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a b s t r a c t
A new adsorbent, Fe3O4 sulfonated magnetic nanoparticle (Fe3O4-SO3H MNP), was developed for heavy
metal ions removal from water, which could be effectively separated from the solution owing to the
superparamagnetic property. The nanoparticles can be used to remove heavy metal ions due to the additional active site, ‘‘sulfo-group”, introduced by the AMPS branches grafted onto the iron oxide. The assynthesized materials were characterized by SEM, TEM, FT-IR and BET. The FTIR, XPS and Zeta potential
were used to describe the adsorption mechanism. The Fe3O4-SO3H MNPs showed rapid removal for Pb2+
and Cd2+ with maximum of adsorption capacity of 108. 93 and 80.9 mg/g at 25 °C, respectively. The
adsorption isotherms for Pb2+ and Cd2+ fitted better with Langmuir than Freundlich models, indicated
that the processes of the removal of Pb2+ and Cd2+ could follow a kind of similar adsorption manner.
The adsorption kinetic was consistent with pseudo-second-order model. Furthermore, the reuse experiments results showed the adsorbent might have potential in treating heavy metal ions pollution in water.
Ó 2017 Elsevier Inc. All rights reserved.

1. Introduction
Nowadays, with the development of economy, the amount of
heavy metal ions (e.g. cadmium, chromium, cobalt, lead, and
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mercury, etc.) used in different industrial activities are keeping
pace with the rapid spreading chemical manufacturing [1]. Heavy
metal pollution has become a greatly worldwide environmental
problem. These non-degradable heavy metal ions usually possess
high toxicities, and are easily enriched at organisms through the
food chain [2], which are not easily discharged, and do a variety
of harm on biological as well as human. Upon of these heavy
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metals, cadmium (Cd2+) and lead (Pb2+) are two of the important
pollutants. It’s demonstrated that cadmium can cause cell death,
kidney, bone disease and lung function damage [3–5]. The World
Health Organization (WHO) has set a maximum limit of
0.005 mg/L cadmium in normal blood [5]. Meanwhile, Pb2+ has
continuous toxicity, which can cause serious blood disease [6]. In
drinking water the permissible limit of lead is 0.010 mg/L [7]. So,
finding a promising material to remove and reduce heavy metal
pollutants is a matter that admits of no delay.
In order to realize the effective removal of heavy metals, a variety of methods have been explored, including ions exchange [8],
electrochemical techniques [9], reverse osmosis [10], and so on.
Previous investigations have shown that one of the best ways to
remove Pb2+ and Cd2+ from wastewater was eco-friendly adsorption. The effective adsorbents for the adsorption of cadmium and
lead include modified carbon, bacterium, biopolymers, zeolites,
clays, and sewage sludge [11–16]. Recently, in all attempts to
remove heavy metals, a kind of superparamagnetic material,
Fe3O4, stands out [17,18]. The nano-scaled and superparamagnetic
behavior which is significant for achieving rapid separation and
avoiding secondary pollution as well as the high ratio of surfaceto-volume proved good presentations in the removal texts
[19,20], however, which the most intensively applied of is surface
modification. So far, numerous surface modifications, which can be
organic polymers (e.g. polyamidoamine) [21] or inorganic metallic
and oxide (e.g. silica or alumina) [22,23] that produced various
active sites. The heavy metal pollutions can be attached to the
magnetite materials through their outside active sites. Recent
reports showed that some surface-coating magnetite materials
undoubtedly possessed the excellent adsorption capability to
Pb2+ and Cd2+ [24–26]; however, there are some inevitable problems. For example, the binding of ethylenediamine tetraacetic acid
(EDTA) on Fe3O4 nanoparticles and the pH of solution are key barrier that affect the efficiency, besides, EDTA is toxic that may
induce skin rash to some extent.
In this study, we developed a new adsorbent, sulfo-magnetic
nanoparticles (Fe3O4-SO3H MNPs), synthesized by sulfofunctionalization of MPTS-coated Fe3O4 nanoparticles by free radical polymerization. The procedure was illustrated in Fig. 1. The
size, structure and porosity of the Fe3O4-SO3H MNPs were analyzed
by SEM, TEM, XPS and FTIR, etc. The applications of the as-prepared
magnetic Fe3O4-SO3H nanoparticles for the removal of Cd2+ and
Pb2+ from water were investigated by the influence of different
adsorption parameters, such as initial pollutant concentration,

