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ic(V) from aqueous solutions using
sulfur-doped Fe3O4 nanoparticles†

Junhui Liu,a Long Kong,*a Xueqiong Huang,a Min Liua and Liang Li *ab

In this study, magnetic sulfur-doped Fe3O4 nanoparticles (Fe3O4:S NPs) were applied as adsorbents for the

removal of As(V). Fe3O4:S NPs were fabricated by a two-step route, which included low-temperature mixing

and high-temperature sintering. The as-prepared Fe3O4:S NPs could effectively remove As(V) under a wide

pH range of 2–10 and presented a high As(V) adsorption capacity of 58.38 mg g�1, which was much better

than undoped Fe3O4 nanoparticles (20.24 mg g�1). Adsorption experiments exhibited a pseudo-second-

order model of adsorption kinetics and a Langmuir isotherm model of adsorption isotherms. Additionally,

the coexisting ions such as NO3
�, SO4

2�, and CO3
2� had no significant effect on As(V) adsorption and

the adsorbent worked well in actual smelting wastewater. XPS and FTIR spectra of Fe3O4:S NPs before

and after As(V) adsorption showed that Fe–OH groups played a significant role in the adsorption

mechanisms. Moreover, the magnetic Fe3O4:S NPs adsorbents after adsorption could be rapidly

separated from wastewater with an external magnetic field. Therefore, Fe3O4:S NPs could be an ideal

candidate for the removal of As(V) from water.
1. Introduction

Arsenic is a persistent and toxic metalloid existing in the
aquatic environment.1–3 Arsenic may cause poisoning and death
in humans as a result of contaminated water.4–7 Recently,
arsenic contamination problems were reported in India, Chile,
Bangladesh, Vietnam, and other parts of the world.8–10 In China,
chronic arsenic exposure has caused very severe health prob-
lems.11–13 Nearly 14.6 million people are exposed to contami-
nated water with arsenic concentration of 0.03 mg L�1 or higher
every day.14

Varieties of technologies, such as coagulating sedimentation
by CaO,15 ion exchange,16 and adsorption17 have been used to
remove arsenic from water. In spite of the low cost of coagula-
tion process, it produces bulky sludge, and furthermore, the
arsenic level in the water aer treatment could not reach the
strict standard of World Health Organization (WHO).18 The
problems of ion exchange process including high cost and the
difficulty of regeneration have prevented it from wide applica-
tion. On the contrary, adsorption process seems to be a prom-
ising technology because of the less sludge producing operation
and high removal efficiency.19,20 A lot of adsorbents have been
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developed to efficiently remove As(V) from water in the recent
years.21–29 As a sort of cheap adsorbents, iron oxides have been
used for arsenic removal because of iron's affinity to inorganic
arsenic species.30 However, in certain situations, iron oxide
presents low arsenic adsorption capacity, long adsorption
process, and only works in a narrow pH range, which have
greatly limited its application.31,32 Hence, specic strategies
such as surface modication and elements doping have
attracted attentions to conquer these weaknesses.

In this study, sulfur-doped Fe3O4 nanoparticles (Fe3O4:S
NPs) with excellent adsorption capacity and separation prop-
erties33 were used for the removal of As(V) fromwater. Compared
with undoped Fe3O4 NPs, the sulfur-doped nanoparticles
exhibited a widely applicable pH range of 2–10 for As(V)
removal. The prepared Fe3O4:S NPs were characterized using
X-ray diffraction (XRD), transmission electron microscope
(TEM), energy dispersive X-ray uorescence (ED-XRF), Fourier
transform infrared (FTIR), vibrating sample magnetometer
(VSM), and X-ray photoelectron spectroscopy (XPS) analyses.
The adsorption properties of Fe3O4:S NPs were investigated
including the effects of initial pH, adsorption kinetics,
adsorption isotherms, and the effects of coexisting ions. On
account of these results, the possible mechanisms for the
removal of As(V) were discussed.
2. Materials and methods
2.1 Materials and preparation

Sodium arsenate heptahydrate (Na2HAsO4$7H2O), iron(III)
nitrate nonahydrate (Fe(NO3)3$9H2O), 1-butylamine, and
This journal is © The Royal Society of Chemistry 2018
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thiourea were supplied by Aladdin Chemical (Shanghai, China).
All the chemicals were of analytical reagent grade and were used
without any further purication. A 50 mg L�1 As(V) stock solu-
tion was prepared by dissolving 104.12 mg Na2HAsO4$7H2O
into 500 mL of distilled water (DI) (>18 MU cm). As(V) solution
was prepared by diluting As(V) stock solution to a given
concentration with distilled water. The industrial wastewater
sample was taken from a smelting plant located in Hubei,
China.

