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ABSTRACT: Strongly acidic wastewater generated from nonferrous
metal smelting industries can be recycled as sulfuric acid after the
contaminants have been removed, and among which, Cl− is rather
difficult to remove. Although previous studies showed that Cl− can be
removed from acidic Zn electrolyte by Bi2O3, this method still suffers
from low efficiency when being employed for strongly acidic
wastewater recycling. Otherwise, very high Bi2O3 dosage and H2SO4
concentration are required, leading to the need for improvement. In
this study, UV irradiation was employed to improve the removal, and
it was found that Cl− removal efficiency was substantially enhanced
from 63.9 to 98.3%, the optimum Bi2O3/Cl

− mole ratio was lowered
from 1.5:1 to 0.5:1, and to achieve the maximum removal efficiency,
the required H2SO4 concentration was lowered from 70 to 40 g/L.
The mechanisms were also elaborated. First, Bi2O3 dissolves under the function of UV and H+, and the produced Bi3+ combines
with H2O and Cl− to form BiOCl. Then, Bi2O3/BiOCl transforms into BiOCl(h+)/Bi2O3(e

−) under UV irradiation, and the
generated h+ oxidizes Cl− to Cl•. Finally, Cl• reacts with Bi2O3/e

− to produce BiOCl. This study offered a theoretical
foundation for the improvement of Cl− removal from strongly acidic wastewater.

■ INTRODUCTION

Strongly acidic wastewater, generated from nonferrous metal
smelting industries, generally contains Cl, As, and heavy metal
elements. Currently, neutralization using lime or limestone, the
most common method to treat this kind of wastewater, has a
major problem of producing massive CaSO4 waste containing
heavy metals.1−3 Therefore, recycling this kind of wastewater
as diluted sulfuric acid after the contaminants being removed
was proposed to avoid producing large amounts of CaSO4
waste.4−6 The technology to remove As and heavy metal ions
using a sulfuration method has attracted considerable attention
in recent years, and high efficiency can be achieved.7,8 Among
the contaminants contained in this kind of wastewater, Cl−, the
concentration of which can be up to thousands or even tens of
thousands parts per million, is rather difficult to remove. In our
previous study, we proposed to remove Cl− from acidic
wastewater under ultraviolet (UV) irradiation using Cu2+/Cu0

as the precipitant, and high Cl− removal efficiency was
achieved.2 To further lower the cost of this method, employing
copper slag, a kind of byproduct from nonferrous metal
smelting industries, instead of Cu0 powder was also suggested.
Therefore, this method is generally applicable in the enter-
prises that produce copper slag as a byproduct, in
consideration of the high cost of Cu0 powder. For nonferrous
metal smelting enterprises lacking copper slag, it is urgent to

establish other approaches for the removal of Cl− from strongly
acidic wastewater.
Previous studies showed that Cl− can be removed from Zn

electrolyte under acidic conditions by Bi2O3.
9,10 In this

method, the dosed Bi2O3 first dissolves in H2SO4 and produces
Bi3+, which subsequently reacts with Cl− and H2O to form a
BiOCl precipitate (reactions 1 and 2 in Table 1). As a result,
Cl− is efficiently removed in the form of BiOCl under acidic
conditions. More interestingly, the formed BiOCl can be
regenerated to Bi2O3 using NaOH solution (reaction 3 in
Table 1) and then reused. However, this method still suffers
from a very high dosage of Bi2O3 and low efficiency for the
removal of Cl− with high concentration from strongly acidic
wastewater and fails to meet the requirement for wastewater
recycling. In addition, the concentration of H2SO4 should be
kept above 70 g/L to ensure the dissolution of Bi2O3,

9 which
means that this method is not applicable for wastewater with
H2SO4 concentration lower than 70 g/L. It is well known that
Bi2O3 and BiOCl are photochemically reactive11−17 and able to
produce h+ and e− under UV irradiation. The produced h+ and
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e− may further result in the formation of other reactive species,
such as Cl•, •OH, •O2

