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Synergistic effects of H,O, on the performance of
nano-zero-valent manganese biochar (nhZVMn/
PBC) for the treatment of chlorpyrifos from
aqueous solution
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This study explores the efficient degradation of the highly toxic organophosphorus pesticide chlorpyrifos
(CPY) from aqueous solution using a novel nano-zero-valent manganese-decorated plant biochar
composite (nZVMn/PBC). The composite was synthesized via a chemical reduction method and
thoroughly characterized using FTIR, XRD, SEM, TEM, EDS, XPS, and BET analyses. Characterization
results revealed that nZVMn/PBC possessed a highly porous and crystalline structure enriched with
abundant functional groups, favorable for catalytic degradation. Under optimized conditions ([CPY]y =
9 mg L% [nZVMn/PBCly =
degradation of CPY. Remarkably, the introduction of H,O, further enhanced the degradation efficiency

25 mg L% reaction time = 90 min), the composite achieved 84%
to 99% under identical conditions ([H,O,] = 20 mg L™). The degradation was accelerated under basic
pH and with increasing doses of H,O, and nZVMn/PBC; however, excessive H,O, concentrations
reduced efficiency at higher pollutant levels. Mechanistic investigations revealed that hydroxyl radicals
("OH) were the dominant reactive species responsible for CPY decomposition. The nZVMn/PBC
composite exhibited excellent stability and environmental compatibility. Analysis of the degradation
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Introduction

Pesticides are synthetic substances used to inhibit, control, or
eliminate unwanted species, such as pests of animals and
fungi.* Based on the target organism, pesticides are categorized
into various types, including herbicides, insecticides, fungi-
cides, nematicides, acids, rodenticides, defoliants, and desic-
cants.>® One of the most commonly used organophosphate
insecticides globally is chlorpyrifos (CPY; CoH;;Cl3NO3PS),
synthesized by the Dow Chemical Company in 1965 as
a household pesticide. It exhibits broad spectrum insecticidal

“Department of Chemistry, COMSATS University Islamabad Campus, Islamabad Park
Road, Islamabad 45550, Pakistan. E-mail: ziaulhagkhan11@gmail.com
*Department of Chemistry, COMSATS University Islamabad, Abbottabad Campus,
22060, Pakistan

‘Hubei Key Laboratory of Pollutant Analysis & Reuse Technology, College of Chemistry
and Chemical Engineering, Hubei Normal University, Cihu Road 11, Huangshan,
Hubei 435002, PR China

“Surfactants Research Chair, Department of Chemistry, College of Science, King Saud
University, P. O. Box 2455, Riyadh 11451, Saudi Arabia

‘Advanced Materials Research Laboratory, Department of Physics, Faculty of Science,
University of Tabuk, Tabuk 71491, Saudi Arabia

© 2025 The Author(s). Published by the Royal Society of Chemistry

into non-toxic products. Overall, this study

demonstrates that the nZVMn/PBC—-H,O, system is a highly promising, sustainable, and efficient strategy
for the degradation and detoxification of organophosphorus pesticides in contaminated water.

efficacy against insect pests of commercial crops.*® However,
CPY poses significant threats to non-target organisms. In
humans, CPY toxicity results in numerous clinical symptoms,
including nervous system dysfunction, disruption of endocrine
glands, and cardiovascular diseases affecting the heart, arteries,
and veins.®” National pesticide monitoring programs imple-
mented in several countries have detected the presence of
chlorpyrifos in food, soil, and water, raising concerns about its
hazardous effects on consumers, farmers, and animals.
Furthermore, CPY can alter the microbial population of a soil,
including fungi, actinomycetes and bacteria, thereby inhibiting
nitrogen mineralization. Chlorpyrifos exerts its toxic effect by
inhibiting acetylcholinesterase activity. It is neurotoxic, geno-
toxic, and harmful to reproductive health.>®*® CPY acts by
inhibiting the critical enzyme acetylcholinesterase (AChE) in
pests, disrupting their peripheral and central nervous systems.
This mechanism similarly impacts the human nervous system,
disrupting normal biochemical and physiological functions.*
According to the WHO, 0.2 million people die and up to 2.5
million people suffer from acute pesticide poisoning globally
each year." Therefore, to mitigate the hazards posed to human
health, prevent environmental contamination, and promote
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sustainable farming practices, the degradation of pesticides
such as chlorpyrifos is essential.”® Consequently, various
chemical and microbial techniques are employed to achieve
their degradation. In recent years, the elimination of pesticides
has relied increasingly on biological techniques and physico-
chemical methods, such as advanced oxidation processes.
However, these methods often result in incomplete breakdown
of chlorpyrifos, producing byproducts that can be more
hazardous than the parent compound.” One approach to
improve this process involves the use of biochar, which
resembles charcoal.’* Biochar is environmentally friendly,
exhibits exceptional porosity, and offers significant potential for
environmental remediation.” As biomass is readily available,
reusable, and cost-effective, its application for environmental
cleanup is highly encouraged.'>'® Additionally, its surface
exhibits notable porosity and contains a high concentration of
reactive functional groups, including alkyl, carboxyl (COOH),
hydroxyl (OH), and aromatic groups. Biochar, in particular, is
gaining popularity due to its ability to eliminate contaminants
and activate peroxides to produce reactive oxygen species (ROS),
such as the "OH radical."”"* To achieve the desired physiological
properties and catalytic efficiency, biochar derived from
Dracaena fragrans stem was coated with nano-zero-valent
manganese (nZVMn).** The unique advantage of the nZVvMn
composite biochar lies in its ability to combine the properties of
a physical-biological-chemical (PBC) adsorbent, catalyst, and
complex within a single material.”® nZVMn, a prominent
member of the group of zero-valent metals, is preferred to nano-
zero-valent iron (nZVI) for pairing with PBC, due to its higher
reduction potential of —1.18 V (ref. 22) compared to nZVI (—0.44
V).?® Introducing zero-valent metal to the biochar surface
increases the number of reactive sites. The small dimensions
and enhanced photocatalytic capabilities of nano-zero-valent
manganese further boost the potential of biochar for the
catalyst-mediated degradation of chlorpyrifos.> The toxicity
levels of chlorpyrifos are presented in Table 1.

Hydrogen peroxide (H,0,) is selected as the oxidative elim-
inator of chlorpyrifos due to its exceptionally high oxidizing
potential of 2.8 V. It is used in combination with nZVMn/PBC.

Table 1 Toxicity of chlorpyrifos
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As indicated by reactions (1)-(3), the nZVMn on the surface of
PBC oxidizes into manganese ions and facilitates the decom-
position of hydrogen peroxide into hydroxyl radicals ("OH).