Fe3O4:S NPs were synthesized based on our previous report.33

Typically, 60 mmol of thiourea and 20 mmol of Fe(NO3)3 were
dissolved into 100 mL 1-butylamine, separately. Aer ultrasonic
dispersion, the two solutions weremixed in a 250mL three-neck
ask under stirring. The mixture was heated to 60 �C with
continuous stirring for 2 h in the atmosphere of owing
nitrogen. Aer cooling it to room temperature, the dark brown
colored product was washed with methanol and acetone several
times and was dried in a vacuum oven for 1 h at 60 �C. Then, the
product was sintered at 300 �C for 2 h in the atmosphere of
owing nitrogen, and it was labeled as Fe3O4:S. For comparison,
bare Fe3O4 NPs were prepared following the same procedure
without the addition of thiourea. To prove that the Fe3O4 NPs
and Fe3O4:S NPs were successfully prepared, XRD spectra and
EDX spectra were recorded and provided in ESI (Fig. S2 and
S4).†
2.2 Adsorption experiments

Adsorption experiments were conducted by adding adsorbents
into As(V) solutions and stirring them continuously. At certain
time intervals, the solutions were sampled and ltered through
a 0.22 mm membrane to analyze the concentration of As(V).
From the obtained results, the effects of initial pH on As(V)
adsorption, adsorption kinetics, adsorption isotherms, and the
effects of competing ions were studied.

The effect of initial solution pH on As(V) adsorption was
investigated to determine the optimum pH of As(V) adsorption.
The initial pH of the solutions was adjusted from 2 to 10 using
0.1 M HCl and NaOH. The as-prepared adsorbent (30 mg) was
added to 60 mL of As(V) solution (20 mg L�1) under continuous
stirring at 30 �C for 24 h.

Adsorption kinetic experiments were conducted under the
following conditions: The initial pH was set to the obtained
optimum value. The as-prepared adsorbent (50 mg) was added
to 100 mL of As(V) solution (20 mg L�1) under continuous stir-
ring at 30 �C for 24 h. Samples were gathered at certain
intervals.

For Adsorption isotherm experiments, the concentrations of
As(V) solutions were adjusted ranging from 5 mg L�1 to
50 mg L�1. The as-prepared adsorbent (20 mg) was added to
40 mL of As(V) solution under continuous stirring at 30 �C.
Samples were taken aer 24 h.

To investigate the inuence of coexisting ions, 20 mg of
adsorbent was added to 40 mL of As(V) solution (30 mg L�1)
containing competing ions of NO3

�, PO4
3�, SO4

2�, and CO3
2�

under continuous stirring (30 �C, 24 h). The concentrations of
the competing ions were xed at 0.4 mM and 0.8 mM to control
This journal is © The Royal Society of Chemistry 2018
the molar ratios of competing ions to As(V) at 1 and 2, respec-
tively. Moreover, a control group was conducted under the same
condition in the absence of competing ions.

The industrial wastewater samples (As 0.349 mg L�1, Cu
0.095 mg L�1, Ni 0.449 mg L�1, 20 mL) from a smelting plant
were mixed with the as-prepared adsorbent whose dosage range
was from 0.25 g L�1 to 1 g L�1. Under continuous stirring at
30 �C for 24 h, samples were compared with the original one.
Chinese national standard (GB) of arsenic was also utilized as
a reference.

