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a b s t r a c t

A series of ethylenediamine (EDA)-functionalized magnetic polymers (EDA-MPs) have been prepared
via suspension polymerization with the usage amount of the functional monomer glycidylmethacry-
late (GMA) varied during the suspension polymerization procedure. The EDA-MPs were characterized
by transmission electron microscopy (TEM), vibrating sample magnetometer (VSM), X-ray diffractome-
ter (XRD), thermogravimetry and differential thermogravimetry analysis (TG-DTA), Fourier-transformed
infrared spectroscopy (FTIR) and elementary analyzer (EA). The adsorption properties of the EDA-MPs
for the removal of Cr(VI) in wastewater were deeply studied. The results showed the adsorption effi-
olymers (EDA-MPs)
unctional monomer
dsorption
hromium(VI)
angmuir isotherm

ciency was highly pH dependent and decreased with the increasing of initial concentration of Cr(VI). The
adsorption data taken at the optimized condition, i.e., 35 ◦C and pH of 2.5 were well fitted with the Lang-
muir isotherm. The maximum adsorption capacities (qm) of EDA-MPs to Cr(VI) were highly related to the
contents of EDA-MPs, i.e., the qm of EDA-MPs to Cr(VI) calculated from the Langmuir isotherm increased
from 32.15 to 61.35 mg g−1 with the increasing of the usage amount of GMA. The adsorption kinetic data
were modeled by the pseudo-second-order rate equation, and the adsorption of Cr(VI) by all the present

rium
EDA-MPs reached equilib

. Introduction

Chromium is a kind of widely used industrial chemical, which
s applied in electroplating and metal finishing processes, tanning
f leather, pigment and chemical industry, etc. [1–3]. Chromium
as two main oxidation states, i.e., Cr(III) and Cr(VI), in aqueous
ystems, in which, Cr(VI) is generally considered to pose great
uman health risk because it is more toxic, soluble and mobile
han Cr(III) [4,5]. Cr(VI) exists mainly in soluble forms of HCrO4

−,
r2O7

2−, and CrO4
2− in aqueous solution, with HCrO4

− being
redominant at pH below 6.5, while changing to CrO4

2− being pre-
ominant at pH above 6.5 [6]. Several Cr(VI) compounds act as
arcinogens, mutagens and teratogens in biological systems [7].

series of in vitro and in vivo studies have demonstrated that
r(VI) induces an oxidative stress through enhanced production
f reactive oxygen species (ROS) leading to genomic DNA damage

nd oxidative deterioration of lipids and proteins [8,9]. Cr(VI) has
ecome one of the most frequently detected ground water at haz-
rdous waste sites. It has been placed on the top of the priority
ist of toxic pollutants by the U.S. EPA [1]. Therefore, treatment of

∗ Corresponding author. Tel.: +86 574 88130129.
E-mail address: hyshen@nit.zju.edu.cn (H.-Y. Shen).

304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2010.06.029
in 60 min.
© 2010 Elsevier B.V. All rights reserved.

industry wastewater containing Cr(VI) prior to discharge is essen-
tial.

Conventional techniques such as reduction, reverse osmosis,
electrodialysis, ion exchange, and adsorption have been used for
removing Cr(VI) from wastewater [3]. The reduction followed by
precipitation has some disadvantages, i.e., higher waste treatment
equipment costs, significantly higher consumption of reagents, and
significantly higher volume of sludge generated [10]. Although
reverse osmosis and electrodialysis are superior in recovering
Cr(VI), it is difficult to reduce Cr(VI) in the effluent to an accept-
able level [3]. As far as ion exchange is concerned, it is an attractive
approach in treating the wastewater containing Cr(VI), but ion
exchange system is the complexity in regenerating the resin and
in recovering pure chromic acid [3].

Relatively, adsorption is a conventional but efficient technique
to remove Cr(VI) from wastewater. Many kinds of adsorbents for
wastewater treatment have been developed, such as activated car-
bon [11], activated alumina [12], coated silica gel [13] and treated
sawdust [14]. However, difficulties for separation rapidly and effec-

tively after treatment from wastewater have been limited their
application. To explore more suitable adsorbents for the purpose
has become a new great challenge.

