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Abstract: Sulfide precipitation has been widely applied to remove arsenic from acidic wastewater
containing As(III) and As(V), due to its simple process and high efficiency. However, the characteris-
tics and composition of the precipitates are also of importance for its further treatment and disposal.
To explore the characteristics of elemental S formed by reduction and the combined form of the
generated S and As2S3, the characteristics of precipitates sulfurized from As(III) and As(V) and the
effects of temperature, the S(-II) to As ratio (S/As), Cl− concentration (cCl−), and the volume fraction
of H2SO4 (ϕH2SO4(v)) on the sulfurization of As(III) and As(V) were investigated in detail. The results
showed that the contents of As and S were 60.37% and 39.73% in precipitate-As(III), while they
accounted for 47.46% and 52.64% in precipitate-As(V); both precipitate-As(III) and precipitate-As(V)
were mainly composed of amorphous As2S3, while the latter contained elemental S. Temperature and
S(-II)/As(III) slightly affected the sulfurization process of As(III), while for As(V), as the temperature
increased, the content of As2S3 in precipitate-As(V) increased significantly. Additionally, with the
S(-II)/As(V) increasing, the content of A2S3 increased continuously. This study provides a further
clarification of the specific composition and structure of the complex precipitates of arsenic sulfide,
which will benefit the efficient stabilization of the arsenic sulfide sludge.

Keywords: sulfurization; precipitate-As(III); precipitate-As(V); elemental S; As2S3

1. Introduction

Arsenic is a typical pollutant in the metallurgical process, distributing in flue gas,
wastewater, slag, sludge, and residue with various degrees. During the smelting of non-
ferrous metals-bearing concentrates, most of the arsenic is volatilized and oxidized to
As2O3 and As4O6 and then emitted with flue gas. Prior to the sulfuric acid production,
arsenic compounds in flue gas must be eliminated because the arsenic influences the quality
of the produced sulfuric acid. Hence, spray washing with the diluted acid is performed
to remove the dust and arsenic from the pre-cleaned gas. It is worth mentioning that a
large quantity of arsenic-containing acidic wastewater is discharged when flue gas is spray
washed with dilute acid [1–3]. To remove arsenic from wastewater, numerous methods,
including precipitation, adsorption, coagulation, and membrane separation, have been
developed [4–6]. While sorption, coagulation, and membrane separation are generally
only used for removal of low levels of arsenic up to 30 µmol/L. Precipitation is suited
for the removal of arsenic from acidic, arsenic-rich wastewaters: precipitation as calcium
arsenate, ferric arsenate, or arsenic sulfide. Furthermore, recent studies have shown that
calcium arsenate is of large volumes and less stable than expected. Additionally, the ferric
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arsenate is not stable for long term storage because the reducing conditions can result in
the reduction and mobilization of iron and arsenic. This technique requires the presence or
addition of iron in/to the wastewater [7]. Among these methods, sulfide precipitation has
been widely applied, due to its simple process and high efficiency, the potential for selective
arsenic and heavy metal removal, and the production of small amounts of waste sludge.

Whether the sulfide precipitate of acidic wastewater containing As(V) was As2S5
or As2S3 and S was always controversial in 1826–1915. Berzelius (1826) proposed that
hydrogen sulfide reacted with arsenic(V) acid would produce As2S5 directly, while Rose
(1859) considered the precipitate was composed of As2S3 and elemental S [8]:

2H3AsO4 + 5H2S = As2S3 + S2 + 8H2O (1)

McCay (1887) proposed that arsenic(V) acid reacted with hydrogen sulfide to form
H3AsO3S at first, and then H3AsO3S easily decomposed and produced arsenite and elemen-
tal S, due to its instability [8]. Usher and Travers (1905) proposed that there were significant
differences in the precipitates obtained from arsenic(V) acid with varying concentrations
of HCl. In the presence of 1.8% HCl, 91% As2S5 was gathered. When the concentration
of HCl increased to 7.9–14.34%, pure As2S5 was obtained. When the concentration of
HCl increased to 25.1%, 58% As2S5 was produced [9,10]. Hattori obtained As2S3 and
As2S5 with specific surface areas of 17.6 m2/g and 10.8 m2/g by hydrothermal sulfide
precipitation [11].

