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n of amidoxime-functionalized
Fe3O4@SiO2-g-PAMAM-AO magnetic composites
for enhanced adsorption of Pb(II) and Ni(II) from
aqueous solution

Dai Yimin, * Liu Danyang, Zou Jiaqi, Wang Shengyun and Zhou Yi

In this paper, using amidoxime as a functional monomer, different generations of polyamidoxime dendrimer

magnetic microspheres (Fe3O4@SiO2-g-PAMAM-AO) were fabricated to adsorb Pb2+ and Ni2+ in aqueous

solution. Themagnetic adsorbents were characterized by FTIR, XRD, SEM, XPS, TEM, EDS, TGA and BET. The

effects of different factors (such as solution pH, adsorption time, adsorption temperature, adsorbent dosage

etc.) on adsorption were evaluated. Fe3O4@SiO2-g-PAMAM-AO has a maximum Pb(II) adsorption of

157.25 mg g�1 (100 mg L�1) at pH 5.5. Furthermore, Fe3O4@SiO2-g-PAMAM-AO showed an excellent

adsorption performance for the removal of Ni(II) with a maximum adsorption capacity of 191.78 mg g�1

(100 mg L�1) at pH 8.0. The sorption isotherm data fitted the Freundlich isotherm model well. Adsorption

kinetics analysis showed that it was best described by the pseudo-second-order rate model. Desorption

experiment results showed that the adsorbent can be reused in the adsorption–desorption cycles.
1. Introduction

Urbanization and industrialization are the biggest cause of toxic
heavy metals in the environment, including groundwater, soils,
rivers, lakes, and oceans.1–5 The high toxicity and bio-
accumulation of heavy metal ions such as Pb, Ni, Cr, As and Hg
in aqueous solution can cause terrible hazards to people.6–10

Pb(II) and Ni(II) are heavy metal ions that are toxic to the human
body because Pb(II), Ni(II) and their compounds will cause harm
to many systems such as the nerves, hematopoiesis, kidneys,
the cardiovascular system and the endocrine system. When the
content is high enough, Pb(II) and Ni(II) poisoning will be
caused.11 Hence, the removal of pollution before discharge into
the environment is an urgent matter.

In the past few decades, various methods have been applied
to remove heavy metal ions, such as ion exchange,12 membrane
processes,13 and precipitation.14 However, the efficiency and
economic performance of the removal of heavy metal ions using
these techniques are the main obstacles to their practical
application. Compared with other methods, the adsorption
method is a more attractive method which is cost-effective and
highly efficient.15

It is well known that amidoxime-functionalized nano-
materials have outstanding ability to remove heavy metal ions.
The amidoxime-functionalized groups with –NH2 and –OH have
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the ability of chelation, so the functional groups on the surface
of the nanohybrids can form stable chelates with heavy metal
ions.16

Because different dendrimers have different cavity sizes and
end functional groups, target adsorbates can be selectively
adsorbed by different kinds of dendrimers.17,18 Ma et al.
prepared GO/Fe3O4-g-PAMAM for the adsorption of Pb(II) in
aqueous solution. The adsorption capacity of Pb(II) can be up to
181.4 mg g�1 at 30 �C.19 From their work, the adsorption by GO/
Fe3O4-g-G(3.0) of Pb(II) is obviously higher than that by GO/
Fe3O4-g-PAMAM (G0.5, G1.0, G1.5, G2.0 and G2.5). It was illus-
trated that the adsorption capacity increased with the
increasing generations of PAMAM. However, one disadvantage
of GO/Fe3O4-g-PAMAM is that graphene oxide (GO) has carboxyl
and hydroxyl groups, and it can disturb the reaction of maleic
anhydride (MAH) and ethanediamine (EDA) and thus reduce
the reaction efficiency. Furthermore, these techniques generally
suffer from difficult manipulation and high cost as well as long
separation time.

To compensate for these disadvantages, taking advantage of
the combined benets of amidoxime and dendrimer, maleic
anhydride (MAH) and ethanediamine (EDA) were alternately
and repeatedly used to synthesise different generations of
dendrimers. Here, we report an amidoxime-functionalized
Fe3O4@SiO2-g-PAMAM-AO magnetic composite for the
enhanced ability to adsorb Pb(II) and Ni(II) in aqueous solution.
Amidoxime and PAMAM dendrimers graed into the surface of
Fe3O4@SiO2 played an important role in preventing the oxida-
tion of Fe3O4.20 In addition, methyl acrylate (MA) and
RSC Adv., 2019, 9, 9171–9179 | 9171
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Fig. 1 A schematic presentation of the synthesis process.
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ethanediamine (EDA) were alternated and repeated to increase
the generation of dendrimers from the Fe3O4 surface. The
adsorption capacity increased with the increasing generations
of PAMAM. The adsorption characteristics of Fe3O4@SiO2-g-
PAMAM-AO nanoparticles towards Pb(II) and Ni(II), and the
sorption kinetics, sorption capability and regeneration were
investigated.