Recently, based on the development of magnetic materials
(MMs), Hu, et al. reported a kind of magnetite (�-Fe2O3) used to

dx.doi.org/10.1016/j.jhazmat.2010.06.029
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:hyshen@nit.zju.edu.cn
dx.doi.org/10.1016/j.jhazmat.2010.06.029
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Scheme 1. Amino-function

emove Cr(VI) ion from industrial wastewater, which has super-
aramagnetic features and convenient separation characteristics
nder a magnetic field [15]. However, its maximum adsorption
apacity was only 17.0 mg g−1 [15].

In order to achieve high maximum adsorption capacity, var-
ous functional groups, including carboxylate, hydroxyl, sulfate,
hosphate, amide and amino groups, have been used to mod-

fy the conventional adsorbents [16,17]. Among these adsorbents,
mino- functionalized magnetic polymers would be expected to be
ffective ones for removing heavy metals. Under acidic conditions,
mino groups were easier to be protonated and electrostatic attrac-
ion happened between –NH3

+ and anions as in Eq. (1) [18]. Here,
NH3

+ and HCrO4
− were taken as representatives:

NH3
+ + HCrO4

− → –NH3
+· · ·· · ·HCrO4

− (1)

–NH3
+ can also contact with Cl−, and then ion exchange took

lace between HCrO4
− and Cl− as in Eq. (2) [19]:

NH3
+Cl− + HCrO4

− → –NH3
+HCrO4

− + Cl− (2)

Recently, Huang et al. reported an amino-functionalized mag-
etic adsorbent which was prepared by the covalent binding of
olyacrylic acid (PAA) on the surface of Fe3O4 particles and fol-

owed by amino-functionalization with diethylenetriamine (DETA)
ia carbodiimide activation. The maximum adsorption capacity of
his adsorbent to Cr(VI) was only 11.24 mg g−1 [20], which was
lightly lower than that of the magnetite (�-Fe2O3) mentioned
bove [15]. Thus, although amino-functionalized materials have
een proved to be effective ones for removing Cr(VI) from industry
astewater, their adsorption properties would be affected remark-

bly by the preparation technics.
In this study, a series of novel amino-functionalized mag-

etic polymers have been synthesized. The paramagnetic Fe3O4
as firstly coated with oleic acid. Methyl methacrylate (MMA),
ivinylbenzen (DVB) and glycidylmethacrylate (GMA) were then
o-polymerized via the suspension polymerization procedure

ver the magnetic core to obtain epoxyl-functionalized mag-
etic polymer. Finally, ethylenediamine was grifted onto the
urface of the polymer via ring-opening reaction. Thus, the
arget ethylenediamine-functionalized magnetic polymers were
btained, named as EDA-MPs infra. The preparation procedure was
ion procedure of EDA-MPs.

illustrated in Scheme 1. The EDA-MPs were characterized by TEM,
VSM, XRD, TGA, FTIR and EA.

The objective of this study is to investigate the effect of the
usage amount of the functional monomer, i.e., glycidylmethacrylate
(GMA) used in the co-polymerization procedure, which would sub-
sequently lead to obtain various EDA-MPs with different amount
of amino groups, on the adsorption properties of the EDA-MPs.
The effectiveness of the EDA-MPs for the removal of Cr(VI) in
wastewater was verified from laboratory batch tests. The optimized
adsorption conditions were obtained by intensively investigating
the effects of pH value, the initial concentration of Cr(VI), etc. The
adsorption kinetics and adsorption isotherm were studied. Some
promising results were obtained.

2. Experimental

2.1. Materials and reagents

All the necessary chemicals were of analytical grade and were
purchased from the Sinopharm Chemical Reagent Co., Ltd. All the
dilutions were prepared by ultrapure water.

