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The discharge of methylene blue dye from textile and pharmaceutical industries increasingly threatens
environmental safety and human health by introducing toxic contaminants. Because of the high cost of
commercial activated carbon and the limited efficiency of many alternative adsorbents, the development
of efficient and cost-effective materials remains highly desirable. In this study, the AC derived from
Maerua subcordata tuber (MS-AC) was prepared using a simple and scalable method involving Na,COs
activation followed by thermal treatment. The elemental composition, structural features, and
morphology of the prepared MS-AC were examined using XPS, FTIR spectroscopy, XRD, SEM, and SEM/
EDX elemental mapping. XRD, SEM, and FTIR spectroscopic analyses confirmed the enhanced
amorphous structure, high porosity, and enriched surface functional groups after Na,COs activation.
Batch adsorption tests were performed to investigate the ideal conditions for MB adsorption on MS-AC.
The adsorption behavior followed the Langmuir isotherm model, with a maximum adsorption capacity
of 158.7 mg g* at 25 °C, which is superior to various materials reported earlier. The kinetic studies were
best explained by the PSO model, while the Boyd model indicated film diffusion as the dominant rate-
controlling step. Thermodynamic study disclosed negative AG°® values, approving spontaneous
adsorption, while a positive AH° value of 106.4 kJ mol™! indicated an endothermic chemisorption
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process. MS-AC exhibited excellent selectivity toward MB in mixed-dye systems and remarkable stability,
retaining over 90% removal efficiency after four adsorption—desorption cycles using ethanol. Further-
more, MS-AC achieved 96.7% MB removal from real wastewater samples. The adsorption mechanism is
mainly ascribed to hydrogen bonding, n—n stacking interactions, and electrostatic interactions between
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1. Introduction

The health of all living beings, including humans, is seriously
threatened by global environmental degradation, which
includes the contamination of air, water, and soil." Water
pollution caused by dye effluents raises widespread concerns
as these discharges enter water systems, leading to substantial
ecological challenges.” Various industries such as textiles, phar-
maceuticals, rubber, paper, leather, plastics, cosmetics, and print-
ing use large quantities of synthetic dyes. Consequently, these
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the methylene blue molecules and the MS-AC surface.

industries also produce substantial volumes of effluents contain-
ing these dyes.” Industrial waste dyes can be either cationic or
anionic. Commercial water containing more than 5 mg kg™ " of
cationic dyes may be harmful to the environment and should not
be consumed by humans or marine organisms.* Dyes have
destructive effects on human health, environment, and natural
water supplies. They are chemically stable and non-biodegradable,
posing significant toxicological and carcinogenic risks.>® Their
chemical composition makes them highly noticeable and can lead
to pollution and various problems.”®

Methylene blue, a heterocyclic cationic dye with the
chemical formula C;¢H;5N3SCl, is widely used in the textile
industry, microbiological staining, fistula detection, and der-
matological treatments.” However, it is non-biodegradable and
resistant to conventional biological treatments, such as acti-
vated sludge and anaerobic digestion, leading to persistent
environmental contamination.’® Prolonged exposure to this
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dye can result in various health effects, including nausea,
vomiting, diarrhea, anemia, hypertension, and potential carci-
nogenic effects."’™® Eliminating colors from tainted waste-
water is essential for reducing its harmful and unsightly
effects on both humans and ecosystems.'*"'> Various conven-
tional methods including chemical oxidation, coagulation,
adsorption, photocatalytic degradation, and reverse osmosis
have been widely used for the removal of dyes from wastewater
samples.'® ™ Adsorption is considered as a superior alternative
due to its simple design, ease of operation, lower initial cost,
and resilience to toxic materials."*>°

Numerous porous adsorbents, such as organic clay chitosan
composites and charcoal, are utilized for wastewater treatment.
However, challenges including complex synthesis procedures,
selective adsorption, and limited adsorption capacity persist.
These issues have promoted research interest in exploring new
materials to solve these problems.*' Plant-based activated
materials exhibit structural heterogeneity, comprising micro-
pores, mesopores, and macropores, which enhance the acces-
sibility of adsorbates.** Recent studies have explored bio-
adsorbents from various sources including Citrullus colocynthis
seeds,”® banana peels,** apple peels,>® Rumex abyssinicus leaves,”®
and Tectona grandis seed powder,” demonstrating the potential of
natural biomaterials for the efficient removal of MB. Maerua
subcordata is a wild shrub belonging to the Capparaceae family
that grows in the arid and semi-arid regions of East Africa,
including parts of southern Ethiopia inhabited by the Dasenech
people.”” After harvesting, the tubers are used by nearby commu-
nities as a natural coagulant for treating dirty water, and the
enlarged roots of the plant enable regeneration, showcasing its
eco-friendliness.”® Chemical activation using agents such as KOH,
H;PO,, and Na,CO; enhances porosity, surface area, and adsorp-
tion efficiency through impregnation-carbonization processes.*
Consequently, activating Maerua subcordata is expected to signifi-
cantly improve its adsorption and wastewater treatment capacity.
To date, the use of activated carbons derived from Maerua
subcordata tubers as bio-adsorbents for dye removal has not been
reported in the literature.