2Mn° + 0, + 2H,0 — 2Mn*" + 40H~ (1)
Mn° + H,0, — Mn?" + 20H" (2)
Mn*" + H,0, —» Mn** + 'OH + "OH (3)

As demonstrated by eqn (4) and (5), the evolved 'OH is
a potent oxidant that reacts rapidly with organic pollutants at
high rates, effectively breaking them down into degradation
products (DPs):

'OH + CPY — intermediate (4)
'OH + CPY — intermediate — DPs (5)

This research focused on synthesizing biochar using a stem
extract of maize plants and evaluating its efficiency in adsorbing
contaminants. PBC was combined with nZVMn to enhance its
adsorption and recycling capacities while also functioning as
a catalyst. Various advanced characterization techniques were
employed to study the physiological properties of the synthe-
sized nZVMn/PBC adsorbent. H,O, was introduced in
conjunction with nZVvMn/PBC to facilitate the removal of
chlorpyrifos. Through an adsorptive process, nZvVMn/PBC
effectively eliminated chlorpyrifos, and the underlying mecha-
nisms were thoroughly investigated. Additionally, the effects of
varying chlorpyrifos concentration, nZVMn dosage, and pH
levels on removal efficiency were examined. The study also
explored the potential for resource reuse and the catalyst-
mediated conversion of H,O, to "OH via the solid-adsorbing
compounds generated.

Characterization of PBC and nZVMn/PBC

To identify the functional groups and types of bonding present in
plant-derived biochar (PBC) and synthesized nZVvMn/PBC, an

Sr. no. System Concentration of CPY Comments on toxicity References

1 Human 300 uM Blood cholinesterase activity affected 25

2 Zebrafish 300 uM Inhibited AcHE & locomotor activity 26

3 Zebrafish 100-300 pg L " Developmental toxicity, oxidative stress, 27
neurotoxicity, locomotor activity

4 Mice lacking glutamate cysteine ligase — Oxidative stress & cytotoxicity 28

5 Gasterosteus aculeatus 1.75, 0.88, 0.35 0.12 pg Lipopolysaccharides enhanced DNA damage 29

6 Japanese medaka (Oryzias latipes) 0.12mgL~" Decrease in social behavior in 12 days 30

7 Rats 1 mg kg (days 1-4) Affected RNA concentrated & showed 26
delayed neurotoxicity

8 Neonatal rats 1mgkg 'd? Permanent changes in brain cells 31

9 Green algae 9.37-150 mg L " Inhibited the growth & cell shape of 32
cell organelles at high concentrations

10 Freshwater microalgae 0-100 mg L™* Inhibited the growth & content of 32
chlorophyll at high concentration

11 Mice 0.28-8.96 mg kg " DNA damage 33
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FTIR spectrophotometer (Bruker, ISS-88) was used, operating in
the range 400-4000 cm ‘. X-ray diffractometer analysis was
employed to determine the phase composition, crystallinity, and
homogeneity of the plant biochar and nano-zero-valent
manganese-doped plant biochar. Scanning electron microscopy
(SEM) (TESCAN-VEGA) was performed to analyze the surface
morphology of the plant-derived carbonaceous material and
hydrothermally synthesized nanocomposite (nZVMn/PBC). TEM
(JEM-1011) at a resolution of 200 nm was used to examine the
topographical features of the synthesized materials. SEM images
were captured in second electron mode using a 5.0 V energy
beam. The SEM images were further processed using Image]
software to generate histograms of nanostructure diameters. An
energy dispersive X-ray spectrometer (EDAX) (JED-2200 series)
was used to determine the atomic ratio, atomic percentage and
elemental composition of PBC and nZVMn/PBC. X-ray photo-
electron spectroscopy (SPECSURF version 2.06), employing an Al
Ko X-ray source (1486.6 €V, 6 mm beam size), was used to analyze
the chemical composition and surface valence state of the
materials. The adsorption efficiency of the PBC for pesticide
removal was evaluated using ultraviolet-visible spectroscopy
(OPTIZEN Alpha). The point of zero charge (pH,,,.) was calculated
to determine the surface charge properties of Mn-doped PBC and
nZVMn/PBC, while zeta potential (ZP) analysis was conducted to
evaluate the stability of the synthesized bimetallic adsorbent
material. BET analysis was carried out to determine the pore size,
pore volume and surface area.

Materials and methods
Materials

All chemicals used in this study were of analytical grade and
supplied by Sigma-Aldrich (now MilliporeSigma). These include
chlorpyrifos (CPY), plant biochar (PBC), sodium borohydride
(NaBH,), hydrogen peroxide (H,0,), manganese(u) tetrahydrate
(MnCl,-4H,0), and ethanol. The high-purity water used in the
reaction mixtures was produced using Millipore's Milli-Q®
technology.

Preparation of corn-plant-derived biochar

Maize plants were used in this study to produce biochar. The
plants were collected and thoroughly washed with distilled
water to remove any dirt or contaminants. Subsequently, the
maize plants were separated into parts and air-dried. The
samples were further dried at 60 °C to eliminate residual
moisture.** The dried stems were then ground into powder. 10 g
of the powdered material was weighed and subjected to pyrol-
ysis at 550 °C for 3 h in a high-temperature furnace. The
pyrolysis process yielded biochar, which was used in subse-
quent experiments.**

Preparation of nZVMn/PBC composite

To synthesize the nZVMn/PBC composite, 1.0 g of MnCl,-4H,0
and 0.5 g of PBC were dissolved in beakers containing 35 mL of
distilled water and 5 mL of ethanol. Ethanol was used to
minimize the oxidation of nZVMn during the preparation

© 2025 The Author(s). Published by the Royal Society of Chemistry
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process. Separately, 1.0 g of sodium borohydride was dissolved
in 40 mL of distilled water, and this solution was transferred to
a burette. The BH,  solution was added dropwise to the beaker
containing the MnCl,-4H,0 and PBC suspension.** This
gradual addition was carefully monitored to optimize the
production of the nZVMn/PBC composite. The reaction mixture
was sonicated, and the aqueous layer was removed to isolate the
resulting products. The mixture was then oven-dried at 90 °C for
24 h. Finally, the dried nZVMn/PBC mixture was powdered and
subjected to pyrolysis under limited oxygen conditions to
produce the nZVvMn/BC composite.'®**

Batch experiment and adsorption studies

To investigate the adsorptive elimination of CPF using synthe-
sized materials, two independent pathways were examined. For
the adsorption study, 1000 mg L™ " of plant biochar and nano-
zero-valent manganese were added to a 300 mL Pyrex glass
beaker containing an aqueous solution of CPY at a concentra-
tion of 30 mg L™ '. The mixture was studied over varying dura-
tions, ranging from 0 to 120 min. The pH of the pesticide
solution was adjusted using NaOH and HCI across different pH
values. Eqn (6) and (7) were used to predict the pesticide
adsorption capability at equilibrium (g., mg g ') and at
a specific time ¢ (g, mg g~ ').*

w= () < ©)

a

4 = (Cij‘; C’) X Vi (7)

a

In eqn (7), the variables C;, C¢, and C, denote the dye concentra-
tions at start, final, and specific times (mg L"), V,, denotes the
volume of solution (L), and M, is the mass of the adsorbent (g).

Adsorption kinetics and mechanism

The pseudo-first-order and pseudo-second-order kinetics of
nZVMn onto PBC were studied to understand the reaction
process and identify the rate-controlling phase. At agitation
time ¢, the amount of CPY adsorbed, g, is determined using the
expression:

(Co—C)xV

q: = % (8)

The liquid-phase concentration of nZVMn/PBC solution, rep-
resenting the adsorbate, is denoted as C, at time ¢ and C; at any
given time t. V,, remains consistent with its definition in eqn (6)
and (7). The rate-determining step and adsorption mechanisms
were analyzed by applying kinetic models to the experimental
data obtained from optimization of the contact time.

