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of a manganese (oxyhydr) oxide
nanocomposite, utilizing Eriobotrya japonica leaf
extract for adsorbing methyl blue dye from water

Honar Salah Ahmed * and Raghad Yousif Mohammed

Manganese (oxyhydr) oxides (g-Mn3O4 and a-MnOOH) were successfully synthesized using Eriobotrya

japonica leaf extract via a green-synthesis technique. The synthesized nanomaterials exhibited

a characteristic absorption peak at 302 nm with an optical bandgap of 3.71 eV. XRD analysis confirmed

the formation of g-Mn3O4 and a-MnOOH with an average crystallite size of 30.83 nm, while SEM images

revealed a mixed morphology of nanoparticles and nanorods with an average particle size of 37.72 nm.

EDS and elemental mapping verified the predominant presence of Mn and O. BET analysis showed

a specific surface area of 2.58 m2 g−1 with mesoporous characteristics. The green-synthesized

manganese (oxyhydr) oxide nanocomposite demonstrated high adsorption efficiency toward methyl blue

dye, achieving a maximum removal of 91.95% at an initial dye concentration of 133.33 mg L−1.

Adsorption equilibrium followed the Langmuir isotherm (R2 = 0.9846, qmax = 1138.2 mg g−1), while

kinetic data were best described by the pseudo-second-order model (R2 > 0.99), confirming

a chemisorption mechanism. Thermodynamic analysis indicated that the adsorption process is

exothermic, spontaneous, and favorable. In addition, the adsorbent exhibited moderate reusability

performance over multiple cycles, highlighting its stability and potential for sustainable wastewater

treatment applications.
Introduction

Global environmental concerns have intensied in recent years
due to rapid population growth, urbanization, and industrial
development, which have signicantly altered consumption
patterns and resource utilization. These changes have resulted
in the large-scale generation of municipal and industrial
wastes, posing serious environmental challenges. Among them,
wastewater contamination by dyes and heavy metals represents
a major threat to ecosystems and human health. Improper
disposal and insufficient treatment of industrial and domestic
effluents introduce a wide range of organic pollutants into
water, soil, and the atmosphere. Therefore, the development of
effective wastewater treatment strategies has become an urgent
and widely researched priority. Due to their chemically stable
structures, dyes persist in aquatic systems, reducing dissolved
oxygen levels and disrupting aquatic life. They also can produce
toxic, carcinogenic, and mutagenic byproducts, posing serious
risks to both environmental and human health.1,2 Methyl blue
dye (MB), with the molecular formula C37H28N3Na2O9S3

+, is
a triphenylmethane and an anionic dye usually used in
coloring, textiles, paper, inks, printing, cosmetics, bers, and
plastics.3,4
e, University of Duhok, Duhok 42001,
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To address this challenge, several treatment methods such
as coagulation, photocatalysis, membrane ltration, chemical
and biological oxidation, and adsorption have been developed.
Among these, adsorption is particularly attractive due to its high
efficiency, low cost, simple operation, reduced energy require-
ments, and minimal secondary waste generation.5 Many
different adsorbents were utilized to adsorb the pollutants and
dyes from the wastewater, such as active carbon, zeolites, metal
and metal oxide nanostructures, y ash, clay, and functional
polymeric materials.6,7 The porous shape and functional groups
of the adsorbents mainly affect the adsorption performance of
organic dyes.8

Metal oxide (e.g., ZnO, TiO2, CuO, Ag2O, Mn oxides, etc.)
nanoparticles are the most studied material groups. They
played a signicant role in various elds of applications, among
them as drug delivery systems, water purication, and anti-
inammatory and antibacterial activity.9,10

The basic unit of the crystal structure of manganese oxides is
a MnO6, comprising a central manganese atom surrounded by
six oxygen atoms. The MnO6 octahedra connect via edge-
sharing to form single chains, leading to manganese oxides
with diverse structures with edge-as well as corner-sharing.11

Manganese oxides are typically classied into two different
categories according to the arrangement of MnO6: the layered
structure, known as phyllomanganate, and the tunnelled
structure, referred to as tectomanganate.12,13 The layered
© 2026 The Author(s). Published by the Royal Society of Chemistry
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structure comprises layers of edge-sharing MnO6 octahedra,
with symmetry dependent on the arrangement of Mn(III) octa-
hedra. The tunnelled structure is formed by edge-sharing MnO6

octahedra forming the walls, oor, and ceiling of the tunnels.13

Heterovalent manganese ions, as well as foreign transition-
metal cations, can be present inside both structures of
manganese oxides, either replacing Mn(IV) or acting as charge
compensators in phyllomanganate interlayers or tectomanga-
nate tunnels.14,15

Typical instances of tunnelled structures of manganese
oxides are todorokite, pyrolusite (b-MnO2), groutite (a-
MnOOH), feitknechtite (b-MnOOH), manganite (g-MnOOH),
and cryptomelane. In contrast, the layered manganese oxides
have structures that include birnessite, buserite, and vernadite.
The distinct manganese oxides exhibit a variety of sizes and
crystal structures, leading to variations in redox reactions,
adsorption, electrochemical, and photochemical processes.

Marokite (g-Mn3O4) with an orthorhombic crystal structure,
Pbcm symmetry (space group #57; Z = 4), and groutite (a-
MnOOH) orthorhombic crystal structure and space group
(Pnma; Z= 4) are manganese (oxyhydr) oxides that have received
signicant attention in the adsorption, oxidation, electrode of
the batteries, and super capacitors.16–21

A variety of methods have been employed to synthesise
different Mn oxide nanostructures, such as chemical, physical
processes, and biological methods. Chemical methods, such as
the sol–gel method,22,23 hydrothermal/solvothermal method,24

chemical vapour deposition (CVD),25 physical methods such as
laser ablation,26 sputtering,27 aerosols28 and biological methods
such as bacteria,29 fungus,30 yeast,31 Actinomycetes,32 algae,33

plants (leaves, roots, fruit, peel).34–36

Phytonanotechnology is an emerging approach in agricul-
tural biotechnology that enables the green synthesis of nano-
particles using plant-derived materials such as leaves, seeds,
and peels. Plant extracts contain phytochemicals and metabo-
lites that act as reducing and stabilizing agents during nano-
particle formation. Compounds such as avonoids, organic
acids, and quinones facilitate metal ion reduction, while poly-
phenols and tannins contribute to nanoparticle stabilization.
Owing to its environmental friendliness, low cost, simplicity,
scalability, and biocompatibility, this plant-based synthesis
method has gained signicant attention for producing metal
and metal oxide nanomaterials.37,38

Loquat (Eriobotrya japonica) is a subtropical evergreen fruit
tree that originated in southeastern China. It has been culti-
vated in China for more than 2000 years. The plant possesses
signicant medicinal value, and various parts of the tree have
long been utilized in traditional medicine. In Chinese folk
medicine, loquat extracts have been used to treat cough,
chronic bronchitis (CB), inammation, diabetes, and cancer, as
documented in ancient texts such as the Compendium of Materia
Medica.39

Eriobotrya japonica is rich in diverse phytochemicals,
including phenols, alkaloids, cardiac glycosides, avonoids,
mucilage, gums, and phytosterols. The leaves and fruits contain
numerous bioactive compounds such as vitamins, phenolic
compounds, avonoids, and carotenoids. In particular, loquat
© 2026 The Author(s). Published by the Royal Society of Chemistry
leaves contain phenolic acids, avonoids, tannins, sesquiter-
penes, triterpenes, and megastigmane glycosides. Bioactive
triterpenoids such as oleanolic acid and ursolic acid are present
in both owers and leaves, although their concentrations vary
depending on cultivar type and developmental stage.40

