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lly separable anhydride-
functionalized Fe3O4@SiO2@PEI-NTDA
nanoparticles as effective adsorbents: synthesis,
stability and recyclable adsorption performance for
heavy metal ions
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In this paper, a novel adsorbent, Fe3O4@SiO2@PEI-NTDA, was first prepared by the immobilization of an

amine and anhydride onto magnetic Fe3O4@SiO2 nanoparticles with polyethylenimine (PEI) and 1,4,5,8-

naphthalenetetracarboxylic-dianhydride (NTDA) for the removal of heavy metal ions from aqueous

solutions. The structure of Fe3O4@SiO2@PEI-NTDA was systematically investigated; the results confirmed

that amine and anhydride groups were successfully covalently grafted onto the surface of Fe3O4@SiO2,

which showed a homogenous core–shell structure with three layers of about 300 nm diameter (Fe3O4

core: 200 nm, nSiO2 layer: 20 nm, and PEI-NTDA layer: 20 nm). The adsorption performance of

Fe3O4@SiO2@PEI-NTDA NPs was evaluated for single Pb2+ and coexisting Cd2+, Ni2+, Cu2+, and Zn2+

ions in an aqueous solution in a batch system. The amine and anhydride groups may have a synergistic

effect on Pb2+ removal through electrostatic interactions and chelation; Fe3O4@SiO2@PEI-NTDA NPs

exhibited preferable removal of Pb2+ with maximum adsorption capacity of 285.3 mg g�1 for Pb2+ at

a solution pH of 6.0, adsorbent dosage of 0.5 g L�1, initial Pb2+ concentration of 200 mg L�1 and

contact time of 3 h. The adsorption mechanism conformed well to the Langmuir isotherm model, and

the adsorption kinetic data were found to fit the pseudo-second order model. Fe3O4@SiO2@PEI-NTDA

NPs could be recovered easily from their dispersion by an external magnetic field and demonstrated

good recyclability and reusability for at least 6 cycles with a high adsorption capacity above 204.5 mg

g�1. The magnetic adsorbents showed high stability with a weight loss below 0.65% in the acid leaching

treatment by 2 M HCl solution for 144 h. This study indicates that Fe3O4@SiO2@PEI-NTDA NPs are new

promising adsorbents for the effective removal of Pb2+ in wastewater treatment.
1. Introduction

The discharge of wastewaters from various industrial activities,
releasing many heavy metal contaminants, such as Cd2+, Ni2+,
Cu2+ and Pb2+, has become one of the major environmental
concerns in recent years.1 Heavy metal contaminants in such
effluents are non-biodegradable and accumulate easily in living
organisms through the food chain. Most heavy metals are
known to be toxic; they may cause great damage to tissues and
organs and even lead to dysmorphia and cancer even at low
concentrations,2 posing a serious threat to human health,
animals, plants and urban ecosystems. Among these heavy
metals, Pb2+ is recognized as one of the most toxic elements; it
can damage the kidney, liver, central nervous system, and
al Science, Zhengzhou University of Light
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hemistry 2019
especially the brain.3 Therefore, it is extremely essential to
eliminate lead ions from waste water prior to its disposal. The
maximum permissible levels of lead in drinking water have
been established, including 0.010 mg L�1 by the EU and
0.015 mg L�1 by the US EPA, to protect natural water bodies
from being contaminated by effluents containing such a heavy
metal.4

Several methods have been developed to eliminate heavy
metal ion contaminants from their wastewaters including
reverse osmosis, co-precipitation,5 ion exchange,6 coagulation–
occulation,7 membrane processes,8 chemical oxidation,9 bio-
logical processes,10 chemical treatment,11 and adsorption.12

However, all these methods have their own limitations, such as
time-consuming procedures, requirement for expensive equip-
ment, and/or continuous need of chemical replenishment.
Among these technologies mentioned above, adsorption has
been considered to be one of the most commonmethods for the
removal of heavy metal ions because of its ease of operation and
RSC Adv., 2019, 9, 9533–9545 | 9533
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high effectiveness. The key subject in adsorption technologies is
to develop an efficient adsorbent with a rapid, selective, cost-
effective and highly effective adsorption process; this has
received intensive research attention. Thus, a variety of mate-
rials, such as activated carbons,13 zeolites,14 and biomaterials,15

have been investigated as adsorbents for heavy metal ion
removal from wastewater. However, these adsorbents generally
need to be separated from the water treatment system aer the
adsorption process by methods such as centrifugation or
ltration. These inconvenient separation procedures prevent
their large-scale applications in water treatment.

Hence, magnetic adsorbent materials, especially Fe3O4, have
attracted wide interest in environmental remediation programs
due to their easy and cost-effective separation processes only by
using an external magnetic eld and also because of their
biocompatibility. However, naked Fe3O4 NPs, possessing high
surface energy, tend to form aggregations quickly; this elimi-
nates their adsorption properties and magnetic efficiency.
Additionally, naked Fe3O4 is known to be prone to oxidation
and is highly susceptible to leaching under acidic conditions.
To stabilize and modify magnetic Fe3O4 particles and further
improve their adsorption properties, composite materials have
been fabricated in core–shell structures with polymers, silica-
containing organic materials or other materials as a shell,
such as Fe3O4@MOx (M ¼ Si, Mn, Ti, and Al)16–18 and Fe3O4@-
polymer.19 One of the most important methods is the intro-
duction of a dense SiO2 layer on the surface of magnetite Fe3O4

