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The removal of methylene blue (MB) in water is a challenging task due to its toxicity, carcinogenicity and

resistance to biodegradation. Accordingly, a novel composite catalyst (BC@LF) was prepared by loading

lanthanum ferrite (LaFeO3) on biomass carbon (BC) to activate bisulfite (BS) for methylene MB removal in

this study. Characterization via scanning electron microscopy (SEM), X-ray diffraction (XRD) and Fourier

transform infrared spectroscopy (FTIR) indicated that LaFeO3 was successfully loaded on BC. X-ray

photoelectron spectroscopy (XPS) analysis suggested that ^Fe(III) was the main active site for BS

activation. It was found that 99.4% MB was removed within 60 min in BC@LF/BS system. Sulfate radical

(SO4c
−) and hydroxyl radicals (HOc) were proved to be responsible for MB removal in the BC@LF/BS

system and SO5c
− might also be involved in MB removal. The degradation efficiency of MB in the

BC@LF/BS system decreased with increasing pH, while the adsorption efficiency of BC@LF for MB

improved with increasing pH. Additionally, BC@LF exhibited good reusability for BS activation in

successive uses. The BC@LF/BS system exhibited favorable removal effect for various organic

compounds, indicating that it has good applicability in the treatment of organic wastewater.
1 Introduction

In recent years, organic pollutants have gained signicant
attention in academic research. Among various organic pollut-
ants, organic dye wastewater has emerged as a core environ-
mental concern due to its extensive discharge, high toxicity,
intense color and complicated composition.1 As a representa-
tive organic dye, methylene blue (MB) is widely applied in the
printing and dyeing industry. However, its toxic and carcino-
genic nature, along with its strong resistance to biodegradation,
poses substantial challenges for wastewater treatment.2 There-
fore, the primary objective of this study was to explore an
effective method for the removal of MB, aiming to address the
pressing issue of organic dye pollution.

Advanced oxidation processes (AOPs) are efficient tech-
niques for the degradation of refractory contaminants, because
they can produce highly reactive oxygen species (ROS), such as
the hydroxyl radical (HOc), sulfate radical (SO4c

−), superoxide
radical (O2c

−) and singlet oxygen (1O2).3 Since SO4c
− possesses

a higher redox potential (2.5–3.1 V vs. HOc: 2.7 V) and a longer
half-life than HOc, SO4c

−-based AOPs exhibit a higher removal
efficiency toward various organic pollutants.4,5 Persulfates (PS,
e.g., peroxydisulfate (PDS) and peroxymonosulfate (PMS)) are
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the Royal Society of Chemistry
traditional precursors of SO4c
−, and UV radiation, heat as well

as transition metal are the common activators for them. Among
these activators, transition metal is regarded as the most cost-
effective one due to its highly catalytic performance and easy
availability. However, once these transition metal ions are
oxidized, they will be ineffective for PS activation. Therefore, to
improve the regeneration of active transition metal ions,
developing a cycle system that converts the transition metal
ions from high valence state to low valence state, is of great
signicance for the practical application of SO4c

−-based AOPs.
Bisulte (BS) is widely used as reductant, dechlorination and
food preservative due to its reductive property, which has the
potential to reduce the high-valent transition metal ions. For
instance, BS has been successfully used to reduce Fe(III) to
Fe(II).6

Except reduction, BS is also used as a precursor of SO4c
−,

which has attracted extensive attention in AOPs.7–9 Currently,
UV light and transition metals (e.g., Fe, Co, Mn and Cr)9–13 have
been reported to be able to effectively activate BS producing
ROS. However, UV light requires high energy consumption.14

Among these transition metals, Fe is a commonly used and
efficient BS catalyst because Co, Mn and Cr have a potential risk
of secondary pollution.15,16 Nevertheless, in homogeneous Fe-
catalyzed BS systems, strongly acidic condition is needed.
Fortunately, heterogeneous materials tend to have a wide range
of working pH in AOPs.17,18 Therefore, developing heteroge-
neous Fe-based materials provides an ideal solution for
RSC Adv., 2023, 13, 24819–24829 | 24819
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overcoming the above limitation in BS activation. Among
various iron-based porous materials, the catalyst with perov-
skite conguration may become a magnetic material with good
catalytic property,19 making it an ideal candidate for BS catal-
ysis. Perovskite, a complex oxide in the shape of a cube or
octahedron, exhibits better electrochemical and redox proper-
ties due to its internal cations and abundant oxygen vacancy
(OV).19 Meanwhile, perovskite can be used over a wide pH range
and is easy to be recycled. Therefore, it may be a promising
activator for peroxides in AOPs, which has been successfully
applied in the activation of PDS and PMS.20,21 The molecular
formula of perovskite is ABO3, in which A is usually rare earth or
alkaline earth element and B is usually transition metal
element. Lanthanum ferrite (LaFeO3) with a classical perovskite
structure seems to be a potential heterogeneous catalyst for
peroxides, based on excellent structural stability and
environment-friendly property. Practically, LaFeO3 is the most
common catalyst used in the perovskites-activated AOPs.22–24

