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This study evaluated how well Mg—Fe layered double hydroxides (LDH) removed manganese (Mn?*) from
aqueous media and electrocatalytic methanol oxidation. The structural and physicochemical properties of the
materials both prior to and after the adsorption process were characterized by X-ray diffraction, infrared
analysis, particle size analysis, and field emission scanning electron microscopy. Adsorption was evaluated at
different pH levels and adsorbent dosages, revealing that surface hydroxyl groups and interlayer anions are
crucial for manganese uptake. The equilibrium data were well fitted by the Langmuir—Freundlich isotherm
model, whereas the kinetic results followed those of the mixed 1,2-order and intraparticle diffusion models,
indicating that monolayer adsorption was dominated by chemisorption mechanisms. Thermodynamic
parameters confirmed that the adsorption process is spontaneous and exothermic, suggesting strong
interactions between Mn?* ions and the LDH surface through surface complexation and chemical bonding.
The Mg-Fe LDH achieved a manganese removal efficiency exceeding 70%, and Gmax Was 198.99 mg g™~

Furthermore, electrochemical studies demonstrated that both pristine LDH and Mn-loaded LDH (LDH/Mn)

Received 29th January 2026 - . L . .
Accepted 12th March 2026 exhibit enhanced electrocatalytic activity toward methanol oxidation. The improved LDH/Mn performance
was attributed to a larger electroactive surface area and improved charge-transfer kinetics. These results

DOI: 10.1035/d6ra00805d highlight the dual functionality of Mg—Fe LDH for environmental remediation and electrochemical energy

rsc.li/rsc-advances conversion applications.

1 Introduction

World population growth is a major challenge and is considered
among the most serious issues affecting nearly every aspect of
life, including water policy. Groundwater and other resources
must be utilized to avoid chemical and microbiological
contamination.!

The potential toxicity of heavy metals to both the environ-
ment and humans makes their poisoning of groundwater
a major ecological issue.

Through the food supply chain, they can bioaccumulate and
are not biodegradable.>® Domestic sewage leakage from septic
tanks is among the most important sources of groundwater
pollution, leading to the spread of gastrointestinal diseases.*
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Owing to increasing anthropogenic activities, manganese
has been detected in both groundwater and surface water at
varying concentrations.>®

However, the human body needs certain amounts of essen-
tial minerals, which are thought to be cofactors for many
different enzymes involved in intracellular function. Fortu-
nately, manganese toxicity, which disrupts the central nervous
system, can result from the consumption of this mineral in
excess.”® High levels of manganese in water systems result in
the formation of oxide layers in pipelines with corrosion, which
affects water quality. Compared with children who were
exposed to controlled manganese, children who ingested 240-
350 pug L' of manganese in water had reduced speed, manual
dexterity, visual recognition and short-term memory.

There are various methods to remove metals from waste-
water and water, including membrane filtration, adsorption,
and ion exchange. These methods have been recently developed
and reviewed.

Because of their great efficiency, affordability, and simplicity of
use, adsorptions are regarded as among the most appropriate
techniques.®'® Various water treatment residuals are employed to
remove heavy metals through adsorption. Adsorption on a variety
of substances, including biomaterials, clay minerals, and activated
carbon, is the most efficient method for reducing metals."**

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d6ra00805d&domain=pdf&date_stamp=2026-03-24
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra00805d
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA016018

Open Access Article. Published on 25 March 2026. Downloaded on 4/8/2026 5:36:30 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Layered double hydroxides (LDHs) are the best heavy metal
adsorbents." Layered double hydroxides (LDHs) play a vital role
as effective adsorbents or photocatalysts in the remediation of
water pollutants. ¢ A type of artificial clay known as LDH has
cationic layers that resemble brucite [Mg(OH),] and contain
anions in the hydrated interlayer to maintain charge balance.

[(MII); _(MIIT) (OH),J**(A™ /) - nH,0] is a general formula
of LDHs."* Two-dimensional layered nano materials belong to
the anionic clay family. Additionally, layered nanostructured
LDH is a host-guest material made up of water molecules and
positively charged metallic hydroxide plates with intercalated
anions acting as guests.”®

Studies employing LDHs to extract contaminants from
aqueous solutions have increased in frequency in recent
years.”"?* The adsorption of heavy metals in wastewater has
been the subject of several studies.*

However, simply discovering a viable nanoadsorbent is not
enough to produce a large-scale adsorption approach that is
both inexpensive and sustainable. Further investigations are
needed to modify and employ waste adsorbents that are no
longer regenerable to meet the tenets of the circular
economy.*?* Reusing used adsorbents has become a crucial
field of study in the modern era. Recently, many examples of
different ways to recycle spent adsorbents have been reported.*
Repurposing spent adsorbents into other applications and/or
technologies, such as composite fillers, catalysis, super-
capacitors and (bio)sensors, is one method of valorizing them.
The use of adsorbents in the electro-oxidation of methanol is
promising. Methanol is an oxidizable and feasible fuel for direct
methanol fuel cells that generate water and carbon dioxide as
byproducts of the oxidation process.”* Methanol and water are
used to generate carbon dioxide, protons, and electrons at the
anode, and the external circuit is used by the electrons to move
and decrease oxygen by reaching the cathode. An inventive field
of research that could yield effective and reasonably priced
anode materials is the investigation of waste adsorbents as
methanol fuel cell anodes. In the future, direct alcohol fuel cells
may function better and cost less as a result. Preparing, char-
acterizing, and exploring multifunctional Mg-Fe LDH as a 2D
nanoadsorbent for the adsorption of manganese (Mn) and
using spent adsorbents as electrocatalysts are the goals of the
current work. This work's main innovation is the creative
repurposing of Mn-loaded waste adsorbents as -effective
electrocatalysts, which combines energy conversion applica-
tions with wastewater cleanup. Specifically, layered double
hydroxides (LDHs) have a unique multifunctional property that
allows high-capacity Mn species to be adsorbed as well as post-
saturation catalytic activity. Through surface complexation, and
interlayer incorporation mechanisms, LDHs exhibit a high
affinity for Mn®" ions because of their adjustable metal
composition, high surface area, and abundance of hydroxyl
groups. The added Mn species can behave as electroactive
centers following adsorption, converting the wasted adsorbent
from secondary waste to a valuable catalytic material. This dual
use greatly improves material sustainability and aligns with
circular economy principles. This method offers an environ-
mentally friendly way to fabricate catalysts while lowering the
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disposal expenses related to depleted adsorbents. Previous
studies have highlighted the adsorption efficiency of LDHs for
heavy metals,**® whereas recent reports have demonstrated
their promising electrocatalytic behavior in water splitting
applications.* Nevertheless, research on the direct conversion
of waste adsorbents loaded with Mn into useful electrocatalysts
is lacking. Consequently, the uniqueness and technological
significance of the current findings are highlighted by specifi-
cally highlighting this integrated adsorption-electrocatalysis
process. In addition to optimizing resource use, this strategy
promotes sustainable material design for energy and environ-
mental applications.

