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Ultra-efficient catalytic degradation of malachite
green dye wastewater by KMnO,-modified biochar
(Mn/SRBC)+

Hao Zhu® and Haiming Zou*

In this work, KMnO4-modified biochar was prepared from spirulina residue as the research object. Herein,
we report the synthesis, characterization, and catalytic degradation performance of KMnO4-modified
biochar, given that heterogeneous catalytic oxidation is an effective way to treat dye wastewater rapidly.
The Mn/SRBC catalyst prepared by KMnO, modification was characterized by scanning electron
microscopy, transmission electron microscopy, X-ray diffractometry, X-ray photoelectron spectroscopy,
Fourier transform infrared spectroscopy, nitrogen adsorption—desorption and laser Raman spectroscopy.
In addition, we compared the results with that of the unmodified SRBC. The results showed that the Mn/
SRBC catalyst prepared by KMnO,4 modification had a rich pore structure, which provided sufficient
contact area for the catalytic reaction. In the presence of H,O,, the catalyst could be used to catalyze
the oxidative degradation of malachite green in aqueous solution with ultra-high efficiency. In the
experiment, the initial pH values of the reaction system had a significant influence on the reaction rate.
The removal effect of biochar on the malachite green was poor in an alkaline environment. Within
a specific range, the removal rate of malachite green was proportional to the concentration of H,O, in
the reaction system. The degradation rate of malachite green dye at 8000 mg L~! was about 99% in the
presence of the catalyst over 5 mmol L™! hydrogen peroxide for 30 min. These results show the
potential application of algae residue biochar and carbon-based composite catalysts for degrading and

rsc.li/rsc-advances removing dye wastewater.

1. Introductions

Dyes and pigments are widely used in many industries for
coloring products, such as textiles, leather, food, papermaking
and pulp, printing, cosmetics, plastics, pharmaceuticals, and
dye factories." However, dyes and pigments may significantly
affect the photosynthetic activity of aquatic organisms because
they reduce the light penetration ability. Moreover, due to the
presence of aromatic hydrocarbons, metals, and chlorides in
dyes, they may also be toxic to some aquatic organisms and pose
a continuous threat to the aquatic environment.> Malachite
green (MG) is a veterinary antibiotic drug and a triphenylmethyl
dye.® It is also widely used as a fungicide and parasiticide in
aquaculture worldwide. However, it is highly toxic to mamma-
lian cells and may have carcinogenic, teratogenic, and muta-
genic effects.*® It was reported that even low concentrations of
malachite green discharged into receiving water will have a wide
range of toxicological effects on various fish and some
mammals. In addition, it causes harm to the liver, gills, kidney,
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intestine, gonad, and pituitary gonadotropin cells.® Therefore,
the development of effective ways to deal with industrial
wastewater has become an urgent task.

Simultaneously, spirulina produces many residues, which
are mainly from the food processing and extraction of phyco-
cyanin from spirulina. The deposition of phycocyanins extrac-
ted from spirulina usually accounts for 70% of microalgae
biomass.” However, if these algal residues are not adequately
handled, their entry in the environment from sewage discharge
will lead to a series of environmental problems and cause
wastage of resources. These algal residues contain abundant
carbohydrates, proteins, or lipids.® Thus, some researchers have
tried to recycle algal residues to produce alternative materials
for wastewater treatment, such as biochar adsorbents.®

