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The Mn3zO,/biochar composite prepared from
straw biochar and divalent manganese:
investigation of synthetic conditions and malachite
green degradation

*

Jianpo Zhang, ®* Tiangi Wang, He Gao, Yuan Gao and Li Jin

In this study, the goal was to recycle and reuse manganese in wastewater by use of a cheap material biochar,
ammonia, and hydrogen peroxide to produce a MnzO4/biochar composite, which could be used for the
degradation of dye in wastewater (MG has been selected as a candidate dye mode here). The
experiment condition of was optimized, and MnsO4/biochar composite has been characterized by TEM,
XRD, XPS and N, adsorption—desorption. The kinetics and isotherm of malachite green (MG) degradation
were well described by the pseudo-second-order and pseudo-first-order kinetic modes, indicating that
as prepared MBC both have good adsorption and photocatalytic capacity due to its component of
biochar and MnsO,. The maximum MG degradation capacity of MBC is 248.0 mg g%, which has
a significant advantage compared with single biochar (160.9 mg g~%). Above all, straw biochar, an
agricultural waste product, has been used to recycle industrial heavy metal, which achieves the goal of
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1 Introduction

The heavy metals in high-salinity wastewater generated by
chemical plants or laboratories are mostly mutagenic, terato-
genic, and carcinogenic substances. If they are directly dis-
charged into sewers or environmental water bodies without
treatment, the accumulation of harmful substances over a long
period can cause serious harm to the surrounding water sour-
ces, atmosphere, soil, and other environments.*

The manganese in wastewater mainly comes from textile,
printing and dyeing, papermaking, steel, and smelting.
Manganese primarily exists in the form of divalent manganese
ions in water. Excessive manganese could result in water quality
deterioration, the unfavorable smell and environmental pollu-
tion. Although manganese is one of the essential trace elements
for the human body, excessive divalent manganese or long-term
exposure to high concentrations of manganese may lead to
chronic manganese poisoning. Because manganese can selec-
tively inhibit the dopaminergic system of the central nervous
system, causing degeneration and necrosis of nerve cells, and
even Parkinson's syndrome and toxic psychosis. In addition,
divalent manganese can bind to B1 globulin in the blood and
accumulate in cells of the liver, kidneys, pancreas, heart, lungs,
and brain, resulting in liver dysfunction, kidney damage, and
pancreatic dysfunction.®™*°
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“the method of waste control by waste”.

In order to protect the environment and human health,
countries have established discharge standards for manganese
content in wastewater. In China, the “wastewater discharge
standards” (GB 8978-1996) stipulate that the manganese
discharge concentration in industrial wastewater shall not
exceed 1.0 mg L', and the manganese discharge concentration
in domestic wastewater shall not exceed 0.5 mg L™ *. Compared
with China, some countries have stricter standards for manga-
nese in wastewater. For example, the US Environmental
Protection Agency (EPA) has set a manganese limit of 0.05
milligrams per litre for industrial wastewater and 0.02 milli-
grams per litre for domestic wastewater. These standards are
based on scientific research on manganese toxicity and
assessment of environmental capacity, aimed at ensuring that
wastewater discharge does not have unacceptable impacts on
the environment and human health. On the one hand,
manganese containing wastewater can cause environmental
pollution and impact on the ecological environment. On the
other hand, manganese ions in wastewater containing manga-
nese are an essential resource that can be recycled and reused to
reduce resource waste.

Manganese oxides, especially manganese trioxide, as a stable
oxide of transition metal manganese, have wide application
value in electrochemistry, molecular adsorption, catalysis, solar
energy conversion, ion exchange, and high-density magnetic
storage.”™* It is of great significance to convert manganese
wastewater into manganese trioxide for environmental protec-
tion and resource recovery.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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At present, the recovery methods of manganese ions from
manganese wastewater mainly include chemical oxidation,
physical adsorption, ion exchange, and microbial adsorption
methods.”®* The chemical oxidation method is suitable for
low concentration of manganese ion, which has drawbacks
such as high usage of chemicals and difficulty in treating
wastewater. The physical adsorption method is also suitable
for low concentration manganese ions. Various adsorbents
such as activated carbon, silica, and ion exchange resins can
be used to adsorb manganese ions onto the adsorbents, and
then recover manganese ore through methods such as pyrol-
ysis or leaching. The ion exchange method is suitable for high
concentration manganese ions, which could separate manga-
nese ions from other ions, and achieve the recovery of
manganese ions. Both physical adsorption and ion exchange
method have drawbacks such as low recovery rates and
susceptibility to secondary pollution caused by adsorbents or
resins. The microbial adsorption method is suitable for high
concentration of manganese ions, which can separate
manganese ions from wastewater through microbial adsorp-
tion. However, this method also has certain drawbacks, such
as the harsh growth conditions of microorganisms and the
difficulty of operation.