−, and so on, leading to improvement of
Cl− removal.
In this study, UV irradiation was employed to improve the

removal of Cl− from strongly acidic wastewater using Bi2O3.
Experiments were first conducted to determine the optimum
parameters, simultaneously, to compare the dosage of Bi2O3,
the removal efficiency of Cl−, and the required concentration
of H2SO4 under UV irradiation with those without UV
irradiation. Then, the intermediate radicals and properties of
the solid products were carefully identified. Finally, the
mechanisms were proposed. This study offered a theoretical
foundation for the application of Bi2O3 in the removal of Cl−

from strongly acidic wastewater under UV irradiation.

■ MATERIALS AND METHODS
Reagents and Materials. NaCl, H2SO4, NaOH,

(NH4)2C2O4, CHCl3, trisodium citrate (TISAB), phenolph-
thalein, tert-butyl alcohol (tBuOH), 5,5-dimethyl-1-pyrroline
N-oxide (DMPO), and isopropanol (IPA) were of analytical
reagent (AR) grade. HCl was of guaranteed reagent (GR)
grade. Chloride ion standard solution (1000 μg/mL) and
bismuth ion standard solution (1000 μg/mL) were used to
establish the standard curves of Cl− and Bi3+, respectively. All
chemicals were obtained from Sinopharm Chemical Reagent
Co. Ltd. (Shanghai, China). Deionized (DI) water, produced
from a Milli-Q water purification system (Millipore, USA), was
used in all samples. The simulated wastewater was prepared by
adding NaCl solid and H2SO4 to the DI water. The
concentrations of H2SO4 and Cl− in the simulated wastewater
were 50 g/L and 9590 mg/L, respectively, unless otherwise
specified. The major compositions of the real wastewater,
which was sampled from a Zn smelting plant in Shandong
Province of China, are listed in Table S1. The concentrations
of H+, SO4

2−, and Cl− were 4.17 M, 172.35 g/L, and 10,400
mg/L, respectively.
Experimental System. Experiments were conducted in a

500 mL reactor, which was equipped with a low-pressure Hg
lamp (28 W, 25 cm × 2 cm, Shanghai Jiguang Light and
Electricity Plant, China). The reactor is a cylindrical tube with
an inner diameter of 5 cm and a height of 35 cm containing
400 mL of the reaction solution. The low-pressure Hg lamp

was first placed in a quartz tube (3 cm × 30 cm) and then in
the reactor (Figure S1). The average intensities of the emitted
light near the lamp and wall of the reactor were measured to be
9.9 and 6.6 mV/cm2, respectively. The main emission
wavelength of the lamp is 253.7 nm (Figure S2). For
comparison, the control experiments without UV irradiation
were also conducted in the abovementioned reactor.

Analytical Methods. Concentration of Cl− in the solution
was determined using a chloride ion-selective electrode. First,
the electrode slope and linearity range of our chloride ion-
selective electrode were determined. TISAB (5.0 mL, 128 g/L)
was added to 25 mL of the solution containing different
concentrations of Cl− (10−1, 10−2, 10−3, 10−4, and 10−5 M,
respectively), and the solution was diluted with DI water to a
final volume of 50 mL. Then, the electric potential values of
these mixed solutions were detected using the chloride ion-
selective electrode and recorded as a function of P[Cl−]. The
results (Figure S3) show that the electrode slope was 55.65
mV/PCl and the linearity range was 10−4−10−1 M. The
detailed determination procedures of the samples are as
follows: (1) 1.0 mL of the sample was taken, and 0.50 mL of
phenolphthalein was added to the sample. Then, the pH of the
mixed solution was adjusted to 6.5−10.5 by adding NaOH
solution (8 g/L) until the mixed solution turned reddish. (2)
5.0 mL of TISAB was added to the mixed solution, and the
solution was diluted with DI water to a final volume of 50 mL.
(3) The electrode was immersed in the diluted solution, and
the electric potential value was recorded as E1 after 3 min of
stirring. (4) 0.5 mL of standard NaCl solution (0.1 M) was
added into the mixed solution, and the final electric potential
value was recorded as E2 after 3 min of stirring. Therefore,
concentration of Cl− in the final diluted mixed solution can be
calculated according to eq 1.