2. Materials and methods
2.1 Materials

Ferric chloride hexahydrate (FeCl3$6H2O), ferrous chloride tet-
rahydrate (FeCl2$4H2O), sodium hydroxide (NaOH), and
ammonia (NH3$H2O) were purchased from Xiyu Chemical
Reagent Co., Ltd. Polyvinyl pyrrolidone (PVP), methyl acrylate,
ethanol, methanol, ethylenediamine, potassium carbonate
(K2CO3), tetraethyl orthosilicate (TEOS), 3-chloropropyl-
trimethoxysilane (APTES), hydroxylamine hydrochloride (NH2-
OH$HCl), glutaraldehyde, and 4-aminobenzonitrile were
purchased from Sinopharm Chemical Reagents Co., Ltd. Unless
otherwise noted, all chemicals were reagent grade and used
without further purication.

2.2 Preparation of Fe3O4@SiO2–NH2

The magnetic Fe3O4 nanoparticles were prepared by the
coprecipitation method.21 A mixture of Fe2+ and Fe3+ was reac-
ted in distilled water, which was stirred vigorously at 30 �C for
30 minutes. Aerwards, NaOH was added dropwise to keep the
pH at 7 and the mixture was continuously reacted for 30 min.
Finally, 2 g of PVP was added to the mixture solution and
reacted at 50 �C for 2 h; then the temperature was returned to
30 �C. The Fe3O4 was ltered with distilled water and ethanol
several times to wash it. The Fe3O4 was dried at 60 �C for 24 h in
a vacuum drying oven.

The modied Stöber method22 is the classic method to
synthesize Fe3O4@SiO2. Firstly, 0.1 g of Fe3O4 particles was
added to a mixture of water, ethanol and NH3$H2O. The ratio of
ethanol and water was 4 : 1. Then, 1 ml of TEOS was added to
the aqueous solution and kept under stirring at 30 �C for 6 h.
The Fe3O4@SiO2 was collected by the method of magnetic
separation. The product was washed several times with distilled
water and ethanol and then dried at 60 �C for 24 h in a vacuum
drying oven. Finally, the Fe3O4@SiO2 was further modied with
APTES to obtain Fe3O4@SiO2–NH2. The Fe3O4@SiO2 was dis-
solved in a solution of ethanol and water. The ratio of ethanol
and water was 4 : 1. The solution was stirred for 10 minutes and
NH3$H2O and APTES were added gradually, and the solution
was reacted at room temperature for 24 h.

2.3 Preparation of Fe3O4@SiO2-g-PAMAM

Firstly, Fe3O4@SiO2–NH2 was added to methanol in a three-
necked ask and ultrasonicated for 10 min. The solution was
stirred at 35 �C for 24 h aer adding methyl acrylate (MA). This
target product was named Fe3O4@SiO2-g-G0.5. Secondly, the
intermediate product Fe3O4@SiO2-g-G0.5 was added to meth-
anol and ultrasonicated for 10 min. And then ethanediamine
9172 | RSC Adv., 2019, 9, 9171–9179
(EDA) was added dropwise to the mixture and kept under
mechanical stirring at 40 �C for 2 h. The target product was
named Fe3O4@SiO2-g-G1.0. In order to obtain more generations
of dendrimers, methyl acrylate (MA) and ethanediamine (EDA)
were reacted alternately with the nanocomposites twice,
respectively. The products with more generation were prepared
using 10% excess volumeMA and EDA of the preceding reaction
during every step reaction. This experience was reacted four
steps and the product Fe3O4@SiO2-g-G2.0 was obtained.
2.4 Preparation of Fe3O4@SiO2-g-PAMAM-AO

The target product Fe3O4@SiO2-g-G2.0 microspheres were
dispersed in a solution of glutaraldehyde and ethanol. The
mixture was reacted and stirred continuously at 30 �C for 3 h.
Then, the particles reacted with glutaraldehyde in an aqueous
solution of 4-aminobenzonitrile and ethanol. The black solid
was washed and separated aer 3 h at 30 �C, and then K2CO3

and NH2OH HCl were added into an aqueous solution of
distilled water and ethanol to react at 80 �C in a three-necked
ask. The nal Fe3O4@SiO2-g-PAMAM-AO product was ob-
tained. A schematic presentation of the synthesis process is
shown in Fig. 1.
2.5 Characterization of Fe3O4@SiO2-g-PAMAM-AO
nanohybrids