In this study, an activated Maerua subcordata adsorbent was
prepared using a straightforward and scalable method that
involved chemical activation followed by calcination. The main
aim was to exploit the bio-adsorptive potential of activated MS
tubers for the removal of MB dye from aqueous environments.
The MS tuber powder was chemically activated with Na,CO; to
produce an effective adsorbent, which was subsequently char-
acterized using XPS, FTIR spectroscopy, XRD, SEM, and SEM/
EDX mapping. The effects of key operational parameters such
as solution pH, contact time, initial dye concentration, adsor-
bent dosage, and temperature were systematically investigated
and optimized. Furthermore, post-characterization, adsorption
isotherm models, as well as kinetic and thermodynamic studies
were conducted to clarify the adsorption mechanisms. Multiple
regeneration and reuse cycles were performed to evaluate the
reusability and stability of the adsorbent. Overall, this study
enhances the broader application of Maerua subcordata-based
adsorbents in environmental remediation by providing new
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insights into the development of activated bio-adsorbent
materials.

2. Experimental

2.1. Chemicals and apparatus

The chemicals utilized in this study, including sodium carbo-
nate (98%), methylene blue dye (95%), sodium hydroxide
(98%), and hydrochloric acid (37%), were bought from Alfa
Aesar. A methylene blue stock solution was prepared by dilut-
ing the standard MB solution with deionized water (DI). Sample
weighing was performed using a digital balance (ESJ-200-4,
Japan), a muffle furnace 6104 model was employed for calcina-
tion, and an oven (DHG-9070, Japan) was used for drying the
materials. Different-sized (50-1000 mL) volumetric and conical
flasks, Whatman filter paper (42.5 mm), and a systronic digital
pH meter (model 802) were used for pH measurements.
A Sohag orbital shaker incubator was also used. Micropipettes
and volumetric flasks of appropriate sizes were employed to
quantify the reagents and solution volumes. Analytical grade
chemicals were used without further purification. The MB
concentration in synthetic and real wastewater was quantified
at 665 nm using a double-beam UV-visible spectrophotometer
(UV-2900, Hitachi, Japan).

2.2. Preparation of the adsorbent before and after activation

The tubers of Maerua subcordata (5 kg) were collected from the
South Omo district of the Omorate pastoral area in Ethiopia.
The tubers were cleaned with deionized water, dried at 90 °C for
36 h, pulverized, and filtered (<300 pm). The finely powdered
material was then stored for direct use as an adsorbent in
subsequent experiments and for further activation. The finely
powdered MS tubers were activated with sodium carbonate
following the procedures reported in the literature.>*"*> Briefly,
8 g of sodium carbonate was dissolved in 380 mL of double-
distilled water. Next, 4 g of ground MS tubers were soaked in
this solution and stirred for 12 hours. The mixture was then
filtered, and the residue was dried in an oven at 120 °C for at
least 6 hours. The dried impregnated material was then carbo-
nized at 400 °C in a muffle furnace for 90 min. After carboniza-
tion, the mixture was removed from the furnace and allowed to
cool at ambient temperature. The pyrolyzed material was then
washed four times with 5% HCI and then repeatedly washed
with deionized water until a neutral pH was achieved. Finally,
activated powder was taken into a vacuum oven set at 90 °C for
12 h, allowed to cool down at ambient temperature, and filtered
through a 250 pm mesh. The as-prepared adsorbent before and
after activation were labeled as RMS and MS-AC, respectively.

2.3. Characterization of the adsorbent

The prepared powders were analyzed by scanning electron
microscopy (SEM), Fourier transform infrared (FTIR) spectro-
scopy, X-ray diffraction (XRD), energy-dispersive spectroscopy
(EDS), UV-vis spectrophotometry, and X-ray photoelectron
spectroscopy (XPS). To analyze the crystallinity of the samples,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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XRD analysis was conducted using a Cu Ka radiation source at
a / value of 1.5406 A. A NEXUS-670 FT-IR instrument was
utilized to investigate the characteristic groups in the material.
XPS and field emission-SEM were used to scrutinize the elemental
composition and morphology of the as-produced adsorbents,
respectively. A Malvern Zetasizer Nano ZS90 was used to measure
the zeta potential of the adsorbent.

2.4. Batch experiments

In this study, various batch adsorption experiments were con-
ducted using MS-AC as an adsorbent in 0.1 mL Erlenmeyer
flasks. Initially, the pH of a solution comprising 75 mg of
adsorbent and 50 mL of 100 mg L™ MB was attuned to 2, 4,
6, 8,10, and 12 using 0.1 M HCI and NaOH solutions. After that,
the resulting combination was mixed for 40 minutes at 120 rpm
and ambient temperature. Subsequently, 5 mL of the mixture
was taken out, separated, and the clear solution was subjected
to quantifying the MB content using a UV-vis machine at
665 nm. The effect of adsorbent dose, contact time, stirring
speed, and initial concentration of MB was studied by varying
these parameters from 15 to 115 mg, 10 to 110 min, 40 to
200 rpm, and 10 to 160 mg L™, respectively. The elimination

capability of MB by RMS and MS-AC was evaluated using eqn (1):
(CO - CE)

0

% Removal = x 100, )

where C. and C, are the equilibrium and the initial concentration
of MB (mg L"), respectively. Furthermore, the adsorption capa-
city of MB on RMS and MS-AC was obtained employing eqn (2):

ge = (CO - Ce) V7 (2)

m
where C. and Cj are the equilibrium and the initial concentration
of MB (mg L"), respectively, and m and V stand for the mass of
adsorbents (in grams) and the batch volume of MB (in liters),
respectively.

2.5. Isotherm and kinetic studies

The adsorption performance was assessed using various iso-
therm models including Freundlich, Langmuir, Dubinin-
Radushkevich, and Temkin models over an MB concentration
ranging from 10 to 160 mg L™ " at 25 °C, pH 8, a stirring speed of
120 rpm, an adsorbent dosage of 75 mg, and a contact time
of 40 minutes. The adsorption kinetics was evaluated using
the Boyd, pseudo-second-order, pseudo-first-order, and intra-
particle diffusion models based on MB uptake at various times
of interactions. The calculated results for the isotherm and
kinetic analysis are provided in the SI.