=
−−c

35.46
10 1E E0 ( )/55.651 2 (1)

To identify the intermediate free radicals, 10 μL of DMPO
was added to 40 μL of the sample in a 1.0 mL centrifuge tube,
and then the mixed solution was transferred to a 50 μL quartz-
glass capillary tube. Radicals formed under irradiation of a Xe
lamp (200−800 nm) and were detected by electron spin
resonance (ESR) (E500, Bruker EleXsys, Germany) at room
temperature. Typical instrument settings were as follows:
sweep width of 100.0 G, power attenuation of 13.0 dB,
modulation amplitude of 2 G, and sweep time of 30 s. The
ESR signals were recorded from the samples for 300 s.
Residual Bi3+ in the solution was quantified using an

inductively coupled plasma optical emission spectrometer
(ICP-OES) (NexION 300X, PerkinElmer, USA). The
precipitates were first washed using DI water and then dried
at 70 °C for 60 min before the characterization. The valence,
crystal texture, and morphology of the precipitates were
recorded correspondingly by X-ray photoelectron spectroscopy
(XPS) (ESCALAB 250Xi, Thermo Fisher, Japan), X-ray
diffraction (XRD) (X’Pert PRO MPD, PANalytical, Holland),
and scanning electron microscopy (SEM) (SU-8020, Hitachi,
Japan). Absorption spectra of the precipitates were obtained
using a UV−vis spectrophotometer (Cary 5000, Varian, USA).

■ RESULTS AND DISCUSSION

Improvement of Cl− Removal under UV Irradiation.
Figure 1 shows the removal efficiency of Cl− as a function of

Table 1. Reactions in the Cl− Removal Process Using Bi2O3
under UV Irradiation and without UV Irradiation

entry reaction refs

Formation of BiOCl without UV irradiation
1 Bi2O3 + 6H+ → 3H2O + 2Bi3+ 9, 10
2 Bi3+ + Cl− + H2O → BiOCl ↓ + 2H+ 9, 10

Regeneration of Bi2O3 from BiOCl
3 2BiOCl + 2NaOH → Bi2O3 + 2NaCl + H2O 9, 10

Oxidation of Cl−

4 h+ + OH− → •OH 32−36
5 h+ + Cl− → •Cl 25, 31
6 •OH + Cl− → •Cl + OH− 31

Photoreaction of BiOCl/Bi2O3 under UV Irradiation
7 BiOCl/Bi2O3→

hv
BiOCl(h+)/Bi2O3(e

−) this study

Formation of BiOCl from Bi2O3 and Cl• directly
8 Bi2O3 + 2e− + 2H+ + 2Cl• → 2BiOCl + H2O this study

Dissolution of Bi2O3 under UV irradiation
9 Bi3+(in the lattice of Bi2O3)⎯→⎯

UV
Bi3+(dissolved) this study
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reaction time, Bi2O3 dosage, and H2SO4 concentration.
Without UV irradiation, only 63.9% of the Cl− was removed
after 42 min (Figure 1a). Additionally, the residual Cl−

concentration, which was measured to be 3462.0 mg/L, was
still very high. However, under UV irradiation, a much higher
efficiency of 97.4% was obtained, with a much lower residual
Cl− concentration of 249.3 mg/L after 30 min. Figure 1b
shows that UV irradiation substantially lowered the Bi2O3/Cl