The concentrations of As and total iron in the ltrates were
analyzed using Inductive Coupled Plasma Emission Spectrom-
eter (ICP-OES 5110, Agilent, USA) and Atomic Adsorption
Spectrometer (ControlAA700, Analytik Jena AG, Germany). Aer
adsorption, the adsorbents were separated from the solution by
high-speed centrifuge, and then were dried in a vacuum oven at
60 �C to determine the adsorption mechanisms.
2.3 Characterization

The ED-XRF (EDX-720) analysis was conducted to determine the
concentrations of Fe, O, and S in the resulted Fe3O4:S NPs. To
analyze the crystalline structures of nanoparticles, the XRD
measurement of Fe3O4:S adsorbent before and aer adsorption
was recorded on a Shimadzu XRD-6100 (Japan). Morphologies
of the samples before and aer adsorption were characterized
using a TEM (JEM-2100F operating at 200 kV, Japan). FTIR
spectra of Fe3O4:S NPs before and aer adsorption were recor-
ded by a Thermo Nicolet 6700 spectrometer (USA) over the
wavelength range of 4000–400 cm�1, using KBr as a reference.
The magnetic measurement was conducted on a PPMS-9T (EC-
II) of Quantum Design with a magnetic eld up to 3 T. To
measure the binding energies and atomic ratios, XPS analysis
was performed on a Thermo Scientic Escalab 250Xi Photo-
electron Spectrometer (USA) with a monochromatic Al Ka
radiation source.
3. Results and discussion
3.1 Adsorption performance

3.1.1 Effect of pH on As(V) removal. The inuence of initial
pH on As(V) removal by Fe3O4:S NPs and Fe3O4 NPs was inves-
tigated under the pH range of 2–10. As shown in Fig. 1, the As(V)
removal efficiency of Fe3O4:S NPs was nearly a constant value
when the pH ranged from 2–9, which meant the As(V) adsorp-
tion capacity of Fe3O4:S NPs was almost not affected by the
change of pH. In comparison, the optimum pH for Fe3O4 NPs to
remove As(V) was 2, and As(V) removal efficiency decreased
sharply when the pH increased. At a neutral pH, the As(V)
removal efficiency of Fe3O4:S NPs was much higher than that of
Fe3O4 NPs. Thus, Fe3O4:S NPs can be applied as an adsorbent at
a neutral pH condition without losing the adsorption capacity
or sacricing the stability, herein the pH was chosen to be 6 for
further adsorption experiments.

3.1.2 Adsorption kinetics. Fig. 2(a) shows the adsorption of
As(V) by the as-prepared adsorbents as time dependent.34 The
adsorption of As(V) by Fe3O4:S NPs was rapid in the rst 60 min,
RSC Adv., 2018, 8, 40804–40812 | 40805
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Fig. 1 The pH dependence for As(V) adsorption on Fe3O4:S NPs and
Fe3O4 NPs. Experimental conditions: initial As(V) concentration was
20 mg L�1 (60 mL), adsorbent dosage was 30 mg, pH 2–10, contact
time was 24 h, temperature was 30 �C.
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and then it slowed down until reached equilibrium aer
240 min with a maximum adsorption capacity of 42.17 mg g�1.
In comparison, the Fe3O4 NPs exhibited a much lower As(V)
adsorption capacity of 19.64 mg g�1. Obviously, the sulfur
doping had a signicant effect on the As(V) adsorption efficiency
of Fe3O4:S NPs. We tested the Fe release kinetics of Fe3O4:S NPs
and Fe3O4 NPs in pure water (Fig. 2(b)), and we found that the
amount of Fe released from Fe3O4:S NPs was much more than
that from Fe3O4 NPs. It was easy to understand, because the Fe–
S is easier to break than Fe–O, which could release more Fe ions
in water. However, in the treatment of wastewater containing
As(V) ions, the release of Fe was suppressed as shown in Fig. 2(b)
(blue line) because of the fast formation of Fe arsenates on the
surface of adsorbent.

Pseudo-rst-order model and pseudo-second-order model,
as two different kinds of kinetic models, were utilized to
simulate the kinetic experiments data of Fe3O4:S NPs and Fe3O4

NPs. The equations are mentioned below:35,36
Fig. 2 (a) Adsorption kinetics of As(V) on Fe3O4:S NPs and Fe3O4 NPs;
conditions: initial As(V) concentration was 20 mg L�1 (100 mL), adsorbe
30 �C.

