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FeS nanoparticles were synthesized using chemical precipitation method involving sulfide and ferrous solutions. Effects of
important synthesis parameters including stabilizer, time taken for titration, horizontal oscillation speed, and initial salt
concentration on the size of synthesized FeS nanoparticles were investigated by Orthogonal Array design. Increasing the CMC
dosage significantly made the hydrodynamic diameter decrease between 0.05wt.% and 0.15 wt.% while Na

2
S titration, oscillation

rate, and Na
2
S concentration did not show significant influence on the hydrodynamic diameter of FeS nanoparticles. The

synthesized FeS nanoparticles were characterized by using XRD (X-ray diffraction), TEM (transmission electron microscopy),
and XPS (X-ray photoelectron spectroscopy). The as-synthesized FeS nanoparticles had an average size of 25 ± 10 nm and had a
better long-term stability after storage for 150 days compared to bare FeS particles. Because of the optimized process parameters,
the synthesized FeS nanoparticles had a higher Cr(VI) removal capacity of 683mg per gram of FeS in comparison to the previously
reported cases, and up to 92.48% Cr(VI) was removed from aqueous solutions. The small size, special surface property, and
high reactivity make the synthesized FeS nanoparticles a promising tool for the remediation of Cr(VI) contaminated soil and
groundwater.

1. Introduction

Nanomaterials have become one of themost promisingmate-
rials to solve different problems in the various demanding
fields [1–5]; in particular sulfur containing nanomaterials
have been applied extensively in dechlorination of tetra-
chloroethene [6], cathode material for lithium batteries [7],
catalytic applications [8], electrochemical DNA detection
analysis [9], and so on. The successful synthesis and uti-
lization of nanoscale metal sulfides have been accomplished
such as CdS\ZnS\FeS\CuS [10–13].The size, shape, and other
properties of those metal sulfide nanomaterials, which deter-
mined their applications, were greatly influenced by the
synthesis methods and conditions [14–16].

FeS nanotubes [17], FeS nanosheets [18, 19], and Fe/FeS
nanoparticles [20] are synthesized with various methods

such as sulfurization of hematite, solvothermal synthesis,
soft-template method, and chemical reduction. During these
processes, the frequent usage of toxic gases (H

2
S), compli-

cated reactions, and unsafe reagents restricts their selection.
Jeong et al. [13] produced nanosize mackinawite simply by
mixing Na

2
S solution with FeCl

2
solution with an excess of

sulfide, while FeS particles aggregated easily during sample
drying process. Gong et al. [21] prepared FeS nanoparticle
suspensions with CMC (Carboxymethyl Cellulose) as a stabi-
lizer to efficiently immobilize Hg2+ cation in water solution,
and it was found that the size of FeS nanoparticles is an
important factor related to the efficiency of chemical reaction
or adsorption during their remediation process. In addition,
the long-term stability of the nanoparticles may influence
the effectiveness of their utilization as a remediation reagent;
however the specific knowledge on how the synthesis process
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influences the size and the long-term stability of FeS nanopar-
ticles is lacking andmaterial’s potential has not been realized.

Chromium is one of the notorious heavy mental contam-
inants in groundwater, surface water, and soil, and hexavalent
chromium is the chemical form with the highest toxicity
and mobility relative to other forms in different geological
environments [22]. It is hard to achieve an efficient remedia-
tion for Cr(VI) in groundwater and soil through traditional
treatments. Reactive FeS solid is an excellent reductant with a
strong adsorption capacity, which has been used to remove
both metals and organics from groundwater [23]. CMC
stabilized FeS nanoparticles [24] and nanosized composites
C/FeS/Fe [25] displayed an excellent Cr(VI) removal perfor-
mance when applying to treat contaminatedwater. Nanoscale
FeS may have a greater remediation potential in the Cr(VI)
contaminated environment, such as soil or groundwater.