In recent years, with the application of improved analytical methods and advanced
characterization instruments, the mechanism of the sulfide precipitation of arsenic(III/V)
acid has been further explored. Elizabeth et al. studied the reduction and precipitation of
arsenate with sulfide and demonstrated that arsenite was not the direct product. Rather,
the trimeric species (HxAs3S6

x−3) developed, which could persist in the solution for several
days [12]. Due to the formation and transformation of the intermediate species, which
are the rate-controlling steps in the removal of As(V) from acidic wastewater, numerous
studies have reported the promotion of UV light to improve the reduction rate and the
removal efficiency [13–15]. For the sulfide precipitation of acidic wastewater containing
As(III), it was concluded that As(III) reacted with H2S immediately to precipitate as As2S3
under excess S(-II). However, the formation of amorphous As2S3 and As4S4 in the process
of adsorption and precipitation from acidic wastewater containing As(III) and As(V) by
some sulfide minerals has been detected [16–20].

In summary, most of the studies focused on the As removal efficiency in solution, but
there were few systematic studies on the characteristics of the precipitates. In particular, the
morphology, valence, and characteristics of elemental S formed by reduction have not been
mentioned. In fact, the sulfide precipitates, which were mainly composed of As2S3, have
a long-term environmental risk, and their safety disposal is of great importance in non-
ferrous industry [21]. Our recent work investigated the hydrothermal stabilization of two
types of arsenic sulfide sludge (ASS) and demonstrated that the ASS containing elemental
sulfur originally more easily achieved stabilization than the hydrothermal process of ASS
without elemental sulfur originally [22]. To stabilize the hazardous solid waste (ASS),
the specific composition and structure of the complex precipitates of arsenic sulfide are
worth further clarification. In this study, the characteristics of sulfide precipitates from
acidic wastewater containing As(III) and As(V) and the effects of temperature, the S(-II) to
As(III)/(V) ratio (S/As), the volume fraction of H2SO4 (ϕH2SO4(v)), and the concentration
of Cl− (cCl−) on sulfurization were investigated in detail.

2. Materials and Methods
2.1. Reagents and Materials

Sodium arsenite (NaAsO2), sodium arsenate (Na3AsO4·12H2O), sodium sulfide
(Na2S·9H2O), sulfuric acid (H2SO4), and sodium chloride (NaCl) used were analytical
reagent (AR) grade and were purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). Deionized water was used in all experiments. Two stock solutions
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of As(V) and As(III) were made by adding H2SO4 and NaAsO2/Na3AsO4·12H2O to the
deionized water. The concentrations of As(III) and As(V) were both 0.05 mol/L and
ϕH2SO4(v) was 5%. The two kinds of stock solution of S(-II) with concentrations of 0.075
and 0.125 mol/L were prepared by dissolving Na2S·9H2O.

2.2. Experimental Procedure

The sulfide precipitation experiment was conducted in a 500 mL conical bottle contain-
ing a prepared acidic solution containing As(III)/As(V) with a thermostatic electromagnetic
agitator (Aika, Germany), and dissolved sulfide was added for sulfide precipitation under
the desired conditions (Figure 1). It is important to emphasize that all experiments were
carried out under dark and airtight conditions.
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Figure 1. Experimental setup for the sulfide precipitation process.

For preparation of the sulfide precipitate of As(III), sulfide precipitation was carried
out at 25 ◦C, with a S(-II)/As(III) ratio of 1.5 for 24 h, and the stirring rate was 400 r/min.
For As(V), the experiment was conducted with the S(-II)/As(V) of 2.5, while the other
conditions were kept at constants of 25 ◦C, 24 h, and 400 r/min.