For example, LaFeO3 has been successfully applied in the acti-
vation of H2O2, PDS and PMS for the degradation of sulfame-
thoxazole (SMX), 4-chlorophenol and diclofenac (DCF),
respectively. However, LaFeO3 also exhibits some drawbacks in
above cases, such as limited specic surface area and low
catalytic efficiency. Hence, some approaches are required to be
taken for solving the above shortcomings of LaFeO3.

Fortunately, loading LaFeO3 on a material with large specic
surface area may enhance its dispersibility and subsequent
catalytic efficiency. Recently, carbon-based materials are
commonly used as a carrier of catalysts, due to their abundant
porous structure,25 large specic surface area26 and rich oxygen-
containing active groups.27 Peanut shell is considered as
a promising preparation precursor of biomass carbon (BC) due
to its natural abundance, low cost and nontoxicity.28 Therefore,
the novel composite catalyst BC@LaFeO3 (BC@LF), which was
formed by LaFeO3 loading in BC, might have exhibited
improved catalytic activity. Currently, the report about loading
LaFeO3 to BC is limited. Yang et al.29 successfully developed an
efficient, economical and environment-friendly composite
material by loading LaFeO3 onto straw biochar to adsorb high-
concentration phosphate wastewater. Meanwhile, Chen et al.30

utilized lignin biochar loaded LaFeO3 to catalyze H2O2 under
visible light irradiation for the degradation of ooxacin. To the
best of our knowledge, BC@LF was rstly applied to activate BS
in this work. MB was selected as the target contaminant to
evaluate the catalytic efficiency of BC@LF on BS. Table 1 shows
the previous studies on the activation of BS for MB degradation.
Table 1 Comparison of the effectiveness with related catalysts

Catalyst
BS dosage
(mM)

MB dosage
(mg L−1)

Removal
ratio (%)

CoO31 19 30 99.4
Co3O4/CoO

32 19 30 90.7
Fe-MnX oxides33 10 30 81.0–92.0
Red mud@LaFeO3

34 10 10–80 72.4–100.0
BC@LF (this work) 5 15 99.4

24820 | RSC Adv., 2023, 13, 24819–24829
The primary aims of this study were to: (1) examine the
feasibility and mechanism of BS activation by BC@LF; (2)
determine the primary reactive species responsible for MB
removal in BC@LF/BS system; and (3) investigate the reusability
and stability of BC@LF for BS activation.

2 Materials and methods
2.1. Reagents

MB, RhB, orange G (OG), DCF, SMX, ooxacin (OFX), tert-butyl
alcohol (TBA), lanthanum nitrate hexahydrate (La(NO3)3$6H2O),
BS and 5,5′-dithiobis (2-nitrobenzoicacid) (DTNB) were
purchased from Aladdin Reagent Company, China. Methanol
(MeOH), citric acid (CA), potassium tellurite (K2TeO3), iron
nitrate nonahydrate (Fe(NO3)3$9H2O), H2SO4, NaOH, NaCl,
NaNO3, NaHCO3, Na2SO4, Na2S2O3, FeCl3, CuCl2, MgCl2 and
CaCl2 were all analytical grade and purchased from Chengdu
Kelong Chemical Reagent Co., Ltd, China. Deionized water was
used in all experiments.