−

mole ratio from 1.5:1 to 0.5:1, the stoichiometric value, and
thus solved the problem existing in the previous method that
the dosage of Bi2O3 was too high. We also explored the effect
of H2SO4 concentration on the removal efficiency and found
that with the increase in H2SO4 concentration, the removal of
Cl− could be obviously enhanced (Figure 1c). In addition, to
obtain the maximum Cl− removal efficiency, the required
initial H2SO4 concentration in the wastewater was lowered
from 70 to 40 g/L under UV irradiation. Therefore, in our

studies, the application range of the method to remove Cl−

from acidic wastewater was greatly broadened. In conclusion,
UV irradiation substantially improved Cl− removal, leading to
a removal efficiency of 97.4% with a residual Cl− concentration
of 249.3 mg/L under the conditions that the dosage was at the
stoichiometric Bi2O3/Cl

− mole ratio of 0.5:1 and the reaction
time was 30 min.
After Cl− removal experiments, the residual Bi3+ in the

treated wastewater was quantified to be 312.0 mg/L, which
should be further removed to prevent secondary pollution. Our
results show that the residual Bi3+ can be efficiently removed to
a final concentration of 1.25 mg/L by introducing H2S after
the removal of Cl− (Figure S4). Furthermore, the produced
pure Bi2S3 byproduct, which possesses excellent photo-
conductivity and nonlinear optical responsiveness, can be
useful in the solar battery, photodiode, and microelectronics
industries.18,19

Actually, mechanisms for the removal of Cl− by Bi2O3 under
acidic conditions without UV irradiation have been identified
before and mentioned above. However, under UV irradiation,
h+, e−, Cl•, •O2

−, and •OH can be generated because of the
photocatalysis of Bi2O3 and BiOCl

20−24 and thus might change
the reactions and improve the removal efficiency of Cl−.
Therefore, the solid products and intermediate free radicals
should be identified before the mechanisms for improved Cl−

removal that is being explored.
Identification of the Solid Products from Cl− Removal

Process. After the removal of Cl−, we first conducted XPS
analysis to study the elemental compositions and surface
chemical states of the precipitates. It is shown in Figure 2a that
the samples were composed of Bi, O, and Cl elements. To
further determine the crystal composition of the sample, XRD
analysis was then conducted. The narrow broadening of the
peaks implies a well-crystallized structure of the solid product
(Figure 2b). In addition, it is clear that only BiOCl and
residual Bi2O3 were detected, indicating that BiOCl was the
only product in the process of Cl− removal, consistent with the
above XPS analysis result. Quantities of the produced BiOCl
under UV irradiation and without UV irradiation were then
compared through analyzing the UV−vis analysis results. It is
shown in Figure 2c that the absorption edges of pure Bi2O3
and BiOCl appeared near 467.9 and 381.5 nm, respectively.
What is more, the optical absorption intensity in the range of
381.5 to 467.9 nm for the sample under UV irradiation was
much lower than that without UV irradiation. In other words,
UV irradiation significantly promoted the transformation of
Bi2O3 into BiOCl, leading to the efficient removal of Cl− from
acidic wastewater in the form of BiOCl.
The morphology of the intermediate solid products under

different reaction times was visualized by SEM (Figure 3).
Previous studies showed that in the preparation process of
BiOCl/Bi2O3 photocatalysts, lamellar BiOCl could gradually
accumulate on the surface of Bi2O3, and finally a flower-like
structure formed,13,21,22 which was consistent with the
phenomenon in our experiments. Figure S5 shows that with
the increase of H2SO4 concentration, more lamellar BiOCl
formed on the surface of Bi2O3, which indicates an improved
transformation of Bi2O3 into BiOCl at higher H2SO4
concentration. Also, this is in accordance with the above
results shown in Figure 1c that with the increase in H2SO4
concentration, the removal of Cl− could be obviously
enhanced. In these BiOCl/Bi2O3 products, the heterojunction
with a good photocatalytic ability was produced, in view of