The pseudo-first-order equation

The pseudo-first-order Lagergren equation describes the rela-
tionship between a solid and a liquid system based on the
sorption capacity of nZVMn. One nZVMn ion is adsorbed onto
a single PBC adsorption site.

RSC Adv, 2025, 15, 44229-44245 | 44231
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A pseudo-first-order mathematical form is typically written
as:

kit
log(ge — ¢/) = log (qe -3 3'03> (92)

hy = kiq. (9b)
where g, is the relative amount of nZVMn deposited at any given
time interval (mg g~ '), ¢. is the total amount of nZVMn adsor-
bed at equilibrium per unit weight of the adsorbent (mg g ™), i
is the pseudo-first-order starting adsorption rate, k; is the
pseudo-first-order rate constant (min~*), log(ge — g.) should plot
linearly with ¢ and with k;, g. can be found by calculating the
slope and intercept of the expression in eqn (9a).>

Pseudo-second-order equation

The chemisorption kinetics of the liquid system were examined
using the pseudo-second-order rate expression. Furthermore,
based on the interaction between nanoscale-zero-valent
manganese (Mn) and PBC, it is proposed that Mn is adsorbed
onto adsorption sites on the PBC surface.

kr

2nZVMn + PBC 2 (nZVMn),PBC oid.phase) (10)

The linear form of a pseudo-first-order equation is typically
written as follows:

Lt 1, (10a)
4 kgl g

When ¢ tends to zero, A, is defined as:
hz = k2qez (10b)

Substituting the value of &, into the above equation, it
becomes:

111
—= 4t

10c
q: hZ qe ( )

where 7, represents the initial rate of adsorption. If the second-
order kinetic equation is applicable, plotting ¢/g, against ¢
should yield a linear relationship. From this plot, constant k;, ge.
and A, can be determined.?®

Adsorption isotherm models

The amount of material adsorbed per unit mass of the adsor-
bent is related to the equilibrium concentration of the material
at a constant temperature by an adsorption isotherm.

Freundlich isotherm model

An equation describing both the surface variation and the
exponential pattern of reactive sites and their energy is provided

44232 | RSC Adv,, 2025, 15, 44229-44245
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by the Freundlich adsorption isotherm. The linear form of the
Freundlich equation is:

1
log Q. = log k¢ + Zlog C. (11)

The parameters defining the adsorbent-adsorbate system
are the Freundlich isotherm constants, k¢ and ng, which repre-
sent the adsorption capacity and intensity, respectively. These
constants are determined from the slope and intercept of a plot
of log Q. vs. log Ce.

Langmuir isotherm model

The Langmuir adsorption isotherm is assumed to apply when
single-layer adsorption occurs on a homogeneous surface with
a finite number of identical adsorption sites. During adsorp-
tion, no migration of adsorbed molecules takes place on the
surface, which maintains a constant adsorption energy. The
linear expression for the Langmuir isotherm is:

C_ 1 G
Qc KLQmax Qmax

(12)

The maximal monolayer coverage capacity is expressed as
Qmax (Mg g~ 1). The Langmuir isotherm constant, or Ky (mg™ %),
represents the adsorption energy. The equilibrium parameter,
also known as the separation factor, is a dimensionless
constant that reflects the main characteristics of the Langmuir
isotherm and can be derived from it.

1

Rl=—
LT 11Kk,

(13)

The adsorption nature is indicated by the Ry value, which
can be either favorable or unfavorable.

Results and discussion
Characterization of PBC and nZVvMn/PBC

The synthesized plant
manganese-doped plant biochar were analyzed for physical,
crystallographic, and surface characteristics using various
advanced techniques, including FTIR, XRD, SEM, EDS, XPS, and
TEM.

FTIR interpretation. The FTIR spectra of the synthesized
nano-zero-valent manganese/plant biochar in the wavenumber
range from 4000 to 550 cm™" are shown in Fig. 1. The FTIR
spectra of PBC were published in our previous paper.’” They
exhibit distinctive vibrations at 3437, 2922, 2027, 1626, 1335,
1004 and 670 cm™'. A large and broad spectral peak at
3437 em ™' is associated with adsorbed water O-H stretching.*®
Potential causes of the peaks at 2922 cm ™" could be the ~-C-H
stretching vibration of the newly created materials. The faint
peaks at 2080 cm " could be explained by the existence of -C=
C=C- bonds. The peak at 1626 cm ' justifies the presence of
coupled C=C stretching in the solid material. In addition,
vibrations of the produced materials at 1337 cm™ " and

biochar and nano-zero-valent

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 FTIR spectra of the synthesized nZVMn/BC materials.

1004 cm~ ' were detected in the spectra, which revealed the

existence of H-C=C- and -C=C- groups. In accordance with
the existence of an Mn-O bond, the nano-zero-valent
manganese-doped plant biochar displayed a peak at
670 cm ™, indicating that Mn had been successfully coupled
with the biochar.”>*® The effectiveness of biochar is said to be
significantly influenced by the existence of aromatic structure,
carbon concentration, and -OH groups.*®*

X-ray diffraction analysis. X-ray diffraction analysis nZVMn/
PBC XRD provided valuable insights into the present phase,
crystallographic structures, and composition. The XRD spec-
trum of PBC was published in our previous paper.’” XRD anal-
ysis of nZVMn/PBC showed diffraction peaks at 14.88°, 25.95°,
31.96°, 33.56°, 41.55°, 42.86°, 45.71°, 51.52°, and 56.78°, cor-
responding to the lattice planes (222), (200), (110), (11), (11),
(01), (010), (002) and (100), respectively. For nZVMn/PBC, the
XRD pattern revealed peaks at 26 = 25.95°, 31.96°, 33.56°, and
51.52°, which are attributed to the amorphous form of MnO,.
Additionally, strong and intense peaks were observed for Mn,0;
at 20 = 14.88° and 56.78°. The peaks observed at 26 = 41.55°,
42.86°, and 45.71° correspond to Mn° (Fig. 2). The zero-valent
manganese substance is identified by distinctive peaks in the

140 001
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120 | 002
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@
(=]
1

XRD Ref No: 96-900-8590

thy

% Intensity
D
(=)
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Fig. 2 XRD spectrum of nZVMn.
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nZVMn/PBC. Using the Debye-Scherrer equation, the average
crystallite size of the material was calculated from the peak at
45.71° (001) in the XRD graph, and was found to be 33.38 nm.*°

Scanning electron microscopy. SEM analysis of the biochar
displayed a highly porous structure linked to its composition
(Fig. S1).** Additionally, SEM was also utilized to analyze the
morphology of the nanomaterials.** SEM micrographs of the
synthesized nZVMn/PBC materials revealed their morpholog-
ical and structural properties (Fig. 3A-C). High-quality SEM
images of randomly selected particles were used for observa-
tion, with average particle size and size distribution histograms
generated (Fig. S2). In the case of nZVMn/BC, the nZVMn
nanoparticles were evenly distributed across the outermost PBC
layer. Moreover, the nZVMn/BC composite exhibited a porous
exterior, offering numerous active adsorption sites that facili-
tate the capture of relevant contaminants.'® EDS analysis was
performed to identify elemental composition. For nZVMn/PBC,
EDS analysis detected Mn as a prominent and sharp peak,
alongside C and O (Fig. 3D). The Mn peak in the nZVMn/PBC
composite further confirmed the successful integration of
nZVMn into the biochar. Additionally, the EDS spectra of
nZVMn/PBC showed peaks corresponding to chlorine (Cl),
silicon (Si) and sodium (Na), attributed to the precursor
manganese salt (manganese(n) chloride tetrahydrate) and
sodium borohydride. Table 2 shows the elemental analysis of
nZvVMn/PBC.

