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In this work, we report the synthesis of magnetic sulfur-doped Fe;O4 nanoparticles (Fe;O4:S NPs) with a novel simple strategy,
which includes low temperature multicomponent mixing and high temperature sintering. The prepared Fe;O4:S NPs exhibit a
much better adsorption performance towards Pb(II) than bare Fe;Osnanoparticles. FTIR, XPS, and XRD analyses suggested that
the removal mechanisms of Pb(Il) by Fe;O4:S NPs were associated with the process of precipitation (formation of PbS), hydrolysis,
and surface adsorption. The kinetic studies showed that the adsorption data were described well by a pseudo second-order
kinetic model, and the adsorption isotherms could be presented by Freundlich isotherm model. Moreover, the adsorption was not
significantly affected by the coexisting ions, and the adsorbent could be easily separated from water by an external magnetic field
after Pb(Il) adsorption. Thus, FesO4:S NPs are supposed to be a good adsorbents for Pb(1l) ions in environmental remediation.
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1 Introduction

In recent years, magnetic ferrite nanoparticles have been
extensively exploited as one of the most promising nano-
materials because of their advantages of nano-size, large
specific surface area, easy separation, and environmental
friendliness [1-8]. Among various applications, the removal
of target contaminants from wastewater by magnetic ferrite
nanoparticles (particularly Fe;O4) has caught great atten-
tion [9-20]. Wang ef al. [11] used water-soluble Fe;O4
nanoparticles (Fe;O4 NPs) as adsorbents for heavy metals in
wastewater, which exhibited a higher adsorption capacity for
Pb(IT) and Cr(VI) than water-insoluble Fe;O4 NPs. In order
to improve the adsorption performance of Fe;O, NPs, various
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surface modifications have been employed, and the modified
nanoparticles show more effective removal of heavy metals
[12—-14]. Due to the high affinity of —SH groups to heavy
metal ions based on Lewis acid-base interactions between
sulfur atoms and metal ions [15,16], thiolation for Fe;O4 NPs
has attracted much concern. Yantasee et al. [17] utilized
m-2,3,dimercaptosuccinic acid (DMSA) to functionalize
Fe;0s, and the composite could be an efficient adsorbent
for heavy metals (Pb, As, Hg, Cd, and Tl) in water and
human blood and plasma. Mercaptopropyl-triethoxysilane
(MPTES) [18], ethanedithiol (EDT) [19], and poly (acrylic
acid)-hydroxyethyl disulfide (PAA-HED) [20] have also been
employed to functionalize Fe;O4 NPs, while the resultant
adsorption capacities are not so satisfactory. On the other
hand, researchers are paying great attention to the elements
doping to improve adsorption properties of Fe;O4 magnetic
nanomaterials, such as Mn, Cu, V, Ni, Zn, Ba, Cd, Sr, Ti
[21-24]. On the basis of aforementioned statements, it is
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expected that the Fe;O, NPs might have a better adsorption
performance by combining the role of sulfur (S) in the
adsorption process with the modifying function of doping
strategy. To the best of our knowledge, there are quite few
reports on the research of S-doped Fe;O; NPs, and their
applications for the removal of heavy metals.

In the present work, sulfur-doped Fe;Os; NPs (Fe;O4:S
NPs) with excellent sorption performance and easy magnetic
separation were first prepared using a simple mixing and
sintering method. The nanoparticles were characterized by
X-ray diffraction (XRD), transmission electron microscope
(TEM), energy dispersive X-ray fluorescence (ED-XRF),
Fourier transform infrared (FTIR), and vibrating sample
magnetometer (VSM) analyses. Then we investigated the
adsorption properties of the prepared nanoparticles for Pb(II)
in the aqueous solution, including the effects of the initial
pH and coexisting ions. Furthermore, the kinetic adsorption
process and the adsorption isotherms were studied. It is no-
table that the Fe;O4:S NPs exhibit a more effective adsorption
performance than bare Fe;O4NPs. Finally, the corresponding
mechanisms for Pb(IT) removal were discussed.