Herein, we attempted to find out the key factors during
the synthesis of FeS nanoparticles and optimized the syn-
thesis procedures to accomplish a higher Cr(VI) removal
efficiency. The specific objectives of this study were to (1)
identify the significant factors and optimize the synthesis
conditions to obtain nanoparticles with a smaller size in
order to increase their remediation efficiency; (2) examine the
long-term stability of FeS nanoparticles in various conditions;
and (3) test the effectiveness of the stabilized CMC-FeS
nanoparticles for removal of Cr(VI) from water solutions.

2. Materials and Methods

2.1. Chemicals and Materials. All the chemicals used in this
study were of analytical or higher grade except for CMC
(M.W. = 300–800 in sodium salt) which was purchased from
Shanghai Qiangshun Chemical Reagent Co., Ltd. Iron(II)
sulfate heptahydrate (FeSO

4
⋅7H
2
O) was purchased from

Sinopharm Chemical Reagent Co., Ltd. Sodium sulfide non-
ahydrate (Na

2
S⋅9H
2
O) and potassiumdichromate (K

2
Cr
2
O
4
)

were obtained from Chengdu Kelong Chemical Reagent
Factory.

2.2. Synthesis of FeS Nanoparticles. The synthesis procedure
of FeS nanoparticles in Figure 1 was adapted from Xiong’s
method [26], bywhich FeS nanoparticles were prepared using
CMC as a stabilizer. CMC solutions (110mL) with certain
concentrations (0.05wt.%, 0.1 wt.%, or 0.2 wt.%) were mixed
with FeSO

4
aqueous solution (20mL) in a 500mL flask on

a horizontal oscillator. Then Na
2
S solution (20mL) with

a concentration of 0.0213, 0.0426, or 0.0639M was added
to Fe2+-CMC solution through a constant flow pump and
then oscillated continuously with certain rates (100, 200, or
250 rpm) for 5min. The concentration of FeS nanoparticles
was kept at 500mg/L as a suspension. For comparison, bare
FeS solution was also prepared following the same procedure
without addition of a stabilizer. During the preparation, the
whole system was deoxygenated by bubbling nitrogen gas
(99.99% pure) at a flow rate of 5 L/min.

Stabilizer, time taken for titration, horizontal oscillation
speed, and initial salt concentrationwere selected as the input
factors in 3-level orthogonal tests in order to screen the key
factors and optimize the synthesis conditions, and the ranges

Gas flowmeter

N2

Fe2+-CMC

Horizontal oscillator
Na2S

Constant
flow

pump

solution

Figure 1: Schematic of FeS nanoparticles synthesis.

of the parameters were determined based on the practical
conditions, preliminary test results, and previous studies as
shown in Table 1. The hydrodynamic diameter of the synthe-
sized FeS nanoparticles was deployed to evaluate the various
combinations of the process conditions to obtain the optimal
parameters for the synthesis. The process parameters of FeS
nanoparticles were studied through an OA

9
(34) Orthogonal

Array design as reported in Table 1.

2.3. Characterization of the Synthesized FeS Nanoparticles.
The morphology of the FeS particles was obtained using
a TECNAI20TEM from FEI Company operated at 200 kV.
Samples for TEM (transmission electron microscopy) were
prepared by placing a droplet of dilute dispersed suspension
on a carbon coated 200-mesh Cu TEM grid followed by vac-
uum drying. XRD (X-ray diffraction) analysis of synthesized
nano-FeS was carried out using Jindao-7000 with Cu-K𝛼
radiation and the angle 2𝜃 was measured between 3∘ and 80∘
in a step interval of 0.02∘ with a scan rate of 2∘/min.The XRD
patterns were processed using MDI Jade 6.5 software loaded
with ICDD database (Materials Data Inc., Livermore, CA,
USA).The elemental and species analysis of FeS nanoparticles
was carried out by using a Thermo ESCALAB 250 X-
ray photoelectron spectrometer and monochromatic Al-K𝛼
(ℎV = 1486.6 eV) radiation. All the peak positions for analysis
were calibrated using C1s peak at 284.5 eV.

