
deionized water. The above operations were repeated until no
Cu(II) ions were detected in washing liquid. Then they were soaked
in NaOH solution (0.5 mol  L−1) under stirring for 2 h. After separated
from solution, the adsorbents were washed by deionized water and
acetone orderly. Finally, they were dried in vacuum drying oven
at 333 K. After completing the above steps, the adsorbents were
regenerated.

The adsorption and desorption processes were repeated for five
times.

2.5. Characterization of the samples

Infrared (IR) spectra were recorded on FT-IR spectrometer
(Nicolet 510P, Nicolet, America). X-ray diffraction (XRD) patterns
were carried out on X-ray diffractometer (D-MAX 2500/PC, Rigaku,
Japan) at voltage of 40 kV and current of 50 mA.  The scanning
scope of 2� was  from 10◦ to 80◦. The samples morphologies were
observed using cold field emission scanning electron microscope
(SEM) (JSM-6700F, Hitachi, Japan). The surface area and pore size
were measured on micromeritics gas adsorption surface analyzer
(ASAP 2020, Micromeritics, America). The content of Fe3O4 was
determined by thermogravimetric (TG) and differential scanning
calorimetric (DSC) analysis using simultaneous thermal analyzer
(STA449C, NETZSCH, Germany) under dynamic nitrogen flow at
flow velocity of 50 cm3 min−1 and heating rate of 10 K min−1. X-ray

photoelectron spectroscopy (XPS) analysis of the adsorbent before
and after Cu(II) adsorption was made on a ESCALAB 250 Xi spec-
trometer (Thermo, America) with an Al K� X-ray source, operated
at 10 mA  and 15 kV.
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. Results and discussion

.1. Charaterization

.1.1. IR spectra analysis
Fig. 2 shows the IR spectra of CS (curve a), MA  (curve c) and
A-CS/Fe3O4 (curve b). The molecular formula of MA  is C3N6H6, in
hich there are several functional groups including C–N, C N, NH2

nd triazine ring (see Fig. 1). In general, the peak of N–H stretching
ibration is narrower and more cuspate than that of O–H stretching
of MA-CS/Fe3O4.

vibration. So the narrow peaks at 3469, 3419, 3335 and 3132 cm−1

in curve b and c can be attributed to the stretching vibration of N–H
bond in MA [21], while the broad adsorption peaks at 3435 cm−1

in curve a is assigned to the stretching vibration of the O–H bond
in CS [6]. The spike at 1652 cm−1 in curve b and c, which is not
observed in curve a, is assigned to the typical bending vibration

bands of N–H bond in MA.  Whereas the peak at 1637 cm−1 in curve
a represents the bending vibration of O–H bond in CS. The stretching
vibrations of triazine ring correspond to the peaks in the range of
1553–1438 cm−1 (see curves b and c) [30]. The twisting vibration
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Fig. 2. IR spectra of CS (a), MA-CS/Fe3O4 (b) and MA (c).
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Fig. 3. XRD patterns of Fe3O4 (a), CS (b), MA-CS/Fe3O4 (c) and MA  (d).

f N–H corresponds to the peaks at 1028 cm−1 (see curves b and
). The peak at 814 cm−1 (in curves b and c) is the characteristic
dsorption of triazine ring distorting vibration [30], which is not
bserved in curve a. Comparisons of the three IR spectra imply that
S was modified by MA  successfully.

.1.2. XRD analysis
Fig. 3 shows the XRD patterns of CS, MA  and MA-CS/Fe3O4. CS
xhibits two very weak characteristic peaks at 2� = 10◦ and 20◦,
espectively. However, they disappear in MA-CS/Fe3O4 due to the
ntroduction of epoxy chloropropane, MA  and Fe3O4, which may
hange the structure of CS. The diffraction peaks of both Fe3O4

Fig. 4. SEM micrographs
Fig. 5. TG and DSC curve of CS (red line) and MA-CS/Fe3O4 (black line). (For inter-
pretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

(2�  = 30.1◦, 35.5◦, 43.3◦, 57.2◦ and 62.5◦) and MA (2� = 13.2◦, 17.7◦,
22.1◦, 26.5◦, 28.8◦ and 29.8◦) are observed in XRD pattern of MA-
CS/Fe3O4, while other diffraction peaks of MA  (2�  = 14.9◦ and 40.1◦)
disappear in the target product due to the formation of new chemi-
cal bonds between MA  and CS probably. Meanwhile, the diffraction
intensities of MA-CS/Fe3O4 become weaker than that of MA,  indi-
cating a lower crystallinity of MA-CS/Fe3O4 due to the bonding
between MA and CS. All the XRD data suggest that MA and Fe3O4
have been introduced into CS successfully.

