Hydrometallurgy 198 (2020) 105514

& >

FI. SEVIER

Contents lists available at ScienceDirect
Hydrometallurgy

journal homepage: www.elsevier.com/locate/hydromet

hydrometallurgy

t.)

Check for

In-situ reduction of Au(S,03)3~ for efficient recovery of gold with e
magnetically separable shell-core structured MoS,;@Fe304 composite

Kaige Sun®, Shangjian Mao *, Weiquan Zhan?, Chang Liu?, Feifei Jia®" ", Shaoxian Song *"

@ Hubei Key Laboratory of Mineral Resources Processing and Environment, Wuhan University of Technology, Luoshi Road 122, Wuhan, Hubei 430070, China
b School of Resources and Environmental Engineering, Wuhan University of Technology, Luoshi Road 122, Wuhan, Hubei 430070, China

ARTICLE INFO ABSTRACT

Keywords:

In-situ reduction
Au(8:02)3"
Magnetic separation
Heterostructure

Magnetic MoSy could be easily separated from water or solid suspensions. In this work, shell-core structured
MoS,@Fe304 composite was fabricated through hydrothermal method and used as catalyst for recovering gold-
thiosulfate complex ions (Au(S203)37) in aqueous solution. The results suggested that MoS,@Fe304 composite
could effectively in-situ reduce Au(S,03)3~ to gold particles (Au®) with an extremely high reduction capacity of

1541.1 mg/g; moreover, the gold loaded MoS,@Fe304 could be easily collected using a magnetic separator. The
mechanism of reducing Au(S;03)3  to Au® was ascribed to the photoexcited electrons from MoS;@Fe304
composite. More importantly, the incorporation of Fe304 could effectively enhance the transferred efficiency of
photoexcited electrons and accelerate separation of electrons-holes pairs. With great gold reduction capacity and
magnetic recyclability, the MoS,;@Fe304 composite could be a promising material for recovering gold from

leaching solutions.

1. Introduction

Over the decades, cyanidation has been the predominant technique
for extracting gold from ores (Sun et al., 2018a, 2018b). However, the
highly toxic cyanide caused severe environmental problems. Thiosulfate
leaching has received wide attention and is regarded as the most
promising and eco-friendly substitution to cyanidation (Muir and Ayl-
more, 2004). The mechanism of thiosulfate leaching is expressed as the
following equations (Liu et al., 2020):

Au 458,052 + Cu(NH;),*" - Au(S,05),”” +4NH; 4 Cu(S,05),>~ 1)

4Cu(S,05);”” + 16NH; + O, + 2H,0—-4Cu(NH;),>" + 125,052 +40H™
()

However, the major limitation of industrial application of thiosulfate
leaching technique is the challenge in recovery of gold thiosulfate
complex (Au(5203)§’) from solution.

Various methods have been proposed to recover Au(Szog)g’, such as
metal replacement and adsorption. However, replacing by metal caused
great metal consumption and other metals co-precipitated problems,
which was not economical (Guerra and Dreisinger, 1999). Adsorption by

ion-exchange resin was also studied, while the easy pulverization of
resin, high costs and hard elution of gold(I) limit its application (Xu
et al, 2019). Activated carbon (AC), wildly used in gold cyanide
leaching process to recover gold-cyanide complex from leaching solu-
tions, is recognized as the promising adsorbent to adsorb Au(S;03)3™.
However, Au(S203)3" is extremely hard to adsorb on AC (Gallagher
et al., 1990). Other adsorbents such as modified AC, mesoporous silica,
etc., also showed poor adsorption capacity to Au(S203)3~ (Chen et al.,
2020b, 2020c; Peng et al., 2018, 2019; Wang et al., 2020a).
Sulfur-rich molybdenum disulfide (MoS3) exhibits strong interaction
with Au(I) owing to hard and soft acids and bases fundamental principle
(HSAB principle) and excellent photocatalytic reduction properties (Jia
etal., 2017; Li et al., 2014; Pearson, 1968; Peng et al., 2020; Zeng et al.,
2020). Our previous studies have revealed that molybdenum disulfide
(MoS,) nanosheets exhibited quite high recovery capacity to Au(S203)3~
(up to ~651 mg/g in 100 mg/L Au(S203)3 "), which is almost 600 times
to capacity of AC; most importantly, MoS, not only can efficiently
recover Au(S;03)3~, but also reduce the Au(S:03)3~ to gold nano-
particles due to the excellent photocatalytic properties, which provided
great potential to recover Au(SZOg;)g’ from solution, and in order to
enhance the ability of reducing Au(SgOg)g’, MoS5/ZnS nano-
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heterjunction was prepared, the reduction capacity of Au(S,03)3~ on
MoS3/ZnS nano-heterjunction reached to 1120.56 mg/g, the enhance-
ment was attributed to the higher photogenerated electrons transfer
efficiency of MoSy/ZnS nano-heterjunction (Zhan et al., 2020b).
Considering the difficulty of solid-liquid separation of nanomaterials,
MoS; was anchored to Chitosan aerogel to form MoSy/Chitosan aerogel
(Chen et al., 2020a). The MoS,/Chitosan aerogel solved the difficulty of
solid-liquid separation of nanomaterials in somewhat, but the reduction
capacity of Au(SgOg)g’ on MoS,/Chitosan aerogel decreased to 425.7
mg/g. Therefore, it’s emergency to develop easily separated MoS;-based
materials with excellent Au(S;03)3~ reduction capacity.