equilibration time, solution pH, adsorption kinetic and thermodynamic data, and excellent adsorption performance was gained.
The results suggested the Fe3O4-SO3H MNPs had the potential utility that could effectively adsorb heavy metal pollutants removal
from water.
2. Experimental
2.1. Chemicals and materials
Iron chloride (FeCl36H2O), sodium acetate (CH3COONa), ethylene glycol (EG), ethylenediamine (ETH), Mercaptopropyl
trimethoxysilane (MPTS), 2-Acrylamide-2-methylpro panesulfonic
acid (AMPS), sodium bromated (NaBrO3), toluene were purchased
from Chemical Reagent Company (Shanghai, China). All reagents
were analytical grade without further purification.
2.2. Synthesis of Fe3O4-SO3H magnetic nanoparticles
Synthesis of Fe3O4 with a particle size of 80 nm was according
to the previous article [27]. As for thiol-functionalized Fe3O4,
firstly, magnetic nanoparticles (1.0 g) were mixed with 40 mL of
toluene into a flask. After being sonicated for 30 min, 0.4 mL of
MPTS was added. Then the flask was connected to the condensation device with a mechanical stirrer under a nitrogen atmosphere
in a water bath at 90 °C for 2 h. Then the nanoparticles were
washed with ethanol, and dried at 60 °C in a vacuum oven, followed by magnetic separating.
To prepare Fe3O4-SO3H magnetic nanoparticles (MNPs), AMPS
(0.2 g) was firstly dissolved into 5 mL DMF solvent, and then the
above thiol-functionalized Fe3O4 nanoparticles were dispersed into
the solution. After 30 min ultra-sonication vibration, sodium bromate (0.1 g) was added. The mixture was kept in a water bath at
60 °C and continuously stirred for another 2 h. Afterwards, the
products were washed with ethanol and water three times, finally,
dried at 60 °C in a vacuum oven.
2.3. Characterization
The morphology of the obtained nanomaterials was characterized by the transmission electron microscopy (TEM, JEOL JEM2010 instrument, operated at 100 kV) and the scanning electron
microscopy (SEM, FEI Sirion 200 FEG, operated at 5 kV). In order
to verify these formation of some organic group, the Fourier

Fig. 1. Schematic preparation of Fe3O4-SO3H MNPs.
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transform infrared (FTIR) was used in KBr pellets with a NEXUS870 FTIR spectrometer. The Brunauer–Emmett–Teller (BET) was
applied to text surface and pore structure of the material. Magnetite properties of the obtained powder were measured using
superconducting quantum interference device (SQUID) in 300 k.
X-ray photoelectron spectrometry (XPS) was collected on a on an
ESCA Lab MK II. The zeta potentials under different pH were collected on Delsa Nano C/Z; the concentrations of metal ions were
analyzed using inductively TAS-990AFG Atomic Absorption Spectrometer (AAS).
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pension was sampled and then magnetic separated to determine
the concentration by AAS.
Considering the competition of metal ions with Na+, Ca2+ and
Mg2+ ions, 10 mL of 100 mg/L Cd2+ or Pb2+ solution, five concentration levels 5, 10, 20, 30, 120 mg/L of Na+, Ca2+ and Mg2+ ions solutions and the adsorbent were added to a shaker together and kept
in 24 h with pH of 7.0 ± 0.1. Finally, the liquid was separated by
magnetic force.
The effect of pH on the adsorption was investigated with the
initial metal ions solution concentration of 10.0 mg/L and the pH
of the solution was adjusted ranging from 3 to 11. Experimental
temperature was kept at room temperature.

