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ARTICLE INFO ABSTRACT

Editor: Dr. T Meiping The activation of carbon atoms in biochar is an important approach for realizing the reuse of discarded woody

biomass resources. In this work, a strategy for the construction of carbon-based catalysts was proposed with

Keywords: Magnoliaceae root biomass as a carbon source, doped by SnS, and further decorated with heteropoly acid. The
];“;Char introduction of SnS; can activate the carbon atom and destroy the electronic inertness of the disordered biochar
o2

with 002 planes. In addition, the synergy between the Keggin unit of phosphotungstic acid and biochar/SnS, can
suppress recombination of e —h" carriers. The adsorption and photocatalysis experiments results showed that the
efficiency of removing As(III) by biochar/SnS,/phosphotungstic acid (biochar/SnS,/PTA) systems was 1.5 times
that of biochar/SnS; systems, and the concentration of total arsenic in the biochar/SnS,/PTA composite system
gradually decreased during the photocatalysis process. The formation of As-POMs can simultaneously realize As
(II1) photooxidation and As(V) coprecipitation. The phase transfer of arsenic by As-POMs could significantly
increase the As adsorption capacity. Specifically, the composites achieved the conversion of S atoms at the

Phosphotungstic acid
As-POMs coprecipitation
As removal

interface of biochar into SO§~ radicals to enhance the As(III) photooxidation performance.

1. Introduction

The activation of carbon atoms in biochar, which can participate in
biological and nonbiological redox reactions, is still a challenge in the
field of reusing discarded woody biomass resources (Yi et al., 2019; Ye
et al., 2020; Moon et al., 2017). In particular, biochar with phenazine
and quinone groups is considered to be an effective and economical
adsorbent for removing heavy metals (Wu et al., 2020; Wang et al.,
2019) and other soil pollutants (Roden et al., 2020). The carbon in
biochar is in the form of n—n* and the electronic structure is stable,
meaning it is not conducive to the transfer or reorganization of electrons
(Oh et al., 2018). This phenomenon will limit the applications of biochar
in heterogeneous catalytic reactions. Furthermore, it is generally
believed that carbon catalysis may date from “active sites” like func-
tional groups (Jiang et al., 2018), structural defects (Kliipfel et al.,

* Corresponding authors.

2014), or heteroatom (Li et al., 2020) to achieve regulation toward the
carbon skeletons. These carbon networks usually show distinctive spin
properties and electronic states. Hence, the modification of heteroatoms
on the surface of biochar is an important strategy for building electronic
defects to modulate the carbon networks and improve their photo-
catalytic performance (Qu et al., 2020; Liu et al., 2010). The N,S-doped
porous carbon synthesized using coffee grounds as a carbon source has
exhibited an excellent photocatalytic oxidative degradation perfor-
mance for tetracycline hydrochloride (Huo et al., 2020). It was proven
that heteroatom doping can break the electronic inertness of the carbon
framework and effectively produce point defects, which play a key role
in the process of photocatalytic oxidation.

Oxy-acid ion pollutants like As(III) seriously restricts the sustainable
development of human society. With increasing soil environmental
pollution, arsenic (As) have been listed as key global targets for
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prevention and control (Luo et al., 2019; Dong et al., 2014). In addition,
As(IID) is easily soluble in water and shows a higher fluidity and toxicity
compared to As(V) (Dixit and Hering, 2003; Li et al., 2016). The original
biochar exhibits poor adsorption and removal capacity for oxy-acid ion
species. In view of the mentioned problems, it is practical to develop a
photocatalyst with biochar as a template for redox reactions. Liu et al.
(2019b) reported that carbon-sphere@nano-Fe3O4 can significantly
accelerate the coordinated photocatalytic As(III) oxidation and Cr(VI)
reduction of under visible light irradiation. In addition, Wu et al. (2018)
reported that ZngIn,Sg can improve the photocatalytic performance of
the carbon nitride by the interfacial contact due to the well-matched
conduction band and valence band edge potentials. Generally, the
modification of carbon-based catalysts is one of the important measures
for improving their interfacial adsorption and photocatalytic ability to
remove oxy-acid ion species and expand the application value of carbon
catalysts (Navarathna et al., 2019; Sadeghi et al., 2020; Wu et al., 2012;
Xi et al., 2019; Yang et al., 2020). The preoxidation of As(IIl) to As(V)
followed by a simple coprecipitation or adsorption method strategy is
very important to completely remove them from the environment.
Several typical metal sulfides, such as CdS, InyS3 and SnS», have been
studied owing to their obvious visible light performances (Li et al.,
2010). Among them, SnS», an inexpensive, low environmental toxicity
and good stable material with a specific CdI,-type layered structure,
shows a narrow band gap value of ~2.40 eV (An et al., 2014). It has been
proved to be a promising visible light-sensitive photocatalyst in theory
and practice (Dashairya et al., 2019; Huang et al., 2019; Liu et al., 2020).
And the introduction of SnS; is expected to adjust the electronic struc-
ture of biochar and improve its photocatalytic ability to oxidation of As
(Im).