To investigate the effects on the sulfide precipitation process of As(III), experiments
were conducted at 0 ◦C, 30 ◦C, and 60 ◦C, the S(-II)/As(III) of 0.5, 1, 1.5, and 2.5, while the
reaction time and stirring rate were kept at 24 h and 400 r/min. For As(V), the temperature
of 0 ◦C and 30 ◦C, the S(-II)/As(V) of 1, 1.5, 2.5, and 3.75, ϕH2SO4(v) of 0.5%, 1%, 2.5%,
and 5%, the cCl− of 0.01 mol/L, 0.1 mol/L, 0.25 mol/L, 0.5 mol/L, and 1 mol/L were
investigated for 24 h and with 400 r/min constantly.

The precipitates obtained were separated by centrifugation, washed with deionized
water at a liquid-solid ratio of 10:1 for 3 times, and then dried in a vacuum oven of 60 ◦C
for subsequent analysis.

2.3. Analytical Methods

To determine quantitative elemental composition, the precipitates were dried at 60 ◦C
in a vacuum oven (Lichen Bangxi Instrument Technology Co., Ltd., Shanghai, China).
Then, they were ground and sieved to obtain samples with particle sizes of 100–200 mesh.
Therewith, the samples were digested using a mixture of concentrated HCl and HNO3
(3:1, v/v). The solutions were filtrated with filter paper (1 µm pore), and then element
concentrations in filtrate were analyzed by inductively coupled plasma atomic emission
spectrometer (ICP-AES, Agilent 5100, Agilent Technologies Co., Ltd., Shanghai, China).

The phases of the precipitates were analyzed by X-ray diffraction (XRD, Rigaku
D/max 2500 VB + 18 kW, Rigaku Corporation, Tokyo, Japan) with a scanning speed of
10◦ min−1 from 10◦ to 80◦. The microstructural observation and elemental composition
were performed by scanning electron microscopy equipped with energy dispersive X-ray
spectrometry (SEM-EDS, JSM-6300LV, JOEL Co., Ltd., Tokyo, Japan) and transmission



Metals 2023, 13, 794 4 of 14

electron microscopy (TEM, JEM-2100F, JOEL Co., Ltd., Tokyo, Japan). The molecular struc-
ture was identified by Raman spectra (LABRAM-HR 800, Horiba Jobin-Yvon Ltd., Paris,
France), recorded with a 513-nm-wavelength He-Le laser and an acquisition time of 10 s
and FTIR spectra (Nicolet IS50, Thermo Electron Co., Ltd., Atkinson, NH, USA), collected
at 4 cm−1 resolution. The surface composition was characterized by X-ray Photoelectron
Spectroscopy (XPS, ESCALAB250Xi, Thermo Fisher Scientific, Waltham, MA, USA) with
a Thermo Fisher Scientific K-Alpha (Thermo Fisher Scientific, Waltham, MA, USA) 1063
using Al-Kα radiation.

3. Results and Discussion
3.1. Characterization of Precipitates Sulfurized from As(III) and As(V)
3.1.1. Appearance, Morphology, and Elemental Composition

As(III) reacted directly with S(-II) to form an orange–yellow precipitate and, once
dissolved, sulfide was added into the acidic solution. For sulfide precipitation of acidic
solution containing As(V), the precipitate was milky in the initial half hour and then
gradually turned yellow. After 24 h, the arsenic sulfide precipitate was bright yellow, which
was lighter than the precipitate-As(III) (Figure 2). Additionally, the removal efficiency of
As(III) and As(V) could reach above 80% and 95%, respectively, which was slightly below
the removal of 99% and 84% of As(III) and As(V) by reacting at a S:As molar ratio of 2.5
and 5 [7].
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Figure 2. Picture of the precipitates: (a) precipitate-As(III); (b) precipitate-As(V).