The chemical composition of loquat leaves is complex and
diverse. Khouya et al. have been reported that loquat leaves
contain substantial amounts of ber, minerals (Ca, K, Na, and
Fe), and vitamins, including B2, B6, and B12.41 According to
Hwang et al., the proximate composition of loquat leaves
includes 8.78%moisture, 6.74% crude protein, 7.87% crude fat,
6.99% crude ash, 43.61% dietary ber, and 26.01% carbohy-
drates. Their study also identied 16 amino acids and several
fatty acids, such as lauric, myristic, pentadecanoic, stearic, and
oleic acids.42 Furthermore, Infante-Rodŕıguez, D. A. et al. re-
ported that loquat leaves contain 0.039 mg vitamin A, 0.096 mg
vitamin E, and 0.575 mg vitamin C, while the mineral compo-
sition follows the order Ca > K > Mg > Na > Fe > Mn > Zn.43

Phenolic compounds represent one of the most extensively
investigated classes of phytochemicals in E. japonica leaves,
with phenolic acids and avonoids being the predominant
groups. Additionally, more than 164 volatile compounds have
been identied in the leaves (Taniguchi et al., and Zhu et al.).44,45

Various triterpenoids—including methyl betuliate, methyl
maslinate, methyl corosolate, oleanolic acid, ursolic acid,
maslinic acid, corosolic acid, tormentic acid, and euscaphic
acid—have also been isolated from loquat leaves (Lv et al.,
2008).46 Moreover, Chen et al., identied several terpenoid
compounds such as methoxy-euscophic acid, tormentic acid,
methylcorosolate, corosolic acid, maslinic acid, oleanolic acid,
and ursolic acid, along with phenolic–terpenoid derivatives
including methoxy-3-O-p-coumaroyltormenic acid, 3-O-p-cou-
maroyltormenic acid, methoxy-3-O-p-coumaroylmaslinic acid,
and 3-O-p-coumaroylmaslinic acid.47

The abundance of these phytochemicals, particularly
phenolic compounds and avonoids, makes loquat leaf extract
a promising natural reducing and stabilizing agent for the green
synthesis of nanomaterials.

In this work, marokite (g-Mn3O4) and groutite (a-MnOOH)
manganese (oxyhydr) oxides in nanoparticle and nanorod forms
were synthesized via a green-synthesizing method using Erio-
botrya japonica leaf extract and applied for methyl blue (MB) dye
removal from water. The adsorption behavior was evaluated
using Langmuir, Freundlich, Temkin, and Dubinin–Radush-
kevich isotherm models, while pseudo-rst-order, pseudo-
second-order, and intraparticle diffusion models were used to
examine the adsorption kinetics. The obtained performance
was compared with previously reported adsorbents, and the
reusability of the green-synthesized nanocomposite was also
assessed.

Materials and method

Manganese nitrate tetrahydrate Mn(NO3)2$4H2O, sodium
hydroxide (NaOH) with a purity of greater than 99%, andmethyl
blue dye MB (C37H28N3Na2O9S3

+) with maximum absorption
peak (lmax = 600 nm) were acquired from Merck (Germany—
RSC Adv., 2026, 16, 21530–21548 | 21531
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Darmstadt) and used for experiments without additional
purication.

Collecting Eriobotrya japonica leaves

Collecting and extracting preparation of Eriobotrya japonica
leaves. Eriobotrya japonica leaves (loquat), locally known as
Askidinia, were collected in May 2024 from Duhok Governorate,
Iraq (36.8632° N, 42.9885° E). The freshly harvested leaves were
thoroughly washed several times with distilled water and then
shade-dried at ambient conditions. Aer drying, the leaves were
ground into a ne powder. The powdered material was extrac-
ted by mixing 1 g of leaf powder with 10 mL of distilled water
and heating the mixture at 60 °C for 40 min. The resulting
extract was ltered using Whatman no. 1 lter paper, and the
ltrate was stored at 4 °C for subsequent use. A schematic
representation of the EJLE preparation procedure is presented
in Fig. 1.

Green-synthesis of manganese (oxyhydr) oxide
nanocomposite

An aqueous solution of Mn(NO3)2$4H2O (0.5 M) was prepared
by dissolving 6.275 g of the salt in 50 mL of distilled water under
continuous stirring for 5 min until complete dissolution was
achieved. Subsequently, 25 mL of Eriobotrya japonica leaf extract
(EJLE) was added gradually to the manganese nitrate solution in
Fig. 1 The preparation steps of Eriobotrya japonica leaf extract (EJLE).

Fig. 2 Proposed step-by-step reaction mechanism for the green syn
japonica leaf extract as reducing, capping, and stabilizing agent.

21532 | RSC Adv., 2026, 16, 21530–21548
a dropwise manner. The pH of the resulting mixture was then
adjusted using an appropriate volume of 0.1 M NaOH, followed
by continuous stirring at room temperature for 30 min. The
mixture was subsequently heated at 80 °C for 90 min with
constant stirring. A noticeable change in the solution color from
brown to dark indicated the formation of manganese (oxyhydr)
oxide nanocomposite. The obtained product was then calcined
at 400 °C for 2 h. Finally, the black powder was collected and
stored for further characterization. The stepwise synthesis
procedure of the manganese (oxyhydr) oxide nanocomposite is
schematically presented in Fig. 2.

The synthesis of the green-synthesis of manganese (oxyhydr)
oxide nanocomposite using Eriobotrya japonica leaf extract as an
environmentally friendly reducing and capping agent proceeds
through three main stages, as illustrated in Fig. 3. In the rst
stage, manganese ions (Mn2+) derived from manganese nitrate
tetrahydrate interact with bioactive molecules in the plant
extract, particularly hydroxyl (–OH) and phenolic groups. These
phytochemicals function as reducing agents by donating elec-
trons, thereby reducing Mn2+ ions to elemental manganese
(Mn0) through a redox process.

In the second stage, the generated Mn0 atoms undergo
nucleation, resulting in the formation of small clusters. These
clusters subsequently aggregate as a result of energy minimi-
zation, initiating nanoparticle growth. During the growth stage,
thesis of Mn3O4/MnOOH composite nanomaterials using Eriobotrya

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The synthesis steps of manganese (oxyhydr) oxide nanocomposite using Eriobotrya japonica leaf extract.
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smaller clusters merge into larger ones through the Ostwald
ripening mechanism, which leads to the development of larger
and more stable nanoparticles. The phytochemical constituents
of the Eriobotrya japonica leaf extract, including polyphenols
and avonoids, play an important role in stabilizing the
growing nanoparticles. In addition, carboxylic acid groups (–
COOH) present in the extract may lose hydrogen atoms to form
carboxylate ions (–COO−), which attach to the nanoparticle
surfaces. These carboxylate ions provide electrostatic and steric
stabilization, preventing particle aggregation and helping to
regulate the size and morphology of the nanoparticles.

In the nal stage, the stabilized nanoparticles, which mainly
consist of Mn(OH)2 intermediates, undergo thermal decompo-
sition during the calcination process. This thermal treatment
converts the hydroxide intermediates into crystalline Mn3O4/
MnOOH composite nanomaterials with a well-dened
morphology.