To solve the above issue, one of effective approaches is to prepare
magnetic MoS; composite. Fe3O4 is considered as a widely used mag-
netic materials in photocatalysis. Fe304 not only can achieve easy sep-
aration from liquids, but also can enhance the transformation of
photoexcited electrons (Lin et al., 2018; Padhi et al., 2017). The con-
ductivity of Fes04 reaches as high as 1.9 x 10° Sm™!, which makes it
possible for promoting the photogenerated electrons separation and
transport rates, and effectively improving the photocatalytic perfor-
mance (Gao et al., 2016).

Thus, in this study, the magnetic MoS;@Fe304 shell-core composite
was constructed. It was firstly proposed for reduction of Au(S203)3~ on
MoS;@Fe304 composite. The structure, morphology and chemical
properties of MoS;@Fe304 composite were characterized by XRD, TEM,
VSM and XPS. The in-situ reduction performances of Au(SZO;;)g’ on
MoS,;@Fe304 composite were studied in aqueous solutions. Subse-
quently, the mechanism was investigated by photocurrent, EIS and
UV-vis absorption spectra. The aim was to achieve highly efficiency
recovering gold in gold thiosulfate technique.

2. Experimental
2.1. Chemicals

Hexaammonium heptamolybdate tetrahydrate
((NH4)6Mo07024+-4H50), thiourea (CH4N>S), anhydrous sodium acetate
(CH3COONa), ferric chloride hexahydrate (FeCls-6H20) and ethylene
glycol (CoHgO2) used in this experiment were of analytical grade and
bought from Sinopharm Chemical Reagent Co., Ltd. (China). Ammo-
nium thiosulfate ((NH4)2S203) was obtained from Aladdin Co. Ltd.
(China). Standard gold chloroauric acid (HAuCls, 1000 mg/L) was
purchased from Well Group Scientific Ltd. (USA). Deionized water (18.2
MQ-cm) was produced by Milli-Q instrument (Millipore USA).

2.2. Fabrication of MoS2@Fe304 shell-core composite

2.2.1. Preparation of FesO4 nanospheres

Fe304 nanospheres were synthesized by solvothermal method (Wang
et al., 2019a). The process is as follows. Firstly, 1.35 g FeCl3+-6H20 and
3.60 g CH3COONa were dissolved into 50 mL ethylene glycol to form
homogeneous solution. Then, the solution was transferred into a 100 mL
Teflon-lined stainless steel autoclave at 200 °C for 8 h. After cooling
down to room temperature, the precipitate was washed with deionized
water and ethanol for several times to remove the residual chemicals,
followed by drying in vacuum oven at 60 °C.