In this research, biochar with large specific surface areas has
been used as adsorption carriers to adsorb divalent manganese
onto/in its surface. By sequentially adding ammonia water and
hydrogen peroxide, divalent manganese is converted into
manganese trioxide to form Mn;0,/biochar composite (MBC),
of which preparation conditions have been optimized. Investi-
gations show that MBC exhibits strong signals for both ‘O,
and ‘OH radicals, which could be use as a photocatalytic
degradation material. Malachite green is selected as a pollutant
model to evaluate the adsorption and photocatalytic degrada-
tion properties of the synthesized material. The leaching of
manganese from MBC solution has been studied to investigate
the long-term stability of MBC.

Although studies have shown that it has good effects on
agricultural and forestry waste to adsorb heavy metals in
water,” which may increase the chemical oxygen demand of
water bodies. This study uses inexpensive straw organisms as
the primary raw material, which not only achieves the recycling
and reuse of manganese in manganese wastewater, but also
efficiently removes dye pollutants from water bodies, which is
one of the effective ways to solve agricultural waste and achieve
the goal of “the method of waste control by waste”.

2 Experimental
2.1 Materials and reagents

Ultrapure water, manganese sulfate (>99%, Beijing Chaoyang
District chemical plant No. 4), hydrogen peroxide (35%, Tianjin
Yongda chemical reagent factory), ammonium hydroxide (25%,
Tianjin Damao chemical reagent factory), straw biochar (bio-
char in short), malachite green (Tianjin Hedong District red
rock reagent factory). All other agents were of analytical reagent
grade and used as received. Water used throughout was doubly
distilled water (>18 MQ cm).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.2 Instrumentation and spectrometry

The transmission electron micrographs (TEM) were recorded
with a JEM-F200 electron microscope. Powder X-ray diffraction
(PXRD) patterns were collected on a Malvern Panalytical B.V
Empyrean X-ray diffractometer with graphite monochro-
matized Cu Ko radiation (A = 0.154 nm, U = 45 kV, I = 40
mA) and 26 ranging from 10° to 80° with an increment of 0.02°
and a scanning rate of 5° min~'. The XPS spectra were recorded
with a Scientific K-Alpha. The TG-DSC were recorded with
a Discovery SDT650.

2.3 The preparation of MBC

1.5 g of manganese sulfate was added and dissolved in 100 mL
distilled water. The 0.5 g biochar was added and stirred with
a magnetic stirrer for 1 h. Then, 20 mL of ammonia solution was
added dropwise at a speed of 5 drips per minute. After stirring
for an additional 20 min, 1 mL of hydrogen peroxide was added
ata speed of 15 drips per minute. After stirring for 1 hour at 60 ©
C, the suspensions were filtered immediately, and vacuum-
dried at 60 °C for 12 h, dark brown power was obtained.
Controlled experiment was adopted without adding biochar.

2.4 The degradation of MG adopted by MBC

Under magnetic stirring, the time period begins when a certain
amount of MG and 0.2 g BAC are added into 100 mL deionized
water, 1 mL solution is taken every 10 min. After centrifugation
at 3000 rpm for 3 min, absorption spectrum of supernatant is
measured by use a UV-vis spectrophotometer. Similar experi-
ments are adopted with the condition of lucifuge, natural light,
and illuminated by xenon lamp.