Additionally, various factors affect the process of disposing
of manganese from contaminated water, including the solution
pH, adsorbent dosage, manganese concentration, temperature,
contact time, adsorption isotherm and kinetics of the process.*
Finally, another application of the used adsorbent was as an
electrocatalyst for DMEO.

A comparative study of different adsorbents for Mn>'-
polluted water and a comparison of the performance of the
catalyst with recently published studies are shown in Tables 1
and 2, respectively.

2 Materials and methods

2.1. Materials

All pure chemicals were purchased from Merck (Germany) and
included magnesium nitrate hexahydrate (Mg(NO;)-6H,0),
ferric nitrate (Fe(NOj3)3-9H,0), manganese nitrate tetrahydrate
(Mn(NO3),-4H,0), sodium bisulphite, sodium hydroxide
(NaOH), HCL conc. 5.0 wt% Nafion solution; isopropanol,
Methanol, and Alpha Aesar supplied a 1.0 mm thick graphite
sheet (98% purity).

2.2. Preparation of Mg-layer double hydroxides (LDH)

Magnesium nitrate hexahydrate and ferric nitrate were weighed
at a magnesium : iron ratio of 3:1 M, respectively. A solution
was prepared in 100 mL of deionized water. In a 250 mL beaker,
1 N of sodium hydroxide was added until it reached pH = 9,
with the addition rate being modified over a 24-hour aging
period at 60 °C while vigorously stirring at 600 rpm. Finally, the
precipitate was washed in a centrifuge for 20 minutes with
distilled water until the pH of the filtrate reached 7 to ensure
that the sodium ions were removed. The precipitate was placed
in a crucible and dried at 70 °C overnight, after which it was
ground manually.

2.3. Characterization of Mg-LDH

For the prepared Mg-LDH, three primary analytical methods are
provided below. The FESEM JEOL JSM 5400LV instrument
(Japan) was used to study the surface morphologies of the
generated samples with scanning electron microscopy (SEM).
The microstructure of the adsorbent was examined by high-
resolution transmission electron microscopy (HRTEM, JEOL-
JEM 100CX11, USA). X-ray diffraction (XRD) was performed
(Shimadzu, Kyoto, Japan).

RSC Adv, 2026, 16, 16474-16490 | 16475
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Table 1 Comparative study of different adsorbents
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Dose of Mn Adsorption
Adsorbents Time (min) adsorbent (g L) (mgL ™ Temperature pH capacity (mg g ') Ref.
Mg/Zn/Al LDH 75 0.25 80 45 °C 6 24.5 31
Co/Mo LDH 60 0.2 145 45 °C 5 36.95 32
Mg/Al LDH 60 0.3 >44.4 60 °C 9.5 192.6 33
Mg/Al/Ni LDH 60 0.3 100 45 °C 7 35.97 34
GO/ZNO nano composites 1080 0.02 28.4 22 °C 4:5 165.5 35
Mg-Fe LDH 120 0.6 100 25 °C 7 198.99 Present study
Table 2 Comparison of the performance of the catalyst with that in recently published studies
Pollutants Dose of Adsorption

Adsorbents Pollutants  concentration  Time (h) adsorbents (gL™') pH  Temp. capacity(mgg ')  Ref.
Mg/Al-LDH Po, 10 4.16 0.005 3 25 °C 110 36

Nos 45.5
Mg/Fe-LDH/BIOCHAR P 20 1 2 2-4 25 °C 17.46 37
Mg/Fe-LDH Ccd 20 2 100 5 25 °C 35 38
Mg/Fe-LDH - RHA 200 Pb 50 24 1 5-7 25 °C 17 39

cu®* 23
Mg/Fe-LDH@BB Pb Pb (500-1400) 6 1 6 25 °C Pb 1112.6 40

cd Cd (100-1000) Cd 869.6

Zn Zn (100-1000) Zn 414.9
Fe/MgLDH @nHAP u(6) (500-1400) 0.5 0.2 6 25°C  845.16 a1
Mg-Fe LDH Mn 100 2 0.6 7 25 °C 198.99 This study

The speed of scanning was 8_in 20 min_1 over the angle of (Co—C)xV
the diffraction range. An ATI Mattson Genesis series (KBr disk e = m (1)
technique) apparatus (Model 960 M009 series) was used to
CO - Ce

record Fourier transfer infrared (FT-IR) spectra. Zeta potential
was investigated by a Nano-Zeta sizer (Malvern Instruments Ltd,
United Kingdom). The BET specific pore volume, specific
surface area and pore size distribution of the nanoadsorbents
were determined by N, adsorption with an automatic surface
analyzer (TriStar II 3020; Micrometrics, USA). A mass spec-
trometer (ICP-MS Japan) was used to estimate the concentra-
tion of the manganese solution.

2.4. Adsorption study

To perform the experimental work, using a typical fluid solu-
tion, we conducted batch research in an operational system at
ambient temperature. A manganese stock concentration of
100 ppm was used to obtain the optimal calibration curve (5-
100 ppm) by creating a series of diluted concentrations.

First, six 250-mL beakers were created by adding 0.06 g of the
synthesized catalyst (Mg-Fe LDH) and 100 mL of 5 ppm
manganese stock solution, after which 0.2 N HCl and NaOH
were added to the five beakers to decrease their pH to 3, 4, 6, 7,
9, and 11 via a pH meter (HACH). The five beakers were stirred
for two hours on a magnetic stirrer. They were then measured
after being filtered with a Bochner filter. An ICP spectrometer
was used to determine the residual concentration of the
manganese solution.

The quantity of manganese adsorbed per gram of Mg-Fe
LDH (g.) was calculated by the equations listed below:

16476 | RSC Adv, 2026, 16, 16474-16490

Removal percentage = x 100

- (2)
where g. denotes the amount of manganese adsorbed in grams
per liter, C, is the initial concentration of the manganese
solution, and C; is the manganese concentration in mg L' after
adsorption at 120 minutes. W is the amount of LDH expressed
in grams, and V is the volume of the manganese solution.