Overall, this synthesis pathway highlights the important
roles of polyphenols, avonoids, and carboxylic acids present in
Eriobotrya japonica leaf extract in the reduction, growth, and
stabilization of the nanoparticles. These mechanisms are
consistent with those proposed by Barzinjy et al., for ZnO NPs,48

Gebreslassie & Gebretnsae for SnO2 NPs,49 Miraeez S. A. and R.
Y. Mohammed for CdO NPs.50
Phytochemical screening of Eriobotrya japonica leaf extract

Qualitative phytochemical screening of the Eriobotrya japonica
leaf extract (EJLE) was carried out using standard chemical
assays to identify the presence of major bioactive constituents.

Flavonoids test. Flavonoids were detected by adding a few
drops of 10% lead acetate solution to the extract, where the
formation of a yellow precipitate conrmed their presence.51,52

Carbohydrate test (CHO). Carbohydrates were examined
using the Molisch test by mixing 1 mL of EJLE with ve drops of
a-naphthol solution, followed by the careful addition of 1 mL of
concentrated H2SO4 along the test tube wall; the appearance of
a violet ring indicated carbohydrates.53

Tannin test. Tannins were identied using Braymer's test, in
which 1 mL of EJLE was diluted with 3 mL of distilled water and
boiled, followed by the addition of 1 mL of 1% ferric chloride
© 2026 The Author(s). Published by the Royal Society of Chemistry
solution. A color change to blue-green, brownish-green, or
bluish-black signied the presence of tannins.54–56

Alkaloids test (Hager's test). Alkaloids were assessed using
Hager's test, where the formation of a creamy white precipitate
aer mixing the extract with a saturated picric acid solution
indicated alkaloids.57

Saponin test (foam test). Saponins were detected using the
foam test by vigorously shaking an appropriate amount of the
extract with 3 mL of distilled water; persistent foam formation
conrmed saponins.58

Phenolic test. Phenolic compounds were identied by add-
ing 3mL of 10% lead acetate solution to 5mL of EJLE, where the
appearance of a white precipitate indicated phenols.59

Protein and amino acid. Proteins and amino acids were
examined using the ninhydrin test, in which the development of
a purple coloration aer adding 1 mL of 1% ninhydrin reagent
to the extract conrmed the presence of amino acids.60

Adsorption activity test of green-synthesized manganese
(oxyhydr) oxide nanocomposite

The adsorption performance of the green-synthesized manga-
nese (oxyhydr) oxide nanocomposite for the removal of methyl
blue (MB) dye from aqueous solutions was evaluated under dark
conditions to exclude any photochemical effects. A series of MB
solutions with initial concentrations of 133.33, 150, 166.67,
183.33, and 200 mg L−1 were prepared in 150 mL of distilled
water, and their initial absorbance values were recorded using
a JENWAY 6850 UV-vis spectrophotometer. Batch adsorption
experiments were then carried out according to the experi-
mental conditions summarized in Table 1. During the adsorp-
tion process, samples were collected at 3 min intervals. The
withdrawn samples were centrifuged at 4000 rpm for 15 min to
separate the nanocomposite, and the absorbance of the clear
supernatant was subsequently measured using a UV-vis spec-
trophotometer to determine the residual MB concentration.
The adsorption efficiency, adsorption capacity at time (t), and at
equilibrium were calculated through the following
equations:61,62

adsorption effeciency ¼ ðC0 �CtÞ
C0

� 100% (1)
RSC Adv., 2026, 16, 21530–21548 | 21533
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Table 1 Adsorption batch experiments for MB dye

Runs pH
Initial concentration
of MB dye (mg L−1)

Green-synthesized manganese
(oxyhydr) oxides nanocomposite (mg/150 mL)

Temperature
(K)

1 2 133.33 20 283
2 4 133.33 20 283
3 6 133.33 20 283
4 8 133.33 20 283
5 10 133.33 20 283
6 10 133.33 7.5 283
7 10 133.33 11.25 283
8 10 133.33 15 283
9 10 150 20 283
10 10 166.67 20 283
11 10 183.33 20 283
12 10 200 20 283
13 10 133.33 20 298
14 10 133.33 20 308
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qt ¼ ðC0 � CtÞV
W

(2)

qe ¼ ðC0 � CeÞV
W

(3)

Here, C0, Ct and Ce denote the initial, time-dependent, and
equilibrium concentrations of methyl blue (MB) dye, respec-
tively. V represents the volume of the MB solution (L), while W
corresponds to the mass of the manganese (oxyhydr) oxide
nanocomposite employed as the adsorbent. The parameters qt
and qe refer to the adsorption capacity at a given time t and at
equilibrium, respectively.
Adsorption isotherms

Adsorption isotherms are widely recognized as effective tools
for elucidating the interaction between methyl blue (MB) dye as
the adsorbate and manganese (oxyhydr) oxide nanocomposite
as the adsorbent, as well as for describing the distribution of
unadsorbed dye at equilibrium.63 Different isotherm models
provide insight into the distinct physical and chemical features
governing the adsorption process. These models are valuable
for optimizing adsorbent properties and for clarifying the
underlying adsorption mechanism.64 In this study, the Lang-
muir, Freundlich, Temkin, and Dubinin–Radushkevich (D–R)
isotherms were applied to interpret the experimental data,
enabling a comprehensive evaluation of MB dye adsorption
ontomanganese (oxyhydr) oxide nanocomposite. The suitability
of each isotherm model was determined by comparing their
respective correlation coefficient (R2) values.

The Langmuir isotherm assumes that adsorption occurs
through the formation of a homogeneous monolayer on the
surface of the adsorbent, where all active sites are equivalent
and possess the same adsorption energy. In this model, each
site accommodates only one adsorbate molecule, and no
interactions take place between the adsorbed species.65 The
linear Langmuir adsorption isotherm can be expressed as
follows.66,67
21534 | RSC Adv., 2026, 16, 21530–21548
Ce

qe
¼ 1

KLqmax

þ Ce

qmax

(4)

In this isotherm, qmax represents the maximum monolayer
adsorption capacity, while Ce and qe denote the equilibrium
concentration and the corresponding adsorption capacity,
respectively.

The Langmuir constant KL (L mg−1), which reects the
affinity and energy of the adsorption process, can be deter-
mined along with qmax from the linear plot of Ce versus Ce/qe.

In addition, the dimensionless separation factor (RL), a key
parameter for evaluating the favorability of adsorption, is
calculated using the following equation.68

RL ¼ 1

1þ C0 � KL

(5)

where RL is the separation factor and KL (L mg−1) is the
adsorption energy.

The dimensionless separation factor (RL) is commonly used
to evaluate the nature and feasibility of an adsorption process.
Depending on its value, the adsorption behavior can be classi-
ed as unfavorable (RL > 1), linear (RL = 1), irreversible (RL = 0),
or favorable when RL lies between 0 and 1.