3 Results and discussion
3.1 Characterization of MBC

The morphology and structure characterizations of MBC are
employed by high-resolution transmission electron microscopic
(HRTEM), and results are shown in Fig. 1A. Results show that
the morphology of MBC is irregular flake-like, and the inter-
planer distance of the crystalline lattice plane is 0.25 nm cor-
responding to Mn;0,,”" indicated that Mn;0, has doped on the
surface of MBC. Also, as shown in Fig. 1B, the result of powder
X-ray diffraction (XRD) pattern corresponding to the typical
planes of Mn;0, (Pdf no. 24-0734),>> which is consistent with
the result of HRTEM. XPS result (Fig. 1C) shows that there are C,
O, and Mn elements in the as-prepared MBC. As shown in
Fig. 1D, the distance between the Mn 2p;/, peak at 641.2 eV and
the Mn 2p,,, peak at 652.7 €V is ~11.5 eV, which is characteristic
of Mn®*.2%2* Furthermore, the Mn 2p;/, peak was analysed by
software of XPS peak 41, and can be deconvoluted using three
Gaussian components (Fig. 2A), which correspond to Mn** at
640.4 eV, Mn®" at 641.7 eV and Mn*" at 642.7 eV.*® The
percentages of manganese in three valence states are calculated,
based on the ratios of three peak integral areas under the curve
from Fig. 2A, and the average valence state of Mn in MBC is
about 2.93, which is similar to the average valence state of Mn
(2.67) in Mn30,. Furthermore, as shown in Fig. 2C, the peak at
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Fig.1 TEMimages (A), XRD (B), XPS survey (C) of MBC, high resolution
XPS (D) of Mn 2p.
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Fig. 2 High resolution XPS spectra of Mn2psz,, (A), Ols (B) and Cls (C).

530.7 eV in the O1s peak is correspond to lattice oxygen, and the
peak at 529.4 eV in the O1s peak is correspond to Mn-O.
Furthermore, as shown in Fig. 2C, the peak at 284 eV in the C1s
peak is correspond to C-C, the peak at 284.8 eV in the C1s peak
is correspond to C-O, and the peak at 288 eV in the Cis is
corresponding to O-C=0. All data indicate that MBC has been
successfully synthesized.

3.2 The optimization of MBC preparation conditions

To get good performance Mn;O, doped material, reaction
conditions have been optimized. As shown in Fig. 3A, when the
ratios of biochar to MnSO, varied from 1:1 to 1: 3 (lines a, b, ¢
in Fig. 3A), the diffraction peak at 19° shifted gradually to 18°,
and the peaks at 58.5° and 69.8° intensified. The peak at 19°
corresponds to MnO, (Pdf no. 12-0141, in Fig. 3B), the peak at
18° corresponds to Mn;0, (Pdf no. 24-0734). When the ratios of
biochar to MnSO, reached 1 : 3 (line ¢ in Fig. 3A), the XRD peaks
of MBC match perfectly with the standard Mn;O, peaks. When
the ratios of biochar to MnSO, varied from 2: 7 to 1:4 (lines d, e
in Fig. 3A), the diffraction peak at 19° reappears, and the peaks
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Fig. 3 The effect of the mass ratios of biochar to MnSO4 (A), stirring
time (C) on the XRD of MBC, and the standard XRD of MnO, (B and D).
(The mass ratios of biochar to MnSO4 are1:2,2:5,1:3,2:7,and 1: 4.
The stirring times are 0.5, 1, 2, 3, 4 h).

at 58.5° and 69.8° gradually decrease. This is because Mn>** has
been over-oxidized to MnO, by hydrogen peroxide and atmo-
spheric oxygen, when the ratios of biochar to MnSO, is at 1: 2
and 2 : 5. When excessive Mn>" is added, it is not quick enough
for the Mn>* to be oxidized, induce the formation of MnO. So,
the mass ratio of biochar to manganese sulfate of 1:3 is
selected.

The stirring time also significantly influenced the divalent
manganese ions removing efficiency of biochar (Fig. 3C). When
the stirring time is 0.5 h, a peak appeared at 26.7° is the char-
acteristic peak of MnO, (Pdf no. 42-1316, in Fig. 3D), indicates
over oxidation of Mn>*. When the stirring time reaches 1 hour,
the XRD peaks of MBC match perfectly with the XRD peaks of
Mn,0, at 26 = 18.2°, 28.9°, 32.8°, 36.2°, and 60.2°. But peak at
26.7° will appear after stirring over 3 h, indicating over-
oxidation of the surface manganese. So, the optimal stirring
time of 1 h for manganese ion adsorption by biochar is selected.