2.2. Synthesis of EDA-MPs

Fe3O4 magnetic particles were prepared according to the
reported procedure [21,22] after minor modification. 1.0 g Fe3O4
particles was dispersed in 200 mL ethanol under ultrasonication,
then 5 mL oleic acid was added dropwisely into the above system
under stirring at 80 ◦C for 1 h. The oleic acid coated Fe3O4 particles
(OA-M) were isolated in the magnetic field and washed with water
and ethanol to remove redundant oleic acid.

The EDA-MPs were prepared by the following steps based on
the suspension polymerization and ring-opening reactions.

2.0 g polyglycol was dissolved into 200 mL hot water, followed
by adding 4 mL (0.04 mol) methyl methacrylate (MMA) and 2 mL

(0.014 mol) divinylbenzen (DVB) and 2 mL (0.013 mol) glycidyl-
methacrylate (GMA). Then 1.0 g OA-M was dispersed to the above
system under ultrasonication. Finally, 1.0 g benzoyl peroxide (BPO)
dissolved in 20 mL ethanol was added dropwisely under vigor-
ously stirring. The mixture was continuously reacted at 80 ◦C for
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h, yielding M-co-poly(MMA-DVB-GMA) polymer. The resulting
-co-poly(MMA-DVB-GMA) was isolated under magnetic field and
ashed with water and ethanol to make it free from redundant
MA, DVB and GMA.
1.25 g of the M-co-poly(MMA-DVB-GMA) was dispersed into

0 mL methanol in a 100 mL flask. 7 mL (0.1 mol) of the EDA was
dded dropwisely under stirring. The flask was then fitted with
water condenser and heated at 80 ◦C for 8 h. The final amino-

unctionalized Fe3O4 magnetic polymers named as EDA-MPs-2
ere isolated under magnetic field and washed with water and
ethanol to pH value at ∼7.0 to remove redundant diamines. The

DA-MPs-2 were dried in a vacuum oven at 60 ◦C and stored in a
ealed bottle for further use.

Other EDA-MPs with different usage amount of glycidyl-
ethacrylate (GMA) (4, 6, 8, 10 mL) were synthesized in a similar
ay, and named as EDA-MPs-4, EDA-MPs-6, EDA-MPs-8, and EDA-
Ps-10, respectively.

.3. Characterization of EDA-MPs

The morphology and dimensions of the synthesized EDA-
Ps were examined by transmission electron microscopy (TEM)

Hitachi H-7650) at 80 kV. Each sample was prepared by placing a
ery dilute particle suspension onto 400 mesh carbon grids coated
ith copper film. Magnetic behavior was analyzed by a vibrating

ample magnetometer (VSM) (Lake Shore 7410). The structures
f EDA-MPs were determined by an X-ray diffractometer (XRD)
Bruker D8 Advance) at ambient temperature. The instrument
as equipped with a copper anode generating Cu K� radiation

� = 1.5406 Å). Thermogravimetry and differential thermogravime-
ry analysis (TG-DTA) on a TG 209 F1 instrument at a heating
ate of 20 ◦C min−1, in a nitrogen atmosphere with a flow rate
f 20 mL min−1. FTIR spectra were recorded on a Thermo Nicolet
NEXUS-470) FTIR spectrometer. Nitrogen percentage of EDA-MPs
as analyzed with an elementary analyzer (EA) (ThermoFisher

lash-1112). Fe3O4 percentage was calculated via the content of
he Fe of EDA-MPs, which was obtained by detection of iron ions
sing a spectrophotometer (722, Shanghai, China) according to the
tandard colorimetric method [23]. The concentration of Cr(VI) ions
n the aqueous solution was also analyzed with a spectrophotome-
er (722, Shanghai, China) according to the standard method [24]
t a wavelength of 540 nm after acidification of samples with 1N
2SO4 and reaction with 1,5-diphenyl carbazide to produce a pur-
le colour complex for colorimetric measurement.