2.6. Thermodynamic studies

The dependency of MB sorption on temperature using MS-AC
was investigated by varying its value from 298 to 313 K.
The thermodynamic parameters were calculated employing
eqn (3) and (4):

AG® = —RTInKr, (3)
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AS®  AH®
In KT = T — ﬁ, (4)
where R (8.314 ] mol " K ') is the universal gas constant,
Kr = q./C. is the distribution coefficient, AH (k] mol ') is the
enthalpy change, T (K) is the absolute temperature, AG
(k] mol™") is the free energy change, and AS (J mol™* K') is
the entropy change.

2.7. Reusability of MS-AC materials

A series of successive reusability tests were performed to
explore the recovery and efficiency of utilized MS-AC adsorbents
for the removal of MB. For the desorption experiment, three
solvents, including 0.1 M HCI, 95% ethanol, and 0.1 M NaOH,
were evaluated. First, 50 mL of 100 mg L™' MB and 75 mg of
MS-AC were thoroughly mixed in an Erlenmeyer flask. The
resulting mixture was heated at 298 K and 120 rpm for 40 min.
The MS-AC/MB solid was then recovered by centrifugation,
washing with DI water, and drying at 343 K in an oven. The
dry MS-AC/MB was then subsequently soaked in 20 mL of
ethanol and stirred for 40 min at 120 rpm. After stirring, the
MS-AC material was separated and dried at 333 K for two hours
before use in the subsequent adsorption cycle to eliminate MB.
Each experiment was conducted in triplicate.

2.8. Concentrations of MB in real and simulated wastewater
samples

The concentration of MB in synthetic and wastewater samples
was quantified using a UV-vis spectrophotometer (UV-2900,
Hitachi, Japan) at 665 nm. A six-point calibration curve was
first constructed using a standard concentration of MB (5, 30,
55, 80, 105, and 130 mg L’l) before quantifying the amount of
MB in wastewater samples. To evaluate the selectivity of the as-
prepared adsorbent, a simulated wastewater solution consist-
ing of 100 mg L' each of rhodamine B, methylene blue,
methylene orange, and Procion brilliant blue was prepared.
The adsorption experiment was conducted by adding 300 mg
of MS-AC to 100 mL of simulated wastewater at pH 8,
a temperature of 298 K, and a contact time of 2.4 hours. The
concentration of each dye was then determined using a UV-vis
spectrophotometer at the following wavelengths: 450 nm for
MO, 554 nm for Rh6B, 665 nm for MB, and 594 nm for PBB.

3. Results and discussion

3.1. Bulk and surface characterizations

The crystalline behavior, elemental composition, and func-
tional groups of the as-prepared raw Maerua subcordata (RMS)
tuber powder and its activated carbon with sodium carbonate
(MS-AC) were examined using XRD, FTIR spectroscopy, and XPS
techniques. Fig. 1a presents the XRD results of both the RMS
and MS-AC samples. The XRD result of the RMS sample dis-
plays a broad peak at 26 = 24.5° along with three distinct peaks
at 20 = 21.3°,29.5°, and 35.4°. The diffraction peak at 20 = 21.3°
corresponds to the (200) plane of cellulose I, the naturally
occurring crystalline form of cellulose in plant biomass, while
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Fig. 1 XRD patterns (a) and FTIR spectra (b) of the as-prepared MS raw carbon sample (i) and the activated MS carbon sample (ii). C 1s XPS spectra of the

(c) as-prepared MS raw carbon sample and (d) activated MS carbon sample.

the peaks at 20 = 29.5° and 35.4° are attributed to crystalline
impurities, specifically calcite (CaCO3), a common inorganic
ash component in plant-derived materials.>® In contrast, the
MS activated with sodium carbonate (MS-AC) does not exhibit
these sharp peaks but instead shows broad peaks at 20 = 24.6°
and a highly diminished peak at 26 of 43.2°, indicating that the
MS-AC sample has a higher degree of amorphousness than that
of the RMS sample. These features are typical of the chaotic,
amorphous graphite-like carbon structure, which is crucial for
the adsorption of pollutants from environmental samples due
to its inherently porous nature.>' The relative crystalline size,
calculated employing the Scherrer formula based on the broad
peak at 20 = 24.6°, was found to be less than 3 nm. This
suggests a microporous property of the as-prepared material.
We employed FTIR spectroscopy measurements to scrutinize
the characteristic groups in both RMS and activated MS-AC
samples. Fig. 1b shows the FTIR spectra of RMS and MS-AC,
acquired from frequencies of 4000 to 400 cm™". The FTIR result
of the RMS sample revealed a wide peak at 3395 cm ™", which
matches the stretching frequency of O-H. The peak at
2936 cm ™' is associated with the stretching vibrations of C-H
bonds in aliphatic hydrocarbons.** A characteristic peak cen-
tered at 1651 cm™ ' in the RMS sample is ascribed to the
carbonyl stretching of carboxylic acids, ketones, and aldehydes.*
The characteristic absorption band at 1551 cm ™ is assigned to the