The effect of the drip speeds and dosages of ammonia on the
formation of manganese hydroxide from divalent manganese
adsorbed on biochar have been discussed, and corresponding
results were shown in Fig. 4. As shown in Fig. 4A, when the
dropping speeds are too fast (line b-e), double peaks at 18° and
19° appear, due to incomplete oxidation of internal Mn(OH),.
So, drip speed of 5 drips per minute is selected.

As shown in Fig. 4B, when the doses of NH; H,O are more
than 2.67 mol L7, the peaks of MBC match perfectly with the
XRD peaks of Mn;0,, and remain relatively unchanged along
with the increasing of NH; H,O doses. This is because that
insufficient ammonia dosage will be led to over oxidization of
Mn>" to MnO,, which is consistent to the characteristic peak of
standard MnO, at 26.7° (Pdf no. 42-1316, in Fig. 4C). So, the
NH; H,O dosage of 2.67 mol L™ is selected.

In the reaction, manganese(u) oxide is oxidized to man-
ganese(n) oxidized (from Mn(OH), to Mn;0,) by both hydrogen
peroxide and oxygen from the air. So, the drip speeds and
dosages of hydrogen peroxide have significant effect on the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 The effect of the dosages (A) and dropping speeds (the presence or absence of oxygen, B and C) of H,O, added on the XRD of MBC. (The

dosages are 0, 0.10, 1.0, 1.5 and 2.0 mol L™, the dropping speeds are

formation of Mn;0,4 on the product. As shown in Fig. 54, the
optimal dosage of hydrogen peroxide added is 0.1 mol L.
When the dosages of hydrogen peroxide exceed 1 mL (lines ¢, d,
e), the characteristic peaks of MnO, appeared at 19.0°, 45.9°,
49.6°, and 59.2°, consistent with Pdf no. 44-0992 (shown in
Fig. 5C), due to over oxidization of Mn(OH), by hydrogen
peroxide.

Under the presence or absence of oxygen condition, the
effect of drip speeds of H,0, on the XRD of MBC are shown in
Fig. 5B and C, which shown that the optimal drip speed is 15
drips per min with the presence of oxygen. Because catalytic
decomposition of the H,0, adopted by Mn** would occur, when
the drip speed is too lowly. And over oxidization of Mn(OH),
would occur, when the drip speed is too fast. Furthermore,
compared with Fig. 5A-C XRD peaks of MBC at 18°, 28.8°, 32.5°,
36.0°, 58.6°, and 60.0° were closer to the standard card of
Mn;0,. Therefore, the optimal H,0, drip rate at 15 drips
per min in the presence of oxygen is selected. Above all, the
optimal conditions for synthesis are the ratio of biochar to
MnSO, is 1:3, the dosage and drip speed of NH; H,O is
2.67 mol L' and five drips per minute, the dosage and drip
speed of hydrogen peroxide is 0.1 mol L™ " and 15 drips per min,
respectively. We can conclude that biochar could adsorb Mn**
in industrial wastewater to synthesize the MBC.

As shown in Fig. 6A, both the nitrogen adsorption-desorp-
tion isotherm of biochar and MBC show type IV isotherm,
indicating that pore size of biochar and MBC are in the range of
mesopore. The Brunauer-Emmett-Teller (BET) surface area of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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capacities of MG by biochar and MBC under nature light (B).