The morphology and elemental distribution of the nano-
particles were characterized by transmission electron micros-
copy (TEM), energy-dispersive spectroscopy (EDS), and
scanning electron microscopy (SEM). The X-ray diffraction
(XRD) patterns of Fe3O4@SiO2-g-PAMAM-AO were recorded by
a Philips X'Pert Pro Super X-ray diffractometer with a Cu Ka
source (k ¼ 1.54178 Å). Fourier transformed infrared (FT-IR)
spectra were recorded on a Nicolet Magna-IR 750 spectrom-
eter with KBr pellets at room temperature.
2.6 Adsorption experiments

Pb(NO3)2 and Ni(NO3)2$6H2O were dissolved in distilled water
to prepare the solution of Pb2+ and Ni2+. For the adsorption
isotherm and adsorption thermodynamic experiments with
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 FT-IR spectra of Fe3O4 (a), Fe3O4@SiO2 (b), Fe3O4@SiO2-g-
G2.0 (c), Fe3O4@SiO2-g-PAMAM (d), Fe3O4@SiO2-g-PAMAM-AO (e).

Fig. 3 The XRD pattern of Fe3O4 (a), Fe3O4@SiO2 (b), Fe3O4@SiO2–
NH2 (c), Fe3O4@SiO2-g-PAMAM-AO (d).
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Pb2+ and Ni2+, 25 mg of Fe3O4@SiO2-g-PAMAM-AO were
respectively added into solutions of different concentrations,
which were 50, 100, 150, 200, 225,250, 275 and 300 mg L�1. And
then the mixture was reacted at 25 �C, 35 �C and 45 �C for 2 h.
The above solutions were separated by a magnet and then
analyzed by an atomic absorption spectrometer (AAS, AA-6800).
To study the effect of pH on the adsorption reaction, 25 mg of
Fe3O4@SiO2-g-PAMAM-AO was reacted with 50 ml of ionic
solution (50 mg L�1) at 25 �C for 2 h. 0.1 mol L�1 HNO3 and
0.1 mol L�1 NaOH were added to adjust the pH. In addition, to
study the effect of contact time, the time ranged from 5 to 180
minutes. The Pb2+ and Ni2+ percentage removals (adsorption
efficiency) were determined using eqn (1):23

Rð%Þ ¼ ðC0 � CeÞ
C0

� 100% (1)

where C0 and Ce (mg L�1) are the initial Pb2+ and Ni2+ concen-
trations and the equilibrium Pb2+ and Ni2+ concentrations,
respectively.

The equilibrium sorption capacity was determined using eqn
(2):24

qe ¼ ðC0 � CeÞV
m

(2)

where qe is the equilibrium amount of Pb2+ and Ni2+ adsorbed
per unit mass of adsorbent (mg g�1) and V is the sample volume
(L). All experimental data were determined by repeated
experiments.

2.7 Desorption experiment

To test the reusability and regenerability of Fe3O4@SiO2-g-
PAMAM-AO, 25 mg of Fe3O4@SiO2-g-PAMAM-AO was respec-
tively added into solutions of Pb(II) and Ni(II) (50 ml, 50 mg L�1).
Then using NaOH to adjust the pH, the pH of Pb(II) and Ni(II)
were 5.5 and 8.0, respectively. The desorption experiment was
reacted at 30 �C for 2 h. Aer desorption, the mixture was
collected in a conical ask. The Fe3O4@SiO2-g-PAMAM-AO was
washed with HNO3 and distilled water until the solution
reached a pH of 7. To test the reusability of Fe3O4@SiO2-g-
PAMAM-AO, this was repeated using ve-consecutive adsorp-
tion–desorption cycles.