2.4. Batch adsorption tests
Cd2+ and Pb2+ solution were prepared from Pb(NO3)2 and Cd
(NO3)26H2O. The concentrations of metal ions were analyzed
using inductively TAS-990AFG Atomic Absorption Spectrometer
(AAS). To explore the adsorption isotherm, 10 mg of adsorbents
were added in 15 mL polypropylene flasks containing 10 mL of
Cd2+ or Pb2+ solution vary from 10 to 200 mg/L, then, kept continuously shaking for 24 h in order to ensure the equilibration time.
The pH of the solution was adjusted to 7.0 ± 0.1 by using
0.01 mol/L NaOH and HCl solution. The amount of metal ions
adsorbed was calculated by Eq. (1):

Qe ¼

ðc0  ce ÞV
m

ð1Þ

2.5. Regeneration and reuse of Fe3O4-SO3H MNPs
It is very important for the regeneration and recycling of the
adsorbent. In order to explore it, the Fe3O4-SO3H MNPs were used
to treat the water that contained Pb2+, Cd2+ of 10 mg/L, respectively. Then, the adsorbent separated by external magnetic field
was dispersed into 1% HCl and sonicated for one hour. The remaining solution concentration was measured by AAS. The same process was repeated five times. Every time the change of removal
efficiency was performed.
3. Results and discussion
3.1. Synthesis and characterization of Fe3O4-SO3H MNPs

where c0 and ce are the initial and equilibrium concentrations of
metal ions in solution (mg/L), V is the volume of solution (mL)
and m is the mass of the adsorbent (mg).
For searching the kinetic study, 10 mg of adsorbents were
mixed with 50 mL of Cd2+ or Pb2+ ion solution (10 mg/L) at pH
7.0, shaking for 24 h. At different time intervals, about 3 mL sus-

The synthesis of Fe3O4-SO3H MNPs schematically showed in
Fig. 1. MPTS acted as a cross-linker to connect with AMPS. The
key of the whole procedure is that thiol acted as redox initiator
in the redox initiation systems [28]. First, methoxyl group of the
MPTS with surface hydroxyl groups (AOH) loaded on Fe3O4 to form

Fig. 2. SEM micrographs of Fe3O4 (a) and Fe3O4-SO3H MNPs (b), TEM micrographs of Fe3O4-SO3H MNPs at 100,000, scale bar = 20 nm (c), and at 800,000, scale bar = 10 nm
(d).
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Fig. 3. FTIR spectra of unmodified Fe3O4 MNPs (a), Fe3O4-HS MNPs (b), Fe3O4-SO3H
MNPs (c), AMPS (d).

reactive silanol groups by the hydrolysis reaction [29]. After MPTS
coating, silane polymer modification success brought thiol groups
in magnetite that is the key to the reaction of the next step. Then
in the presence of catalyst, the covalent attachment of AMPS to
particles through thiol groups and double bond combined action
[28]. The SEM micrograph of Fe3O4 and Fe3O4-SO3H MNPS were
showed in Fig. 2(a) and (b). It was obvious that the mean diameter
was about 80 nm. Furthermore, the obtained nanoparticles coated
shell structure was displayed with TEM micrographs in Fig. 2
(c) and (d).
The FTIR spectra of unmodified Fe3O4, Fe3O4-HS, and Fe3O4SO3H MNPs were given in Fig. 3. Identification of the absorption
bands of thiol for Fe3O4-HS MNPs was problematic because of its
weak peak to observe difficultly. But in the curve b, the peaks at
around 1381 and 1459 cm1 could be assigned to the CAH symmetric blending vibration, which suggested that AMPS was bound
to the Fe3O4 MNPs, whereas the peaks at around 2911 and
2853 cm1 were related to the CAH stretching vibration. In curve
c, the corresponding signal of the final product Fe3O4-SO3H MNPs