2.2. Synthesis of BC@LF

Firstly, the peanut shell powder was prepared as follows. The
peanut shell was washed with deionized water to remove the
dirt on its surface, and then dried in an oven at 65 °C for 24 h.
Subsequently, the dried peanut shell was crushed and screened
with 120-mesh sieve. Finally, the obtained peanut shell powder
was washed with deionized water and dried at 65 °C for 24 h for
further use. Secondly, BC@LF was synthesized through a sol–
gel method as follows. 0.01 mol of (La(NO3)3$6H2O) and
0.01 mol of Fe(NO3)3$9H2O were dissolved in 40 mL deionized
water, respectively, and then, 0.03 mol CA was added into the
mixed solution. Next, 6 g peanut shell powder was added into
the above solution and mixed for 30 min. The aforementioned
solution was mechanically stirred in a thermostatic bath at 70 °
C for 10 min and sonicated for 10 min, which was repeated for 5
times. Subsequently, the pretreated solution was heated at 70 °
C until it became a yellow-brown sol, and then dried at 105 °C
for 24 h to obtain a yellow-brown gel. Finally, the xerogel was
ground into powder and heated in a muffle furnace at 600 °C for
2 h with a heating rate of 10 °C min−1. Aer cooling down to
room temperature, the obtained product was ground into
powder for further use. Additionally, the LaFeO3, Fe2O3, La2O3,
BC@Fe2O3, BC@La2O3 and BC were synthesized via the same
way without adding the corresponding materials.

2.3. Experimental procedure

The 250 mL beaker was used as the reaction container with
constant mechanical stirring at 25 °C. At rst, predetermined
concentrations of MB and BS were added. Then, the initial pH
of reaction solution was adjusted to the designated value by
adding 0.5 M of H2SO4 and 0.5 M of NaOH. Finally, the reaction
was initiated with the addition of the catalyst. At determined
time intervals, 1 mL sample was taken out, then quenched with
1 mL 50 mM of Na2S2O3, and ltered through 0.22 mm
membrane for further analysis. The used BC@LF was recovered
by magnetic separation and washed with deionized water for
© 2023 The Author(s). Published by the Royal Society of Chemistry
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three times aer each round and dried in vacuum at 60 °C for
24 h. Subsequently, the reusability experiments were conducted
under the same conditions. All the experiments were performed
at least twice and the averages are shown in the gures.
Fig. 1 SEM images of BC (a), LaFeO3 (b), fresh BC@LF (c) and used
BC@LF (d).
2.4. Analysis

The surface morphology and element mapping of the materials
were revealed by a scanning electron microscope (SEM) (Carl
Zeiss, Gemini 300) coupled with an energy diffraction spectrum
(EDS) (OXFORD, Xplore). X-ray photoelectron spectroscope
(XPS) (Thermo Scientic, K-Alpha) was used to investigate the
elemental composition and valence states of the samples. The
X-ray diffraction (XRD) patterns were collected by an X-ray
diffractometer (Panalytical, Ultima IV) to determine the
surface crystallization status of the samples. Brunauer–
Emmett–Teller (BET) method was used to determine the
specic surface area of the samples by a physisorption analyzer
(Micromeritics, ASAP2460). The Fourier transformation
infrared spectroscopy (FTIR) (Thermo Scientic, Nicolet IS50)
was used to investigate the functional groups and chemical
bonds of the samples. The inductive coupling plasma mass-
spectrometric (ICP-MS) (Agilent 7700s (MS)) was used to
measure the leaching of metal element. The concentration of
MB was determined using an UV-Vis spectrophotometer
(UNICO, UV4802) at the maximum absorption wavelength of
665 nm. The solution pH was monitored using a pH meter
(Leici, PHS-3C). The removal ratio of MB was calculated via eqn
(1), and the standard deviation of replicate experiments for the
samples was calculated via eqn (2)

hD ¼
�
1� C

C0

�
� 100% (1)

s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP ðxi � xÞ2

n

s
(2)

where hD is the removal ratio of MB; C0 is initial concentration
of MB; C is the concentration of MB at the sampling time; s is
the sample standard deviation; xi is the i-th data point; �x is the
mean of the sample data; n is the number of data points in the
sample.
Fig. 2 XRD patterns of LaFeO3, fresh BC@LF, used BC@LF and BC.
3 Results and discussion
3.1. Characterization of catalysts

3.1.1 SEM analysis. As shown in Fig. 1a, the morphology of
BC exhibited a smooth lamellar structure. LaFeO3 displayed
many agglomerated spherical nanoparticles, as shown in
Fig. 1b. However, in the SEM image of fresh BC@LF (Fig. 1c),
the lamellar structure of BC was changed to a porous structure.
This might be due to that there were large number of bubbles in
the colloid during the assistance of ultrasonic wave process and
the citric acid used as the complexing agent could be gasied
during the calcination process.35 Meanwhile, the morphology of
particles on the surface of fresh BC@LF was similar with that of
LaFeO3 particles.36 Therefore, many particles were observed in
fresh BC@LF, indicating that LaFeO3 was loaded on BC
© 2023 The Author(s). Published by the Royal Society of Chemistry
successfully. For comparison, the morphology of used BC@LF
was also recorded in Fig. 1d. The original agglomerated parti-
cles disappeared in used BC@LF, which might be attributed to
the consumption of LaFeO3 during BS activation.