Over the years, there have been many reports in the literature
on chemical coagulation, reverse osmosis, ion exchange, ozone,
photooxidation, and other wastewater treatment methods.'***
However, these technologies have shortcomings such as
incomplete removal, high cost, and side effects of additional
waste, and the traditional water treatment methods have little
impact on the degradation of refractory pollutants.'* Recently,
advanced oxidation processes (AOPs) with the advantages of
high degradation efficiency, short reaction time, and nonse-
lective degradation of various organic pollutants have been
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applied in dye wastewater treatment.”>"” Advanced oxidation
technology can generate potent oxidizing hydroxyl radicals
("OH) and sulfate radicals (SO*> ") through catalytic reactions
under different conditions,' which has become an important
direction of current research. The traditional Fenton reaction is
widely used as advanced oxidation technology. However, it has
some shortcomings,'?® as follows: (1) it easily produces iron
sludge (Fe (OH);) precipitation, resulting in secondary pollu-
tion. (2) The pH range of the reaction is strict, where only acidic
conditions are suitable. (3) Low utilization of H,0, and high
industrial costs. In addition to the traditional elements such as
Fe,*??> Cu* and Mo,” Mn is also an active component of the
commonly used H,O, selective oxidation catalysts, which has
attracted wide attention from researchers in recent years.
Compared with the traditional Fenton reaction, this system has
the advantages of a high utilization rate of H,0,, wide pH range,
and no secondary pollutants, which is consistent with the
concept of cleaner production.>®?® At present, there are many
studies on the degradation of organic contaminants by Mn/
H,O0, systems.>** However, there are few reports on the use of
Mn and biochar composites as carbon-based catalysts.

Researchers found that biochar, as a solid material, exhibits
the characteristics of loose and porous nature,*® which makes
its treatment effect more prominent and efficient. Especially in
the adsorption of heavy metal-organic matter in the soil, bio-
char is not easily mineralized by microorganisms. It can
promote the growth of microorganisms in the ground. In recent
years, biochar has attracted much attention due to its unique
physical and chemical properties. However, the number of
oxygen-containing functional groups and the specific surface
area of biochar produced by simple thermal and chemical
reactions are low.*"** In the preparation process, the introduc-
tion of other compounds to modify biochar can increase its
surface area and functional groups and improve its adsorption
and catalytic performance.**** Potassium permanganate
(KMnO,) as a strong oxidant decomposition can generate MnO,
(ref. 35 and 36) and has the advantages of being safe and
nontoxic. At present, as a modified reagent, it is also widely used
in experimental and industrial removal applications and has
achieved an excellent modification effect.’” However, the use of
algae residue as biomass raw material to prepare biochar as
a catalyst for advanced oxidation technology has rarely been
reported. In addition, the research on metal oxide-modified
biochar as a catalyst is not thorough.

In this study, Mn/SRBC (KMnO,-modified spirulina residue
biochar) catalysts were prepared via the chemical co-
precipitation pyrolysis of KMnO, and spirulina residue bio-
char, improving the dispersion of the MnO, particles and
enhancing their performance. The treatment of malachite green
by Fenton-like oxidation improves the application scope of
Fenton oxidation, reduces the cost of secondary treatment, and
improves the effect of advanced oxidation technology on mal-
achite green. High-resolution transmission electron microscopy
(TEM), scanning electron microscopy (SEM), X-ray diffraction
(XRD), Fourier transform infrared spectroscopy (FTIR), and
laser Raman spectroscopy (Raman) were used to characterize
the Mn/SRBC catalysts. The main structure of malachite green
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is triphenylmethane, which has representatives of some dyes.
Therefore, in this experiment, we selected malachite green dye-
simulated printing and dyeing wastewater as the treatment
object. By detecting the absorbance of the solution at each stage
of oscillation, this experiment was performed to study the
effects of the initial pH value of the reaction system, the dosage
of the Mn/SRBC catalyst, the concentration of H,0,, and the
initial concentration of malachite green on the degradation of
malachite green dye by the Mn/SRBC catalysts. The results
revealed the specific effects of the Mn/SRBC catalysts on
removing malachite green dye wastewater. In addition, this
study provides the theoretical basis for developing valuable
algal residue biochar and the effective degradation and prac-
tical application of malachite green dye wastewater.

2. Materials and methods

2.1. Reagents and materials

Malachite green (C,3H,5CIN,, MG), sodium hydroxide (NaOH),
hydrochloric acid (HCI), potassium bromide (KBr, FW), and
anhydrous ethanol (C,HgO, FW) were all analytically pure.
Deionized water was made in the laboratory.