could be observed obviously and was showed as follows. The peak
at 1792 cm1 was attributed to the carbonyl stretch, NAH absorption bands at around 1625 cm1. The stretching vibration of
O@S@O was observed at about 1387 cm1 and S@O group at
1091 and 1048 cm1, which confirmed the presence of the sulfonic
group. Also CAS stretching vibration from AMPS modifying Fe3O4
or MPTS at around 1200 cm1 was observed. In addition, the peaks
at about 874 cm1 ascribed to C@C double bond. These peaks were
more abundant than previously modified materials.
The nitrogen adsorption-desorption isotherms were used to
explore pore size, pore volume of the nanoparticles. The surface
area of the Fe3O4-SO3H MNPs was calculated by the BrunauerEmmett-Teller (BET) method, and the average pore size was determined by Barrett-Joyner-Halenda (BJH) model. As presented in
Fig. 4a, the isotherms of the adsorbent Fe3O4-SO3H MNPs fitted
in with a type IV isotherm with a H3 hysteresis loop [30], indicating the mesoporous structures of the Fe3O4-SO3H MNPs [31]. The
hysteresis P/P0  1 suggested the existence of macropores
(>50 nm in size). These observations were further confirmed by
wide-ranging pore size distribution shown in Fig. 4b. The Fe3O4SO3H MNPs have the BET surface area of 18.32 m2/g, and the pore
volume of 0.094 cm3/g.
The magnetite property measured by superconducting quantum interference device (SQUID) in 300 k is a relatively important
parameter. The magnetic hysteresis loops of Fe3O4 and Fe3O4-SO3H
MNPs were showed in Fig. 5. The saturation magnetizations values

Fig. 5. The magnetic hysteresis loops of Fe3O4 and Fe3O4-SO3H MNPs.

Fig. 4. Nitrogen adsorption–desorption isotherm (a), and the pore-size distribution curve (b) of the Fe3O4-SO3H MNPs.
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pseudo-second-order kinetic models, respectively, and showed in
Table 1.
The pseudo-first-order kinetic model was generally expressed
by Eq. (2):

lnðqe  qt Þ ¼ ln qe  k1 t

ð2Þ

The pseudo-second-order kinetic model was written as follow:

t
1
1
¼
þ t
qt k2 q2e qe

Fig. 6. Zeta potential of the Fe3O4-SO3H as a function of pH.

were 80.3 and 69.0 emu/g, respectively. After modification, it still
maintained fairly high magnetic, which caused that the adsorbent
could be quickly separated under the condition of external magnetic field.
The influence of pH on the zeta potential of the Fe3O4-SO3H
MNPs was presented in Fig. 6. In the pH range of 3–7, the Zeta
potentials slowed down a little and all were negative. Once pH
reached 7–8, the negative values were keeping dramatically
decreased. When pH ran up to 8, the surface charges began to
increases lowly, this might be caused by the ferric hydroxide precipitation transformed from the core Fe3O4 in strong alkaline conditions. In a word, in all of pH range the Zeta potentials values were
negative; therefore, the Fe3O4-SO3H adsorbent is suitable for the
adsorption process of heavy metal cations in all environmental
pH conditions.
3.2. Adsorption kinetic study
The rapid adsorption for selecting the relatively better adsorbent material is very important. To explore the equilibrium time
for the maximum adsorption capacity, Fig. 7 gave the effect of contact time on the adsorbent. Obviously, adsorption was rapidly
improved at the initial stages, and slowed down thereafter, then,
reached equilibrium.
In order to further research the process of adsorption with time,
these experimental data was dealt with the pseudo-first-order and

ð3Þ

where qt and qe (mg/g) are the adsorptive capacities of Fe3O4-SO3H
MNPs at the time t and at equilibrium, respectively. The parameters
of k1 (min1) and k2 (g/mg/min) are the constants of the pseudofirst-order and pseudo-second-order models.
The kinetic parameters collected from the experimental data
were fitted to the pseudo-first-order and pseudo-second-order
models. The fitted parameters were showed in Table 1. It could
be clearly observed the coefficient (R2 > 0.99) of the pseudosecond-order was much higher than that of the pseudo-firstorder model. The results expressed that heavy metal ions captured
by the adsorbent followed the pseudo-second-order model much
more reasonable than pseudo-first-order model. The adsorption
kinetics fitted by pseudo-first-order models of Pb2+ and Cd2+ were
showed in Fig. S1 (Supplementary Material). The initial adsorption
rates H0 (k2 q2e ) for Cd2+ and Pb2+ were 8.92 and 7.46 mg/g/min,
respectively. The H0 acts as an indicator for the adsorption rate,
especially in the early stage of adsorption [32], indicated the initial
adsorption rate of Pb2+ on the Fe3O4-SO3H MNPs was higher than
that of Cd2+. In the first hour, the adsorbing materials showed high
adsorption of Pb2+ and Cd2+ with the respective removal rates of
90% and 94%.
3.3. Adsorption isotherms of Cd and Pb
With the change of adsorption dose, the change of the adsorption efficiency was showed in Fig. 8a. When the adsorption efficiency rose to 99%, the adsorption efficiency could not change
even if the amount of adsorbent was improved. In order to investigate the capacities of adsorbents under the different solution concentration of the metal ions, the equilibrium adsorption isotherms
were conducted. The initial concentrations of Pb2+ (from 10 to
200 mg/L) and Cd2+ (from 10 to 180 mg/L) were used to explore
the adsorption property of the adsorbent. The experimental data
presented in Fig. 8b were fitted by two adsorption isotherm models
Langmuir [33] and Freundlich [34], respectively. Langmuir model
could be represented as by Eq. (4):