The Freundlich isotherm assumes a heterogeneous adsor-
bent surface characterized by active sites with different energy
levels, leading to the formation of multilayer adsorption rather
than a uniform monolayer. The Freundlich isotherm could be
stated as.69

loq qe ¼ loq kf þ 1

n
log Ce (6)

Kf, and 1/n are the Freundlich constants related to the adsorp-
tion process's capacity and intensity, respectively. The value of
the 1/n can be equal to between 0 to 1, >1, and =0, which
signies the favorable, unfavorable, and irreversible of the
adsorption process, respectively.66 The values of n and Kf were
calculated from the slope and intercept of the graph between
log Ce and log qe.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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The Temkin isotherm describes adsorption on a heteroge-
neous surface by accounting for adsorbate–adsorbent interac-
tions while neglecting the effects at extremely low and high
concentrations. It assumes that the heat of adsorption
decreases linearly with increasing surface coverage as temper-
ature rises, rather than following a logarithmic dependence.70

The Temkin isotherm can be expressed as follows.68

qe = B lnA + B lnCe (7)

were,

B ¼ RT

bt
(8)

where qe, B, bt, A, T, and R are the equilibrium adsorbed MB dye
(mg g−1), Temkin constant related to energy, Temkin constant
of adsorption heat (J mol−1), equilibrium binding constant (L
mol−1), temperature (K), and universal gas constant (8.314 J
mol−1 K−1), respectively. The values of Temkin constants, bt and
AT, were calculated from the slope and intercept of the graph qe
versus ln Ce.

Dubinin–Radushkevich (D–R) is typically employed to
comprehend the mechanisms of adsorption, whether chemical
or physical.71 This semi-empirical adsorption isotherm is
a temperature-dependent isotherm and is typically employed to
represent the Gaussian energy distribution onto a heteroge-
neous adsorbent surface.66 The value gives the vital information
about the adsorption process, such as when the energy value is
less than 8 kJ mol−1, the process is physical adsorption, and
when the energy value is between 8 and 16 kJ mol−1, the process
is the ion exchange, and is a chemical adsorption when the
energy value is above 16 kJ mol−1.71 The equations of the D–R
isotherm and energy can be written as follows.68

ln qe = ln qm − KDR3
2 (9)

and,

energy ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffi
2KDR

p (10)

where the polyani potential is, and can be calculated as.

3 ¼ RT ln

�
1þ 1

ce

�
(11)

where KDR (mol2 kJ−2) and qm (mg g−1) are the Dubinin–
Radushkevich (D–R) constant and theoretical ability of
adsorption, which could be calculated from the graph ln qe
versus 32. T and R are the temperature (K) and the universal gas
constant (8.314 J mol−1 K−1), respectively.
Adsorption kinetics

The adsorption kinetics were analyzed using the pseudo-rst-
order, pseudo-second-order, and intraparticle diffusion
models, as these kinetic models provide valuable information
about the adsorption equilibrium behavior.72 In particular, the
pseudo-rst-order and pseudo-second-order models are widely
used to elucidate the nature of interactions, whether physical or
© 2026 The Author(s). Published by the Royal Society of Chemistry
chemical, between adsorbate molecules and the adsorbent
surface.73 R2 values have been used to evaluate the correlation
between kinetic models and experimental results. The linear
equations for the three models can be represented as
follows.67,74

The pseudo-rst-order kinetic model assumes that the rate
of adsorption is directly proportional to the number of available
active sites on the adsorbent surface and inversely related to the
concentration of the adsorbate.75 The pseudo-rst-order kinetic
can be written as shown below:

ln(qe − qt) = ln qe − k1t (12)

where qe, qt, k1, and t are the equilibrium and initial concen-
trations of the MB dye (mg g−1), rate constant (min−1), and time
(min), respectively. A plot of ln(qe − qt) versus time is used to
calculate the values of qe and k1 from their intercept and slope,
respectively.

The pseudo-second-order (eqn (13)) is utilized to investigate
the chemisorption of the adsorbate and adsorbent.

t

qe
¼ 1

k2qe2
þ t

qe
(13)

where k2 (g mg−1 min−1) is the rate constant, and other
parameters were dened above. The parameters qe and k2 can
be calculated from the slope and intercept of the graph t/qt
versus t.

The intraparticle diffusion kinetic model was employed to
understand the diffusion mechanism of the adsorption
process.70 The intraparticle diffusion model equation can be
written as follows.76

qt = kidt
0.5 + C (14)

Here, kid (g mg−1 min−0.5) represents the intraparticle diffusion
rate constant, while C corresponds to the boundary layer
thickness. If intraparticle diffusion governs the adsorption
process, a linear relationship passing through the origin should
be observed. The parameters kid and C can be determined from
the slope and intercept, respectively, of the plot of qt versus t

0.5.
Thermodynamic parameters

To evaluate the thermodynamic parameters and assess the
effect of temperature on the adsorption of methyl blue onto
manganese (oxyhydr) oxide nanocomposite, experiments were
performed at different temperatures (283, 298, and 308 K), while
maintaining constant conditions of dye concentration
(133.33 mg L−1), adsorbent dose (0.02 g), and pH (10). The
thermodynamic quantities DH, DS, and DG were determined
using the corresponding equations derived from the plot of ln
Kads versus 1/T.

ln Kads ¼ �DH

RT
þ DS

R
(15)

where Kads, DH, DS, R, and T are the equilibrium constant of the
adsorption, change in enthalpy, entropy change, universal gas
RSC Adv., 2026, 16, 21530–21548 | 21535
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constant (8.314 J mol−1 K−1), and temperature in (K),
respectively.77,78

Kads ¼ qe

Ce

(16)

The equation can express Gibbs' free energy (DG)79

DG = −RT lnKads (17)

Arrhenius equation used to calculate the activation energy Ea
(kJ mol−1). The activation energy is the minimum energy
required for a reaction to proceed.80

ln k2 ¼ ln A� Ea

RT
(18)

where k2 is the pseudo-second-order rate constant at tempera-
ture T (K), A is the Arrhenius constant, Ea is the activation energy
(kJ mol−1), and R is the gas constant (8.314 J mol−1 K−1). The
activation energy can be calculated from the plot of ln k2 versus
1/T.
Fig. 4 Phytochemical tests for Eriobotrya japonica leaf extract.
Characterizations

The optical properties of the green-synthesized manganese
(oxyhydr) oxide nanocomposite were measured using a JENWAY
6850 UV-vis spectrophotometer. The direct optical energy
bandgap of the green-synthesized manganese (oxyhydr) oxides
nanocomposite was calculated using Tauc's equation.81

(ahn)2 = B(hn − Eg) (19)

where a is the absorption coefficient, (Eg) is the energy band
gap, B is a constant which depends on the probability of tran-
sition, and hn is the incident photon energy.

Debye–Scherrer equation.82 It was used to calculate the
crystallite size of green-synthesized manganese (oxyhydr) oxide
nanocomposite.

D ¼ 0:9l

b cos q
(20)

where D is the crystallite size, 0.9 is the Scherrer constant, l is
the X-ray wavelength, which is equal to 1.54 Å, b is the full-width
half maximum (FWHM), and q is the Bragg's angle.

The structural properties of the green-synthesized manga-
nese (oxyhydr) oxide nanocomposite were studied using
Table 2 Phytochemical analysis of Eriobotrya japonica leaf extract

Bioactive compound Chemical test Resu

Flavonoids Pb(CH3COO)2 ++
Carbohydrates Molisch test +
Tannins Braymer's test +
Alkaloids Hager's test −
Saponins Foam test +
Proteins and amino acid Ninhydrin −
Phenolics Pb(CH3COO)2 +

21536 | RSC Adv., 2026, 16, 21530–21548
a Philips PW1730 X-ray diffraction system in the 2q range (10° to
80°) with CuKa = 1.54 Å.