2.2. Preparation of Mn/SRBC catalysts

The Mn/SRBC catalyst was prepared via chemical coprecipita-
tion pyrolysis. The preparation process was as follows: spirulina
residue was washed to neutral with deionized water and trans-
ferred to a constant temperature oven for drying at 75 °C. Then,
KMnO, was added to the algal residue according to the
proportion of 0.005 mol modified compound per gram of
biomass. In the experiments, ionic water was added to make it
immersed. At room temperature, it was oscillated for 24 h on
a constant temperature oscillator at a speed of 150 r per min
and the material obtained after oscillation dried to a stable
weight in an oven. The obtained dry solids were broken into
pieces and ground through a 50 mesh screen. Then, the sample
was placed in a crucible, wrapped with tin paper to isolate the
air, and placed in a muffle furnace and heated to 500 °C at
a heating rate of 20 °C min~* for 3 h. After pyrolysis, the ob-
tained catalyst was sealed for preservation.

2.3. Characterization techniques

The Mn/SRBC catalysts were characterized by high-resolution
transmission electron microscopy (TEM, JEM-2100F, Japan
Electronics Corporation, Japan) and scanning electron micros-
copy (SEM, EVO-18, Carl Zeiss, Germany). The crystal structure
characteristics of the Mn/SRBC catalysts were analyzed and
tested using an X-ray diffractometer (XRD, XD-3, PXG, China) in
the test range of 260 = 10-60° at the scanning speed of 5°
per min, with the current of 24 mA and the voltage of 36 kv. The
material composition and the atomic valence state of the Mn/
SRBC catalyst were analyzed by X-ray photoelectron spectros-
copy (XPS, EscaLab 250Xi, Thermo, America). The surface
functional groups of the Mn/SRBC catalysts were characterized
by Fourier transform infrared spectroscopy (FTIR, FTIR-850,
Tianjin Gangdong Science and Technology, China). The
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catalysts were prepared using the KBr tableting method to
determine the their surface functional groups in wavenumber
range of 4000-500 cm ™" at the resolution of 2 cm ™" and number
of scans of 32. The molecular structure of the Mn/SRBC cata-
lysts was characterized by laser Raman spectroscopy (Raman
Spectra, XploRA PLUS, HORIBA Group, Japan) at the laser
wavelength of 750 nm and wavenumber range of
500-3000 cm ™. An automatic specific surface area and porosity
analyzer (BET, ASAP 2460, Micromeritics, America) were used to
determine the surface area, pore size, and pore volume of the
samples. Firstly, a certain amount of sample to be tested was
degassed under vacuum at 200 °C for a while. Nitrogen
adsorption and desorption were measured using an automatic
specific surface area and porosity analyzer at 77 K. The surface
area was calculated using the Brunauer-Emmett-Teller (BET)
method and the pore-size distribution calculated using the
Barrett-Joyner-Halenda (BJH) method.

2.4. Catalytic degradation experiment

2.4.1. Effect of pH value. Briefly, 5 mmol L™' H,0, was
added to a malachite green solution (8000 mg L") and the pH
was adjusted to 1.0, 3.0, 5.0, 7.0 and 9.0 with 1 mol L' NaOH
and HCI, respectively. The Mn/SRBC catalyst prepared by add-
ing 2.0 g L' Mn/SRBC was placed in a 250 r per min constant
temperature oscillator, and the catalyst was added simulta-
neously. Then 5 mL solution was sampled at 0, 2, 5, 10, 20, 30,
60, and 90 min, and the sample was filtered using a 0.45 um
polyethersulfone (PES) filter membrane. The absorbance of
malachite green was determined at 617 nm.?

2.4.2. Effect of catalyst dosage. Briefly, 5 mmol L™' H,0,
was added to a malachite green solution (8000 mg L"), and the
pH was adjusted to 3.0 with 1 mol L™ NaOH or HCl. The
Mn/SRBC catalysts prepared at a dose of 1.0, 1.5, 2.0, and
2.5 g L~ " were added to the reaction system and placed in a 250 r
per min thermostatic oscillator. The catalysts were added, and
the time was counted. Then 5 mL solution was sampled at 0, 2,
5, 10, 20, 30, 60, and 90 min, and the sample was filtered using
a 0.45 um polyethersulfone (PES) filter membrane. The absor-
bance of malachite green was determined at 617 nm.

