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Differences in aggregation performance of metal sulfide particles generated in wastewater during sulfide pre
cipitation processes cannot be adequately explained by their zeta potentials. Herein, different aggregation per
formances among CuS, CdS and As2S3 particles produced by sulfide precipitation in strongly acidic wastewater
were found to depend on the different hydrophilicity/hydrophobicity of these particles. Density functional
theory (DFT) calculation revealed the mechanism of hydrophobicity/hydrophilicity of the metal sulfide particles,
which verified the hydrophobic particles preferred to self-aggregate, whereas the hydrophilic particles were
more likely to bind to H2O molecules and disperse in wastewater. Metal sulfide particles generated under
different conditions also have different hydrophilicity/hydrophobicity and on which the aggregation perfor
mances of the particles depend. It was confirmed that the different aggregation performances among CuS, CdS
and ZnS particles generated in low-pH wastewater were also determined by their different hydrophilicity/hy
drophobicity rather than their zeta potentials. This study explains the reason of different aggregation perfor
mances among precipitates produced by sulfide precipitation in wastewater. Additionally, this study has revealed
that, in strongly acidic wastewater, the tiny and hydrophilic metal sulfide particles were difficult to be separated
by settling and coagulation method, which provides an instruction to further study for the downstream sepa
ration process of the metal sulfide particles formed by sulfide precipitation.

1. Introduction
The mining, metallurgy and metal processing industries produce a
large quantity of wastewater, which is generally in low-pH or even with
high acidity and contains various heavy metals, such as copper, nickel,
cadmium, arsenic, etc [1–6]. As the rapid reaction rate between metal
ions and sulfide, less of sludge production and the selective precipitation
of heavy metals, metal sulfide precipitation has become a common
treatment for wastewater containing heavy metals [7–9]. However, tiny
metal sulfide particles with poor settling performance are generally
produced during the precipitation of metals by sulfide [10,11]. This
phenomenon is partly attributed to the high levels of supersaturation in
the precipitation processes that limit crystal growth [12]. The solution
chemical properties, such as pH, residual sulfide reagents (HS− , H2S, and
S2-) and ionic strength, also considerably affect the particle zeta

potentials that determine the aggregation performance of metal sulfide
particles in wastewater [13].
The DLVO (Derjaguin-Landau-Verwey-Overbeek) theory is
frequently used to model particle interactions in water media in terms of
repulsive electrostatic double-layer forces and attractive van der Waals
forces [14,15]. The key parameter determining the particle aggregation
rate in aqueous media (especially small hydrophilic particles) is the
electrical diffuse layer potential, which is determined by the particle
charge and the soluble salt level and usually expressed by the experi
mentally measured zeta potential [16]. However, the existence of hy
drophobic interactions for amphiphilic and hydrophobic particles makes
the particle zeta potential insufficient for predicting particle aggrega
tion; thus, a modified DLVO theory has been proposed to model the
aggregation of these particles in liquid media [17,18].
Density functional theory (DFT) calculations have shown that there
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are different binding energies for H2O molecules adsorbed onto the
surfaces of various metal sulfide particles, such as FeS2, ZnS, PbS, Cu2S,
Sb2S3 and MoS2, verifying the different hydrophilicity/hydrophobicity
of these materials [19,20]. Hence, variations in the hydro
philicity/hydrophobicity of metal sulfides affect the interactions of these
particles in wastewater, which cannot be adequately described using the
particle zeta potentials alone. In addition to considering particle zeta
potentials, M. Gim-Krumm et al. used optical microscopy, computa
tional chemistry analysis and settling test to evaluate the effect of
operating conditions during sulfide precipitation on the aggregation of
precipitates of copper sulfide and zinc sulfide in a cyanide solution [21].
The aggregation of the hydrophilic zinc sulfide precipitates was found to
be mainly influenced by the precipitate zeta potentials, as determined by
the solution pH and the sulfide reagent dosage, whereas the aggregation
performance of the hydrophobic copper sulfide precipitates largely
depended on hydrophobic interactions that were significantly influ
enced by mechanical forces induced by agitation and pumping [21]. In a
previous study, we found that, although CuS particles had a more
negative zeta potential than CdS particles in strongly acidic wastewater,
the CuS particles were more unstable and spontaneously aggregated to
form large floc-like aggregates, whereas the CdS particles were stably
dispersed in the wastewater [22]. Hence, different metal sulfide parti
cles generated by sulfide precipitation in wastewater generally exhibit
different aggregation performances, which cannot always be explained
in terms of the particle zeta potentials. However, underlying mecha
nisms other than the particle zeta potentials have not been identified to
explain the aforementioned difference in the aggregation performance.
The aggregation performance of CuS, CdS, and As2S3 particles
generated in strongly acidic wastewater was investigated in this study.
To determine the source of the difference in the aggregation perfor
mance, the hydrophilicity and hydrophobicity of the particles were
characterized, and the effect of these properties on the particle aggre
gation performance was analyzed. A density functional theory (DFT)
calculation was performed to elucidate the mechanism by which the
particles exhibited hydrophilicity/hydrophobicity. Finally, the effect of
these properties on the aggregation performance of metal sulfide par
ticles generated under different conditions and in low-pH wastewater
was determined. A theoretical description of the hydrophilicity/hydro
phobicity of the metal sulfide particles generated in wastewater by
sulfide precipitation and the effect of these properties on the aggregation
performance of the particles is provided in this study.

