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a b s t r a c t

Tiny metal sulfide particles are usually generated in the metal sulfide precipitation process, and residual
dissolved sulfide (H2S, HS� and S2�) generally makes the aggregation and settling performance of these
particles worse. In this work, under strongly acidic conditions with 0.102M H2SO4, the characteristics of
CuS, CdS and mixed metal sulfide particles (CuS and CdS) produced in strongly acidic wastewater by H2S
were initially studied. Then, UV light irradiation was employed to improve the aggregation and settling
performance of the metal sulfide particles, and relevant mechanisms were investigated. The results
showed that the residual H2S in suspension can deteriorate the settling performance of metal sulfide
particles. After H2S was removed, CuS particles exhibited good settling performance, but the settling
performance of CdS and mixed sulfide particles remained poor. Subsequent studies showed that UV light
irradiation effectively improved the aggregation and settling performance of CdS and mixed metal sul-
fide particles in the presence of H2S. After 30min of UV irradiation, the average hydrodynamic diameter
of CdS particles increased approximately 166-fold in the presence of 131.40mg/L H2S, and that of mixed
sulfide particles increased approximately 105-fold with the existence of 129.30mg/L H2S. Further study
revealed that H2S in suspensions played an important role in the aggregation of metal sulfide particles
under UV irradiation. HS� generated by the photolysis of H2S oxidized a portion of S2� on the surface of
CdS particles and a portion of S2� and Sn2� on the surface of mixed sulfide particles to S22� and S0, which
resulted in a decrease of negative charge and an enhanced aggregation of these particles. Finally, this
study showed that the settling performance of CdS and mixed sulfide particles was effectively improved
at high initial H2S concentrations under UV irradiation. This study provides a clean and effective method
to improve the metal sulfide precipitation process for strongly acidic wastewater treatment.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Metallurgical industries produce large amounts of strongly
acidic wastewater in which certain types of heavy metals are con-
tained (Ennaassia et al., 2002; Liu et al., 2016; Yun et al., 2018).
According to the concept of waste resource recycling, it is important
to remove these heavy metals and recycle this type of wastewater
nvironmental Aquatic Chem-
es, Chinese Academy of Sci-
as diluted acid (Agrawal and Sahu, 2009; Sahinkaya et al., 2009; Sun
et al., 2015). Among the numerous technologies for heavy metal
removal fromwastewater, metal sulfide precipitation has attractive
advantages such as a very fast reaction rate between sulfide agents
and metal ions and less sludge produced. Hence, metal sulfide
precipitation has been widely used in heavy metal removal from
acidic wastewater (Ennaassia et al., 2002; Fu and Wang, 2011;
Lewis, 2010; Liu et al., 2016). Additionally, because the generated
sludge has a highmetal content and the acid will not be neutralized
during the sulfide precipitation process, the sulfide precipitation
method has the potential to recover valuable metals from sludge
and recycle the acid (Gharabaghi et al., 2012; Guo et al., 2015;
Sahinkaya et al., 2009). Therefore, sulfide precipitation has been
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considered as an effective technology for the resource recycling
treatment of strongly acidic wastewater.

However, tiny metal sulfide particles with poor settling perfor-
mance are usually produced inmetal sulfide precipitation processes.
It has been reported that the particle size distributions of CuS and
ZnS particles generated in acidic mine drainage by H2S ranged from
37 mm to 46 mm and from 12 mm to 17 mm, respectively (Sahinkaya
et al., 2009). Moreover, a very large number of fine CuS (<0.1 mm)
and ZnS (1e10 mm) particles were produced in a sulfide precipita-
tion process using Na2S (Mokone et al., 2012b). Generally, H2S, HS�

and S2� in solution can be strongly adsorbed on the surface of metal
sulfide particles, whichmakes themetal sulfide particlesmore likely
to carry a significant surface charge and become very stable in
suspensions (Mokone et al., 2012a, 2010; Villa-Gomez et al., 2013).
Actually, to achieve high heavy metal removal efficiency, excess
sulfide reagents were often added. However, the residual H2S, HS�

and S� would be strongly adsorbed on the surface of the produced
metal sulfide particles, which might cause difficult aggregation of
the particles. Hence, the sulfide precipitation technique inherently
has a shortcoming of producing tiny sulfide particles with poor
aggregation and settling performance. Although coagulation is a
popular method for destabilizing and agglomerating colloidal par-
ticles in suspension, dosing coagulant will inevitably introduce
impurities, such as Al3þ, Fe3þ, Fe2þ, etc., intowastewater, whichmay
deteriorate the quality of the recycled diluted acid. Otherwise, a high
dosage of coagulant will absolutely produce large volumes of sludge
(Ranade and Bhandari, 2014; Lee et al., 2014). Therefore, further
technology needs to be developed to enhance the aggregation of
metal sulfide particles and improve the sulfide precipitationprocess.

Previous studies on the aggregation of nanoparticles in aquatic
environments have demonstrated that, in natural water, UV light
irradiation can significantly alter the surface physiochemical prop-
erties of various particles, suchasTiO2 nanoparticles, grapheneoxide,
and silver nanoparticles, in aqueous suspensions (Chowdhury et al.,
2015; Li and Lenhart, 2012; Sun et al., 2014; Wang et al., 2016). For
instance, the positive charges on the surface of TiO2 nanoparticles
diminished, and the TiO2 particles had a higher tendency to aggre-
gate when TiO2 nanoparticles in the aquatic environment were
irradiated by UV light (Sun et al., 2014). It is reasonable to expect that
UV light irradiation can also induce a reduction of the surface charge
of particles inwastewater and thus enhance their aggregation. In fact,
our previous study has shown that UV light irradiation greatly
enhanced the aggregation of As2S3 particles in strongly acidic
wastewater (Kong et al., 2018). Generally, four types of heavy metal
cations, namely, Cu2þ, Cd2þ, Ni2þ andZn2þ, exist in the stronglyacidic
wastewater from metallurgical industries. Among them, Cu2þ and
Cd2þ are two types ofmetal cations that canbeprecipitatedby sulfide
agents (H2S, Na2S, etc.) according to the metal sulfide solubilities
depending on pH. However, tiny CuS and CdS particles were gener-
ally produced during sulfide precipitation processes.

In this paper, UV light irradiation was employed to improve the
aggregation and settling performance of CuS and CdS tiny particles
in strongly acidic wastewater. First, the characteristics of metal
sulfide particles produced by H2S at different residual H2S con-
centrations in strongly acidic wastewater were studied. Then, the
aggregation of metal sulfide particles under UV irradiation in the
presence of H2S was investigated, and the mechanisms for aggre-
gation improvement were analyzed. Finally, the settling perfor-
mance of the UV-irradiated metal sulfide particles was studied.

2. Materials and methods

2.1. Reagents

CuSO4$5H2O, CdSO4$8H2O, tert-butyl alcohol (TBA), 1,10-
dimethyl-4,40- bipyridinium salt (MV2þ) and 5,5-dimethyl-1-
pyrroline-N-Oxide (DMPO) used in this investigation were analyt-
ical grade chemicals and were purchased from Sinopharm Chemi-
cal Reagent Co. Ltd. (Shanghai, China). Pure H2S and N2 were
purchased from Huayuan Gas Chemical Co. Ltd. (Beijing, China). All
solutions were prepared using Milli-Q deionized water prior to
experiments.

2.2. Preparation of metal sulfide suspensions

First, solutions containing Cu2þ (100mg/L) or Cd2þ (100mg/L)
with a H2SO4 concentration of 0.102M as well as solutions con-
taining both Cu2þ (100mg/L) and Cd2þ (100mg/L) with 0.102M
H2SO4 were prepared using 10 g/L metal stock solutions and 98%
sulfuric acid. Then, 3 L prepared solutions were poured into a cy-
lindrical reactor without a UV lamp (Fig. 1), and H2S was continu-
ously introducedwith a flow rate of 0.3 L/min for 10min. Under this
condition, according to Fig. S1, the residual dissolved sulfide in
suspensions was H2S rather than HS� and S2�. The obtained
removal efficiencies of Cu2þ and Cd2þ were higher than 99.8% after
introducing H2S for 10min, and less than 0.2mg/L residual Cu2þ