Magnolia Wulin is a Magnoliaceae plant self-supported by Central
South University of Forestry and Technology in Changsha, Hunan
Province, China. And its bark and leaf resources are widely used in the
extraction of chemical components and medicinal purposes. The reuse of
discarded roots conforms to the concept of environmental protection
and resource utilization. Hence, the roots of Magnolia Wulin are selected
as the source of biochar. In this work, both S and Sn were introduced to
overcome the electronic inertness of the carbon network. Meanwhile,
the decoration of polyoxometalates (POMs) was selected to improve the
interface adsorption capacity. The As(Ill) was selected to assess the
removal ability of the as-prepared biochar/SnS; decorated with phos-
photungstic acid (PTA) composite material, in which the effects of
different pH values and competing co-existing ions toward arsenic
removal were investigated. In addition, EPR and active radical capture
experiments were used to analyze the possible mechanisms of the pho-
tocatalytic oxidation of As(III). The exploration of this research was
helpful for understanding the redox process of biochar-based composite
materials on As(III) species and provided a way to improve the elec-
tronic inertness of biochar and expand the application of biochar in the
environment.

2. Experimental section
2.1. Synthesis of the photocatalyst

2.1.1. Synthesis of SnS doped porous biochar

A suction method was used to make the load enter the pipe wall
evenly. First, the biochar, which used Magnoliaceae waste wood from
the low-value root biomass of Magnolia Wulin as a carbon source, was
spread on the Buchner funnel, and a 0.25 mmol SnCl4.5 H,0 solution
was used several times for rapid filtration. Then, the collected solution
slowly passed through the biochar without suction filtration, and the
compound was shifted to a 50 mL polytetrafluoroethylene autoclave,
which was then kept at 160 °C for 12 h. After the reaction, the autoclave
was cooled to an indoor temperature to obtain the product, which was
centrifuged at 8000 rpm for 2 min, washed with ethanol and H,O several
times, and dried in a vacuum environment at 50 °C for ulterior use.
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Then, the obtained solid intermediate product was subjected to a similar
procedure, with a liquid phase vulcanization reaction of 0.50 mmol TAA
(thioacetamide) as the sulfur source. The obtained composite material
was named as biochar/SnS,.

2.1.2. Synthesis of SnSz doped porous biochar decorated with PTA

In a typical manner, a certain amount of phosphotungstic acid
(H3PW12040) that was purchased from Sinopharm Chemical Reagent
(Shanghai, China) and 100 mg biochar were dispersed in ethanol (10
mL) and kept for 5 min under ultrasonic conditions to make the solution
evenly mixed. Then, the mixed system was transferred to a 25 mL Shrek
tube. After stirring and heating the obtained compound at 80 °C for 1 h,
the compound was subjected to a hydrothermal process at 150 °C for 12
h with a heating rate of 1 °C/min. After the reaction, the Shrek tube was
cooled to a room temperature to obtain the solid product, which was
collected via centrifugation, washed with ethanol, and dried under
vacuum at 50 °C. The as-synthesized products were named biochar/
SnS,/PTA-x, where x is the dose of H3PW12049 in terms of molar ratio.

2.2. Characterizations

The microstructure and chemical composition of the as-obtained
materials were observed and characterized through scanning electron
microscopy (SEM) (JEOL JXA-840A) and transmission electron micro-
scopy (TEM) (JEM-2100 (HR)). The powder X-ray diffraction (XRD)
patterns were recorded using a Bruker D8 Advance equipped with
Cu—Ka (1 = 0.15406 nm) for 20 between 5° and 90° to test the phase and
crystal structure of the samples. X-ray photoelectron spectroscopy (XPS)
(Thermo Kalpha) was implemented to analyze the chemical environ-
ment and chemical state of the element of the biochar/SnS,/PTA-x
materials. UV-visible light diffuse reflectance spectra (UV-vis DRS)
were obtained on a TU-1901 UV-Vis spectrophotometer to estimate the
light absorption range of the as-prepared samples in the range of
200-800 nm and with BaSOy4 as the reference. The photoluminescence
(PL) (Hitachi F-7000) spectra were used to explain the recombination
rate of the photogenerated carriers for biochar/SnS,/PTA composites
with excitation wavelength of 422 nm. An electron paramagnetic reso-
nance (EPR) analyses (Bruker A300) with a spin trapping of 2,2,6,6-tet-
ramethylpiperidinooxy (TEMPO) and 5,5-dimethyl-1-pyrrolidine N-
oxide (DMPO) were performed to capture the holes or free radicals in the
photooxidation process of As(III).

2.3. Adsorption and photocatalysis experiments

The photooxidation of As(III) experiments were performed in a 40
mL quartz tube. In a typical test, 30 mg photocatalysts were dispersed in
35 mL As(III) solution (Cp = 10 mg/L) for 30 min to achieve adsorption-
desorption equilibrium in the dark. A pre-experiment under dark con-
ditions was performed before the photocatalysis experiments in order to
determine whether the system reached adsorption-desorption equilib-
rium within 30 min. A 500 W xenon lamp with a 420 nm UV cutting
filter was used as a visible light source (Perfect Light Co., China). And Xe
lamp does not contain ozone. After light treatment, the NaAsO, solution
was collected through the injector with a 0.45 um disposable filter into a
5 mL centrifuge tube at regular intervals. The solutions were centrifuged
at 12,000 rpm for 3 min to remove the photocatalysts powder for further
determining the residual As(III) concentrations. Additionally, the As(III)
concentrations were acquired through a CHI600E electrochemical
workstation analyzer (Shanghai Chenhua Instrument Co., Ltd., China)
with a normal three-electrode analysis system. The As(V) concentrations
were detected via liquid chromatography-atomic fluorescence spec-
trometry (LC-AFS) (AFS-8220). Moreover, the influences of pH values as
well as co-existing ions like Cl”, NO3, C0%, SOF and PO3™ ions on the
distribution of arsenic species and the photocatalytic As(III) oxidation
were investigated. The pH value was regulated by NaOH or HCl solution
with suitable concentrations. The five ions mentioned above came from
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the NaCl, NaNO3, Na;CO3, NaySO4 and NaH,;PO, salts, which were
purchased from Sigma-Aldrich.