The previous experiment was repeated on five samples, after
which the pH was adjusted to 7 and the adsorbent concentra-
tion was varied from 0.2 to 0.8 g L™ for 2 hours. An ICP spec-
trometer was used to determine the amount of residual
manganese solution. Additionally, we studied the effects of
concentration, time and thermodynamics.

2.5. Use of spent Mg-Fe LDH in electrochemical methanol
oxidation

Following adsorption, the wasted LDH powder was gathered,
cleaned, and dried at 80 °C for 24 hours. Preparing the ink
solution, a typical 2.0 mg of Mg-Fe LDH/Mn or Mg-Fe LDH
sample was dispersed in 200 pL of isopropanol/D. W. mixed
solvent with a ratio of 1:2, which contained 10 pL of Nafion
solution (5.0 wt%). The mixture was sonicated for a minimum
of 15 minutes to create a uniform ink. Afterward, 100 pL of the
ink solution was put onto a 1 x 1 cm? piece of flexible graphite
paper (thickness: 1 mm) and dried at 40 °C. Using a potentio-
stat/galvanostat (AUTOLAB PGSTAT 302 N, Metrohm, Herisau,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Switzerland) and NOVA 1.11 software, the electrocatalytic effi-
ciency of LDH and LDH/Mn was assessed. Cyclic voltammetry
(CV) and CA chronoamperometry were used, with a platinum
sheet serving as the counter electrode and the reference elec-
trode being Ag/AgCl in a three-electrode system. A 0.5 M NaOH
electrolyte solution with and without methanol was used to
assess the electrocatalytic performance of the generated elec-
trodes. Scanning rates ranging from 5 to 100 mV s ' were
employed. The duration of the chronoamperometry (CA)
experiments at 0.6 Vwas 1 h and 12 h.

2.6. Electrochemical procedures

For the voltammetric investigations, a potentiostat/galvanostat
(AUTOLAB PGSTAT 302 N, Metrohm, Utrecht, Netherlands)
was employed. It was connected to a three-electrode system that
contained an Ag/AgCl; M KCl reference electrode, a Pt disc as
the counter electrode, and an active electrode based on
a graphite carbon sheet. Prior to conducting the electro-
chemical experiments, ten voltammetric cyclic scans with
a scan rate of 100 mV s~ ' were performed to activate the
modified electrodes in phthalic acid. The scans ranged from 0.0
to 0.1 V. Cyclic voltammetry (CV), linear sweep voltammetry
(LSvV), and differential pulse voltammetry (DPV) were used for
quantitative analysis, assay optimization, and characterization.
NaOH was used as a support electrolyte in a 30 mL electro-
chemical cell; the measurements were carried out. To gather the
metal ions surrounding the interface of the electrode, the
modified CPE was immersed in an electrolyte solution for 30
seconds. Calibration curves were created using the standard
addition approach.

3 Results and discussion

3.1. Characterization of the Mg-Fe LDH

3.1.1. X-ray diffraction. The XRD patterns of the generated
materials and the typical XRD patterns of the LDH materials
that resemble hydrotalcite were significantly similar (Fig. 1(a
and b)).*»** The sharpness of the diffraction peaks in the
synthesized Mg-Fe LDH XRD pattern verified its high crystal-
linity. Both the synthesized hydrotalcite-like compound and the
native Mg-Fe LDH diffraction peaks matched the number on
the ICDD card (00-058-0178). The structure of the Mg-Fe LDH,
as depicted in (Fig. 1(a and b)) was confirmed by the charac-
teristic reflections of layered double hydroxide. With the other
peaks for the (012), (015), (018), (110), and (113) planes at high
26 angles and the basal planes of the (003) and (006) planes at
low 260 angles.** The XRD results were compared prior to
manganese adsorption.

The lattice parameters of Mg-Fe LDH were determined from
X-ray diffraction data. The lattice parameter a is related to the
average cation—cation distance within the layers of the prepared
material.*® The lattice parameter c is related to the thickness of
one layer plus the interlayer spacing. The calculated a value of
the prepared LDH was 3.06 A, and the ¢ value was 23.20 A. The
calculated lattice parameters confirm the formation of the
characteristic layered structure of Mg-Fe LDH. After the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Characterization of LDH (XRD (a and b) FTIR (c) N, adsorption—
desorption isotherms and pore size distribution (d and e)) before and
after adsorption—SEM (f—h) and TEM (i—k).
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adsorption of Mn>" onto Mg-Fe LDH, the lattice parameter
remained almost unchanged, whereas the parameter ¢ changed
slightly to 23.21 A. Adsorption through the interlayer type or on
the surface did not significantly affect it.

Mn?" is intercalated into the interlayer space, and the ¢ value
increases slightly because of expansion of the spacing. However,
when the adsorption happened through surface of the layers by
complexation or by chemical interaction, the ¢ parameter only
slightly changes.*®

3.1.2. Fourier transform infrared spectroscopy. As illus-
trated in Fig. 1(c), FT-IR spectra of the materials were obtained.
The impact of the IR spectra on the prepared adsorbent mate-
rial (Mg-Fe LDH) before it was used to adsorb manganese ions
from wastewater is shown in Fig. 1(c). IR spectral analysis
revealed many peaks for different functional groups; the sharp
stretching peak at 3437.73 cm ™" is ascribed to the stretching
vibrations of the hydroxyl groups located in the LDH layers as
well as interlayer water molecules and surface.

The sharp peak at 1643.5 cm™' indicated weaker band
formation because of the way that water molecules bend. On the
basis of the data provided by,*” the presence of an interlayer of
MgO can be demonstrated by the asymmetric stretching
absorption band of MgO close to 1382 cm ™', suggesting the
effective synthesis of Mg-Fe-LDH. The band at approximately
564.16 cm™ " is attributed to M~O-H and O-M-O lattice vibra-
tions (when M = Mg and Fe).***

The effect of the IR spectrum on the prepared adsorbent
material (Mg-Fe LDH) after the adsorption of Mn ions from
wastewater is shown in Fig. 1(c). The slight appearance of
a strong and powerful peak at 3700 cm™" is because of the
presence of the -OH group in Mg(OH), which formed by
a chemisorption process when the MgO was exposed to waste-
water; thus, this peak did not appear in the calcined sample
(Fig. 1(c)).

A new band after absorption at 1170 cm™ " matches the O-H
bending vibrations joined with Mn atoms; this result matched
that reported previously.* The deformation of the broad
absorption band at 1653 cm ™" is the result of the presence of
absorbed water molecules among the MnO, structure. The
hydrated properties of MnO, might increase cation diffusion,
thereby increasing the capacitance of MnO,, and these findings
matched those published by.”® The deformation occurring at
the band at approximately 584 cm ™" is attributed to the pres-
ence of Mn adsorbed on the LDH surface.