3.1.2 XRD analysis. Fig. 2 shows the XRD patterns of BC,
LaFeO3 and BC@LF. In the XRD pattern of BC, two strong peaks
at 26.69° and 50.26° were the characteristic peaks of C, the peak
at 26.69° suggests that the graphene sheets are stacked coher-
ently in a narrow range,37 and the peak at 50.26° is a character-
istic feature of the honeycomb lattice structure formed by sp2

hybridized carbon.38,39 The diffraction peaks at 22.63°, 32.22°,
39.73°, 46.21°, 52.04°, 57.45°, 67.41° and 76.70° in the XRD
pattern of LaFeO3 were well assigned to the (100), (110), (111),
(200), (210), (220), (221) and (310) crystal planes of LaFeO3

(PDF#75-0439), respectively. In the XRD pattern of fresh
BC@LF, both the characteristic peaks of LaFeO3 and BC were
observed, indicating that LaFeO3 was successfully loaded on BC,
which was in accordance with SEM results. In addition, the XRD
RSC Adv., 2023, 13, 24819–24829 | 24821
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Fig. 3 N2 adsorption–desorption isotherm curves of BC (a) and
BC@LF (b).

Fig. 5 FTIR spectra of BC, fresh BC@LF and used BC@LF.
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pattern of used BC@LF had no signicant changes, indicating
that BC@LF might have a good stability.

3.1.3 BET analysis. The specic surface area and pore
volume of BC and BC@LF were determined by BET analysis. As
shown in Fig. 3, the N2 adsorption/desorption isotherms of BC
and BC@LF could be both tted into type II isotherms, and the
adsorption capacity increased rapidly when the relative pres-
sure was low in the adsorption process.40 The inection point of
the isotherm also indicated that the adsorption of monolayer
was saturated.40 A gradual curvature in the adsorption isotherm
suggested a partial overlap between themonolayer coverage and
the onset of multilayer adsorption. As the relative pressure (p/
p0) approached 1, the thickness of the adsorbed multilayer
increased without any upper bound.41 The specic surface area,
pore size, and pore volume of BC and BC@LF were determined
using the Barrett–Joyner–Halenda (BJH) method. As presented
in Table 2, BC@LF exhibited a higher specic surface area and
pore volume, but a smaller pore size than BC, because the
loading of LaFeO3 resulted in a signicant reduction in meso-
pores on BC but a notable increase in micropores, as illustrated
in Fig. 4. Therefore, the introduction of LaFeO3 in BC could
enlarge its specic surface area and pore volume, making
Table 2 Specific surface area and pore volume of BC and BC@LF

Specic surface area Pore size Pore volume

BC 23.2045 m2 g−1 46.088 nm 0.026736 cm3 g−1

BC@LF 71.9031 m2 g−1 23.727 nm 0.042652 cm3 g−1

Fig. 4 Pore size distribution of BC and BC@LF by BJH method.

24822 | RSC Adv., 2023, 13, 24819–24829
BC@LF possessed a stronger adsorption capacity than BC,
which was in accordance with the results of MB degradation by
their adsorption.

3.1.4 FTIR analysis. Fig. 5 shows the FTIR spectra of BC and
BC@LF. In the FTIR spectrum of BC, the main absorption peaks
were assigned to the aromatic C–H bending (at 692 and
777 cm−1),42 C–O stretching vibration in the conjugated
carboxyl (at 1011 cm−1),40 stretching vibration of C]O (at 1616
and 2363 cm−1)43,44 and bending vibration and stretching
vibration of absorbing water (at 3424 cm−1).45 In the FTIR
spectrum of BC@LF, the absorption peaks at 443 and 547 cm−1

were characteristic peaks of O–Fe–O and Fe–O, respectively.44,46

The absorption peaks at 1382 and 1474 cm−1 were characteristic
peaks of La–O,47,48 which further proved that LaFeO3 was
successfully loaded on BC to form BC@LF. Additionally, the
characteristic peaks of O–Fe–O, Fe–O and La–O were also
present in the used BC@LF, indicating that the functional
groups of used BC@LF exhibited little change.