2 Experimental

2.1 Materials

Iron (III) nitrate nonahydrate (Fe(NOs);-9H,O, 98.5%),
thiourea (>99.0%), 1-butylamine (>99.5%), and lead nitrate
(99%) were provided by Aladdin Chemical (Shanghai,
China). All chemicals were used without any further purifi-
cation in the experiments. Distilled water (DI) (>18 MQ cm)
was used for preparing the Pb(II) solution.

2.2 Synthesis of Fe;O4:S NPs

The synthesis method was similar to that previously used for
CulnS; nanocrystals preparation [25]. In a typical procedure,
solution A and B were prepared by dissolving 30 mmol of
thiourea and 10 mmol of Fe(NOs); into 50 mL 1-butylamine
with two separate beakers, separately. After ultrasonic disper-
sion, the two solutions were mixed in a 250 mL three-neck
flask under stirring. The resulting mixture was heated to
60 °C and then kept stirring for 2 h in the atmosphere of flow-
ing nitrogen. After cooling to room temperature, the dark
brown colored mixture was washed with methanol and ace-
tone for several times and dried in a vacuum oven for 1 h at
60 °C. Then the product was sintered at 300 °C for 2 h, which
were labeled as Fe;O4:S. For comparison, the same experi-
mental procedure was used for the synthesis of bare Fe;O,
NPs without the addition of thiourea.

2.3 Characterization

The XRD measurement was recorded on a Shimadzu
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XRD-6100 (Japan). Morphologies of the samples were char-
acterized using a TEM (JEM-2100F operating at 200 kV,
Japan). The ED-XRF (EDX-720) analysis was conducted to
determine the concentration of Fe, O, and S. FTIR spectra
were collected by using a Thermo Nicolet 6700 spectrometer
(USA) over the wavelength range of 4000-400 cm ™', using
KBr as a reference. The magnetic measurement was car-
ried out on a PPMS-9T (EC-II) of Quantum Design with a
magnetic field up to 3 T. X-ray photoelectron spectroscopy
(XPS) analysis was performed on a Thermo Scientific
Escalab 250Xi Photoelectron Spectrometer (USA) with a
monochromatic Al Ka radiation source.

2.4 Adsorption experiments

To determine the optimum pH for Pb(I) adsorption ex-
periments, the influence of solution pH on adsorption was
examined first. 0.1 M HCl and NaOH were utilized to
adjust the initial pH of the solutions from 2.0-6.0. The
adsorbent (20 mg) was added to 40 mL of Pb(Il) solu-
tion (100 mg L™") under continuous stirring at 30 °C for
24 h. Then the optimum pH was obtained.

Adsorption experiments were carried out by mixing adsor-
bents and the Pb(II) solutions with different concentrations
under continuous stirring (30 °C). At certain intervals, the
solutions were collected and filtered through a 0.22 um mem-
brane to determine the concentration of Pb(Il). From the
obtained results, adsorption kinetic and adsorption isotherm
were studied.

To test the influence of competing ions, 30 mg of adsorbent
was added to 50 mL of Pb(II) solution (100 mg L") contain-
ing competing ions of Ca(II), Mg(II), Zn(II), Cd(II), or Cu(II)
under continuous stirring (30 °C, 24 h). The concentrations
of the competing ions were set at 0.48 and 0.96 mM to con-
trol the molar ratios of competing ions to Pb(Il) at 1 and 2,
respectively. Moreover, a control test was conducted under
the same conditions in the absence of competing ions.

The concentration of Pb(Il) and total iron in the filtrates
was analyzed using an atomic adsorption spectrometer (Con-
trolAA 700, Analytik Jena AG, Germany). The adsorbent af-
ter adsorption was separated from the solution by high-speed
centrifuge, and then dried in a vacuum oven (60 °C) to iden-
tify the removal mechanisms.