3.1.3. Morphology and surface study (FESEM, HRTEM, and
surface area). The material morphology and shape after prep-
aration could be estimated by FESEM and HRTEM. The Mg-Fe
LDH produced by coprecipitation is displayed in Fig. 1(g—j)-

Table 3 Surface properties
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SEM micrographs of Mg-Fe LDH reveal a characteristic
plate-like layered morphology, which is typical for hydrotalcite-
like materials, as shown in Fig. 1(f-g). The surface morphology
appears as a sheet-like structure arranged in a hierarchical
structure, forming a porous surface. These sheets appear
randomly oriented and partially stacked, which produces
a flower-like shape. The image also shows a rough surface
texture and interparticle voids, indicating the presence of
mesoporous spaces between the aggregated sheets. These pores
facilitate the mass transfer and diffusion of Mn ions, which is
beneficial for adsorption and catalytic applications.

The SEM image after Mn ion adsorption clearly shows
a change in the surface morphology of the Mg-Fe LDH
compared with that of the prepared material. The layered
nanosheet structure observed before adsorption becomes
partially covered by irregular deposits and aggregated parti-
cles.®* The surface appears more compact and smoother in
some regions, indicating that Mn species have accumulated on
the LDH surface and within its pores.

In Fig. 1(h), the image shows that the original layered and
sheet morphology of Mg-Fe LDH is partially masked by irreg-
ular and agglomerated sheets. The surface appears denser and
more compact, indicating that Mn ions have accumulated on
the adsorbent surface. In addition, the pore structure reflected
the efficiency of the material in methanol oxidation.

Fig. 1(i-k) shows that the material consists of nanosized
particles that form agglomerated structures with potential
porosity. This morphology provides a high surface area, inter-
particle voids may enhance mass transfer, and the nanoscale
particle size increases the number of active surface sites. These
structural characteristics support the material's suitability for
manganese adsorption in aqueous systems.

Nitrogen sorption tests were used to determine the meso-
porous nature of the LDH (Fig. 1(d and e)). On the basis of the
IUPAC classification, the adsorption-desorption isotherms are
type IV with an H; hysteresis loop, linked to the loops of
hysteresis at a relative pressure P/P, of the mesoporous char-
acteristics (Fig. 1(d)).

A consistent pore size is further suggested by the extremely
low hysteresis between the adsorption and desorption branches
(approximately 0.9-1.0 P/P,). The contact between the material
surface and electrolyte is facilitated by the relatively large lateral
surface area with the structure of the mesoporous material.
Furthermore, the H; hysteresis loop implies that the formation
of nonuniform slit-shaped pores is caused by the aggregation of
plate-like nanoparticles.®® The surface properties of the
prepared sample were estimated by the BET method. The BET
surface area, total pore volume and average pore size of the
samples are presented in Table 3. The average pore size is

BET surface

Sample name area (m® g ")

The mean diameter
of pores (nm)

Total volume
of pores (cm® g™

Mg-Fe LDH
Mg-Fe LDH/Mn

260.20
6.128

16478 | RSC Adv, 2026, 16, 16474-16490

0.136
0.136

20.86
7.40
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<50 nm, and there is extensive pore size spread up to 16 nm
(Fig. 1(d and e)).

3.2. Estimation of manganese adsorption

3.2.1. The impact of pH. The pH of the polluted solution
was crucial since it regulates the effectiveness of LDH adsorp-
tion because of repulsive forces. The effects of the pH (3-11) on
heavy metal adsorption are shown in Fig. 2(a), which illustrates

© 2026 The Author(s). Published by the Royal Society of Chemistry

the ways in which the solution's pH influences the degree of
ionization, the surface charge of the adsorbate, and the adsor-
bent's selectivity (temperature: 25 + 1 °C; adsorbent concen-
tration: 0.6 ¢ L™'; and Mn concentration: 10 mg L™").

While the lowest adsorption capacity was attained at pH
values greater than 11, the manganese ions were successfully
absorbed at pH 7, demonstrating the best adsorption capacity.
Adsorption studies in a pH 7 environment are theoretically
optimal. Surface charges of Mg-Fe LDH and the levels of

RSC Adv, 2026, 16, 16474-16490 | 16479
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pollutant dissociation. Hence, the response of the Mg-Fe LDH
adsorption system to the pH for the adsorption of manganese
was analyzed between pH 3 and 11 (Fig. 2(a)). The presented
graphs demonstrate that as the concentration increases, the
adsorption percentage increases from 45% to 100% at pH
values ranging from 3 to 11, with a maximum clearance of 100%
achieved at a pH of 7. Since the surface of the Mg-Fe LDH at
neutral pH is significantly negatively charged, which facilitates
manganese adsorption on its surface, 7 was chosen as the
optimal pH at neutral pH since it demonstrated a notable
increase at that pH. As Fig. 2(b) illustrates, 7 was the calculated
PH zero-point charge (pHpyc). At pH below 7, the surface of the
LDH adsorbent is positively charged, while at pH over 7, it is
negatively charged. The surface of LDH has potential surface
characteristics for efficient chemical interaction and van der
Waals forces (Fig. 2(a)).

The elimination of manganese was low at pH 3, as indicated
in Fig. 2(a), which may have been caused by the synthesized
LDH breaking down in the acidic media and turbidityifying the
solution, the pollutant (Mn) and the LDH; however, both have
many negative charges on their surfaces at a higher pH of 11,
which causes a vigorous reaction.

3.2.2. Impact of the dosage of adsorbent. Several adsorbent
dosages (0.20 g to 0.80 g L™ ') were applied to evaluate the
effectiveness of the adsorption process. The adsorption rate
increases dramatically as the Mg-Fe LDH dose increases to 0.6 g
L' as a result of the presence of more active sites, as shown in
Fig. 2(c). After that, any increase in the dose resulted in
a decrease in the amount of manganese adsorbed on the Mg-Fe
LDH. The particles of the adsorbent are properly dispersed in
the solution; this may be connected to areas where the sites for
material exchange and adsorption are more accessible.