particles, which is very stable in acidic conditions and is inert to
redox reactions; thus, it can effectively protect the inner
magnetite cores from leaching in an acidic medium in practical
applications.20 Additionally, SiO2 having abundant hydroxyl
groups on its surface can be further modied by other func-
tional groups to improve its properties. Recently, various func-
tional groups have been anchored to the surface of Fe3O4@SiO2

composites to improve their adsorption properties, and these
examples include EDTA-modied Fe3O4@SiO2,21 dimercapto-
succinic acid-coated Fe3O4@SiO2,22 and (3-aminopropyl)
trimethoxysilane-modied Fe3O4@SiO2.23 Polyethylenimine
(PEI), a hydrophilic polymer, has also been frequently used to
improve the adsorption properties of materials towards metal
ions because of the abundant functional amine groups in its
structure.24 PEI has usually been graed to other matrices such
as insoluble polymers,25 biomass,26 and cellulose27 to prevent its
dissociation from the surface of the matrices during adsorption
operations; it has also been used to construct magnetic hybrid
nanomaterials for environmental applications in heavy metal
ion removal.28–30

In this work, to synthesize a magnetically separable adsor-
bent with high stability and adsorption capacity, a new type of
magnetic silica material with amine and anhydride-
functionalized layers was fabricated by covalently graing
a PEI polymer, followed by anhydride functionalization with
1,4,5,8-naphthalenetetracarboxylic-dianhydride (NTDA) onto
the surface of Fe3O4@SiO2, as shown in Scheme 1. The PEI-
NTDA layer on Fe3O4@SiO2 not only endowed the nal
magnetic adsorbents with hydrophilicity, reducing nonspecic
adsorption during wastewater treatments, but also provided
9534 | RSC Adv., 2019, 9, 9533–9545
numerous amine and anhydride groups, which may synergis-
tically coordinate or chelate with heavy metal ions. All these
characteristics were expected to endow the nal adsorbents
with high adsorption capacity of heavy metal ions in wastewater
treatments. The properties of the as-prepared Fe3O4@SiO2@-
PEI-NTDA adsorbent, including its stability in acid, magnetic
performance, reusability, adsorption capacity and adsorption
mechanism on Pb2+, were systematically evaluated in this work.
2. Experimental
2.1. Chemicals

The chemicals used in this work were all of analytical grade
and were used without any purication treatment. Ferric
chloride hexahydrate (FeCl3$6H2O, Tianjin Fengchuan
Chemical Reagent Science and Technology Co., Ltd., China),
anhydrous sodium acetate (NaAc) and ethylene glycol (EG,
both from Aladdin Reagent Co. Ltd., Shanghai, China) were
used to prepare the magnetic Fe3O4 nanoparticles. Tetraethy-
lorthosilicate (TEOS), ethanol, and ammonium hydroxide
(25% w/w) were all purchased from Aladdin and used to
prepare SiO2 on the surface of Fe3O4. Methane sulfonic acid
(10%, Merck Chemical Technology Co., Ltd., Shanghai,
China), 3-chloropropyltrimethoxysilane (Hua Kai Resin Co.,
Ltd.) and branched polyethyleneimine (PEI, molecular weight
10 000, 99%, Shanghai Hansi Chemical Industry Co., Ltd.) were
used to gra PEI onto the surface of Fe3O4@SiO2. 1,4,5,8-
Naphthalenetetracarboxylic-dianhydride (NTDA), N-methyl
kelopyrrolidide (NMP) and methane sulfonic acid were
purchased from Shanghai Macklin Biochemical Co., Ltd. and
were used to functionalize Fe3O4@SiO2@PEI. The reagents HCl,
HNO3, and NaOH were purchased from Tianjin Fengchuan. All
solutions of Pb2+, Cd2+, Ni2+, Cu2+ and Zn2+ (Merck Chemical
Technology Co., Ltd., Shanghai, China) were prepared using
doubly distilled water.
2.2. Apparatus

X-ray diffraction (XRD) patterns were acquired on a Bruker D8
Advance diffractometer using Cu Ka radiation in the angular
range from 5� to 90� to analyze the crystal structures of the
samples. Scanning electron microscopy (SEM) (JSM-6490LV)
and eld emission scanning electron microscopy (FESEM)
(JEOL, JSM-7001F) were used to observe the surface structures of
the samples. The core–shell structures and sizes of the samples
were conrmed by high-resolution transmission electron
microscopy (HRTEM) (JEOL, JEM-2100). Infrared absorption
spectra were collected using a Fourier transform infrared (FT-
IR) spectrometer (NICOLET 380) to analyze the compositions
of the samples. A thermogravimetric analyzer (TGA, Diamond,
Japan) was used to collect the weight loss curves of the samples
at a heating rate of 10 �C min�1 to 1000 �C under an N2 ow of
200 mLmin�1. Atomic absorption spectroscopy (AAS) (ContrAA-
700) was used to determine the metal ion concentrations in the
solutions. A high eld vibrating sample magnetometer (LS7307-
9309) was used to evaluate the magnetic properties of the
samples.
This journal is © The Royal Society of Chemistry 2019
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Scheme 1 The diagram of the synthesis process of Fe3O4@SiO2@PEI-NTDA NPs and their application in Pb2+ removal.
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2.3. Synthesis of Fe3O4 NPs