The morphologies of the precipitate-As(III) and precipitate-As(V) are shown in Fig-
ure 3. It was obvious that the precipitate-As(III) was composed of large flocs aggregated
by fine particles. The loose and porous flocs were irregular in shape, but the fine particles
were uniformly distributed, and the main elements were arsenic and sulfur (Figure 3a,b).
As shown in Table 1, the contents of As and S were 60.37% and 39.73%, with a S to As ratio
of 1.54, which deviated slightly from the theoretical value of As2S3. Figure 3c shows that
the precipitate-As(V) was composed of loose and porous flocs agglomerated by spherical
particles with uneven size distribution. The microstructure of precipitate-As(V) was more
complex than that of precipitate-As(III). The contents of arsenic and sulfur were 47.46%
and 52.64% (Table 1), with the S to As ratio of 2.60, which differed from the theoretical
value of As2S5 or As2S3-S obtained by complete reduction and sulfide precipitation. The
particles of precipitate-As(III) were finer in size and larger in specific surface area. This
was consistent with the conclusion drawn by Hattori, i.e., that the specific surface areas of
the precipitates formed by sulfide precipitation of As(III) and As(V) were 17.6 m2/g and
10.8 m2/g, respectively [11].
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Table 1. The main elemental composition of the precipitates.

Samples Precipitate-As(III) Precipitate-As(V)

Elements As S As S

Wt.% 60.37 39.73 47.46 52.64

As shown in Figure 4a, the precipitate-As(III) presented a network flocculent structure
cross-linked by homogeneous nanoparticles. The particle size ranged 50–100 nm and
expressed various microscopic morphologies. In addition, no diffraction spots of the crystal
were observed, which confirmed that the precipitate-As(III) was amorphous.

The TEM images of precipitate-As(V) indicate that the precipitate expressed an ad-
hesive structure cross-linked by particles of two sizes (Figure 4c). Many small spherical
nanoparticles ranging 50–100 nm were attached around large particles ranging 200–500 nm.
Few crystal diffraction points appeared that may be associated with crystal sulfur.



Metals 2023, 13, 794 6 of 14Metals 2023, 13, x FOR PEER REVIEW 6 of 13 
 

 

 
Figure 4. (a) TEM image of the precipitate-As(III); (b) SAED image of the precipitate-As(III); (c) TEM 
image of the precipitate-As(V); (d) SAED image of the precipitate-As(V). 

The TEM images of precipitate-As(V) indicate that the precipitate expressed an ad-
hesive structure cross-linked by particles of two sizes (Figure 4c). Many small spherical 
nanoparticles ranging 50–100 nm were attached around large particles ranging 200–500 
nm. Few crystal diffraction points appeared that may be associated with crystal sulfur. 

3.1.2. Phase 
The XRD pattern of the precipitates sulfurized from As(III) and As(V), shown in Fig-

ure 5, indicates that the diffraction peaks were both weak and wide, confirming that the 
precipitates were mainly amorphous. In addition, the three broad humps that appeared 
at 2θ, around 18°, 31°, and 57°, were similar to the characteristic peaks of amorphous 
As2S3, while the characteristic peaks of elemental sulfur were detected in the XRD pattern 
of the precipitate-As(V). The results showed that precipitate-As(III) and precipitate-As(V) 
were mainly composed of amorphous As2S3, while the latter contained elemental S, which 
decomposed along with As2S3 by HxAs3S6x−3 first formed during the sulfurization of As(V). 
The characteristic peaks of amorphous As2S3 were consistent with those synthesized by 
other researchers through similar methods [13–15]. 

Figure 4. (a) TEM image of the precipitate-As(III); (b) SAED image of the precipitate-As(III); (c) TEM
image of the precipitate-As(V); (d) SAED image of the precipitate-As(V).