3.2.3. Impact of the initial concentration of Mn(u). Mn(u)
metal ions were adsorbed onto LDH at 0.6 ¢ L™" of adsorbent and
stirred at 160 rpm and a pH of 7. The initial Mn(u) concentration
(1-100 mg L") was investigated. The data in Fig. 2(d) demonstrate
that the adsorption capacity of Mg-Fe LDH gradually increases as
the concentration of Mn(u) metal ions in the solution steadily
increases. Due to the driving force for mass transfer and the
abundance of accessible active sites that can adsorb the ions, the
high availability of active sites that can adsorb the ions (1-
70 mg L™"). In the presence of more metal ions more than
70 mg L™, the velocity of the adsorption procedure slowed as the
profile becomes more uniform, this may be attributed to the
adsorbent surface approaches saturation.

3.2.4. Influence of contact time. Several investigations have
attempted to determine the impact of time. Initial Mn"
concentrations (100 ppm), a pH of 7, and an LDH dose of 0.6 g
were used for each experiment. As depicted in Fig. 2(e), the
timing of contact changed from 5 to 150 minutes, and with
longer contact times, the adsorption increased more quickly,
approaching equilibrium. for Mg-Fe LDH in approximately 100
minutes. The adsorption percentage at equilibrium was 93%
until 150 minutes, at which time the removal efficiency reached
99%. The intensity absorption tends to decrease, even if the
absorption does not cause any movement in the wavelength.
This is caused by the first stage of rapid adsorption and the
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decrease in the number of active points on the adsorbent
surface.

3.3. Adsorption isotherm

An indication of concentration is the adsorption isotherm,
which represents a certain amount of adsorbate per unit of
mass of the catalyst. Additionally, it shows and explains how
molecules are dispersed at adsorption equilibrium between the
liquid and solid phases.*® Langmuir,> Freundlich,* Langmuir-
Freundlich,*® and Baudu. Adsorption isotherms were expressed
using models.,”” as shown by eqn (3)-(5), respectively. The
Langmuir model was applied for homogenous surface systems,
whereas for heterogeneous surface systems, the Freundlich
model is used to ensure that as the concentration of adsorbate
in the solution increases, the adsorbate concentration on the
adsorbent increases.*®

The Langmuir-Freundlich isotherm model provides infor-
mation about the movement of adsorption energy on hetero-
geneous surfaces.>

The Langmuir coefficients, Ky, and ¢max, are not constant
across a large range, as demonstrated by the tangent measure-
ments at various equilibrium concentrations. The Bauder
isotherm model reduces to the Freundlich model for coverage
of the lower surface. The isotherm variables were determined
using nonlinear regression analysis. All of the parameters
related to these isotherm models are provided in Table 4.

From Fig. 3(a) and Table 4, the correlation coefficient (R*) and
gmax (Mg g~ ') were obtained from the nonlinear plot of C. vs. ge.
The fitting data demonstrated that the Langmuir-Freundlich
model is capable of providing a sufficient explanation for LDH
isotherm operations. R> was 0.998, and gpa, was 198.99 mg g~ for
LDH. This could be explained by the strong chemical interactions
that occur between metal ions and heavy metals, as well as the
large surface area and pore volume of the adsorbent.

The Langmuir-Freundlich model is especially suitable for
heterogeneous systems because it combines the surface
heterogeneity concept of the Freundlich equation with the
monolayer adsorption assumption of the Langmuir model. In
comparison to the Freundlich (R* = 0.992) and Langmuir (R*> =
0.981) isotherms, the Langmuir-Freundlich isotherm had the
best correlation coefficient (R* = 0.998) among the investigated
models. This figure represents the theoretical monolayer
adsorption capacity of Mn(u) on Mg-Fe LDH. Compared with
the classic Langmuir model, the Langmuir-Freundlich model
produced a greater gma. (198.99 mg g~ '), suggesting that the
adsorption process does not occur on an energetically homog-
enous surface. Instead, it shows the participation of various
types of active sites, including edge sites, external hydroxyl
groups, and possible interlayer interactions that are typical of
layered double hydroxide.

0.014 L mg " (K) is the affinity constant. The Ky parameter
indicates how strongly Mn(u) ions bind with the adsorption
sites. Its magnitude indicates favorable adsorption and
suggests that the absorption process is significantly influenced
by surface complexation mechanisms and electrostatic attrac-
tion between Mn>" and surface functional groups (M-OH). The

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Factors of the isotherm models
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Isotherm models Expression Adjustable model parameters® Values R?
Two-parameters isotherm
Langmuir _ qmax KL G 3) Gmax 90 0.981
4e =7 + K,Ce Ky 0.00168
Freundlich ge = KeC:''™ (4) K; 2.89 0.992
1/ng 0.82
Three-parameters isotherm
Langmuir-Freundlich qmax([(wce)ﬂu' ©) Gmax 198.99 0.998
qe= "5 (5
T (Ko™ Kip 0.014
BLr 1.235

“ g. refers to amount of adsorbate in the adsorbent at equilibrium (mg g™"); C. is the equilibrium concentration (mg L™"); ¢may iS the maximum
adsorption capacity (mg g~ '); K is Langmuir adsorption constant (L mg '); K is Freundlich adsorption capacity (mg g~ ); 1/nf is Freundlich
adsorption intensity; Ky is Langmuir-Freundlich equilibrium constant for heterogeneous solid; 8 r is the Langmuir-Freundlich heterogeneous

parameter.

heterogeneity parameter is Gy = 1.235. The deviation of the
B value from unity confirms the heterogeneity of the surface
energy. Structural components such as edge hydroxyl groups,
different Fe/Mg coordination environments, and positively
charged brucite-like layers are responsible for this variance in

Mg-Fe LDH. Adsorption may involve increased binding at some
high-energy sites at low Mn(n) concentrations, followed by the
occupation of lower-energy sites as the concentration increases

if the @ value is greater than 1.
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Fig. 3 Applying (a) adsorption isotherm models and (b and c) kinetic isotherm models.
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Therefore, the superiority of the Langmuir-Freundlich
model suggests that a heterogeneous monolayer adsorption
process including nonequivalent binding sites controls Mn(u)
adsorption onto Mg-Fe LDH as opposed to perfect Langmuir-
type behavior.