4108 | Mater. Adv,, 2026, 7, 4105-4117

C=C stretching vibration within the aromatic ring system.’®
Additionally, the peaks at 1051 cm™ " and 625 cm™ ' in the RMS
sample correspond to the stretching of C-O and the out-of-plane
bending of aromatic C-H, respectively.>® The FTIR spectra of the
activated MS (MS-AC) are also presented in Fig. 1b. The O-H
stretching peaks for MS-AC are slightly broader and appear at a
higher frequency (3398 cm™") than those of the raw MS. A closer
inspection at the MS-AC spectra shows minor shifts in the C-H,
C-0, and C=O stretching to 2936 cm !, 1053 cm ', and
1657 cm ™, respectively, indicating a structural change after
chemical activation. Besides, the intensity of most of the FTIR
peaks for MS-AC is significantly reduced, suggesting the
removal of functional groups present in volatile components.*”
Interestingly, the activated MS (MS-AC) sample exhibits a new
peak at 2365 cm ™', which primarily corresponds to adsorbed
CO,. This peak is commonly seen in the FTIR spectra of porous
materials such as activated carbons.>®

To gain deeper insights, we also analyzed the C 1s XPS
spectra both before and after the activation of the MS samples.
The survey spectra in Fig. S1 show the presence of carbon and
oxygen in both RMS and MS-AC samples. Fig. 1c and d display
the high-resolution XPS spectra of C 1s of RMS and MS-AC,
respectively. As displayed in Fig. 1c, the C 1s XPS spectra of the
RMS sample were fitted to three main peaks placed at 288.1,
286.0, and 284.8 eV, corresponding to carbonyl groups (C=0),

© 2026 The Author(s). Published by the Royal Society of Chemistry
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ether groups (C-O), and graphitic carbon (C-C), respectively.
The C 1s XPS spectra of the MS-AC sample displayed similar
oxygen-containing functional groups but with slightly lower
peak intensities than those of the RMS sample (Fig. 1d).
Quantitative analysis based on the XPS peak area ratios
(Fig. 1c and d) shows that the carbon content after activation
increased from 38% to 57%. This indicates a reduction in
oxygen-containing functional groups following activation with
Na,COj; and carbonization.

3.2. Morphological and surface area studies

We utilized SEM and SEM/EDX to further investigate the ele-
mental composition and morphological features of the samples
before and after activation. The SEM image of the activated MS
sample (MS-AC) is shown in Fig. 2a. As illustrated, the MS-AC
sample exhibits a porous architecture, characterized by inter-
woven and interconnected oval-shaped structures with rela-
tively uniform dimensions. In contrast, the non-activated
sample (RMS) displays a more compact and flattened morpho-
logy with minimal pore development (Fig. S2a), highlighting
the significant structural changes induced by the activation
process. To further assess the elemental composition and spatial
distribution, we performed SEM/EDX elemental mapping on both
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RMS and MS-AC samples. As shown in Fig. 2b, the MS-AC sample
has a higher carbon content compared to the RMS sample
(Fig. S2b), suggesting an increased degree of graphitization
after activation that is similar to the XPS results. Additionally,
the SEM/EDX elemental maps of MS-AC (Fig. 2c-e) reveal an
even distribution of carbon and oxygen all over the structure.
In contrast, the RMS sample exhibits a noticeably non-uniform
elemental distribution (Fig. S2c-e), further demonstrating the
effect of activation on structural homogeneity. The nitrogen
physisorption isotherms were conducted to examine the sur-
face area and pore size distribution of the raw MS and activated
MS adsorbents. Fig. 2f shows the N, physisorption isotherms
for the RMS and MS-AC samples prepared in this study. The
determined BET surface areas for the RMS and MS-AC were
113 m”* g ' and 370 m? g, respectively. The higher surface areas
of the activated MS sample may be attributed to the presence of
more porous moieties in its structure, which is consistent with the
findings from the SEM images. The isotherms for both samples
can be categorized as type II and type IV behaviors, suggesting the
existence of mesopores and macropores within the as-prepared
materials. As shown in Fig. 2g, the BJH pore size distribution
of both samples is broad, with a main peak centered at 48.4 nm.
The activated MS exhibits a higher pore volume (0.162 cm® g~ )
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Fig. 2 SEM image (a), EDX spectra (b), corresponding EDX elemental mapping images (c) and (d), and overlay image (e) of the as-prepared activated MS
sample. (f) Nitrogen physisorption isotherms and (g) BJH pore size distribution plot of the raw MS (RMS) and activated MS (MS-AC).
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than that of the raw MS sample (0.0459 cm® g™'), further
demonstrating the presence of larger mesopores and macropores
in the MS-AC structure.

3.3. Batch experiments

3.3.1. Activation effect. The adsorbent material derived
from Maerua subcordata tuber powder was prepared both before
and after activation, and its effectiveness in removing methylene
blue from water samples was evaluated. Before conducting the
adsorptive experiments, we established a six-point calibration
curve using standard solutions of MB. The R> value of the
calibration curve was 0.999 (Fig. S3a), confirming both the
optimal linear fit and the correctness of the proposed method.
The MB adsorption performance of the MS material was evaluated
both before and after activation under consistent conditions:
a contact time of 40 minutes, a concentration of 100 mg L™*
MB, 75 mg of adsorbent, a temperature of 298 K, and a stirring
speed of 120 rpm. The activated MS material (MS-AC) achieved a
maximum removal of 99.1%, while the non-activated MS material
reached only 62.5% (Fig. S3b). The improved adsorption of MB by
the MS-AC material is attributed to its amorphous structure and
high porosity.