residual H2S easily escaped and could not keep in constant concentra
tion. To investigate the reason causing the difference in aggregation
performance of metal sulfide particles, the metal sulfide particle sus
pensions with different H2SO4 concentrations were prepared in which
the metal sulfide particles had different zeta potentials, and the residual
H2S was excluded. The produced metal sulfide particles were collected
by filtration and fully washed using deionized water to remove absorbed
H2S. Finally, the metal sulfide particles were redispersed under 15 min
of ultrasonic mixing (25 ℃, 100 W) into 1000 mL solutions with the
same H2SO4 concentrations or the same pH values after sulfide precip
itation and the metal sulfide particle suspensions were thus prepared.
2.2. Analyses of zeta potentials, particle sizes and microscopic images
After the suspensions were prepared, the aggregation performance of
metal sulfide particles produced by sulfide precipitation using H2S in
wastewater was investigated by determining the zeta potentials and
particle sizes and obtaining microscopic images of the particles. First, 1
mL of each suspension was withdrawn and placed in an electrophoresis
cell, and a zeta potential analyzer (Zetasizer 2000, Malvern Co., U. K.)
was used to determine the zeta potentials of the metal sulfide particles at
room temperature, and each sample was analyzed three times to obtain
an average value. The sizes of the metal sulfide particles in the sus
pensions were measured by using a laser particle size analyzer (Mas
tersizer 2000, Malvern Co., U. K.). The prepared suspensions were
continuously added to solutions with the same sulfuric acid concentra
tions or the same pH values under stirring at 2000 r/min until the
shading rate of the particle size analyzer was reached; the average of
three measurements was used for the particle size. Finally, the mor
phologies of metal sulfide particles before and after aggregation were
observed. An open head dropper was used to withdraw approximately 1
mL of each metal sulfide suspension under agitation speeds of 200 r/min
and 50 r/min, which was then dropped onto a glass slide; the metal
sulfide particles in the suspensions were then observed under an optical
microscope (UB2031, COIC Co., China).
2.3. Contact angles of metal sulfide particles
The hydrophilicity/hydrophobicity of the metal sulfide particles was
determined by a contact angle method that has been described in pre
vious studies [23,24]. The samples were prepared for the contact angle
measurements by filtration, thorough washing and freeze-drying, fol
lowed by fabrication into 1-cm-radius circular and sheet samples using a
tablet press. An OCA20 video-based contact angle meter (DataPhysics
Instruments Ltd., Germany) was used to measure the contact angles
between the metal sulfide particles and solutions with different H2SO4
concentrations or suspensions with the same pH values after sulfide
precipitation.