The morphological properties of the green-synthesized
manganese (oxyhydr) oxide nanocomposite were studied using
the ZEISS Field Emission Scanning Electron Microscopy (FE-
SEM) system, and its compositional properties were analyzed
using EDX spectroscopy (FEI company, US). The N2 adsorption–
desorption test of the green-synthesized manganese (oxyhydr)
oxide nanocomposite was conducted using a BELSORP II mini
(Japan).
Results and discussion
Phytochemical screening of Eriobotrya japonica leaf extract

The results of the phytochemical tests of EJLE are shown in
Table 2 and Fig. 4. The symbols + and − denote the presence
and absence of bioactive compounds in the EJLE, respectively.
The indication column summarizes the outcomes of the qual-
itative screening tests performed for these bioactive
compounds.
FT-IR results

The FTIR spectra of the green synthesized manganese (oxyhydr)
oxide nanocomposite and Eriobotrya japonica leaves extract
were recorded in the range 400–4000 cm−1, as shown in Fig. 5(a)
and (b). From Fig. 5a, the peaks at 3398 and 3421 cm−1 corre-
sponded to the O–H stretching and moisture in the samples.83

The peak at 2424 cm−1 may be attributed to the (–CH2–)
symmetric stretching.84 The sharp peak at 1786 cm−1
lts Indication Ref.

Yellow precipitation 51 and 52
Violet ring 53
Brownish-green 54–56
No creamy white precipitate 57
Foam 58
No change in color 60
White precipitation 59

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) FT-IR spectra of manganese (oxyhydr) oxide nanocomposite before and after MB dye adsorption, (b) FT-IR spectra of Eriobotrya
japonica leaf extract (EJLE), (c) absorbance spectra of the green-synthesizedmanganese (oxyhydr) oxide nanocomposite, (d) absorbance spectra
of the Eriobotrya japonica leaf extract, (e) plots of (ahn)2 versus hn of the manganese (oxyhydr) oxide nanocomposite, (f) N2 adsorption–
desorption isotherm of the green-synthesized manganese (oxyhydr) oxide nanocomposite, (g) XRD patterns of green-synthesized manganese
(oxyhydr) oxide nanocomposite.

© 2026 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2026, 16, 21530–21548 | 21537
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Table 3 XRD patterns of green-synthesized manganese (oxyhydr)
oxide nanocomposite

No. Diffracted peaks 2q Planes Phase

1 16.3201 (200) Groutite
2 29.6749 (100) Mn3O4

3 32.0706 (301) Groutite
4 35.5736 (210) Groutite
5 39.1918 (401) Groutite
6 47.9899 (140) Mn3O4

7 66.8312 (303) Groutite
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corresponds to the (C]O) stretching.50 The peaks (1355 and
835 cm−1) can be attributed to the NO3

−.85 The peaks at 466,
503, and 576 cm−1 are related to the Mn–O stretching vibration
of manganese (oxyhydr) oxide nanocomposite.

The FTIR of the Eriobotrya japonica leaf extract can be seen in
Fig. 5b. The strong band at 3338 cm−1 may be attributed to the
O–H and N–H stretching vibration. The peak at 2929 cm−1

corresponded to the stretching vibration of the C–H.86 The band
1610 cm−1 is attributed to the C]C stretching vibration. The
peak at 1392 cm−1 could be related to the bending of the C–H in
–CH3. The band at 1070 cm−1 corresponds to the C–O or C–H
stretching vibration. The band at 609 cm−1 could have corre-
sponded to the C–H of aromatic or aliphatic carbon.87

Optical properties

The UV-vis absorption spectra of the Eriobotrya japonica leaf
extract and the green-synthesized manganese (oxyhydr) oxide
nanocomposite were recorded in the wavelength range of 250–
600 nm, as illustrated in Fig. 5c and d. The plant extract
exhibited two characteristic absorption bands at 278 nm and
316 nm, attributed to surface plasmon resonance, conrming
the presence of phytochemical constituents, as shown in
Fig. 5d. The absorption region between 250 and 320 nm is
associated with n/ p* transitions of functional groups such as
O–H and COOH present in the extract, highlighting the role of
phytochemicals as effective reducing and stabilizing agents.88,89

However, Fig. 5c presents the absorption peaks of the green
synthesized manganese (oxyhydr) oxide nanocomposite. The
green-synthesized manganese (oxyhydr) oxide nanocomposite
exhibits an absorption peak at 302 nm. The single and sharp
absorption peak of the green-synthesized manganese (oxyhydr)
oxide nanocomposite indicates the uniform distribution and
nanosized particles.90

A plot of (ahn)2 versus hn is shown in Fig. 5e and was used to
determine the energy gap of the green-synthesized manganese
(oxyhydr) oxides. The linear segment of the curves is extended to
the hn axis to ascertain the energy bandgap, which is 3.70 eV.

Structural properties

The XRD results of the green-synthesized manganese (oxyhydr)
oxide nanocomposite are shown in Fig. 5g, and Table 3 revealed
that the diffracted patterns match with the marokite (g-Mn3O4)
peaks indexed in the (JCPDS card no. 96-900-1303) with the
21538 | RSC Adv., 2026, 16, 21530–21548
orthorhombic crystal structure space group (Pbcm) and groutite
(a-MnOOH) (JCPDS card no. 96-901-1547) with the ortho-
rhombic crystal structure and space group (Pnma).

The high intensity is an indication of good crystallinity of the
(g-Mn3O4) and (a-MnOOH) nanostructures in the nano-
composite. The crystallite size was calculated to be 30.83 nm.

N2 adsorption–desorption isotherm of green-synthesized
manganese (oxyhydr) oxide nanocomposite

The porosity of green-synthesized manganese (oxyhydr) oxide
nanocomposite (Fig. 5f) was acquired by measuring N2

adsorption–desorption isotherms at 77 K. The adsorbed quan-
tity increased gradually at low pressures and sharply at high
pressures, exhibiting a type-IV isotherm and a type-H3 hyster-
esis loop (dened by IUPAC) at a relative pressure of nearly P/Po
= 0.5–1, indicating the presence of mesopores in the green-
synthesized manganese (oxyhydr) oxide nanocomposite. Bru-
nauer–Emmett–Teller (BET) isotherm was employed to analyze
the porosity parameters. The results showed that the BET
specic surface area of the green-synthesized manganese (oxy-
hydr) oxide nanocomposite is 2.5808 m2 g−1, total pore volume
(P/Po = 0.990) is 0.017075 cm3 g−1, and mean pore diameter is
26.464 nm.

Morphological properties

The FESEM micrographs shown in Fig. 6a reveal that the green-
synthesized manganese (oxyhydr) oxide nanocomposite,
composed of g-Mn3O4 and a-MnOOH phases, exhibits two
distinct nanostructures: nanoparticles and nanorods. Crystal
faces with higher surface energy tend to grow more rapidly,
leading to the formation of smaller facets that may eventually
disappear, whereas faces with lower surface energy grow at
a slower rate and are more likely to be preserved in the nal
morphology.91 The particle sizes calculated from the FE-SEM
images were found to be 37.72 nm for the green-synthesized
manganese (oxyhydr) oxide nanocomposite. The particle sized
calculated from the FE-SEM image are bigger than those
calculated from the XRD data this can be attributed due to their
higher surface area and high surface-to-volume ratio, small
particles are more likely to interact with their neighbouring
surface atoms to create agglomerations of a particle because
they have more surface atoms and, thus, more dangling bonds
and it is essential to remember that the crystallite size (D) may
not always correspond to the particle size; rather, it represents
the size of a coherently diffracting domain.92

Compositional properties

The energy dispersive X-ray technique was utilized to study the
elemental composition of the green-synthesized manganese
(oxyhydr) oxide nanocomposite, as shown in Fig. 6c, which
conrms the predominant presence of the peaks of the Mn and
O, with the presence of unidentied peaks. The EDS results
support the XRD results, indicating good crystallinity of the
products. From Table 4 it can be seen that the weight and
atomic ratio percentage of oxygen are dominant. The atomic
ratio of green synthesized manganese (oxyhydr) oxide
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) FESEM images, (b) particle size distribution, (c) EDS, and (d) mapping of the green-synthesized manganese (oxyhydr) oxide
nanocomposite.

