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Strongly acidic wastewater generated from the molybdenum and copper smelting process is of great value for
recycling sulfuric acid and valuable metals, such as rhenium (Re). Herein, a high Re(VII) (HReO4) recovery
efficiency of 99% within 35 min from strongly acidic wastewater was successfully achieved by using sulphide
coupled with ultraviolet (UV) light, and soluble Re(VII) precipitated as Re2S7 in this process. Mechanistic ex
periments showed that the intermediate Re-S species (i.e., HReO3S) was the dominant limitation responsible for
Re(VII) precipitation in the dark, and UV irradiation dramatically accelerated the generation and conversion of
HReO3S by inducing the formation of HS• and H•. The H• produced from the photodissociation of H2S promoted
HReO4 transformation to H2ReO4•, which rapidly reacted with HS• to produce HReO3S, accelerating the con
version of HReO4. The radical-induced acceleration can also take place during the HReO3S conversion by slowly
introducing H2S into the strongly acidic wastewater to continuously produce H• and HS•. This work offers an
insight into the improvement of Re(VII) recovery by UV light, which can be potentially applied into resource
recovery from strongly acidic wastewater.
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1. Introduction
The strongly acidic wastewater associated with the flue gas treat
ment process has been an alarming environmental issue in the smelting
industry worldwide (Abisheva and Zagorodnyaya, 2002; Hu et al., 2018;
Wen et al., 2018). Conventional methods such as neutralization with
lime have been extensively employed in this type of wastewater treat
ment (Abisheva et al., 2011; Wang and Wang, 2018; Wen et al., 2018).
However, this process leads to the generation of enormous hazardous
wastes, which aggravate the environmental burden.
The treatment of strongly acidic wastewater should maximize the
recovery of acids and valuable metals, such as rhenium (Re), in order to
compensate for the treatment costs (Abisheva et al., 2011; Kong et al.,
2018). For instance, except for a small amount of rhenium left in the flue
gas dust, the rhenium in the flue gas is mostly enriched as Re(VII)
(HReO4) into wastewater during wet flue gas treatment in molybdenum
and copper smelting (Cheema et al., 2018; Wen et al., 2018). By virtue of

its unique properties, rhenium has been extensively used in aerospace,
chemical engineering and the electronic industry (Kesieme et al., 2019;
Wang and Wang, 2018). The noticeable uptrend of rhenium consump
tion has increased its price to 2000–4000 dollars per kilogram (Wang
and Wang, 2018). However, the main source of rhenium is the strongly
acidic wastewater generated from the scrubbing and cleaning of flue gas
during molybdenum and copper smelting (Abisheva et al., 2011; Kim
et al., 2015). Thus, recovery of precious metals such as rhenium from
strongly acidic wastewater promotes resource reuse and has enormous
economic benefits.
Ion exchange, solvent extraction and adsorption are widely
employed in Re(VII) recovery (Abisheva and Zagorodnyaya, 2002;
Abisheva et al., 2011; Wang and Wang, 2018), but are generally used
under weak acidic or neutral conditions, which means pretreatment is
needed to neutralize the wastewater (Zhang et al., 2017). Moreover,
these methods may suffer from low efficiency in low-Re(VII) waste
water, which considerably limits their practical applications (Hu et al.,
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2018; Lou et al., 2013; Mamo et al., 2019). Sulphide precipitation is
expected to efficiently recover Re(VII) under a wide range of acidity
(Blazy et al., 1993; Gharabaghi et al., 2012; Ostermeyer et al., 2020).
Under acidic conditions, Re(VII) may react with sulphide to form black
precipitates of rhenium heptasulfide (Re2S7). Importantly, the resulting
high-purity Re2S7 is potentially applicable into hydrogenation, hydro
desulfurization, and production of battery cathode materials (Brorson
et al., 2002; Kesieme et al., 2019). Nevertheless, the sluggish reaction
kinetics in Re(VII) precipitation is the bottleneck that limits its practical
applications (Helz and Dolor, 2012; Hong et al., 2020). Meanwhile, long
treatment time and high temperature may be needed to improve the
efficiency of Re(VII) recovery (Hong et al., 2020; Vodop’yanov, 2011;
Wang and Wang, 2018).
Further efforts are still required to improve the existing sulfidation
process to overcome the sluggish kinetics of Re(VII) recovery. Ultravi
olet (UV) irradiation is a “clean” and commonly-used method to remove
pollutants from wastewater (Cates, 2017; Wang et al., 2019; Wu et al.,
2020). More importantly, photodissociation of H2S under strongly acidic
conditions will generate HS•, H•, and other free radicals, which will
greatly affect the speciation and valence of relevant elements (Eqs 1–4,
Table 1) (Feng et al., 2019; Francisco, 2007; Lykakis et al., 2007; Mills
et al., 1987; Zeng et al., 2016). It is theoretically foreseeable that UV
irradiation can accelerate Re(VII) recovery when sulphide is used as the
precipitant.
Therefore, in this work, a new method combining UV light with
sulphide was employed to enhance Re(VII) recovery from strongly acidic
wastewater. First, batch experiments were carried out to evaluate the Re
(VII) sulfuration under UV light and dark conditions. Then, the inter
mediate species and the precipitates were carefully identified. Finally,
the underlying mechanisms were explored.