The magnetic Fe3O4 NPs were synthesized by the conventional
solvothermal method.31 In a typical procedure, 1.80 g FeCl3-
$6H2O and 1.09 g NaAc were added to 30 mL EG with vigorous
stirring for 30 min; then, the mixture was heated at 200 �C in
a sealed Teon-lined stainless-steel autoclave with a volume of
50 mL for 12 h and naturally cooled to room temperature. The
product was magnetically separated and washed with ethanol
and deionized water, sequentially. The Fe3O4 NPs were dried
under vacuum at 60 �C for 12 h.
2.4. Synthesis of Fe3O4@SiO2 NPs

The Fe3O4@SiO2 NPs were fabricated as reported previously.32

Before coating Fe3O4 NPs with SiO2, freshly prepared 100 mg
Fe3O4 particles were dispersed in 100 mL HCl aqueous solution
with a concentration of 0.1 mol L�1; this mixture was placed in
an ultrasonic bath for 15 min to form –OH groups on the outer
surface of Fe3O4. Then, the hydroxylated Fe3O4 samples were
washed thoroughly with deionized water to pH � 7.0 and re-
dispersed in an ethanol/H2O (80 mL/20 mL) mixture.
NH3$H2O (1.0 mL) was added to the above dispersion; then,
0.5 mL TEOS was introduced. The mixture was placed in an
This journal is © The Royal Society of Chemistry 2019
ultrasonic bath for 10 min, followed by mechanical stirring for
6 h at room temperature. Then, the synthesized Fe3O4@SiO2

products were magnetically separated and washed with deion-
ized water and ethanol several times, followed by vacuum
drying at 60 �C for 12 h.
2.5. Synthesis of Fe3O4@SiO2@PEI-NTDA

In a representative procedure, Fe3O4@SiO2 NPs were treated
with an aqueous solution of methane sulfonic acid (10%) as an
activation reagent. The activated Fe3O4@SiO2 NPs and 0.1 mL 3-
chloropropyltrimethoxysilane were mixed in 30 mL xylene. The
mixture was added to a Teon-lined stainless-steel autoclave
with a volume of 50 mL in an oven and maintained at 130 �C for
24 h. Aer that, the autoclave was cooled to room temperature
and opened; then, PEI solution (10%) was added. The autoclave
was then resealed, and the reaction was continued at 130 �C for
another 24 h. The crude Fe3O4@SiO2@PEI samples were sepa-
rated and washed thoroughly with deionized water and ethanol.
Vacuum drying was carried out at 60 �C for 12 h. Also, 50 mg of
Fe3O4@SiO2@PEI NPs was suspended in 150 mL N-methyl
kelopyrrolidide under vigorous mechanical stirring, followed by
adding 0.134 g NTDA. The mixture was further maintained at
60 �C under stirring for 6 h. The products denoted as
RSC Adv., 2019, 9, 9533–9545 | 9535
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Fe3O4@SiO2@PEI-NTDA NPs were obtained by magnetic sepa-
ration, followed by washing and vacuum drying at 60 �C for
12 h.

2.6. Adsorption experiments

The adsorption properties of the Fe3O4@SiO2@PEI-NTDA
samples were estimated by batch experiments. In a typical
process, a certain amount of Fe3O4@SiO2@PEI-NTDA was
added to a plastic tube containing 50 mL aqueous solution at
room temperature with different initial concentrations of heavy
metal ions (Pb2+, Cd2+, Ni2+, Cu2+, and Zn2+), pH values,
adsorption times, adsorbent dosages and coexisting pH values
and adsorbent dosages. The tube was sealed and le for
a certain contact time. Aer the adsorption experiments, the
adsorbents were magnetically separated and the metal
concentration in the residual solution was tested to determine
the adsorption capacity of the adsorbent according to the
following equation:

Q ¼ ðCi � CtÞ
M

V (1)

Here, Q stands for the adsorption capacity of the adsorbent (mg
g�1), Ci stands for the initial metal ion concentration in the
solution (mg L�1), Ct refers to the residual metal ion concen-
tration (mg L�1),M stands for themass (g) of the adsorbent, and
V stands for the volume of the solution (L).

In order to evaluate the selectivity of the prepared Fe3O4@-
SiO2@PEI-NTDA adsorbent for Pb2+ over other metal ions,
namely, Cd2+, Ni2+, Cu2+, and Zn2+, adsorption experiments
were conducted with a contact time of 3 h by adding 25 mg
Fe3O4@SiO2@PEI-NTDA NPs to 50 mL solution (pH ¼ 6.0)
containing Pb2+, Cd2+, Ni2+, Cu2+, and Zn2+, each of which had
an initial concentration of 200 mg L�1.

2.7. Leaching test

The material stability of Fe3O4@SiO2@PEI-NTDA NPs was
evaluated by the ratio of the mass of Fe3O4 leached by HCl
solution to the total mass of the Fe3O4@SiO2@PEI-NTDA
adsorbent. The specic process is as follows: 10 mg of the
Fe3O4@SiO2@PEI-NTDA adsorbent was immersed in 50 mL of
HCl solution for a certain interval; the Fe3O4@SiO2@PEI-NTDA
NPs were removed magnetically from the solution, and the
residual solution was used to test the Fe ion concentration by
AAS technology. The Fe ions in the solution, which were
considered to have leached from Fe3O4@SiO2@PEI-NTDA NPs
by acid, were concerted into the mass of Fe3O4. The percentage
was calculated by the mass of leached Fe3O4 to the total mass of
Fe3O4@SiO2@PEI-NTDA NPs to evaluate their stability under
acidic conditions.