2.4. Removal of Cr(VI) by the FeS Nanoparticles and Analysis.
Removal of Cr(VI) by synthesized FeS nanoparticles was
conducted in 500mL erlenmeyer flasks. Typically, bare FeS,
synthesized FeS (0.05wt.% CMC), and FeS (0.15 wt.% CMC)
were added to each flask, respectively. Subsequently, Cr(VI)
solutionswith various concentrationswere added tomaintain
an FeS-to-Cr(VI) molar ratio of 0.8. The final volume of the
reaction system was 200mL with an FeS concentration of
67.7mg/L.ThepHof the solutionwas kept at 5.6withMES (4-
morpholineethanesulfonic acid) and NaOH buffer solutions.

The flasks were sealed and agitated on a horizontal oscil-
lator at 250 rpm and temperature of 25 ± 1∘C. Samples were
withdrawn at scheduled intervals (1, 5, 15, 40, 90, and 150min)
to determine the aqueous concentrations of chromium. The
FeS nanoparticles, solids, and aqueous solutions after reac-
tionswere collected by filtering the suspensions using a 25 nm
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Table 1: OA
9
(34) matrix for parameter optimization in the synthesis of FeS nanoparticles and DLS particle sizes (hydrodynamic diameter).

Run number Factor Hydrodynamic diameter (nm)
CMC (w/w) Oscillation (rpm) Titration (mL/s) Na

2
S (M)

1 0.05% 200 0.05 0.0426 186.9
2 0.05% 100 0.01 0.0213 258.8
3 0.05% 250 0.15 0.0639 139.2
4 0.1% 100 0.05 0.0639 171.5
5 0.1% 250 0.01 0.0426 151.3
6 0.1% 200 0.15 0.0213 47.39
7 0.2% 250 0.05 0.0213 25.84
8 0.2% 200 0.01 0.0639 127.4
9 0.2% 100 0.15 0.0426 108.5

Table 2: ANOVA results for the synthesis of FeS nanoparticles using OA
9
(34) matrix.

Level A (stabilizer) B (oscillation) C (titration) D (Na
2
S)

1 0.05 wt.% CMC 100 rpm 0.01mL/s 0.0213M
2 0.1 wt.% CMC 200 rpm 0.05mL/s 0.0426M
3 0.2 wt.% CMC 250 rpm 0.15mL/s 0.0639M
𝑘
1

64.989 59.867 59.723 36.892
𝑘
2

41.132 40.188 42.693 49.633
𝑘
3

29.082 35.149 32.788 48.678
𝑅 35.907 24.718 26.935 12.741

Significance of influence A > C > B > D
Optimal combination A

3
B
3
C
3
D
1

membrane filter of mixed cellulose esters (VSWP04700,
Millipore). Control tests were carried out using 0.15 wt.%
CMC solution only and all tests were conducted in duplicate.

The hydrodynamic diameter of the synthesized FeS
nanoparticles was determined by Nano Zetasizer ZS90
(Malvern Instruments, UK), which is based onDLS (dynamic
lighting scanning) measurement. Cr(VI) and Fe(II) in water
solutions were extracted using the diphenyl hydrazine
method (GB/T7467-1987, Chinese National Standards) and
the o-phenanthroline method (HJ/T345-2007, Chinese Envi-
ronmental Protection Industry Standard) and then analyzed
by ultraviolet spectrophotometer (T6 PERSEE, China).

3. Results and Discussion

3.1. Orthogonal Array Design of FeS Nanoparticles Synthesis.
The size of the nanoparticles could greatly influence the
efficiency when they are utilized in environmental remedi-
ation, especially in groundwater or soil remediation. Gen-
erally, smaller nanoparticles possess higher remediation
efficiency. It is well recognized that a larger surface area
to volume ratio is attributed to a higher density of active
reaction sites per unit mass [27]. Gong et al. [21] indicated
that increasing CMC concentration resulted in smaller FeS
particles, which had a greater specific surface area and more
sorption sites resulting in a proved Hg2+ uptake. Hydrody-
namic diameter was used for the optimization of process
as the evaluation parameter. These process parameters were

studied at three different levels as reported in Table 1 by
OA
9
(34) Orthogonal Array design. Furthermore, the average

hydrodynamic diameters of products obtained in all runs
of orthogonal tests are given in the last column of Table 1.
As per the results shown in Table 2, the hydrodynamic
diameter of synthesized particles varied with different com-
binations, and the significance of the synthesis condi-
tions in descending order was as follows: stabilizer (CMC)
dosage, titration speed of Na