3 Results and discussion

3.1 Characterization

Figure 1 shows the XRD patterns of the prepared samples.
The diffraction peaks at 30.10°, 35.42°, 43.05°, 56.94°, and
62.52° matched well with the (220), (311), (400), (511), and
(440) planes of magnetite Fe;04 (JCPDS Card No. 19-0629),
respectively, which proved that the well crystallized Fe;O4
NPs were prepared successfully under 300 °C. As for
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Figure 1 XRD patterns of the prepared samples (color online).

Fe;04:S, it is worth noting that its characteristic peaks have
shifted to smaller angles in comparison with those of Fe;Oa,
which may be originated from the sulfur doping [26,27].

The morphology of Fe;O4:S and Fe;Os are illustrated in
Figure 2. It is found that the prepared Fe;O4:S and Fe;O4 were
well crystallized, and the FesO4:S NPs have a size ranging
from 3 to 6 nm with an average size 0f4.39 nm. The clear lat-
tice fringes with a d-spacing of 0.243 nm are assigned to the
(222) planes of Fe;O4 (Figure 2(b)). Comparably, the Fe;O4
NPs exhibited a larger sizes (ranging from 8 to 13 nm with
an average size of 10.46 nm) with a (222) lattice plane of
0.244 nm. These results further indicate that the well-crys-
tallized Fe;O4 NPs remained under 300 °C after the introduc-
tion of S. Furthermore, as illustrated in Table 1, the Fe;O04:S
nanoparticles contained O, Fe, S and other trace elements, the
S content was 7.54 wt%, which proved that S had been doped
into Fe;O4 NPs.

Figure 3 presents the FTIR spectra of Fe;O4 and Fe;04:S,
Fe—O bond appeared at 567 cm™! in both spectra [28]. It can
be seen that the introduction of S will not obviously change
the structural and functional properties of Fe;O4 except for
two new peaks appearing at 1016 and 977 cm™!, which could
be assigned to C—O bond [29,30].

The magnetic properties of Fe;O4:S and Fe;0; are depicted
in Figure 4. Fe;04:S exhibited superparamagnetic behavior at
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300 K with no obvious hysteresis and coercivity. On the basis
of the physical property measurement system at 3 T, the sat-
uration magnetization of Fe;O4:S and Fe;O4 were 32.97 and
37.43 emu g, respectively. The lower saturation magnetiza-
tion of Fe;04:S may be attributed to the introduction of S or
the smaller particle size of Fe;O4:S. While the magnetic in-
tensity was enough for the efficient magnetic separation. It
had been confirmed that Fe;O4:S could be easily dispersed
in aqueous solution and separated from their dispersion by a
permanent magnet (inset of Figure 4).

3.2 Effect of pH on Pb(II) adsorption

The effect of initial pH on Pb(II) removal was investigated at
the pH range of 2.0-6.0 due to the possibility of Pb(Il) hy-
droxide precipitation at the pH higher than 6.0 [31], the re-
sults were shown in Figure 5. The Pb(II) adsorption yield in-
creased markedly from 11.87 to 102.95 mg g! when increas-
ing the pH. H" and Pb(I]) are both positively charged, which
may lead to the occurrence of competitive adsorption, so that
the metal ions can be more effectively adsorbed at high pH
[32]. Within the investigated pH range, the Fe release amount
of Fe;04:S was about 4.01-18.07 mg L', which was higher
than that of Fe;Os, but much lower than iron sulfides [31].
Given the pH-dependent sorption behavior of Fe;O4:S NPs,
here we chose the pH 6.0 for further sorption studies.

3.3 Adsorption kinetics

The adsorption kinetics of Pb(Il) on the synthesized ad-
sorbents as a function of the contact time are shown in
Figure 6(a). The plots represent the amount of Pb(Il) ad-
sorbed by the sorbent (g;) versus contact time (f). It was
noteworthy that the adsorption of Pb(Il) by Fe;O4:S NPs was
rapidly proceeded during the first 30 min, and then it reached
equilibrium after 120 min with a superior adsorption capac-
ity. Meanwhile, the Fe release amount increased over time,
and didn’t show the decline trend observed in previous report
(Figure 6(b)) [33]. Comparatively, the adsorption capacity
of Fe;04 NPs was much lower. Therefore, the addition of S
is vital to the adsorption performance.