3.3.2. Surface charge density and effect of pH. To investi-
gate the surface charge density of the activated MS material, we
conducted a zeta potential measurement as a function of pH to
examine the point of zero charge (pHpzc). As presented in
Fig. 3a, the pHp,c value of the MS-AC material was found to
be 6.4. This indicates that at a pH of 6.4, the surface charge
density of the material is zero, resulting from an equal number
of negatively and positively charged sites. At a pH greater than
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the pHpzc, the surface of the MS-AC sample carries a negative
charge, augmenting the uptake of cationic MB due to increased
electrostatic attraction. Conversely, at a pH lower than the
pHpzc, the MS-AC surface has a net positive charge from H*
ions, resulting in competition with MB and a reduction in dye
adsorption.*® The pH of the solution significantly influences
the adsorption rate by altering the surface charge of the MS-AC
sample. To evaluate this effect, we examined the adsorption
of MB onto MS-AC across a pH range of 2 to 12, as shown in
Fig. 3b. A lower removal percentage was observed at pH values
below 6. This decrease is likely due to the elevated concen-
tration of H" ions on the MS-AC surface under acidic condi-
tions, which inhibits the adsorption of MB, which is cationic in
nature. However, at higher pH levels, the increased abundance
of negatively charged sites enhances the adsorption of the
cationic dye. Therefore, at pH values higher than the pHpyc,
the negatively charged MS-AC surface favors the binding
of positively charged MB molecules. The finding is consistent
with the MB removal using Buxus sempervirens (Boxwood) leaf
powder.*®

3.3.3. Adsorbent dose. To inspect the influence of adsor-
bent dose, a set of tests were performed by changing the dosage
from 15 mg to 115 mg (0.3 g L™ " to 2.3 g L™ ") while keeping the
other conditions constant: contact time = 40 minutes, initial
MB concentration = 100 mg L™, stirring speed = 120 rpm,
temperature = 298 K, and pH = 8. As the dose increases from
15 mg to 75 mg, the removal efficiency of MB significantly rises,
peaking at 99.4% at 75 mg (Fig. 3c). This enhancement is
caused by the rise in active sites delivered by a larger quantity
of adsorbent. However, as the dose increases beyond 75 mg,
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Fig. 3 Effect of the (a) pHpzc. (b) pH, (c) adsorbent dose, and (d) initial concentration on the removal of MB using MS.
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there is no significant change in removal efficiency, likely
owing to the overlap of effective adsorption sites and the aggre-
gation of adsorbent particles.*! Therefore, a dose of 75 mg was
deemed optimal. This finding agrees with previously reported
research.®*

3.3.4. Methylene blue concentration. The MB initial concen-
tration effect on the adsorption efficiency of MS-AC was assessed
by varying its value from 10 to 160 mg L~ while keeping the
dosage, pH, stirring speed, and temperature constant at 75 mg,
8, 120 rpm, and 298 K, respectively. As displayed in Fig. 3d, the
removal percentage of MB dye slightly decreases as the concen-
tration rises from 10 mg L™ to 100 mg L. However, when the
concentration exceeds 100 mg L™, the percentage of MB removal
decreases significantly, likely due to the reduced availability of
adsorption sites with the increase in the concentration of MB dye.
Thus, a concentration of 100 mg L' MB was chosen as the
optimal value. The finding is consistent with the results obtained
using other adsorbents.*

3.3.5. Contact time. The influence of time on the percen-
tage removal of MB using MS-AC was studied by changing
its value from 10 to 60 minutes while maintaining all other
conditions the same: a dosage of 75 mg, a pH of 8, a stirring
speed of 120 rpm, and a temperature of 298 K. As shown in
Fig. 4a, the adsorption efficiency quickly increases as the
contact time extends from 10 to 30 minutes, indicating the
availability of numerous active sites on the MS-AC material. The
adsorption system then reached equilibrium within the next
40 minutes, at which point the MB removal efficiency remained
stable, suggesting that the active sites on MS-AC may be fully
occupied by dye molecules.*®> At 40 minutes, the highest MB
removal efficiency was determined to be 99.2%. Beyond this

5120
a)s
160 mg/L
£100] /i
2 :
& 80- N
§ E
S 60 e & = =
S )
e 40{ //% ¥ :
S 3 :
ﬁ 204 10 mg/L
£ o . , . .
0 15 30 45 60
Time (min)
c) 120 [ 0.05 0.1 mO.15
150 ] N N
21201 § §
£ N N\
< 0, % §
Y 60 \ §
\
30 \
\ N

caCl, AICl3

Different salts

View Article Online

Paper

time, a steady state in the adsorption process was observed,
indicating that additional contact time does not increase the
percentage removal of the dye. Therefore, a contact time of
40 minutes was identified as the optimal value. These results
are consistent with the results reported in the literature, which
were obtained using a carboxymethyl cellulose-based silica
hydrogel nanocomposite as an adsorbent.**

3.3.6. Mixing speed. The influence of mixing speed on
the removal of MB was investigated by fluctuating the agitation
rate from 40 to 200 rpm while keeping all other experimental
variables constant. At lower agitation rates, limited fluid
motion restricted the movement of MB from the bulk solution
to the adsorbent surface, resulting in lower removal efficiency.
As the agitation speed increased, enhanced turbulence reduced
the thickness of the boundary layer near the adsorbent, promoting
faster mass transfer and improving dye uptake. Maximum adsorp-
tion performance was achieved at an agitation speed of 120 rpm,
indicating sufficient contact between the MB dye and the available
active sites on MS-AC." Beyond this speed, insignificant enhance-
ment in adsorption efficiency was perceived, suggesting that the
adsorption sites had reached saturation and that additional
mechanical energy no longer contributed to further dye capture.
Therefore, 120 rpm was identified as the most effective agitation
speed in this study.