3.1.5 XPS analysis. The XPS survey spectrum of fresh
BC@LF is shown in Fig. 6a. As expected, C, O, Fe and La signals
were clearly detected in the survey spectrum. In the C 1s spec-
trum of fresh BC@LF, three peaks at 284.8, 286.0 and 288.5 eV
could be assigned to C]C, C–O–C and O–C]O, respectively, as
shown in Fig. 6b. Peaks at binding energies of 705.8, 710.4 and
711.8 eV in Fe 2p spectrum (Fig. 6c) could be assigned to Fe 2p3/
2 of ^Fe(II), ^Fe(III) and ^Fe(IV), respectively, and peaks at
719.6, 719.6 and 725.4 eV were the characteristics of ^Fe(II),
^Fe(III) and ^Fe(IV) in Fe 2p1/2, respectively.49,50 The peak
intensity indicated that Fe mainly existed in the form of^Fe(III)
and ^Fe(IV) in BC@LF, while the presence of ^Fe(II) was
negligible. Besides, peaks at 835.2 and 851.9 eV in La 3d spec-
trum (Fig. 6d) were the characteristics of^La(III) in La 3d5/2 and
La 3d3/2, respectively,51 which indicated that La in fresh BC@LF
existed in the form of ^La(III).

For comparison, the XPS spectrum of used BC@LF was also
recorded. In the survey spectrum of used BC@LF (Fig. 6a),
strong signals of C, O, Fe and La could still be observed. In the C
1s spectrum of used BC@LF (Fig. 6b), the signal of C hardly
changed. However, the peak intensity of relative components
changed in the Fe 2p spectrum of used BC@LF (Fig. 6c).
Correspondingly, the proportion of ^Fe(II) and ^Fe(III)
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 XPS spectra of fresh and used BC@LF: survey spectra (a), C 1s
(b), Fe 2p (c), La 3d (d).

Fig. 7 Removal of MB in different systems. Experimental conditions:
[MB]0 = 15 mg L−1, [BC@LF]0 = [BC]0 = [LaFeO3]0 = 3 g L−1, [BS]0 =

5 mM, T = 25 °C, pH0 = 7.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
A

ug
us

t 2
02

3.
 D

ow
nl

oa
de

d 
on

 7
/1

9/
20

25
 6

:1
9:

20
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
increased but the ratio of ^Fe(IV) decreased signicantly in the
used BC@LF. This result could be attributed to that^Fe(IV) and
^Fe(III) were reduced to low valence states due to the strongly
reductive ability of BS.6,52,53 As presented in Fig. 6d, the signal of
La 3d in used BC@LF hardly changed, indicating that La might
not participate in the reaction.54
© 2023 The Author(s). Published by the Royal Society of Chemistry
3.2. Removal of MB by BC@LF/BS

Fig. 7 shows the removal of MB in different systems. In BC alone
system, 40.6% MB was removed within 60 min due to the
excellent adsorption capacity of BC, while a negligible MB
degradation was obtained in LaFeO3 alone system, suggesting
a low adsorption capacity of the prepared LaFeO3. When LaFeO3

was loaded on BC, the adsorption ability of BC might be
enhanced based on the result that MB removal in BC@LF alone
system was higher than that in BC alone system. Although MB
was hardly removed in BS alone system, the combination of
BC@LF and BS could induce 99.4% MB removal, which sug-
gested that the prepared BC@LF could activate BS to produce
reactive species degrading MB. To identify the active compo-
nent for BS activation in BC@LF, the degradation of MB in BC/
BS and LaFeO3/BS systems were conducted. As presented in
Fig. 1, the removal of MB in BC/BS system was similar with that
in BC alone system, but 47.2% MB was degraded in LaFeO3/BS
system compared with negligible MB removal in LaFeO3 alone
and BS alone systems. These results indicated that BC was
ineffective to catalyze BS and LaFeO3 might be an active ingre-
dient in BC@LF for BS activation.