Figure 1. Efficiency of Cl− removal from strongly acidic wastewater
using Bi2O3. (a) Removal efficiency as a function of time at a Bi2O3/
Cl− mole ratio of 0.5:1 and a H2SO4 concentration of 50 g/L. (b)
Removal efficiency as a function of Bi2O3/Cl

− mole ratio at a H2SO4
concentration of 50 g/L after 60 min. (c) Removal efficiency as a
function of H2SO4 concentration at a Bi2O3/Cl

− mole ratio of 0.5:1
after 60 min. Conditions: V = 400 mL and [Cl−] = 9590 mg/L. The
error bars show the standard deviation (n = 3).
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which we speculated that several kinds of free radicals might
form and work in our reactions. Consequently, further
experiments were conducted to identify the intermediate
active species.

Identification of the Intermediate Active Species in
Cl− Removal Process. To determine the functions of h+ and
free radicals in promoting the removal of Cl−, batch masking
experiments were first conducted after adding tBuOH, IPA, or
(NH4)2C2O4, which are excellent scavengers for
Cl•/•OH,25,26•OH,26−29 and h+,30 respectively, into the
reaction system. Figure 4 shows the Cl− removal efficiency

in the presence of different scavengers. The removal efficiency
of Cl− at 30 min decreased to 90.9% with the addition of 1.5
mM IPA and to 69.8% with the addition of 1.5 mM tBuOH,
indicating that Cl• and •OH both played important roles in
promoting the removal of Cl−. ESR results show that •OH was
indeed generated in the treatment (Figure S6). However, Cl•,
which should also be produced in the reaction solution
containing a large quantity of Cl−,2,25,31 was not detected
probably because of its high conversion rate. Under UV
irradiation, h+ can oxidize OH− and Cl− to •OH and Cl•,
respectively. At the same time, •OH with a high oxidizing
capacity is also able to oxidize Cl− to Cl• (reactions 4−6 in
Table 1). What is more, with the addition of (NH4)2C2O4,
masking of h+ resulted in an efficiency decrease to the value
without UV irradiation. However, when Cl• and •OH were
both masked, the removal efficiency of Cl− was higher than
that with the addition of (NH4)2C2O4 (Figure 4), indicating
that except for producing Cl• and •OH, other functions of h+

also existed.
Before the exact functions of h+ were determined, we

explored the formation mechanisms for h+ and e−. Except for
being produced by single BiOCl and Bi2O3 solid, h

+ and e− can
also be produced in the BiOCl/Bi2O3 heterojunction. It has
been reported before that in the preparation of photocatalysts
under different synthetic conditions, different particle sizes,
pore structures, and microstructures can be obtained, which
will affect the optical band gap energies (Eg) of the prepared
photocatalysts.37−40 Simultaneously, the relative position of the
conduction band (CB) and valence band (VB), which is
closely related to the value of Eg, determines the properties of
the synthetic heterojunction through affecting the flow path of
e− and h+. For instance, for the BiOCl/Bi2O3 material prepared

Figure 2. (a) XPS spectra (survey scan) of the precipitates after 20
min of reaction. (b) XRD spectra of the precipitates after 20 min of
reaction under UV irradiation. (c) UV−vis absorption spectra of the
precipitates after 20 min of reaction. Conditions: V = 400 mL, [Cl−] =
9590 mg/L, [H2SO4] = 50 g/L, and n(Bi2O3)/n(Cl

−) = 0.5:1.

Figure 3. SEM morphology of the precipitates after reaction under
UV irradiation. (a) Bi2O3. (b) 2 min UV. (c) 10 min UV. (d) 20 min
UV. Conditions: V = 400 mL and [Cl−] = 9590 mg/L.

Figure 4. Removal efficiency of Cl− in the presence of different
scavengers. Conditions: [Cl−] = 9590 mg/L, [H2SO4] = 50 g/L,
n(Bi2O3)/n(Cl

−) = 0.5:1, V = 400 mL, [IPA] = 1.5 mM, [tBuOH] =
1.5 mM, and [(NH4)2C2O4] = 1.5 mM. The error bars show the
standard deviation (n = 3).