Figure 2 TEM images of the prepared nanoparticles. (a) TEM image of Fe;O4:S; (b) high-resolution TEM (HR-TEM) image of Fe;04:S; (c) TEM image of

Fe;04; (d) HR-TEM image of Fe;Os.
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Table 1 Weight percentage of major components of Fe;O4:S and Fe;O4

Sample (¢} Fe S Others
Fe;04:S 24.80 67.50 7.54 0.16
Fes04 26.38 73.23 0.01 0.38
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Figure 3 FTIR spectra of Fe;O4and Fe;04:S (color online).
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Figure 4 Magnetization curves of Fe;O.:S and Fe;O,. Inset are the pho-
tographs of dispersion of Fe;O4:S in aqueous solution (left) and its response
to a magnet (right) (color online).

In order to investigate the adsorption process on Fe;O4:S
NPs, two different kinetic models, the pseudo-first-order
model and pseudo-second-order model, were applied to
analyze the kinetic data. The equations can be expressed as
follows [31,34]:
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Figure 5 The influence of initial pH on the adsorption of Pb(Il) and Fe
release of Fe304:S NPs. Experimental conditions: initial Pb(II) concentration
is 100 mg L™" (40 mL), sorbent dosage is 20 mg, pH 2.0-6.0, contact time is
24 h, temperature is 30 °C (color online).

+ —

L qct 2
where ¢. and g, refer to the amount of sorption at any time
t and equilibrium (mg g™'), respectively. ki (min™') and &,
(g mg ' min™") are the rate constants of the two kinetic mod-
els. From the two models, the adsorption parameters and cor-
relation coefficients (R?) were obtained and given in Table 2.
The plot of #/q versus ¢ shows better linearity in the pseudo-
second-order model (Figure 6(b)), and the adsorption capac-
ity calculated from this model was close to the experimental
values, which suggested that chemical reactions were signif-
icant present in the rate-controlling step [35]. In this study,
it meant that chemisorption played an important role in the
adsorption process of Pb(IT) on Fe;04:S NPs.

3.4 Adsorption isotherm

To explore the adsorption performance more in-depth, the ad-
sorption isotherm of Pb(II) on Fe;04:S NPs was performed.
As shown in Figure 7(a), g. increased with a raise in equi-
librium concentration (Ce). Two typical adsorption models,
the Langmuir and Freundlich models, were used to simulate
the sorption isotherms of Pb(II). The most common sorption
model used to fit the experimental data is Langmuir isotherm
[36]:

c, C, 1
_ =+ 3
ln(qc_qz) - lnqc_klt (1) qc qm quL
Table 2 Parameters associated with kinetic models for the adsorption of Pb(II)
The rate constant g. (mgg™) R?
107% (min™!
pseudo-first-order model fyx 1077 (min) 38.28 0.940
0.50
-4 1!
pseudo-second-order model k1077 (g mg™ min™) 90.91 0.999

5.48
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Figure 6 (a) Adsorption kinetics of Pb(II) on Fe;O4:S NPs and Fe;O4 NPs;
(b) Fe releasing kinetics of Fe;04:S NPs; (c) the pseudo-second-order model
for adsorption of Pb(II) on Fe;04:S NPs. The symbols indicate experimen-
tal data and the solid lines represent the fitted curves. Experimental condi-
tions: initial Pb(II) concentration is 100 mg L' (100 mL), sorbent dosage is
60 mg, pH 6.0, contact time is 24 h, temperature is 30 °C (color online).

where g. is the adsorption amount of Pb(II) on sorbents
(mg g™"), C. is the Pb(I) equilibrium concentration in solu-
tion (mg L"), gm and K, represent the maximum adsorption
capacity of Pb(Il) and the energy constant related to the heat
of adsorption, respectively. The model is valid for monolayer
sorption on surfaces containing a finite number of identical
sorption sites.