2. Materials and methods
2.1. Preparation of metal sulfide suspensions
The materials and reagents used in this study are described in the
Supporting Information(SI). First, the strongly acidic wastewater with
different H2SO4 concentrations, which contained Cu(II) (200 mg/L), Cd
(II) (200 mg/L), and As(III) (200 mg/L), respectively, were prepared.
Additionally, the wastewater without H2SO4 and containing Cu(II) (200
mg/L), Cd(II) (200 mg/L), or Zn(II) (200 mg/L), respectively, was also
prepared. The initial pH of the prepared Cu(II), Cd(II), and Zn(II)
wastewater without H2SO4 were 5.19, 5.70 and 5.55, respectively. Then,
1000 mL of the above mentioned prepared wastewater were poured into
a sulfide precipitation device (Fig. S1), and H2S was continuously
introduced at 10 mL/min for 60 min. After completion of the reaction,
the final pH values of the wastewater containing Cu(II), Cd(II) and Zn(II)
without H2SO4 were 2.33, 2.35 and 2.44, respectively. The redox po
tentials were also measured during metal sulfide precipitation processes,
and the results shown in Fig. S2 indicated that the Eh values were very
negative after sulfide precipitation, which implied that the reductive
chemicals (H2S, HS− or S− ) existed in the suspensions. The residual H2S
HS− or S− in suspensions only affects the surface charge of the metal
sulfide particles [22]. In strongly wastewater or in wastewater with pH
of 2.33, 2.35, and 2.44, it was only H2S in the suspensions (Fig.S3). The

2.4. XRD characterization of metal sulfide particles
The phase composition of the generated metal sulfide particles was
characterized by X-ray diffraction. The generated metal sulfide particles
were filtered, fully washed, and then freeze-dried for 12 h. The
completely dried metal sulfide particles were characterized by XRD (X’
Pert PRO MPD, PAN analytical, Holland), and the XRD spectra were
analyzed using MDI Jade 6.0 software.
2.5. Computational method
All the calculations were carried out by using the projector
augmented wave method within the framework of density functional
theory (DFT) [25], as implemented in the Vienna ab-initio Simulation
Package (VASP). The generalized gradient approximation (GGA) and the
Perdew-Burke-Ernzerhof (PBE) exchange functional were used. The
plane wave energy cutoff was set to 500 eV, and the Monkhorst-Pack
2
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method [26] was employed for Brillouin zone sampling. The conver
gence criteria of the energy and force calculations were set to 10− 5
eV/atom and 0.01 eV Å− 1, respectively. Because the adsorption energies
of one water molecule on the metal sulfide surfaces are relatively small
and it is difficult to break a certain O–H bond in H–O–H, the DFT
calculation only considered the adsorption of an entire water molecule
on the metal sulfide surfaces. Previous studies about metal sulfides
adsorption of water using DFT calculation also only considered the
adsorption of an entire water molecule [19,20,27]. The interactions
between one H2O molecule and metal sulfide surfaces were investigated
by calculating the electrostatic potential energies (Eel), the adsorption
energies (Ead) and the bond distances for H2O molecules adsorbed onto
the surfaces of the metal sulfide particles. The DFT-D2 method was used
to account for vdW interactions between one H2O molecule and a metal
sulfide surface [28]. The adsorption energies (Ead) were calculated as the
energy difference of the system before and after the adsorption of one
H2O molecule, as shown in Eq.1 [29]:

supercell approach. The k-mesh for covellite (CuS), Hawleyite (CdS),
orpiment (As2S3) and greenockite (CdS) are 2 × 2 × 1,2 × 1×1, 3 × 2 ×
1, and 2 × 2 × 1, respectively. A vacuum region of 15 Å was applied to
prevent interactions between neighboring configurations [33]. The
atomic coordinates in the models under DFT calculation for metal sul
fides binding H2O molecule are shown in Table S1, S2, S3 and S4. To
reduce the calculation work appropriately, the model of single molecule
adsorption on sulfide supercell (expanding to approximately 10 Å) was
selected in this study. Although the water molecule coverage (concen
tration) in the calculated models is lower than the actual system, the
calculation model can also reflect the difference in the adsorption of
water molecules on different metal sulfide surfaces.