Transmission electron microscopy. The TEM image of the
prepared nZVMn/PBC is shown in Fig. S3. TEM analysis
revealed that the nZVMn/PBC surface is highly crystalline, oval-
shaped, homogeneous, consistent and nanoscale. As can be
observed in the figure, the Mn° nanoparticles exhibit an oval
morphology and are predominantly single-crystalline.** The
effective catalytic efficiency in the degradation mechanism
depends significantly on the crystalline nature of the synthe-
sized material.*

X-ray photoelectron spectroscopy. The elemental composi-
tion, chemical state, and electronic state of the material were
investigated using XPS. XPS analysis identified Mn, C, and O as
the primary components of nZVMn/PBC. The XPS analysis, as
shown in Fig. 4, showed the presence of Mn® in nZVMn/PBC,
confirming that the borohydride-based chemical reduction
process successfully synthesized Mn°. The results indicate that
zero-valent manganese (Mn°) exhibited a binding energy of
639.6 eV for Mn 2p;,,. The charge transition from Mn° to Mn**
results in binding energies of 640.6 eV (Mn 2ps;) for Mn*",
641.3 eV for Mn®" and 642 eV for Mn**.**** The oxidation states
of Mn2p,,, appear at 252 and 254 eV, respectively. The O 1s
spectra revealed a single component at 530.4 eV, which was
further deconvoluted into three peaks, corresponding to the
Mn-O lattice, Mn—-OH and adsorbed water molecules on the
surface of the photocatalyst. The carbon spectrum shows the
presence of C-C, C-OH and C-O.

Brunauer-Emmett-Teller (BET) analysis

The synthesized biochar doped with nano-zero-valent manga-
nese (nZVMn) was analyzed for its BET surface area and pore

RSC Adv, 2025, 15, 44229-44245 | 44233
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Fig. 3 SEM (A), (B), (C), and EDS (D) images of synthesized nZVMn/PBC.

Table 2 Elemental analysis of nZVMn/PBC

Element kev Mass% Atomic% Error%
C 0.277 7.78 17.10 0.35

O 0.525 28.98 47.83 0.25
Na 1.041 3.76 4.32 0.43

Si 1.739 0.31 0.29 0.23

Cl 2.621 7.69 5.72 0.17
Mn 5.894 51.48 24.74 0.56
Total 100% 100%

size using N, adsorption-desorption studies conducted at 77 K.
The nZVMn/PBC composite exhibited a mesoporous
morphology with irregular pores. The adsorption isotherm
displays type IV features and an H; hysteresis loop. The analysis
revealed that the nZVMn/PBC composite had a BET surface area
of 27.0630 m> g~', pore volume of 0.169669 cm’® g™, and
average pore size of 292.7 A, as shown in Fig. 5. For comparison,
the BET analysis of PBC is presented in SI Fig. S4. Compared to
the BET of PBC, the nZVMn/PBC composite exhibits signifi-
cantly higher surface area and pore volume, indicating that the
incorporation of nZVMn substantially enhanced the porosity of
the material, suggesting that nZVMn plays a crucial role in
enhancing the structural characteristics of the biochar. The
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results underscore the potential of nZVMn/PBC as an advanced
material with improved porosity and surface properties.***°

Point of zero charge

The pH at which the net charge on a material surface is zero is
referred to as the point of zero charge (pHp,.). This parameter is
critical for understanding electrostatic interactions between
solid-adsorbent materials and surrounding solutions. When the
solution pH is higher than pHp,. (pH > pHy,c), the surface of the
adsorbent material typically carries a net negative charge due to
deprotonation and increased concentration of hydroxyl (-OH ")
ions. This condition favors the adsorption of cationic species.
Conversely, when the solution pH is lower than pHp,. (pH <
pHp,c), the surface acquires a net positive charge due to
protonation and the prevalence of hydrogen ions (H'), which
enhances the adsorption of anionic species.*” The calculated
pH,;,c value for nZVMn/PBC, determined by the point of inter-
section method, is 7.5 (Fig. S5). This indicates that the surface
of the photocatalyst is anionic above pH = 7.5 and cationic
below this value. Zeta potentials (ZP) with a ZP value close to
+10 mV are considered neutral, while those with a ZP value of
<—30 mV or >+30 mV are regarded as strongly anionic and
cationic, respectively.*® ZP measurements are also indicative of
nanoparticle stability; particles with ZP values near +10 mV

© 2025 The Author(s). Published by the Royal Society of Chemistry
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exhibit minimal stability and are prone to agglomeration,
whereas higher ZP magnitudes suggest greater stability. For the
synthesized nZVMn/PBC material, the measured ZP is
35.34 mV, which confirms excellent stability and a strong
anionic surface, consistent with pH,,. (Fig. S6). These proper-
ties make nZVMn/PBC highly suitable for the degradation of
pesticides.

Band gap

Manganese oxide (MnO) is a transition metal oxide with
a narrow band gap, typically ranging from 3.6 to 4.2 eV,
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depending on its crystal phase, particle size, and synthesis
method.* The band gap represents the energy difference
between the valence band (occupied by electrons) and the
conduction band (where electrons can move freely). In MnO,
this band gap allows it to absorb light mainly in the ultraviolet
region, although modification or doping can extend its
absorption into the visible region.>® The photocatalytic activity
of MnO arises from its semiconducting nature.** When exposed
to light with energy equal to or greater than its band gap,
electrons are excited from the valence band to the conduction
band, leaving behind holes. These photogenerated electron-
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hole pairs participate in redox reactions—electrons reduce
molecular oxygen to form superoxide radicals (O, "), while
holes oxidize water or organic pollutants to produce hydroxyl
radicals ("OH). These reactive oxygen species (ROS) are
responsible for degrading organic contaminants and promoting
antibacterial or environmental purification processes. Further-
more, the narrow band gap and multiple oxidation states of Mn
(Mn**, Mn*", Mn*") enhance charge separation and facilitate
efficient electron transfer, improving the overall photocatalytic
performance. MnO-based materials are therefore promising
candidates for photocatalytic degradation of dyes, wastewater
treatment, and energy conversion applications.?” The band gap
of nZVMn@BC is presented in Fig. S7.