2.2.2. Preparation of shell-core structured MoS;@FesO4 composite
MoS;@Fe304 shell-core composite was synthesized by hydrothermal
process (Lin et al., 2015). 1 mmol (NH4)¢Mo07024+4H50 and 30 mmol
CN3H4S were added into 40 mL deionized water and stirred to form
homogeneous solution. Then, 80 mg Fe3O4 nanospheres was added into
the above solution and followed by ultrasound to disperse using a
Elmasonic P 30H ultrasonic processor (37 kHz and 150 W, Elma, Ger-
many) for 10 min in a water bath. Subsequently, the solution was
transferred into a 100 mL Teflon-lined stainless-steel autoclave at 180 °C
for 24 h. After cooling down to room temperature, the black precipitate
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was washed with deionized water and ethanol followed by vacuum
freeze-drying. The contents of Fe, Mo and S elements in MoSy;@Fe304
composite were detected by an inductively coupled plasma (ICP), and
the results were listed in Table S1. It was found that the mole ratio of Mo:
S was 1:1.97 and the mass ratio of Fe304 to MoS, was around 1: 5.05. For
comparison, the pure MoS; nanosheets were prepared by the same
procedure without the addition of Fe304 nanospheres.

2.3. Measurements

XRD patterns of MoS,, FesO4 and MoS,@Fe304 composite were
obtained by an advance diffractometer (D8, Bruker, Germany). The TEM
images were observed using a transmission electron microscope (TEM,
JEM2100F, JEOL, Japan). The XPS spectra was obtained by X-ray
photoelectron spectroscopy (ESCALAB 250Xi, Thermo Fisher Scientific
Co. Ltd., USA). The Zeta potential of MoS;@Fe304 composite was
measured by a Malvern Zeta-sizer Nano ZS90. The magnetic hysteresis
loops of Fe304 and MoS;@Fe304 composite were obtained from a VSM
(PPMS-9T, Quantum Design). UV-vis diffuse reflectance spectra were
gained from an UV-vis-Nir spectrometer (Lambda 750S, PerkinElmer).
Transient photocurrent responses and electrochemical impedance
spectroscopy (EIS) of samples were tested on an electrochemical work-
station (CHI650E) with conventional three-electrode system. A FTO
glass coated with samples was as working electrode, a platinum elec-
trode and a standard calomel electrode were served as counter electrode
and reference electrode, respectively. Inductively coupled plasma-
optical emission spectrum (ICP-OES, Prodigy, USA) was used for
detecting the elements concentration in composite. Atomic absorption
spectrophotometer (AAS, AA-6880 SHIMADZU, Japan) was used to
obtain the initial and residual concentration of Au(Szog)g’ in the
solution.

2.4. Reduction of Au(SZOg)g_

Aqueous solution of Au(5203)§’ was prepared by adding HAuCl, into
(NH4)2S203 solution under pH of 10 with mole ratio of 1:4 according to
the previous literature (Zeng et al., 2020; Zhan et al., 2020b). Reduction
experiments of Au(S203)3~ on prepared samples was carried out as
follows. Firstly, 10 mg of samples (MoS,, Fe304 or MoS;@Fe304 com-
posite) were added into 150 mL Au(S203)3~ with desired concentration
under pH of 10. And then, the suspension was stirred at 180 rpm at 25 °C
under sunlight. At different interval time, 1-2 mL of suspension was
sucked and filtered with 0.22 pm membrane. The Au(SZOg,)%’ concen-
tration was determined by AAS. To study the effect of pH on Au(S203)3~
reduction on MoS;@Fe304 composite, the pH of Au(S;03)3~ solution
was adjusted from 8 to 11.

Au(S203)3~ reduction capacity was calculated by Eq. (3).

R=(Cy—C)xV/m €)

where R is the reduction capacity of Au(8203)§’, Cp and C; (mg/L) are
the concentrations of Au(S03)3~ in the solution at the initial and t time,
respectively. V (L) is the volume of Au(5203)§’ solution and m (g) is the
mass of used samples.

3. Results and discussion
3.1. Characterization of MoSz@FesO4 composite

The phase of Fe3O4 nanosphere, pure MoS; and MoS;@Fe304 com-
posite were obtained by XRD. Fig. 1 shows the XRD patterns of Fe3O4
nanospheres, pure MoS; and MoS;@Fe304 composite. As shown in
Fig. 1, the diffraction peaks at 2-theta degree of 30.1°, 35.4°, 56.9° and
62.5° were corresponding to the (220), (311), (400), (511) and (440)
planes of Fe304 according to JCPDS Card no.89-0691. For pure MoS,
nanosheets, the diffraction peaks at 13.9°, 32.5°, 35.9° and 57.3° were
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Fig. 1. XRD patterns of Fe3O4 nanospheres, pure MoS; and MoS,@-
Fe304 composite.

attributed to the (002), (100), (103) and (110) planes of MoS, according
to the JCPDS Card no. 37-1492. After formation of the composite be-
tween MoS; and Fe3Oy, the characteristic peaks of both MoS; and Fe3O4
were found, indicating the successful preparation of MoS;@Fe304
composite.