2.4.3. Effect of H,O, concentration. Briefly, 2, 5, 10, and
15 mmol L' H,0, was added to a malachite green solution
(8000 mg L"), and then the pH was adjusted to 3.0 with
1 mol L' NaOH or HCL. The Mn/SRBC catalyst prepared by
adding 2.0 ¢ L' Mn/SRBC was placed in a 250 r per min
constant temperature oscillator, and the catalyst was added
simultaneously. Then 5 mL solution was sampled at 0, 2, 5, 10,
20, 30, 60, and 90 min, and the sample was filtered using
a 0.45 um polyethersulfone (PES) filter membrane. The absor-
bance of malachite green was determined at 617 nm.

2.4.4. Effect of initial concentration of malachite green.
Briefly, 5 mmol L' H,0, was added to 4000 mg L *,
6000 mg L ", 8000 mg L™, and 10 000 mg L~ * malachite green
solution, and then the pH was adjusted to 3.0 with 1 mol L™*
NaOH or HCl. The Mn/SRBC catalyst prepared by adding
2.0 g L' Mn/SRBC was placed in a 250 r per min constant

temperature oscillator, and the catalyst was added
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simultaneously. Then 5 mL solution was sampled at 0, 2, 5, 10,
20, 30, 60, and 90 min, and the sample was filtered using a 0.45
um polyethersulfone (PES) filter membrane. The absorbance of
malachite green was determined at 617 nm.

2.5. Data processing and analysis

The degradation effect of malachite green by catalytic oxidation
is expressed by the removal rate, and the calculation formula is
as follows:

n=1-CdC (1)

where C, is the concentration of malachite green at the initial
time in mg L™". C, is the concentration of malachite green at
equilibrium time in mg L™" 7 is the removal rate in %.

Each treatment was repeated three times independently,
with the average value as the test result, and the data were
analyzed using SPSS 25.0, and the OriginPro 18 drawing
software.

3. Results and discussion

3.1. SEM and TEM studies

The SEM and TEM micrographs of the SRBC and Mn/SRBC
biochar samples pre-and post KMnO, modification are shown
in Fig. 1. SEM was employed to directly observe the surface
differences in the different samples. As shown in Fig. 1(a), SRBC
biochar is granular and its pore structure was not developed. In
contrast, Fig. 1(b) shows that the surface roughness and porosity
of the Mn/SRBC biochar increased significantly upon KMnO,
modification, with the appearance of many flocculent particles.
The increase in roughness and porosity helps to provide more
contact area for the catalytic reaction, thereby improving the
removal rate. As shown in Fig. 1(c) and (d), the SRBC and Mn/
SRBC biochar have pronounced graphite-like lamellar struc-
tures with a thin biochar layer, respectively. After KMnO, modi-
fication, the Mn/SRBC biochar was doped with many aggregate
particles (see Fig. 1(d)), and thus its composition and
morphology needed further determination and analysis.

3.2. XRD studies

XRD analysis is an essential means to study the internal crys-
talline structure of materials.® To further analyze the
morphology of the agglomerate particles on the algal residue
biochar, the crystal structure characteristics of the SRBC and
Mn/SRBC biochar samples pre-and post KMnO, modification
were analyzed by X-ray diffraction. The analysis results are
shown in Fig. 2. Awide diffraction peak appeared at 26 = 10-30°
in the spectra of SRBC and Mn/SRBC, indicating that the
organic matter in SRBC and Mn/SRBC was highly carbonized to
form amorphous carbon.***° New pronounced diffraction peaks
appeared at the 26 values of 34.9°, 40.5° and 58.7° for Mn/SRBC,
among which the peak at 2¢ = 40.5° was the strongest. These
characteristic peaks are consistent with the standard diffraction
card (PDF 00-007-0230, MnO,), which proved that Mn/SRBC
contained MnO,. In the dry pyrolysis of spirulina residue,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 SEM micrographs of the different samples for (a) SRBC and (b) Mn/SRBC. TEM micrographs of the different samples for (c) SRBC and (d)

Mn/SRBC.

