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Preparation of BiOCl from industrial waste salt and its photocatalytic performance
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ABSTRACT

This study synthesized a high-performance BiOCl using a straightforward and efficient hydrolysis process, leveraging chlorine-containing
industrial waste salt (IWS) as the primary raw material. The characterization of the as-materials was assessed using SEM, XRD, PL, XPS,
UV-Vis DRS, EIS, etc. The BiOCl (GB) derived from IWS exhibited a significant number of oxygen vacancies, substantial exposure of (010)
facets, an enlarged surface area, and enhanced absorption of visible light. Photocatalytic experiments revealed that GB could achieve a
92.8% degradation rate of rhodamine B(RhB) under 60 min of illumination, outperforming BiOCl synthesized from NaCl. These results
suggest that hydrolysis method is a simple and effective but promising IWS preconditioning and resource utilization strategy.
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INTRODUCTION

Industrial waste salt (IWS) is produced in large quantities by the
chemical, pharmaceutical, and other industries.! Its composition
is complex, derived from a variety of sources, and contains a wide
range of hazardous and toxic substances.? It also has high treatment
costs and is classified as industrial waste in the waste solid. The
recent increase in IWS production in China is estimated to surpass
20 million tons annually and will increase consecutively.’ Hence,
disposing of IWS safely and effectively has become a critical
environmental and developmental issue in China. IWS typically
contains significant amounts of organic and inorganic pollutants in
addition to NaCl and Na,SO,.* Under these circumstances, how to
recycle useful resources and detoxify IWS is a dilemma that must not
be neglected for not only company development but environmental
protection.® Currently, the treatment of IWS is mainly landfills and
sea discharge, however, their limitations are also disappointing.
Landfills are simple and low-cost, but they occupy a vast area and are
heavily polluting while sea discharge is mainly suitable for offshore
areas and cannot be dispensed across the entire nation.® Considering
the peculiarity and puzzle in the treatment of IWS, researchers
are diligently exploring the valuable resource utilization of IWS
and have made great strides. As an essential component of IWS,
chlorides like NaCl represent the next generation of molten salts with
significant development potential. Xi et al. used pyrolysis to remove
pollutants from the waste salts, > producing molten salts that can be
used for solar power generation, thermal energy storage, and other
applications.” Chlorine-containing waste salt can also be used in the
chlor-alkali industry. IWS recycling can be achieved through the
application of the chlor-alkali membrane electrolyze method.? Yao
et al. successfully prepared high-performance BiOCl using chlorine-
containing wastewater, providing new insights into the utilization of
waste salts in catalyst preparation.’

Bismuth oxychloride (BiOCl) is a typical V-VI-VII ternary oxide
with low toxicity, stable chemical properties, and an easily adjustable
electronic energy band structure.” The crystalline form of BiOCI
belongs to the tetragonal structure of n-PbFCl (PbFCI) type, which
consists of alternating Cl- and [Bi,0,]** layers, with a wide forbidden
bandwidth (3.19 eV-3.60 eV), which is favorable for the reduction
of photogenerated carrier combination rate, and the disadvantage is
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the low utilization rate of the sunlight (about 4%).!12 In the field of
photocatalysis, moreover, BiOCI presents other advantages, such as
effective electron transport, outstanding photocatalytic capabilities,
and a simple synthesis process, establishing it as a prominent option in
the realm of bismuth-based photocatalysts.!* The catalyst’s crystalline
form has a significant impact on its performance. Different crystalline
surfaces of single-crystal materials have different geometrical and
electronic structures, which endow them with different properties
and edges.'*!° The (001) facet of BiOCl exhibits higher activity during
photocatalysis due to its perpendicularity to the built-in electric field,
a high concentration of hydrogen ions can control its growth, whereas
the (010) crystalline facet is an open-channel structure and exposes
both ligand-unsaturated Bi, O, and CI atoms, which can be used to
promote the growth by a neutral environment.!”2° Other modification
methods, such as introducing oxygen vacancies can provide new and
more reliable reactant adsorption sites and influence the electronic
structure of adsorbates, thus enhancing the photovoltaic properties
of materials.?"?2

Based on the IWS samples we received from enterprises, we found
that its composition is mostly non-metallic elements and contains
a large amount of chlorine, so we explored the feasibility of using
it as a raw material for the preparation of BiOCl with excellent
performance, to provide a reference basis for the resource utilization
of those IWS. Given the cost and scale limitations associated with the
treatment process, the hydrothermal method is deemed unsatisfactory
due to its high expenses and potential inefficiencies at larger scales.
Consequently, the hydrolysis method has been chosen as the preferred
approach.