3.3.7. Effect of salinity and competing dyes. To evaluate
the effect of salinity, we assessed the efficiency of the as-
prepared material in the presence of different concentrations
of inorganic salts including NaCl, MgCl,, CaCl,, and AlCl;
(Fig. 4c). The MB removal efficiency decreased with the increase
in the ionic concentration of each salt, possibly because com-
petition between the cationic MB and the hydrated cations for
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Fig. 4 Effect of the (a) time, (b) rotational mixing speed, (c) coexisting cations, and (d) coexisting dyes on the removal of MB from MS-AC.
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active sites on MS-AC limits the movement of MB to the surface
of the MS-AC sample.*® In other words, the increase in the ionic
strength of the salt weakens the electrostatic interaction
between the adsorbent and the adsorbate, while the hydro-
phobic interactions increase because the increase in the visc-
osity of the solution (resulting from the salt concentration)
diminishes the conveyance of the MB ions to the adsorbent
surface."* This suggests that hydrophobic interactions are the
primary causing factor in this process, which occurred under
high-salt conditions. The MB removal efficiency in the presence
of different salts followed the pattern of NaCl > MgCl, >
CaCl, > AICl;. We also assessed the adsorption efficiency of
MS-AC in simulated wastewater containing rhodamine B (RhB),
methylene blue (MB), methylene orange (MO), and Procion
brilliant blue (PBB). The adsorptive removal of RhB, MB, MO,
and PBB on MS-AC was found to be 62.5%, 99.2%, 28.6%, and
48.7%, respectively (Fig. 4d). The results demonstrated that
MS-AC selectively adsorbed MB over the other dyes in the
simulated wastewater solution, with the adsorption efficiency
following the order of MB > RhB > PBB > MO. The higher
adsorption efficiency of MB compared to the other dyes can
be attributed to its stronger electrostatic interactions, enhanced
n-m interactions, smaller molecular size, and improved pore
accessibility relative to the other tested dyes. At the working pH
(> 8), the MS-AC surface carries a negative charge, promoting
strong electrostatic attraction with the cationic MB. In contrast,
the anionic dyes MO and PBB face electrostatic repulsion,
resulting in significantly lower uptake.*>*® Furthermore, although
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rhodamine B (RhB) is cationic, methylene blue demonstrates
higher adsorption because of its smaller molecular size and more
planar aromatic structure, which facilitates easier diffusion into
the micro- and meso-porous structure of MS-AC.*”**® This also
enables stronger n-n stacking interactions with the graphitic
domains of the MS-AC sample. The planar thiazine ring system
of MB enhances overlap with the conjugated carbon surface,
strengthening adsorption compared to the bulkier, less planar
RhB molecule. These combined effects account for the partial
selectivity of MS-AC for MB. We also compared the order of
methylene blue selectivity in the presence of various cationic
and anionic dyes with the state of the art. As shown in Table S1,
our findings are consistent with the results previously published in
the literature.

3.4. Adsorption isotherm

To examine the adsorption behavior of MB on MS-AC, we con-
ducted adsorption isotherm studies using various concentra-
tions of MB ranging from 10 to 160 mg L™ " at 25 °C, pH 8,
a stirring speed of 120 rpm, an adsorbent dosage of 75 mg, and
a contact time of 40 minutes. Four adsorption isotherms,
namely Langmuir, Freundlich, Temkin, and Dubinin-Radush-
kevich, were employed to fit the data (Fig. 5). The mathematical
equations, the meaning of the individual terms, and a summary
of the relevant physical quantities for each isotherm model
are provided in the SI. We employed the Langmuir and the
Freundlich model to best explain the adsorption of adsorbates
on a homogeneous adsorbent surface and heterogeneous

y =0.561x + 4.45
R2 =0.983

y =-0.289x10°x + 4.569
R2 = 0.994

-
(3]

0 2 4 6 8 10

23107

(a) Langmuir, (b) Freundlich, (c) Temkin, and (d) Dubinin—Radushkevich linearized isotherm models for the adsorption of MB on MS-AC.
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surfaces, respectively, while we used the Temkin and D-R model
to more intriguingly differentiate the adsorption mechanism.
The Langmuir model characterizes single-layer adsorption on a
homogeneous surface, the Freundlich model describes adsorp-
tion on heterogeneous surfaces, and the D-R model offers a more
comprehensive understanding of the adsorption mechanism.
Fig. 5 shows different linearized isotherm models for MB adsorp-
tion onto MS-AC. As shown in Fig. 5 and Table S2, the R? values
follow the order of Langmuir > D-R > Freundlich > Temkin.
This indicates that the Langmuir model provides the best fit for
our experimental data, with the highest linear R* value of 0.999.
This suggests that the adsorption of MB onto MS-AC likely occurs
via monolayer coverage on a homogeneous adsorbent surface.
The maximum adsorption capacity and the Langmuir adsorption
constants were 158.7 mg g ' and 2.25 L mg !, respectively
(Table S2). Additionally, we evaluated the dimensionless
factor (R;) to assess the feasibility of the reaction. The R;, values
ranged from 0.003 to 0.04 for concentration levels between 10 and
160 mg L', indicating that the adsorption of MB onto MS-AC
was highly favorable. An R;, value greater than 1.0 indicates an
unfavorable adsorption isotherm, while an R; value equal to
1.0 indicates linear behavior, and an R; value of 0 indicates
irreversible adsorption.*® The adsorption capacity value (n;) deter-
mined from the Freundlich model was found to be approximately
2 (Table S2), indicating that it is within the acceptable range and
that the adsorption process is effective.*® According to the Temkin
model, the binding energy constant (b) exhibited positive values
(Table S2), suggesting that the adsorption process is endothermic
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in nature.”® From the D-R model, the calculated average adsorp-
tion energy was 13.1 kJ mol ", signifying that chemisorption is a
primarily cause for the adsorption of MB onto MS-AC.