3.4. Adsorption kinetics models

Kinetics studies are crucial in the construction of adsorbents
because they offer essential information on the processes and
absorption rates of contaminants. Our study clarified how
pseudo-first-order, pseudo-second-order, mixed 1,2-order
Avrami, and intraparticle diffusion occur. Additionally, it might
be applied to describe the kinetics of contaminant elimination.
While f, is the dimensionless coefficient and k is the
constant of the adsorption rate (mg g~ ' min~") of the mixed 1,2-
order model, £ is the rate constant (min ") and is a component
of the Avrami model; g, and g. are similar to those of the
pseudo-first-order model, pseudo-second-order, mixed 1,2-
order, intraparticle diffusion and Avrami. Comparisons of the
fit qualities of the three kinetic models. Every nonlinear fit g, vs.
t was evaluated for beauty. A nonlinear plot of ¢ vs. g, was
computed for each models, and (Fig. 3(b and c)) displays the
results. The model coefficients are shown in Table 5. An analysis
of the regression coefficients for each model revealed that the
estimated and experimental values of ¢gumay and kinetic
constants provided the best results for the behavior of Mn
adsorption on Mg-Fe LDH fitted with intraparticle diffusion
and mixed 1,2-order models, according to the significant
correlation coefficient (0.965 and 0.964, respectively) given by
the intraparticle diffusion and mixed 1,2-order models.
Several models, including pseudo-first-order, pseudo-
second-order, mixed 1,2-order, Avrami, and intraparticle diffu-
sion, were used to examine the adsorption kinetics of the LDH
material. The data were not well represented by the pseudo first-
and pseudo-second-order models (R*> = 0.478 and 0.47,

Table 5 Parameters for the LDH adsorption kinetic models
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respectively), suggesting that adsorption cannot be explained by
a single process such as chemisorption or simple physisorption.
On the other hand, the mixed 1,2-order and intraparticle
diffusion models showed excellent fits (R> = 0.964 and 0.965,
respectively), indicating that a mixture of surface contacts and
diffusion within the mesopores controls the process. An intra-
particle diffusion study verified that pore diffusion strongly
affects the rate, whereas the high F, value (0.97) in the mixed-
order model shows that physisorption is predominant, with
a small contribution from chemisorption.

A complicated, multistep adsorption process involving
heterogeneous sites is further supported by the Avrami model
(R? = 0.934). In general, adsorption occurs quickly at the surface
at first, after which diffusion into the pores occurs more slowly
and becomes the rate-limiting process. These findings demon-
strate that adsorption on LDH is regulated by mixed 1,2-order
and intraparticle diffusion and that adsorption occurs via the
interlayer space and on the surface, which is associated with the
mesoporous structure and surface area of Mg-Fe LDH.

3.5. Effect of temperature

The data in Fig. 4 further demonstrate how increasing the
temperature accelerates the process by which Mn(u) ions bind
to the adsorbent surface. A thermodynamic approach can be
used to investigate the adsorption equilibrium. The most
common assumption in the context of thermodynamics is that
the adsorbed layer can be distinguished from the bulk phase.
Because of this, there are a few distinct ways to approach the
application of thermodynamic concepts to adsorption equilib-
rium. The adsorbed surface layer of the adsorbate can be
regarded as a single phase with bulk solution-like characteris-
tics. However, it is believed that the adsorbents are thermody-
namically inert.

At equilibrium, the rate at which the adsorbate is adsorbed
onto the adsorbent surface is equal to the rate at which it is

Kinetic models Equation Parameters LDH
Pseudo-first-order g = qe(1 — e M%) (6) K, 41.75
Qe 126.87
R 0.478
Pseudo-second-order qe’kat K, 1.03 x 10°
4= 1+qek2t
Qe 126.87
R 0.47
Mixed 1,2 order (1 —exp(—k1)) K 0.0014
qr = qe 1= 7 exnl— ~ 7 exp(—k1) (8
Qe 175.44
F, 0.97
R’ 0.964
Avrami Gr = qe[—1 — exp(—kayt)ay"] (9) Qe 155.76
Koy 0.214
Ty 0.215
R 0.934
Intraparticle diffusion g = Kip\Jt + Cip, (10) Kip 12.54
Cip 23.08
R 0.965
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desorbed from the adsorbent surface. The amount of adsorbate
in the aqueous solution and on the adsorbent surface becomes
nearly constant.® The optimal factors (0.6 g dose of adsorbent
per 50 mL, pH = 7, 100 ppm concentration of Mn, until balance)
should be used to calculate the thermodynamic parameters at
different temperatures (20, 30, 40, 50, and 60 °C). The mixed
order rate constant, which is represented in the Arrhenius form,
can be used to calculate the energy of activation for manganese
adsorption.®*

Ink, =In ko — EIRT (11)
where T is the temperature (K), R is the gas constant (8.314 ]
mol~ " K1), E is the activation energy (J mol™'), and &, is the
equation's constant (g mg~")min . According to eqn (11), the
rate constants change with temperature, as shown in Fig. 4(a).
The slope of the fitted equation indicates that the activation

© 2026 The Author(s). Published by the Royal Society of Chemistry
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energy for manganese is 21.01 kJ mol—1. The equilibrium
constant (K), standard free energy change (AG®), and free energy
change (AG) at constant temperature (7) are correlated by the
classic van't Hoff reaction isotherm equation as follows:

AG = AG" + RTInK (12)
Since the free energy change (AG) is zero at equilibrium, eqn
(13) decreases as follows:

AG = —RTIn K (13)

The spontaneous nature of adsorption is reflected by
a negative value of AG. Using the van't Hoff method, other
thermodynamic parameters, including the change in enthalpy
(AH) and the change in entropy (AS), were assessed (Fig. 4(b)).

Ln Ky = AS/R — AHIRT (14)
The negative Gibbs free energy values (—4.58 to
—10.50 kJ mol ") across the studied temperature range (298-
333 K) confirm that the adsorption process is spontaneous. The
magnitude of AG° falls within the typical range reported for
adsorption systems, indicating a thermodynamically feasible
process rather than an excessively strong interaction. When
manganese adsorbs on the adsorbent, the solution interface
becomes more random and absorbs heat from the environ-
ment, as indicated by negative changes in entropy measure-
ments.®” The thermodynamic conditions for the process of Mn
adsorption onto the prepared materials are listed in Table 6.
The negative enthalpy change (AH° = —60.83 k] mol ™)
indicates that the adsorption of Mn onto LDH is exothermic.
This suggests that Mn binding likely involves strong surface
interactions such as surface complexation and ion exchange
with hydroxyl groups within the LDH layers. The relatively high
magnitude of AH° further supports the contribution of chemi-
sorption mechanisms. The negative entropy change (AS° =
—168.89 ] mol ' K ') indicates a decrease in randomness at the
solid-solution interface during adsorption. This can be attrib-
uted to the immobilization of Mn ions onto well-defined active
sites of the LDH structure and possible structural ordering of
water molecules around the adsorbed species. Furthermore,
this is consistent with the exothermic nature of the process
because greater temperatures decrease the degree of adsorption
favorability, as reflected by the steady increase in the AG° values
(which become less negative) with increasing temperature. This

Table 6 Thermodynamic conditions for the process of Mn adsorption
onto prepared materials

T (K) AG® (kJ mol™ ") AHP (k] mol ™) AS° (J mol ' K1)
298 —~10.50 —60.83 —168.890
303 —9.65 —60.83 ~168.890
313 —~7.95 —60.83 —~168.890
323 —6.27 —60.83 ~168.890
333 —4.58 —60.83 —168.890
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behavior provides more evidence that Mn uptake efficiency is
improved at lower temperatures.