3. Results and discussion
3.1. The microstructure and crystal structure analysis

Understanding the surface chemistry of the as-prepared biochar/
SnS,/PTA composite material will help us investigate the factors
affecting the removal of arsenic. The SEM images are shown in Fig. 1a—f.
In Fig. la, pure biochar exhibited a large specific surface area and a
smooth surface. SnS; was easy to reunite into a flower-like morphology
(Fig. 1b), and PTA tended to aggregate into a block-like structure
(Fig. 1c). As shown in Fig. 1d-f, the as-obtained biochar/SnSy/PTA
composite material by hydrothermal method can effectively prevent the
agglomeration of SnS; and PTA. As expected, the SnS; nanosheets grew
uniformly on the surface of the biochar, and PTA were loaded on the
SnS, nanosheets. The results illustrated that biochar/SnS,/PTA were
successfully synthesized using biochar as a direct template. And PTA
clusters adhered to the outer surface of biochar/SnS,/PTA, which
indicated the formation of interface interactions between the ternary
composites. This anisotropic structure can increase the exposure of the
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active sites to accelerate the photocatalysis performance. Meanwhile,
energy dispersive X-ray spectroscopy (EDX) also illustrated the coexis-
tence of C, Sn, S, P, W and O elements (Fig. 1g). The crystallographic
structures of the biochar/SnS,/PTA composite were measured via XRD
(Fig. 1h). From Fig. 1h, biochar/SnS,/PTA samples showed only a sharp
diffraction peak at approximately 26.5°, which was ascribed to the (002)
plane of the graphitic structure (Zhang et al., 2020). This phenomenon
indicated that the disordered biochar was successfully converted into
single-phase graphite carbon. And hydrothermal process caused serious
damage to the (102) crystal plane of SnS, located at 41.9°. Furthermore,
the characteristic peaks of the biochar/SnS,/PTA at 26 values of 14.8°,
28.5°, 32.0° and 49.9° were attributed to the (001), (100), (011) and
(110) crystal faces of SnSy (JCPDS No. 83-1705), respectively, implying
that the SnSy nanosheets were inserted into the interlayer space and then
combined with the graphite plane during the pyrolysis of biochar (Liu
et al.,, 2019a). Two new peaks appearing at 36.2° and 39.2° corre-
sponded to the (102) and (103) planes of WS, (JCPDS No. 08-0237),
respectively, revealing that the PTA were successfully decorated on
biochar/SnS; via W-S chemical bonds (Lu et al., 2012). By comparing
the (002) crystal plane of the XRD pattern (Fig. 1i), it is noteworthy that
the increase in the loading of PTA during the preparation process may
promote an improvement in the graphitization degree of biochar, which
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Fig. 1. SEM images of (a) biochar, (b) SnS,, (c) PTA and (d—f) biochar/SnS,/PTA hybrids, (g) EDX spectra analysis and (h—i) XRD patterns for biochar/SnS,/

PTA materials.
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was not conducive to disturbing the electronic structure and spin of the
sp? hybrid carbon atom or the activation of delocalized electrons of
carbon atoms.

Fig. 2 shows the TEM images of biochar/SnS,/PTA to evaluate the
microstructure and element distribution. From Fig. 2a—c, the micro-
scopic morphology shown by the TEM of biochar, SnS; and PTA was
consistent with the SEM image (Fig. la—c). Many micropores were
observed in the simple biochar. As displayed in Fig. 2d-e, the PTA
particles were decorated on the interface of biochar/SnS; to design
biochar/SnSy/PTA hybrids without any destruction of the biochar or

Biochar

-— =
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SnS; nanosheet structures. The size of the PTA particles is approximately
20 nm. The high-resolution TEM (HRTEM) characterizations of the
biochar/SnS,/PTA composites are displayed in Fig. 2f. The interplanar
lattice fringes with d-spacings SnS; being 0.588 nm correlated to the
(001) crystal facet, which corresponded well with the XRD analysis
(Fig. 1h) (Liu et al., 2019a). The lattice interface between the PTA and
biochar/SnS; was integrated. From the SEM image as illustrated in
Fig. 1d, the method of suction filtration can unblock the tube wall of the
biochar to favor the Sn and S load in the biochar even onto the tube wall
during the process of sample preparation. Additionally, phosphotungstic

S-
— 200 nm

Fig. 2. TEM images of (a) biochar, (b) SnS., (c) PTA, (d—e) biochar/SnS,/PTA and (f) HR-TEM images of biochar/SnS,/PTA, (g—m) the corresponding EDX mapping

of the C, O, P, Sn, S, W elements.
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acid (PTA) grew evenly on the surface of biochar/SnS;. TEM—EDX
elemental distribution mapping (Fig. 2g-m) for biochar/SnSy/PTA
confirmed that C, Sn, S, P, W and O were evenly distributed throughout
the scanning section. Delightedly, the TEM images combined with SEM
and XRD data confirmed the successful construction of the composite
material, in which its structure was as expected with a clear interface.