40806 | RSC Adv., 2018, 8, 40804–40812
ln(qe � qt) ¼ ln qe � k1t

t

qt
¼ 1

k2qe2
þ 1

qe
t

where qt and qe are the amount of As(V) adsorbed at any time t
and the equilibrium time (mg g�1), respectively. k1 (min�1) and
k2 (g mg�1 min�1) refer to the rate constants of the two tting
models. From the two tting models, we obtained the adsorp-
tion parameters and correlation coefficient (R2) and listed them
in Table 1. For both Fe3O4:S and Fe3O4 NPs, the plots of t/qt
versus t exhibited better linear dependence in the pseudo-
second-order model (Fig. 3). As(V) adsorption capacity calcu-
lated using pseudo-second-order model was close to the
experimental value, suggesting that chemical reaction was the
critical rate-determining step.37 In our experiments, chemi-
sorption played a signicant role in the removal of As(V) on
Fe3O4:S NPs and Fe3O4 NPs.

3.1.3 Adsorption isotherm. Fig. 4(a) shows that the
adsorption of As(V) is concentration dependent.34 The plot
illustrates the amount of As(V) adsorbed by the adsorbent (qe)
versus As(V) equilibrium concentration (Ce). As shown, qe
increased with the increase in Ce for both samples. Two
adsorption isotherm models namely, the Langmuir and
Freundlich isotherm models were used to analyze adsorption
data of Fe3O4:S NPs and Fe3O4 NPs, respectively. The tting
equations of two isotherm models can be expressed as
follows:38,39

Ce

qe
¼ Ce

qm
þ 1

qmKL

ln qe ¼ ln KF þ 1

n
ln Ce

where Ce is the As(V) equilibrium concentration (mg L�1), qe is
the amount of As(V) adsorbed at equilibrium (mg g�1), qm is the
theoretical maximum adsorption capacity, KL is the Langmuir
constant relating to the energy of As(V) adsorption. KF is the
(b) Fe releasing kinetics of Fe3O4:S NPs and Fe3O4 NPs. Experimental
nt dosage was 50 mg, pH 6, contact time was 24 h, temperature was

This journal is © The Royal Society of Chemistry 2018
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Table 1 Parameters related to kinetic models for As(V) adsorption

Adsorbent Kinetic model The rate constant qe (mg g�1) R2

Fe3O4:S Pseudo-rst-order model 5.67 � 10�3 (min�1) 16.08 0.906
Pseudo-second-order model 1.93 � 10�3 (g mg�1 min�1) 42.44 0.999

Fe3O4 Pseudo-rst-order model 2.44 � 10�3 (min�1) 12.51 0.915
Pseudo-second-order model 8.35 � 10�4 (g mg�1 min�1) 19.51 0.988
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theoretical maximum adsorption capacity, and n is related to
the Freundlich adsorption intensity parameter. The tting plots
based on Langmuir and Freundlich isothermmodels are shown
in Fig. 4(b) and (c), and the parameters of Langmuir isotherm
model are listed in Table 2. It is clear that the removal of As(V) by
Fe3O4:S NPs and Fe3O4 NPs is better simulated by Langmuir
model with a higher correlation coefficient (R2) of 0.990 and
0.935, respectively. It indicated that the As(V) adsorption was
mainly a monolayer sorption on the surfaces of Fe3O4:S and
Fe3O4 NPs.40 The theoretical maximum adsorption capacity (qm)
of Fe3O4:S NPs was 58.38 mg g�1, which is much higher than
that of Fe3O4 NPs (20.24 mg g�1).

The feasibility of Langmuir isotherm adsorption can be
expressed by separation factor, RL, which is dened by RL ¼ 1/(1
+ KLC0),41 where C0 is the initial concentration of As(V). The
calculated values of RL in our experiments are 0.171 and 0.435
under the initial concentration of 5 mg L�1, respectively, which
are in the range of 0–1, indicating the type of favorable
adsorption. A comparison of maximum adsorption capacity
(qm) of As(V) among Fe3O4:S NPs and other adsorbents are listed
in Table 3.

Compared to Fe3O4 NPs, the adsorption capacity of Fe3O4:S
NPs increased by 2.9 times, which was obvious and might
attribute to sulfur doping. Compared to other iron-based
adsorbents reported in recent years (Table 3), the distinct
increase of adsorption capacity could be benecial for their
application.