MATERIALS AND METHODS
Reagents and instrumentation

Sodium chloride (NaCl), bismuth nitrate pentahydrate (Bi
(NO3);:5H,0), anhydrous ethanol (C,H;OH), sodium hydroxide
(NaOH), rhodamine B (RhB), deionized water. All chemicals used in
this study are analytical grade and without further purification.

The IWS samples used in this experiment were from petrochemical
enterprises in Gansu, Yulin, and Shanbei in China, labeled as GE, YE,
and SF respectively, and their elemental composition is given in Table 1.

X-ray diffractometer (Mini Flex 600, Rigaku, Japan), field emission
scanning electron microscope (JEOL JSM 6700F, FEI), UV-visible
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Table 1: The composition of waste salt

Elements (x10°ppm)

Sample
Al Si S K Ca Fe Na Br Cu Cl
GF - 1.345 0.0817 - 0.006 40.85 0.009 0.0509 164.7
YF - 0.8613 32.11 0.4256 - - - 0.0385 0.03 43.79
SE 21.99 48.31 692.7 10.19 22.85 0.4921 - 1.581 0.5504 199.3
- Undetected

diffuse reflectance spectrometer (U-3310, Hitachi, Japan), and
electrochemical workstation (VSP-300, Bioroger, France) were used
for material characterization. The surface chemical elements of the
sample were detected by X-ray photoelectron spectroscopy (ULVAC-
PHI, PHI5000 Versa Probe III).

Catalysts Preparation

In a typical synthesis, 3 mmol of Bi (NO;);-5H,0 and 3 mmol of
NaCl were added to 40 mL distilled water at room temperature with
continuous stirring for 120 min, and 6 mol/L NaOH solution was
added to this mixture to adjust its pH to 1. The sample obtained was
labeled as NB. Other BiOCl samples were prepared according to the
above procedure using GF, YF, and SE each containing 3 mmol of CI-,
as the chlorine sources. These samples were named GB, YB, and SB,
respectively.

Photodegradation Evaluation

The as-prepared sample (10 mg) was added into 20 mL (10 mg/L)
of RhB solution. The photocatalytic reaction was implemented in a
photochemical reactor (XPA, Nanjing Xujiang Electromechanical
Factory, Nanjing, China). After a dark reaction for 30 min to reach the
adsorption-desorption equilibrium, the light source (500W xenon lamp)
was granted for photocatalytic experiments. The supernatant was taken
at given time intervals (15 min), and the absorbance was measured at
554 nm using a UV spectrophotometer (UV-2450, Shimadzu Co., Ltd.,
Japan) and calculated according to the following equation (1):

@ (%) = (c/cy) x 100 (1)

where @, ¢ and ¢, are the RhB removal rate, the concentration at
different reaction time and the initial concentration of RhB solution,
respectively.

RESULTS AND DISCUSSION
SEM Analysis

Figure 1 shows the SEM image of the prepared samples. It can be
observed that the prepared BiOCI is mostly in the form of clusters,
but there are some differences due to different chlorine sources of the
IWS. While NB (Figure 1a) exhibits flaky and clustered morphology,
there is a greater degree of aggregation phenomena and inadequate
dispersion. The majority of GB (Figure 1b) is distributed more evenly
and in the shape of clusters. YB (Figure 1c) mostly consists of flakes
and scattered clusters, there is not much evidence of a significant
agglomeration process. SB (Figure 1d) exhibits the most severe
clustering and aggregation phenomenon, with significant variability
in particle diameter. This crystal appearance might be due to the
participation of other components in the SF that inhibit the formation
of crystals.