was employed to maintain the temperature at 25 ± 1 ◦ C. More details
about the photoreactor and the light source can also be found in our
previous report (Kong et al., 2017).
Synthetic wastewater (100 mL) was transferred to quartz tubes and
magnetically stirred. The H2S gas was passed into the quartz tubes at the
same time when the UV lamp was turned on. The H2S flow rate was
adjusted to a prescribed level between 6 and 20 mL/min. Control ex
periments were conducted in the dark at the same H2S flow rate. All
experiments were repeated at least twice. At a prescribed interval, 5 mL
of a sample was taken out from the quartz tubes and immediately
filtered using 0.22 µm cellulose acetate membranes. Then, 3 mL of a
sample was immediately analyzed for the intermediate species using a
UV–vis spectrophotometer (DR6000, HACH, U.S.A.). To remove the
excessive sulphide and quench the reaction, N2 gas was immediately
introduced into the other 2 mL aliquots for 5 min. The N2 purged aliquot
was used for analysis of HReO4 and total residual rhenium (TRe) con
centrations. Finally, the collected precipitates were washed with pure
water, freeze-dried and analyzed.
2.3. Analytical methods
Total soluble rhenium(TRe) concentration was measured using an
inductively coupled plasma optical emission spectrometer (ICP-OES)
(Thermo Scientific iCAP 7200, Thermo Fisher Scientific Co., Ltd.).
HReO4 concentration was measured using reverse-phase liquid chro
matography (1260 infinity, Agilent, USA) with a UV detector as
described in Text S1. The apparatus and HPLC–UV conditions are
described in Table S2 and Fig. S2. According to the absorbance of re
action samples at 298 and 350 nm, an analytical procedure for HReO3S
quantification was established (Text S2) and the calibration curve was
shown in Fig. S3. Rhenium speciation analysis showed that two forms of
rhenium, i.e., HReO4 and HReO3S, were present during the reaction, so
HReO4 concentration can be determined by subtracting HReO3S from
the total rhenium analyses. H2S concentration was determined

2. Materials and methods
2.1. Materials and reagents
Potassium perrhenate (KReO4, 99.99%), bis(trimethylsilyl)sulfide
(C6H18SSi2, >97%), tetrabutylammonium bromide (C16H36NBr, 99%),
acetonitrile (C2H3N, 99.8%) were obtained from Aladdin Reagent
(Shanghai, China). 1,3-Butadiene (C4H6, 13% in tetrahydrofuran) was
purchased from Shanghai Macklin Biochemical Co., Ltd. Sodium hy
droxide (NaOH), copper sulfate (CuSO4⋅5 H2O), sodium sulphide
(Na2S⋅9 H2O) and sulfuric acid (H2SO4) were of analytical reagent (AR)
grade, and were obtained from Sinopharm Chemical Reagent Company
(Beijing, China). Pure H2S and N2 were obtained from Guangyuan Gas
Chemical Co. Ltd. (Yancheng, China). The synthetic wastewater was
prepared by mixing Re(VII) and H2SO4 in deionized water according to
the composition of actual wastewater from copper smelting plant as
reported in literature (Abisheva and Zagorodnyaya, 2002; Cheema et al.,
2018; Hu et al., 2018). If not stated otherwise, the concentration of Re
(VII) was fixed at 30 mg/L in all synthetic wastewater and the concen
tration of H2SO4 was 1.3 M. H2S gas was used as the sulphide source.
Standard monothioperrhenate (KReO3S) was prepared as reported in
literature (Ferrier et al., 2012).