Fig. 7. (a) Adsorption uptake versus time and (b) adsorption kinetics fitted by pseudo-second-order models of Pb2+ and Cd2+ with an initial concentration of 10 mg/L at pH 7.0.
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Table 1
Characteristics of the kinetics models of Pb2+ and Cd2+ for fitting of the experimental results in Fig. 7.
Metal ions

q (mg/g)

First-order
2

2+

Pb
Cd2+

9.692
9.206

Second-order

R

k1

qe (mg/g)

R2

k2

H0

qe (mg/g)

0.953
0.807

0.0068
0.0054

0.508
0.529

1
1

0.095
0.088

8.92
7.46

9.69
9.21

Fig. 8. (a) Adsorption efficiency changes with the absorbed dose (Fe3O4-SO3H MNPS) with initial concentration of 10 mg/L for Pb2+ and Cd2+; (b) adsorption isotherms for Pb2+
and Cd2+ adsorption on Fe3O4-SO3H MNPS; (c) langmuir and (d) Freundlich isotherm models for fitting of Pb2+ and Cd2+ adsorption on Fe3O4-SO3H MNPs. (Contact time = 24 h,
adsorbent dose = 1 g/L, pH = 7.0.)

Qe ¼

Q m kl C e
1 þ kl C e

ð4Þ

where Q e is capacity of Pb2+and Cd2+ adsorbed on the adsorbents
(mg/g), ce is the equilibrium concentration of the metal ion in solution (mg/L), Q m represents the maximum amount of Pb2+ and Cd2+
and kl is the Langmuir constant. The Langmuir model is on the basis
of the adsorption model of monomolecular layer [35]. Freundlich
model is expressed by Eq. (5):

Q e ¼ kf C 1=n
e

ð5Þ

where kf and n are the Freundlich constants. The Freundlich model
assumes the adsorption process happened on the heterogeneous
surfaces [35].
The adsorption capacities of Fe3O4-SO3H MNPs increased with
the increase of ions concentration until reached the maximum
adsorption capacity. Freundlich and Langmuir isotherm models

Table 2
Langmuir and Freundlich adsorption isotherm parameters, correlation coefficients, and adsorption capacities for Pb2+ and Cd2+ on adsorbents.
Metal ion

2+

Pb
Cd2+

Langmuir constants

Freundlich constants

qm (mg/g)

kL (L/mg)

R

108.93
80.9

0.373
0.137

0.998
0.989

2

U

1/n

KF (mg/g) (L/mg)1/n

R2

U

7.001
13.01

0.118
0.555

69.51
11.04

0.94
0.689

83.3
79.07
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for fitting of Pb2+ and Cd2+ adsorption on Fe3O4-SO3H MNPs were
showed in Fig. 8c and d. The fitting results were displayed in
Table 2. The relative parameters fitted better with the Langmuir
than Freundlich model based on the higher correlation coefficient
(R2 ) and lower normalized standard deviation (U) suggested that
the processes of Pb2+ and Cd2+ adsorbed on the Fe3O4-HS MNPS
were taken place on the monomolecular layer. Moreover, the larger
kL adsorbent had the greater adsorption capacity. According to the
Langmuir equation, the maximum uptake capacities of Pb2+ and
Cd2+ can reach to 108. 93 and 80.9 mg/g, respectively, which are
higher than the capabilities of today’s many materials showed in
Table 3.

vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
!2 ,
u
uX q  q
exp
cal
t
U ¼ 100
ðNi  1Þ
qexp
where qexp (mg/g) is the experimental metal ions uptake, qcal (mg/g)
is the amount of the calculated metal ions and N i is the number of
data points, respectively.
3.4. Effect of solution pH
It is important to study that the variously initial and final pH
values of the aqueous solution can cause corresponding changes
in effecting the protonation of modification group of adsorbent,
and the another way, making the speciation of heavy metal ions
shifted [45]. Fig. 9 described the adsorption results under different
pH values. The removal efficiency increased sharply when the pH
Table 3
Comparison of adsorption capacities of different adsorbents for removal of heavy
metal ions.
Adsorbent sample

Polymer-modified Fe3O4 nanoparticles
Amino-functionalized Fe3O4@SiO2MNPs
Chitosan/magnetite
SH-mSi@Fe3O4
MPTS-CNTs/Fe3O4
GO-Fe3O4
Fe3O4-C
Poly(HEMA-MAC)-Fe3O4
EDA-Modified mPMMA
Fe3O4-SO3H MNPS

Adsorption
capacities (mg/g)
Pb2+

Cd2+

166.1
76.6
63.3
91.5
65.40

29.6

108.93

6
39.7
5.48
5.899
80.9

Reference

[36]
[37]
[38]
[39]
[40]
[41]
[42]
[43]
[44]
This study

Fig. 10. Effect of co-existing anions on Pb2+ (10 mg/L initial concentration) and Cd2+
(10 mg/L initial concentration) adsorption in the presence of (a) Na+ (from 5 to
70 mg/L), (b) Mg2+ (from 5 to 70 mg/L), and (c) Ca2+ (from 5 to 120 mg/L).

Fig. 9. Effects of pH value on heavy metal ion adsorption.

was in the range of 4–7. However, when the solution was in neutral
and alkaline conditions, the removal efficiency of Pb2+ and Cd2+ had
slow promotion. Once pH exceeded 8, the adsorption amount was
decreased. It’s obviously that the removal efficiency was relatively
high in neutral and alkaline conditions. The structure study
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showed that the adsorbent contained effective group hydroxyl
(AOH), thiol (ASH) and sulfonic groups (ASO3H), therefore, cations
exchange reaction could occur on the adsorption of Cd2+ or Pb2+
(M2+) ions [46]. The reaction followed the formulas:

2½Fe3 O4 -SO3 HðsÞ þ M2þ ðaqÞ ! ½ðFe3 O4 -SO3 Þ2 MðsÞ
þ 2Hþ ðaqÞ

ð6Þ

2½Fe3 O4 -OHðsÞ þ M2þ ðaqÞ ! ½ðFe3 O4 -OÞ2 MðsÞ þ 2Hþ ðaqÞ

ð7Þ

2½Fe3 O4 -SHðsÞ þ M2þ ðaqÞ ! ½ðFe3 O4 -SÞ2 MðsÞ þ 2Hþ ðaqÞ

ð8Þ

2+

+

Cd (II) exists as different form of Cd , Cd (OH) , Cd (OH)2, and
Cd (OH)
3 at different pH values (see Fig. S2 in Supplementary
material). At pH < 8.0, the predominant Cd (II) species are Cd2+.
When pH increases to 8, the more Cd (OH)2 starts to form [47],
which is difficult to be removed by the adsorbent. Therefore, the
adsorption of Cd2+ ions was easier at relatively high pH. At the
meantime, Pb (II) can also exist as different form of Pb2+, Pb
2
(OH)+, Pb (OH)2, Pb (OH)
in aqueous solution
3 and Pb (OH)4
(see Fig. S3 in Supplementary material). Under acidic conditions,
Pb2+ is the dominant specie and the concentration of Pb (OH)+
increased with the increase of pH, which results in the increase
of adsorption capacity. Afterwards, when pH increases to 8, the
existence of Pb(OH)2 and Pb(OH)
3 causes the decreases of the
adsorption percentage [48].