XRD Analysis

The prepared sample’s XRD pattern is displayed in Figure 2. Notably,
all the samples that were obtained exhibit clear characteristic peaks at
11.98°, 24.13°, 25.84°, 32.49°, 33.44°, 40.89°, 46.63°, and 49.69°. These

peaks are consistent with the standard peaks of BiOCI (PDF#99-000-
0389) and correspond to the 001, 002, 101, 110, 102, 200, and 113
crystal facets. The diffraction peaks of SB (Figure 2) are lower and
broader, suggesting that the crystallinity of SB is poorer than that
of the other samples. The 001 diffraction peak of GB is significantly
weaker than that of NB, and the rest of the diffraction peaks are
also weakened. The literature reports that hydrothermal or solvent-
thermal techniques can be utilized to prepare BiOCl with varying facet
exposures.?>2* The fact that the ratio of the 002 to 200 peak intensities
is less than 1 further suggests that the 010 facet of all the prepared
samples is exposed.”!42*

XPS Analysis

XPS spectra of NB and GB were analyzed to understand whether
the BiOCI produced from the IWS has differences in composition
and chemical valence states of the surface elements. As shown in
Figure 3a, the peaks of Bi 4f at 159.3 eV and 164.6 eV correspond
to Bi 4f 7/2 and Bi 4f 5/2, respectively, suggesting that the element
Bi is ortho-3-valent in GB.2%?” Figure 3b shows the XPS spectra of
Cl 2p XPS spectra, with the main peak at 197.8 eV attributed to Cl
2p 3/2 and the peak at 199.5 eV attributed to Cl 2p 1/2.'51¢ As shown
in Figure 3¢ and Figure 3d, the peaks with the binding energy of
529.9 eV, 533.1 eV, and 531.5 eV correspond to lattice oxygen of Bi-
O, the chemisorbed H,O (-OH) on the surface of photocatalyst and
OVs, respectively.?®? The lattice oxygen content on the GB sample
decreases while the content of OV increases.

From the survey XPS profile in Figure 3e, the GB and NB are
identical, indicating no significant difference in the composition of
the elements. By calculation, the contents of Bi, O, and Cl in NB are
27.94%, 43.05%, and 29.01%, respectively, while in GB, the contents
are 28.65%, 40.73%, and 30.62%, respectively. There is a noticeable
difference in the oxygen content between the two samples, and it
further indicates that the GB contains a higher number of oxygen
vacancies, which can accelerate the electron transfer or speed
up the reaction by adsorption of oxygen molecules during the
photocatalytic process. The presence of oxygen vacancies does not
affect the crystalline structure of BiOCIl but weakens the intensity of
the diffraction peak of the 001 facet, which is consistent with the XRD
result.® Furthermore, the GB is a pale yellow powder, consistent with
the color description of defective samples with oxygen vacancies in
the literature.?!

Specific Surface Area

Specific surface area is an important parameter for evaluating
photocatalytic active sites of material. In general, the larger the specific
surface area the better the photocatalytic performance because of
the additional photocatalytic active sites.> The nitrogen adsorption-
desorption curves of GB and NB are shown in Figure 4, and the
specific surface area of GB is 14.98 m?/g, which is 1.5 times that of NB.
The detailed data of GB and NB are shown in Table 2. The surface area
of BiOCl exposed on the 010 crystal plane is larger than that exposed
on the 001 crystal plane, which also corroborates the fact that GB is
the 010 plane exposure.?3
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Figure 1: SEM image of the prepared samples (a) NB, (b) GB, (c) YB, (d) SB
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Figure 2: XRD patterns of the prepared samples

Photoelectric Properties

Figure 5a shows the UV-Vis diffuse reflectance spectroscopy of the
prepared samples. It is clear that both GB and YB exhibit significant
absorption in the visible light range. The band gap (Eg) is calculated
according to the Kubelka-Munk function (Equation 2):

ahn=A(hn-Eg)"? (2)

where a is the absorption coefficient (L/(g*cm)), h is the Planck
constant (6.626x10%* J-s), A is the absorptivity, n is the optical
frequency (Hz), Eg is the bandgap(eV), n value for semiconductors is

set to 1 for those with a general direct bandgap, and 4 for those with
an indirect bandgap.?