and Cd2þ was measured in the suspensions (Fig. S2). When sulfide
precipitation processes were completed, N2 was purged with a flow
rate of 0.3 L/min to remove the residual H2S, and a 50mL suspen-
sion was taken out at specific time intervals to determine the
concentration of residual H2S. The zeta potential, particle size and
settling performance of produced sulfide particles under different
H2S concentrations were analyzed.

2.3. UV irradiation of metal sulfide particles

UV irradiation experiments were conducted in an experimental
setup equipped with a 400W high-pressure mercury lamp and a
double-layer quartz tube with a water jacket filled with cooling
water (Fig. 1). The spectral distribution of the lamp is shown in
Fig. S3. First, 3 L suspensions containing metal sulfide particles and
H2S with different concentrations were irradiated by UV light for
30min, and a 50mL sample was taken out from the sampling point
at selected time intervals for zeta potential, particle size, and
settling performance analysis. Meanwhile, experiments were also
conducted under stirring without UV light irradiation at the same
H2S concentration. Finally, metal sulfide particles with and without
UV irradiation were filtered and freeze-dried for X-ray diffraction
(XRD) and X-ray photoelectron spectroscopy (XPS) analysis.

2.4. Analytical methods

The zeta potential analysis was conducted on a zeta potential
analyzer (Zetasizer, 2000; Malvern Co., U.K.), and each sample was
determined three times to obtain an average value. The particle size
distribution was measured using a laser particle size analyzer
(Mastersizer 2000; Malvern Co., U.K.). The turbidity during sedi-
mentation processes was measured by a turbidity meter (2100Q,
Hach, USA). The concentration of H2S in suspensions was analyzed
using the methylene blue method (Cline, 1969), and the standard
curve is shown in Fig. S4. The concentrations of total Cu and Cd
were detected using inductively coupled plasma mass spectrom-
etry (ICP-OES) (Thermo Scientific ICAP-Q, Thermo Fisher Scientific
Co., Ltd., USA). Themicroscopic images of themetal sulfide particles
in suspensions before and after UV light irradiation were charac-
terized by an optical microscope (UB2031, COIC Co., China). For XRD
and XPS analysis, 200mL suspensions containing sulfide particles
with and without UV irradiation were filtered, washed with
deionized water and freeze-dried. Then, the dried solid samples
were characterized by XRD (X’ Pert PRO MPD, PAN analytical,



Fig. 1. Experimental setup for metal sulfide precipitation and UV irradiation processes.
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Holland) and XPS (ESCALAB 250Xi, Thermo Fisher, Japan) analysis.
Cu 2p, Cd 3d, and S 2p XPS spectra were analyzed by XPSPEAK 41
software. HO� was determined using an electron spin resonance
spectrometer (ESR) (JES-FA200, JEOL, Japan) equipped with a high-
pressure mercury lamp (100W). Before ESR analysis, 50 mL sus-
pensions with metal sulfide particles and 0.102M H2SO4 in the
presence or absence of H2S was taken into a 1.5mL centrifuge tube,
and 40 mL of 0.25mM DMPO solution was added. The mixed sus-
pension samples were drawn by glass capillaries and then placed
into an ESR spectrometer. The instrument settings were as follows:
sweep width of 5mT, modulation amplitude of 2 G and sweep time
of 1min. The ESR signals were recorded from the samples for 300 s.
3. Results and discussion

3.1. Characteristics of generated metal sulfide particles

In this work, H2S was employed as a sulfide reagent and bubbled
through the prepared strongly acidic solutions. Then, insoluble
metal sulfide particles were produced by the reactions shown in
Eqs. (1)e(3) and the characteristics of the generated metal sulfide
particles under different concentrations of H2S were subsequently
investigated. In addition, no obvious pH value changes were
observed during the sulfide precipitation processes.