(1)

Zeta potential is generally used in combination with particle size to
evaluate the stability and aggregation performance of particles in the
wastewater. Fig.1 shows the zeta potentials and particle sizes of CuS,
CdS and As2S3 particles generated in strongly acidic wastewater with
residual and adsorbed H2S and HS− being removed.The results indicated
that, increasing the H2SO4 concentration from 0.102 M to 0.510 M
resulted in an increase in the particle zeta potential from -11.70 mV to
-8.20 mV for CuS, from -20.33 mV to -3.79 mV for CdS and from -35.97
mV to -15.03 mV for As2S3 (Fig. 1(a)). According to the double layer
theory [34], the negative surface charges of metal sulfide particles will
have marked charge neutralization upon an increase in the H+ con
centration, thereby decreasing the absolute value of the particle zeta
potentials. The particle size distribution and d50 of metal sulfide parti
cles in strongly acidic wastewater are shown in Fig. S7 and Fig. 1(b),
respectively. The results indicated that the particle size distribution of
CuS particles transferred to a range of large particle size and the average
particle size increased from 13.43 μm to 24.2 μm when the H2SO4
concentration increased from 0.102 M to 0.204 M while the particle size
distribution and average particles size of CuS particles almost kept un
changed when H2SO4 concentration increased from 0.306 M to 0.510 M.
In the case of CdS particles, the particle size distribution gradually
transferred to the range of large particle size and the average particle
size increased from 1.33 μm to 8.72 μm as H2SO4 concentration
increased from 0.102 M to 0.510 M. Additionally, no significant change
was observed for the particle size distribution of As2S3 with the increase
of H2SO4 concentration and the average particle size of As2S3 was ar
ranged from 7.50 μm to 8.98 μm. Moreover, with the increase of H2SO4
concentration, the variation of d10 and d90 was consistent with the
change trend of particle size distribution and average particle size
described above (Fig. S8). Therefore, for CdS particles, the aggregation
performance depended on the particle zeta potentials, while the aggre
gation performance of CuS and As2S3 particles didn’t depend on their
zeta potentials.
Moreover, the optical micrographs of CuS, CdS and As2S3 pre
cipitates formed in strongly acidic wastewater containing 0.204 M
H2SO4 (Fig. 2(a), 2(b) and 2(c)) show that the CuS and As2S3 precipitates
were floc-like aggregates while the CdS precipitates were fine particles.
As the agitation rate decreased from 200 r/min to 50 r/min, the CuS and

Ead= E(H2O-metal sulfides)-E(H2O)-E(metal sulfides)

3. Results and discussion
3.1. Aggregation performance of metal sulfide particles formed in strongly
acidic wastewater

where E(H2O-metal sulfides), E(H2O) and E(metal sulfides) represent the
DFT energies of one H2O molecule adsorbed on a metal sulfide surface,
an isolated H2O molecule, and the clean metal sulfide surface,
respectively.
The atomic charges of the isolated H2O molecule, the clean metal
sulfide surface, and the H2O molecule adsorbed onto the metal sulfide
surface were evaluated using the atoms-in-molecules method (Bader
charge analysis) including the effect of dipoles [30]. The electrostatic
potential energies (Eel) were a part of the DFT energy, which were
extracted from the OUTCAR output files of VASP software.
2.6. Computational models
The XRD spectra (Fig. S4) show that, in the strongly acidic waste
water containing Cu(II), Cd(II) and As(III), respectively, the obtained
copper precipitates, cadmium precipitates and arsenic precipitates
generated by H2S were covellite (CuS), hawleyite (CdS) and amorphous
orpiment (As2S3), which was consistent with previous research results
[22,31]. However, in the case of cadmium precipitates produced by H2S
in wastewater with an initial pH of 5.70 (final pH of 2.35), the pre
cipitates were identified as greenockite (CdS) (Fig. S5). The lattice pa
rameters and unit-cell volumes of metal sulfides (T = 298 K) are shown
in Table 1. Covellite (CuS) possesses a hexagonal crystal structure and
has a space group of P63/mmc. The common cleavage plane is (001) face
along with bond Cu-S. Each Cu atom on the surface coordinates with
adjacent four S atoms, while each S atom coordinates with adjacent
three Cu atoms (Fig. S6(a)). Hawleyite (CdS) has a cubic structure with a
space group of F-3m with a (111) surface. Each Cd atom of the surface
coordinates with three S atoms, while each S atom coordinates with two
Cd atoms (Fig. S6(b)). Amorphous orpiment (As2S3) has a layer structure
with a space group of P121/n1. The macromolecular layers in orpiment
(As2S3) contain distinctive spiral chains of AsS composition running
parallel to (100) surface [32]. The slab model of amorphous As2S3 is
shown in Fig.S6(c). Greenockite(CdS) is a hexagonal crystal with a space
group of P63/mmc, whose cleavage plane is (001) face. The slab model is
shown in Fig. S6(d). All surfaces were obtained from the bulk metal
sulfides with the optimum unit cell volume and were modeled using a
Table 1
The lattice parameters and unit-cell volumes of the metal sulfides (T = 298 K).
Metal sulfides