Table 1
Reactions in the Re(VII)-S(-II) solution with or without UV light and the relevant
rate constants (k) or equilibrium constant (K).
equations

1

2.2. Experimental procedure
Batch kinetic experiments were conducted in a photochemical
apparatus (Shanghai Yanzheng Light and Electricity Factory, China).
Quartz tubes (120 mL capacity, 2 mm thickness) were used as reactors
and fixed in a slot at 10 cm away in parallel to a high-pressure mercury
lamp (1000 W, 35 × 1 cm2) (Fig. S1). H2S gas was passed into the
wastewater and through a thin hose to the bottom of each quartz tube.
The exhaust gas, which can go out of the hole on the tube lid, was
collected using a thin hose and absorbed by a NaOH solution. The light
intensity on the radiation area (50 cm2) of each quartz tube was
measured to be ~ 135 mW∙cm− 2. A circulating water cooling system

k/K

Photoreaction of H2S under UV
light

k

hv

H2 S⟶HS• + H•

2.08 × 10− 3
s− 1
1 × 1010 M− 1
s− 1
9 × 109 M− 1
s− 1
fast

2

H• + H2S → HS•+ H2

3

2 HS• → H2S2

4

H2S2 → H2S + S

5

OH• + H2S → HS•+ H2O

6

Re(VII) sulfuration reaction in the
dark
HReO4 + H2S→HReO3S+ H2O

7

HReO3S + H2S→HReO2S2 + H2O

101.7

8

HReO2S2 + H2S→HReOS3 + H2O

104.8

9

HReOS3 + H2S→HReS4 + H2O

106.1

10
11
12
13

Re(VII) sulfuration reaction under
UV light
HReO4 + H•→H2ReO4•
H2ReO4•+ HS•→HReO3S+ H2O
HReO3S + H•→H2ReO3S•
H2ReO3S•+ HS•→HReO2S2 + H2O
Formation of Re2S7
2HReS4→Re2S7 + H2S

14

2

reaction

1.1 × 1011
M− 1 s− 1
K
101.5

references

(Kong et al.,
2017)
(Mills et al.,
1987)
(Mills et al.,
1987)
(Mills et al.,
1987)
(Lykakis
et al., 2007)
(Tossell,
2005)
(Tossell,
2005)
(Tossell,
2005)
(Tossell,
2005)
This
This
This
This

fast

study
study
study
study

(Helz and
Dolor, 2012)
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according to the methylene blue method using a UV–visible spectro
photometer and the standard curve is given in Fig. S4 (Cline, 1969).
X-ray powder diffraction (XRD) patterns of precipitates were charac
terized by a 9 kW intelligent XRD system (SmartLab-Rigaku, Japan). The
elemental and chemical states of precipitates were observed by an
ESCALAB250xi XPS system (Thermofisher Scientific, Japan). The
elemental composition and surface morphology of precipitates were
investigated using a scanning electron microscope (SEM) equipped with
an energy dispersive X-ray (EDX) module (JEOL JSM-7900 F, Japan).
Electron spin resonance (ESR) (JEOL JES-FA200, Japan) was employed
directly identifying H• with DMPO as the spintrapping agent under UV
light. HS• was detected by ESR at low temperature (about 90 K) with UV
irradiation (a 100 W mercury lamp: 200–2000 nm).

experimental results indicate that Re(VII) precipitation is significantly
accelerated under UV irradiation.
The Re(VII) precipitation rate of 4.5 × 10− 3 mM/min under UV
irradiation was higher than the rate in the dark at 50 ◦ C (8.5 ×10− 4
mM/min) or 70 ◦ C (1.1 ×10− 3 mM/min) (Fig. 1c). The Re(VII) precip
itation rate increased very slightly following the rise from room tem
perature to 70 ◦ C in the dark. In short, UV light irradiation can greatly
promote Re(VII) precipitation from strongly acidic wastewater, leading
to a recovery efficiency of 99% under H2S flow rate of 10 mL/min and
reaction time of 35 min. Under our reaction conditions, black pre
cipitates were obtained both with and without UV light (Fig. 1d). After
Re(VII) recovery, the residual dissolved sulphide in the treated waste
water can be quickly separated by aeration for sustained application
(Fig. S1). UV irradiation is a novel method to accelerate Re(VII) recovery
while avoiding the introduction of impurities and the heating of
wastewater.
In fact, the mechanism for Re(VII) removal by sulphide from weak
acidic or neutral aqueous solutions has been proposed (Helz and Dolor,
2012; Rouschias, 1974; Tossell, 2005). First, monothioperrhenate
(ReO3S-) is formed when one sulfur exchanges with one oxygen in Re
(VII) (HReO4) (Eq 6, Table 1). Second, further sulfur-oxygen exchanges
can occur in S(-II)-sufficient solutions, forming di-, tri-, and tetrathio
perrhenates (ReO2S-2, ReOS-3, and ReS-4) (Eqs 7–9, Table 1). Finally,
Re2S7 is formed (Eq 14, Table 1) (Helz and Dolor, 2012).
However, in acid wastewater containing dissolved H2S, a series of
radicals and substances, including HS•, H•, H2 and elemental sulfur (S)
(Eqs 1–4, Table 1), may be generated because of UV light irradiation,
thus inducing new reactions. Furthermore, the light-induced electron
transfer from the organic matter to Re(VII) reportedly may lead to the
generation of reduced rhenium precipitates (such as ReO2) (Harada
et al., 2011; McCleskey et al., 2001; Shang et al., 2018). In our reaction
system, the intermediate species may be greatly influenced by UV irra
diation during Re(VII) sulfuration, which may further affect the kinetics
of Re(VII) recovery. Therefore, the intermediate species and the pre
cipitates in the Re(VII) sulfuration under both UV irradiation and dark
conditions were identified before exploring the mechanisms of Re(VII)
recovery acceleration.