H2SðgÞ4H2SðLÞ (1)

Cu2þ þH2S/CuSYþ 2Hþ (2)

Cd2þ þH2S/CdSYþ 2Hþ (3)

The obtained XRD patterns (Fig. S5) of the generated CuS, CdS
and mixed metal sulfide particles showed that Cu2þ and Cd2þ in
strongly acidic solutions were precipitated by H2S to generate
covellite (CuS) and cadmium sulfide (CdS), and the XPS analysis
results (Fig. S6) indicated that the valence of Cu in the generated
covellite (CuS) particles was þ1, the S 2p spectra could be assigned
to S2�, S22� and Sn2�, and the valences of Cd and S in the produced
cadmium sulfide (CdS) particles were þ2 and �2, respectively. This
was consistent with previous studies (Garcia et al., 2015; Goh et al.,
2006; Pattrick et al., 1997; tot Westerflier et al., 1989). In fact, it has
been reported that, during sulfide precipitation process, Cu2þ in
solution was precipitated to form a covellite mineral in which only
Cu(I) presented, and the covellite mineral was composed of an “S2-
layer” and “Cu3SeCuS3-layer” alternating structure being expressed
as “CuS” (Pattrick et al., 1997; Goh et al., 2006).

As shown in Fig. 2a, the zeta potential of CuS particles decreased
from �36.70mV to �40.80mV as the concentration of H2S
increased from 0.00mg/L to 46.70mg/L, while the zeta potential
decreased from �22.08mV to �28.15mV when the concentration
of H2S increased from 0.00mg/L to 48.70mg/L. For mixed metal
sulfide particles (CuS and CdS), the zeta potential decreased
from �37.60mV to �42.00mV when the concentration of H2S
increased from 0.00mg/L to 50.90mg/L. It has been reported that
residual H2S, HS� and S2� would be strongly adsorbed on the sur-
face of metal sulfide particles, which can make particles negatively
charged and more stable in suspensions (Mokone et al., 2012a,
2012b, 2010). In this work, experiments were conducted on the
adsorption of H2S in strongly acidic solutions by CuS and CdS par-
ticles. Fig. S7 clearly shows that the H2S concentration decreased
during adsorption and that the zeta potentials of these metal sul-
fides correspondingly decreased. These results demonstrated that
H2S can be adsorbed by CuS and CdS particles and the electro-
negativity of these particles increases accordingly. As shown in
Fig. 2b, when the concentration of H2S in suspensions increased,
the average hydrodynamic diameter of CuS and CdS particles
decreased from 42.13 mm to 38.95 mm and from 6.84 mm to 4.83 mm,
respectively. In the case of mixed sulfide particles (CuS and CdS),
the average hydrodynamic diameter decreased from 18.97 mm to



Fig. 2. The zeta potential (a) and average hydrodynamic diameter (b) of metal sulfide particles under different concentration of H2S in suspensions, and microscopic images of (c)
CuS particles, (d) CdS particles and (e) mixed particles(CuS and CdS). Conditions: [Cu2þ]¼ 100mg/L, [Cd2þ]¼ 100mg/L, [H2SO4]¼ 0.102M,. The error bars show the standard
deviation (n¼ 3).
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9.87 mm as the concentration of H2S increased. The microscopic
images of the generated CuS, CdS, and mixed sulfide particles
further illustrated that the particle size of CdS was much smaller
than the other two types of particles and that CuS had the largest
particle size (Fig. 2c, d, e). The microscopic images also clearly
showed that CuS and mixed metal sulfides were in a floc-like
morphology, while CdS was in a fine granular morphology.