.4. Adsorption studies

A stock solution of Cr(VI) at concentration of 1000 mg L−1 was
repared by dissolving a known quantity of potassium dichromate
K2Cr2O7) in ultrapure water. Batch adsorption studies were per-
ormed by mixing 0.05 g EDA-MPs with 40 mL K2Cr2O7 solution of
arying concentration from 10 to 150 mg L−1 in a 100 mL stopper
onical flask. 1.0 M HCl and 0.5 M NaOH solutions were used for
H adjustment. To investigate the effect of pH, 40 mL of 50 mg L−1

r(VI) with pH ranging from 2.0 to 9.0 were mixed with 0.05 g EDA-
Ps for 24 h to reach equilibrium. When the effect of initial Cr(VI)

oncentration of the solutions and the usage amount of GMA were
nvestigated, the pH value was 2.5, the usage amount of EDA-MPs

as 0.05 g, and the initial Cr(VI) concentration of the solutions was

arying from 10 to 150 mg L−1. For the adsorption kinetic stud-
es, under pH value of 2.5, 0.05 g EDA-MPs was added into 40 mL
f 50 mg L−1 Cr(VI) with contact time ranging from 1 to 120 min,
nd samples were taken for Cr(VI) concentration measurements at
pecific time intervals.
Materials 182 (2010) 295–302 297

2.5. Modeling and analysis of adsorption data

2.5.1. Adsorption model
The equilibrium adsorption capacities, qe (mg g−1), were deter-

mined for each adsorbent by analyzing Cr(VI) concentration before
and after the treatment using the equation below:

qe = (C0 − Ce)V
m

(3)

where C0 and Ce are the initial and equilibrium Cr(VI) concentra-
tions in the solution (mg L−1), m is the adsorbent dosage (mg), and
V is the volume of the solution (mL), the same hereinafter.

An adsorption isotherm was used to characterize the maximum
adsorption capacity of the given adsorbent. Because data on adsorp-
tion from a liquid phase were found to fit the Langmuir equation,
the adsorption isotherm was tested to validate the Cr(VI) uptake
behavior of the adsorbent. The Langmuir model assumes that the
adsorption of Cr(VI) occurs on a homogeneous surface by mono-
layer adsorption without any interaction between the adsorbed
ions and is expressed as

Ce

qe
= 1

Kqm
+ Ce

qm
(4)

where qm and K are the Langmuir constants that are related to the
maximum adsorption capacity and apparent heat change, respec-
tively.

2.5.2. Kinetic model
The adsorption kinetic data obtained from batch experiments

were analyzed using a pseudo-second-order rate equation [25] as

t

qt
= 1

k2q2
e.c

+ t

qe.c
(5)

where qt is the amounts of Cr(VI) adsorbed onto adsorbent any time
t (mg g−1) and k2 is the second-order rate constant at the equilib-
rium (g mg−1 min−1). Thus, by plotting t/qt against t, the values of
k2 (slope2/intercept), qe.c (1/slope) and k2q2

e.c (the initial adsorption
rate (mg g−1 min−1), 1/intercept) can be determined graphically
from the slope and intercept of the revealed plots.

3. Results and discussion

3.1. Characterization of EDA-MPs

3.1.1. The TEM and XRD analysis of EDA-MPs
The TEM spectra of the EDA-MPs were shown in Fig. 1. It

revealed that the diameter of EDA-MPs increased from 300 to
600 nm with the increasing of the usage amount of GMA during the
co-polymerization procedure. The XRD of EDA-MPs-4 was taken
as a representative for discussion. The XRD patterns of EDA-MPs-4
showed six characteristic peaks of Fe3O4 at 2� of 30.1◦, 35.5◦, 43.1◦,
53.4◦, 57.0◦ and 62.6◦ corresponding to their indices (2 2 0), (3 1 1),
(4 0 0), (4 2 2), (5 1 1) and (4 0 0). It revealed that chemical modifica-
tion of the magnetic cores did not make significant changes in the
phase property of Fe3O4 cores.