Impact of various parameters on the degradation of
chlorpyrifos

A variety of process factors, including CPY concentration, pH,
light conditions, and acidic and basic environments, were
evaluated for their influence on CPY degradation using nZVvMn/
PBC-catalyzed H,O0,.

Effects of various light exposures, acidic and basic conditions

Numerous experiments were conducted to investigate the
degradation of chlorpyrifos solution. Fig. 6 displays the effects
of various conditions, including controlled (dark) conditions,
exposure to visible light, UV light, and basic and acidic condi-
tions, on the degradation process. Under controlled conditions
in a dark environment employing a catalyst, minimal degrada-
tion was observed. This indicated that the catalyst exhibits
significantly higher activity in the presence of light compared to
darkness. To further explore the impact of light exposure,
multiple experiments were performed to assess the photo-
degradation of CPY under different light sources. As shown in
Fig. 6, visible and UV light were evaluated for their effects on
CPY degradation. The results revealed a marked difference in
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degradation efficiency between the light sources, depicting
a low degradation efficiency of 6% under visible light compared
to 8% under UV light. The short wavelength and high energy of
UV light are particularly effective for initiating photo-
degradation.® Experiments were also conducted under acidic
and basic conditions. The degradation of CPY was higher under
basic conditions (12%) than under acidic conditions (10%), as
shown in Fig. 6A. Chlorpyrifos contains a phosphorus atom,
which is susceptible to hydrolysis, a process where a water
molecule breaks down chemical bonds. In basic conditions,
hydrolysis occurs more readily because hydroxide radicals ("OH)
are abundant, facilitating the breakdown of phosphorus
compounds.™ In acidic conditions, the concentration of H' is
higher, and hydrolysis is less favorable because there are fewer
hydroxide radicals ("OH) available to react with chlorpyrifos.
Therefore, chlorpyrifos is less likely to undergo degradation in
an acidic environment than in a basic one.*

Adsorption of CPY pesticide by PBC and nZVMn/PBC

In order to eliminate the pesticide CPY from water, an adsorp-
tion experiment was carried out. 100 mL of an aqueous solution
of CPY from a stock solution containing 20 mg L™ received
treatment with 1000 mg L™" of plant biochar and nano-zero-
valent manganese/plant biochar nanocomposite material with
pH = 8, adjusted by H,SO, (0.5 M) and NaOH (0.5 M) solutions,
respectively. After 90 min of reaction time, PBC exhibited 48%
adsorption for CPY, whereas the nZVMn/PBC adsorbent mate-
rial exhibited 90% adsorption, as displayed in Fig. 6B.

Effects of CPY concentration

nZVMn/PBC-catalyzed H,0,-based degradation was carried out
under different CPY dosages (3, 6, 9 and 12 mg L") at constant
nZVMn/PBC concentration and constant initial pH (pH = 8.0). The
results were 80% and 99% at higher concentration and lower
concentration of CPY, respectively (Fig. 7A). These findings imply

1.0 1 —=#—Biochar
—&— nZVMn/PBC
0.8
0.6
0.473
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B

0.0 T T — — T
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Fig.6 (A) Effect of various light exposure, acidic and basic conditions on degradation of CPY [experimental conditions: CPY = 1000 mg L%, pH =
8.01. (B) Adsorption of CPY by biochar and nZVMn/PBC [experimental conditions: UV light, [nZVMn/PBCl, = 1000 mg L™, [CPY], =100 mg L™,
[H,05]o = 10 mg L™, temp. = 25 °C, 30 °C, and 35 °C, pH = 8.0, reaction time 20-120 min].
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that there is an inverse relationship between CPY concentration
and CPY degradation efficiency. The outcomes attained align with
those already reported in literature.>*” The potential for a reduc-
tion in the concentration of "OH radicals at a higher level of CPY
concentration, as opposed to lower levels, could contribute to an
elevation in the formation of DPs and hinder the penetration of
light within the water solution. Additionally, the anticipated
outcome leading to a decrease in degradation efficiency might arise
from intensified competition between CPY and its degradation
products (DPs) at high contamination concentrations, preventing
their accumulation on the surface of the synthetic material®**

Effect of nZVMn/PBC concentration

The elimination of CPF was studied under conditions of a fixed
concentration of CPY = 100 mg L™ and a constant pH = 8.0,
utilizing varying quantities of the plant biochar material and
solid-adsorbent material nano-zero-valent manganese: 5, 10, 15,
20 and 25 mg L™". The findings revealed a notably higher effi-
ciency in CPY removal at a higher dosage of the synthesized
adsorbent material compared to a lower dosage. By increasing
the adsorbent concentration from 5 to 25 mg L™, degradation

View Article Online

RSC Advances

efficiency increased from 30% to 84% (Fig. 7B). This trend was
consistent with previous studies.®** By increasing the dosage of
the nanocomposite, the amount of available active binding sites
increased, consequently facilitating the binding of a substantial
number of target contaminant molecules. Conversely, at lower
dosages, the availability of active binding sites decreases,
resulting in a lower capacity to capture contaminant mole-
cules.®® Additionally, the aggregation of synthesized adsorbent
material intensifies at higher concentrations of synthesized
adsorbent material, while it diminishes with lower doses,
following the opposite pattern.®

Effects of pH

CPY degradation by nZVMn/PBC-catalyzed H,O, was assessed
using a variety of aqueous solutions with a range of pH values
(3.0-11.0). The change in pH has an enormous impact on the
photocatalytic degradation of CPY. Maximum degradation of
CPY was observed at pH 8.0, while lower degradation was
observed at pH 3.0 and 11.0. The ionic strength of the target
contaminant and the propensity for oxidation of reactive radi-
cals, and surface charge of the photocatalyst are all said to be
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Fig.7 (A) Effects of CPY concentration [experimental conditions: UV light, [nZVMn/PBClo = 1000 mg L™, [CPYlg = 3,6, 9and 12 mg L™, pH =
8.0]. (B) Effect of nZVMn/PBC dosage [experimental conditions: UV light, [NnZVMn/PBClo = 5, 10, 15, 20, and 25 mg L%, [CPY]lo =100 mg L%, pH =
8.01. (C) Effect of temperature [experimental conditions: UV light, [nZVMn/PBCly = 1000 mg L™, [CPY]o = 100 mgL ™, [H,0,lp = 10 mg L%, temp
=25°C, 30 °C, and 35 °C, pH = 8.01. (D) Effects of pH [experimental conditions: UV light, [NZVMn/PBClo = 1000 mg L%, [CPY], =100 mg L%, pH
=3.0,6.0,9.0, 8.0, and 11.0]. (E) Impact of contact time [experimental conditions: UV light, [nZVMn/PBCl, = 1000 mg L™, [CPYla =100 mg L™,