a
(Å)

b
(Å)

c
(Å)

α

(deg)

β
(deg)

γ
(deg)

V
(Å3)

Covellite (CuS)
Hawleyite (CdS)
Orpiment (As2S3)
Greenockite (CdS)

3.802
5.818
11.460
4.135

3.802
5.818
9.570
4.135

16.430
5.818
4.220
6.749

90.000
90.000
90.000
90.000

90.000
90.000
90.500
90.000

120.000
90.000
90.000
120.000

205.700
196.934
462.799
99.926
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Fig. 1. The zeta potential and average particle size of metal sulfide particles generated by H2S in strongly acidic wastewaters with different H2SO4 concentrations.

Fig. 2. The optical micrographs of (a) CuS, (b) CdS and (c) As2S3 particles generated by H2S in strongly acidic wastewater containing 0.204 M H2SO4 under 200 r/
min stir, and the micrographs of (d) CuS, (e) CdS and (f) As2S3 particles under 50 r/min stir.

As2S3 particles tended to aggregate into more large flocs, whereas the
CdS particles remained stably as homogenous fine granular particles in
wastewater (Fig. 2(d), 2(e) and 2(f)). However, Fig.1(a) shows that the
measured zeta potentials of the CuS, CdS and As2S3 particles in strongly
acidic wastewater with 0.204 M H2SO4 were -8.20 mV, -17.20 mV and
-27.47 mV, respectively, indicating that the CdS particles should have
had a higher tendency to aggregate than As2S3 particles, and the As2S3
particles should be more difficult to aggregate than CuS and CdS parti
cles. Hence, the obtained optical microimages and zeta potentials for
CuS, CdS and As2S3 particles implied that, the aggregation performances
of these particles formed in strongly acidic wastewater were different
and which could not be explained by their zeta potentials.

3.2. Hydrophilicity/hydrophobicity of metal sulfide particles produced in
strongly acidic wastewater
Hydrophilicity/hydrophobicity are well-known important charac
teristics of metal sulfide particles that determine the interactions be
tween metal sulfide particles and solvent (water) [19,20]. The
hydrophilicity/hydrophobicity of the metal sulfide particles produced in
strongly acidic wastewater was assessed using the contact angle method
developed in previous studies [23,24]. Under drops of acidic solutions
with different sulfuric acid concentrations, the obtained contact angles
of CuS, CdS and As2S3 particles generated in strongly acidic wastewater
(Fig. 3) show that, with the increase of H2SO4 concentration from 0.000
4
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metal atoms over S atoms. Considering that the hydrogen bonding en
ergy between water molecules is -4 to -5 kcal∙mol-1 [21], the Eel between
H2O and a Cd atom adsorption site on the hawleyite-CdS(111) surface
showed that the H2O-H2O bond energy could be overcome, and H2O
would preferentially bind to the hawleyite-CdS(111) surface. However,
the Eel values for H2O on the covellite-CuS(001) and orpi
ment-As2S3(100) surfaces were lower than the H2O-H2O bond energy,
indicating that these metal sulfides cannot easily bind to water. Addi
tionally, the adsorption energies (Ead) of one H2O molecule adsorbed
onto surface Cu and S atoms were -4.28 and -2.51 kcal mol-1 for the
covellite-CuS(001), -12.52 and -6.03 kcal mol− 1 for hawleyite-CdS
(111), and -4.38 and -2.91 kcal mol-1 for orpiment-As2S3(100)
(Table 2). The calculated Ead values between H2O on the metal sulfide
surfaces were all larger than that between H2O molecules (Ead<0) and
decreased in the order of hawleyite(CdS)>orpiment(As2S3)>covellite
(CuS), implying that the adsorption of one H2O molecule onto hawleyite
(CdS) is thermodynamically favored over adsorption onto orpiment
(As2S3) and covellite(CuS). Fig. 4 shows that the shortest bond distances
for one H2O molecule adsorbed onto adsorption sites on hawleyite(CdS)
surface (2.48 Å to a Cd atom and 2.43 Å to a S atom), followed by
orpiment(As2S3) (3.12 Å to a As atom and 3.27 Å to a S atom), and the
longest bond distances are obtained for covellite(CuS) (3.52 Å to a Cu
atom and 3.23 Å to a S atom). Theoretically, H2O molecules preferen
tially adsorb onto the hawleyite(CdS) surface, followed by the orpiment
(As2S3) surface, whereas covellite(CuS) surface is least likely to bond
with H2O molecules. Therefore, hawleyite(CdS) particles are more likely
to disperse in wastewater to form stable suspensions while hawleyite
(CdS) and orpiment(As2S3) particles prefer to self-aggregate instead of
binding to H2O molecules. In short, the DFT results verified that the
difference in aggregation performances of metal sulfide particles formed
in strongly acidic wastewater were shown to depend on hydro
philicity/hydrophobicity of the particles.