3.2. Optical performance characteristics

Fig. 3a shows the UV-Vis DRS of the as-obtained samples to char-
acterize the light absorption. Both the SnS; and biochar/SnS; composite
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Fig. 3. (a) DRS, (b) the related bandgap and (c) PL spectrogram of biochar,
SnS,, PTA and biochar/SnS,/PTA.
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materials have demonstrated good semiconductor properties in previous
studies (Xue et al., 2020). The excellent light response ability is bene-
ficial to improving the utilization of visible light and enhancing the
photooxidation or photoreduction ability of oxy-acid ions. As illustrated
in Fig. 3a, the biochar/SnS,/PTA-0.1 displayed an absorption edge of
approximately 600 nm, and its band gap value was computed to be
1.38 eV. Meanwhile, biochar/SnS,/PTA-0.1 demonstrated an extended
the absorption in the visible spectral range and a redshift of the ab-
sorption edge compared with SnS,; and PTA, whose absorption edges
were at about 650 nm and 400 nm, respectively. And the band gaps of
SnS; and PTA were calculated to be 1.89 eV and 3.00 eV, respectively
(Fig. 3b). The introduction of heteroatom S and transition metal Sn had a
regulatory effect on the optical absorption properties of the biochar
network with the 002 planes. The electronic state of S affected the edge
of the conduction band, and the band gap of the composite material was
decreased (Zhu et al., 2019). However, the optical response intensity of
the biochar/SnS,/PTA composites in the visible light range declined as
the quantity of PTA increased. This result was ascribed to the coverage
of phosphotungstic acid reducing the light response area of bio-
char/SnS,. To further characterize the optical properties of the com-
posite material, the as-prepared material was subjected to PL detection
(Fig. 3c) to test the recombination rate of the photogenerated electron
hole. Obviously, the PL intensity of biochar/SnSy/PTA hybrid materials
was significantly depressed contrast with biochar, SnS; and PTA, which
illustrated that the construction of ternary composite materials was
beneficial to inhibit the recombination of photo-induced carriers and
accelerate the separation of electron-hole pairs. And the bio-
char/SnSy/PTA-0.1 material exhibited a lower PL peak, which was
attributed to the Keggin unit of the PTA being used as an electron trap to
enhance the electron trapping ability. Meanwhile, composites based on
—C~Sn-S bonds can activate the n—n* network of biochar in order to
improve the utilization of captured electrons. As the mass ratio of PTA to
biochar/SnS; further increased, it was not conducive to the separation of
photogenerated electrons and hole pairs, which due to the fact that the
Keggin structure of PTA was favorable to trapping too many electrons (Li
et al., 2014). Significantly, PL characterization combined with a DRS
spectrum analysis demonstrated that biochar/SnS;/PTA-0.1 composites
can prolong the service life of h* and activate the hydroxyl groups to
eOH groups on the surface of biochar.

3.3. Photocatalytic property evaluation

3.3.1. Photocatalytic conversions of As(III) and co-precipitation of As(V)

Experiments on the photooxidation As(III) were performed to eval-
uate the removal efficiency of as-synthesized biochar/SnSy/PTA sam-
ples for oxy-acid ion pollution under visible light conditions at room
temperature. The adsorption and photocatalytic oxidation performance
of the as-prepared samples for arsenite were compared and studied.
Among the results shown in Fig. 4a-d, the adsorption effects of the
composite material on arsenite and arsenate were first explored before
studying the photocatalytic conversion of As(IIl). As exhibited in Fig. 4a,
the maximum adsorption capacity for pure As(III) was approximately
2.2 mg/L, while that for As(V) was 8.1 mg/L, which is 4 times the
adsorption capacity toward As(III). This result indicated that the
removal efficiency of As(V) was more significant compared to the pure
adsorption of As(IIl), which was due to the coprecipitation between
arsenate and the heteropoly acid. The phase transfer of arsenic could
lead to significant increase of As adsorption capacity; therefore, the
photocatalytic conversion of arsenite was implemented to achieve a low-
toxicity treatment of arsenic, with the results displayed in Fig. 4b. The
concentration of As(III) gradually decreased in the photocatalysis sys-
tem of biochar/SnS,/PTA. Among them, it took approximately 90 min
for biochar/SnS,/PTA-0.1 to remove arsenite with concentration of
10.0 mg/L. While in the biochar/SnS,/PTA-0.3 and biochar/SnS,/PTA-
0.5 systems, the arsenite removal efficiencies were 90% and 80% within
90 min, respectively. This phenomenon can be contributed to that the



K.-H. Xue et al.