3. Results and discussion
3.1 Characterization

Fig. 2 shows the FT-IR spectra of Fe3O4 (a), Fe3O4@SiO2 (b),
Fe3O4@SiO2-g-G2.0 (c), Fe3O4@SiO2-g-PAMAM (d) and Fe3O4@-
SiO2-g-PAMAM-AO (e). The vibrating characterization at 575 cm�1

was associated with the Fe–O stretching vibration (Fig. 2a). Two
peaks of 1049 cm�1 and 1091 cm�1 are relevant to the stretching
vibration of Si–O–Si, and the absorption peak at 463 cm�1

corresponds to the O–Si–O bending vibration. All the evidence
indicated that silica was successfully coated onto the surface of
Fe3O4. In the spectrum of Fe3O4@SiO2 (Fig. 2b), the absorption
peak at 3424 cm�1 is attributed to the H–O stretching vibration. A
broad and strong peak at 3430 cm�1 is related to the O–H
stretching vibration. In addition, the peak at 3430 cm�1 is related
This journal is © The Royal Society of Chemistry 2019
to the N–H stretching vibration of the –NH2 groups. The peak at
2970 cm�1 corresponds to the –CH2 asymmetric stretching
vibration. The characteristic band at 1641 cm�1 is attributed to
the secondary amide stretching of C]O, which indicated the
existence of the acylamino group (–NHCO–) in PAMAM (Fig. 2c).
The peaks observed at 1558 cm�1 and 1552 cm�1 are ascribed to
the C]C stretching vibrations of benzene. Aer modication
with 4-aminobenzonitrile, the existence of new peaks at
2365 cm�1 and 2344 cm�1 is related to the stretching vibration of
C^N (Fig. 2d). The disappearance of the absorption bands of
C^N and the appearance of two new bands at 1640 cm�1 and
954 cm�1 are explained well by the C]N and N–O stretching
vibrations of the amidoxime groups, respectively (Fig. 2e).

Fig. 3 shows the XRD patterns of Fe3O4 (a), Fe3O4@SiO2 (b),
Fe3O4@SiO2–NH2 (c) and Fe3O4@SiO2-g-PAMAM-AO (d). In
Fig. 3a, the diffraction peaks in curve a at the bands (220), (311),
(400), (422), (511) and (440) can be indexed as characteristic of
Fe3O4 with a face-centered cubic (fcc) phase (JCPDS no. 75-0033).25

Aer coating with the silica layer, the diffraction peaks in curve
b at 20–30� were observed, conrming the formation of silica.
Moreover, the diffraction peaks of Fe3O4 in Fig. 3b–d are very
similar to Fig. 3a, indicating that the Fe3O4 crystal structure did
not change during the process of APTES and graing by PAMAM.
RSC Adv., 2019, 9, 9171–9179 | 9173
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Fig. 5 The TEM of (a) sample Fe3O4@SiO2-g-PAMAM-AO and the
HRTEM image of (b) sample Fe3O4@SiO2-g-PAMAM-AO and the SAED
pattern of (c) sample Fe3O4@SiO2-g-PAMAM-AO and the SEM of (d)
sample Fe3O4@SiO2-g-PAMAM-AO and the EDS of (e).
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To better analyze the electronic structure and chemical
composition, a ne-scan XPS of Fe3O4@SiO2-g-PAMAM-AO was
performed. The high-resolution deconvoluted C 1s spectrum in
Fig. 4a conrmed three different peaks at 284.6, 285.9 and
288.0 eV, respectively, representing the typical XPS character-
istics of Fe3O4@SiO2-g-PAMAM-AO. The binding energy peak at
284.6 eV is ascribed to the removal of the oxygen groups' carbon
component of C–C (sp2-hybridized); the peaks at 285.9, 288.0 eV
represent C–O bonding, and O]C–N bonding, respectively. The
bonding of –NHCO– is also indicative of the successful combi-
nation between the –COOH groups and the –NH2 groups,
demonstrating that PAMAM underwent a successful graing
reaction on the Fe3O4 surface. The high-resolution spectrum of
Fe 2p shown in Fig. 4b can be deconvoluted into two obviously
different peaks at 724.4 and 711.2 eV, corresponding to Fe 2p1/2
and Fe 2p3/2, respectively, which are in accordance with the
reported values for Fe3O4 (ref. 26 and 27). As shown in Fig. 4c,
the binding energy peak appearing at 398.2 eV is ascribed to the
quinoid imine (]N–) for Fe3O4@SiO2-g-G2.0-AO. The binding
energy peaks appearing at 398.8 eV and 399.7 eV are related to
–NH– and –NH2, respectively. The ne-scan XPS spectrum
(Fig. 4d) of Fe3O4@SiO2-g-G2.0-AO illustrates that Fe3O4@SiO2-
g-PAMAM-AO includes Fe, N, O, Si and C elements.