[H,05]o = 10 mg L™, temp. = 25 °C, contact time 20—-120 min, pH =
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impacted by changes in pH.***° The increased deprotonation of
nanoparticles at higher pH levels enhanced the removal effi-
ciency from 40% to 65%, as the resulting negatively charged
photocatalyst surface promoted greater chlorpyrifos adsorp-
tion.®”* The calculated value of the point of zero charge (pHp,c)
for nZVMn/PBC according to the point of intersection was 7.5
(Fig. 7D), indicating that the photocatalyst surface is anionic
above this pH and cationic below it.*** Considering the pK,
value of chlorpyrifos of 4.84, this suggests that the compound
carries a negative charge at pH greater than 4.83 and a positive
charge at pH less than 4.83. Interaction between pollutant and
photocatalyst, as well as the efficiency of photodegradation, is
influenced by the combined effect of working pH, pHp,. and pK,
of the pollutant. The lower percentage degradation of chlor-
pyrifos at pH < 6.0 and pH > 8.0 can be attributed to repulsion
between nZVMn/PBC and chlorpyrifos because they have the
same charges. Other potential reasons include scavenging of
hydroxyl radicals ("OH) at acidic pH and minimization of
oxidation strength at high pH levels.”>”*

Effect of temperature on the degradation of chlorpyrifos

At different temperatures, 25 to 35 °C, the impact on decom-
position of chlorpyrifos was investigated, keeping other
parameters constant: [CPY] = 100 mg L', [nZVMn/PBC] =
1000 mg L™, reaction time = 90 min and pH = 8 for chlor-
pyrifos. As the temperature increased, the degradation effi-
ciency of nZVMn/PBC also increased, resulting in higher
degradation of chlorpyrifos, such as 40% at 25 °C, 50% at 30 °C
and 30% at 35 °C (Fig. 7C). According to temperature-based
research, chlorpyrifos readily degrades as the temperature
rises. This might result from stimulation of the solvent mole-
cules, which would provide more heat energy and cause the
chlorpyrifos structure to disintegrate. Temperature changes
also affect the stability of both chlorpyrifos and the nZVvMn/PBC
catalyst. Elevated temperature destabilizes chlorpyrifos mole-
cules, making them more prone to degradation. The findings
presented in our study closely resemble those found in ref. 72.

Impact of contact time on degradation of CPY

One of the fundamental parameters used to maximize uptake
and illustrate the kinetics of the adsorption process is contact
time. To maximize the possibility of contact between the
adsorbent and adsorbate, the duration of reaction time is
increased. Adsorption tests were conducted with different
reaction times, varying from 20 to 120 minutes, while main-
taining other parameters constant: pH = 8.0 for CPY, [pesticide]
=5 mg L', and nano-zero-valent manganese/plant biochar =
1000 mg L', The results are displayed in Fig. 7E. The initial
high adsorption rate is due to the fast adhesion of CPY on the
nZVMn/PBC surface for 120 minutes. According to recent
experiments, the chlorpyrifos (CPF) insecticide reached
adsorption equilibrium in 120 minutes. The key to fast
adsorption by nZVMn/PBC was the substantial number of
available unoccupied active sites, which the pesticide molecules
gradually filled over a time of 120 minutes. After that, the
pesticide adsorption process stabilized, possibly as a result of
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saturation of active sites or due to the electrostatic repulsion
among the pesticide molecules that had already been adsor-
bed.” When creating a cost-effective adsorbent for the treat-
ment of contaminated water, one of the parameters considered
is the minimum equilibrium time. Because of this, the excep-
tional CPY adsorption by the synthesized nZVMn/PBC material
is possible.

Adsorption and kinetic modeling

The kinetic and equilibrium experimental adsorption data for
the pesticide were confirmed using kinetic models (pseudo-
first-order and pseudo-second-order) and equilibrium models
(Langmuir and Freundlich). The fitting behavior of these
models for the adsorption of pesticide onto nZVMn/PBC is
illustrated in Fig. S8, and the corresponding model parameters
are illustrated in Table 3. The maximum adsorption capacity
(¢max) for CPY onto nZVMn/PBC was determined to be 0.27 mg
g~ '. The Freundlich model exhibited a superior fit compared to
the Langmuir model for chlorpyrifos with an R* value = 0.98.
For kinetic modeling, the pseudo-first-order kinetic model
provided a better fit than the pseudo-second-order kinetic
model, as indicated by an R* value of =0.807. The Freundlich
model fit suggested the presence of potential multilayer
adsorption and a heterogeneous adsorbent surface with
a varying site affinity. The pseudo-first-order kinetic fit asserted
that physical adsorption mechanisms control the adsorption
process, where the rate is influenced by the number of available
sites.

Reusability of biochar and nZVMn/PBC

The potential and long-term effectiveness of synthesized solid
plant biochar and nano-zero-valent manganese/plant biochar
materials were examined by assessing their performance in
treating CPY over seven consecutive cycles, with the addition of
H,0,. The findings demonstrated that, for five cycles in a row,
both prepared materials consistently removed CPY; however, at
the seventh cycle, the effectiveness of PBC dropped and resulted
in 22% removal of CPY. Conversely, nZVMn/PBC demonstrated
robust performance even at seven cycles, removing 40% of the
CPY (Fig. S9). The outcomes demonstrated 78% and 60%
decreases in CPY elimination over 7 cycles using plant biochar
and nZVMn/PBC, respectively. A factor with scientific signifi-
cance is that the magnetic properties of nZVMn improve the
healing of the solid-adsorbent composite at the conclusion of
the investigation. The stability and durability of the prepared
nZVMn were boosted by the composite containing biochar,
ethanol, and saturated N, gas. This improved the ability of the
newly created nZVMn/PBC to remove CPY until the seventh
cycle.

Comparative analysis of the degradation of chlorpyrifos using
different metal composites and nZVMn/PBC

Degradation efficiency can only be maximized by determining
the ideal photocatalysis conditions. Table 4 lists the most recent
research on the photodegradation of several kinds of pesticides
by metal oxide nanoparticles and their composites when

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Parameters of equilibrium and kinetic adsorption models for the modeling of pesticide adsorption by nZVMn/PBC nanocomposite

Type Model name Parameter Chlorpyrifos
Equilibrium adsorption models Langmuir Ky (Lmg ™) 0.590
Gmax (mg gil) 0.27
R 0.94
Freundlich K ((mg g~ (L mg™ )" 2.39
n 3.85
R 0.98
Kinetic models Pseudo-first-order k; (min™") 0.304
ge (mgg™) 2.071
R 0.807
Pseudo-second-order k, (g mg ' min™ ") 0.0005
ge (mgg™) 7.675
R 0.240

exposed to UV or visible light. The circumstances that match the
highest degradation efficiency found in the studies have been
published. The nZVMn/PBC composite offers significant
advances over conventional environmental remediation mate-
rials. Both organic and inorganic contaminants can be effec-
tively removed, due to their special blend of increased surface
area, redox activity, sustainability, and multifunctionality.
nZVMn particles offer a greater surface area per unit mass than
conventional materials because of their nanoscale size. Even
more porosity and surface area are displayed by the composite
material when PBC (porous biochar) is added, owing to the
enhanced adsorption capacity for contaminants.'® The benefits
of using biochar and manganese together for environmental

cleanup rely heavily on the special redox characteristics of
manganese (Mn). Manganese, in its zero-valent form, may
remove harmful heavy metals like arsenic (As(v)) and chromium
(Cr(v1)) and effectively break down organic contaminants like
dyes, medication, and pesticides.” In comparison to more
costly adsorbents or catalysts, such as activated carbon or other
designed nanomaterials, porous biochar, which is frequently
made from agricultural waste, is an economical and environ-
mentally beneficial option. Because of its capacity to trap
carbon, the manufacture of biochar also has a sustainable
aspect, reducing its overall environmental impact.”> nZVMn/
PBC exhibits better stability than conventional
adsorbents because of the protective biochar matrix, which

nano-

Table 4 Comparative analysis of the degradation of chlorpyrifos using different metal composites and nZVMn/PBC