2
S, oscillation rate, and ini-

tial salt (Na
2
S) concentration. The optimal combination of

factors was 0.2 wt.% CMC dosage, 250 rpm oscillation,
0.15mL/s titration of Na

2
S solution, and 0.0213M Na

2
S

concentration.
Two groups of tests were conducted to observe the

influence of the foremost two important factors (stabilizer
dosage and titration speed of Na

2
S) on FeS nanoparticles.

Figure 2(a) depicts the particle size profile with stabilizer
dosage, which shows that increasing the dosage of CMC
decreased particle size significantly. When the CMC dosage
increased from 0.05wt.% to 0.15 wt.%, hydrodynamic diam-
eter declined by 110 nm; however hydrodynamic diameter of
FeS nanoparticles did not decrease significantly anymore and
remained constant after the dosage above 0.15 wt.%.

After the dosage of CMC, Na
2
S titration speed is the sec-

ond influential factor in the particle size [28–30]. However, it
had a negligible effect on the hydrodynamic diameters of the
nanoparticles, when adjusting the titration speed from 0.01 to
0.15mL/s as shown in Figure 2(b).
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Figure 2: Particle sizes of synthesized FeS nanoparticles (a) with the dosage of CMC as the stabilizer and (b) with the titration speeds of Na
2
S

solution. Oscillation rate = 250 rpm, and Na
2
S concentration = 0.0426M. Data plotted as mean of duplicates and the error bars (calculated

as standard deviation) indicate data reproducibility.
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Figure 3: XRD patterns of (a) CMC powder and (b) synthesized FeS nanoparticles.

Our finding shows that the optimal synthesis conditions
were CMC dosage at 0.15 wt.%, oscillation rate at 250 rpm,
titration speed at 0.05mL/s, and Na

2
S concentration at

0.0426M. Under the optimal conditions, FeS nanoparticles
were synthesized, characterized, and observed to check their
long-term stability. Furthermore, the FeS nanoparticles were
also synthesized at various stabilizer dosages under the
optimal conditions and the capability of synthesized FeS
nanoparticles was tested to remove Cr(VI) from aqueous
solution.

3.2. Characterization of the Synthesized FeS Nanoparticles.
Figure 3 shows the XRD patterns of the stabilizer CMC and
the synthesized FeS nanoparticles. The diffraction peaks at
around 2𝜃 = 17.05∘ and 28.6∘ correspond to the (100) and
(103) planes, respectively, which attributes to the troilite FeS
(ICDD 37-0477) [31]. No sharp crystalline peaks were present
in the diffractograms of the synthesized FeS nanoparticles,
indicating that the synthesized FeS nanoparticles had a
low degree of crystallinity. Moreover, some weak diffraction
peaks were present in CMC-FeS samples, which could be
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Figure 4: TEM images of (a) bare FeS (500mg/L) without a stabilizer, (b) synthesized FeS nanoparticles (500mg/L) with CMC as a stabilizer
(0.15 wt.%), and (c) and (d) enlarged representative nanoparticles with a shell-core structure.

attributed to the diffraction of CMC and Fe
2
(SO
4
)
3
in the FeS

nanoparticles based on the material references in the ICDD
database [32, 33]. The weak diffraction peaks may be due to
the poor crystallinity of the synthesized nanoparticles, which
could be a result of the inhibition of the FeS crystal growth by
CMC [34].

Figure 4 shows the TEM images of the bare FeS parti-
cles and the synthesized FeS nanoparticles. Without using
CMC, FeS solids appeared as aggregated flocs as shown in
Figure 4(a). However, CMC stabilized FeS solids were well
dispersed and appeared as sphere or ellipsoid shaped particles
as shown in the TEM image in Figure 4(b). CMC molecules
coated on the FeS cores in Figures 4(c) and 4(d) prevented
the agglomeration of particles and produced a product with a
smaller size and larger surface area. Particle size of stabilized
FeS products was analyzed based on the TEM images [35],
and the average size of the synthesized FeS nanoparticles was
25 ± 10 nm.