3.1.2. The VSM and Fe3O4 percentage analysis of EDA-MPs
The paramagnetic properties of the EDA-MPs were verified by

VSM as shown in Fig. 2. The saturation moments obtained from
the hysteresis loop were found to be 12.3, 12.13, 10.51, 8.85 and
5.56 emu g−1 for EDA-MPs-2, EDA-MPs-4, EDA-MPs-6, EDA-MPs-8,

and EDA-MPs-10, respectively. The results were consistent to the
Fe3O4 percentage of EDA-MPs, which were found to be 13.3, 10.8,
7.16, 6.39 and 3.3%, respectively. The EDA-MPs were expected to
respond well to magnetic fields without any permanent magneti-
zation, making the solid and liquid phases separate easily.
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Fig. 1. TEM image of (a) EDA-MPs-2, (b) EDA-MPs

.1.3. The TG and EA analysis of EDA-MPs
The TG/DTG analyses of EDA-MPs-10, M-co-poly (MMA-DVB-

MA) and co-poly (MMA-DVB-GMA) were shown in Fig. 3. By
omparing the TGA/DTG analyses of EDA-MPs-10 with co-poly
MMA-DVB-GMA), it can be seen that the weight loss (close to
8.7%), beginning at around 370 ◦C and completing by ∼525 ◦C,
ould be attributed to the desorption of polymer of the surface layer.

hile by comparing to M-co-poly (MMA-DVB-GMA), the weight
oss (close to 28.6%), beginning at around 290 ◦C and completing by
370 ◦C could be attributed to the desorption of amine groups on

he surface and one more weight loss (close to 3.6%), from 525 to
90 ◦C, could be attributed to the loss of oleic acid (OA). In the case
f EDA-MPs-2, EDA-MPs-4, EDA-MPs-6, EDA-MPs-8, and EDA-MPs-
0, the results of the TGA/DTG analyses and the nitrogen percentage
btained from EA were listed in Table 1. It can be seen that the
eight loss at ∼350 ◦C of the EDA-MPs increased (from ∼0% to

8.6%) with the increasing of the usage amount GMA in the prepa-

ation procedure, which subsequently resulted in the increasing
f amino-groups via ring-opening reaction, and eventually leading
ncreasing of the nitrogen percentage (from 1.80% to 3.87%).

able 1
he TGA and EA analysis of EDA-MPs.

EDA-MPs TGA N (%)

T1 (◦C) TG1 (%) T2 (◦C) TG2 (%) T3 (◦C) TG3 (%)

EDA-MPs-2 / / 430.8 67.08 659.8 9.58 1.80
EDA-MPs-4 341.0 17.91 427.1 56.56 638.2 6.49 2.34
EDA-MPs-6 351.1 21.57 427.9 5386 647.7 5.44 2.88
EDA-MPs-8 348.4 27.32 425.2 50.13 640.4 4.57 3.63
EDA-MPs-10 348.2 28.57 424.5 48.71 631.1 3.6 3.87
EDA-MPs-6, (d) EDA-MPs-8, and (e) EDA-MPs-10.

3.1.4. The FTIR analysis of EDA-MPs
The IR spectra of OA-M, M-co-poly(MMA-DVB-GMA) and EDA-

MPs-8 were shown in Fig. 4. In the IR spectra of OA-M (Fig. 4(a)),
the characteristic band of Fe3O4 occurs at ∼589 cm−1. Other
typic bands can be assigned as follows, �(–OH): ∼3446 cm−1,
�(–CH2, –CH3): ∼2924 cm−1, ∼2853 cm−1, �(C O): ∼1630 cm−1

and �(C C): ∼1429 cm−1. These revealed that the Fe3O4 was coated
with oleic acid. After co-polymerization, the characteristic absorp-
tions of C O groups at ∼1728 cm−1, C C groups of benzene at
∼1603 cm−1, C–O–C groups at ∼1269 and ∼1147 cm−1 appeared,
as shown in Fig. 4(b). After further amino-functionalization, the
characteristic peaks of –NH– and –NH2– groups at ∼1638 and
∼3422 cm−1 appeared, shown in Fig. 4(c). This revealed that the
epoxyl- of M-co-poly(MMA-DVB-GMA) had been functionalized
successfully with the amino groups via ring-opening reaction.