Freundlich isotherm is an empirical equation, which is
shown to be consistent with exponential distribution of active
centers, and it can be indicated that the adsorption process of
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Figure7 (a) Adsorption isotherm of Pb(II) on Fe;O4:S NPs; (b) the fitting of
Langmuir and Freundlich models, symbols are experimental data, solid lines
represent the fitted curves. Experimental conditions: initial concentration
is 5-500 mg L' (40 mL), sorbent dosage is 20 mg, pH 6.0, contact time is
24 h, temperature is 30 °C.

metal ions mainly occurs on a heterogeneous surface [37].
The formula of the Freundlich isotherm can be expressed as
[38]:

1
Ing, = InK.+ —InC, 4
n

where Ky is the maximum adsorption capacity, and 1/n refers
to the Freundlich adsorption intensity parameter, g. and C.
have the same meaning as Eq. (3) does. The fitting plots
based on the two isotherm models are shown in Figure 7(b).

It can be seen that the adsorption of Pb(II) on Fe;O4:S NPs
was better estimated by the Freundlich model with a higher
correlation coefficient (R?) of 0.985, implying that the adsorp-
tion process is mainly attributed to the heterogeneous adsorp-
tion [37]. The maximum adsorption capacity (¢gm) calculated
from the Langmuir model was 500 mg g™', and K was found
to be 0.00653 L mg™'. The value of 1/n obtained from the
Freundlich isotherm was 0.604, which was less than 1.0, in-
dicating a favorable adsorption condition [37]. A comparison
of the maximum adsorption capacity of Pb(Il) among Fe;04:S
NPs and other adsorbents were given in Table 3.
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Table 3 Comparison of Langmuir sorption capacity (¢m) for the sorption of
Pb(II) by adsorbents

Sorbent gm (mg g™ Ref.
B-cyclodextrin stabilized 256 [35]
nano-Fe;Sy
synthetic iron sulphide 33.27 [34]
thiol-functionalized 91.50 39]

magnetic mesoporous silica

thiol-functionalized
multiwall carbon 65.40 [20]
nanotube/Fe;0;4

multiwall carbon

41. 13
nanotubes/Fe;O04 7 [13]
water-solublfz Fe;04 96.80 [12]
nanoparticles
sulfur-doped Fe;0,4 500 This work

nanoparticles

3.5 Effect of competing ions

The effects of ions (Cd(II), Cu(Il), Zn(Il), Mg(II), and Ca(II))
on Pb(I) removal by Fe;O4:S NPs were studied, since they
were expected to exist in natural water, and always had influ-
ences on the adsorption of metal ions. The results showed
in Figure 8 indicate that Mg(II) ion has no obvious effect
on the adsorption capacity, while the addition of the other
four ions decreased the adsorption capacity to a certain de-
gree. The influence sequence of the five competing ions is
Cu(I)~Zn(I1)>Cd(I1)>Ca(Il)>Mg(I).

3.6 Removal mechanisms

FTIR spectra of Fe;04:S NPs before and after Pb(II) adsorp-
tion are presented in Figure 9. It can be seen that the peak of
hydroxyl compounds at 3405 cm™' exhibited some changes,
and the peaks at 1625, 1112, 977, and 553 cm™' showed mi-
nor shift to 1627, 1122, 971, and 588 cm™!, respectively. The
C-O group at 1016 and 1187 cm™ [30,40] sharply decreased
after adsorption, which may be attributed to the involvement
of these groups in the adsorption process. In addition, there
is a new peak appearing at 1384 cm™!, which corresponded
to the strain mode of NO;™ anion [41]. According to these
changes of FesO4:S after Pb(Il) adsorption, it was demon-
strated that the removal of Pb(II) was somehow owing to sur-
face adsorption.