Overall, the thermodynamic parameters confirm that Mn
adsorption onto LDH is an exothermic, spontaneous process
controlled by strong surface contact and a reduction in inter-
facial disorder.

3.6. Mechanism of manganese adsorption on Mg-Fe LDH

The manganese adsorption process on Mg-Fe layered double
hydroxide (LDH) is governed by a combination of surface
complexation, chemical interaction and interlayer space. The
positively charged brucite-like layers of Mg-Fe LDH, resulting
from the isomorphic substitution of Mg>* by Fe’’, are charge
balanced by interlayer anions and water molecules.

At circumneutral pH (pH = 7), Mn>" ions interact strongly
with surface hydroxyl groups (=M-OH, where M = Mg or Fe),
forming inner-sphere complexes through ligand exchange

12
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Fig. 5 Electrocatalytic activity of Mg—Fe LDH and Mg-Fe LDH/Mn
toward methanol (1.0 M) oxidation.
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reactions. This interaction is supported by shifts in FTIR bands
associated with hydroxyl stretching and metal-oxygen vibra-
tions. Simultaneously, partial replacement of interlayer anions
by Mn-containing species may occur.

The adsorption kinetics follow the mixed 1,2-order and
intraparticle diffusion models, indicating that chemisorption is
the rate-limiting step. Thermodynamic analysis confirms that
the process is spontaneous and exothermic, suggesting strong
metal-surface interactions rather than weak physical
adsorption.

4 Electrochemical studies

All the electrochemical experiments were carried out utilizing
a potentiostat/galvanostat (AUTOLAB-PGSTAT 302 N, Metrohm)
for the Mg-Fe LDH and Mg-Fe LDH/Mn nanocomposites. With
a voltage window of 0 to 0.1 V in 0.5 M NaOH, cyclic voltam-
metry (CV) measurements were carried out at different scan
rates. Electrolyte solution at varying methanol concentrations.
The 0.6 V step potential is where the chronoamperometric test
is applicable.

4.1. Catalytic performance of methanol electro-oxidation

Fig. 5 demonstrated the electrocatalytic activity of pure LDH
and Mn-containing (10 wt%) LDH toward methanol oxidation
(MOR). The measurements were performed at 25 °C with a scan
rate of 100 mV s~ in an electrolyte that included 1.0 M meth-
anol dissolved in 0.5 M NaOH.

Both catalysts clearly show electrocatalytic activity toward
methanol oxidation in alkaline environments, according to the
cyclic voltammograms. Interestingly, the electrocatalytic
response of the Mn-modified Mg-Fe LDH catalyst is much
greater than that of the pure LDH. The increased current
density and the shift of the methanol oxidation peak toward
more advantageous potentials (compared with RHE) are

-
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—0.0M (b)

| —o5M

-_
o o0 o
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Current density (mA.cm™2)
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Fig. 6 Influence of the methanol concentration (a) Mg—Fe LDH, (b) Mg—Fe LDH/Mn, at 50 mV s %,
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indicative of this improvement. The altered surface shape and
the presence of Mn species, which probably accelerate charge
transfer and offer more active sites for methanol adsorption and
oxidation, are responsible for the increased catalytic activity.
These results proved that the presence of Mn in the structure of
LDH plays an important role in improving the electrocatalytic
efficiency toward methanol oxidation.

Therefore, various methanol concentrations ranging from
0.5 to 3.0 M in the presence of 0.5 M NaOH were examined at
a scan rate of 100 mV s '. As the methanol concentration
increased, the current density of methanol significantly
increased (Fig. 6). Adsorption of methanol on the catalyst
surface is the initial stage of the oxidation process, which
employs a three-electron transfer mechanism. The current
density may increase with increasing methanol concentration
because of the large concentration of electroactive sites on the
catalyst surface. The LDH support also decreases catalyst
aggregation and improves the conductivity and surface area. A
four-electron process that converts methanol into several
intermediates, such as CH,OH, CHOH, COH, and CO, may be
used in the next step. Hydroxide anions adsorbed on the cata-
lyst surface can help oxidize and purify CO, even when CO
poisons the active sites. The suggested mechanism is given
below under ideal conditions (1 bar, 298 K).**%*

Anode: CH;0H + 60H™ —

CO, + 6e~ + 5H,O (E, = —0.81 V) (15)

Cathode: 3/20;, + 6e” + 3H,0O — 60H™ (E.=0.40V) (16)
Overall reaction: CH;0H + 3/20, —

CO, + 2H,0 (Eep =121 V) (17)

When the scan rate varies, the migration of OH™ into the
mesopore cavities controls the electrochemical process, which

(a)

0.54
0.0+

Current density (mA.cm=-2)

= 100mV/S|
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View Article Online

RSC Advances

ultimately results in an increase in redox reactions during the
activation stage.®

4.2. Effect of methanol concentration

The electrochemical activity of Mg-Fe LDH (Fig. 6(a)) and Mg-
Fe LDH/Mn (Fig. 6(b)) was examined at a scan rate of 100 mV s~ *
and at various concentrations of 0.0 M, 0.5 M, 1M, 2 M, and 3 M
methanol. When the MeOH concentration increased from 0.5 M
to 3 M, the current density increased for Mg-Fe LDH and Mg-Fe
LDH/Mn, demonstrating their significant electron generation
and electroactivity for methanol oxidation, with current densi-
ties of 7.86 mA cm™ > and 10.5 mA cm™ ' 2, respectively. Stronger
methanol oxidation peaks are observed for both LDH and LDH/
Mn at 3 M, suggesting that the methanol oxidation process has
run out of active sites. This diffusion phenomenon causes a rise
in the reaction rate in response to an increase in the methanol
concentration, which in turn promotes methanol oxidation. At
3 M methanol, their oxidation peak was higher.