3.1.2. Phase

The XRD pattern of the precipitates sulfurized from As(III) and As(V), shown in
Figure 5, indicates that the diffraction peaks were both weak and wide, confirming that the
precipitates were mainly amorphous. In addition, the three broad humps that appeared
at 2θ, around 18◦, 31◦, and 57◦, were similar to the characteristic peaks of amorphous
As2S3, while the characteristic peaks of elemental sulfur were detected in the XRD pattern
of the precipitate-As(V). The results showed that precipitate-As(III) and precipitate-As(V)
were mainly composed of amorphous As2S3, while the latter contained elemental S, which
decomposed along with As2S3 by HxAs3S6

x−3 first formed during the sulfurization of
As(V). The characteristic peaks of amorphous As2S3 were consistent with those synthesized
by other researchers through similar methods [13–15].
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3.1.3. Molecular Structure

To clarify the molecular structure of the precipitate-As(III) and the precipitate-As(V),
Raman and FTIR analyses were conducted. Figure 6 shows that there was one obvious
characteristic peak located at approximately 340 cm−1 related to the As-S bond in the
AsS3/2 pyramidal structure in the precipitate-As(III) [23–25]. References for reported
Raman spectra of different As-S compounds, namely the characteristic peak at 340 cm−1,
correspond to orpiment, which is suited to the characteristic peaks in the precipitate-As(V)
at around 340 cm−1 [12]. In addition, three locations of 153 cm−1, 218 cm−1, and 473 cm−1

appeared, which should be related to the S-S bond of S8. The Raman results were consistent
with the SEM-EDS, TEM, and XRD observations.
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Figure 6. Raman spectra of the precipitate-As(III) and the precipitate-As(V).

The FTIR results of the precipitate-As(III) and the precipitate-As(V) are shown in
Figure 7. Three peaks at approximately 325 cm−1, 355 cm−1, and 395 cm−1 were all
observed in the precipitate-As(III), while the characteristic peaks in the precipitate-As(V)
were mainly located at approximately 325 cm−1 and 355 cm−1. The intensity of the peak
at approximately 325 cm−1 in the precipitate-As(III) was significantly higher than that
in the precipitate-As(V), while the intensity of the peak at 355 cm−1 was lower. It has
been reported that the main characteristic peak in the structure of S-As glass is located at
310 cm−1, which corresponds to the As-S bond in the tapered structure of AsS3/2 [26,27].
In addition, there are two shoulder peaks at 345 cm−1 and 385 cm−1 in As2S3 glass [28].
The phenomena above suggests that arsenic sulfide existed as As2S3 in the precipitate-
As(III) and the precipitate-As(V). Due to the difference in the structure of amorphous
As2S3 formed by precipitation in solution and As2S3 glass, the three characteristic peaks
(325 cm−1, 355 cm−1, and 395 cm−1) in the precipitates from As(III) and As(V) all shifted
approximately 10 cm−1 with that of As2S3 glass (310 cm−1, 344 cm−1, and 385 cm−1).
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3.1.4. Surface Composition

Figure 8 and Table 2 show the As 3d and S 2p XPS spectra and the XPS Peak Parameters
of the precipitate-As(III) and the precipitate-As(V). The As 3d spectra were modeled as
doublets of 3d3/2 and 3d5/2, separated by 0.69 eV. The area of the As 3d3/2 peak was
two-thirds the area of As 3d5/2 peak. So, we will only discuss the details of As 3d5/2 below
because of their correlation.
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Table 2. Bending energy, FWHM, and peak positions from the XPS spectra of As 3d and S 2p.