Fig. 2 shows the magnetic hysteresis loops of Fe304 nanospheres and
MoS,;@Fe304 composite. The saturated magnetization of Fe3O4 nano-
spheres reached 65.12 emu/g, indicating super magnetism of FegOy,
after the “shell” of MoS; growing on the “core” of Fe3O4 nanospheres,
the saturated magnetization decreased to 9.83 emu/g. The magnetic
“shell-core” MoS;@Fe304 composite was prone to be separated from the
liquids by Magnet, as shown in the insert photograph.

The morphologies of Fe3O,4 nanospheres, MoS; nanosheets and
MoS,@Fe304 composite are illustrated in Fig. 3. Clearly, the as-prepared
Fe304 was typically nanospheres (Fig. 3(a-b)). Fig. 3(c—d) displayed the
TEM images of pure MoSy nanosheets, it can be seen that MoS; nano-
sheets stacked with each other, which decreased the specific surface
area. Reported that the active sites of MoSy usually appeared at the
“edge” of MoSy, and the basal plane was less active, thus, the stack of
MoS; nanosheets lead to poor properties in catalysis, adsorption, etc.

80

Fe;0,

o MoS,@Fe;0,

20

Magnetization (emu/g)

-80 1 1 1 1
-8000 -4000 0 4000 8000

H (Oe)

Fig. 2. Magnetic hysteresis loop of Fe3O4 nanospheres and MoS,@-
Fe304 composite.

Hydrometallurgy 198 (2020) 105514

(Chang et al., 2021; Wang et al., 2019b; Yuan et al., 2019, 2020; Zhan
et al., 2020a). Fig. 3(e-f) illustrates the TEM images of MoSy@Fe304
composite. In-situ growing the MoS; nanosheets on Fe304 nanospheres,
the hierarchical shell-core structured MoS;@Fe304 composite was ob-
tained, as expected, the MoS; decorated on Fe3O4 to form the “shell”,
which reduced the stacks of MoS; nanosheets and exposed more active
sites. What’s more, the magnetic “core” Fe3O4 could realize easy sepa-
ration from solutions.

3.2. In-situ reduction of Au(SZO;;)g’

The catalytic reduction activities of Au(S203)5  on MoS;@Fe304
composite were carried out under natural light irradiation. The reduc-
tion performances of Fe3O4, MoS; nanosheets and MoS;@Fe304 com-
posite (initial Au(5203)§’ concentration ~103 mg/L, pH 10) were
illustrated in Fig. 4(a). It could be seen that Fe304 nanospheres had low
reduction capacity of Au(5203)§’, while for pure MoS; and MoS,@-
Fe304 composite, the reduction capacity of Au(8203)g’ was extremely
high, especially for MoS,@Fe304 composite, the reduction capacity
reached a maximum 1541.1 mg/g. It indicated that the efficient
reduction of Au(Szog)%’ was mainly due to the properties of MoS,,
which was consistent with our previous study. Meanwhile, it was
obvious that the reduction rate of Au(5203)3_ on MoS;@Fe304 com-
posite was much faster than pure MoS; nanosheets, which could be
attributed to the special “shell-core” structure of MoS;@Fe3O4 com-
posite that exposed to more “edges” active sites.

Fig. 4(b) shows the effect of initial concentration of Au(SZO3)§’ on
gold reduction on MoS;@Fe304 composite. It can be seen that the
reduction capacity of Au(5203)§’ on MoS;@Fe304 composite was sig-
nificant prompted with the Au(5203)§’ initial concentration increasing
and exceed 2000 mg/g at the concentration of 180.1 mg/L, which
indicating MoS,;@Fe304 composite was an excellent material to recover
Au(8203)g’ from liquids.

Fig. 4(c) depicts the effect of pH on reduction of Au(5203)§’ on
MoS;@Fe304 composite. The pH ranging 8 to 11 was investigated
because the thiosulfate leaching usually happen in this pH range. The
reduction capacity boosted with increasing pH to 10 and then gradually
decreased. Zeta potential of materials are usually important to series of
reactions happened in liquid. Fig. 4(d) illustrates the zeta potential of
MoS,;@Fe304 composite at the pH range of 7 to 12. It could be seen that
the zeta potential of MoS;@Fe304 composite was below —35 mV in the
overall pH range, indicating the electrostatic interaction between
MoS,;@Fe304 composite and anion Au(S203)3~ was unable to occur. The
reduction mechanism of Au(5203)§’ was explained in detail below.