Table 4 Compositional weight and atomic ratio of Mn and O for
green-synthesized manganese (oxyhydr) oxide nanocomposite

Weight% Atomic%

Mn O Mn O
34.62 65.38 13.36 86.64
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nanocomposite is smaller than 3 : 4. This can be evidence that
the green synthesized manganese (oxyhydr) oxide nano-
composite consists of a composite of manganese (oxyhydr)
oxides (g-Mn3O4) and (a-MnOOH).93
Adsorption activity of the green-synthesized manganese
(oxyhydr) oxide nanocomposite

Effect of the initial pH of the MB dye solution. Solution pH
plays a pivotal role in governing the interfacial interactions
between the adsorbate and adsorbent. It signicantly inuences
the adsorption performance by regulating the surface charge of
the adsorbent through protonation and deprotonation of its
functional groups, thereby affecting the overall adsorption
behavior.94
© 2026 The Author(s). Published by the Royal Society of Chemistry
Fig. 7a depicts the inuence of solution pH on the adsorp-
tion of methyl blue dye. The results demonstrate a clear
enhancement in both adsorption capacity and removal effi-
ciency with increasing pH. Under strongly acidic conditions, the
high concentration of H+ ions leads to competitive interactions
with methyl blue molecules and partial protonation of surface
functional groups, which weakens the affinity between the dye
and the manganese (oxyhydr) oxide nanocomposite. As the pH
rises, this competitive effect diminishes, and the availability of
surface functional groups such as –NH2, –OH, and –COOH
increases alongside a reduction in H+ concentration and a cor-
responding increase in OH− ions. These conditions promote
stronger interactions between the adsorbent surface and dye
molecules, resulting in improved adsorption performance.95

Effect of the adsorbent dosage. The effect of adsorbent
dosage on the adsorption performance was investigated by
varying the amount of manganese (oxyhydr) oxide nanoparticles
while maintaining constant experimental conditions, including
an initial methyl blue concentration of 133.33 mg L−1, solution
pH of 10, and temperature of 283 K. As illustrated in Fig. 7b, the
removal efficiency of methyl blue increased markedly from 76%
to 91.95% with increasing adsorbent dosage. This improvement
is attributed to the higher availability of surface area and an
RSC Adv., 2026, 16, 21530–21548 | 21539
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Fig. 7 (a) Effect of the pH value of the MB dye, (b) effect of adsorbent dose, (c) effect of the initial MB dye concentration on the removal
percentage, (d) effect of the initial MB dye concentration on the on qe, (e) absorbance spectra of the adsorption of MB dye onto green-
synthesized manganese (oxyhydr) oxide nanocomposite at dye concentration (133.33 mg L−1), pH 10, adsorbent dosage NPs dosage 20 mg/150
mL, temperature 283 K.
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increased number of active adsorption sites provided by the
greater quantity of manganese (oxyhydr) oxide nanocomposite,
which enhances dye uptake.96 The adsorption capacity exhibited
an almost linear decline from 2027.4 mg g−1 to 919.54 mg g−1 as
the adsorbent dosage increased from 7.5 to 20 mg/150 mL. At
lower dosages, the limited number of adsorbent particles
provides fewer available active sites, allowing each particle to
bind a larger amount of dye and resulting in a higher equilib-
rium adsorption capacity (qe). In contrast, increasing the
adsorbent dosage introduces a greater number of active sites,
causing the dye molecules to be distributed across more parti-
cles. Consequently, a portion of the adsorption sites remains
21540 | RSC Adv., 2026, 16, 21530–21548
unoccupied, leading to a decrease in the amount of dye adsor-
bed per unit mass of adsorbent.97

Overall, increasing the adsorbent dosage enhances the
available surface area and number of active sites, resulting in
improved adsorption efficiency. However, the adsorption
capacity per unit mass decreases as a consequence of the
presence of unoccupied active sites at higher dosages.

Effect of the MB dye concentration. Fig. 7c and d represent
the adsorption percentage rate and adsorption capacity of the
methyl blue dye onto the green-synthesized manganese (oxy-
hydr) oxide nanocomposite adsorbent for different concen-
trations of the MB dye. Fig. 7c illustrates that a high amount of
the MB dye, about 70 to 90%, is adsorbed in the rst 3 minutes
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Adsorption isotherms: (a) Langmuir isotherm, (b) Freundlich isotherm, (c) Temkin isotherm, and (d) Dubinin–Radushkevich (D–R)
isotherm.
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for all concentrations; aer that, it slightly increases. Also,
Fig. 7d shows that the adsorption capacity sharply increases in
the rst 3 minutes. This can be due to the availability of the
active sites aer the most active sites are occupied by the dye
molecules, the removal percentage, and the adsorption
capacity fairly change.2 The adsorption mechanism proceeds
in two distinct stages. Initially, methyl blue dye molecules are
rapidly transported from the solution to the external surface of
the adsorbent within the rst 3 minutes, corresponding to an
external diffusion–controlled step. Subsequently, the adsorp-
tion process is governed by the migration of the dye molecules
from the adsorbent surface into its internal pore structure,
representing the intraparticle diffusion stage.98 As the initial
concentration increased from 133.33 mg L−1 to 200 mg L−1,
the removal percentage decreased from 91.95% to 78.52%,
while the adsorption capacity increased from 919.54 mg g−1 to
1177.85 mg g−1. The adsorbent surface becomes increasingly
saturated and inaccessible as the initial concentration of the
MB dye rises, resulting in a steady decline in the removal
rate.99,100
© 2026 The Author(s). Published by the Royal Society of Chemistry
Adsorption isotherms result of the green-synthesized
manganese (oxyhydr) oxide nanocomposite

The equilibrium adsorption behavior of methyl blue (MB) onto
the green-synthesized manganese (oxyhydr) oxide nano-
composite was evaluated using Langmuir, Freundlich, Temkin,
and Dubinin–Radushkevich (D–R) isotherm models, as shown
in Fig. 8 and Table 5. Among these, the Langmuir model
exhibited the best t to the experimental data, as evidenced by
the high correlation coefficient (R2 = 0.9846), indicating
monolayer adsorption on a homogeneous surface with nite
and energetically equivalent active sites. The remarkably high
maximum adsorption capacity (qmax = 1138.2 mg g−1) high-
lights the strong affinity of MB molecules toward the manga-
nese (oxyhydr) oxide surface. Furthermore, the dimensionless
separation factor (RL = 0.0199–0.029) lies between 0 and 1,
conrming that the adsorption process is highly favorable
under the studied conditions.76,100

In contrast, the Freundlich model showed a poor correlation
(R2 = 0.5), suggesting that multilayer adsorption on a heteroge-
neous surface is not the dominant mechanism, despite the high
RSC Adv., 2026, 16, 21530–21548 | 21541
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Table 5 Adsorption isotherms parameters