3.5. Adsorption kinetics

The kinetic studies of MB adsorption onto MS-AC were con-
ducted using the pseudo-second-order (PSO), intraparticle dif-
fusion (IPD), pseudo-first-order (PFO), and Boyd kinetic models
(Fig. 6). The experiments varied the duration from 10 to
70 minutes while maintaining all variables constant: a
100 mg L~ concentration of MB, pH 8, a mixing speed of
120 rpm, a dose of 75 mg, and a 298 K temperature. To calculate
the parameters for each kinetic model, we used the slopes and
intercepts from the corresponding graphs (Fig. 6 and Table S3).
Among the four kinetic models employed, the PSO model
delivered the highest R* value (0.999), indicating that the MB
adsorption on MS-AC is best explained by this model. The
adsorption of MB followed a PSO with a rate constant of
0.0066 ¢ mg* min~* for the 100 mg L~* MB solution. Further-
more, the g, value calculated from the PSO model (67.6 mg g~ )
meticulously aligns with the experimental g. value (66.4 mg g™ ')
(Table S3), suggesting that MB dye adsorption onto MS-AC may
follow a chemisorption process. We further analyzed the data
using the IPD model to assess the impacts of adsorbent size and
surface area on the adsorption process. We employed the intra-
particle diffusion model equation, detailed in Table S3, to evaluate
the key kinetic parameters. As shown in Fig. 6c, the fitted curve
does not pass through the origin and reveals two distinct regions:
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Fig. 6 Kinetic studies for the adsorption of MB on the MS-AC sample: (a) PFO, (b) PSO, (c) IPD, and (d) Boyd model plots.
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the diffusion of MB through the solution or boundary layer to the
outer surface of the MS-AC sample (region 1) and the diffusion of
MB into the pores of the MS-AC sample (region 2).*° The calculated
C value, which is significantly different from zero (see Table S3),
indicates that both intraparticle diffusion and mass transfer
contribute to the adsorption rate of MB. Based on the IPD findings,
it was difficult to determine which mode had a greater effect on
MB adsorption onto the adsorbent. Thus, we further analyzed the
experimental data using the Boyd kinetic model to identify the real
rate-determining step of the adsorption of MB dye over MS-AC
(Fig. 6d and Table S3). The lack of linearity passing through the
origin indicates that the external mass transfer, specifically film
diffusion, is the dominant rate-controlling step rather than intra-
particle diffusion (Fig. 6d).>*

3.6. Thermodynamic study

The effect of temperature was examined by adjusting its value
from 25 °C to 40 °C. The temperature change showed a slight
escalation in the removal percentage of MB when the tempera-
ture was changed from 298 K to 313 K (Fig. S4a). We employed
the van’t Hoff equation, plotting In Ky against 1/T, to evaluate
the thermodynamic variables including standard entropy
change (AS° from the intercept), free energy change (AG), and
enthalpy change (AH® from the slope). Fig. S4b shows this plot
of InKy versus 1/T. The AG° values were negative (Table S4),
demonstrating that the adsorption of MB onto MS-AC
is feasible and spontaneous. However, the AH° value was
obtained to be positive (+106.4 k] mol™ '), demonstrating that
the adsorption is endothermic. Based on the AH® value, which
lies between 40 and 120 k] mol™?, the chemisorption process
plays a great role in the adsorption mechanism." This is also
corroborated by XPS and FTIR analyses presented in the
upcoming section. Moreover, the AS° value (+398.8 ] mol " K1)
indicates increased disorder at the solid-liquid interface, which
enhances adsorption.
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3.7. Regeneration experiments

To evaluate the reusability of the as-prepared adsorbent, we
conducted a series of adsorption-desorption experiments
employing three solvents, namely, HCI, ethanol, and NaOH
(Fig. S5). As shown in Fig. S5, ethanol was the most effective
solvent for desorbing MB from the MS-AC sample. After four
cycles of reusability test, the MB removal efficiency was found
to be 92.7%, 84.3%, and 71.4% using ethanol, HCI, and NaOH,
respectively. This implies that over 90% of the original removal
efficiency (99.2%) was maintained after four cycles of adsorption—-
desorption when using ethanol. Thus, MS-AC can be employed as
an economically efficient and reusable material for treating waste-
water containing MB. The findings in the present study are
consistent with the previously reported results.>®

3.8. Real sample analysis and comparison with the literature

The practical capability of the MS-AC adsorbent was also
investigated by assessing its ability to remove MB from real
wastewater samples collected from industries. Under optimal
conditions outlined in this study, the MS-AC sample reduced the
concentration of MB dye in the wastewater sample (0.12 mg L™
to 0.004 mg L™ ". This result indicates that the removal efficiency
of MB by the as-prepared MS-AC adsorbent was 96.7% in waste-
water samples, demonstrating the practical capability of this
adsorbent in real-world applications. The adsorption performance
of MS-AC in removing MB was compared to that of various bio-
adsorbents. MS-AC exhibited the highest MB dye removal effi-
ciency compared with many adsorbents listed in Table 1, indicat-
ing that MS-AC is a highly effective option for eliminating MB
from aqueous environments.