2.8. Desorption and recycling studies of Fe3O4@SiO2@PEI-
NTDA

Adsorption–desorption cycling experiments were carried out to
investigate the reusability of the adsorbents. For one adsorp-
tion–desorption cycling procedure, 25 mg Fe3O4@SiO2@PEI-
NTDA sorbent was dispersed in 50 mL of aqueous solution
9536 | RSC Adv., 2019, 9, 9533–9545
with an initial Pb2+ concentration of 100 mg L�1 at an initial pH
value of 6.0. Aer a contact time of 3 hours, the adsorbents were
separated magnetically and the residual solution was subjected
to Pb2+ measurements to calculate the adsorption capacity. The
Pb2+-loaded sorbent was followed by the desorption experiment,
in which the Pb2+-loaded sorbent was added to 30 mL of 0.5 M
HCl solution under mechanical stirring at 350 rpm and at room
temperature for 1 h. The Fe3O4@SiO2@PEI-NTDA NPs were
obtained bymagnetic separation and washed to neutral pH with
deionized water to prepare for the next adsorption–desorption
cycling experiment. The adsorption–desorption cycling experi-
ments were carried out for six times.

3. Results and discussion
3.1. The synthesis and structure of Fe3O4@SiO2@PEI-NTDA
NPs

Fe3O4 NPs, serving as the magnetic core of the adsorbent, were
fabricated by a conventional solvothermal method. Fe3O4 NPs
were coated with an SiO2 layer by a conventional sol–gel method
by hydrolyzing and condensing TEOS. Fe3O4@SiO2 NPs were
modied with a common silane coupling agent, 3-chlor-
opropyltrimethoxysilane (CPTES), the Cl end groups of which
can be used to react with the –NH– groups of a PEI polymer to
form covalent graing of branched PEI on the surface of Fe3-
O4@SiO2. Aerward, the synthesized Fe3O4@SiO2@PEI parti-
cles were further anhydride-functionalized with NTDA by the
reaction between the –NH– groups and the anhydride groups of
NTDA to construct Fe3O4@SiO2@PEI-NTDA NPs.

The surface structures of the synthesized samples were
observed by SEM. As shown in Fig. 1a, the prepared Fe3O4

samples are in good spherical shape and have a rough surface
and a uniform particle size with diameter of about 200 nm. The
diameter of Fe3O4 NPs can also be veried by the TEM images in
Fig. 1d, where it ranges from 180 to 220 nm. As shown in Fig. 1b,
Fe3O4@SiO2 NPs have relatively smooth surfaces and large
diameters compared to uncoated Fe3O4 NPs. Moreover, the
TEM images in Fig. 1e show that the prepared Fe3O4@SiO2 NPs
have well-dened core–shell structures with homogeneous
dense SiO2 shells with thickness of approximately 20 nm. These
results indicate that the SiO2 layers were formed successfully on
the surface of Fe3O4 spherical particles. This dense SiO2 layer
was expected to serve as a protective layer, protecting the
magnetic Fe3O4 core from corrosion and oxidation in the
adsorption process. The SEM images in Fig. 1c show that the
Fe3O4@SiO2@PEI-NTDA samples have homogeneous spherical
particles, which are larger than those of Fe3O4@SiO2, and this
can also be veried by the TEM images. As shown in Fig. 1f,
Fe3O4@SiO2@PEI-NTDA NPs with diameters ranging from 200
to 300 nm have a core–shell structure with a dark core, which is
assigned to Fe3O4. The light-transparent shell with irregular
edges has thickness of about 30 nm, which is greater than that
of the SiO2 shell, indicating the successful graing of PEI and
successive modication with NTDA on Fe3O4@SiO2. The
successful graing of PEI/NTDA was also conrmed by the
EDXS measurements. As shown in Fig. 1g, the appearance of
C, N and O signals can be attributed to the –NH– and –COOH
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 SEM (a–c) and TEM (d–f) images of Fe3O4 NPs, Fe3O4@SiO2, and Fe3O4@SiO2@PEI-NTDA NPs, respectively; EDXS analysis (g and h) of
Fe3O4@SiO2@PEI-NTDA.
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groups on PEI and NTDA. This outer PEI-NTDA layer is hydro-
philic and contains numerous functional groups, which are
expected to improve the adsorption capacity of the adsorbent by
chelating with heavy metal ions for wastewater treatment.

Fe3O4 in the prepared composites has a face-centered cubic
structure,33,34 which is consistent with the JCPDS card (le no.
19-0629). Additionally, the positions of these characteristic
peaks of Fe3O4 did not change in the XRD patterns of Fe3-
O4@SiO2 and Fe3O4@SiO2@PEI-NTDA, indicating that the
binding process of the introduction of SiO2 and the NTDA-
functionalized PEI layer did not affect the crystal structure of
Fe3O4. However, the characteristic diffraction peaks of Fe3O4

became relatively weak in the latter functionalized composites
Fe3O4@SiO2 and Fe3O4@SiO2@PEI-NTDA, which may be due to
the coating of amorphous SiO2 and PEI.