Isotherms Parameters Values

Langmuir isotherm qmax (mg g−1) 1138.2
KL (L mg−1) 0.2488
RL 0.019–0.029
R2 0.9846

Freundlich isotherm 1/n 0.098
n (mg g−1) 10.16
Kf (mg g−1) 711.49
R2 0.5

Temkin isotherm AT (L g−1) 919.18
bt (J mol−1) 24.13
B (L g−1) 97.46
R2 0.5

Dubinin–Radushkevich (D–R)
isotherm

qDR (mg g−1) 0.002
KDR (mol2 kJ−2) 8.42 × 10−10

E (kJ mol−1) 24.362
R2 0.484
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Freundlich constant (Kf = 711.49 mg g−1) and the value of 1/n
(0.098), which still implies favorable adsorption intensity.101,102

Similarly, the Temkin model yielded a low R2 value (0.5), indi-
cating limited applicability; however, the Temkin constant
related to adsorption heat (B = 97.46 J mol−1) suggests notable
adsorbate–adsorbent interactions. The D–R isotherm also poorly
described the system (R2 = 0.484). Overall, the isotherm analysis
conrms that MB adsorption onto green-synthesized manganese
(oxyhydr) oxide nanocomposite is a favorable, monolayer, and
predominantly chemisorption process with exceptionally high
adsorption capacity, underscoring its potential as an efficient
adsorbent for dye-contaminated wastewater.

Table 6 represents the maximum adsorption capacity of the
methyl blue dye onto the different adsorbents. This study's
maximum adsorption capacity shows competitive performance
with literature works, which is 1138.2mg. This can be attributed to
the presence of active sites on the green-synthesized nanoparticles.
Adsorption kinetics results of the green-synthesized
manganese (oxyhydr) oxide nanocomposite

The pseudo-rst-order and pseudo-second-order kinetics
models were employed to evaluate the adsorption rate of
Table 6 Adsorption capacity of MB dye by various adsorbents

Adsorbents

Mespilus germanica L. fruits seed biochar (MGLfsB)
Nanomagnetic Mespilus germanica L. fruit seed biochar (nM-MGLfsB)
Amino-functionalized zeolitic imidazole framework-8 (ZIF-8/NH2 nanopar
Activated carbon eggshell (ACE)
Na2Al2B2O7

Copper-based triazolate MOFs (CuTz-1-Py)
Banana leaves powder (BLP)
Activated carbon banana leaves powder (AC-BLP)
Crosslinked chitosan-citrate/SnO2 nanoparticles (CTN-CT/SnO2)
CMBLP
Pinus brutia biochar (PBB)
Nano-magnetic Pinus brutia biochar (nM-PBB)
Mn (oxyhyrd) oxide nanocomposite of (Mn3O4, MnOOH)

21542 | RSC Adv., 2026, 16, 21530–21548
different MB dye concentrations (133.33, 150, 166.67, 183.33,
and 200 mg L−1). As illustrated and tabulated in Fig. 9, and
Table 7 the kinetic parameters for methyl blue adsorption onto
the green-synthesized manganese (oxyhydr) oxide nano-
composite reveal clear differences in the suitability of the
applied models. The pseudo-rst-order model shows relatively
low correlation coefficients (R2 = 0.5957–0.9993) and calculated
adsorption capacities (qe,cal) that deviate substantially from the
experimental values (qe,exp), indicating that this model does not
adequately describe the adsorption behavior over the studied
concentration range. In contrast, the pseudo-second-order
model shows excellent agreement with the experimental data,
with very high correlation coefficients (R2 = 0.9841–0.99999)
and qe,cal values that closely match qe,exp across all initial dye
concentrations. This strong conformity suggests that the
adsorption process is predominantly governed by chemisorp-
tion involving valence forces or electron sharing between the
dye molecules and active sites on the nanocomposite
surface.112,113

Fig. 9c and Table 7 represent the intraparticle diffusion
kinetic model. Furthermore, the intraparticle diffusion model
yields lower R2 values (0.5293–0.96) and nonzero intercepts
(Cint), implying that intraparticle diffusion is not the sole rate-
controlling step. Instead, the adsorption kinetics are inu-
enced by multiple mechanisms, including rapid external
surface adsorption followed by slower diffusion of dye mole-
cules into the internal pores of the adsorbent.2,114

Overall, the kinetic analysis conrms that the adsorption of
methyl blue onto the green-synthesized manganese (oxyhydr)
oxide nanocomposite is best described by the pseudo-second-
order model, with a multistep adsorption mechanism.
Thermodynamic parameters

Based on the thermodynamic parameters calculated from
Fig. 10a and tabulated in Table 8. The adsorption behavior of
methyl blue (MB) dye onto the green-synthesized manganese
(oxyhydr) oxide nanocomposite can be interpreted as follows:

The negative values of Gibbs free energy change (DG°) at all
investigated temperatures (−10.47 to −7.22 kJ mol−1) conrm
that the adsorption of MB is a spontaneous process. The
gradual increase in DG° (becoming less negative) with
qe mg g−1 Ref.

11.148 103
13.089 103

ticles) 537.4 104
45.23 105
2000 106
352.3 107
84.24 108
386 108
511.92 109
118.24 110
66.667 111
107.527 111
1138.2 This study

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Adsorption kinetics models plot (a) pseudo-first order, (b) pseudo-second order, and (c) the intraparticle diffusion model.
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increasing temperature suggests that the feasibility of adsorp-
tion slightly decreases at higher temperatures, indicating that
lower temperatures are more favorable for MB uptake. The
negative enthalpy change (DH° = −46.39 kJ mol−1) demon-
strates that the adsorption process is exothermic,
Table 7 Kinetic parameters for methyl blue dye adsorption onto the gre
MB concentrations

Methyl blue dye
concentration (mg L−1)

Pseudo-rst order Pseudo-second o

K1

(min−1)
qe
(mg g−1) R2

K2

(g mg−1 min−1)

133.33 0.5 44.17 0.9122 0.02
150 0.2444 315.26 0.9993 0.0014
166.67 0.4999 765.48 0.9923 0.001
183.33 0.09156 133.34 0.7663 0.0041
200 0.1834 368.71 0.5957 0.0011

© 2026 The Author(s). Published by the Royal Society of Chemistry
chemisorption, and implies strong interactions between MB
molecules and the surface of the manganese (oxyhydr) oxide
nanocomposite.115 Moreover, the negative entropy change (DS°
=−126.54 J mol−1 K−1) reects a decrease in randomness at the
solid–solution interface during adsorption, which can be
en-synthesized manganese (oxyhydr) oxide nanocomposite at various

rder Intraparticle diffusion

qe
(exp.)

qe
(mg g−1) R2

KIPD

(mg g−1 min−0.5) Cint R2

925.22 0.99999 9.155 893.56 0.7334 919.54
980.39 0.99993 93.6 636.52 0.96 911.86

1106.71 0.9997 123.59 648.25 0.893 1006.88
1122.76 0.9989 30.94 1003.3 0.7255 1101.32
1249.33 0.9841 91.52 882.25 0.5293 1177.65
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Fig. 10 (a) Plot of ln Kads versus 1/T of the adsorption process of methyl blue dye onto the green-synthesized manganese (oxyhydr) oxides
nanocomposite, (b) plot ln k2 versus 1/T, (c) reusability of green-synthesized manganese (oxyhydr) oxide nanocomposite.