3.1.4 Effect of competing ions on As(V) removal. Waste-
water is always accompanied with a high salinity and hardness.
Coexisting inorganic anions, such as phosphate, may compete
with As(V) for binding sites of the adsorbent and affect As(V)
Fig. 3 (a) The pseudo-second-order model for As(V) adsorption on Fe3O
Fe3O4 NPs.

This journal is © The Royal Society of Chemistry 2018
removal.46 As shown in Fig. 5, NO3
� shows no apparent effect on

the As(V) adsorption of Fe3O4:S NPs, on the contrary, PO4
3� had

signicant inhibition on As(V) adsorption, while the addition of
SO4

2� and CO3
2� decreased the As(V) adsorption capacity to

a certain extent. The inuence sequence of the four competing
anions on As(V) adsorption is PO4

3� > SO4
2� z CO3

2� > NO3
�.

The decrease of the As(V) adsorption capacity might be due to
the competition for the binding sites between arsenate and
phosphate.34 These results demonstrated that Fe3O4:S could
selectively remove As(V) in the presence of competing ions,
which is a benet for their practical application.

3.1.5 Removal of arsenic from industrial wastewater. As
shown in Fig. 6, the industrial wastewater samples contained
As, Ni, and Cu. With the addition of Fe3O4:S NPs, it was obvious
that not only the concentration of As decreased signicantly but
also the concentrations of Ni and Cu. When the dosage of
Fe3O4:S NPs was 0.25 g L�1, the concentration of As in waste-
water could reach the standard of 0.1 mg L�1 (Chinese national
standard (GB) for secondary copper, aluminum, lead and zink
industry,47 GB31574-2015) and 0.05 mg L�1 (Environmental
quality standards for surface water,48 GB3838-2002). Moreover,
Ni and Cu could also be adsorbed. Fe3O4:S NPs naturally
contain two kinds of adsorption sites, i.e. Fe3+/Fe2+ sites and S2�

sites. The former have excellent affinity to certain anions, such
as AsO3

3� and AsO4
3�, while the S2� sites can form strong so–

so interaction (such as Pb–S bond and Cu–S bond) to remove
heavy metal cations.33 Thus, principally Fe3O4:S NPs could be an
effective and promising adsorbent for wastewater treatment
particularly for those smelting wastewater which usually
contains As and other heavy metal ions.
4:S NPs; (b) the pseudo-second-order model for As(V) adsorption on

RSC Adv., 2018, 8, 40804–40812 | 40807

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra08699k


Fig. 4 (a) Adsorption isotherm of As(V) on Fe3O4:S NPs and Fe3O4 NPs; (b) the fitting of Langmuir and Freundlich models of Fe3O4:S NPs; (c) the
fitting of Langmuir and Freundlich models of Fe3O4 NPs. Experimental conditions: initial concentration was 5–50 mg L�1 (40 mL), adsorbent
dosage was 20 mg, pH 6, contact time was 24 h, temperature was 30 �C.

Table 2 Parameters related to Langmuir isotherm model for As(V)
adsorption

Adsorbent qm (mg g�1) KL (L mg�1) R2

Fe3O4:S 58.38 0.971 0.990
Fe3O4 20.24 0.260 0.935

Table 3 Comparison of Langmuir adsorption capacity (qm) for the
adsorption of As(V) by adsorbents

Adsorbent qm (mg g�1) Ref.

Chitosan-functionalized GO 71.9 42
Ascorbic acid-coated Fe3O4 16.56 43
Fe3O4@TiO2 10.5 44
Fe3O4-HBC 3.35 45
Sulfur-doped Fe3O4 58.38 This work

Fig. 5 The effect of competing anions on As(V) removal by Fe3O4:S
NPs. Experimental conditions: initial As(V) concentration was 30mg L�1

(40 mL), adsorbent dosage was 20 mg, pH 6, contact time was 24 h,
temperature was 30 �C.

Fig. 6 The removal of As, Cu, and Ni by Fe3O4:S NPs in industrial
wastewater. Experimental conditions: adsorbent dosage was 0.25–1 g
L�1, contact time was 24 h, temperature was 30 �C (GB 31574-2015:47

Emission standards of pollutants for secondary copper, aluminum,
lead, and zink industry; GB 3838-2002:48 Environmental quality stan-
dards for surface water).