Figure 5 shows the Fe XPS analysis of FeS nanoparticles.
In the C1s spectrum of the FeS nanoparticles (Figure 5(a)),
the spectrum can be deconvoluted into three individual
peaks. The sharp peak at around 284.5 eV corresponds to
C=C bonds, called sp2 carbon, while the other peaks at a
higher energy come from C-OH bonds and C=O bonds
[36, 37]. The Fe(2p

1/2
) peak centered at 724.8 ± 0.4 eV and

Fe(2p
3/2

) peak centered at 710 ± 0.1 eV, which, respectively,
belonged to Fe(III)-O and Fe(II)-S compounds [38]. The
intensity of the peak corresponding to Fe(II)-S is greater
than Fe(III)-O, indicating that Fe(II)-S is themain compound
in FeS nanoparticles. Fe(III)-O may be attributed to the
partial oxidation of Fe(II) by O

2
in air or hydroxylation [39].

As Figure 5(b) shows, the S(2p) spectrum is dominated by
features at 162.8 ± 0.3 eV and 161.4 ± 0.1 eV, corresponding
to polysulfide (S

𝑛

2−) and sulfide (S2−) anions, respectively
[40, 41].The S2− peak demonstrates themain formof sulfur in
FeS nanoparticles exists as S2− anion. However, the existence
of the peaks of S

𝑛

2− reveals that some superficial oxidation
occurred [42, 43].

3.3. Long-Term Stability of FeS Nanoparticles. The synthe-
sized FeS nanoparticle was present as a suspension as
shown in Figure 6 with an FeS concentration of 500mg/L.
A comparative analysis of the bare FeS and CMC stabilized
FeS nanoparticles was carried out in sealed glass vessels in
dark condition at room temperature. Bare FeS precipitated
for a period of 0.5 h. After the storage of 24 h, some yellow-
orange substances appeared on the surface of precipitates,
indicating that oxidation may have occurred with the gen-
eration of ferric oxides. Moreover, the CMC stabilized FeS
nanoparticles remained dispersed with similar appearance,
and precipitates or yellow-orange substanceswere not present
after 5 months, while the whole surface of bare FeS was cov-
ered with yellow-orange substances. Compared to bare FeS,
CMC stabilized FeS nanoparticles showed a great stability
to meet the subsequent requirements for good dispersion
and mobility for the remediation of contaminated soil or
groundwater.

The mean hydrodynamic diameters of FeS (0.05wt.%
CMC) and FeS (0.15 wt.% CMC) nanoparticles were deter-
mined at desired time intervals (1 d, 60 d, 90 d, and 150 d).
Figure 7 depicts the variation of the hydrodynamic diam-
eters of FeS nanoparticles with the storage time. Lou [44]
found that the viscosity of CMC solution reduces with time
and then electrostatic attraction may get stronger than elec-
trostatic repulsion, which may cause the increase of particle
size. During the storage, particle dissolution or hydrolysis of
CMC molecules may also cause the variation of the particle
size [26]. However, the CMC stabilized FeS nanoparticle’s
hydrodynamic diameter remained approximately constant
during the storage of 150 days as shown in Figure 7. Not
only could CMC effectively block the particle agglomeration
during the preparation stage, but also CMC coating on
FeS cores may promote the dispersion of nanoparticles
with the effects of electrostatic repulsion and steric hindrance
[45].

Besides, the Fe(II) in water solution was determined
for bare FeS and FeS nanoparticles systems, respectively.
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Figure 5: (a) C(1s), (b) Fe(2p), and (c) S(2p) X-ray photoelectron spectra of synthesized FeS nanoparticles.

0.5h 24h 5months
(a)

0.5h 24h 5months
(b)

Figure 6: The long-term stability of (a) bare FeS (500mg/L) and (b) synthesized FeS nanoparticles (500mg/L) with CMC (0.15 wt.%) as a
stabilizer.