Samples XPS Peak Parameters
As 3d5/2 S 2p
As(III) S0 S22− S2−

As(III)-S
BE (FWHM) 43.36

(0.883)
164.70
(1.00)

163.62
(1.12)

162.48
(0.96)

Peak areas 100% 6.4% 46.9% 46.7%

As(V)-S
BE (FWHM) 43.43

(0.81)
164.65
(0.94)

163.61
(1.16)

162.60
(0.95)

Peak areas 100% 10.7% 53.7% 35.6%

It has been reported that the peaks of As 3d5/2 at 43.1 eV and 43.4 eV were attributed
to As4S4 and As2S3 [17]. Additionally, the peaks of S 2p at 161.9 eV, 162.9 eV, and 164.1 eV
were attributed to S2−, S2

2−, and polymeric sulfur (S0) [29,30]. Additionally, combined
with the results shown in Table 1, the peaks of As 3d5/2 in the precipitate-As(III) and the
precipitate-As(V) at 43.4 eV were both attributed to As(III) in the As-S compound, and
As(II) and As(V) did not appear, which is consistent with the results of Raman analysis,
with only one characteristic peak of As2S3 at 340 cm−1. The valences of As on the surface
of the two precipitates were mainly As(III), indicating that As(V) first reacted with S2− to
form H3AsO3S and then produced elemental S and As2S3. Because the As(III) and S(II)
could be rapidly precipitated, the evidence that As(V) and As(III) were reduced to As(II) in
solution to form As4S4 has not been detected yet.

S 2p consisted of three prominent peaks at 162.7 eV, 163.6 eV, and 164.7 eV, correspond-
ing to monosulfide (S2−), disulfide (S2

2−), and elemental sulfur (S0), respectively, showing
that the speciation of S was significantly different, although the valence of As on the surface
of the two precipitates was consistent. The contents of S0 and S2

2− in precipitate-As(V)
were higher than those of precipitate-As(III) by 4.3% and 6.8%, respectively, and S2− was
lower by 11.1%. The difference in S was also directly analyzed by SEM-EDS and Raman.
S (6.4%) was detected in the precipitate-As(III) by XPS, while no peak of elemental S was
analyzed by Raman, which may have resulted from the strong energy radiation with XPS
detection, causing decomposition of elemental sulfur. The differences between S0 and S2

2−

may directly lead to the differences in morphology and thermal property.

3.2. Sulfurization Process of As(III) and As(V)
3.2.1. Effects on the Sulfurization Process of As(III)

To investigate the influence of the temperature and the S(-II)/As(III) on the sulfu-
rization process of acidic solutions containing As(III), experiments were conducted at
temperatures of 0 ◦C, 30 ◦C, and 60 ◦C and the S(-II)/As(III) of 0.5, 1.0, 1.5, and 2.5 for
24 h. The Raman spectra of the precipitates-As(III), shown in Figure 9, indicate that the
temperature and the S(-II)/As(III) were affected slightly within the whole studied range.
Only the characteristic peak of As2S3 at 340 cm−1 was found, and no peak of S or other S-As
compounds appeared. As As(III) reacted with S2− to form As2S3 rapidly, the possibility
of reducing As(III) to As(II) and producing elemental S was still very small, although the
temperature and the S(-II)/As(III) were changed.
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3.2.2. Effects on the Sulfurization Process of As(V)

The Raman spectra of the precipitates-As(V) at different temperatures, S(-II)/As(V),
cCl−, and ϕH2SO4(v) are shown in Figure 10. The precipitate-As(V) was slightly affected
by S(-II)/As(V) at 0 ◦C, when the S(-II)/As(V) increased from 1.0 to 3.75, and the obvious
peaks located at 153 cm−1, 218 cm−1, and 473 cm−1 related to elemental S, while the peaks
at 340 cm−1 of the As-S bond were weak. The result related to the following reactions [12]:

H2AsO4
− + 2H2S = H2AsO2S2

− + 2H2O (2)

H2AsO2S2
− + H+ = H3AsO2S···S (3)

H3AsO2S···S = H3AsO2S + S (4)

H3AsO2S + H2S = H2AsOS2
− + H+ + H2O (5)

2H2AsOS2
− + 2H+ = As2S3 + H2S + 2H2O (6)