The settling performance of metal sulfide particles under
different H2S concentrations is presented in Fig. 3. The turbidity of
the CuS suspensions decreased from 226.00 NTU to 87.70 NTU as
the H2S concentration decreased from 83.50mg/L to 0.00mg/L, and
the residual turbidity after sedimentation correspondingly
decreased from 145.00 NTU to 13.70 NTU (Fig. 3a). The results
indicated that the settling performance of CuS particles improved
with decreasing of H2S concentration. Similarly, for CdS particles,
better settling performance was observed with the decrease of H2S
concentration in suspensions. The turbidity decreased from
1182.00 NTU to 868.00 NTU as the H2S concentration decreased
from 48.70mg/L to 0.00mg/L, and the residual turbidity after
sedimentation decreased from 1130.00 NTU to 622.00 NTU
(Fig. 3b). For mixed particles (CuS and CdS), the turbidity of sus-
pensions decreased from 1435.00 NTU to 692.00 NTU, and the re-
sidual turbidity decreased from 1345.00 NTU to 153.20 NTU after
sedimentation when the H2S concentration decreased from
96.70mg/L to 0.00mg/L (Fig. 3c). After comparing the settling
performance of CuS, CdS and mixed particles at different H2S
concentrations, we found that CuS particles showed good settling
performance in the absence of H2S, but the settling performance of
CdS and mixed particles was still very poor. In addition, these re-
sults indicated that the settling characteristic of metal sulfide par-
ticles deteriorated with the increase of residual H2S concentration.
In fact, to ensure good heavy metal removal, excess sulfide agent
must be added, which will cause the poor settling performance of
the produced metal sulfide particles. Although the settling perfor-
mance of CuS particles can be improved by removing the residual
H2S, another method should be developed to improve the aggre-
gation and settling performance of CdS and mixed sulfide particles.
In the following investigation, UV light irradiationwas employed to
improve the aggregation and settling performance of CdS and
mixed particles (CuS and CdS) in strongly acidic wastewater.
3.2. Aggregation of metal sulfide particles under UV irradiation

As shown in Fig. 4, the zeta potential and average hydrodynamic
diameter of CdS and mixed sulfide particles (CuS and CdS) obvi-
ously increased with the existence of H2S during UV light irradia-
tion processes. With 131.40mg/L H2S in suspension, the zeta
potential of CdS particles increased from �26.47mV to �8.79mV
after UV irradiation, but it remained almost unchanged under
stirring without UV irradiation (Fig. 4a). Meanwhile, the average
hydrodynamic diameter of CdS particles increased from 5.97 mm to
989.62 mm under UV irradiation but slowly changed from 5.60 mm
to 7.80 mmwithout UV irradiation (Fig. 4b). Similarly, in the case of
mixed sulfide particles (CuS and CdS), with 129.30mg/L H2S in
suspension, the zeta potential increased from �47.17mV
to �22.33mV after UV irradiation (Fig. 4c), and the average hy-
drodynamic diameter increased from 9.13 mm to 962.00 mm
(Fig. 4d). However, the zeta potential of mixed particles changed
very slightly from �46.55mV to �43.90mV (Fig. 4c), and the
average hydrodynamic diameter slowly increased from 8.09 mm to
22.40 mm (Fig. 4d) without UV irradiation. It should be noted that
under the conditions employed, the volatilization loss of H2S after
the wastewater was stirred without UV irradiation for 30min was
only 11.40% (Fig. S8), which indicated that, under UV irradiation, the
increase of zeta potential and particle size of metal sulfide particles
is little induced by the volatilization loss of H2S. Compared with



Fig. 3. The settling performance of (a) CuS, (b) CdS and (c) mixed particles (CuS and CdS) under different H2S concentration. Conditions: [Cu2þ]¼ 100mg/L, [Cd2þ]¼ 100mg/L,
[H2SO4]¼ 0.102M.
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microscopic images of CdS and mixed sulfide particles without UV
irradiation (Fig. 2d and e), the microscopic images of UV irradiated
CdS and mixed sulfide particles (Fig. 4e and f) clearly showed that
the particle size of these particles obviously increased after UV
irradiation. In short, UV irradiation not only decreased the elec-
tronegativity but also greatly increased the particle size of CdS and
mixed particles (CuS and CdS) under strongly acidic conditions in
the presence of H2S.