The FT-IR spectra of all samples were obtained in the range
from 4000�1 to 400 cm�1 to investigate the surface functional
groups and conrm the chemical compositions of the modi-
ed NPs, as depicted in Fig. 2b. For pure Fe3O4 NPs, an obvious
adsorption peak appears at 584 cm�1, which is attributed to
the characteristic Fe–O bond vibration from Fe3O4. Aer the
sol–gel reaction with TEOS in the presence of Fe3O4, a new
strong adsorption peak appeared at around 1100 cm�1, which
This journal is © The Royal Society of Chemistry 2019
was attributed to the stretching vibrations of Si–O–Si and Si–
O–H; this indicates the presence and successful coating of the
SiO2 layer on the samples of Fe3O4@SiO2 and their successive
samples of Fe3O4@SiO2@PEI and Fe3O4@SiO2@PEI-NTDA.35

It can be observed in the FT-IR spectra of Fe3O4 and Fe3O4@-
SiO2 NPs that two peaks for the stretching vibration of
hydroxyl (–OH) groups appear at 1609 cm�1 and 3440 cm�1,
indicating that there are hydroxyl groups on the surfaces of
Fe3O4 and Fe3O4@SiO2 NPs. Aer the gra reaction with PEI,
two new peaks at 2919 and 2840 cm�1 may be assigned to
aliphatic C–H bonds; the bands at 1450 and 1320 cm�1 may
belong to the stretching vibrations of C–H and C–N bonds,
respectively.28 The characteristic adsorption peaks of primary
amines (–NH) appear at 1656 cm�1 and 1612 cm�1, and
a broader adsorption peak in the region of 3300–3600 cm�1

may be ascribed to the overlapping of the N–H vibration of PEI
with the O–H stretching of SiO2. All these results indicate the
successful graing of PEI. Aer reaction with NTDA, a new
strong peak appears at 1680–1780 cm�1, which may be
attributed to the symmetric and asymmetric stretchings of
–C]O bonds;36 also, the peak at 1320 cm�1 (C–N asymmetric)
indicates the successful functionalization of anhydride on the
surface of Fe3O4@SiO2.
RSC Adv., 2019, 9, 9533–9545 | 9537
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Fig. 2 XRD patterns (a), FT-IR spectra (b), TGA curves (c) and magnetization curves (d) of the samples.
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TGA analyses of Fe3O4, Fe3O4@SiO2, Fe3O4@SiO2@PEI and
Fe3O4@SiO2@PEI-NTDA were also performed (Fig. 2c). It can be
seen that Fe3O4 NPs displayed a weight loss of 4.83% in the
range of 25–400 �C and remained stable above 400 �C. The
obvious weight loss of Fe3O4@SiO2 above 200 �C compared to
that for pure Fe3O4 can be attributed to the structure decom-
position of SiO2. Also, the TGA curve of Fe3O4@SiO2@PEI shows
a dramatic decline above 400 �C, indicating the pyrolysis of PEI.
The TGA curve of Fe3O4@SiO2@PEI-NTDA displays one more
step than that of Fe3O4@SiO2@PEI above 700 �C, which can be
attributed to NTDA. The weight losses of Fe3O4@SiO2, Fe3-
O4@SiO2@PEI and Fe3O4@SiO2@PEI-NTDA at 1000 �C were
7.94%, 18.18% and 24.61%, respectively. These results also
veried that PEI was graed successfully on the surface of
Fe3O4@SiO2 and NTDA was successfully anchored on PEI.

The magnetization curves of the samples were all tested at
room temperature (Fig. 2d). It can be observed that there are no
hysteresis loops in the magnetization curves for all of the four
samples. All of the samples are superparamagnetic. The
magnetic saturation (Ms) value was found to be 44.7 emu g�1 for
Fe3O4. Along with the modication processes on Fe3O4, the
nonmagnetic layer sizes increased due to silica coating, PEI
graing and NTDA modication, due to which the Ms values
decreased accordingly to 39.2 emu g�1 for Fe3O4@SiO2, to 29.4
emu g�1 for Fe3O4@SiO2@PEI, and to 21.6 emu g�1 for
9538 | RSC Adv., 2019, 9, 9533–9545
Fe3O4@SiO2@PEI-NTDA.37 Nevertheless, the value of Fe3O4@-
SiO2@PEI-NTDA NPs was still high enough, due to which they
could be completely separated from their aqueous dispersion by
a magnet near the glass vial, affording a clear and transparent
solution (inset photographs in Fig. 2d). These results indicate
that Fe3O4@SiO2@PEI-NTDA NPs are ready for use as magnet-
ically separable adsorbents for application in water treatment.
3.2. Adsorption properties of Fe3O4@SiO2@PEI-NTDA for
Pb2+ heavy metal ion removal

In order to illustrate the advantages of Fe3O4@SiO2@PEI-NTDA,
batch experiments were carried out to test its adsorption
properties for Pb2+ heavy metal ion removal at a temperature of
298 K, solution pH value of 6.0, sorbent dosage of 0.5 g L�1, and
contact time of 3 h. The results compared with those of Fe3-
O4@SiO2 and Fe3O4@SiO2@PEI are presented in Fig. 3. It can
be observed that the adsorption capacity for Pb2+ removal is very
low on Fe3O4@SiO2 NPs, becomes higher on Fe3O4@SiO2@PEI
and reaches the highest value on Fe3O4@SiO2@PEI-NTDA NPs;
these results can be ascribed to the binding capability of the
amino groups and functionalized carboxyl groups in the outer
PEI-NTDA layer. This indicates that the modication methods
employed in this work were effective to improve the adsorption
properties of the magnetic sorbent Fe3O4.
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Adsorption capabilities of Fe3O4@SiO2, Fe3O4@SiO2@PEI, and
Fe3O4@SiO2@PEI-NTDA for removal of Pb2+ from water. Adsorption
conditions: sorbent dosage of 0.5 g L�1, solution pH value of 6.0,
equilibrium time of 3 h, temperature of 298 K.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
M

ar
ch

 2
01

9.
 D

ow
nl

oa
de

d 
on

 2
/8

/2
02

6 
5:

51
:2

4 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Then, the inuencing factors, including pH value, adsorbent
dosage, initial Pb2+ concentration, contact time, and coexisting
heavy ions, were optimized for the Pb2+ adsorption performance
of Fe3O4@SiO2@PEI-NTDA NPs. It has been reported that the
Fig. 4 Effects of (a) dosage, (b) pH, (c) contact time and initial Pb2+ co
O4@SiO2@PEI-NTDA NPs.