40808 | RSC Adv., 2018, 8, 40804–40812
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3.2 Adsorption mechanisms

To elucidate the major adsorption mechanisms of As(V) by
Fe3O4:S NPs, XRD and TEM analyses were rst conducted. Fig. 7
shows the XRD spectra of Fe3O4:S NPs before and aer the As(V)
adsorption. The peaks of Fe3O4:S NPs at 30.20�, 35.48�, 43.32�,
53.74�, 57.32�, and 62.78� correspond to the (220), (311), (400),
(422), (511), and (440) lattice planes of magnetite Fe3O4 (JCPDS
19-0629), respectively, proving that the Fe3O4:S NPs were
prepared successfully and were well-crystallized. The charac-
teristic diffraction peaks of Fe3O4:S NPs slightly shied to
a smaller angle compared with Fe3O4 NPs (Fig. S2†). Aer As(V)
adsorption, it is clear that compared with the Fe3O4:S NPs
before adsorption, there was neither any shi in characteristic
peaks nor a new peak occurred, which meant the well-
crystallized nanoparticles were stable in the As(V) removal
process.

The morphologies of Fe3O4:S NPs before and aer As(V)
adsorption are shown in Fig. 8. The well-crystallized nano-
particles had a size ranging from 4.34 nm to 13.46 nm with an
average size of 7.84 nm. We didn't observe obvious changes on
This journal is © The Royal Society of Chemistry 2018
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Fig. 7 XRD spectra of Fe3O4:S NPs before and after As(V) adsorption.
Experimental conditions: initial As(V) concentration was 50mg L�1 (100
mL), adsorbent dosage was 60 mg, pH 6, contact time was 24 h,
temperature was 30 �C.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
D

ec
em

be
r 

20
18

. D
ow

nl
oa

de
d 

on
 1

2/
6/

20
25

 7
:5

5:
43

 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
the morphologies and size distribution of these Fe3O4:S NPs
aer adsorption experiments, which is consistent with the XRD
pattern. The lattice fringes with a d-spacing of 0.248 nm are
assigned to the (311) planes of Fe3O4, and they remained almost
unchanged aer As(V) adsorption (Fig. 8(b) and (d)). The above
XRD and TEM data indicate that the adsorption of As(V) most
Fig. 8 TEM images of Fe3O4:S NPs before and after As(V) adsorption. (a an
d) TEM image and the corresponding HR-TEM image of Fe3O4:S NPs af

This journal is © The Royal Society of Chemistry 2018
likely happened on the surface of Fe3O4:S NPs and didn't cause
the crystal structure change. Thus, the FTIR analyses were
conducted to check the surface changes of Fe3O4:S NPs.

The FTIR spectra of Fe3O4:S NPs before and aer As(V)
adsorption are shown in Fig. 9. For the sample before adsorp-
tion, it can be seen that the broad peak at wavenumbers
3402 cm�1 represents –OH stretching vibration, and the peak at
1621 cm�1 represents –OH bending vibration.49 They exhibit
certain changes at 3420 cm�1 and 1633 cm�1 aer As(V)
adsorption, respectively. A strong peak at 1041 cm�1 was
observed from the sample before adsorption, which was
assigned to the bending vibration of hydroxyl group (Fe–
OH),50,51 and it evidently weakened aer adsorption, which
might be attributed to the involvement of the Fe–OH groups in
the adsorption process. The peak at 566 cm�1 represented Fe–O
vibration.29 Aer As(V) adsorption, it had a small shi at
577 cm�1. In addition, a new peak at 822 cm�1 occurred, which
corresponded to the stretching vibration of As–O.51 According to
these changes in Fe3O4:S NPs aer As(V) adsorption, it was
conrmed that As(V) was adsorbed onto the adsorbent and Fe–
OH played a signicant role in the adsorption process.52

In addition, we observed the surface structure of Fe3O4:S NPs
before and aer As(V) adsorption by XPS analysis. The XPS
spectra of the survey scan and As3d are shown in Fig. 10(a) and
(b), respectively. As shown in Fig. 10(a), the detected As species
d b) TEM and the corresponding HR-TEM image of Fe3O4:S NPs; (c and
ter adsorption. Experimental conditions were the same as above.