Fig. 5 shows the TEM, SEM, SAED and EDS images of Fe3-
O4@SiO2-g-PAMAM-AO. From Fig. 5a, we can see that Fe3O4@-
SiO2-g-PAMAM-AO has an obvious core–shell structure with
a core of about 25 nm and a shell of about 10 nm. The HRTEM
image (Fig. 5b) shows well-resolved lattice fringes with an
interplane distance of 0.417 nm. The SAED pattern (Fig. 5c)
shows that Fe3O4@SiO2-g-PAMAM-AO is polycrystalline in
nature, conrming that the nanoparticles have the magnetic
cubic structure of the Fe3O4 phase and consist of small nano-
crystals. As can be seen from the SEM image (Fig. 5d), this
product contains more sphere-like shapes and has a narrower
size distribution. The EDS image (Fig. 5e) of Fe3O4@SiO2-g-
PAMAM-AO suggests that Fe is the major constituent of
Fig. 4 The high-resolution scan XPS spectra of C 1s (a), Fe 2p (b), N
1s (c), and the survey scan XPS spectra (d) of Fe3O4@SiO2-g-
PAMAM-AO.

9174 | RSC Adv., 2019, 9, 9171–9179
Fe3O4@SiO2-g-PAMAM-AO. Other elements are oxygen, carbon,
silicon and potassium.

The TGA curve and DSC curve are shown in Fig. 6. In the TGA
curve of Fe3O4@SiO2-g-PAMAM-AO (Fig. 6a), the weight loss is
divided into two distinct sections. In the rst section, between
Fig. 6 Thermogravimetric analysis (TGA) curve (a) and differential
scanning calorimetry (DSC) curve (b) of Fe3O4@SiO2-g-PAMAM-AO.

This journal is © The Royal Society of Chemistry 2019
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32 �C and 200 �C, the weight loss of 1.08% is ascribed to the loss
of bound water adsorbed on the microspheres. The second
section of weight loss (close to 3.95%), at temperatures from
200 �C to 580 �C, was also indicative of the thermal decomposi-
tion of the surface amidoxime groups. The DSC curves recorded
during the endothermic and exothermic processes of Fe3O4@-
SiO2-g-PAMAM-AO are shown in Fig. 6b. The rst endothermic
peak is less than 400 �C, accompanied by a signicant mass loss
on the TGA curve, which can be attributed to the oxidation of
carbon on the silicon surface. The second endothermic peak
between 400 �C and 700 �C was largely related to the pyrolysis of
organic molecules on the shell surface.

The N2 adsorption and desorption isotherm of Fe3O4@SiO2-
g-PAMAM-AO is demonstrated in Fig. 7. From the BET results,
the isotherm of Fe3O4@SiO2-g-PAMAM-AO accords with the IV
adsorption isotherm, which illustrates that Fe3O4@SiO2-g-
PAMAM-AO is a mesoporous structure. Furthermore, it is clear
that the surface area is 73.493 m2 g�1. This illustrates that
Fe3O4@SiO2-g-PAMAM-AO has a large surface area.

Fig. 8 depicts the magnetization hysteresis loop of Fe3O4@-
SiO2-g-PAMAM-AO at room temperature. The saturation magne-
tization (SM) value of the Fe3O4@SiO2-g-PAMAM-AOnanoparticles
is 47.7 emu g�1. It is worth noting that the nanoparticles have no
obvious coercivity and remanence in the magnetization curves,
Fig. 7 N2 adsorption and desorption isotherm of Fe3O4@SiO2-g-
PAMAM-AO.

Fig. 8 Magnetization curve of Fe3O4@SiO2-g-PAMAM-AO; the inset
shows a photograph of Fe3O4@SiO2-g-PAMAM-AO dispersion in
ethanol and its magnetic response when placed in an external
magnetic field (right).

This journal is © The Royal Society of Chemistry 2019
illustrating that Fe3O4@SiO2-g-PAMAM-AO possesses super-
paramagnetism. As shown in the inset of Fig. 8, Fe3O4@SiO2-g-
PAMAM-AO nanoparticles were uniformly dispersed in aqueous
solution, which was then placed in an external non-magnetic eld.
Because Fe3O4@SiO2-g-PAMAM-AO has strong ferromagnetic
behavior, an external magnet can make the absorbed contami-
nant easily separable from the solution.
3.2 Adsorption studies