This journal is © The Royal Society of Chemistry 2019
adsorbent dosage has a signicant effect on the interactions
between the metal ions in the solution and the adsorption sites
in the adsorbents38 and further inuences the adsorption
capacity. Therefore, the Fe3O4@SiO2@PEI-NTDA dosage was
optimized by batch adsorption experiments by varying the
adsorbent doses from 0.125 g L�1 to 1.0 g L�1. The changes in
the adsorption capacities with the adsorbent dosage are pre-
sented in Fig. 4a. The results showed that the adsorption
capacity of Fe3O4@SiO2@PEI-NTDA increased greatly with
increasing dosage from 0.125 g L�1; above the dosage of 0.5 g
L�1, continued increase in the dosage to 1.0 g L�1 resulted in
a sharp decrease in the capacity. This can be explained as
follows: when maintaining a constant initial Pb2+ concentration
in the solution, the primary increase in the dosage may provide
more available adsorption sites, leading to higher removal
efficiency and higher adsorption capacity. When the dosage of
the adsorbents matched the total quantity of Pb2+ in the solu-
tion, the adsorption capacity reached the highest value. Aer-
wards, further increase in the dosage may result in excessive
adsorption sites and aggregation of the adsorbents, reducing
the effective active adsorption sites for the removal of Pb2+ and
hence the adsorption capacity.21 It can be concluded from
Fig. 4a that Fe3O4@SiO2@PEI-NTDA NPs exhibit a higher
adsorption capacity with a dosage of about 0.5 g L�1, and the
ncentration, and (d) coexisting heavy ions on Pb2+ adsorption of Fe3-

RSC Adv., 2019, 9, 9533–9545 | 9539
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Fig. 5 Pseudo-first order model (a) and pseudo-second order model
(b) for the adsorption of Pb2+ on Fe3O4@SiO2@PEI-NTDA at dosage ¼
0.5 g L�1, pH ¼ 6.0, Pb2+ concentration ¼ 200 mg L�1, contact time ¼
3 h, and temperature ¼ 298 K.
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following adsorption experiments were conducted at this
optimum dosage.

It is very important to select an appropriate pH for the
adsorption process of Pb2+ removal because the pH value has
signicant inuences on the surface charges of the sorbents in
aqueous solutions, the ionization degree of the heavy metal ions
and therefore the speciation of the adsorbate.39 The optimized
pH of Pb2+ adsorption was investigated (Fig. 4b). At low pH
values below 6.0, it can be observed that the adsorption
capacities of Fe3O4@SiO2@PEI-NTDA increased obviously on
increasing the solution pH and then decreased when the pH
further increased from 6.0. At low pH values, the concentration
of hydrogen (H+) or hydronium (H3O

+) ions increased with the
decrease in the pH value, and competitive adsorption existed
between the hydrogen (H+) or hydronium (H3O

+) ions and Pb2+

on the surface of the Fe3O4@SiO2@PEI-NTDA adsorbents;40

thus, the metal ions were inaccessible. On increasing pH, the
competitive effect of H3O

+ decreased, due to which the uptake
of Pb2+ occurred more easily on the free binding sites. In
addition, the speciation of lead is also dependent on the pH
value. At pH values of 2.0–6.0, lead species exist exclusively as
Pb2+ ions in the solution; above pH of 6.0, they will undergo
hydrolysis to Pb(OH)+ and the insoluble precipitate Pb(OH)2.41

The predominant adsorbing forms of lead are Pb2+ ions, which
may interact with Fe3O4@SiO2@PEI-NTDA via the carboxyl,
hydroxyl and amino functional groups by a complexation
mechanism. It can be observed that the maximum removal
(285.3 mg g�1) is achieved at about pH ¼ 6.0. Therefore, further
adsorption experiments were all carried out with an initial pH
value of 6.0.

Adsorption equilibrium time experiments were conducted at
a xed adsorbent dosage of 0.5 g L�1 and an initial pH value of
6.0 for Pb2+ ion removal while varying the initial Pb2+ concen-
tration from 50 to 600 mg L�1. It can be observed from Fig. 4c
that the adsorption of Pb2+ ions increases rapidly with contact
time for the rst 100 min at the beginning of the adsorption;
this can be attributed to the abundant active adsorption sites
that are available for easily interacting with Pb2+ ions. Aer that,
the adsorption rate tended to become almost constant and
nally, sorption equilibrium for the adsorption of Pb2+ ions was
established in a dynamic balance between the concentration of
Pb2+ ions in the solution and the adsorption sites on the
adsorbent.