3.6. Removal mechanism
The XPS spectra of Fe3O4-SO3H MNPs were considered of great
significance in investigating the adsorption mechanism. The XPS
spectra of Fe3O4-SO3H MNPs before and after adsorption were
depicted in Fig. 11. As presented in Fig. 11a, the new observed
binding energy value of Pb4f7/2 and Pb4f7/5 at 138.55 and
143.4 eV, which indicated that the Pb2+ was binding to the adsorbents. The binding energy value of Cd3d5 and Cd3d2 at 405.5 and
412.25 eV indicated the Cd2+ was binding to the adsorbents after
adsorption. As depicted in Fig. 11b, the binding energy values of
S2p at 167.95 and 164 eV, respectively, were consistent with sulfonate and sulfur atoms as thiolate species [49–51]. After adsorption, S2p3 binding energy of the sulfonate group is 168.05 eV,
shifted 0.1 eV higher likely due to stronger force power with
Cd2+. For sulfur 2p3 binding energy of the thiols bound is
163.3 eV, shifted 0.1 eV higher after adsorption of Pb2+ and shifted
1 eV higher after adsorption of Cd2+ because of strong force power
with Pb2+, Cd2+, respectively.
The FTIR of spectra of Fe3O4-SO3H MNPs after Pb2+ and Cd2+
adsorption showed that the peak of S@O at 1048 cm1 shift to
1038 cm1 after cadmium and lead adsorption, indicating the

3.5. Effect of competing ions Na+, Mg2+ and K+ on adsorption
Commonly, the heavy metal ions varies in complex matrixes,
such as groundwater, stream waters, oceans, lake, and impoundment water contain amount of alkaline metal ions [37]. So, it’s necessary to do researches in the presence of coexisting cations such
as Na+, Mg2+ and Ca2+. To investigate practical application, the
effects of coexisting cations on the adsorption were showed in
Fig. 10. The results indicated that the Na+, Mg2+ and Ca2+ had no
significant influence in Pb2+ removal efficiency even though the
concentration increased up to the high level. However, the presence of Na+, Mg2+ and Ca2+ affected the Cd2+ removal to a certain
extent, and Ca2+ do the most among the metal ions test. When
the concentration of Ca2+ increased to 120 mg/L, The removal efficiency decreased to 84%. As a result, the metal ions could compete
with Cd2+ on the active sites of adsorbent.

Fig. 12. Pb2+ and Cd2+ (10 mg/L initial concentration) removal efficiency of
Fe3O4-SO3H MNPs after ten cycles.

Fig. 11. (a) XPS spectra of Fe3O4-SO3H before and after adsorption of Pb2+ and Cd2+. (b) S2p spectrum of the Fe3O4-SO3H after adsorption.
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sulfo-group was participated in the complexation reaction [52]
(see Fig. S4 in Supplementary material).
3.7. Regeneration
To search the regenerability of the adsorbent, the Fe3O4-SO3H
MNPs after adsorption were dispersed into 1% HCl solution sonicated for 10 min. After that, the adsorbent was washed and reused.
After 10 cycles, the removal efficiency was still high (Fig. 12), the
excellent reusability made us believe that the Fe3O4-SO3H MNPs
had potential in application.
4. Conclusions
A novel magnetic nanoparticle was synthesized by binding and
sulfo-functionalization of AMPS on Fe3O4. The obtained nanoadsorbent presented great adsorption properties and the Fe3O4 core
could allow rapidly separated after adsorption. The removal of
heavy metal ions was both fitted well with the Langmuir model,
and the maximum of the adsorption capacities were 108. 93 and
80.9 mg/g for Pb2+ and Cd2+, respectively. The adsorption rate of
Pb2+ and Cd2+ was very fast and fitted into a pseudo-secondorder rate kinetic model. A series of experiments have proved that
Pb2+ and Cd2+ could be effectively removed within a pH range from
7.0 to 10.0. Furthermore, the heavy metal ions removal mechanism
was investigate by FTIR and XPS, which proved that the cation
exchange was the important reason. In addition, the presence of
sulfo-binding sites on the surface of the Fe3O4 MNPs could significantly improve the capacity of adsorption by the formation of
heavy metal ions complex. The excellent reusability of Fe3O4SO3H MNPs indicated that the obtained nanoadsorbent has potential in application.
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