3.2.1 Effect of pH. The effect of pH is a key factor in
determining the adsorption performance for Pb(II) and Ni(II) in
aqueous solutions. As shown in Fig. 9, with the pH increasing
from 2.0 to 3.0, the adsorption capacity for Pb(II) increased
slowly. However, with the pH increasing from 3.0 to 5.5, the
adsorption ability for Pb(II) increased enormously. As shown in
the inset of Fig. 9, in the pH range 6.0–7.0, the adsorption ability
of Pb(II) reached a plateau. Because of the pH range from 6.0 to
7.0, a white sediment appeared in the aqueous solution. For the
adsorption of Ni(II), adsorption experiments were investigated
in the pH range between 2.0 and 9.0. It can be seen from Fig. 8
that the adsorption capacity for Ni(II) increased enormously
from 2.0 to 8.0, then reached a maximum value with the pH
reaching 8.0–9.0. Comparing the adsorption performances for
Pb(II) and Ni(II), Fe3O4@SiO2-g-PAMAM-AO has higher adsorp-
tion ability for Ni(II) all over the ranges of pH. The relative
distribution of Pb(II) in the aqueous solution and the surface
properties of Fe3O4@SiO2-g-PAMAM-AO can be affected by the
pH. For the adsorption of Pb2+ and Ni2+, the amidoxime group
can have a bidentate ligand effect. The lone pairs of electrons on
the amino nitrogen and the oxime oxygen induced the positive
Pb(II) and Ni(II) centers to construct a new ve-membered ring
including themetal ion. It is worth noting that the oxime oxygen
can undergo metal-assisted deprotonation:

R–C(NH2)N–OH 4 R–C(NH2)N–O� + H+ (3)

2R–C(NH2)N–O� + Pb2+ 4 Pb(R–C(NH2)N–O)2 (4)

2R–C(NH2)N–O� + Ni2+ 4 Ni(R–C(NH2)N–O)2 (5)
Fig. 9 Effect of pH on the adsorption of Fe3O4@SiO2-g-PAMAM-AO
for Pb(II) and Ni(II) (Co ¼ 50 mg L�1, T ¼ 298 K, t ¼ 2 h).
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Table 1 The parameters of the kinetics of Pb2+ and Ni2+ adsorption
onto Fe3O4@SiO2-g-PAMAM-AO

Model Parameter Pb2+ Ni2+

Pseudo-rst-order model Qe (mg g�1) 10.3605 4.0678
k1 0.0064 0.0099
R2 0.7272 0.9631

Pseudo-second-order
model

Qe (mg g�1) 49.0294 49.143
k2 0.01012 0.01018
R2 0.99843 0.99994

Fig. 11 Pseudo-first-order (a) and pseudo-second-order (b) kinetics
of Pb(II) and Ni(II) adsorption on Fe3O4@SiO2-g-PAMAM-AO. (Co ¼
50 mg L�1, T ¼ 298 K, pH(Pb2+) ¼ 5.5, pH(Ni2+) ¼ 8).
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With the pH increasing, the emitted H+ ions can be
neutralized under the chelation reaction environment. When
the functional groups were deprotonated, the repulsion
between Pb2+/Ni2+ and Fe3O4@SiO2-g-PAMAM-AO decreased.
Therefore, the sorption amounts of the samples for Pb(II) and
Ni(II) were increased. The main reason is ascribed to the fact
that amidoxime chelating functional groups on the surfaces of
Fe3O4@SiO2-g-PAMAM-AO can construct stable chelates with
Pb(II) and Ni(II).

3.2.2 Effect of contact time and adsorption kinetics. Then
we employed the nanoparticles Fe3O4@SiO2-g-PAMAM-AO as
adsorbents to investigate the impact of contact time on the
removal of Pb(II) and Ni(II). As shown in Fig. 10, the adsorption
ability increased slowly. However, the adsorption ability of
Fe3O4@SiO2-g-PAMAM-AO for Pb(II) and Ni(II) approaches
equilibrium aer 10 min. As shown in Fig. 10, the adsorption
ability of Fe3O4@SiO2-g-PAMAM-AO for Ni(II) is higher than for
Pb(II) under the same conditions (Co¼ 50mg L�1, T¼ 298 K, t¼
180 min).

To gain further insight into the adsorption kinetics, the
pseudo-rst-order equation and pseudo-second-order equation
were adopted to explain the adsorption mechanism. The
pseudo-rst-order and pseudo-second-order equations are
dened as eqn (6) and (7),28,29 respectively.

ln(Qe� Qt) ¼ ln Qe � k1t (6)

t

Qt

¼ 1

k2Qe
2
þ
�

1

Qe

�
t (7)

where Qe (mg g�1) and Qt (mg g�1) are the Pb(II) and Ni(II)
adsorption capacities at equilibrium, respectively, t (min) is the
constant time, k1 (min�1) and k2 (g mg�1 min�1) are the pseudo-
rst-order and pseudo-second-order rate constants,
respectively.