Environmental Science & Technology Article

DOI: 10.1021/acs.est.9b03296
Environ. Sci. Technol. 2019, 53, 10371−10378

10374

http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b03296/suppl_file/es9b03296_si_001.pdf
http://dx.doi.org/10.1021/acs.est.9b03296


from Bi(NO3)3·5H2O in KCl solution, h+ and e− were
produced in Bi2O3 and BiOCl under UV irradiation,
respectively.41 However, under the condition that the reaction
solvent was replaced with NaCl solution, a completely different
result was obtained in that h+ and e− were produced in BiOCl
and Bi2O3, respectively.42 Therefore, to determine the
structure of the BiOCl/Bi2O3 heterojunction and properties
of h+ and e− in our experiments, potentials of the VB and CB
(EVB and ECB) in the employed Bi2O3 and the obtained BiOCl
in our experiments were then detected. Figure 5a shows the

UV−vis absorption spectra of BiOCl and Bi2O3 from which Eg
values of BiOCl and Bi2O3 were calculated to be 3.25 and 2.65
eV, respectively, according to eq 2. The VB XPS analysis
results show that EVB values of BiOCl and Bi2O3 were 1.43 and
2.66 eV, respectively (Figure 5b). According to eq 3, ECB of
BiOCl and Bi2O3 can be calculated to be −1.82 and 0.01 eV,
respectively.

λ
= ·

E
h c

g (2)

where h (Planck constant) is 6.626 × 10−34 J·s, c (speed of
light) is 3 × 108 m/s, and λ (nm) is the intersection abscissa of
the baseline and the tangent at the spot where the slope is
maximum on the UV−vis absorption spectrum.

= −E E ECB VB g (3)

Based on the above analysis of EVB and ECB of Bi2O3 and
BiOCl, we established the schematic diagram for energy band
matching and flow path of e− in the BiOCl/Bi2O3
heterojunction (Figure S7). Under UV irradiation, the VB of
Bi2O3 becomes partially vacant because of e− being excited to
the CB from the VB. Therefore, e− in the VB of BiOCl can be
transferred to the vacant VB of Bi2O3. As a final result, for the

BiOCl/Bi2O3 heterojunction produced in our experiments, e−

and h+ can be generated in the CB of Bi2O3 and the VB of
BiOCl, respectively (reaction 7 in Table 1).

Mechanisms of Cl− Removal Using Bi2O3 under UV
Irradiation. It has been elaborated above that under UV
irradiation, e− can be produced in the CB of Bi2O3. In view of
this, we speculated that Cl• can react with Bi2O3/e

− directly to
produce BiOCl without the dissolution of Bi2O3. To validate
this speculation, Bi2O3 was added into CHCl3 solvent, which
can produce Cl• under UV irradiation.43,44 The reactants of
Bi2O3 and CHCl3 solvent were first stirred under UV
irradiation, and the precipitates were then separated after 20
min of reaction. The precipitates were found to consist of
Bi2O3 and BiOCl as tested by means of XRD (Figure S8),
signifying that BiOCl could be generated directly from Bi2O3,
e−, and Cl• (reaction 8 in Table 1). In addition, the function of
•OH in the reaction system was to oxidize Cl− to Cl•,
consistent with the result from the masking experiments in that
without •OH, the removal efficiency of Cl− was just slightly
affected because a large quantity of Cl• can be produced
directly in the reaction between h+ and Cl−.
It has been reported before that under the function of self-

oxidation by h+, the photodissolution phenomenon is common
in photocatalysts under UV irradiation. For instance, O2− in
the crystal lattice of ZnO, a kind of photocatalytic material, can
be oxidized to O2 by the photo-induced h+. As a result,
dissolved Zn2+ will be released from ZnO to aqueous solutions
under UV irradiation.45,46 In view of the fact reported before
that the photodissolution phenomenon of Bi2O3 is com-
mon47,48 and the previous conclusion that except for producing
Cl• and •OH, other functions of h+ also existed in the process
of removing Cl− (Figure 4), we speculated that UV irradiation
was able to promote the dissolution of Bi2O3 under the
function of h+. In the above experiments with the addition of
tBuOH, Cl• and •OH can be masked, and H+, Bi2O3, Bi