Journal of Hazardous Materials 408 (2021) 124961

(a) —a— As(IID) (b) —®— biochar, —— SnS . —k— PTA
10 —o— As(V) 12 - —8— —O—biochar/SnS /PTA-0.1 12
1 K«}\ —®— —{1— biochar/SnS /PTA-0.3
8- ~}\§_§_§ _ _ 3 10 L 10
4 k- 4
-~ < 5 L Y)
= 6 g y 2
) 2 £
E — 6 P
= = [
= Z 44 ) L4 2
- Adsorption | -
24 3 L2
0 L0
0 - T T T T T T T T T T T T T T T T
0 20 40 60 80 100 120 =20 0 20 40 60 80
t/min t/min
(C) ——, —— biochar/SnS /PTA (d) —A—, —/—pH=2
19 e, —— hioclmn’SnSz 10 s —&—, —— pH=7 10
—e—,—C— biochar/PTA B i |
8 T_s 84 +,—()—|]H=|2_8
- <l
3 d a
&0 6 L6 6 6
g g E" 3
= A = =
= 4 Adsorption |Photocatalysis ‘142 = 44 Adsorption -4
- L = 1
z ai T, [ .3 z
— T N = -
2 X k2 2 L2
x ﬁ\ﬁi
E o
0 rl] 04 t—ﬂ
T * T T . T T ’ T d T L T . T T Ll ’.
-20 0 20 40 60 80 -20 0 20 40 60 80
t/min t/min

Fig. 4. (a) Adsorption performance of As(III) and As(V) via biochar/SnS,/PTA. (b) Oxidation conversion performance toward As(IIl) and change in the concentration
of As(V) in the presence of biochar, SnS,, PTA and biochar/SnS,/PTA. (c) Comparison of the concentration changes of As(III) and As(V) in the biochar/SnS,, biochar/
PTA and biochar/SnS,/PTA systems (experimental conditions: M (photocatalyst) = 30 mg, [As(Il)]o = 10 mg/L, pH = 7.0, and A > 420 nm). (d) Effect of the initial

pH on biochar/SnS,/PTA-0.1 for As(III) and As(V).

high loading of PTA covered the active sites of photocatalysis and sub-
sequently inhibited the photooxidation of As(IIl). In addition, compared
with the biochar/SnS;/PTA composite materials, the adsorption and
photocatalytic conversion ability of pure biochar to As(IlI) was very
poor (Xue et al., 2020), which highlighted that the introduction of S and
Sn had the synergic effect of activating electrons on the carbon network
of biochar and contributed to the photocatalysis reaction of As(III). And
SnS; and PTA alone had inferior ability to remove As(III). Luckily,
although the concentration of As(V) was increased, the concentration of
the total As in the biochar/SnS;/PTA system obviously reduced ([As
(IID]+ [As(V)] < Total [As]). Therefore, the conversion of arsenite and
the coprecipitation of arsenate occurred simultaneously in the bio-
char/SnS,/PTA system.

As illustrated in Fig. 4c, to verify the arsenic precipitation effect of
PTA, photocatalytic experiments of the biochar/SnS,, biochar/PTA and
biochar/SnS,/PTA systems were performed. The results showed that the
efficiency of removing As(IlI) and As(V) using the biochar/SnS,/PTA
system was 1.5 and 5 times that of the biochar/SnS, systems, respec-
tively, and the concentration of total arsenic in the biochar/SnS,/PTA
composite system gradually decreased during the photocatalysis pro-
cess. Compared with biochar/SnS,, biochar/PTA had poor photo-
catalytic ability for As(III), but its removal performance for As(V) was
better, which further revealed the necessity of constructing ternary
composite materials. SnS; improved the photocatalytic performance of
the material, and PTA played a role in arsenic precipitation. After a
comparative analysis, the as-prepared hybrids decorated with PTA can
efficiently photooxidize As(III) to As(V). The phase transfer of arsenic by
As-POMs could significantly increase the As adsorption capacity.

Furthermore, the Keggin unit of the PTA facilitated the transfer of
electrons and reduced the recombination rate of photogenerated car-
riers, which can simultaneously realize As(III) photooxidation and As(V)
coprecipitation to provide a potential platform for the effective removal
of As.

3.3.2. Effect of pH on arsenic removal

To estimate the effect of the initial pH of the system on the photo-
oxidation of As(IIl) and the precipitation of As(V), the removal of As(III)
and As(V) by the photocatalyst was investigated at initial pH values of 2,
7, 10, and 12, and the results are displayed in Fig. 4d. At pH = 7, the
biochar/SnS,/PTA-0.1 system exhibited a better removal ability for
both As(IIl) and As(V), while the system’s ability to remove arsenic was
reduced under acidic conditions. Similarly, with the gradual increase in
the pH under alkaline conditions, the capacity of the system to remove
arsenic gradually decreased. This result was mainly related to the dis-
tribution of arsenic species at different pH values. The H3AsO3 and
H»AsO3 species are the dominant As(III) species with pH ranges of 2-9.2
and 9.2-10.7, respectively. As(V) exists in HpAsO4 at pH < 7, while the
HAsO3~ species increase rapidly as the pH increases from 7 to 12 (Deng
etal., 2010). The presence of H" at pH = 2 can protonate the OH groups
into OH3, which will negatively affect the generation of eOH radicals
and inhibit the photooxidation progress of As(IIl). In an alkaline envi-
ronment, the deprotonation of the OH group was not conducive to
adjusting the electronic band gap and improving the ion conductivity
(Zhang et al., 2009). This phenomenon was adverse to the rapid transfer
of electrons in the Keggin unit of the phosphotungstic acid, which in turn
had a negative effect on the generation and transfer of photogenerated
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carriers. Moreover, the electrostatic repulsion between the HyAsO3 or
HAsO7~ species and the catalyst surface was detrimental to the
adsorption of As(III)/As(V) at pH = 10 or 12. Satisfactorily, at pH = 7,
As(III) exists as a nonelectrical H3AsO3 species and does not affect the
production of active free radicals, which is beneficial for accelerating the
transfer of arsenic species between the interfaces and the photooxida-
tion process (Imran et al., 2020).