Table 8 Thermodynamic parameters of the adsorption process of
methyl blue dye onto the green-synthesized manganese (oxyhydr)
oxide nanocomposite

T (K)
DG
(kJ mol−1)

DH
(kJ mol−1)

DS
(J mol−1 K−1) R2

283 −10.47 −46.39 −126.54 0.9687
298 −8.96
308 −7.22
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attributed to the orderly attachment of MB molecules onto the
adsorbent surface.116–118

The high correlation coefficient (R2 = 0.9687) indicates good
linearity of the thermodynamic model, conrming the reli-
ability of the calculated parameters. Collectively, these results
suggest that MB adsorption onto the manganese (oxyhydr)
oxide nanocomposite is spontaneous, exothermic, and accom-
panied by increased structural ordering at the adsorbent–
adsorbate interface.

As shown in Fig. 10b, the calculated activation energy (Ea =
−45.76 kJ mol−1) indicates that the adsorption of methyl blue
dye onto the green-synthesized manganese (oxyhydr) oxide
nanocomposite is mainly governed by a chemisorption mech-
anism. In general, activation energy values within the range of
5–40 kJ mol−1 are typically attributed to physisorption, whereas
higher values (approximately 40–800 kJ mol−1) are associated
with chemisorption processes.119 It should be noted that, in
certain adsorption systems, the adsorption rate may decrease as
temperature increases. Under such conditions, the rate
constant can still be described by the Arrhenius equation, which
may yield a negative activation energy value.120 The negative Ea
obtained in this study indicates that the adsorption process is
exothermic in nature. This observation is consistent with the
kinetic results, which demonstrate that the adsorption behavior
follows the pseudo-second-order kinetic model, suggesting that
chemical interactions play a signicant role in the adsorption
mechanism.
21544 | RSC Adv., 2026, 16, 21530–21548
Adsorption mechanism

The FTIR spectra of the green-synthesized manganese (oxyhydr)
oxide nanocomposite before and aer adsorption of methyl
blue (MB) Fig. 5a show noticeable changes in the positions and
intensities of several characteristic peaks, indicating the
participation of surface functional groups in the adsorption
process.108 In particular, the –OH, –NH, C–O, C–N, and Pb–O
groups were actively involved in the interaction with MB mole-
cules.121 The broad O–H stretching vibration observed at
3398 cm−1 in the green-synthesized manganese (oxyhydr) oxide
nanocomposite shis to a lower wavenumber (3344 cm−1) aer
MB adsorption. This red shi suggests the formation of
hydrogen bonding interactions between MB molecules and
hydroxyl groups on the surface of the green-synthesized
manganese (oxyhydr) oxide nanocomposite.

Furthermore, a new absorption band appears at 1622 cm−1

in the MB-loaded nanocomposite, which is attributed to the
deformation vibration of –NH2 groups derived from the dye
molecules.110 Another new band at 1034 cm−1 corresponds to
the sulfonate (–SO3

−) functional group of MB, providing clear
evidence for the successful adsorption of the dye onto the
nanocomposite surface.122 In addition, slight shis and reduc-
tions in the intensity of the Mn–O stretching vibration bands
were observed aer adsorption, indicating interactions between
the dye molecules and Mn–O surface sites within the nano-
composite lattice. Collectively, these spectral changes conrm
the effective adsorption of MB onto the green-synthesized
manganese (oxyhydr) oxide nanocomposite.

The adsorption mechanism appears to be governed by
multiple interactions, including hydrogen bonding, electro-
static attraction, n–p interactions, and pore lling, reecting
the complex nature of the adsorption behavior. Hydrogen
bonding plays a signicant role through interactions between
hydrogen atoms on surface hydroxyl groups of green-
synthesized manganese (oxyhydr) oxide nanocomposite and
oxygen- and nitrogen-containing functional groups of MB dye
molecules. The p bond of the benzene ring on MB can generate
a specic interaction with metals. MB with rich benzene rings
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Schematic representation of the adsorption of methyl blue dye onto the green-synthesizedmanganese (oxyhydr) oxide nanocomposite.
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can generate p-interactions with manganese.123,124 The sche-
matic of the MB adsorption on the green-synthesized manga-
nese (oxyhydr) oxide nanocomposite can be seen in Fig. 11.

In addition, the tting of the experimental data to the
Langmuir isotherm model, the pseudo-second-order (PSO)
kinetic model, the magnitude of the enthalpy change, and the
calculated activation energy values collectively indicate that the
adsorption of MB onto green-synthesized manganese (oxyhydr)
oxide nanocomposite is predominantly controlled by chemi-
sorption. These results suggest that chemical interactions
constitute the primary adsorption mechanism, although
a minor contribution from physisorption cannot be excluded.
Reusability of the green-synthesized manganese (oxyhydr)
oxide nanocomposite

The reusability performance of the green-synthesized manga-
nese (oxyhydr) oxide nanocomposite was evaluated through
consecutive adsorption–desorption cycles for methyl blue
removal under optimized conditions (pH 10, initial dye
concentration 133.33 mg L−1, adsorbent dose 20 mg/150 mL,
temperature 283 K, and contact time 9 min). Aer each
adsorption run, the used adsorbent was regenerated by thor-
oughly rinsing it with ethanol, followed by distilled water, to
remove the dye molecules bound to its surface. As illustrated in
Fig. 10c, the adsorption efficiency notably declined with
© 2026 The Author(s). Published by the Royal Society of Chemistry
increasing number of reuse cycles. The rst cycle exhibited the
highest removal efficiency. A moderate decrease was observed
in subsequent cycles, likely due to partial blockage of adsorp-
tion sites, incomplete desorption of dye molecules, and possible
structural or surface chemical changes in the nanocomposite
during regeneration. Nevertheless, the adsorbent retained
a considerable fraction of its initial adsorption capacity even
aer multiple cycles, indicating acceptable regeneration
potential. These results demonstrate that the green-synthesized
manganese (oxyhydr) oxide nanocomposite is a reusable and
economically viable adsorbent for methyl blue removal from
aqueous solutions, supporting its applicability in practical
wastewater treatment processes.
Conclusion

The treatment of contaminated water, particularly the removal
of dyes and heavy metals, remains a critical environmental
challenge, with adsorption emerging as an effective and
economical solution. In this study, manganese (oxyhydr) oxide
nanocomposite, namely marokite (g-Mn3O4) and groutite (a-
MnOOH), were successfully synthesized via an environmentally
friendly green route using Eriobotrya japonica leaf extract.
Optical, structural, and morphological characterizations
conrmed the formation of pure manganese (oxyhydr) oxides
composed of nanoparticles and nanorods.
RSC Adv., 2026, 16, 21530–21548 | 21545
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The green-synthesized manganese (oxyhydr) oxide nano-
composite exhibited good adsorption performance toward
methyl blue dye. Adsorption equilibrium and kinetic analyses
revealed that the process follows the Langmuir isotherm and
pseudo-second-order kinetic model, indicating a monolayer
chemisorption mechanism. Thermodynamic results demon-
strated that the adsorption process is spontaneous and favorable.
Moreover, the nanocomposite showed good reusability, retaining
a substantial fraction of its adsorption capacity aer multiple
cycles, which reects its stability and regeneration potential. The
enhanced adsorption efficiency is attributed to phytochemicals
in the plant extract, which play a key role in tailoring the nano-
materials' structural and surface properties. Overall, the green-
synthesis technique provides an efficient and sustainable
approach for producing manganese (oxyhydr) oxides with good
potential for practical wastewater treatment applications.
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