To further verify the in-situ reduction of Au(S;03)2~ on MoS,@-
Fe3O4 composite, XRD, XPS and TEM were used to explore the
MoS;@Fe304 composite. Fig. 5 shows the results of XRD and XPS. The
XRD patterns (Fig. 5(a)) of MoS;@Fe304 composite after Au(5203)§’
reduction exhibited four new peaks locating at the 2-theta of 38.2°,
44.4° 64.7° and 77.6°, which were assigned to Au’, indicating Au(I) in
Au(5203)§’ was reduced to Au® on MoS,;@Fe304 composite (Zeng et al.,
2020). Fig. 5(b) illustrates the high resolution spectrum of Au 4f, two
peaks at 84.48 eV and 88.13 eV were related to the Au 4f; /5 and Au 4fs 2
of Au®. TEM images are applied to further confirm the reduction of Au
(5203)§’ (Fig. 6). Clearly, many nanoparticles loaded on MoS;@Fe304
composite, indicating the Au(I) was reduced to gold nanoparticles.

The surface chemical composition of MoS;@Fe304 composite before
and after Au(S,03)3~ reduction was investigated by XPS. The high res-
olution of Mo 3d and S 2p spectra before and after Au(SzOg,)g’ reduction
were showed in Fig.S1. In Mo 3d spectrum before Au(8203)%’ reduction
(Fig.S1(a)), the peaks at 229.38 eV and 232.58 eV represented the Mo
(IV) in MoSy; binding energies at 230.48 eV and 233.98 eV related to the
Mo(V); the peak at 235.98 eV was ascribed to the Mo(VI); the binding
energy of 226.48 eV was corresponding to the $2~ in MoS; (Addou et al.,
2015; Wang et al., 2020b). In S 2p spectrum before Au(8203)§’ reduc-
tion (Fig.S1(c)), the peaks at 162.28 eV and 163.48 eV were ascribed to
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Fig. 5. XRD patterns (a) and Au 4f XPS spectrum (b) of MoS,@Fe304 composite after Au(8203)g’ reduction.
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Fig. 6. TEM images of MoS,@Fe30,4 composite after Au(S,03)3 reduction.

the S~ in MoSy; the peak observed at 164.78 eV was ascribed to the
defects in MoS,, (Lin et al., 2017; Sun et al., 2020). After the reduction of
Au(5203)§’ on MoS;@Fe304 composite (Fig.S1(b) and (d)), the chemi-
cal composition of MoS; did not change indicating MoS; was quite stable
during reduction of Au(S;03)5™.

3.3. Origin of Au(SZO3)§’ reduction on MoS,;@Fe304 composite

The in-situ reduction of Au(S»03)5  is original from the photo-
catalytic properties of MoS,, thus, the photo-electrochemical properties
of as-synthesized samples were investigated. Photocurrent response
(Fig. 7(a)) were used to explore the separation efficiency of photo
electrons and holes. It can be seen that MoS,;@Fe304 composite showed
the greatest photocurrent intensity among pure MoS;, Fe3O4 and
MoS,@Fe304 composite, which can be ascribed to that the combination
of MoS, and Fe3O4 to enhance the separation of charges. The greatest
photocurrent intensity of MoS;@Fe304 composite indicated that
MoS,@Fe304 composite would have most photogenerated charges for
photocatalytic reduction, therefore, MoS;@Fe304 composite have the
greatest Au(I) reduction capacity. It also found that MoS, and Fe3O4 had
photocurrent response, indicating the two materials also produced
photogenerated electrons to reduce Au(l), meanwhile, the FesO4 had
higher photocurrent than pure MoSy, whereas the Au(I) reduction ca-
pacity was much worse than pure MoS; from the experimental data,
which was because sulfur-containing MoS; was beneficial for adsorption
of Au(S,03)3~ from solution due to strong soft-soft interaction between S

atoms and precious metal, furtherly, the photoelectrons of MoS, could
transfer to Au(Szog)g_ better.