Light Conc. of Dosage of Contact time Degradation
Adsorbent Structure source pesticide adsorbent (min) pH efficiency (%) References
CuO/TiO,/PANL Spherical NPs embedded Visible 20mg L™ 5 mg 90 7.0 95 78
nanocomposite in PANL
Ce0,/Ti0,/Si0, Nearly spherical uv 2mgL™" 0.21 90 54 81.1 79
nanocatalyst
Ce0,-Si0, NPs — uv 10 mL 7 mg 150 9.0 90 80

aqueous sol

Fe-doped CeO,-SiO, Spherical NPs uv 20 mg L~* 7 mg 230 9.0 81.31 81
nanocomposite
S-doped Ni-Co Dispersed spherical Visible 25mgL™" 60 mg 150 10 925 81
nanocomposite
GO-Fe;0,/TiO, Mesoporous TiO, dispersed Visible 5mgL~" 100 mg 60 8.0 97 82
nanocomposite on GO nanosheets
ZnO/TiO,-Fe;0, Fe;0, uniformly distributed Visible 8mg L' 60 mg 50 10 94.8 83
nanocomposite on porous nanostructure of ZnO
Cu-ZnO Cu NPs embedded onto Sunlight 200 mgL™" 250 mg 240 6.0 91 84
nanoparticles ZnO surface
ZnO@CdS CdS aggregated spherical Sunlight 2 mgL™" 25 mg 360 7.0 91 85
nanostructures NPs and ZnO nanoflowers
Fe-ZnO Rough surface uv 10mgL™* 25 mg 60 3.0 93.5 86
nanocomposite
Ag-ZnO Uniform distribution of Sunlight 50 mgL™* 20 mg 40 3.0 90 87
nanocomposite Ag onto ZnO surface
Nano-zero-valent nZVMn uniformly distributed uv 3mgL™" 20 mg 120 8.0 99 Present
manganese-doped on the surface of PBC study

plant biochar

© 2025 The Author(s). Published by the Royal Society of Chemistry
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inhibits the oxidation of zero-valent manganese and lessens
manganese leaching.” nZVMn/PBC can be modified for
a number of environmental applications, such as the elimina-
tion of heavy metals and other inorganic pollutants or the
redox-mediated breakdown of organic contaminants. Its versa-
tility for application in various environmental contamination
scenarios is enhanced by its multifunctionality, which also
makes it preferable to single-purpose materials.” In compar-
ison to other traditional materials, the degradation kinetics of
pollutants are faster due to the high surface reactivity and
electron-donating capability of nZVMn in the composite.
Particularly in dynamic systems where rapid response times are
crucial, this high reaction rate enhances the effectiveness of
therapeutic procedures.”

Photocatalytic degradation of CPY

When the photocatalyst is exposed to UV or visible light with
energy equivalent to or greater than the band gap, the process of
photocatalytic degradation begins.*® A schematic degradation
pathway is shown in Fig. 8.

The nZVMn/PBC nanocomposite is said to release electrons,
captured by CPY, a superior electron acceptor, which starts the
degradation process. Upon exposure to visible light, e /h" pairs
are produced as a result of the excitation of photo electrons
from their valence band to their conduction band in MnO.** The
breakdown of pesticides is caused by the extremely active
hydroxyl radical ("OH) that is created via an oxidation-reduction
reaction (eqn (14)-(20)), when photogenerated e /h" are
promoted to the surface of the nanoparticles. Because of the
electron trap energy levels that are created when Mn° is doped
onto the PBC surface, there are more holes available for the
formation of ("OH) radicals, and electron-hole pair recombi-
nation is reduced. When photogenerated holes react with water
through an oxidation-reduction reaction, they produce
hydroxyl radicals ("OH), whereas electrons generated by light
interact with molecular oxygen to make superoxide anions. The
produced O*>” radical deteriorates water molecules to produce
H,0,, which then combines with electrons to produce (‘OH)

0, 1,0, Chlorpyrifos
*OH Degradation
/ eeeee
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Fig. 8 Proposed photocatalytic degradation mechanism.
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radicals. Less harmful byproducts are formed when these
produced ROS species, namely O~ and ("OH), oxidatively react
with the CPY pollutant.®®

MnO + hv = eqy” + hyp" (14)

ep +O0y = 07 (15)

hyw" + H,O — H" + "OH (16)

hy," + TOH — "OH (17)

0, + H,0 — H,0, (18)

H,0, + e, — 20H™ (19)

'OH + O, + CPY — intermediate + ‘OH — DPs  (20)

The accelerated photocatalytic breakdown of CPY pesticide
is therefore influenced by the presence of Mn® in biochar with
respect to the charge exchange kinetics and separation of

A
photogenerated e /h™ pairs.

Hydrogen peroxide photolysis

Hydrogen peroxide photolysis by UV is one of the most effective
advanced oxidation processes (AOPs). The UV/H,0, system is
based on the decomposition of hydrogen peroxide to hydroxyl
radicals using ultraviolet irradiation with a wavelength below
280 nm.

Mechanism of hydrogen peroxide photolysis

The simplified mechanism of hydrogen peroxide is described as
follows:

H,0, + hv — 2°OH (21)
‘OH + H,0,—HO; + H,0 (22)
HO; +H,0,—"OH + H,0 + O, (23)
2HO, -0, +H" (24)

10,'” + H,0 — H,0, (25)
10,'” + HO — 2'OH (26)

The homolytic cleavage of a hydrogen peroxide molecule,
yielding two hydroxyl radicals, is described by eqn (21). A certain
number of hydroxyl radicals react with the hydrogen peroxide
molecules, yielding hydroperoxyl radicals (eqn (22)). Hydro-
peroxyl radicals then react with hydrogen peroxide, yielding the
desired hydroxyl radicals (eqn (23)). Eqn (24) shows that
superoxide radicals can be produced from hydroperoxide radi-
cals. Superoxide can then be transformed into hydrogen
peroxide or hydroxyl radicals in a water environment (eqn (25)
and (26)). However, superoxide radicals appear in the reaction
system, utilizing hydrogen peroxide decomposition to a much
lower extent. Hydroxyl radicals produced by reactions (27) and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(28) can attack organic molecules and decompose them through
various reaction intermediates into inorganic products, such as
CO,, H,0, and relevant mineral acids.*®

H,0, + OH — H,0 + HO,™ (27)
2HO,™ + hv — 2°0OH + O, (28)

Effect of [H,0,], on the degradation of chlorpyrifos
The introduction of varying concentrations of hydrogen

peroxide, 10, 15 and 20 mg L™, to nZVMn/PBC accelerated the
breakdown of chlorpyrifos. Higher concentrations of [H,0,],
(from 10 to 20) enhanced the removal of chlorpyrifos from 70%
to 95%. The combination of [H,0,], with nZVMn/PBC generates
hydroxyl radicals. Therefore, employing a higher concentration
of [H,0,], could accelerate the production rate of hydroxyl
radicals, resulting in increased removal of chlorpyrifos.**
However, an excessive quantity of hydrogen peroxide can have
adverse effects on the degradation of chlorpyrifos. This is
because the hydroxyl radical might combine with water to
produce a hydroperoxyl radical (HO;) initiating an additional
reaction that disrupts the removal processes of chlorpyrifos
(eqn (29)—(33)).”> At constant adsorbent dosage, nZVMn/PBC =
1000 mg L' and pH = 8.0, CPY elimination efficiency was
promoted from 40% to 90% by increasing [H,0,], concentra-
tion from 10 to 20 mg L' at a reaction interval of 60 minutes
(Fig. S10).