3H2AsOS2
− + 2H+ = H2As3S6

− + 3H2O (7)

x/8S8 + H2S = HSx+1
− + H+ (8)

2H2As3S6
− + 2H+ = 3As2S3 + 3H2S (9)
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Reactions (2)~(4) occurred mainly when S(-II)/As(V) was low, and only a small amount
of elemental S was produced due to the strong stability of H2AsOS2

− and HxAs3S6
x−3

at low temperature. When the temperature raised to 30 ◦C, peaks at 340 cm−1 obviously
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appeared under different S(-II)/As(V), and the peak at 340 cm−1 was further enhanced
with the increase of S/As. Therefore, increasing temperature was not conducive to the
stability of H2AsOS2

− and HxAs3S6
x−3, resulting in the decomposition to produce a large

amount of As2S3. Herein, it is obvious that temperature and S(-II)/As(V) have the greatest
influence on the sulfurization process of As(V), high temperature, and S/As promote the
formation of As2S3.

The effect of cCl− on the sulfurization of As(V) was more complex. There was only one
wide peak at 340 cm−1, which was observed when the cCl− was 0.25 mol/L at 0 ◦C. When
the temperature raised to 30 ◦C, the characteristic peak of elemental S almost disappeared
with Cl− of 0.001 mol/L and 0.5 mol/L, while the peak weakened at other concentrations.
However, it has been reported that, in different concentrations of hydrochloric acid, the
content of As2S3 in As(V) sulfide precipitates varies greatly, but the exact mechanism is still
unclear [9,10].

TheϕH2SO4(v) also had a great influence on the precipitates-As(V). At 0 ◦C, the peaks at
153 cm−1, 218 cm−1, and 473 cm−1, which related to the S-S bond of S8, tended to weaken
with acid concentration decreasing, and it shows a similar situation at 30 ◦C. A reasonable
explanation could be obtained from reaction (7). The lower the concentration of H+ was
more conducive for the decomposition of S, resulting in the constant weakening of the
peaks at 153 cm−1, 218 cm−1, and 473 cm−1. However, the peak at 340 cm−1, related to the
As-S bond of As2S3, tended to strengthen with acid concentration decreasing at 0 ◦C, but
decreased when acid concentration decreased at 30 ◦C, presenting a complicated effect on
the production and dissolution of As2S3.

4. Conclusions

The precipitate-As(III) mainly consisted of amorphous As2S3 and was composed of
large flocs aggregated by fine particles. The contents of As and S in the precipitate-As(III)
were 60.37% and 39.73%, respectively. The As in precipitate-As(III) was mainly As(III),
and S existed in the form of monosulfide (S2−), disulfide (S2

2−), and elemental sulfur
(S0), with contents of 46.7%, 46.9%, and 6.4%, respectively. The precipitate-As(V) mainly
consisted of amorphous As2S3 and elemental S. It was composed of loose and porous
flocs agglomerated by spherical particles with uneven size distribution. The contents of
As and S in the precipitate-As(V) accounted for 47.46% and 52.64%, respectively. The
As in precipitate-As(V) was mainly As(III), and S existed in the form of monosulfide
(S2−), disulfide (S2

2−), and elemental sulfur (S0), with contents of 35.6%, 53.7%, and 10.7%,
respectively.

Temperature and S(-II)/As(III) slightly affected the sulfurization process of As(III). For
As(V), the temperature, S(-II)/As(V), cCl−, and ϕH2SO4(v) affected a lot. As the temperature
increased, the content of As2S3 in precipitate-As(V) increased significantly. When S(-
II)/As(V) was low, the precipitate-As(V) consisted of elemental S and a small amount
of As2S3. With the increase in S(-II)/As(V), the content of A2S3 increased continuously.
Additionally, the cCl− also had a great influence on precipitate-As(V). For ϕH2SO4(v), the
higher the concentration of H+, the more As2S3 produced.
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