3.3. BS activation mechanism by BC@LF

The above characterization results suggested that^Femight be
the active sites in BC@LF for BS activation to produce reactive
radicals. According to the previous studies of BS activation
systems,53–58 oxysulfur radicals (SO3c

−, SO4c
− and SO5c

−) and
HOc were the main radicals generated. Based on the above
analysis, a possible BS activation mechanism was proposed in
Fig. 8. Firstly, the surface^Fe(III) could accept an electron from
BS to initiate the reaction producing SO3c

− (eqn (3) and (4)).
Meanwhile, ^Fe(III) could be reduced to ^Fe(II). Subsequently,
SO4c

−, SO5c
− and HOc could be generated from SO3c

− via chain
reactions (eqn (5)–(11)). Besides, the formed ^Fe(II) could also
be oxidized to ^Fe(III) (eqn (12)–(15)), constituting the redox
cycle of ^Fe(III)/^Fe(II).

To further investigate the role of La in LaFeO3, the MB
removal in different systems were conducted. As shown in
RSC Adv., 2023, 13, 24819–24829 | 24823
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Fig. 8 Possible mechanism for BS activation by BC@LF.

Fig. 10 Effect of scavengers on MB removal in BC@LF/BS system.
Experimental conditions: [MB]0 = 15 mg L−1, [BC@LF]0 = 3 g L−1, [BS]0
= 5 mM, T = 25 °C, pH0 = 7.
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Fig. 9, MB could not be removed efficiently in La2O3/BS and
Fe2O3/BS systems, suggesting that La2O3 and Fe2O3 were inef-
fective for BS activation. Similarly, BC@La2O3 and BC@Fe2O3

were also ineffective for BS activation because the MB removal
in BC@La2O3/BS and BC@Fe2O3/BS systems was similar with
that in BC/BS system. However, BS could be activated by LaFeO3

effectively, indicating that La and Fe coexisted in oxide could
enhance the catalytic performance of this catalyst. This
enhancement effect might be due to that the high oxygen-
storage capacity (OSC) of La could generate more OV in
LaFeO3, promoting internal electron transfer.35 Besides, the MB
removal ratio in BC@La2O3/BS system was higher than that in
BC@Fe2O3/BS system, because the large molecular structure of
lanthanum oxide could improve the surface area and adsorp-
tion capacity of composite material.36

As stated above, SO3c
−, SO4c

−, SO5c
− and HOc might be

produced in BC@LF/BS system. However, the role of SO3c
− in

the degradation of organics could be negligible due to its weak
oxidation potential and high reactivity toward O2.55 Therefore,
in order to clarify the contribution of SO4c

−, SO5c
− and HOc to

MB removal, two radical scavengers (i.e., TBA and MeOH) were
introduced in BC@LF/BS system. The rate constant of TBA with
Fig. 9 Removal of MB in different systems. Experimental conditions:
[MB]0 = 15 mg L−1, [BC@LF]0 = [BC]0 = [LaFeO3]0 = [La2O3]0 =

[Fe2O3]0 = [BC@La2O3]0 = [BC@ Fe2O3]0 = 3 g L−1, [BS]0 = 5 mM, T =

25 °C, pH0 = 7.

24824 | RSC Adv., 2023, 13, 24819–24829
HOc was 1900 times higher than that with SO4c
− (kTBA,HOc = 7.6

× 108 M−1 s−1 vs. kTBA,SO4c
− = 4.0 × 105 M−1 s−1),56 hence, the

introduction of TBA could selectively quench HOc in BC@LF/BS
system, while MeOH could quench both SO4c

− and HOc
(kMeOH,HOc = 9.7 × 108 M−1 s−1 and kMeOH,SO4c

− = 2.5 × 107 M−1

s−1).57 However, these two alcohols could hardly quench
SO5c

−.58 As shown in Fig. 9, MB removal ratio decreased from
99.4% to 95.2% in BC@LF/BS system with the addition of 1 M
TBA, which might be ascribed to the quenching of HOc.
However, the degradation of MB was further suppressed in the
presence of 1 M MeOH. The stronger inhibition effect of MeOH
on MB removal than that of TBA suggested that SO4c

− was
present and played a role in MB degradation in BC@LF/BS
system.