H,0, + 'OH—>H,0 + HO;, k=2.7x10" M S (29
HO; + "'OH—>H,0 + 0, k=6.6 x 10° M S (30)
HO; +HO, > H,0, + 0, k=83 x10° M S (31)
HO; + H,0,—»OH+0, k=30 M S (32)

"OH + 'OH - H,0, k=55x 10" M 's™! (33)

Proposed degradation mechanism of CPY

During the catalytic degradation of chlorpyrifos using the
nZVMn@PBC composite, hydroxyl radicals ("OH) are generated
mainly through redox reactions between Mn species and reac-
tive oxygen species. Mn(u)/Mn(m)/Mn(wv) redox cycling facili-
tates electron transfer from zero-valent manganese (Mn°) and
carbon sites to dissolved oxygen or H,O,, forming "OH radi-
cals.” Additionally, the plant biochar (PBC) surface enhances
the adsorption of chlorpyrifos and oxygen, promoting localized
electron transfer. These "OH radicals act as powerful oxidizing
agents, attacking and breaking down the C-P, C-O, and
aromatic bonds in chlorpyrifos, leading to its mineralization
into less toxic products.®*

The degradation pathway of chlorpyrifos (CPY) was
comprehensively established and is illustrated in Scheme 1. A

© 2025 The Author(s). Published by the Royal Society of Chemistry
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total of six degradation products (DP1-DP6) were identified,
along with two inorganic byproducts, namely HCI and -OCHj.
These products collectively confirm that the degradation of CPY
proceeds through a hydroxyl radical ("OH)-dependent mecha-
nism.* The structural features of CPY, particularly the chlorine
atom attached to the aromatic ring containing the nitrogen
group and the double bond between phosphorus and sulfur,
were recognized as the most reactive sites vulnerable to "OH
attack.” In pathway I, the degradation is initiated when ‘OH
attacks the C-Cl bond, resulting in the release of a chloride ion
and the formation of DP1. A subsequent 'OH attack on DP1
removes the -OCH; group, converting it into DP2. The cleavage
of C-O bonds within the ring then generates DP3, which further
transforms into DP4 through a series of oxidation reactions.®®
Eventually, DP4 undergoes cleavage of the P-O bond, leading to
the formation of DP5. Pathway II follows a distinct route, where
'OH directly attacks the P-O bond of CPY, yielding DP6 as an
intermediate.®” Hydroxylation of DP6 and the concurrent elim-
ination of chloride ions, coupled with dissociation of the C-Cl
bond, ultimately regenerate DP5. The presence of inorganic
products such as HCl and -OCHj; further supports the proposed
degradation mechanism, indicating extensive mineralization of
CPY under nZVMn-catalyzed H,O, treatment.”” This compre-
hensive analysis not only elucidates the oxidative degradation
mechanism of chlorpyrifos but also underscores the efficiency
of hydroxyl-radical-mediated pathways in transforming toxic
organophosphorus pesticides into less harmful intermediates,
contributing significantly to environmental detoxification
strategies.” The toxicities of the DPs are represented in Table 5.
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Scheme 1 Proposed degradation mechanism of CPY, catalyzed by
H,O, in the presence of nZVMn/biochar composite.
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Table 5 Ecotoxicities of byproducts of chlorpyrifos®
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DPA Fish (LCs) Daphnoid (LCso) Green algae (ECs) Fish (ChvV) Daphnoid (ChV) Green algae (ChV)
PC (parent compound) 0.025 0.000958 0.995 0.028 7.4 x 107° 0.768
Baseline toxicity 3.264 2.256 3.783 0.482 0.388 1.534
DP1 3.555 0.010 21.340 1.500 0.000171 9.350
Baseline toxicity 306.686 178.047 114.809 29.148 15.521 28.515
DP2 6.314 0.017 39.745 3.432 0.000194 15.350
Baseline toxicity 793.768 419.005 231.005 71.202 33.371 51.440
DP3 45.602 0.092 326.691 49.424 0.00041 89.453
Baseline toxicity 15996.2 7388.5 2343.9 1225.6 405.632 387.59
DP4 1465.78 4239.2 2941.2 210.7 7038.78 276.92
DP5 83.4876 16.645 83.762 7.359 3.171 39.814
Baseline toxicity 529.857 276.209 144.497 46.825 21.234 31.282
DP6 5.987 2.786 11.619 8.691 8.529 5.389
Baseline toxicity 28.282 12.639 13.833 2.213 1.597 4.457

¢ Acute toxicities following the EUP are LCs, > 100 or ECs, > 100 (harmless), 10 < LCs, < 100 or 10 < ECs, < 100 (harmful), 1 < LC5¢ < or 1 < EC5 < 10
(toxic), ChV < LCjsq < ECsp < 5 (less toxic), and LCs, < 1 or ECs < 1 (very toxic); while chronic toxicities as listed in Chinese hazard evaluation criteria
for new chemical substances (HJ/TI54-2004) are ChV > 10 (harmless), 1 < ChV < 10 (harmful), 0.1 < ChV < 10 (toxic) and ChV < 0.1 (very toxic).

Conclusion

In this study, the chemical reduction approach successfully
produced nano-zero-valent manganese-doped plant biochar,
which performed better in the removal of CPV from agricultural
residues. It was discovered that Mn doping scavenges e, , freeing
h,," for the reaction to produce "OH. Additionally, Mn doping
rendered MnO more recyclable, and in contrast to MnO,, nano-
zero-valent manganese-doped plant biochar showed greater CPY
degradation even after six treatment cycles. When peroxides,
H,0,, and nZVMn/PBC were used under UV irradiation, reactive
radicals were generated and CPY degradation was enhanced.
Radical scavengers confirmed that reactive radicals were formed
during peroxide stimulation. High quantities of H,O, were found
to accelerate CPY degradation because they more effectively
inhibited coupling of es~ and h,," and increased the rate at
which "OH was produced. In addition, the effects of various [CPY],
and initial pH on CPY degradation via UV-light-mediated nZVvMn/
PBC-catalyzed H,0,-based mechanisms were evaluated. The eco-
toxicities of CPY and its transformation products (TPs) were
evaluated using the ECOAR model, which revealed that the final
products were non-toxic, indicating that the treatment technology
is environmentally benign for CPY degradation.
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