Fig. 3. The contact angles of metal sulfide particles formed in strongly acidic
wastewater by H2S under acidic solutions with different sulfuric acid
concentrations.

M to 0.510 M, the contact angle of CuS particles ranged from 74.20◦ to
90.30◦ , which was larger than that of As2S3 particles (ranged from
62.25◦ to 77.50◦ ) and CdS particles (ranged from 15.10◦ to 25.65◦ ). The
results clearly showed that the CuS and As2S3 particles produced in
strongly acidic wastewater were of a certain degree of hydrophobicity,
where the degree of hydrophobicity of As2S3 particles was weaker than
that of CuS particles, and CdS particles were highly hydrophilic.
Self-binding into aggregates has been reported for hydrophobic parti
cles, whereas hydrophilic particles preferentially bind to H2O molecules
to form stable dispersions in aqueous media [35]. The above described
aggregation performances of CuS, CdS, and As2S3 particles formed in
strongly acidic wastewater indicated that CuS particles were most likely
to self-aggregate, followed by As2S3 particles, whereas CdS particles
were very stably dispersed in the wastewater. This is highly correlated
with the hydrophilicity/hydrophobicity of the particles, the mechanism
for which is analyzed below.

3.4. Effect of hydrophilicity/hydrophobicity on aggregation performance
of metal sulfides formed under different conditions
It was interesting to fund that the aggregation performance of CdS
particles formed in wastewater with an initial pH of 5.70 using H2S (final
pH of 2.35) was different from CdS particles generated in strongly acidic
wastewater. Although the zeta potential of CdS particles generated in
wastewater with an initial pH of 5.70 (final pH of 2.35) (-19.20 mV)
(Table 3) was more negative than that of CdS particles generated in
strongly acidic wastewater with 0.306 M H2SO4 (-10.03 mV) (Fig. 1), the
optical micrographs (Fig. 5) clearly show that the former is more easily
to self-aggregate into large floc-like precipitates than the latter. It im
plies that the difference in aggregation performance of these two types
of CdS particles does not depend on their zeta potentials. The measured
contact angle of 68.40◦ for CdS particles generated in wastewater with
an initial pH of 5.70 (final pH of 2.35) (Table 3) was far larger than that
of 23.60◦ for CdS particles produced in strongly acidic wastewater with
0.306 M H2SO4 (Fig. 3). The CdS particles formed in wastewater with an
initial pH of 5.70 were identified as greenockite(CdS) (Fig. S5), which
was different from the hawleyite(CdS) particles generated in strongly
acidic wastewater. The DFT results of Eel, Ead and the bond distance
between one H2O molecule and a Cd atom on an optimized crystal
surface of greenockite-CdS (001) were -2.71 kcal/mol, -7.18 kcal/mol
and 3.14 Å, respectively, and the corresponding values for the adsorp
tion of one H2O molecule on an S atom were -1.56 kcal/mol, -5.98 kcal/
mol and 3.41Å (Fig. 6). Comparing the above results with corresponding
DFT results of hawleyite(CdS) particles listed in Table 2, the results
theoretically prove that the hydrophilicity of greenockite(CdS) particles
is weaker than that of hawleyite(CdS) particles. The more hydrophilic
the particles are easier to disperse in water [38]. The observed different
aggregation performance of the above mentioned two types of CdS
particles is consistent with the degree of hydrophilicity of these parti
cles. Therefore, metal sulfide particles formed under different conditions