Figure 8 shows the aqueous Fe(II) concentration for bare
FeS and FeS nanoparticles systems with the storage time.
There was 82.17% aqueous Fe(II) left within 1 day and about
50% aqueous Fe(II) was oxidized or transferred in bare FeS
solids, while 90% Fe(II) still existed in CMC stabilized FeS

nanoparticle system after 150 days. However, aqueous Fe(II)
in the stabilized FeS nanoparticle system with different CMC
dosages held a similar trend. Our data shows CMC has ability
to prevent Fe(II) oxidation in addition to limiting the particle
growth of FeS nanoparticles.
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3.4. Removal Efficiencies of Cr(VI). As observed in Figure 9,
as-produced FeS nanoparticles achieved a higher removal
efficiency of Cr(VI) than bare FeS solids during 150min.
Higher CMC dosage during nanoparticle synthesis increased
the removal efficiency, approaching 92.48% Cr(VI) removal
when the CMC dosage was increased to 0.15 wt.%; removal
of 85.30% and 81.80% Cr(VI) was, respectively, achieved in
comparisonwith 0.05wt.%CMC stabilized and bare FeS.The
as-produced FeS nanoparticles removed 683mg per gram of
FeS at pH 5.6, which has a higher capacity than those previ-
ously reported FeSmaterials, such as mackinawite (FeS) [46],
C/FeS/Fe composite [25], and ironmonosulfide (FeS) powder
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Figure 9: Removal of Cr(VI) in water solution by synthesized FeS
nanoparticles. Initial Cr(VI) = 50mg/L, FeS-to-Cr(VI)molar ratio =
0.8. Data plotted asmean of duplicates and the error bars (calculated
as standard deviation) indicate data reproducibility.

[47] under acidic conditions. Even compared to nanosized
iron sulfide [48] with a Cr(VI) removal capacity of 506.5mg
Cr(VI) per gram of FeS at initial Cr(VI) concentration of
1.56 g/L at pH 3, as-produced FeS nanoparticles removed
Cr(VI) from aqueous solutions with a higher removal effi-
ciency. Since the core materials in our nanoparticles and the
above reported [25, 46, 47] were all FeS, the higher efficiency
of Cr(VI) removal by the as-synthesized FeS nanoparticles
may be related to their smaller particle size and modified
surface, which were produced by our optimized synthesis
conditions. Moreover, hydroxyl groups in CMC molecules
integrated with the Fe(II) to yield stable organic chelating
ligands, which promote the redox reactions [49]. Therefore,
CMC coated FeS nanoparticles could have the special prop-
erties of smaller size and long-term stability and possess a
higher removal efficiency of Cr(VI) in water solution.

4. Conclusions

Hydrodynamic diameter was chosen to evaluate the syn-
thesis parameters, which included stabilizer, time taken
for titration, horizontal oscillation speed, and initial salt
concentration, where Orthogonal Array design was used to
make the assessment. Our data shows that the significance of
the synthesis conditions was in descending order: stabilizer
(CMC) dosage, titration speed of Na

2
S, oscillation rate,

and initial salt (Na
2
S) concentration, and increasing the

CMC dosage significantly made the hydrodynamic diameter
decrease between 0.05wt.% and 0.15 wt.% while Na

2
S titra-

tion, oscillation rate, and Na
2
S concentration did not show

significant influence on the hydrodynamic diameter of FeS
nanoparticles.
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The average size of the synthesized FeS nanoparticles was
25 ± 10 nm. CMC was a good stabilizer and it was coated
on the surface of FeS cores. Compared to bare FeS particles
(as control), as-synthesized FeS nanoparticles had a better
long-term stability after 150-day storage.The synthesized FeS
nanoparticles had a high Cr(VI) removal capacity of 683mg
per gram of FeS in a short period of 15min, and up to 92.48%
Cr(VI) was removed from water solutions.

Our optimized synthesis conditions, especially the proper
dosage of CMC, resulted in the small size of 25 ± 10 nm and
special surface properties of CMC coating of FeS nanoparti-
cles.The as-synthesized FeS nanoparticles possessed a higher
Cr(VI) removal capacity comparing to the reportedmaterials,
and it could be a promising tool in the remediation of soil and
groundwater contaminated by other heavy metals although
the current application is Cr(VI) removal.
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