Additionally, under UV irradiation, the average hydrodynamic
diameters of CdS and the mixed sulfide particles increased more
and more obviously and rapidly with the increase of initial H2S
concentration in suspensions (Fig. 5). In this work, when the H2S
concentrations in CdS particles and mixed sulfide particle suspen-
sions were less than 21.77mg/L and 15.60mg/L, respectively, the
average hydrodynamic diameter of these metal sulfide particles
increased, but not significantly. However, when the H2S concen-
tration increased to a sufficient amount (67.87mg/L for CdS parti-
cles and 45.30mg/L for mixed sulfide particles), the average
hydrodynamic diameter of metal sulfide particles was obviously
and rapidly increased. Meanwhile, when the concentration of H2S
in CdS particles and mixed sulfide particle suspensions were less
than 21.77mg/L and 15.60mg/L, respectively, UV irradiation caused
the dissolution of themetal sulfide particles and then an increase of
the concentration of metal ions, which decreased the efficiency of
sulfide precipitation (Fig. S9). These results show that H2S in sus-
pensions plays a key role in the improvement of metal sulfide
particle aggregation under UV light irradiation.

According to previous studies, with the existence of H2S in
solution, the reactions shown in Eqs. (4)e(7) will successively occur
under UV irradiation, and HS�will be generated during this process
(Lykakis et al., 2007; Kong et al., 2018; Peng et al., 2018). In this
study, as shown in Fig. S10, the signal of HS� in the ESR spectrum
was also detected when 10mM H2S with mixed CuS and CdS par-
ticles in a strongly acidic solution were irradiated by UV light.

H2S!HS$ þH$ (4)

H$þH2S/HS$þH2 (5)

2HS$/H2S2 (6)

H2S2 /H2Sþ S0 (7)

In addition, it has been reported that the S0 formed by photolysis
of H2S was in the form of a-sulfur crystals of cyclooctasulfur (S8),
which has been demonstrated to be an efficient photocatalyst
(Kong et al., 2018; Liu et al., 2012). As shown in Fig. S11, a signal of
DMPO-HO spin adducts was detected by ESR spectrometry in this
study when S0 obtained from the photolysis of H2S in the acidic
solution was irradiated by UV light, which implied that the re-
actions shown in Eqs. (8)e(11) occurred and HO� would be
generated by the photocatalysis of S0.

S0!hþ þ e� (8)



Fig. 4. The zeta potential (a, c) and average hydrodynamic diameter (b, d) of metal sulfide particles as a function of time under UV irradiation in the presence of H2S (131.40mg/L
H2S for CdS particles and 129.30mg/L H2S for mixed sulfide particles), and microscopic images of 30min UV irradiated (e) CdS particles and (f) mixed sulfide particles. Conditions:
[Cu2þ]¼ 100mg/L, [Cd2þ]¼ 100mg/L, [H2SO4]¼ 0.102M. The error bars show the standard deviation (n¼ 3).

Fig. 5. Effect of H2S concentration on aggregation of (a) CdS particles and (b) mixed sulfide particles (CuS and CdS) under UV irradiation. Conditions: [Cu2þ]¼ 100mg/L,
[Cd2þ]¼ 100mg/L, [H2SO4]¼ 0.102M.

X. Peng et al. / Water Research 163 (2019) 1148606
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hþ þH2O/HO$þ Hþ (9)

2e� þ2H2O/H2 þ 2OH� (10)

HO � þH2S/HS � þH2O (11)

On the other hand, CuS and CdS have been reported to be
effective photocatalysts (Huang et al., 2013; She et al., 2018). HO�
might be generated by the photocatalysis of CdS and mixed sulfide
particles (CuS and CdS) under UV irradiation. ESR measurements
were employed to verify whether CdS and mixed sulfide particles
can generate HO� under UV irradiation under strongly acidic con-
ditions. DMPO was employed to capture HO�. As shown in Fig. 6,
because the reaction rate between HO� and H2S is much faster
(1.1� 1011M�1 S�1) (Mills et al., 1987) than that between DMPO
and HO� (3.4� 109M�1 S�1) (Matuszak et al., 1997), HO� was not
detected in the presence of H2S. However, under the inexistence of
H2S, HO�was detected during UV irradiation. Therefore, HO� can be
also generated by the reactions shown in Eqs. (12)e(15).