3.3.3. Ion competition analysis

There are anions in the environment, such as chloride, nitrate, car-
bonate, sulfate, silicate and phosphate, which may hamper the removal
of arsenic. Therefore, the effects of CI”, NO3, CO3, SO and PO3
competitive ions on the photocatalytic conversion of As(III) and the
adsorption of arsenic on the biochar/SnS;/PTA-0.1 system were
explored. As exhibited in Fig. 5a, it was explicitly discovered that the
impact of coexisting Cl”, NO3, CO%‘ and SO%‘ ions on the photooxidation
of As(IIl) by biochar/SnS,/PTA-0.1 was negligible, even though the
original concentration was up to 100 mg/L. However, in the case of the
coexistence of 100 mg/L of PO3", the photocatalytic efficiency of the
photocatalyst to As(IIl) was reduced to 78.8%. This phenomenon
occurred because PO3™ and arsenite had similar ionic structures and
competed with one another for photocatalytic active sites (Meng et al.,
2000). Furthermore, SO?{ exhibited little effect on the removal of the
total arsenic. In the presence of NO3 and CO%, the total arsenic removal
efficiency was reduced from 99.5% to 59.9% and 75.1%, respectively.
The existence of C1™ had an obvious inhibitory effect on the removal of
total As. Therefore, the as-prepared composites can be suitable for the
removal of arsenic pollution in overlying water of paddy soil under
flooding conditions. By comparison, PO}~ ions greatly restrained the
total arsenic species removal, and the removal capacity of arsenic
decreased from 99.5% to 19.8%. As expected, the analogical tetrahedral
structure caused PO}~ to easily contend with arsenic species and build
inner-sphere compounds on the surface of biochar/SnSy/PTA-0.1, which
resulted in the decline of arsenate precipitation and damping of the
arsenic removal ability (Rahnemaie et al., 2007; Kolarik et al., 2018).
Therefore, the presence of anions was not conducive to the adsorption of
arsenate after photocatalysis, and the interference of these anions
needed to be eliminated in the process of removing arsenic from actual
water.

3.4. Durability and reusability of the photocatalysts

The durability and repeatability of the photocatalyst exhibits a sig-
nificant indicative value for its practical use prospects. As demonstrated
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in Fig. 5b, the reproducibility of biochar/SnS;/PTA-0.1 in the cyclic
photooxidation experiments of As(III) and As(V) was discussed. After
each cycle experiment, the hydroxyl groups on the surface of the bio-
char/SnS»/PTA composite material were passivated and the active sites
were occupied, leading to efficient desorption of arsenic species.
Therefore, the exhausted composite material was placed in 0.1 M NaOH
solution and shaken for 1 h to achieve regeneration. The regenerated
biochar/SnS,/PTA was then used in the next As(V) removal experiment.
The biochar/SnS,/PTA-0.1 photocatalyst can be used repeatedly at least
5 times without evident inactivation of the photocatalytic performance
for As(III) and As(V), which revealed its favorable repeatability and
satisfactory prospects in practical applications.

3.5. As(V) species co-precipitation mechanism

Different analysis and characterization methods were used to further
explore the possible co-precipitation mechanism during the experiment.
Noticeably, as illustrated in Figs. 6a, (4E)-4-(2-hydrox-
ybenzylideneamino)-1,2-dihydro-2,3-dimethyl-1-phenylpyrazol-5-one
can act as a fluorescent probe to visually display the change trend of the
solubility of the arsenic solution under irradiation with a 365 nm ul-
traviolet lamp (Lohar et al., 2013). From Fig. 6b, the fluorescence signal
of the probe and the arsenic solution gradually weakened until there was
no fluorescence signal. This phenomenon intuitively elaborated the
gradual decrease of the arsenic concentration in the aqueous solution
during the photocatalysis process. Moreover, the sample after photo-
catalysis was characterized by XRD. As shown in Fig. 6¢, two new crystal
planes appeared in the XRD spectrum after photocatalysis, correspond-
ing to the (102) and (311) crystals of the W303(AsO4)2 (As-POM) pre-
cipitation (JCPDS No. 27-0912). In Fig. 6d-e, the 0.365nm and
0.390 nm lattice spacings conformed to the (311) and (102) crystal faces
of the As-POMs composites, respectively, as explained through the XRD
measurement (Fig. 6¢). The TEM and HR-TEM techniques further veri-
fied the formation of the As-POMs to realize the coprecipitation of the As
(V) species. In other words, As(IlI) was oxidized to As(V) by photo-
catalysis, and then As(V) was co-precipitated with phosphotungstic acid
in the system. And the formation of As-POMs can realize the phase
transfer of arsenite and coprecipitate arsenate to achieve the efficient
removal of arsenic species in an aqueous solution.