This phenomenon was also observed in the cases of the other
four EDA-MPs.

3.2. Effect of pH value on the adsorption properties

40 mL of 50 mg L−1 Cr(VI) with pH ranging from 2.0 to 9.0 were
mixed with 0.05 g EDA-MPs, and the results were shown in Fig. 5.
As shown in Fig. 5, the adsorption efficiency was highly pH depen-
dent. The percentage of uptake of Cr(VI) decreased from 67.3% to
1.73%, 83.2% to 1.63%, and 96.8% to 1.51%, 99.4% to 3.76%, 99.4%
to 3.4% gradually with the increasing of pH value from 2.5 to 9.0
for EDA-MPs-2, EDA-MPs-4, EDA-MPs-6, EDA-MPs-8, EDA-MPs-10,

respectively.

The dependence of Cr(VI) on the pH can be explained from the
perspective of surface chemistry in an aqueous phase. The surfaces
of EDA-MPs are generally covered with amino groups that vary in
form at different pH levels. Under acidic conditions, amino groups
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Fig. 2. VSM of (a) EDA-MPs-2, (b) EDA-MPs-4, (c) EDA-MPs-6, (d) EDA-MPs-8, and (e) EDA-MPs-10.

Fig. 3. TGA analysis of (a) EDA-MPs-10, (b) M-co-poly(MMA-DVB-GMA), and (c)
co-poly (MMA-DVB-GMA).

Fig. 4. FTIR adsorption spectra of (a) OA-M, (b) M-co-poly(MMA-DVB-GMA) and (c)
EDA-MPs-8.
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Fig. 6. Effect of initial concentration on the adsorption efficiency (a) and adsorption
capacities (b) of Cr(VI) by EDA-MPs.

Fig. 7. Langmuir isotherms for Cr(VI) adsorption onto EDA-MPs.

Table 2
The Langmuir isotherms and constants of EDA-MPs.

EDA-MPs Langmuir isotherms Langmuir constants

K (L mg−1) R2 qm (mg g−1)
Fig. 5. Effect of pH value on the adsorption of Cr(VI) by EDA-MPs.

ere easier to be protonated and electrostatic attraction happened
s in Eq. (1), –NH3

+ can also contact with Cl−, and then ion exchange
ook place between HCrO4

− and Cl− as in Eq. (2). With increas-
ng of the pH value, the concentration of H+ was decreased, and
t the same time the concentration of OH−, which competed with
CrO4

−, was increased. So the ability of –NH2 to be protonated was
eakened, resulting in the decline of removal efficiency.

.3. Effect of initial concentration on the adsorption properties

40 mL of 50 mg L−1 Cr(VI) solution and 0.05 g EDA-MPs were
ixed with pH value at 2.5. The effect of initial concentration on

he adsorption of Cr(VI) was shown in Fig. 6. Similar curve shapes
f all the EDA-MPs were observed. The adsorption efficiencies of
r(VI) decreased with the increasing of the initial Cr(VI) concen-
ration, while the adsorption capacities increased. This is expected
ue to the fact that for a fixed adsorbent dosage, the total available
dsorption sites are limited thus leading to a decrease in percentage
emoval of the adsorbate with an increasing of the initial concentra-
ion. However, with the increasing of initial concentration of Cr(VI),
he adsorption capacities increased before it reached the adsorp-
ion equilibrium. In this work, the adsorbate solute equilibrium
oncentration for EDA-MPs-2, EDA-MPs-4, EDA-MPs-6, EDA-MPs-
, EDA-MPs-10, were 100, 100, 120, 140, 140 mg L−1, while the
dsorption capacities were 32.25, 35.57, 48.85, 61.15, 61.69 mg g−1,
espectively.