3+, Cl−,
and h+ participated in reactions under UV irradiation. In
addition, only H+, Bi2O3, Bi

3+, and Cl− participated in reactions
without UV irradiation. It is clear that the only difference of
the above experiment conditions was the presence or absence
of h+. Therefore, to explore the photodissolution function of
h+, concentrations of dissolved Bi3+ under UV irradiation with
the addition of tBuOH were compared with those without UV
irradiation (Figure 6a). When Bi2O3 was added into the
solution, the concentration of Bi3+ first rose rapidly because of
the dissolution of Bi2O3 in H2SO4 (reaction 1 in Table 1) and
then gradually declined with the formation of BiOCl (reaction
2 in Table 1). With the decrease of Cl− concentration,
reactions between Bi3+ and Cl− slowed down, leading to the
gradual rise of Bi3+ concentration. It is clearly shown that
under the function of h+, concentrations of Bi3+ were indeed
enhanced, signifying our speculation that UV irradiation can
promote the dissolution of Bi2O3 because of the self-oxidation
under the function of h+ (reaction 9 in Table 1). To further
explore whether the function of h+ to promote the dissolution
of Bi2O3 was important in the Cl− removal, the total dissolved
quantities of Bi2O3 were also determined. With the addition of
tBuOH, reactions among Bi2O3, e

−, and Cl• to produce BiOCl
were avoided, and thus BiOCl was produced only from Bi3+

and Cl−. Therefore, the dissolved Bi2O3 was finally divided into
two forms, the residual dissolved Bi3+ in the solution and the
produced BiOCl. In virtue of this, the total quantities of
dissolved Bi2O3 can be calculated according to eq 4 and are
shown in Figure 6b. It can be seen that the total quantities of

Figure 5. (a) UV−vis absorption spectra and plot of A(hv)2 versus
energy (hv) for the band gap energy of Bi2O3 and BiOCl. (b) VB-XPS
spectra of Bi2O3 and BiOCl.
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dissolved Bi2O3 were obviously enhanced under UV
irradiation, indicating that the photodissolution of Bi2O3 was
important in the enhanced Cl− removal under UV irradiation.
In conclusion, the functions of h+ are producing Cl• and •OH
and promoting the dissolution of Bi2O3 to produce Bi3+.

=
+ ×

×

× ×( )
n

c 0.4

2 209

c f 209
35.5

0

(4)

where n (mmol) is the quantity of dissolved Bi2O3, c (mg/L) is
the concentration of Bi3+ in the solution, c0 (mg/L) is the
initial concentration of Cl−, and f is the removal efficiency of
Cl−.
The mechanisms of the UV-improved removal of Cl− by

Bi2O3 from strongly acidic wastewater are proposed as follows
(Figure 7). First, the dissolved Bi3+, produced from Bi2O3
under the function of both H2SO4 and UV irradiation,
combines rapidly with Cl− and hydrolyzes to BiOCl on the
surface of Bi2O3. Then, the intermediate Bi2O3/BiOCl product
absorbs UV irradiation and transforms into Bi2O3(e

−)/
BiOCl(h+). The produced h+ in the VB of BiOCl is able to
oxidize OH− and Cl− to •OH and Cl•, respectively.
Simultaneously, Cl• can also be produced from •OH and
Cl−. Finally, BiOCl forms directly from Bi2O3, e