RSC Adv., 2018, 8, 40804–40812 | 40809
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Fig. 9 FTIR spectra of Fe3O4:S NPs before and after As(V) adsorption.
Experimental conditions were the same as above.

Table 4 Weight percentage of major components of Fe3O4:S before
and after adsorption based on XRF analysis

Sample Fe O S As

Fe3O4:S 64.98 33.23 1.78 —
Fe3O4:S aer adsorption 63.66 33.29 0.24 2.79

Fig. 11 Magnetization curves of Fe3O4:S before and after As(V)
adsorption. Experimental conditions were the same as above.
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conrms that As was successfully adsorbed on the Fe3O4:S NPs.
In the high resolution XPS spectra of As3d (Fig. 10(b)), the
adsorbed As on Fe3O4:S NPs was mainly assigned to As(V), since
the peak at 45.5 eV for As(V) is much higher than that at 44.9 eV
for As(III). As shown in Fig. 10(a), the peak of S2p nearly dis-
appeared aer As(V) adsorption. The weight percentage of Fe, O,
S, and As before and aer adsorption measured by XRF are
summarized in Table 4. As shown in Table 4, the amount of S in
Fe3O4:S NPs aer adsorption decreased to a large extent, which
was consistent with the XPS spectrum. Considering the above-
mentioned Fe release and the sulfur decrease in Fe3O4:S NPs
aer adsorption, we believe that the main role of sulfur was to
break the magnetite structure in order to activate the Fe atoms
and to acquire more Fe–OH absorption sites for As(V)
adsorption.53

Magnetic properties of Fe3O4:S NPs and Fe3O4 NPs are pre-
sented in Fig. 11. The saturation magnetization of Fe3O4 NPs
was 51.4 emu g�1, and the saturation magnetization of Fe3O4:S
NPs before and aer adsorption were 37.1 emu g�1 and 39.9
Fig. 10 (a) Full-range XPS spectra of Fe3O4:S before and after As(V) ad
Experimental conditions were the same as above.

40810 | RSC Adv., 2018, 8, 40804–40812
emu g�1 with an external magnetic eld at 3 T, respectively. The
increase in saturation magnetization aer adsorption might be
attributed to the loss of sulfur during the adsorption process.
Herein, Fe3O4:S NPs could be separated efficiently from
aqueous solution aer the adsorption of As(V) with an external
magnetic eld, which would be benecial for their application.
Separation experiments were conducted as shown in Fig. S1.†
The adsorbent was dispersed in aqueous solution under
continuous stirring. Aer adsorption, it took a long time for the
adsorbent to precipitate naturally (Fig. S1(b)†). However, the
separation process of magnetic Fe3O4:S nanoparticles was
conducted effectively within a few minutes with the help of an
external magnetic eld (Fig. S1(c)†).
sorption; (b) As XPS spectra of Fe3O4:S before and after adsorption.

This journal is © The Royal Society of Chemistry 2018
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4. Conclusions

An iron-based adsorbent, sulfur-doped Fe3O4 nanoparticles
were prepared for the removal of As(V). Batch adsorption
experiments indicated that the Fe3O4:S NPs show a highly effi-
cient removal of As(V) compared with undoped Fe3O4 NPs. The
pseudo-second-order kinetic model tted well (R2 ¼ 0.999) for
As(V) adsorption. The Langmuir isotherm model was much
more accurate (R2 ¼ 0.990) than the Freundlich model in
describing the As(V) adsorption process. XPS and FTIR spectra
of Fe3O4:S NPs before and aer adsorption proved that the
adsorption of As(V) was through the Fe–OH adsorption site, in
which As(V) replaced the –OH group and formed stable Fe
arsenates. The main role of sulfur doping was believed to affect
the magnetite structure and activate the Fe atoms to acquire
more Fe–OH absorption sites. Besides, the adsorbent could be
efficiently separated from the As(V) solution with an external
magnetic eld. Thus, Fe3O4:S NPs have considerable potential
for As(V) adsorption in wastewater.
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