3. Results and discussion
3.1. Acceleration of Re(VII) recovery using sulphide under UV irradiation
The efficiency of Re(VII) recovery from strongly acidic wastewater
by H2S is shown in Fig. 1. Without UV irradiation, about 97% of Re(VII)
precipitated after 6 h (Fig. 1a), and in the absence of H2S, Re(VII) was
highly stable even under UV irradiation (Fig. S5). Surprisingly, nearly
99% of Re(VII) precipitated after 35 min under UV irradiation. Ac
cording to previous studies (Brorson et al., 2002; Hong et al., 2020;
Rouschias, 1974), the precipitation of Re(VII) by sulphide can be
enhanced by increasing the sulphide dosage, temperature, and reaction
time. Without UV light, only 22% of Re(VII) precipitated with a residual
TRe concentration of 23.2 mg/L after 30 min even when the H2S flow
rate rose to 16 mL/min (Fig. 1b). However, under UV irradiation, more
than 99% of Re(VII) precipitated after 30 min of reaction with a residual
TRe concentration lower than 0.1 mg/L at a flow rate of 16 mL/min. As
a result of insufficient sulphide dissolved at 6 and 10 mL/min H2S
(Fig. S6), the Re(VII) precipitation rate linearly increased under UV
irradiation after 10 and 20 min, respectively. On the basis of linear
fitting (Fig. S7a), the Re(VII) precipitation rate progressively rose from
1.0 × 10− 3 mM/min in the dark to 5.9 × 10− 3 mM/min under UV
irradiation when the H2S flow rate increased to 16 mL/min. The

Fig. 1. The Re(VII) recovery by H2S from strongly acidic waste
water. (a) Kinetics of Re(VII) precipitation under UV light and dark
conditions. (b) Kinetics of Re(VII) precipitation at different H2S
flow rates under UV light and dark conditions. (c) Kinetics of Re
(VII) precipitation under UV irradiation and at different tempera
tures in the dark. (d) Picture of the solid products formed under UV
light and dark conditions. Conditions: (a) and (d) [Re(VII)]
= 30 mg/L, H2S = 10 mL/min, [H2SO4] = 1.3 M; (b) [Re(VII)]
= 30 mg/L, H2S = 6 − 16 mL/min, [H2SO4] = 1.3 M; (c) Intro
duction H2S for 10 min at a flow rate of 20 mL/min before UV
irradiation and the dark condition of heating, [Re(VII)] = 30 mg/
L, [H2SO4] = 1.3 M. The error bars represent the standard devia
tion of three independent measurements.
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ReO2S-2 and ReOS-3 are never observed in solutions possibly owning to
their instability, this does not mean the systems do not generate these
species (Helz and Dolor, 2012). The reason why the peaks corresponding
to ReO2S-2, ReOS-3 and ReS-4 are undetectable can be explained by their
instability or high reactivity (Tossell, 2005). As expected, the further
oxygen-sulfur exchange of HReO3S in acid solutions depends on the
sulfide concentration (Fig. S10).