.4. Effect of the usage amount of GMA

As mentioned above, the adsorption properties of amino-
unctionalized MPs would be affected remarkably by the
reparation technics, the effects of the usage amount of GMA in
he polymerization process on the adsorption capacity were deeply
nvestigated in this work. The adsorption behaviors of the EDA-MPs
bey Langmuir equation. The adsorption isotherms of EDA-MPs
ere obtained at temperature of 35 ◦C and pH value at 2.5 by vary-

ng the initial concentration of Cr(VI) from 10 to 150 mg L−1, and the
esults were shown in Fig. 7. The Langmuir isotherm, parameters
nd the correlation coefficient of the adsorption data to the equa-
ions were listed in Table 2. It can be seen that the Langmuir model
ffectively described the adsorption data with all R2 > 0.99. Thus,
he applicability of monolayer coverage of Cr(VI) on the surface of

DA-MPs was verified. By comparison of qm, the adsorption capac-
ty of Cr(VI) onto EDA-MPs increased from 32.15 to 61.35 mg g−1

ith the increasing of the amount of GMA from 2 to 10 mL used for
DA-MPs preparation. As a functional monomer, glycidylmethacry-
ate (GMA) the more it was used in the polymerization process,

EDA-MPs-2 Ce/qe = 0.0311Ce + 0.0251 1.239 0.9995 32.15
EDA-MPs-4 Ce/qe = 0.0273Ce + 0.0305 0.8951 0.9995 36.63
EDA-MPs-6 Ce/qe = 0.0202Ce + 0.0127 1.591 0.9997 49.5
EDA-MPs-8 Ce/qe = 0.0164Ce + 0.0079 2.076 0.9986 60.98
EDA-MPs-10 Ce/qe = 0.0163Ce + 0.0064 2.547 0.9998 61.35
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Table 3
The pseudo-second-order rate equations and constants of EDA-MPs.

EDA-MPs Pseudo-second-order rate equations k2 (g mg−1 min−1) qe (mg g−1) qe.c (mg g−1) k2q2
e (mg g−1 min−1) R2

EDA-MPs-2 t/qt = 0.0391t + 0.0133 0.0938 25.4 25.58 75.19 0.9999
EDA-MPs-4 t/qt = 0.0358t + 0.0147 0.0872 27.6 27.93 68.03 0.9999
EDA-MPs-6 t/qt = 0.0298t + 0.0142 0.0625 33.3 33.56 70.42 1
EDA-MPs-8 t/qt = 0.0269t + 0.022 0.0329 36.9 37.17 45.45 0.9999
EDA-MPs-10 t/qt = 0.0268t + 0.0206 0.0349 37.0 37.31 48.54 1

Table 4
Adsorption capacities of various adsorbents for Cr(VI).

Adsorbents Equilibrium time (min) pH qm (mg g−1) Ref.

EDA-MPs-2 5 2.5 32.15 This work
EDA-MPs-4 10 2.5 36.63 This work
EDA-MPs-6 30 2.5 49.5 This work
EDA-MPs-8 60 2.5 60.98 This work
EDA-MPs-10 60 2.5 61.35 This work
Crosslinked cationic starch maleates 20 4.0 35.71 [26]
Wheat bran 1440 2.1 35 [27]
Modified MnFe2O4 5 2.0 31.55 [28]
Iron humate r.t. 3.9–4.6 20 [29]
Maghemite nanoparticles 15 2.0 19.2 [10]
Poly(GMA-co-MMA)-ED 120 2.0 22.9a [30]
Green algae Spirogyra species 120 2.0 14.7 [31]
Chlamydomonas reinhardtii 120
Lignin >600

a Calculated from literature (reported as 0.441 mol L−1).
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EDA-MPs was not so strong as pure Fe O cores, the EDA-MPs
Fig. 8. Kinetic studies on the adsorption of Cr(VI) by EDA-MPs.

he more epoxyl-groups in the epoxyl-MPs would be obtained,
hich would subsequently lead to more amino groups binded onto

he surface of the Fe3O4 cores via ring-opening reaction. Eventu-
lly, higher maximum adsorption capacities can be achieved. These
esults were consistent with the findings in the TGA analysis above
nd the results of EA analysis as described in Table 1 for all of the
DA-MPs. The values of qm increased from 32.15 to 61.35 mg g−1

ith the increasing of nitrogen percentage from 1.80% to 3.87%
n the EDA-MPs, which indicated that the amino groups played a
ery important role in the adsorption process of Cr(VI) in aqueous
olution.