4.3. Effect of scan rate

As shown in Fig. 7, the effect of mass transfer on the electro-
chemical reaction rate can be estimated using the CVs of Mg-Fe
LDH and Mg-Fe LDH/Mn in 1.0 M NaOH + 1 M methanol for
different scans (5, 10, 20, 30, 40, 50, 80 and 100 mV s~ ). It was
evident that the scan rate affected the generated current
density, which confirms that the mass transfer capabilities of
the catalyst's nanosheet structure increased. Because of the
stronger electrochemical characteristics of Mg and Fe with the
Mn ions, which give the LDH more active sites, a greater current
density was demonstrated for Mg-Fe LDH/Mn.

The observed relationship between the current density and
scan rate indicates that the electrochemical process is
predominantly surface controlled rather than diffusion limited.
This behavior suggests that methanol oxidation occurs through
the adsorption of methanol molecules onto the active catalytic
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Fig. 7 Effect of the different scan rates on (a) Mg—Fe LDH and (b) Mg—Fe LDH/Mn in 1.0 M NaOH + 1.0 M MeOH.
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sites, followed by successive dehydrogenation and oxidation
steps. Both methanol and hydroxyl species are adsorbed on the
catalyst surface prior to the surface reaction. In addition, the
presence of surface hydroxyl groups facilitates the oxidative
removal of adsorbed intermediate species (e.g., CO_ads), which
is typically described by a bifunctional mechanism in alkaline
media.

As a result, the scan-rate-dependent analysis revealed that
the rate-determining step is connected to the surface reaction
between adsorbed intermediates and surface hydroxyl species
and offers further experimental evidence for the suggested
reaction pathway.
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4.4. Evolution of the electrochemically active surface area
(ECSA) via double-layer capacitance (Cq))

The electrochemically active surface area (ECSA) was estimated
from the double-layer capacitance (Cqj). Cyclic voltammetry was
performed in a nonfaradaic potential window at different scan
rates (5-100 mV s~ ). The difference in the capacitive current
density (Ai = i, — i.)/2 was plotted against the scan rate, and the
slope of the linear fit corresponds to Cy;.

ECSA was calculated using the following equation:

ECSA = Cy/C,, (18)

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra00805d

Open Access Article. Published on 25 March 2026. Downloaded on 4/8/2026 5:36:30 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

—=— Mg-Fe LDH/Mn
—eo— Mg-Fe LDH

0 e ——————————
0 10 20 30 40 50 60 70 80 90 100 110 120

AQY)

Fig. 9 Electrochemicalimpedance spectroscopy (EIS) for Mg—Fe LDH
and Mg-Fe LDH/Mn electrodes.

The double-layer capacitance (Cyq;) obtained from cyclic vol-
tammetry measurements in the nonfaradaic region at various
scan rates (5-100 mV s~ ') was used to calculate the electro-
chemically active surface area (ECSA) of the catalyst. The pre-
vailing capacitive behavior is confirmed by the capacitive
current density (A7), which is linearly related to the scan rate. As
shown in Fig. 8(b) and (d), the slopes obtained from the linear
fitting of the (A7) versus scan rate plot were 0.00457 and 0.0049
for LDH and LDH/Mn, respectively. The calculated double-layer
capacitance values are 0.0049 and 0.00457 mF cm >, corre-
sponding to ECSA values of 0.114 cm” and 0.1225, respectively.
Higher Cq4 and ECSA values indicate a greater density of elec-
trochemically active sites.

It corresponds to a Cq; value of 0.00457 mF cm ™2 and 0.0049
mF cm 2. A significant number of electrochemically accessible
active sites may be present, as shown by the comparatively high
Cq value, which enhances the electrocatalytic efficacy.

4.5. Electrochemical impedance spectroscopy (EIS)

The charge transfer kinetics and interfacial characteristics of
the produced materials were examined using electrochemical
impedance spectroscopy (EIS). According to Fig. 9, the charge
transfer resistance (R.;) and diffusion-controlled process (War-
burg impedance) are represented by a depressed semicircle in
the high- to medium-frequency region and a straight line in the
low-frequency region, respectively. The semicircle diameter of
the Mg-Fe LDH/Mn composite is noticeably smaller than that of
the pristine Mg-Fe LDH, indicating a reduced charge transfer
resistance and enhanced electrical conductivity.

This behavior indicates that the addition of Mn efficiently
accelerates the electrochemical reaction kinetics by facilitating
electron transport at the electrode-electrolyte interface. The
additive impact of Mn, which enhances the electronic pathways
and increases the accessibility of active sites, is responsible for
the improved electrochemical performance. These results are
consistent with the structural and morphological features seen

© 2026 The Author(s). Published by the Royal Society of Chemistry
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in the XRD and SEM analyses, which reveal enhanced crystal-
linity and a more homogeneous layered morphology that
promotes electron transfer and ion diffusion. Thus, it is evident
from the EIS data that Mn modification significantly improved
the overall electrochemical activity and interfacial charge
transfer process of the Mg-Fe LDH-based material.

4.6. Chronoamperometric test

The stability of the electrocatalysts was investigated in 2 M
methanol and 0.5 M NaOH for Mg-Fe LDH and Mg-Fe LDH/Mn
(Fig. 10(a)). Chronoamperometry was used to measure the
stability of the nanomaterials at a potential step of 0.6 V for an
hour. The current density initially decreased rapidly because of
the contribution of the double layer, but it gradually decreased
as carbonaceous intermediate CO adsorbed.®® Compared with
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Mg-Fe LDH and Mg-Fe LDH/Mn, the long-term stability that is
offered is that of Mg-Fe LDH/Mn.

The stability of the Mg-Fe LDH/Mn catalyst was evaluated
using chronoamprometric measurements over a 12-hour period
(Fig. 10(b)). This experiment demonstrated the catalyst's effi-
ciency long-term durability.

5 Conclusions

In this study, Mg-Fe Layered Double Hydroxides (LDH) were
synthesized and evaluated as efficient adsorbents for Mn(u)
ions. The maximum adsorption capacity of the Mg-Fe LDH qyax
was 198.99 mg g~ '. The pH of the medium significantly influ-
enced the removal efficiency, with point-of-zero-charge (PZC)
measurements indicating an optimal pH of 7. The optimal
adsorbent dosage was determined to be 0.6 g L™, achieving
complete (100%) Mn(u) removal under stirring at 640 rpm for
120 minutes at room temperature. The adsorption process was
exothermic nature. Furthermore, the synthesized Mg-Fe LDH
and Mg-Fe LDH/Mn materials exhibited strong electrocatalytic
activity for methanol oxidation, highlighting their multifunc-
tional potential in both adsorption and electrocatalysis
applications.
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