3.2. Identification of intermediate species
The intermediate species were identified by UV–vis spectroscopy
(Fig. 2). The solutions were taken out at 15 min under UV irradiation
and at 35 min in the dark, since Re(VII) can precipitate partially, rather
than completely (Fig. 1a). As shown in Fig. 2a, both Re(VII) (HReO4) and
H2S absorbed strongly below 250 nm. As reported, Re(VII) has absorp
tion peaks at 206 and 228 nm (Helz and Dolor, 2012; Vorlicek et al.,
2015). In our experiments, negligible absorption at above 400 nm was
observed from the Re(VII) solution under either UV irradiation or dark
conditions. However, two new absorption peaks at 298 and 350 nm
appeared in the Re(VII)-H2S solution under both UV irradiation and dark
conditions, indicating that new substances were produced.
In the Re(VII) sulfuration, many intermediate species may be
generated in the Re(VII) and sulphide mixed solution, including Re(VII)S(-II) complexes (Eqs 6–9, Table 1) and light-induced sulphide species
(Eqs 1–4). Our results demonstrate no apparent absorption near 298 and
350 nm in the solution containing only H2S or Re(VII) (Fig. S8), indi
cating the new peaks are irrelevant to light-induced sulphide species or
light-excited Re species. In addition, the spectral line after air purging
overlapped with that without purging at above 250 nm (Fig. 2a), indi
cating the formed substances were not affected by sulphide. Thus, the
only justification is that these two new absorption peaks near 298 and
350 nm are related with Re(VII)-S(-II) complexes.
Four thioperrhenates (ReOnS-4− n), ie., ReO3S-, ReO2S-2, ReOS-3 and
ReS-4, are formed from the reaction of S(-II) with Re(VII) at varying pH.
Among them, ReO3S- is stable in both acidic and alkaline solutions, but
ReS-4 is only stable under neutral and alkaline solutions (Helz and Dolor,
2012). In addition, ReO2S-2 and ReOS-3 are never observed in solutions
because of their extreme instability. Since both ReO2S-2 and ReOS-3 may
have absorption peaks around 400 nm and ReS-4 is recognizable around
505 nm (Helz and Dolor, 2012), UV-Vis spectra show that none of the
peaks correspond to ReO2S-2, ReOS-3, or ReS-4 complexes. Thus, these two
peaks can be reasonably attributed to HReO3S. To further confirm the
formed substances, UV–vis spectrum of a 0.14 mM KReO3S standard
solution (H2SO4 = 1.3 M) was recorded and the peaks at 298 and
350 nm were found (Fig. 2b). These results indicate that an intermediate
species, i.e., monothioperrhenate (HReO3S), was formed during the Re
(VII) recovery by sulphide, which may play a key role in the Re(VII)
sulfuration.
As reported, HReO3S may react with sulphide to form ReO2S-2, ReOS-3
and ReS-4 complexes by further sulfur–oxygen exchanges in acid solu
tions (Helz and Dolor, 2012). However, the peaks corresponding to
HReO3S appear at exactly the same positions in the UV–vis spectra for
both experiments. In the H2S-deficient solution under dark condition,
the peaks at 298 and 350 nm are intensified gradually until reaching a
steady state after 18 h, and are not obviously attenuated after 27 h
(Fig. S9). Longer reaction time did not produce new peaks. Although

3.3. Characterization of the precipitates
As for rhenium sulphides, two compounds have been reported, i.e.,
ReS2 and Re2S7, which are both dense black. The XRD patterns show that
the resulting precipitates mainly contain an amorphous compound
under both UV irradiation and dark conditions (Fig. S11). Black pre
cipitates were finally obtained from the solutions under both UV irra
diation and dark conditions (Fig. 1d). This indicates that the precipitates
are composed of Re2S7 (Schwarz et al., 2004). XPS spectra (Fig. 3a) of
the precipitates show doublets in 40.0–46.5 eV. The well-resolved Re
(4 f) doublets with binding energies of 42.0 and 44.4 eV in Fig. 3a are
attributed to Re(IV) (Table S2). No Re(VII) was found in the precipitates.
The S(2p) spectra (Fig. 3b) of the precipitates can be fitted by two sets of
peaks. S2- is generally observed between 161.2 and 162.8 eV, and S22
appears in 162.7–164.1 eV (Benavente et al., 2019; Chen et al., 2015;
Han et al., 2012). The XPS results indicate the two sets of double peaks in
S(2p) are attributed to S2- and S22 respectively. The S/Re mole ratios in
the precipitates obtained in the dark and under UV irradiation were
calculated to be 3.9 and 4.0 respectively (Table S3), which are both close
to the composition of Re2S7. Therefore, it can be inferred that the re
action product is Re2S7 with no Re(VII).
SEM/EDS shows that the precipitates formed in the dark have
particularly rough surface with many loosely-coupled particles
(Fig. S12). The precipitates formed under UV irradiation have a
smoother surface attached with few small particles (Fig. S13). Mean
while, the observed elemental ratios of S to Re are both near the theo
retical stoichiometric ratios of Re2S7. It has been proposed that the
reaction between S(-II) and Re(VII) produces Re2S7, a lower-valence
disulfide bond complex that most likely contains Re(IV), S2- and S22
(Hibble and Walton, 1996; Schwarz et al., 2004). An intramolecular
redox process between S(-II) and Re(VII) during the ReO3S- trans
formation can formally occur without any external reducing agent (Eq
14, Table 1) (Escalona et al., 2007; Müller et al., 1981; Schwarz et al.,
2004). HReO3S in an acid solution may be reduced or polymerized into
thioperrhenates (ReOnS-4− n) or Re2S7 (Ferrier et al., 2012). Therefore,
the various S(-II)/Re(VII) were characterized using UV–vis spectroscopy
to get more evidence about the intramolecular redox process in thio
perrhenate complexes (Text S3). The peak intensity at 298 nm is posi
tively related to the S(-II) content (Fig. S14). The above results indicate
the occurrence of sulfur-oxygen exchanges, but the intermediate species