.5. Kinetic studies

In order to monitor the adsorption kinetic process, 40 mL of
0 mg L−1 Cr(VI) solution were mixed with 0.05 g EDA-MPs at pH

alue of 2.5, and samples were taken at intervals. The results were
hown in Fig. 8. It can be seen that the adsorption rate of each EDA-
Ps to Cr(VI) was initially quite high, then gradually reached to an

quilibrium in 60 min. The adsorption kinetic data obtained from
2.0 18.2 [32]
∼3.0 5.64 [33]

batch experiments have been analyzed using a pseudo-second-
order rate equation. The equations and the values of k2 and qe.c

and the initial adsorption rate (k2q2
e ) calculated from the equa-

tions were listed in Table 3. The calculating equilibrium adsorption
capacities (qe.c) from the pseudo-second-order model (25.58, 27.93,
33.56, 37.17 and 37.31 mg g−1) were close to the experimental qe

(25.4, 27.6, 33.3, 36.9 and 37.0 mg g−1) for EDA-MPs-2, EDA-MPs-4,
EDA-MPs-6, EDA-MPs-8 and EDA-MPs-10, respectively. This indi-
cated that this model can be applied to predict the adsorption
kinetic and the adsorption capacities of the EDA-MPs adsorbents
were proportional to the number of active sites on their surface
[25]. Along with the functional groups of amine increased, the num-
ber of active sites on their surface increased as well, which resulted
in increasing of qe for EDA-MPs.

3.6. Adsorption properties comparison

The maximum adsorption capacities of EDA-MPs with other
adsorbents examined for the removal of Cr(VI) under similar con-
ditions reported in the literature were summarized in Table 4.
As shown in Table 4, any of the present EDA-MPs had a much
higher maximum adsorption capacity compared to other adsor-
bents reported in the literature. They are very promising particles
for the removal of Cr(VI) in wastewater.

4. Conclusion

From above discussion, following conclusions can be drawn:

(1) A series of core–shell structured EDA-MPs have been syn-
thesized. TEM and XRD analyses revealed that the structure
of Fe3O4 cores was not changed significantly after co-
polymerization and amino-functionalization. Although mag-
netic measurement revealed that the magnetic properties of
3 4
were expected to respond well to magnetic fields without any
permanent magnetization, therefore making the solid and liq-
uid phases separate easily. TGA and FTIR analysis indicated the
amino-functionalization has been accomplished by the reaction



3 ardous

(

(

A

o
M
o
B

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

02 Y.-G. Zhao et al. / Journal of Haz

between the epoxyl-groups of glycidylmethacrylate (GMA) and
the amino groups of ethylenediamine (EDA) via ring-opening
reaction.

2) The effectiveness of the present EDA-MPs for the removal
of Cr(VI) in wastewater were verified from laboratory batch
tests. The removal efficiency was highly pH dependent and the
optimal adsorption occurred at pH 2.5. The adsorption data
for Cr(VI) onto EDA-MPs were well fitted with the Langmuir
isotherm, and the maximum adsorption capacity increased
with the increasing of the usage amount of the functional agent,
i.e., glycidylmethacrylate (GMA).

3) The adsorption of Cr(VI) by all the present EDA-MPs reached
equilibrium in 60 min. The data of adsorption kinetics
obeyed pseudo-second-order rate mechanism well with an
initial adsorption rate of 75.19, 68.03, 70.42, 45.45 and
48.54 mg g−1 min−1 for EDA-MPs-2, EDA-MPs-4, EDA-MPs-6,
EDA-MPs-8 and EDA-MPs-10, respectively.
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