EIS was used to investigate the charge-transfer resistance, the smaller
semicircle represented smaller charge-transfer resistance (Peng et al.,
2017). The EIS Nyquist plots exhibited that MoS,@Fe304 composite
owned smaller semicircle than pure MoS,, revealing the shell-core
structured composite reduced the charge-transfer resistance, and was
beneficial to transfer photoelectrons to Au(I). Therefore, the MoS,@-
Fe304 composite displayed higher and faster Au(S203)3 ™ reduction than
pure MoS,. What’s more, Fe304 nanospheres exhibited small charge-
transfer resistance, which was ascribe to the excellent conductivity of
Fe304, whereas its poor reduction capacity of Au(8203)§’ was due to the
poor affinity between Fe304 nanospheres and Au(S;03)3 .

The light-absorbed properties of MoSj, FesO4 and MoS;@Fe304
composite were investigated by UV-vis adsorption spectrum, as illus-
trated in Fig. 7(c). It can be seen that MoS; and MoS,@Fe304 composite
showed excellent absorption both in ultraviolet and visible light regions,
whereas the Fe3O4 showed absorption only in ultraviolet and little part
of visible regions, which indicating MoSy-based photocatalysts can uti-
lize visible-light efficiently.

The energy gap (Eg), conduction band energy (Ecp) and valence band
energy (Eyp) is important to photocatalytic reactions. The energy gap
can be calculated according to the following equation (Zhao et al.,
2016):

(ahv)" = A(hv — E,) 4
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Fig. 7. Photocurrent responses (a), EIS curve (b), UV-vis absorption spectra (c) and the Kubelka-Munk transformed reflectance plot of MoS, (d) and Fe304 (e).

where a, h, v and A are absorption coefficient, Planck’s constant, light
frequency and a constant, respectively. The n depends on the type of
semiconductor, n is 2 for MoS, and n is 1/2 for Fe3O4 in this work
(Vinodhkumar et al., 2020; Zong et al., 2008). The energy gap can be
estimated by extrapolating the linear portion of the (ahv)" versus hv
curve (Kubelka-Munk transformed reflectance plot), as shown in Fig. 7
(d-e). The Eg was 1.95 eV for MoS; and 1.46 eV for FegO4. Furthermore,
The Ecp and Eyp can be calculated by the following equations (Xu et al.,
2008):

Ecp =X —E°—0.5E, 6

Evp = Eg + Ecp (6)
where X is the absolute electronegativity of semiconductor, E® is the
energy of free electrons on the hydrogen scale (4.5 eV). According the
above equations, the Ecp and Eyp values of MoS; were — 0.155 eV and
1.795 eV, the Ecp and Eyp values of Fe304 were — 0.9 eV and 0.56 eV.

Based on these results, the mechanism of reduction of Au(S;03)3~ by
MoS,;@Fe304 composite as photocatalyst was proposed and illustrated
in Fig. 8. Under visible light irradiation, MoS,@Fe304 composite pro-
duced rich photogenerated electrons, and the photoelectrons on con-
duction band (CB) of Fe304 could easily transfer to the CB of MoS; due to
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Fe304 composite.

more negative CB value of Fe304. Meanwhile, the holes on valence band
(VB) of MoS; could be injected to VB of Fe304. The combination rate of
photoelectrons/holes was greatly decreased, more effective photoelec-
trons gathered on MoS,. Thanks to the strong interaction (HSAB) be-
tween gold and sulfur atoms, Au(8203)§’ was prone to be adsorbed on
MoS,, and the photoelectrons made the Au(SZO3)§_ reduce to Au’
directly, which resulted in the in-situ reduction of Au(S203)3~ on
MoS;@Fe304 composite. The possible reactions were listed as follows:

MoS,@Fe;0, + hv—e™ +h" 7)
Aut +e AW’ (©)]
4. Conclusion

In summary, shell-core structured MoS;@Fe304 composite was
synthesized by a simple hydrothermal route and realized in-situ
reducing Au(S203)3~ to Au® with remarkable reduction capacity. The
excellent reduction performance was ascribed to more efficient transfer
and less recombination of photoexcited electrons-holes pairs. More
importantly, the magnetic properties of MoSy@Fe304 composite ach-
ieved easy separation from solutions. MoS;@FesO4 composite was
proved to be a promising material for efficient recovery of gold from
solutions.
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