3.3. Computational chemistry analysis
The degree of the hydrophilicity/hydrophobicity of metal sulfides is
determined by the adsorption energy (Ead) between one H2O molecule
and a metal sulfide surface [19,20]. Ead depends on the atomic
arrangement and the net atomic charge in crystal or amorphous struc
tures of metal sulfides [36,37]. The magnitude of electrostatic potential
energies (Eel) between one H2O molecule and an adsorption site (a metal
or sulfur atom) on the metal sulfide particles determines the extent to
which H2O could diffuse to a metal sulfide surface before binding there.
The Eel values between H2O molecule and metal sulfide surfaces calcu
lated by the DFT method were -1.10 and -0.51 kcal mol− 1 for Cu and S
atoms on covellite-CuS(001) surface, -4.75 and -2.15 kcal mol− 1 for Cd
and S atoms on hawleyite-CdS(111) surface and -1.33 and -0.92 kcal
mol− 1 for As and S atoms on orpiment-As2S3(100) surface, respectively
(Table 2), implying that one H2O molecule would preferentially bind to
Table 2
Adsorption energies (Ead, kcal/mol) and electrostatic potential energies (Eel,
kcal/mol) of H2O molecule adsorbed on the crystal and amorphous surfaces of
metal sulfide particles produced in strongly acidic wastewater containing 0.204
M H2SO4.
Metal sulfide
surfaces

Covellite-CuS
(001)

Hawleyite-CdS
(111)

Orpiment-As2S3
(100)

Adsorption sites

Cu
atom
− 1.10
− 4.28

Cd
atom
− 4.72
− 12.52

As
atom
− 1.33
− 4.38

Eel, kcal/mol
Ead, kcal/mol

S
atom
− 0.51
− 2.15

S
atom
− 2.15
− 6.03

S
atom
− 0.92
− 2.91
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Fig. 4. The adsorption sites and bond distances of H2O adsorbed on optimized crystal and amorphous surfaces of metal sulfide particles generated in strongly acidic
wastewater (0.204 M H2SO4). (a) and (b): H2O molecule bond to Cu and S atoms on covellite-CdS(001) surface; (c) and (d): H2O molecule bond to Cd and S atoms on
hawleyite-CdS(111) surface;(e) and (f): H2O molecule bond to As and S atom on orpiment-As2S3 (100) surface.

also have different hydrophilic and hydrophobic properties and which
determines the different aggregation performances of the particles. The
aggregation behavior of metal sulfide particles will subsequently
determine the selection of suitable solid-liquid separation method. It
was found that the free settling and coagulation methods were both
invalid for effective separation of the fine metal sulfide particles with
poor aggregation performance under strongly acidic condition (Fig. S9
and Fig. S10). Hence, more studies should be conducted and focus on
how to improve the aggregation and settling performance of the fine and
hydrophilic metal sulfide particles generated by sulfide precipitation in
strongly acidic wastewater.