Fig. 11 and Table 1 provide more intuitive depictions of the
statistical results. From the values of the correlation coeffi-
cients, Pb(II) and Ni(II) adsorptions are more consistent with the
pseudo-second-order model in comparison with the pseudo-
rst-order model. The results indicated that the chemical
Fig. 10 The effect of contact time on the adsorption of Fe3O4@SiO2-
g-PAMAM-AO for Pb(II) (Co¼ 50mg L�1, T¼ 298 K, pH¼ 5.5) and Ni(II)
(Co ¼ 50 mg L�1, T ¼ 298 K, pH ¼ 8).

9176 | RSC Adv., 2019, 9, 9171–9179
adsorption is the main adsorption mechanism of Fe3O4@SiO2-
g-PAMAM-AO for Pb(II) and Ni(II).

3.2.3 Adsorption isotherm. In order to illustrate the
adsorption mechanism of Fe3O4@SiO2-g-PAMAM-AO, the
interaction between adsorbent and adsorbate was studied. The
adsorption data were analyzed according to the well-known
Langmuir and Freundlich isotherm models, whose equations
are respectively expressed by eqn (8) and (9).30,31

Ce

Qe

¼
�

1

Qmax

�
Ce þ 1

kLQmax

(8)

log Qe ¼ log kF þ 1

n
log Ce (9)
Fig. 12 The Langmuir (a), (b) and Freundlich (c), (d) isotherms of Pb(II)
and Ni(II) adsorption onto Fe3O4@SiO2-g-PAMAM-AO.

This journal is © The Royal Society of Chemistry 2019
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Fig. 13 Effect of adsorbent dose on the removal efficiency of Pb(II) and
Ni(II) by Fe3O4@SiO2-g-PAMAM-AO. (Co ¼ 50 mg L�1, T ¼ 298 K, pH
(Pb2+) ¼ 5.5, pH (Ni2+) ¼ 8, t ¼ 2 h).

Table 3 Comparison of adsorption capacity of Fe3O4@SiO2-g-PAMAM-AO composite nanoparticle adsorbent with other nanoparticles
adsorbents

Adsorbent Adsorbate Adsorption capacity References

Fe2O3–Al2O3 Pb2+ 23.75 (mg g�1) 29
Magnetic Fe3O4 yeast treated with EDTA dianhydride Pb2+ 99.26 (mg g�1) 30
Chain-like Fe3O4@SiO2@chitosanmagnetic nanoparticles Pb2+ 6.899 (mg mg�1) 31
Magnetic multiwalled carbon nanotube nanocomposite Ni2+ 2.11 (mg g�1) 32
Iron oxide nanoparticles Ni2+ 11.1 (mg g�1) 33
Fe3O4@SiO2-g-PAMAM-AO magnetic nanoparticles Pb2+ 157.25 (mg g�1) This work

Ni2+ 191.78 (mg g�1) This work

Table 2 Langmuir and Freundlich isotherm parameters for Pb2+ and Ni2+ adsorption onto the Fe3O4@SiO2-g-PAMAM-AO nanocomposite

Heavy metal
ions

Temperature
(�C)

Langmuir model Freundlich model

kL Qe (mg g�1) R2 kF N R2

Pb2+ 25 0.023 150.3588 0.6913 118.15 13.895 0.9946
35 0.021 153.846 0.6506 121.78 8.876 0.9950
45 0.017 157.2578 0.7475 133.25 6.729 0.9881

Ni2+ 25 0.026 191.7856 0.8864 137.46 15.138 0.9678
35 0.024 191.2116 0.7538 125.18 11.257 0.9576
45 0.019 184.6080 0.8409 123.29 7.623 0.8493
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where Qe,Qmax (mg g�1) are the equilibrium adsorption capacity
and the maximum adsorption capacity of Pb(II) and Ni(II) on the
adsorbent, respectively. Ce (mg L�1) is the Pb(II) and Ni(II)
concentration residual in solution at equilibrium, KL (L mg�1) is
the Langmuir adsorption constant, and KF and n are the
Freundlich constants related to the adsorption capacity and the
adsorption intensity, respectively.