Table 1 Comparison of different degradation materials

Degradation
Material Time (min) percentage
NFO-700 120 99%
Au/NaNbO; 40 100%
EDTA modified ZnO 40 94.14%
KMnO, modified 120 99%
bichar
Cu,ZnSnS, 150 76%
MBC 40 99.35%

biochar and MBC are about 1364.3 and 551.5 m* g, respec-
tively. The BJH adsorption cumulative volume of pore between
1.7 nm and 297.8 nm diameter of biochar and MBC are 0.7576

RSC Adv, 2025, 15, 24872-24879 | 24875
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and 0.3808 cm® g™, and BJH desorption cumulative volume of
pore between 2.0 nm and 300.0 nm diameter of biochar and
MBC are 0.7353 and 0.3767 cm® g~ ", Results above show that
adsorption ability of biochar is significantly better than that of
MBC. Because the pores in biochar are filled or covered by
Mn;0,, which is doped in/on the biochar. Because the size of
dye is about 2.57 nm,*® MG could be easily adsorbed in the
mesoporous shell, because the adsorption and desorption
average pore diameter (4V/A by BET) are 3.347 and 3.868 nm,
respectively. MG could be adsorbed quickly on MBC due to the
high surface area and a large number of mesoporous on the
surface.

3.3 MG degradation mechanism of MBC

To evaluate the dye removal capacity of MBC, MG is selected as
a candidate, and biochar is selected as a control. The MG
removal capacity comparison of biochar and MBC under similar
condition are shown in Fig. 6B. As shown in Fig. 6B, the equi-
librium amount of MG removed by biochar and MBC are 160.9
and 248.0 mg g ', respectively, which shows that MBC has
better removal capacity than biochar, due to the Mn;0, in/on
the MBC. Compared with other materials, MBC has advantage
in degradation time and rate, as shown in Table 1.

To prove that Mn;0, in/on the MBC is important and has
significant effect on the removal of MG in solution, the MG
removal capacities by MBC were studied under the conditions
of lucifuge, natural light, and illuminated by xenon lamp
(Fig. 7A). MBC with illuminating by xenon lamp has significant
advantage on the MG removal capacity and the equilibrium
time, compared with the conditions of lucifuge and natural
light. The corresponding data were then analysed by the
pseudo-second-order (Fig. 7B) and pseudo-first-order kinetic
modes (Fig. 7C), and relevant eqn (1) and (2) are shown below,
and calculation results are shown in Fig. 7 and Table 2.

t . 1 I t (1)
a  Kq:  qe
C
In (7‘3) = Kupp 1 @)

where g. and ¢, are the amount of MG removed by MBC at
equilibrium and time ¢, respectively. C, and C, are the initial
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Table 2 Comparison of the different kinetic model parameters from
Fig. 7B and C

First-order-kinetic

Second-order-kinetic model model

2

e k(gmg 'min~') R Kapp(/min) R

Lucifuge 507.6 7.520 x 107* 0.9980 0.01760 0.9896
Natural light 510.2 7.753 x 107* 0.9984 0.01432 0.9981
Hlumination 531.9 7.864 x 10~* 0.9995 0.01797 0.6665

concentration of MG and the amount of MG at time ¢, respec-
tively. K, and K, are the rate constants of pseudo-second-order
(g mg™' min~") and pseudo-first-order kinetic modes (1/min).

All data from Fig. 7 fit well with the second-order-kinetic
model, of which R* are 0.9980, 0.9984, and 0.9995, respec-
tively. Data are then analysed by pseudo-first-order kinetic
modes, of which results are different. Date from natural light
condition both fits pseudo-second-order (R* is 0.9984) and
pseudo-first-order kinetic modes (R*> is 0.9896), and corre-
sponding k,p, (0.01432 min ) is significantly faster than that of
ky (7.753 x 107* ¢ mg™' min?), which indicates that the
removing progress undergoes both adsorption and photo-
catalytic degradation progress, and the rate of photocatalytic
degradation progress is significantly faster than that of the
adsorption progress. As it is well known that rate-determining
step (RDS) is the slowest step, so the adsorption step is the
rate determine step for MG removing by MBC. When the MG
removing progress is adopted under illuminating by xenon
lamp condition, the illumination could further accelerate pho-
tocatalytic degradation rate, MG are degraded as soon as
adsorbing on the MBC, so this removing progress could quickly
reach equilibrium. This may be why data from illumination
condition only fits well with second-order-kinetic mode (R> is
0.9995), and the poor pseudo-first-order fit under illumination
(R* = 0.6665).