3.6. Mechanism of photocatalytic conversion of As(IIl)

The XPS detections for the biochar/SnS,/PTA composites before and
after photocatalysis are shown in Fig. 7. The high-resolution spectra of
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Fig. 6. (a) Schematic diagram of (4E)-4-(2-hydroxybenzylideneamino)-1,2-dihydro-2,3-dimethyl-1-phenylpyrazol-5-one fluorescent probe interacting with an
arsenic solution. (b) Fluorescence image of the arsenic solution with the probe. (c) Comparison of the XRD spectra of biochar/SnS,/PTA-0.1 before and after

photocatalysis. (d) TEM and (e) HR-TEM of As-POMs after photocatalysis.

the Cls energy region (Fig. 7a) can be deconvoluted into four primary
ingredients at binding energies of 284.7, 285.4, 286.6 and 289.2 eV,
correlating to the sp?-bonded carbon, C—S bonds of C, carbonyl carbon
(C70), and carboxyl carbon (0~C-0), respectively. This phenomenon
confirmed the exposure of oxygen-containing functional groups of
single-phase carbon. The C—S bonds explained that some S heteroatoms
were successfully embedded on the graphite carbon layer. Obviously,
the XPS data of Cls after the photocatalysis reaction underwent major
changes. The strength of the C—S bond increased and shifted to a lower
binding energy of 284.8 eV. This phenomenon indicated that the
introduction of sp® hybrid S helped attract electrons and break the
electronic inertia of the carbon network. The carbon skeleton was acti-
vated during the photocatalysis process, which was conducive to the
efficient progress of the reaction. The O 1 s spectrum (Fig. 7b) of the
sample displayed four main signals at 531.1, 531.7, 532.3 and 533.0 eV,
indexing to the W—O-W, C—0O—-H, W—O-P, and W—-O-H groups, respec-
tively (Li et al., 2014). Meanwhile, the negative transfer of these four
chemical bonds may be due to the high-efficiency electron trap structure
of PTA, which exhibited a high electron trapping capacity. The binding
energy values of W 4 f (Fig. 7e) at 36.5 and 38.6 eV (before photo-
catalysis) and after photocatalysis at 36.3 and 38.4 eV corresponded to
W 4 f;,5 and W 4 f5/9, respectively, which are typical for the W(VI)
chemical state of the Keggin unit structure. It is worth noting that the
shift of the W 4 f binding energy implied the formation of new W-con-
taining chemical bonds after photocatalysis (Zhang et al., 2012). Addi-
tionally, the two obvious peaks of the S 2p spectrogram (Fig. 7c) located
at 162.1 and 163.2 eV were attributed to Sn—S and C*Sn—S bonds, which
showed that there was a chemical interaction between biochar and SnS»
(Dai et al., 2019). Fig. 7d showed the region of Sn 3d, in which the
characteristic peaks at 487.1 and 495.6 eV were assigned to Sn 3ds/2 and
Sn 3ds/9, respectively. Obviously, the remarkable peak of the As 3d
analysis appeared at 45.8 eV (Fig. 7f). This peak showed that arsenic
only existed as an As(V) species after photocatalysis and further

explained that the as-obtained composite material exhibited a signifi-
cant oxidation effect on arsenite in an aqueous solution. An analysis and
comparison of the XPS spectra before and after photocatalysis demon-
strated that the introduction of S can interfere with m—n* carbon sp?
hybridization to activate the carbon atom (Tian et al., 2016). Noticeably,
POMs with efficient electron trap structures can act as a bridge to
accelerate the electron transfer during the photooxidation process on As
(I1), which helps to reduce the recombination efficiency of photo-
generated carriers and improve the catalytic efficiency of the photo-
catalyst. Therefore, the introduction of S and PTA was beneficial for
improving the electronic performance of carbon-based catalysts and
expanding their application prospects in the field of catalysis.

Free radical trapping experiments and the EPR spin-trap technique
were performed on the as-induced biochar/SnS,/PTA-0.1 materials.
Fig. 8a shows the inhibitory effects of p-benzoquinone (BQ, 0.5 mM)
(Han et al., 2019; Huang et al., 2019; Ye et al., 2019), disodium ethyl-
enediaminetetraacetate (EDTA-2Na, 5mM) and tertiary butanol
(t-BuOH, 1 mM) on the photooxidation of As(IIl) in composites. The As
(III) oxidation rate was slightly inhibited by appending the BQ scav-
enger, suggesting that eO3 radicals had little effect on the photooxida-
tion process (Eq. 1) (Xu et al., 2005; Deng et al., 2019). After adding
EDTA-2Na, the oxidation efficiency of As(III) dropped from 99.5% to
44.7%, which implied that h* played a more significant role. In contrast,
eOH radicals exhibited the greatest impact on the photocatalytic
oxidation of As(III), with the oxygenation efficiency being reduced from
99.5% to 18.7% by adding t-BuOH (Eq. 2). This result showed that ¢OH
radicals and h't cooperate to participate in the oxidation reaction of As
(I11), of which eOH radicals were the dominant active species.

In previous research work, it has been explored that the Ecg and Eyp
of biochar are —0.53 V and +1.70 V, respectively, while the Ecg and Eyg
of SnSy are —0.69 V and +1.28 V, respectively (Xue et al., 2020).
Furthermore, the Ecg and Eyp of phosphotungstic acid are 0.22 V and
3.70 V, respectively (Heng et al., 2016). As an efficient electron trap,
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Fig. 7. XPS spectra of biochar/SnS,/PTA: (a) C1s, (b) O 1s, (c) S 2p, (d) Sn 3d, (e) W 4 f and (f) As 3d spectra.

heteropoly acid has a strong ability to capture electrons, so electrons can
be transferred from the CB of biochar and SnS; to the CB of heteropoly
acid. Because electrons are trapped in the underfilled W 5d orbital (Li
et al., 2014; Lu et al., 2012), the recombination rate of photogenerated
electrons and holes is reduced. Furthermore, holes are transferred from
the VB of PTA to the VB of biochar and SnS,, and the holes can interact
with OH groups or arsenic during the transfer process (Balati et al.,

2020; Zuo et al., 2019; Jiang et al., 2015). Based on the above analysis, a
diagram of the electron transfer path in composite materials was pro-
posed, which was helpful for analyzing the mechanism of the photo-
catalytic process (Fig. 8e).