CdS!hþ þ e� (12)

CuS =CdS!hþ þ e� (13)

hþ þH2O/HO$þ Hþ (14)

2e� þ2H2O/H2 þ 2OH� (15)

Moreover, in the absence of H2S, the particle size distribution of
CdS and mixed sulfide particles (CuS and CdS) slightly shifted to a
larger particle size, but no obvious increase in particle size was
observed with the addition of TBA (HO� quencher) after UV irra-
diation (Fig. 7a and b), which implied that the generated HO� could
slightly increase the particle size of these particles and that the HO�
quencher (TBA) inhibited the particle size increase under UV irra-
diation. However, with the existence of H2S, the particle size of CuS
and mixed sulfide particles increased substantially after UV irra-
diation, and the addition of HO� quencher (TBA) also slightly
Fig. 6. ESR analysis of HO� during UV irradiation of (a) CdS particles and (b) mixed
metal sulfide particles (CuS and CdS) in the presence and absence of H2S under the
strongly acidic condition with 0.102M H2SO4.
inhibited the increase of particle size under UV irradiation (Fig. 7a
and b). These results indicated that HO� was produced in metal
sulfide suspensions under UV irradiation in the presence of H2S and
that the generated HO� played an auxiliary role in the aggregation
of metal sulfide particles. Most importantly, the results also further
proved that the photolysis of H2S played a key role in the aggre-
gation of metal sulfide particles.

To investigate the effect of reactive species (HS� and HO�) on the
aggregation of metal sulfide particles, an effective electron scav-
enger MV2þ was added into metal sulfide particle suspensions.
Under UV irradiation, almost complete inhabitation of aggregation
was observed in the presence of MV2þ by comparing the particle
size distribution with that of metal sulfide particles in the presence
of MV2þ without UV irradiation (Fig. 7c and d). The results implied
that electron transfer occurred during metal sulfide particle ag-
gregation processes under UV irradiation. Moreover, to investigate
the surface variation of metal sulfide particles, CdS and mixed
sulfide particles before and after UV irradiation were characterized
by XRD and XPS. The XRD patterns indicated that the crystal
structure of these sulfide particles did not change, but a small
amount of S0 was generated during UV irradiation (Fig. S12). In
addition, according to the XPS analysis results presented in Fig. S13,
the obtained Cd 3d and Cu 2p spectra indicated that the valence of
Cd and Cu did not change when these sulfide particles were irra-
diated by UV light andwereþ2 andþ 1, respectively, which implied
that the electron transfer process was irrelevant to Cd and Cu.
However, from the S 2p spectra obtained fromUV-irradiated CdS, S0

was detected in addition to S2� and S22�. Similarly, in UV irradiated
mixed sulfide particles, in addition to S2�, S22� and Sn2�, S0 was also
observed. Meanwhile, the S 2p3/2 analysis results presented in
Table S1 clearly showed that during UV irradiation, a portion of S2�

on the surface of CdS particles transformed to S22� and S0 and a
portion of S2� and Sn2� on the surface of mixed sulfide particles
transformed to S22� and S0, respectively. These results indicated that
a portion of S2� on the CdS surface and a portion of S2� and Sn2� on
the surface of mixed particles were oxidized by reactive species
(HS� and HO�) to higher valence states (S22� and S0) in the aggre-
gation processes under UV irradiation.

As stated above, under UV irradiation, the aggregation process of
CdS and mixed sulfide particles (CuS and CdS) with the existence of
H2S in strongly acidic wastewater can be described in Fig. 8. The
HS� radical is generated through the photolysis of H2S in suspen-
sions, and a portion of HS� combines to generate S0, which can then
be photocatalyzed to generate HO�. Meanwhile, the HO� radical is
also generated by the photocatalysis of metal sulfide particles. A
portion of HO� reacts with H2S to generate HS�. Finally, the
generated HS� and HO� (mainly HS�) attack the surface of metal
sulfide particles, and then a portion of S2� on the CdS surface and a
portion of S2� and Sn2� on the surface of mixed particles are oxidized
to S22� and S0, which results in a decrease of negative charge and an
enhanced aggregation of these particles.