3.1.3. SEM and BET surface area analysis
The SEM micrographs of the products MA-CS/Fe3O4 are given in

Fig. 4. It was  found that the particles were approximate spherical
shape with diameter sizes of about 20–25 nm.  Slight agglomerate
phenomenon was observed because of the modification. The par-
ticles size is nanometer-scale and the surface structure is porous,
which make the adsorbents have large specific surface area pos-
sibly. The BET specific surface area and pore size of MA-CS/Fe3O4
were also determined by nitrogen adsorption measurements. The
data of the BET specific surface area and the average pore size were
31.23 m2 g−1 and 19.63 nm,  respectively. Large specific surface area
and porous surface structure are favorable to adsorb heavy metal
ions.

3.1.4. TG analysis
Fig. 5 reveals the TG and DSC curves of CS (red line) and MA-

CS/Fe3O4 (black line). The weight loss and enthalpy were 87.90%

and 3732.67 J g−1 for CS decomposition, which started at 493 K
and finished at 853 K. Before this stage, it was the water loss pro-
cess with the weight loss rate about 2.48%. Similarly, the weight
loss of MA-CS/Fe3O4 was 5.05% between 273 and 493 K due to

 of MA-CS/Fe3O4.
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Fig. 6. The separation processes of MA-CS/Fe3O4 from their suspensions.
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he volatilization of water. The organic decomposition step of MA-
S/Fe3O4 occurred between 493 and 773 K and the weight loss was
0.90%. 3323.43 J g−1 was the enthalpy value of this stage. Fe3O4
ould not be oxygenated under nitrogen atmosphere. Therefore,
he mass content of Fe3O4 in MA-CS/Fe3O4 is estimated to be about
4.43%.

.1.5. Magnetic separation performance
Fig. 6 illustrates separation behavior of MA-CS/Fe3O4 under

agnetic field. The nanometer-scale adsorbent particles were
uickly isolated from aqueous solution and transparent liquid was
chieved in 2 min, which would bring great convenience in practical
pplications of the adsorbents.

.2. Influence of operating conditions on adsorption of Cu(II)

.2.1. Effects of initial pH
The initial pH of aqueous solution strongly affects the adsorption

roperty of adsorbent. Fig. 7 shows the effects of initial pH value
n adsorption capacity of MA-CS/Fe3O4. Obviously, the equilibrium
dsorption capacity increased with pH value increasing from 1.0
o 5.5, especially when pH values were greater than 4.0. Precipi-
ate was generated in Cu(II) solution (5.0 mmol  L−1) when pH value
as over 5.5. So, the optimal pH value for Cu(II) adsorption was
etermined to be 5.5 and the maximum adsorption capacity was
.48 mmol  g−1 in this situation. The phenomenon might result from
he following facts. MA-CS/Fe3O4 contains large amounts of amino,
mino and hydroxyl groups. Most of these groups were protonated
asily at low pH value, which was unfavorable to adsorb Cu(II)
ecause of electrostatic repulsion. The electron-donating ability of

 or O atoms was  weakened due to the protonation. These leaded
o decrease the adsorption capacity of the adsorbent. With the
ncrease of pH value, the deprotonation was strengthened. Cor-

espondingly, the adsorption capacity of MA-CS/Fe3O4 for Cu(II)
lso increased. Therefore, MA-CS/Fe3O4 is more suitable for Cu(II)
dsorption at high pH value.
t (min)

Fig. 8. Effects of contact time on adsorption capacity.

3.2.2. Adsorption kinetics
Fig. 8 shows the effects of contact time on adsorption capacity.

The kinetic curve exhibits that the adsorption velocity was rapid at
the beginning, and then slowed down gradually. Finally, it was  close
to adsorption equilibrium at 25 min. So the optimal adsorption time
were confirmed to be 25 min.

In order to investigate the adsorption behavior of MA-CS/Fe3O4
for Cu(II), pseudo-first-order and pseudo-second-order kinetic
models were introduced.