The Fes04:S NPs before and after Pb(II) adsorption were
also analyzed by XPS. The survey scan XPS spectra were
shown in Figure 10(a), the detected Pb species confirmed
that Pb had been successfully adsorbed on the Fe;O4:S
NPs. The high resolution spectrum of Pb 4f in Fe;04:S NPs
after adsorption shows two peaks, from which two distinct
components can be resolved (Figure 10(b)). The peaks
at 140.1 eV for Pb 4f 7/2 and 145.1 eV for Pb 4f 5/2 are
assigned to Pb—O bonds [42]. And the binding energies of Pb
4£7/2 at 138.8 eV and Pb 4f 5/2 at 143.8 eV are attributed to
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Figure 8 The effect of competing ions on the Pb(Il) adsorption of
Fe;04:S NPs. Experimental conditions: initial Pb(II) concentration is
100 mg L™ (50 mL), sorbent dosage is 30 mg, pH 6.0, contact time is
24 h, temperature is 30 °C.
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Figure 9 FTIR spectra of FesO.:S NPs before and after Pb(Il) ad-
sorption. Experimental conditions: initial Pb(II) concentration is
500 mg L (80 mL), sorbent dosage is 60 mg, pH 6.0, contact time is
24 h, temperature is 30 °C (color online).

Pb in Pb-S [43,44]. It is further confirmed by the S 2p XPS
spectrum (Figure 10(c)), the peaks at 164.0 and 165.3 eV of
Fe;04:S NPs after adsorption are ascribed to Pb—S [45,46].
The generation of PbS is a process of precipitation. The reac-
tion is relatively fast due to the strong and selective soft-soft
interactions between sulfur atoms and Pb(II) ions [47], and
the lower solubility of PbS (K,=3.4%x107%%) could promote the
sorption reaction between S and Pb**,

XRD spectra of Fe;04:S NPs before and after adsorption
with Pb(II) are depicted in Figure 11. It can be seen that there
was almost no new peaks appeared after adsorption. Taken
the XPS analysis results into consideration, this mainly owes
to the fact that PbS existed in paracrystalline or amorphous
form, or the amount of the crystals are not enough to detect.

Pb(II) ions undergo hydrolysis in aqueous solution [47]:

Pb* +mH, O Pb(OH)® " +mH" (5)

A higher pH would favor the adsorption of Pb(II) to a large
extent, and electrostatic attraction might also be a key point
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Figure 10 (a) Full-range XPS spectra of Fe;O4:S before and after Pb(II)
adsorption; (b) Pb XPS spectra of Fe;O4:S before and after adsorption; (¢) S
XPS spectra of Fe;O4:S before and after adsorption. Adsorption experimen-
tal conditions were the same as above (color online).

to influence the adsorption capacity. As the pH of the solution
increases, the number of negatively charged sites increases
[48], and the specific surface area of the nano-adsorbent pro-
vides abundant adsorption sites for positively charged Pb(II)
and Pb(OH)%"".

On the basis of the analyses, it is rational to conclude that
Pb(II) is removed from water due to a combination of precip-
itation, hydrolysis, and surface adsorption.

Fe,O,:S after adsorption

20 ()

Figure 11 XRD spectra of Fe;04:S NPs before and after Pb(Il) adsorption.
Adsorption experimental conditions were the same as above (color online).

4 Conclusions

In summary, Fe;04:S NPs were synthesized with a novel
simple strategy.  After multicomponent mixing at low
temperature and high temperature sintering, sulfur was
successfully doped into Fe;O4 nanoparticles. Batch sorption
studies showed that the Fe;04:S NPs exhibited an efficient
removal of Pb(Il) in comparison with bare Fe;Os. The
pseudo-second-order model provided a very good fitting
(R*=0.999) for Pb(II) adsorption. The Freundlich model was
more favorable to present the Pb(II) adsorption process. The
dominant mechanisms of Pb(II) removal were verified to
be precipitation (formation of PbS), hydrolysis, and surface
adsorption. Moreover, the adsorbent can be efficiently sep-
arated from the aqueous solution via an external magnetic
field. Therefore, the Fe;O4:S NPs have great potential for
Pb(II) removal from wastewater.
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