To investigate the photocatalytic degradation mechanism,
electron paramagnetic resonance (EPR) spectroscopy was
employed, which show that MBC exhibits strong signals for
both 'OH (Fig. 8A) and ‘O,  (Fig. 8B) radicals. The photo-
catalytic degradation mechanism could be explained as follows.
As Li and Khan®® reported Mn;0, can absorb light energy and
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excite electrons to produce excited electrons (e”) and holes (h")
under light conditions. These excited electrons and holes can
participate in subsequent redox reactions. Excited electrons
react with dissolved oxygen to form superoxide anions (-O, ) or
hydrogen peroxide (H,0,), while holes react with water to form
hydroxyl radicals (-OH). These active species have a strong
oxidation capacity to dye, so Mn;O, plays an essential role in the
photocatalytic degradation of MG. So, it is why data from luci-
fuge condition only fits well with adsorption progress under the
(R* is 0.9980), photocatalytic degradation could not occur
without light. We can conclude that as prepared MBC both have
good adsorption and photocatalytic capacity due to its compo-
nent of biochar and Mn;0,.

3.4 Effect of MBC concentration on MG removing

It is importance to optimize the MBC concentration for effective
MG removing. To determine the optimized MBC concentration
for the photocatalytic degradation of MG, different concentra-
tion of MBC (from 0.5-4 g L") were added into fixed concen-
tration MG solutions. As shown in Fig. 9, the removal
percentage increases along with concentration increasing of
MBC, and then reaches equilibrium after the concentration of
MBC is more than 2 g L. Also, Li*” has reported that too much
catalyst may prolong time due to competition between catalyst
and dye molecule for active sites. So, the MBC concentration of
2 g L' is selected for further study.

The removing capacity and equilibrium time are also
affected by the concentrations of MG. The comparation of MG
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Fig.9 Optimization of the MBC concentration for removing MG. (The
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Fig. 11 The Mn(i) ion release percentage at different stirring time (A),
the influence of some common wastewater components on MG
degradation by MBC.

removal capacities of MBC of two reaction conditions are shown
in Fig. 10, which show similar results with Fig. 7A. Illuminating
by xenon lamp could significantly accelerate the MG degrada-
tion reaction rate. Furthermore, the more the initial concen-
tration of MG (from 400 mg L™" to 600 mg L"), the more
equilibrium time is needed, and the more MG is removed by
MBC. Because the higher initial MG concentration provides, the
more powerful driving force for MG to diffuse from the solution
to the surface of MBC, resulting in faster photocatalytic degra-
dation of MG by Mn;0, doped in the MBC.

3.5 The stability and influence experiment of MBC

To investigate the long-term stability of MBC, the leaching of
manganese of MBC in solution has been studied. 0.2 g MBC was
dissolved in 30 mL water under continue stirring, and 2 mL
solution was taken at different stirring times. The Mn(u) ion
release percentage was detected through periodic acid oxidation
method. As shown in Fig. 114, after stirring for 3 h, the Mn(u)
ion release percentage was only 2.91%, indicates that MBC has
a good long-term stability in water solution. Also, the effect of
some common wastewater components (Cl, SO427, CO327,
HCO;™ and humic acid) on MG degradation by MBC has been
studied and shown in Fig. 11B. Results show that the effect of
these interfering substances is difficult to be distinguished.
Above all, MBC has good stability and anti-interference ability.

4 Conclusion

Mn;0,/biochar composite has been successfully synthesized
through co-precipitation and hydrogen peroxide oxidation. The
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effect of the stirring time, mass ratios, dropping speeds and
dosages of NH; H,0 and H,0, on the XRD analysis of MBC have
been discussed seriously to get good performance product. And
the optimal conditions for synthesis are the ratios of biochar to
MnSO, is 1:3, the dosage and drip speed of NH; H,O is
2.67 mol L ™" and 5 drips per minute, the dosage and drip speed
of hydrogen peroxide is 0.1 mol L™ and 15 drips per min,
respectively. Furthermore, MG is selected as a candidate to
evaluate the dye removal capacity of MBC, of which degradation
mechanism discussed through the pseudo-second-order and
pseudo-first-order kinetic modes indicates that MBC both have
good adsorption and photocatalytic capacity. So, manganese
has been recycled by straw biochar to form a MnzO,4/biochar
composite, which could be used in dye wastewater treatment.
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