The synergistic effect of the Keggin unit on biochar/SnS, hindered
the recombination of e ~h™ pairs because the electrons were immobi-
lized in the unfilled W 5d orbital of the Keggin structure, which was
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beneficial to prolonging the lifetime of the photogenerated holes in the
VB of phosphotungstate. As the VB energy level of the phosphotungstic
acid (+3.70 V vs NHE) was higher than the redox potential of ¢OH/OH
(+2.38 Vvs NHE) (Zhang et al., 2013), the holes interacted with surface
OH groups and generated surface-associated eOH radicals in aqueous
media (Eq. 3). The oxidation of As(II) via ¢OH groups resulted in the
generation of As(IV), which were disproportionated to produce As(V)
and As(II) (Egs. 4-5) (Xu et al., 2005). As(IV) can also undergo oxida-
tion through dissolved O, to yield As(V) (Eq. 6). Meanwhile, the exis-
tence of the DMPO-SOj signals (Fig. 8b) illustrated that the
composites achieved the conversion of S atoms at the interface of bio-
char into SO3™ radicals. The S species on the surface of biochar can be
oxidized by eOH radicals into SO?{ species (Shi et al., 2020), which can
be transferred into SO3~ radicals under the action of visible light. This
phenomenon illustrated that SO3~ radicals assisted the in photocatalysis
process dominated by eOH radicals.

In Fig. 8c, the TEMPO—h" signals changed significantly after 8 min
of light, revealing that TEMPO—h" played an important role in the
photocatalysis process, which was consistent with the results of the free
radical trapping experiments (Fig. 8a). Since the valence band potential
of the phosphotungstic acid (43.70 V vs NHE) was more positive than
the E° of As(III)/As(IV) (+2.4 V vs NHE) (Klaning et al., 1989), the holes
displayed the capacity to oxidize As(III) to As(IV) (Eq. 7). Importantly,
the heteroatom S, with a high electronegativity and a large electron
density, can disturb the electronic structure and spin of the sp? hybrid
carbon atom, which can activate the carbon atom and break the elec-
tronic inertness of the carbocatalyst. This phenomenon was more
conducive to the separation of photogenerated carriers. Similarly, once
As(IV) appeared, they were immediately converted to As(V) by the
dissolved oxygen in the system (Eq. 6). Additionally, as displayed in
Fig. 8d, the DMPO—eO3 signals were inconspicuous compared with the
DMPO—eOH and TEMPO-h" signals. And the redox potential of
03 /H205 is only 1.71 V vs NHE (Wardman, 1989), which is lower than
the E° of As(IlI)/As(IV) (+2.4 V vs NHE). This phenomenon revealed
that eO3 can hardly oxidize As(III) into As(IV). According to the above
analysis, the ¢OH, ¢SO and h' free radicals synergistically participated
in the process of photocatalytic As(IIl) oxidation, indicating that the
as-prepared composite material can achieve efficient As(III) removal.
This work can provide potential platforms for the nontoxic treatment of
arsenic solutions with biochar-based catalysts, which is conducive to
expanding the practical application value and prospects of biochar.

BQ+ ¢0;—>eBQ +0, (€8]
eOH -+t — BuOH—H,0 + ¢ CH,C(CH;),0H @
h* +OH — ¢ OH 3
As(1I) + ¢ OH + H" = As(IV) + H,0 4
As(IV) + As(IV) = As(V) + As(III) )
As(IV) + 0,>As(V) + ¢ O; (6)
As(III) +h* > As(IV) @)

4. Conclusions

In this study, the strategy of SnS; introduced and phosphotungstic
acid decorated on the surface of biochar with 002 planes based on two-
step suction filtration was proposed. The modification of the as-prepared
biochar/SnS,/PTA composites exhibited a uniform morphology and
load. POMs and biochar/SnS; were combined through W-S bonds.
POMs with efficient electron trap structures can accelerate electron
transfer during the process of photooxidation on As(III). This helped to
reduce the recombination efficiency of photogenerated carriers and
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improve the catalytic efficiency of the photocatalyst. The composites
displayed excellent photooxidation and photoreduction properties for
oxy-acid ion pollutants, including arsenite and dichromate. At pH = 7,
the composite system displayed a better removal performance for both
arsenite and arsenate. As(III) exists as a nonelectrical H3AsO3 species
with pH = 7 and does not affect the production of active free radicals.
The impact of coexisting CI”, NO3, CO% and SOZ ions on the photoox-
idation of As(III) was negligible. Moreover, POz had a smaller effect on
the photocatalytic oxidation of As(III) compared to the adsorption of As
(V). This phenomenon was because the formation of As-POMs can
simultaneously realize the phase transfer of arsenite and coprecipitate
arsenate to achieve the efficient removal of arsenic species in an aqueous
solution. Furthermore, the eOH, SO3~ and h' free radicals synergisti-
cally participated in the process of photocatalytic As(III) oxidation, of
which eOH radicals were the dominant active species. As a result, this
work can provide a valuable platform to expand the practical applica-
tion value and prospects of biochar, which is conducive to the sustain-
able development of the ecological environment.
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