Mn/SRBC

Intensity

SRBC

10 20 30

Diffraction angle 26/(°)

Fig. 2 XRD spectra of Mn/SRBC and SRBC.

KMnO, with strong oxidation will react with carbon to form
aggregates of manganese oxides, which is consistent with the
TEM analysis results.

© 2022 The Author(s). Published by the Royal Society of Chemistry

3.3. XPS studies

The XPS spectra of SRBC and Mn/SRBC are shown in Fig. 3. XPS
analysis is an effective measure for understanding the oxidation
state of transition metal ions and the relative composition of
composite materials.**

Fig. 3(a) and (b) show the XPS wide-mode spectra of SRBC
and Mn/SRBC, respectively. This figure shows that the Mn
element was successfully loaded on Mn/SRBC prepared by
modification, which is consistent with the XRD analysis results.
Fig. 3(c) shows the Mn 2p XPS spectra of SRBC and Mn/SRBC.
The electron binding energy peaks of MnO, in Mn/SRBC can
be observed at 642.3 eV (Mn 2p;5,) and 653.7 €V (Mn 2py,),
which further indicates that the Mn element in Mn/SRBC exists
in the form of MnO,.”>* To further confirm the valence
composition of the Mn element in Mn/SRBC, the Mn 3s core
level spectrum of Mn/SRBC was measured, as shown in
Fig. 3(d). The energy separation between the two peaks of Mn 3s
is related to the mean manganese oxidation state. Given that
a lower valence implies more electrons in the 3d orbital, more
interaction can occur upon photoelectron ejection. Conse-
quently, the energy separation between the two components of
the Mn 3s multiplet will increase. The inverse trend will be
observed when the manganese valency increases.*** Thus, the

RSC Adv, 2022, 12, 27002-27011 | 27005
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Fig.3 XPS spectra of SRBC and Mn/SRBC. Wide-mode spectra of (a) SRBC and (b) Mn/SRBC. (c) Mn 2p XPS spectra of SRBC and Mn/SRBC and (d)

Mn 3s spectra of Mn/SRBC.

result can be employed to determine the oxidation state of Mn
from the peak separation of couples of the Mn 3s spectrum. Mn
with the +4 oxidation state shows a peak separation of
4.7-4.8 €V in the 3s level. In the catalyst Mn/SRBC, the above-
mentioned peak split was determined to be 4.9 eV (shown in
Fig. 3(d)), implying that Mn exists in the +3 and +4 oxidation
states.*®

3.4. FTIR studies

The FTIR results for the SRBC and Mn/SRBC biochar samples
before and after KMnO, modification are shown in Fig. 4. The
modification had an important influence on the structure and
properties of the biochar. FTIR is one of the effective means to
measure the functional groups in biochar.”” The absorption
peaks of the SRBC and Mn/SRBC biochar before and after
KMnO, modification are similar in the high wavenumber region
above 1500 cm ™" and near 1000 cm™~'. Among the peaks, the
broad and strong peak centered at 3457 cm ' indicates the
presence of O-H. The absorption peak at 2992 cm™' corre-
sponds to the stretching vibration peak of aliphatic C-H,
reflecting the presence of aliphatic -CH; or -CH, groups.*® The
two peaks at 1635 cm ' and 1060 cm ' are attributed to the
stretching vibration of the aromatic ring C=C and the
stretching vibration of C-H, respectively, indicating that these
biochars generated carbon with an aromatic structure.**°
Fourier transform infrared spectroscopy analysis showed that

27006 | RSC Adv, 2022, 12, 27002-2701

the composition of SRBC and Mn/SRBC biochar before and
after KMnO, modification was similar, but the number of
functional groups was significantly different, which led to the
difference in the intensity of their absorption peaks. As shown
in Fig. 4, the two weak peaks at 848 cm™ " and 615 cm™ ' are
ascribed to MnO,,** which further prove that MnO, was formed

on the surface of the modified hydrothermal carbon.

aromatic

aliphatic aromatic

Mn/SRBC

Transmittance

1500

3500 3000

2500 2000

4000 1000 500
Wavenumber/cm'!