To investigate the possibility of ^Fe(IV) degrading MB,
K2TeO3 was introduced in BC@LF/BS system. Gupta et al.59 re-
ported that Te(IV) was a good stabilizing agent to stabilize
oxidation states of transition metal ion in heterogeneous
condition. During the reaction, Te(IV) would be complexed with
^Fe(IV) to exclude the possibility of MB degradation by
^Fe(IV).60 As shown in Fig. 10, the removal of MB was hardly
changed aer introducing K2TeO3 into BC@LF/BS system,
suggesting that ^Fe(IV) might have no role in MB removal.

In conclusion, both SO4c
− and HOc participated in MB

degradation in BC@LF/BS system, and SO5c
− might also be

involved in MB degradation due to the incomplete inhibition of
MB degradation with 1 M MeOH.

^Fe(III) + HSO3
− / ^FeIIISO3

+ + H+ (3)

^FeIIISO3
+ / ^Fe(II) + SO3c

− (4)

SO3c
− + O2 / SO5c

− (5)

SO5c
− + HSO3

− / SO4
2− + SO4c

− + H+ (6)

2SO5c
− / 2SO4c

− + O2 (7)

SO4c
− + HSO3

− / SO3c
− + SO4

2− + H+ (8)
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Removal efficiency of MB by BC@LF/BS (a) and BC@LF
adsorption (b) at different pH values. Experimental conditions: [MB]0 =
15 mg L−1, [BC@LF]0 = 3 g L−1, [BS]0 = 5 mM, T = 25 °C.
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SO4c
− + OH− / SO4

2− + HOc (9)

SO4c
− + H2O / SO4

2− + HOc + H+ (10)

HOc + HSO3
− / SO3c

− + H2O (11)

^Fe(II) + HOc / ^Fe(III) + OH− (12)

^Fe(II) + SO4c
− / ^Fe(III) + SO4

2− (13)

^Fe(II) + HSO3
− / ^FeIIHSO3

+ (14)

^FeIIHSO3
+ + 0.25O2 / ^FeIIISO3

+ + 0.5H2O (15)

3.4. Identication of MB removal behavior in BC@LF/BS
system

To further investigate the MB removal behavior in BC@LF/BS
system, a comparison was made between the BC + LaFeO3/BS
and BC@LF/BS systems for MB removal, as shown in Fig. 11.
The MB removal efficiency was 68.2% and 99.4% in BC +
LaFeO3/BS and BC@LF/BS systems, respectively, indicating
a synergistic enhancement effect of BC@LF composite material
for MB removal. Additionally, the pH variation showed
a remarkable decrease in the BC@LF/BS system, whereas the BC
+ LaFeO3/BS system exhibited only a slight decrease in pH.
Considering that BS activation generates H+ (eqn (2), (5), (7) and
(9)), this observation suggested that the activation of BS in BC +
LaFeO3/BS system was limited.

To further validate this speculation, 10 mM of CA was added
to the reaction solution aer reaction and stirred for 30 minutes
to desorb MB. The MB removal efficiency in BC + LaFeO3/BS
system dropped to 7.3% aer desorption, while the BC@LF/BS
system maintained a high removal efficiency of 96.4%. This
nding supports that the MB removal in BC@LF/BS system
involved simultaneous processes of adsorption and degrada-
tion, while the adsorption and degradation processes occurred
separately in BC + LaFeO3/BS system. Hence, the MB removal
Fig. 11 Removal of MB by BC@LF/BS system and BC + LaFeO3/BS
system. Experimental conditions: [MB]0 = 15 mg L−1, [BC@LF]0 = 3 g
L−1, [BC]0= 2 g L−1, [LaFeO3]0= 1 g L−1, [BS]0= 5mM, T= 25 °C, pH0=
7.

© 2023 The Author(s). Published by the Royal Society of Chemistry
mechanisms in BC@LF/BS and BC + LaFeO3/BS systems were
entirely different.

3.5. Effect of pH on MB removal

Solution pH plays an important role in the BS-based AOPs
because it can signicantly affect the existing form of BS and
subsequent formation of free radicals.48 Hence, to explore the
impact of acidic, neutral and alkaline conditions on MB
degradation in BC@LF/BS system, a wide pH range (3–11) was
Fig. 13 Recyclability test of BC@LF on BS activation for MB degra-
dation. Experimental conditions: [MB]0 = 15 mg L−1, [BC@LF]0 = 3 g
L−1, [BS]0 = 5 mM, T = 25 °C, pH0 = 7.