Table 3
The characteristics of metal sulfide particles produced using H2S in low-pH
wastewater.
Metal sulfide
particles

Initial
pH

Final
pH

Zeta
potentials
(mV)

d50(μm)

Contact
angles(◦ )

Cadmium
sulfide
Copper sulfide
Zinc sulfide

5.70

2.35

− 19.20

7.37

68.40

5.19
5.55

2.33
2.42

− 8.34
− 2.34

53.90
5.82

98.10
0

Fig. 5. The optical micrographs of aggregated (a) CdS particles generated using H2S in 0.306 M H2SO4 solution, and (b) CdS particles generated by H2S in wastewater
with initial pH of 5.70 (final pH of 2.35).
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Fig. 6. (a): H2O molecule binds to Cd atom on greenockite-CdS(001) surface; (b): H2O molecule binds to S atom on greenockite-CdS(001) surface. The magenta,
yellow, pink and red balls donate Cd, S, H and O atoms, respectively.

3.5. Effect of hydrophilicity/hydrophobicity on aggregation performance
of metal sulfides formed in low-pH wastewater

metal sulfide particles. DFT calculation revealed that self-binding into
aggregates was preferred by hydrophobic metal sulfide particles,
whereas the hydrophilic metal sulfide particles were more likely to bind
H2O molecules and disperse in wastewater, proving that the different
hydrophilicity/hydrophobicity of metal sulfide particles determined the
difference in the aggregation performance of the particles in the
wastewater. Hydrophilicity/hydrophobicity, rather than the zeta po
tential, was also shown to determine the different aggregation perfor
mance among CuS, CdS and ZnS particles generated in low-pH
wastewater. The fine and hydrophilic metal sulfide particles generated
by sulfide precipitation were of poor aggregation and settling perfor
mance, thus, additional methods should be adopted to improve their
aggregation and separation performance. In particular, in strongly
acidic wastewater, the fine and hydrophilic metal sulfide particles were
difficult to be separated by settling and coagulation method. This study
reveals that the metal sulfide particles produced by sulfide precipitation
are of different aggregation performances for their different hydrophi
licity/hydrophobicity, and it also shows that effective method should be
developed to improve the aggregation and settling performance of the
fine and hydrophilic metal sulfide particles in strongly acidic waste
water, providing an instruction to further study for the separation pro
cess of metal sulfide particles formed by sulfide precipitation.

Different aggregation performance was also observed among copper
sulfide, cadmium sulfide and zinc sulfide particles formed in wastewater
with initial pH values of 5.19, 5.70 and 5.55 (corresponding to final pH
values of 2.33, 2.35 and 2.42). After these particles being produced and
residual H2S and S2− being removed, the measured zeta potentials of
copper sulfide, cadmium sulfide and zinc sulfide particles were -8.34
mV, -19.20 mV and -2.34 mV, respectively (Table 3). However, the
measured particle sizes (d50) (53.90 μm for copper sulfide particles, 7.37
μm for cadmium sulfide and 5.82 μm for zinc sulfide particles) (Table 3)
in conjunction with the optical micrographs (Fig. 5(b) and Fig. S11)
showed that the copper sulfide precipitates and cadmium sulfide pre
cipitates generated in low-pH wastewater were aggregated to form floclike aggregates while the zinc sulfide precipitates were fine granular
particles. Hence, the zeta potential values of these particles could not
account for their different aggregation performance. The measured
contact angles of copper sulfide, cadmium sulfide and zinc sulfide par
ticles formed in low-pH wastewater were 98.10◦ , 68.40◦ and 0◦ ,
respectively (Table 3), which implied that the copper sulfide particles
were of certain hydrophobicity while cadmium sulfide particles and zinc
sulfide particles were hydrophilic particles. Nevertheless, the hydro
philicity of cadmium sulfide particles is far weaker than that of zinc
sulfide particles. The observed difference in aggregation performance of
these particles is well in agreement with the aggregation trends induced
by their different hydrophilicity/hydrophobicity. The hydrophilicity/
hydrophobicity of metal sulfide particles produced by sulfide precipi
tation in low-pH wastewater also provides a more reasonable explana
tion of the different aggregation performances than the particle zeta
potentials. Furthermore, the observed settling performance of metal
sulfide particles generated in low-pH wastewater (Fig. S12) indicated
that, the hydrophobic CuS particles could be effectively separated by
free settling while the hydrophilic CdS and ZnS particles were of poor
settling performance. However, the settling performance of CdS and ZnS
particles were largely improved by the addition of coagulant (CPAM)
(Fig. S13) under low-pH condition.
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