Fig. 2. (a) Absorbance spectra of Re(VII)-S(-II) recorded under UV irradiation and dark conditions. (b) Absorbance spectra of monothioperrhenate standard solution.
Conditions: (a) [Re(VII)] = 30 mg/L, H2S= 10 mL/min, [H2SO4] = 1.3 M; (b) [KReO3S]= 0.14 mM, [H2SO4] = 1.3 M.
4
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Fig. 3. The XPS spectra of Re(4f) (a) and S(2p) (b) in the obtained solid products. Conditions: [Re(VII)] = 30 mg/L, H2S = 10 mL/min, [H2SO4] = 1.3 M.

are unsteady and lead to the generation of thioperrhenate complexes or
Re2S7, which are consistent with the XPS results. The thioperrhenate
complexes may mutually react, leading to polymerization during the
further sulfur–oxygen exchanges (Ferrier et al., 2012; Helz and Dolor,
2012). The calculation of peak area at S22 shows 78.7% and 64.5% of the
total peak area in the dark and under UV light respectively (Table S3). In
fact, the amounts of sulphide and disulfide in Re2S7 can vary and
strongly depend on the sulfuration conditions (Escalona et al., 2007;
Hibble and Walton, 1996). Therefore, we speculate that the photodis
sociation of sulphide plays a role in light-promoted Re(VII) sulfuration.

50 min in the dark (Fig. 4a). As reported (Helz and Dolor, 2012),
HReO3S is slowly formed when H2S is passed into weak acidic or neutral
solutions containing Re(VII), which is similar to our experimental phe
nomenon in strongly acidic wastewater. However, under UV irradiation,
HReO3S was rapidly formed after 5 min (Fig. 4b). The absorption peaks
maximized after 20 min, signifying that the generation of HReO3S was
significantly accelerated under UV irradiation. The peak of HReO3S
progressively diminished after 5 h without UV light (Fig. 4a), demon
strating the rate of sulphide-induced HReO3S conversion was very slow.
However, the HReO3S conversion was greatly quickened by UV light
(Fig. 4b). The peaks decreased rapidly in intensity after 20 min and
decayed completely after 35 min
When H2S passed into an acid solution, H2S may be photodissociated
to form free radicals (HS• and H•) and elemental sulfur (S) (Eqs 1–4,
Table 1). Actually, although S can produce hydroxyl radical (OH•)
through photocatalysis, the OH• is quickly consumed by the highconcentration aqueous H2S at an extremely rapid rate (1.1 × 1011

3.4. Mechanisms for generation and conversion of HReO3S in strongly
acidic wastewater
To verify the above speculation, we further investigated the Re(VII)S(-II) mixed solutions with varying reaction time by UV–vis spectros
copy. The peaks at 298 and 350 nm grew over time and maximized after

Fig. 4. The absorbance spectra of Re(VII)-H2S mixed samples obtained in strongly acidic wastewater under dark (a) and UV irradiation (b) conditions. Conditions:
[Re(VII)] = 30 mg/L, H2S = 10 mL/min, [H2SO4] = 1.3 M.
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M− 1∙s− 1), forming HS• (Eq 5, Table 1) (Kong et al., 2018; Liu et al.,
2012; Mills et al., 1987). The signal of HS• in the ESR spectrum is clear
(Fig. 5a), which is consistent with some reported spectra (Kong et al.,
2017; Zhu et al., 1991). H• is reportedly the main reductive species in
acidic solutions (Buxton et al., 1988; Zhu et al., 1991), and was captured
by using DMPO. A strong DMPO-H• signal can be clearly observed under
UV irradiation for 5 min (Fig. S15). These results indicate that H• is
produced in the Re(VII)-H2S mixed solution under UV irradiation and
that the photolysis of H2S may play a key role in promoting Re(VII)
sulfuration.
To study the effects of HS• and H• on the generation and conversion
of HReO3S, we conducted a series of masking experiments. After 1,3Butadiene was added as an excellent scavenger of H• (Wojciechowski
et al., 1979), no obvious variation in the TRe concentration can be
observed in the dark (Fig. 5b). In comparison, Re(VII) precipitation was
partially inhibited under UV irradiation (40.5% cut), and the inhibitory
effect was enhanced with further addition of 1,3-Butadiene (Fig. S16b).
The addition of 1,3-Butadiene inhibited the formation and conversion of
HReO3S under UV irradiation (Fig. S16a), signifying our speculation
that H• plays an important role in accelerating Re(VII) recovery. To
confirm the role of HS•, we experimentally assessed the formation of
HReO3S under UV irradiation and dark conditions after introducing H2S
into the Re(VII) solution without sulfuric acid (the aqueous pH during
the reaction is 3.4, which is higher than the pH with the existence of
HS•) (Lykakis et al., 2007; Mills et al., 1987). Under UV irradiation, the
HReO3S generation rate did not increase and was much slower than that
in strongly acidic wastewater (Fig. 5c and d). Compared with the dark
reaction, the TRe concentration did not obviously change under UV
irradiation, which means Re(VII) sulfuration was mainly induced by H2S
instead of free radicals (Fig. S17). These results indicate that the for
mation of HS• under UV irradiation greatly promotes the generation of
HReO3S.
By virtue of its low reduction potential (− 2.3 V), H• easily forms
hydride intermediates with inorganic ions and reduces them in acidic
solutions (Buxton et al., 1988; Hara et al., 1999). Reportedly, ReVIIO-4
can be reduced to ReVIO24 by some reducing free radicals (such as ketyl
radicals, E0 = − 1.39 V) (Buxton et al., 1988; Hori et al., 2015; Wang
et al., 2019). Moreover, HS• can not react with Se(IV) or As(V) due to its
high reduction potential (1.4 V) (Jung et al., 2016; Kong et al., 2017).
Thus, in the Re(VII)-H2S mixed system, reductive species, i.e., H•, can be
produced in the UV-initiated circulation of H2S and HS• (Eqs 1–4,