As shown in Figure 5b, the bandgap of GB and YB were calculated
and plotted to be 3.06 eV, while the bandgap of SB and NB were 3.29
eV and 3.19 eV respectively. It is easy to see that GB showed the best
performance in terms of absorption in the visible region. The visible
light absorption of the YB is also slightly stronger than that of the
NB. The visible absorption ranges of GB and YB were enhanced by
elemental doping or the introduction of oxygen vacancies.’**! Given
that no other elements were detected in EDS and XPS, the enhanced
light absorption of GB and YB comes from oxygen vacancies, which
is consistent with the XPS elemental analysis.>-%

Fluorescence analysis (PL) is used to measure the photogenerated
carrier combination rate of photocatalysts using the principle of
photoluminescence.*” The lower the fluorescence intensity, the slower
the photogenerated carrier combination rate of the photocatalyst
and the better photocatalytic performance.®*4 As shown in Figure
6, except for the YB, the fluorescence intensities of GB and SB were
lower than those of NB, with GB exhibiting the lowest intensity.
This suggests that the recombination of photogenerated carriers is
suppressed, potentially enhancing its photocatalytic activity.

Electrochemical Impedance Analysis

Electrochemical impedance spectroscopy (EIS) can be used to study
the interfacial charge transfer capability of a material by plotting a
Nyquist diagram to characterize the magnitude of the charge transfer
resistance, with a smaller arc radius representing a lower resistance
and a higher efficiency of its photogenerated carrier separation.?”*
The EIS test results for GB, YB, and NB are depicted in Figure 7. The
NB sample exhibits the largest arc radius. In contrast, GB has the
smallest, indicating that GB possesses a high efficiency in separating
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Figure 3: (a) Bi 4f, (b) Cl 2p spectra of GB, (c) O1 s of NB, (d) O1 s of GB, (e) XPS survey spectra of GB and NB

photogenerated carriers and exhibits the highest photocatalytic
activity. This finding is consistent with the results obtained from
fluorescence analysis.

Mott-Schottky analysis

To further explore the valence band (VB) and conduction band (CB)
potentials of the samples, Mott-Schottky (M-S) tests were performed.
Figure 8(a-c) shows the M-S curves of NB, GB, and YB, respectively.
The intersection of the tangent lines of the curves with the X-axis gives
the values of their conduction band (CB) potentials, which are -0.43
V, -0.51 V, and -0.45 V, respectively. The more negative the value of
CB is, the more the material has a strong reducing ability. According
to the equation (3), the conduction band values of each sample can be
calculated. The results are shown in Table 3.

Evp=Ecp + Eg (3)

where Eyjp is the valence band potential (V), Eg is the conduction
band potential (V) obtained from Figure 8, and the Eg is the band gap
energy (eV) obtained from Figure 5(b).

Photocatalytic Activity

Figure 9a shows the results of photocatalytic degradation of RhB for
the prepared samples. It is evident that GB demonstrates the most
effective photocatalytic activity, degrading 92.8% of RhB within
60 min. YB follows this with 86.4% degradation, and NB with 83.7%.
In contrast, SB performs poorly, with only 50.2% degradation. The
kinetic curve was fitted according to the first-order kinetic model
equation (4), The results are shown in Figure 9(b). It is easy to
observe that GB has the largest rate constant of 0.02613 min! (the
slope of graph in Figure 9(b)), and SB has the smallest rate constant
of 0.00731 min’, indicating better photocatalytic activity of GB. In
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conclusion, the exposure of the (010) facet, preferable crystallinity, an
increased specific surface area, superior light absorption, enhanced

photovoltaic properties, and a greater number of oxygen vacancies, —NB
make GB the most effective for the degradation of RhB. ——GB
In(C,/C) =kt (4) —YB
—SB

where C, and C are the concentrations of RhB at timet=0and t =t,
respectively, and k is the first-order rate constant.