The pseudo-first-order equation [18] is as follows:

1
Qt

= k1

Qet
+ 1

Qe
(2)

where Qe and Qt (mmol  g−1) are the adsorption quantities at equi-
librium and unequilibrium time (min), respectively; k1 is the rate
constant of pseudo-first-order adsorption (min−1); t is adsorption
time. The slope and intercept of the plot of 1/Qt versus 1/t  are used to
determine the first-order rate constant k1. The slope and intercept
are k1/Qe and 1/Qe, respectively (see Fig. 9(a)).

Another one is pseudo-second-order kinetic model [31]. It is
expressed by:

t

Qt
= 1

k2Q 2
e

+ t

Qe
(3)

where k2 is the equilibrium rate constant of pseudo-second-order
adsorption (g mmol−1 min−1). The slope and intercept of plotting
of t/Qt versus t are used to calculate the second-order rate constant
k2. The slope and intercept are 1/Qe and 1/k2Qe

2, respectively (see
Fig. 9(b)).

The corresponding kinetic parameters obtained from the above
two models were listed in Table 1. The calculated Qe values are 2.98
and 2.93 mmol  g−1 according to pseudo-first-order and pseudo-
second-order models, respectively. Both calculated Qe values are
close to the experimental Qe values (2.55 mmol g−1). However, the
correlation coefficient (R2) obtained from the second-order adsorp-
tion kinetic model (0.99976) is higher than that from the first-order
kinetic model (0.99792), suggesting that the pseudo-second-order
equation is more appropriate to simulate the experimental kinetic
data [32]. The results indicate that the adsorption rate between
MA-CS/Fe3O4 and Cu(II) appears to be controlled by the chemical
adsorption [33,34].

Most adsorption reactions contain several steps (i) external film
diffusion, (ii) intra-particle diffusion and (iii) chemical adsorption.
Since the first step is excluded by sufficient shaking the solution, the
rate-controlling step is one of the latter two steps. So the data were
treated by intra-particle diffusion model [35,36] in order to evalu-
step. Its equation is expressed as:

Qt = kpt1/2 + C (4)
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Table 1
Estimated adsorption kinetic parameters for the adsorption of Cu(II) onto MA-CS/Fe3O4.

First-order Second-order Intraparticle diffusion

Qe K1 R2 Qe K2 R2 KP C R2

2.98 4.16 0.99792 2.93 0.0837 0.99909 −2.04 2.38 0.8118
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isotherm model fits better to the experimental data than Freundlich
ig. 10. The intra-particle diffusion model for Cu(II) adsorption by MA-CS/Fe3O4.

here kp is the rate constant of the intra-particle diffusion
mmol  g−1 min1/2). The values of kp and C were calculated via the
lope and intercept of the plot of Qt versus t1/2 (see Fig. 10) and
he results were also listed in Table 1. It is found the value of R2 is
ow (0.8118), indicating the intra-particle diffusion model fits badly

ith the experimental data. Therefore, the rate-controlling step is
ot supposed to be intra-particle diffusion, but chemical adsorp-
ion. The result is in agreement with the kinetic results reported by
hou et al. [34].

.2.3. Equilibrium adsorption isotherms
Fig. 11 shows the effects of initial Cu(II) concentrations on the

dsorption capacity. At first, the adsorption capacity increased
harply with the increase of initial Cu(II) concentration. Then,
he momentum slowed down. The adsorption capacity achieved

aximum at C0 = 5.0 mmol  L−1. After that, it remained unchanged.
inally, the maximum adsorption capacity was  determined to
e 2.58 mmol  g−1. In comparison with raw chitosan and other
dsorbents reported in recent years [27,37–42], the adsorbent of
A-CS/Fe3O4 prepared in this work showed higher adsorption

apacity (shown in Table 2).
In order to study the adsorption behavior between Cu(II) and

dsorbent, Freundlich and Langmuir isotherm models were used

o simulate the experiment data.

The Freundlich isotherm model predicts that the adsorp-
ion process occurs on energetically heterogeneous surfaces and
C0 (mmol/ L)

Fig. 11. Effects of initial Cu(II) concentrations on adsorption capacity.

adsorption capacity is related to the concentration of metal ion at
equilibrium [43]. The equation of Freundlich isotherm is as follows:

log Qe = log KF + 1
n

log Ce (5)

where Qe and Ce are the adsorption capacity (mmol  g−1) and the
equilibrium concentration of Cu(II) (mmol  L−1), respectively; KF
(mmol  g−1) and n are Freundlich constant related to adsorption
capacity and intensity. The experimental data were plotted as log Qe

versus log Ce (see Fig. 12(a)).
The Langmuir isotherm model assumes that a monolayer

adsorption takes place without any interaction between the
adsorbed molecules [44]. The Langmuir model can be expressed
as:

Ce

Qe
= Ce

Qmax
+ 1

KLQmax
(6)

where Qmax is the maximal absorption capacity (mmol g−1) of
adsorbent; KL is Langmuir constant (L mmol−1). The experimental
data were plotted as Ce/Qe versus Ce in order to evaluate the values
of Qmax and KL (see Fig. 12(b)).