Table 1). Therefore, it can be inferred that H• effectively reacts with
perrhenate (HReO4) to form a hydride intermediate (H2ReVIO4•) (Eq 10,
Table 1). Given the large amount of HS• in the system, it is inferred that
HS• can further react with H2ReO4• to form HReO3S (Eq 11, Table 1),
thus rapidly converting HReO4 to HReO3S under UV irradiation.
In the H2S-deficient solution, HReO3S is highly stable in strongly
acidic wastewater in the dark (Fig. S9). However, UV light reportedly
affects the conversion of thiometalates (Kong et al., 2017). Hence,
HReO3S photochemical conversion experiments were conducted
with/without Na2S. HReO3S is highly stable with/without UV light in
absence of Na2S (Fig. 6a). However, the HReO3S absorption was atten
uated after adding Na2S in the dark, and especially, the attenuation was
greatly increased under UV irradiation (Fig. 6a). Experiments were also
carried out with various Na2S concentrations under UV irradiation.
Results show the attenuation of HReO3S absorption is intensified with
Na2S concentration (Fig. 6b). The inset shows a strong correlation be
tween HReO3S attenuation and Na2S dosage under UV irradiation. The
above experimental results signify that UV light does not directly induce
the conversion of HReO3S, and the attenuation of HReO3S under UV
irradiation seems to be greatly dependent on H2S.
With the existence of dissolved sulphide, HReO3S undergoes sulfuroxygen exchanges to form oxo-sulfide rhenium complex (ReOnS-4− n)
(Eqs 7–9, Table 1). Further sulfur-oxygen exchanges in ReOnS-4− n finally
result in the formation of Re2S7 precipitates (Helz and Dolor, 2012;
Wharton et al., 2000). In our study, the final product under UV irradi
ation was also identified to be Re2S7. Otherwise, the attenuation of
HReO3S under UV light seems to be greatly dependent on H2S. The
generation and conversion of HReO3S were effectively suppressed in the
masking experiments for HS• and H• (Fig. 5). From these results, it can
be inferred that HS• and H• formed from H2S photodissociation also
play critical roles in the accelerated attenuation of HReO3S. The detailed
mechanism for the HReO3S transformation under UV irradiation can be
proposed. First, HReO3S is efficiently reduced by H• to an intermediate
species, i.e., H2ReO3S•. Then, HS• reacts fast with H2ReO3S• to form
HReO2S2 (Eqs 12 and 13, Table 1). Accompanied by the rapid conver
sion of HReO3S under UV light condition, HReO2S2 is rapidly converted
due to the high H2S dosage and its instability, and consequently, Re2S7 is
generated and quickly precipitates in strongly acidic wastewater (Eqs
8–9 and 14, Table 1).