The adsorption rate and capacity of Fe3O4@SiO2@PEI-NTDA
increased on increasing the initial metal ion concentration of
the solution. This can be explained by the fact that a higher
initial Pb2+ ion concentration will provide a larger driving force
between the solid–liquid interfaces to overcome the resistance
during the mass transfer process, resulting in a higher
adsorption rate. For all the initial Pb2+ ion concentrations
employed in this work, an adsorption time of 200 min was
sufficient to reach adsorption equilibrium. The competitive
adsorption performance on Fe3O4@SiO2@PEI-NTDA was
investigated in the presence of coexisting Pb2+, Cd2+, Ni2+, Cu2+,
and Zn2+ ions. As presented in Fig. 4d, Fe3O4@SiO2@PEI-NTDA
NPs exhibit much higher removal efficiency for Pb2+ than that
for other metal ions, which is in the following order: Pb2+ > Cd2+
9540 | RSC Adv., 2019, 9, 9533–9545
> Zn2+ > Cu2+ > Ni2+. According to the Pearson hard–so acid–
base theory, Pb2+ can be classied as a borderline acid and
prefers bonding to ligands containing N donor atoms. Fe3-
O4@SiO2@PEI-NTDA with a large number of N atoms in the
polymer resin may coordinate to Pb2+ rather than to Cd2+, which
is classied as a so acid.

In order to determine the rate-controlling step of the
adsorption process, including mass transport and chemical
reactions, the data of the adsorption experiments were analyzed
by the pseudo-rst order42 and the pseudo-second order43

equations.
The pseudo-rst order equation is expressed as follows:

logðqe � qtÞ ¼ log qe � K1

2:303
t (2)

Here, qt and qe (mg g�1) refer to the amounts of Pb2+ adsorbed
on the adsorbent at time t and at equilibrium, respectively; K1

(min�1) refers to the rate constant. The plots of log(qe � qt)
versus t are presented in Fig. 5a; from their slopes, the K1 values
are obtained and listed in Table 1.
This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Langmuir (a) and Freundlich (b) simulations for the adsorption
of Pb2+ on Fe3O4@SiO2@PEI-NTDA at dosage ¼ 0.5 g L�1, pH ¼ 6.0,
Pb2+ concentration ¼ 200 mg L�1, and contact time ¼ 3 h at three

Table 1 Calculated pseudo-first-order and pseudo-second-order parameters for the adsorption of Pb2+

Pb2+ conc.
(mg L�1)

Pseudo-rst-order Pseudo-second-order

qe (cal) K1 (min�1) R2 qe (cal) K2 (g mg�1 min�1) R2

100 29.92 0.0035 0.710 171.2 0.00584 0.999
200 111.2 0.0043 0.839 277.7 0.00360 0.996
300 81.8 0.0043 0.798 271.0 0.00369 0.999
400 142.1 0.0038 0.964 284.9 0.00351 0.999
500 79.58 0.0041 0.788 286.5 0.00349 0.999
600 113.1 0.0042 0.909 292.3 0.00342 0.999
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The pseudo-second order equation is given as follows:

t

qt
¼ 1

K2qe2
þ 1

qe
t (3)

Here, K2 (g (mg min)�1) refers to the rate constant and qt and qe
(mg g�1) refer to the amounts of Pb2+ adsorbed on the adsor-
bent at time t and at equilibrium, respectively. Similarly, K2 can
be obtained from the plot of t/qt versus t (Fig. 5b), and the results
are listed in Table 1.

From Fig. 5, we can see that the pseudo-second order model
ts the experiment data well; this can be conrmed by the
correlation coefficient (R2) values beyond 0.996, which are much
higher than that of the pseudo-rst order model (below 0.964).
In addition, the values of the experimental adsorption capacity
of the adsorbents are close to the calculated theoretical
adsorption capacity (qe,cal) from the pseudo-second order
model. These results indicate that chemical adsorption may be
the rate-limiting step of the adsorption process of Pb2+ on Fe3-
O4@SiO2@PEI-NTDA.

For further understanding the adsorption mechanism of
Pb2+ on Fe3O4@SiO2@PEI-NTDA NPs, the Langmuir44 and
Freundlich45 models were also applied to analyse the experi-
mental adsorption data, which were obtained with an adsorbent
dosage of m/V ¼ 0.5 g L�1 and at pH ¼ 6.0 at three different
temperatures of 298 K, 303 K, and 308 K.

The Langmuir model is expressed by the following equation:

Ce

qe
¼ 1

qmK
þ Ce

qm
(4)

Here, Ce (mg L�1) refers to the metal ion concentration in the
solution at equilibrium, qe (mg g�1) refers to the adsorption
capacity on the sorbent at equilibrium, qm (mg g�1) refers to the
monolayer adsorption capacity, and K refers to a Langmuir
constant related to the sorption energy.

The Freundlich model is applicable to the adsorption that
occurs on heterogeneous surfaces, and it is presented as
follows:

log qe ¼ log Kf þ 1

n
log Ce (5)

Here, Kf (mg g�1) refers to a Freundlich constant related to the
adsorption capacity and 1/n refers to an empirical parameter
related to the adsorption intensity.

It can be observed from Fig. 6 that the adsorption isotherm
data t well with the Langmuir model than with the Freundlich
This journal is © The Royal Society of Chemistry 2019
model. The constant values and determination coefficients (R2)
are presented in Table 2. There is a high correlation regression
equation R2 value of 0.999 for the Langmuirmodel at each of the
three experimental temperatures; it is far greater than that of
the Freundlich model, which has a value of around 0.80. As we
know, the Langmuir model is reasonable for a homogeneous
adsorption process that takes place at the adsorbent surface,
where there are no intermolecular interactions among the
adsorbed molecules and all sites are identical and energetically
different temperatures of 298 K, 303 K, and 308 K.