The obtained constants and correlation coefficients values for
Freundlich and Langmuir models are given in Table 3. The Langmuir
model due to the higher correlation coefficients (R2). The maximum
absorption capacity (2.74 mmol  g−1) calculated by Langmuir model
matches well with the experimental maximum adsorption capacity
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Table 2
Comparison of adsorption capacities of different adsorbents for Cu(II) ions.

Adsorbent Adsorption capacity (mg  g−1) Reference

Raw chitosan 80.17 [37]
Magnetic chitosan microspheres 66.70 [38]
Magnetic Cu(II) ion imprinted composite 71.36 [39]
Epichlorohydrin cross-linked xanthate chitosan 30.21 [40]
Xanthate-modified magnetic chitosan 26.3 [41]
Chitosan-modified magnetic Mn ferritenanoparticles 65.1 [27]
S-doped Fe3O4@C NPs 54.7 [42]
MA-CS/Fe3O4 2.58 mmol g−1 = 163.9 mg  g−1 This work
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Fig. 12. The Freundlich (a) and Langmuir (b) adsorption isotherms.

Table 3
Simulated adsorption isotherm parameters for the adsorption Cu(II) onto MA-CS/Fe3O4.

Freundlich isotherm Langmuir isotherm

−1 2 Qmax (mmol  g−1) KL (g mmol−1) R2

2.74 3.03 0.99928
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n KF (mmol  g ) R

2.75 1.58 0.93294 

2.58 mmol  g−1). Based on the above facts, it can be deduced that
he monolayer Langmuir adsorption isotherm is more reasonable to
xplain the adsorption behavior between MA-CS/Fe3O4 and Cu(II).

Furthermore, the affinity between the adsorbent and Cu(II) can
e predicted by the Langmuir parameter of the dimensionless sep-
ration factor RL, which is defined by the following equation:

L = 1
1 + KLC0

(7)

here C0 is initial concentration of Cu(II) (mmol  L−1); KL is the
ffinity constant of Langmuir adsorption (L mmol−1).

The value of RL is always used to indicate whether the adsorption
s favorable or not. RL > 1.0, unfavorable; RL = 1.0, linear; 0 < RL < 1.0,
uitable and RL = 0, irreversible [45,46]. The values of RL calculated
ccording to Eq. (7) were listed in Table 4. From Table 4, it can be
een that all of the RL values are in the range of 0–1.0, indicating
hat the adsorption of Cu(II) on MA-CS/Fe3O4 is favorable.

.2.4. Regeneration and reuse of MA-CS/Fe3O4
Advanced adsorbent is requested to have good regeneration

erformance as well as excellent adsorption capacity. So the exper-
ments of desorption and reuse were performed through five
dsorption–desorption consecutive cycles. As shown in Fig. 13, the
egenerative MA-CS/Fe3O4 still possessed high adsorption capabil-
ty, which declined slightly with increasing cycle times. Especially,
he value (2.47 mmol  g−1) still remained 95.7% of the initial capac-

ty (2.58 mmol  g−1) after three cycles. Then the adsorption capacity
educed to 2.05 mmol  g−1 (about 80% of the initial value) after five
imes regeneration. Therefore, the adsorbent showed good regen-
rative performance.
Fig. 13. Effects of regenerative times on the adsorption capacity.

3.3. Adsorption and desorption mechanism

MA-CS/Fe3O4 has abundant active groups, such as amino, imino
and hydroxyl, which can adsorb Cu(II) by coordination to form
Cu(II)-MA-CS/Fe3O4 complexes in the surface of adsorbent. The
adsorption mechanism of Cu(II) on MA-CS/Fe3O4 was  investi-
gated by the XPS analysis. Fig. 14 shows typical N 1s XPS spectra
of MA-CS/Fe3O4 before and after Cu(II) adsorption. Before Cu(II)
adsorption, there are only one peak at 398.68 eV, corresponding to
the N atoms in the form of –NH2 and –NH– groups of MA-CS/Fe3O4.
After the adsorption of Cu(II), the peak of N 1s shifted to 399.48 eV,

indicating the formation of –NH2–Cu(II) or –NH–Cu(II) complexes.
In the complexes, a pair of lone electrons from the N atom is shared
with the copper ions, and hence the electron cloud density of the N
atom is reduced, leading to a higher binding energy (BE) peak [47].
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Table  4
The values of separation factor based on the Langmuir equation.