Fig. 4 FTIR spectra of Mn/SRBC and SRBC.
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3.5. Raman studies

Raman spectroscopy is an effective method for the rapid evalua-
tion of the properties and molecular structure analysis of bio-
char®® The Raman spectra of SRBC and Mn/SRBC biochar
modified by KMnO, are shown in Fig. 5. Generally, carbon
materials have two characteristic bands, i.e., D and G bands. The
D band originates from the sp® hybridization of disordered carbon
or defective graphite structures or carbon atom in the material. In
contrast, the G band represents the in-plane stretching vibration
of sp” hybridization.”® The ratio of these two bands (Ip/Ig) is an
indicator of graphitization.* The lower Ip/I, the higher the degree
of graphitization.>® The presence of a D band in the spectra of
SRBC and Mn/SRBC indicates the presence of defects in the
internal structure of biochar, thus confirming the existence of sp®
structure in the biochar samples. The G band of SRBC and Mn/
SRBC indicates that sp> hybridization exists in their structure.
The peak area ratio (Ip/lg) of the D band (1350 cm™ ') and the G
band (1580 cm™') of SRBC and Mn/SRBC biochar modified by
KMnO, did not change significantly (see Fig. 5). At the same
temperature, through pyrolysis, lignin, cellulose, and other
oxygen-containing functional groups in the biochar gradually
decomposed into stable aromatic carbon structures.*® However,
the use of KMnO, to modify biochar did not change the pyrolysis
temperature of biochar; accordingly, the degree of carbonization
of biochar was the same, and thus I/I; ratio was the same.

3.6. BET surface area studies

BET is usually used to reflect the number of reaction sites
(adsorption or catalysis) on the sample surface. The nitrogen
adsorption—desorption isotherms of Mn/SRBC are shown in
Fig. 6. The specific surface area of Mn/SRBC was listed in
Table 1. This curve attribute IV isotherm (based on IUPAC)
indicates an obvious hysteresis loop in the adsorption/
desorption process and has a typical mesoporous porous
material type. The specific surface area of SRBC is small, and
the instrument cannot be detected, which is consistent with the

D-band G-band

1,/1,=0.85 Mn/SRBC

Relative intensity(a.u.)

1,/1,=0.86 SRBC

1500

1000 2000

Raman shift/cm’!

Fig. 5 Raman spectra of Mn/SRBC and SRBC.
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Fig. 6 Nitrogen adsorption—desorption isotherm of Mn/SRBC.

Table 1 Surface area and pore structure parameters of Mn/SRBC

Pore volume
P[Py = 0.991 (cm® g )

Surface area
(m>g™)

Average pore

Material diameter (nm)

Mn/SRBC 2.766 22.596 0.016

analysis results of SEM. The coincidence of desorption
isotherms and adsorption isotherms indicated that there were
different pore structures in Mn/SRBC. The adsorption/
desorption isotherms were separated at a high relative pres-
sure (P/P, > 0.75), indicating that the prepared Mn/SRBC had
more mesopores and macropores. Which can know that the
modified Mn/SRBC has a higher specific surface area and
porosity than SRBC, which provides more reaction sites for
catalytic reaction and is more conducive to the catalytic
reaction.

3.7. Effect of initial pH

In the catalytic degradation of malachite green using the
potassium permanganate-modified biochar, the initial pH value
of the reaction system will have a particular impact on the
experimental results. Thus, an experiment was performed to
explore the effect of Mn/SRBC catalytic oxidation on the
degradation of malachite green dye by changing the initial pH
value of the reaction system. At room temperature, the pH value
of the reaction system was adjusted to 1.0, 3.0, 5.0, 7.0, and 9.0,
and 2.0 g L™ * catalyst Mn/SRBC was added. Simultaneously, the
reaction began. The absorbance of malachite green was
measured at a specific time in the experimental design. The
removal rate of malachite green dye varied with time, as shown
in Fig. 7(a). The results show that the change in the initial pH
value of the reaction system has a significant impact on the
catalytic degradation of malachite green. With an increase in
pH value, the removal time gradually increased. When pH = 1.0,
the removal rate was almost zero. When pH = 3.0, the removal