Fig. 5. (a) ESR spectra of Re(VII)-H2S mixed samples under dark and UV
irradiation conditions for 600 s at low temperature (about 90 K). (b)
Quenching effects of the H• radical scavenger, 1,3-Butadiene, on the the
precipitation of Re(VII) in strongly acidic wastewater. The spectra of Re
(VII)-H2S mixed samples obtained under dark (c) and UV irradiation (d)
conditions. The inset figures show the solution picture after 30 min.
Conditions: (a) and (b) [Re(VII)] = 30 mg/L, [Na2S] = 20 mM, [H2SO4]
= 1.3 M; (c) and (d) Introducing H2S to the deionized water for 10 min at
a flow rate of 20 mL/min before adding KReO4 and UV irradiation, [Re
(VII)] = 30 mg/L, pH = 3.4.
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Fig. 6. (a) The spectra of HReO3S standard solutions obtained with/
without Na2S under dark and UV light conditions. (b) The spectra of
HReO3S standard solutions obtained with different Na2S concentrations
under UV light condition; the inset shows the values of log[(C0-C)HReO3S]
as a function of log[Na2S]. Under dark (c) and UV light (d) conditions,
TRe, HReO4, and HReO3S concentration as a function of reaction time.
Conditions: (a) [HReO3S]= 0.14 mM, [H2SO4]= 1.3 M, [Na2S] = 2.5 mM,
Time = 15 min; (b) [HReO3S] = 0.16 mM, [H2SO4] = 1.3 M, [Na2S]
= 0–3.2 mM, Time = 15 min; (c) and (d) [Re(VII)] = 30 mg/L,
H2S= 10 mL/min, [H2SO4] = 1.3 M.

3.5. Proposed mechanisms for accelerated Re(VII) recovery under UV
irradiation

Thus, the slow kinetic rate for oxygen exchange with sulfur and the
reduction of HReO3S lead to the polymerization or reduction into Re2S7
in HReO3S conversion. Further sulfur–oxygen exchanges can be driven
to completion by increasing the S(-II) content, temperature or reaction
time (Fig. 1) (Ferrier et al., 2012; Helz and Dolor, 2012). However, UV
light accelerates the Re(VII) sulfuration by promoting the generation
and conversion of HReO3S through light induced formation H• and HS•.
Based on above results, the underlying mechanisms for Re(VII) re
covery from strongly acidic wastewater accelerated by UV light are
proposed (Fig. 7). First, H2S from the gas phase enters the liquid. Under
UV light condition, H2S is photodissociated to generate H• and HS•,
which rapidly react with HReO4 by the first sulfur-oxygen exchange,
resulting in the rapid generation of HReO3S. Simultaneously, the
HReO3S is rapidly converted by the second sulfur-oxygen exchange
through sulphide and free radicals (H• and HS•), forming HReO2S2,
which is extremely unstable in acidic solutions and is immediately
converted to ReOnS-4− n under excessive sulphide. Consequently, an
intramolecular electron transfer or polymerization occurs in ReOnS-4−
to form Re2S7 precipitates.

Then we determined the concentration of Re species during Re(VII)
sulfuration. The concentration of HReO4 declined progressively and
vanished after 1 h in the dark, while the concentration of HReO3S
gradually increased, maximized and decreased slowly to 1.6 mg/L after
7 h (Fig. 6c). The concentration of HReO3S maximized after irradiation
for 20 min and it disappeared rapidly after 35 min (Fig. 6d). Based on
linear fitting (Fig. S18), the formation rates of HReO3S in the dark and
under UV irradiation are 3.2 × 10− 3 and 5.3 × 10− 3 mM/min, respec
tively, and the conversion rates of HReO3S are 1.0 × 10− 3 and
7.4 × 10− 3 mM/min, respectively (Fig. S19). The above results confirm
that the slow kinetics of Re(VII) recovery by the sulphide precipitation
method is attributed to the slow generation and conversion rates of
HReO3S. Reportedly, the free energies of the first two steps are higher
than those of the last two steps during Re(VII) sulfuration (Tossell,
2005). The high chemical inertness of tetrahedral ReO-4 and ReO3S- in
hibits both substitutive and reductive reactions (Ferrier et al., 2012).

Fig. 7. Possible mechanisms of the UV- accelerated recovery of Re(VII) in strongly acidic wastewater.
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This work offers a UV-assisted precipitation technique using sulphide
for efficient Re(VII) recovery from strongly acidic wastewater. Sulphide
alone very slowly recovered Re(VII), and 97% of Re(VII) precipitated
after 6 h. Increasing H2S flow rate or solution temperature did not
significantly promote Re(VII) sulfuration. However, Re(VII) rapidly
precipitated by sulphide under the promotion of UV light. High recovery
efficiency of 99% was achieved within 35 min. The precipitates were
identified to be Re2S7 complex composed of Re(IV), S2- and S22 . The
accelerated Re(VII) recovery under UV irradiation was associated with
the quickened generation and conversion of an intermediate substance,
i.e., HReO3S, by H• and HS•. In the generation of HReO3S, H• effectively
reacts with perrhenate (HReO4) to form H2ReO4•, and then HS• further
reacts with H2ReO4• to generate HReO3S. In the transformation of
HReO3S, HReO3S is efficiently reduced by H• to an intermediate reac
tive species, i.e., H2ReO3S•, and then, H2ReO3S• combines with HS• to
form HReO2S2.
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