3.3. Settling performance of UV irradiated metal sulfide particles

The settling performance of irradiated CdS and mixed sulfide
particles (CuS and CdS) is presented in Fig. 9. Before UV irradiation,
as the initial H2S concentration increased, the residual turbidity of
these particles increased after sedimentation, which once again
proved that H2S made the settling performance of metal sulfide
particles worse. However, when UV irradiation was applied, the
settling performance of CdS and mixed sulfide particles was greatly
improved, especially under high H2S concentrations. In the case of
CdS particles, as shown in Fig. 9a, when the concentration of initial
H2S increased from 0.00mg/L to 131.40mg/L, the residual turbidity
after sedimentation without UV irradiation increased from 604.00



Fig. 7. The effect of HO� quencher (TBA) and electron scavenger (MV2þ) on the particle size distribution of CdS and mixed sulfide particles (CuS and CdS) in strongly acidic solution
with UV irradiation (UV) and without UV irradiation (NUV). Conditions: [H2SO4]¼ 0.102M, [TBA]¼ 10mM, [MV2þ]¼ 10mM, UV irradiation time¼ 30min.

Fig. 8. Proposed mechanism for aggregation of CdS and mixed sulfide particles (CuS
and CdS) in a strongly acidic wastewater in the presence of H2S under UV irradiation.
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NTU to 1253.00 NTU. However, during UV irradiation processes, the
decrease of the residual turbidity after sedimentation was more
obvious, and the residual turbidity of irradiated CdS particles
decreased from 167.00 NTU to 55.70 NTU, indicating that the
settling performance of CdS particles was greatly improved by UV
irradiation as the initial H2S concentration increased. For mixed
sulfide particles, as shown in Fig. 9b, the residual turbidity after
sedimentation without UV irradiation increased from 238.00 NTU
to 1112.00 NTU as the initial H2S concentration increased from
0.00mg/L to 129.30mg/L. However, a more obvious decrease of the
residual turbidity was observed during UV irradiation processes,
and the residual turbidity after sedimentation of UV irradiated
mixed sulfide particles decreased from 38.30 NTU to 9.02 NTU.
Hence, under UV irradiation, the improvement of settling perfor-
mance of CdS and mixed sulfide particles (CuS and CdS) was more
obvious with the increase of initial H2S concentrations in
suspensions.
4. Conclusions

The residual H2S made the aggregation and settling perfor-
mance of metal sulfide particles worse in strongly acidic waste-
water. However, UV light irradiation can effectively improve the
aggregation and settling performance of these particles with the
existence of H2S. After 30min of UV irradiation, the average hy-
drodynamic diameter of CdS particles increased approximately
166-fold in the presence of 131.40mg/L H2S, and that of mixed
particles (CuS and CdS) increased approximately 105-fold with the
existence of 129.30mg/L H2S.

H2S in suspensions played a key role in the improvement of the
aggregation of metal sulfide particles under UV irradiation. HS�
generated by the photolysis of H2S in suspensions attacked the
surface of metal sulfide particles and caused electron transfer. Then,
a portion of S2� on the surface of CdS particles and a portion of S2�

and Sn2� on the surface of mixed sulfide particles were oxidized to
S22� and S0, which resulted in a decrease of negative charge and an
enhanced aggregation of these particles.

In conclusion, UV light irradiation introduces no impurities into
strongly acidic wastewater and can effectively improve the aggre-
gation and settling performance of metal sulfide particles, which
has great potential to be applied to improve metal sulfide precipi-
tation processes for strongly acidic wastewater treatment.



Fig. 9. Residual turbidity after sedimentation of irradiated metal sulfide particles during UV irradiation processes under different H2S concentrations. (a) CdS particles and (b) mixed
particles (CuS and CdS). Condition: [H2SO4]¼ 0.102M, Settling time¼ 30min.
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