RSC Adv., 2019, 9, 9533–9545 | 9541
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Table 2 Langmuir and Freundlich isotherm parameters for the
adsorption of Pb2+ onto Fe3O4@SiO2@PEI-NTDA at different
temperatures

Temp. (K)

Langmuir Freundlich

R2 K qm R2 n Kf

298 0.999 0.0786 286.9 0.756 4.20 74.77
303 0.999 0.0998 289.9 0.809 4.63 86.48
308 0.999 0.1128 290.7 0.836 4.89 92.99
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equivalent for the adsorbate; the Freundlichmodel is applicable
to adsorption that occurs on heterogeneous surfaces. These
results reveal that the adsorption process of Pb2+ occurring on
Fe3O4@SiO2@PEI-NTDA may be uniform monolayer surface
adsorption. The functional groups on the surface of Fe3O4@-
SiO2@PEI-NTDA provide binding sites for Pb2+ to reach a high
adsorption capacity. As shown in Table 3, the prepared Fe3-
O4@SiO2@PEI-NTDA NPs possess remarkable adsorption
capacity for Pb2+ compared to previously reported magnetic
adsorbents.
Fig. 7 (a) The leaching percentages of Fe from Fe3O4@SiO2@PEI-
NTDA in different HCl solutions; T ¼ 298 K, dose ¼ 0.5 g L�1. (b)
Recycling of Fe3O4@SiO2@PEI-NTDA in the removal of Pb2+; T ¼ 298
K, dose ¼ 0.5 g L�1, pH ¼ 6.0.
3.3. Stability and cycling properties of Fe3O4@SiO2@PEI-
NTDA for heavy metal ions of Pb2+

The material stability and regeneration of Fe3O4@SiO2@PEI-
NTDA were also studied to evaluate the repeated availability of
the adsorbent in water treatment for economic consideration. It
can be seen from the above adsorption results that the
adsorption of Pb2+ on Fe3O4@SiO2@PEI-NTDA is pH-dependent
and that the optimum adsorption capacity occurs at a pH value
of about 6.0. Additionally, in order to recover the adsorbent
from the state of adsorption, a desorption process must be
carried out by the treatment of the adsorbent with HCl solution.
In these two cases, naked Fe3O4 may be subject to leaching from
the adsorbents because of the acid media. Therefore, the
material stability in acidic media is very important for the
modied Fe3O4 adsorbent to evaluate its regeneration
Table 3 Maximum capacities of Pb2+ on various magnetic adsorbents

Type of adsorbent

Adsorption
capacities
(mg g�1)

Ref.Pb2+ Cd2+

Polymer-modied Fe3O4 83.3 46
PAA@TSH-modied Fe3O4 188.7 107.5 47
Amino-functionalized Fe3O4@SiO2 76.6 22.5 48
PEI-functionalized mesoporous
magnetic clusters

216.3 49

PEI-bacterial cellulose bio-adsorbent 141 50
Magnetic porous Fe3O4–MnO2 208.2 169.9 51
Biochar–MnFe2O4 154.94 127.83 52
T-b-CD-Fe3O4 105.38 53
NTA-silica gel 76.22 53.14 54
Fe3O4@SiO2@PEI-NTDA 285.3 48.2 This work

9542 | RSC Adv., 2019, 9, 9533–9545
properties; this is carried out by soaking certain amounts of
Fe3O4@SiO2@PEI-NTDA in HCl solution with various concen-
trations for certain times. The Fe ion concentration in the
solution was tested and the Fe leaching percent was calculated,
as shown in Fig. 7a. It can be seen that the Fe leaching percent
increases on increasing the soaking time and on increasing the
concentration of HCl in the solution and reaches a lower value
of 0.65 wt% aer 144 h treatment in 2 mol L�1 HCl solution,
indicating high material stability of the prepared Fe3O4@-
SiO2@PEI-NTDA adsorbent in acid media. This can be attrib-
uted to the outer SiO2@PEI layer, which functions as an
effective protecting shell that enables Fe3O4@SiO2@PEI-NTDA
to be readily reused. Hence, adsorption–desorption experi-
ments were carried out, and the adsorption capacity results of
the recycling experiment are shown in Fig. 6b. It can be
observed that the adsorption capacity decreased on increasing
the recycling time and Fe3O4@SiO2@PEI-NTDA remained valid
This journal is © The Royal Society of Chemistry 2019
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for Pb2+ removal for six times with a high adsorption capacity of
204.3 mg g�1; this indicates that Fe3O4@SiO2@PEI-NTDA is
a promising adsorbent that can be applied repeatedly in water
treatment for the removal of Pb2+.

4. Conclusion

A novel magnetically separable adsorbent was successfully
constructed with a core–shell structure comprising a magnetic
Fe3O4 core, an outer protective SiO2 layer and an outermost
hydrophilic layer of PEI-NTDA with abundant functionalized
groups including amino groups, hydroxyl and carboxyl groups,
which could bind with heavy metal ions. This core–shell struc-
ture endowed Fe3O4@SiO2@PEI-NTDA with many good prop-
erties: the composites are magnetically separable and
sustainable in acid media with a low weight loss; also, Fe3-
O4@SiO2@PEI-NTDA NPs have a high primary adsorption
capacity of Pb2+ and the adsorbents can be recovered by HCl
treatment for recycling, maintaining high recycling adsorption
capacity of 204.3 mg g�1 for six adsorption–regeneration cycles.
These unique properties make Fe3O4@SiO2@PEI-NTDA NPs
promising effective adsorbents for the removal of Pb2+ metal
ions in water treatment.
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