As shown in Fig. 12, it can be observed that the adsorption
isotherms of Pb(II) and Ni(II) could be tted with both Langmuir
(a), (b) and Freundlich (c), (d) models. The parameters calcu-
lated by themodel are listed in the support information to Table
2. For the adsorption isotherms of Pb(II) and Ni(II), the
Freundlich model showed a higher correlation coefficient,
indicating that the adsorption data of the Freundlich model is
a better t than the adsorption data of the Langmuir model.
Therefore, the Freundlich isotherm can be applied for non-ideal
adsorption on multilayer adsorption and heterogeneous
surfaces in nature.32

Compared with other magnetic adsorbents, the adsorption
capacities on Fe3O4@SiO2-g-PAMAM-AO for Pb(II) and Ni(II) are
higher than those for Pb(II) and Ni(II) sorption on other related
materials, as listed in Table 3. Fe3O4@SiO2-g-PAMAM-AO with
such a high ability for Pb(II) and Ni(II) sorption exhibits
a potential for real applications in the removal of Pb(II) and Ni(II)
from large volumes of aqueous solutions. The main reason for
the high adsorption capacity is that the dendritic graings have
a large surface area. Furthermore, the amidoxime-
functionalized groups have multivariate coordination
characteristics.

Fig. 13 shows the effects of adsorbent dose on the removal
efficiency of Pb(II) and Ni(II) in aqueous solution. For Pb(II),
This journal is © The Royal Society of Chemistry 2019
when the adsorbent dose increased from 0 to 30 mg, the
removal efficiency quickly increased from 0 to 96%. For
Ni(II), the removal efficiency rapidly increased from 0 to
99.1% with the adsorbent dose under the same conditions.
Because an increase in the adsorbent dose meant an
improvement, there are relatively more active sites and
greater surface area.

The regeneration and reuse of adsorbent materials play
a decisive role in practical applications.33–37 In this work, the
Pb(II)-loaded adsorbent was desorbed using a 0.1 mol L�1

NaOH solution and then washed with distilled water to a pH of
7.0 for reuse in the next run. For Pb(II), it was found that the
removal efficiency was approximately 93.74%, and the removal
capacity was still over 91.256% aer ve adsorption–desorp-
tion cycles. Furthermore, for Ni(II), it was found that the
RSC Adv., 2019, 9, 9171–9179 | 9177
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Fig. 14 Removal efficiency of five adsorption–desorption cycles of
regenerating Fe3O4@SiO2-g-PAMAM-AO on Pb(II) and Ni(II). (Co ¼
50 mg L�1, T ¼ 298 K, pH (Pb2+) ¼ 5.5, pH (Ni2+) ¼ 8, t ¼ 2 h).
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removal efficiency was approximately 97.03%, and the removal
capacity was still over 93.07% aer ve adsorption–desorption
cycles (Fig. 14). These results indicated that Fe3O4@SiO2-g-
PAMAM-AO has good ability of regeneration, and it can be
reused in the application of Pb(II) and Ni(II) removal from
wastewater.
4. Conclusions

In summary, magnetic Fe3O4@SiO2-g-PAMAM-AO was success-
fully synthesized and used as an adsorbent for the adsorption of
Pb(II) and Ni(II) from several environmental waters. Fe3O4@-
SiO2-g-PAMAM-AO exhibits enhanced adsorption capacities for
both Pb(II) and Ni(II) because of the larger surface area and the
strong chelation of amidoxime to Pb(II) and Ni(II). The adsorp-
tion process was pH dependent. FT-IR and XPS studies revealed
the amidoxime-functionalized groups formed on the Fe3O4@-
SiO2-g-PAMAM-AO. Magnetic measurement revealed the super-
paramagnetic behavior of Fe3O4@SiO2-g-PAMAM-AO with
a saturation magnetization of 47.7 emu g�1. The adsorption
processes of Fe3O4@SiO2-g-PAMAM-AO for Pb(II) and Ni(II) were
in good agreement with the pseudo-second-order kinetics
model and the Freundlich isotherm model. Fe3O4@SiO2-g-
PAMAM-AO has a maximum Pb(II) adsorption of 157.25 mg
g�1(100 mg L�1) at pH 5.5. Furthermore, Fe3O4@SiO2-g-
PAMAM-AO showed an excellent adsorption performance for
the removal of Ni(II) with a maximum adsorption capacity of
191.78 mg g�1 (100 mg L�1) at pH 8.0. The adsorption capacities
of Fe3O4@SiO2-g-PAMAM-AO nanohybrids graed with
amidoxime-functionalized groups for Pb(II) and Ni(II) are very
high. All the results suggested that the Fe3O4@SiO2-g-PAMAM-
AO composites are effective adsorbents for the removal of
Pb(II) and Ni(II).
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