RSC Adv, 2022, 12, 27002-2701 | 27007
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Fig. 7 Effects of different factors including (a) initial pH; (b) catalyst dosage;

green.

rate increased rapidly in 0-10 min, which tended to be stable in
10-20 min, and the removal rate increased to 100% within
30 min, and the effect changed significantly. When the pH was
5.0 and 7.0, the remove rate increased rapidly and tended to
99% within 1 min. When the pH was 9.0, the removal rate was
relatively slow in 2-10 min, and the reaction accelerated the
remove ratal in 10-20 min. When the reaction proceeded to
20 min, the removal rate tended to 100%. At higher pH, Mn is
known to interact with OH™ to form manganese hydrous oxides
(due to the oxo-metal chelation),* which causes malachite
green degradation at a slower rate.

3.8. Effect of catalyst dosage

In the process of malachite green degradation by the potassium
permanganate-modified biochar, the dosage of catalysts will have
a particular influence on the experimental results. In this exper-
iment, we explored the effect of Mn/SRBC catalytic oxidation on
the degradation of malachite green dye by changing the dosage of
Mn/SRBC biochar. At room temperature, when the pH value of
the reaction system was 3.0, 1.0, 1.5, 2.0, and 2.5 g L' Mn/SRBC
catalyst was added to the reaction system containing 5 mmol L™*
H,0, solution. Simultaneously, the reaction began. The absor-
bance of malachite green was measured at a specific time in the
experimental design. The removal rate of malachite green dye
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varied with time, as shown in Fig. 7(b). The results show that the
addition of different amounts of catalyst to the reaction system
had a significant impact on the catalytic oxidation of malachite
green by Mn/SRBC, and the removal efficiency of malachite green
is proportional to the amount of catalyst added. When the cata-
lyst dosage was 1.0 g L™, the removal efficiency within 90 min
was only 79.5%. As shown in Fig. 7(b), when the reaction pro-
ceeded to 20 min, the removal rate of 1.5 g L' Mn/SRBC catalyst
was 12.5%, that for 2.0 g L™ " catalyst was 44.4%, while that for
2.5 g L' catalyst was 100%. With an increase in the amount of
Mn/SRBC catalyst, the number of reaction sites increased, and
more oxidizing species such as hydroxyl radicals are generated on
the catalyst surface, and thus the better the catalytic degradation
effect of malachite green dye. In addition, with an increase in
catalyst dosage, the adsorption of malachite green on the catalyst
itself increased. Therefore, 2.5 g L~* Mn/SRBC catalyst had the
best effect on malachite green treatment.

3.9. Effect of H,0, concentration

In the catalytic degradation of malachite green by the potassium
permanganate-modified biochar, the concentration of H,0, will
have a particular impact on the experimental results. Thus, in
this experiment, we explored the effect of Mn/SRBC catalytic
oxidation on the degradation of malachite green dye by changing

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the concentration of H,O,. At room temperature, the initial pH of
the reaction system was 3.0, and 2, 5, 10, and 15 mmol L™ H,0,
was added to the reaction system, and then 2.0 g L of modified
biochar was added. Simultaneously, the reaction began. The
absorbance of malachite green was measured at a specific time
in the experimental design. The removal rate of malachite green
dye changed with time, as shown in Fig. 7(c). The results show
that different H,O, concentrations in the reaction system had
a significant impact on the catalytic oxidation of malachite green
by the Mn/SRBC catalyst. With an increase in the H,0, concen-
tration, the removal rate of malachite green by the biochar
gradually increased. When the concentration of H,0, was
2 mmol L™, the removal effect of Mn/SRBC on malachite green
was not pronounced. When the concentration of H,O, is high,
due to its strong oxidation, the reaction with Mn/SRBC catalyst
will be more rapid and violent, accelerating the decomposition of
H,0, itself into O, and H,O, and thus the removal rate of mal-
achite dye does not improve much.”” In summary, this study
indicates that 5 mmol L™* of H,0, should be added to the
reaction system.