− and Cl•.
Regeneration of BiOCl Product. After the process of

removing Cl−, 97.4% of the dosed Bi2O3 transformed into
BiOCl, which can be regenerated to Bi2O3 using NaOH
solution (reaction 3 in Table 1). Figure 8 shows the content of
Cl element in the regenerated product as a function of NaOH
solution concentration, temperature, and reaction time. All the
experiments were conducted under the conditions that the
volume of NaOH solution and the mass of the BiOCl product

to be regenerated were 9 mL and 3 g, respectively. Figure 8a
shows that the content of Cl element in the regenerated

Figure 6. (a) Concentration of Bi3+ in the wastewater as a function of
time. (b) Total quantity of dissolved Bi2O3 as a function of time.
Conditions: [Cl−] = 9590 mg/L, [H2SO4] = 50 g/L, n(Bi2O3)/
n(Cl−) = 0.5:1, V = 400 mL, and [tBuOH] = 1.5 mM. The error bars
show the standard deviation (n = 3).

Figure 7. Proposed mechanisms for the UV-improved removal of Cl−

from strongly acidic wastewater using Bi2O3.

Figure 8. Content of Cl element in the regenerated product after
treatment in NaOH solution. (a) Content of Cl element as a function
of NaOH solution concentration. (b) Content of Cl element as a
function of temperature. (c) Content of Cl element as a function of
reaction time. Conditions: (a) t = 1 h and T = 40 °C. (b) t = 1 h and
[NaOH solution] = 1.75 M. (c) [NaOH solution] = 1.75 M and T =
60 °C.
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products was lowered to 2.63% at a NaOH solution
concentration of 1.75 M after 1 h of treatment at 40 °C. In
addition, when the concentration of NaOH solution was above
1.75 M, there was no further obvious decline in the content of
Cl element. Therefore, the concentration of NaOH solution
was determined to be 1.75 M and was used in the following
experiments. Next, the content of Cl element in the
regenerated products as a function of temperature and reaction
time was explored successively. From the results shown in
Figure 8b,c, we finally determined the optimum temperature
and the reaction time to be 60 °C and 25 min, respectively.
Under the conditions determined above, the content of Cl
element after treatment was finally lowered to 0.315% (Figure
8c). Moreover, we also conducted Cl− removal experiments
using the regenerated Bi2O3 and found that the removal
efficiency of Cl− was up to 96.8% after 30 min of reaction
(Figure S9). The Cl− concentration and pH of the produced
concentrated NaOH/NaCl solution were measured to be
46,672 mg/L and 11.1, respectively. To avoid secondary
pollution, this solution with a high concentration of Cl− and
OH− can be further treated by some simple technologies, such
as electrolysis and ion exchange.49,50

Environmental Implications. The formation of BiOCl is
a critical process to remove Cl− from acidic wastewater using
Bi2O3. UV irradiation can obviously reduce the dosage of
Bi2O3, improve the removal efficiency of Cl−, and lower the
required concentration of H2SO4 in the wastewater. Experi-
ments were also conducted in a cylindrical container, which
was equipped with three low-pressure Hg lamps and contained
10 L of the real wastewater, to verify the practical application
of this UV-improved method. After 80 min of irradiation,
98.1% of the Cl− was removed from the strongly acidic
wastewater with a Cl− concentration of 10,400 mg/L (Figure
S10). The energy consumption was calculated to be 11.2 kW·
h/m3 (Table S2). After Cl− removal experiments, H2S was
introduced to remove Bi3+ formed, and the results showed that
the residual Bi3+ concentration can be lowered to 1.21 mg/L.
The regenerated Bi2O3, the Cl element content of which was
reduced to 0.315%, was also tested to remove Cl−, and a high
removal efficiency of 96.8% was obtained. Considering the
lowered dosage of Bi2O3, enhanced removal efficiency of Cl−,
and recyclability of the BiOCl product, UV irradiation can be a
potential approach to improve the removal of Cl− from
strongly acidic wastewater. The mechanisms proposed in this
study offered a theoretical foundation for the development and
application of UV-improved Cl− removal technology.
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