C0 (mmol  L−1) 0.25 0.5 1 2 3 

RL 0.57 0.40 0.25 0.14 0.09

402400398396

Binding Energ y (eV )

399.48

Absorbed  Cu

398.68

Virgin

Fig. 14. XPS N 1s spectra of MA-CS/Fe3O4 before and after adsorption of Cu(II).

545540535530525
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absorbed Cu

529.68
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Fig. 15. XPS O 1s spectra of MA-CS/Fe3O4 before and after adsorption of Cu(II).
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[3] J.F. Liu, Z.S. Zhao, G.B. Jiang, Coating Fe3O4 magnetic nanoparticles with humic
Binding Energy  (eV)

ig. 16. XPS Cu 2p spectra of MA-CS/Fe3O4 before and after adsorption of Cu(II).

The O1s spectra of the adsorbent were investigated, in which
he two peaks at 529.68 and 532.48 eV can be assigned to Fe3O4
nd OH− groups, respectively [48,49]. After Cu(II) adsorption, the
E values of O1s almost have no change (shown in Fig. 15). This
esult revealed that the coordination between O atoms of –OH and
u(II) ions did not occur in the adsorption process.
The XPS Cu 2p spectra of MA-CS/Fe3O4 before and after adsorp-
ion of Cu(II) are shown in Fig. 16. The XPS spectrum of Cu 2p can
e fitted to two peaks at BE of 934.68 (Cu 2p3/2) and 954.68 eV (Cu
4 5 6 7 8
9 0.076 0.062 0.052 0.045 0.040

2p1/2). The peak at BE of 934.68 eV can be assigned to the complexes
of –NH2–Cu(II) or –NH–Cu(II), while the peak at BE of 954.68 eV
may  be attributed to the purely physical Cu(II) adsorption [49]. In
addition, the presence of a satellite band nearby the peak at BE of
954.68 eV may  represent the oxidation state (+2) of Cu(II) for the
Cu 2p1/2 orbital [50]. The results suggest the accumulation of Cu(II)
on the sorbents.

The XPS analysis confirmed that the adsorption process was
due to coordination between Cu(II) and N atoms. Nitrogen has a
greater tendency to donate its electron pair to Cu(II) to form a com-
plex through a coordinated covalent bond. At the desorption stage,
the Cu(II)–MA-CS/Fe3O4 complexes were placed into HCl solution,
which gave large amounts of H+. Compared with Cu(II) ions, H+

ions show stronger coordination ability. So Cu(II) ions were sub-
stituted by H+ ions in Cu(II)–MA-CS/Fe3O4 complexes and Cu(II)
ions returned to the solution. Finally, the MA-CS/Fe3O4 adsorbent
was regenerated after being stirred in NaOH solution and washed
to neutralize. Therefore, above operations maintained the high
adsorption capacity of MA-CS/Fe3O4 in each cycle.

4. Conclusions

In this study, a new adsorbent MA-CS/Fe3O4 with porous struc-
ture was synthesized for removing Cu(II) from aqueous solution.
The maximum adsorption capacity was 2.58 mmol g−1 at pH = 5.5,
T = 298 K, t = 25 min  and C0 = 5.0 mmol  L−1. Kinetics study indicates
that the adsorption behavior can be better described by the pseudo-
second-order equation (R2 > 0.999). Langmuir model fits better
with the experimental data (R2 > 0.999), suggesting the monolayer
adsorption between the adsorbent and Cu(II). The values of sepa-
ration constant (0 < RL < 1) indicate that the adsorption for Cu(II)
is a favorable process. The rate-controlling step may be chem-
ical adsorption. After adsorbing Cu(II), the Cu(II)–MA-CS/Fe3O4
complexes could be rapidly separated from aqueous solution by
external magnetic field. The adsorption mechanism was  confirmed
to be the coordination between Cu(II) and N atoms. The adsorbent
possesses excellent regenerative performance. The results show
that MA-CS/Fe3O4 is a promising adsorbent for removal of Cu(II)
from aqueous solutions.
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