To further investigate the reuse performance and photocatalytic
stability of the material, photocatalytic cycling experiments were
conducted using GB. The GB was cleaned and recycled by soaking it
with ethanol for 3 h at the end of each cycle. As shown in Figure 10,
the degradation of RhB by GB was still 87.5% after three cycles, which
indicates that GB has better photocatalytic stability and recyclability.

Table 2: Specific surface area and pore size analysis results

Intensity/(a.u.)

]
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Figure 6: PL spectra of the prepared samples
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Figure 5: (a) UV-Visible diffuse reflection spectra and (b) band gap spectra of the prepared samples
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Table 3: Energy band statistics of the prepared samples

Sample NB GB YB
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Figure 10: Cyclic degradation of RhB by GB
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Figure 12: Schematic mechanism of the photocatalytic degradation of GB

Photocatalytic Mechanism

To investigate the photocatalytic mechanism, the radical trapping
experiment was taken. The isopropanol (IPA), disodium ethylenedi-
aminetetraacetic acid (EDTA), and p-benzoquinone (BQ) were used
during the photocatalytic process to capture «OH, h*, and «O,, respec-
tively. The results are shown in Figure 11. The degradation rate of RhB
by the GB reached 92.8% within 60 min without the addition of any
trapping agent. The rate remained relatively stable at 91.7% after the
introduction of IPA. However, upon the addition of EDTA, the degra-
dation rate decreased to 62.5%, suggesting that h* plays a significant
role in the RhB degradation process. Further, the degradation rate fell
to 38.7% with the addition of BQ, indicating that «O, is the primary
active species involved in RhB degradation. Consequently, it can be in-
ferred that «OH is minimally involved in the RhB degradation during
the photocatalytic process, while «O,  and h* are the predominant and
secondary active species, respectively.

The proposed photocatalytic mechanism is illustrated in Figure 12.
Upon light irradiation of BiOCI, photogenerated carriers are produced,
where e from the valence band are excited to the conduction band and
react with O, in the solution to form superoxide radicals «O, (-0.33 V).
These radicals then interact with RhB; concurrently, the h* in the
valence band also engages in reactions with RhB, thereby achieving
the high efficiency of pollutant degradation. The oxygen vacancies
on the 001 facet can generate superoxide radicals <O, through
single-electron reduction; meanwhile, the 010 facet can adsorb water
molecules in a dissociated state, which facilitates the capture of h*
both thermodynamically and kinetically.?"*!%* These suggest that the
degradation of RhB is facilitated by the synergistic action of the 001)
and 010 facets during the photocatalytic process. Furthermore, the
presence of oxygen vacancies enhances GB’s photocatalytic activity.

CONCLUSIONS

In this paper, BiOCl was prepared by hydrolysis method using
industrial waste salt as raw material. Different IWS have effects on the
morphology, crystal shape, specific surface area, and optical properties
of the prepared BiOCI due to their compositional differences. In this
experiment, the BiOCl prepared from GF has the best photocatalytic
activity, which is related to its higher crystallinity, larger specific
surface area, considerable number of oxygen vacancies with lower
bandgap energy, excellent visible light absorption, and efficient carrier
separation efficiency.

The experimental findings reported in this paper also demonstrate
that the elemental species present in IWS significantly impact the
synthesis of the sample, a factor closely tied to the intricate composition
of the IWS. Furthermore, the presence of excess sulfur may account for
the reduced crystallinity and suboptimal photocatalytic performance
observed in SB. The coexistence of various elements in IWS can
facilitate the formation of oxygen vacancies or induce elemental
doping in BiOCI, suggesting that GF and YF can be utilized to
synthesize BiOCl when their composition is maintained at a relatively
stable level. Even for SB, which exhibits relatively poor activity, there is
a noticeable enhancement in photovoltaic properties, indicating that it
holds potential for practical applications. Consequently, the synthesis
of BiOCl using chlorine-containing IWS is a viable approach and can
serve as a strategy for IWS valorization. This method also contributes
valuable insights for the development of innovative synthesis
techniques for BiOCIL.
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