RSC Adv., 2023, 13, 24819–24829 | 24825
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Table 3 EDS data of fresh and used BC@LF

Element

Fresh BC@LF Used BC@LF (ve cycles)

Mass percent Wt% sigma Atomic percent Mass percent Wt% sigma Atomic percent

C 31.01 0.41 61.33 23.41 0.30 46.12
O 17.55 0.19 26.06 28.02 0.24 41.45
Fe 13.61 0.20 5.79 16.40 0.24 6.95
La 37.83 0.31 6.82 32.17 0.30 5.48

Fig. 14 Degradation of various contaminants in BC@LF/BS system.
Experimental conditions: [RhB]0 = [OG]0 = 15 mg L−1, [DCF]0 = [SMX]0 =
[OFX]0 = 50 mM, [BC@LF]0 = 3 g L−1, [BS]0 = 5 mM, T = 25 °C, pH0 = 7.
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selected, and specic initial pH values (3, 5, 7, 9, 11) were
adjusted using H2SO4 and NaOH, as shown in Fig. 12a. The
removal ratio of MB within 60 min was close to 100% at pH 3, 5
and 7, while its degradation efficiency was obviously decreased
at pH 9 and 11. Interestingly, in the initial stage of the reaction
(0–15 min), the removal rate of MB at alkaline conditions (pH 9
and 11) was faster than that at acidic conditions (pH 3 and 5).
This might be due to the different adsorption and degradation
capabilities of BC@LF at different pH values. The removal of
MB by BC@LF adsorption at studied pH values was thus
investigated, and the results are presented in Fig. 12b. The
adsorption of MB by BC@LF increased with increasing pH.
However, under alkaline conditions, OH− could compete with
MB for SO4c

− and HOc in BC@LF/BS system, restraining MB
elimination.61 Additionally, the ferrihydrite (FeOH2+, Fe2(OH)2

4+

and Fe(OH)2
+) might also be formed on the catalyst surface in

alkaline conditions, which might suppress BS activation and
subsequent formation of reactive radicals.62 Therefore, in initial
stage of reaction, the faster MB removal under alkaline condi-
tions was probably due to its increased adsorption by BC@LF,
while the higher MB degradation aer reaction under acidic
conditionsmight be because of its efficiently catalytic oxidation.
At pH 7, high MB elimination in BC@LF/BS system in the whole
reaction might be ascribed to both its excellent adsorption and
catalytic degradation.
3.6. Reusability of BC@LF

To investigate the reusability of BC@LF, the recyclability test of
the catalyst was performed. The used BC@LF was recyclability at
the same experimental condition. As shown in Fig. 13, MB
removal in BC@LF/BS system decreased from 99.9% to 84.6%
aer ve cycles, suggesting a good reusability of BC@LF. In
addition, as shown in EDS data of fresh and used BC@LF
(Table 3), the element composition of BC@LFwas rarely changed
aer reaction, which further suggested the good reusability of
BC@LF. Furthermore, the leaching values of La and Fe obtained
from the ICP-MS test were 0.41 mg L−1 and 0.48 mg L−1,
respectively, providing further evidence to support this inference.
3.7. Degradation of various contaminants in BC@LF/BS
system

To verify the applicability of BC@LF/BS system, ve typical
organics including RhB, OG, DCF, SMX and OFX were chosen as
the target pollutants. Their removal ratio were 94.4%, 93.1%,
90.2%, 73.1% and 94.0% in this system within 60 min,
24826 | RSC Adv., 2023, 13, 24819–24829
respectively, as depicted in Fig. 14. Such results indicated that
BC@LF/BS system was an efficient technology for the treatment
of organic pollutants.
4 Conclusion

In this study, a composite material BC@LF was synthesized
using the sol–gel method with ultrasound assistance. Catalyst
characterization results indicated that LaFeO3 was successfully
loaded on BC and ^Fe(III) in LaFeO3 was the dominant active
sites for BS catalysis. Quenching experiments demonstrated
that SO4c

− and HOc were the dominant radicals for MB degra-
dation in BC@LF/BS system, and SO5c

− might also play a role in
MB removal. Acidic and neutral conditions were benecial for
MB removal in this system. BC@LF exhibited an excellent
reusability for BS activation aer ve cycles. The efficient
removal of RhB, OG, DCF, SMX and OFX in BC@LF/BS system
indicated that this system possessed a wide applicability for the
degradation of organic pollutants.
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