3.10. Effect of initial concentration of malachite green

In the process of catalytic degradation of malachite green by Mn/
SRBC, the initial concentration of malachite green will have
a particular impact on the experimental results. Thus, in this
experiment, we explored the effect of Mn/SRBC catalytic oxidation
on the degradation of malachite green dye by changing the initial
concentration of malachite green. In this experiment, the mala-
chite green solution at room temperature had a concentration of
4000, 6000, 8000, and 10 000 mg L', with the condition of pH
value of 3.0, 2.0 g L~ Mn/SRBC catalyst and 30% H,0, solution
with a concentration of 5 mmol L™" added to the reaction system,
respectively. Simultaneously, the reaction began. The absorbance
of malachite green was measured at a specific time in the exper-
imental design. The removal rate of malachite green dye changed
with time, as shown in Fig. 7(d). The results show that with an
increase in the initial concentration, the removal efficiency of
malachite green by Mn/SRBC Fenton-like treatment decreased
gradually, indicating that the initial concentration of malachite
green is a prominent factor for the study of the treatment effect of
malachite green. When the initial concentrations were 6000, 8000,
and 10 000 mg L™, the treatment effect of Mn/SRBC on malachite
green was not apparent in the first 2 min. However, with a change
in time, the removal rate of malachite green by biochar treatment
increased. Saha S, et al.* used 0.5 g L”" MnO, to catalyze the
degradation of 50 mg L™ " malachite green. The decolorization rate
reached 99% and the mineralization rate reached 44% in 120 min,
which were lower than the effect of Mn/SRBC on the catalytic
degradation of malachite green in this study.

3.11. Recovery and reuse of Mn/SRBC catalysts

The Mn/SRBC catalysts were recovered after the degradation of
malachite green and reused. The material was collected by
centrifugation, and then dried in an oven at 90 °C for 12 h. To
examine the reusability of the catalyst, the condition of pH value
of 3.0 and 2.0 ¢ L™ Mn/SRBC catalyst and 30% H,0, solution
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Fig. 8 Degradation of malachite green by Mn/SRBC catalyst.

with a concentration of 5 mmol L™ were added to the reaction
system. The degradation of malachite green was monitored at
a regular interval for three cycles of operations (see Fig. 8). It was
observed that while malachite green was degraded up to 100%
with the fresh Mn/SRBC catalyst within 90 min of reaction, 82.1%
and 62.3% degradation could be achieved in the 2nd and 3rd
cycles, respectively. This is due to the inactivation of the Mn/
SRBC catalyst surface during the oxidation process. Besides,
the material could be used further with a lower efficiency.

4. Conclusions

A novel Mn-biochar (Mn/SRBC) carbon-based catalyst was
successfully synthesized by KMnO, modification. The catalyst
was characterized by SEM, TEM, XRD, FTIR, and Raman spec-
troscopy. The TEM and XRD analysis showed that manganese
oxide MnO, was successfully synthesized in the pyrolysis process
of algae residue biochar modified by KMnO, via the chemical
coprecipitation method. In the presence of H,0,, the catalyst
could be used to catalyze the oxidative degradation of malachite
green in aqueous solution with ultra-high efficiency. The degra-
dation rate of malachite green dye at a concentration of
8000 mg L~ " was about 99% in the presence of the catalyst with
5 mmol L~ hydrogen peroxide for 30 min. Moreover, given that
the catalyst was heterogeneous and Fenton like, they could be
easily separated from the reaction mixture. Therefore, according
to the results from this study, it can be concluded that the Mn/
SRBC catalyst has excellent catalytic performance and low cost.
The raw material was obtained from spirulina residue, reflecting
the ecological and environmental protection concept of waste
treatment. The Mn/SRBC catalyst is a beneficial new catalyst for
removing organic dye-contaminated wastewater.

Data availability

The data used to support the findings of this study are available
from the corresponding author upon request.
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