3.9. Adsorption mechanism

The surface charge density and pH-dependent studies discussed
in the previous section confirm the presence of electrostatic

Table 1 Assessment of the maximum adsorption capacity of MS-AC for methylene blue compared with state-of-the-art adsorbents

dm Adsorbent  MB concentration Temperature Time
No Adsorbent (mgg™") dose (gL™") range (mgL™")  (°C) pH (min) Isotherm Kinetics Ref.
1 Potato peel 25.0 8 10-50 25 6.5 60 Langmuir PSO 39
2 Pine tree leaves 126.6 1.0 10-90 30 9.2 240 Langmuir PSO 54
3 Gulmohar leaf powder (GUL) 186.2 1 50-200 30 7 1440 Langmuir PSO 55
4 Lotus leaf 221.7 1 1-5 20 7 120 Koble-Corrigan PSO 56
5 Oak sawdust (hydrolyzed) 38.5 4 2-10 25 7 180 Freundlich PSO 57
6 Eucalyptus leaves (raw) 66.0 0.15 1-5 25 10 120 N/A PSO 58
7 Co-doped Fe-BDC MOF 239 1 1-7 50 4 70 Langmuir PSO 59
8 Chitosan/fly ash 263.2 0.9 7.7-59.7 (N/A) 4 50 Freundlich PSO 60
9 Ziziphus spina-christi seed (ZSCS) 666.7 0.6 50-500 45 6 30 Langmuir PSO 61
10 P,Mo,4/MIL-101(Cr) 312.5 0.6 50-200 25 6 30 Langmuir PSO 62
11 Juncus effusus (raw) 1.421 1.5 10-50 (N/A) 7 120 Freundlich PSO 63
12 Eucalyptus wood (modified) 380.4 0.03 100 25 9 720 Langmuir PSO 64
13 Coal fly ash-activated 323.6 2 2-10 25 10 60 Langmuir PSO 65
14 Barley bran (BB) 63.2 2.5 10-165 25 5.07 240 Langmuir PSO 66
15 Enset midrib leaf 35.5 2.5 10-105 25 5.66 120 Langmuir PSO 66
16 Bulrush plant (activated) 41.2 20 25-100 26 8 60 Langmuir PSO 67
17 Lupine seed (Lu-SP) 77.5 0.2 10-100 25 8 120 Langmuir PFO 68
18 Rice straw 40.6 3.0 20-100 30 7 120 Langmuir PSO 69
19 Maerua subcordata tuber (activated) 158.7 1.5 10-160 25 8 40 Langmuir PSO This
study
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interactions, implying their importance in the adsorption
mechanism. Furthermore, MB can be adsorbed onto the
MS-AC sample through mn-n stacking interactions because
both MB and MS-AC contain aromatic rings, which further
contribute significantly to the adsorption process (Scheme
S1). To improve the understanding of the adsorption mecha-
nism, we performed FTIR spectroscopy and XPS measure-
ments on MS-AC both before and after the adsorption of MB
(Fig. 7). Fig. 7a reveals the FTIR spectra of MS-AC before and
after the MB adsorption. The O-H stretching peaks for MS-AC,
centered at 3398 cm ™, shifted to 3401 cm ™" after adsorption,
suggesting the construction of hydrogen bonding between
MS-AC and MB. Furthermore, the peaks centered at
1657 cm™ ' and 1053 cm ™', corresponding to the symmetric
stretching of C—=O0 and C-0, respectively, shifted to 1662 cm "
and 1057 cm ™' for the MS-AC/MB solid. These shifts, together
with a reduction in the intensity of the FTIR peaks, show
that these functional groups play a significant role in the
adsorption process. We employed XPS techniques to further
examine the surface interaction between MB and MS-AC.
Fig. 7b shows the survey spectra of MS-AC before and after
the adsorption of MB. As shown in Fig. 7b, the survey
spectrum of MS-AC before the adsorption of MB mainly shows
the presence of C and O. However, the survey spectrum of
MS-AC after the adsorption of MB revealed the presence of the
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S 2p peak at 164.5 eV and the Cl 2p peak at 198.9 eV, in
addition to the O 1s and C 1s signals. The presence of S and
Cl, constituent elements of MB, indicates the successful MB
adsorption over the MS-AC surface.>* To gain further insights
into the adsorption mechanism, we analyzed the high-
resolution O 1s and C 1s spectra of MS-AC before and after
MB adsorption (Fig. 7c and d). The C 1s spectrum of MS-AC
recorded before MB adsorption was deconvoluted into three
distinct peaks centered at 288.0, 286.0, and 284.4 eV, corres-
ponding to O-C=0, C-O/C=0, and graphitic carbon func-
tional groups, respectively. After the adsorption of MB onto
MS-AC, the binding energy of these peaks slightly shifted to
288.1, 286.3, and 284.85 eV. This shift indicates the transfer of
an electron from the MS-AC sample to the MB molecule,
further corroborating strong interactions between MB and
the MS-AC functional groups. The O 1s spectrum of MS-AC
before the adsorption of MB was also deconvoluted into
three peaks, centered at 529.9, 531.3, and 532.2 eV, attributed
to oxygen in carbonyl groups, hydroxyl/ether groups, and
surface-adsorbed oxygen or water molecules, respectively
(Fig. 7d). After MB adsorption, these peaks were slightly
shifted to higher binding energies, indicating the electron
density redistribution around oxygen atoms, confirming
their participation in surface chemical interactions with MB
molecules.*’
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4. Conclusion

Herein, a low-cost and sustainable AC derived from Maerua
subcordata tubers was successfully synthesized via Na,COj;
activation followed by thermal treatment. Physicochemical
characterization using XRD, XPS, SEM, and FTIR spectroscopy
confirmed the formation of a highly amorphous, porous struc-
ture enriched with surface functional groups, which played
a critical role in enhancing the adsorption performance. The
as-prepared MS-AC sample exhibited excellent adsorption cap-
ability toward MB, achieving a high adsorption capacity of
158.7 mg g ' at 25 °C, which is superior to many previously
reported adsorbents. The adsorption was well explained by the
Langmuir model, demonstrating single-layer adsorption on a
relatively homogeneous surface. The PSO kinetic model was the
best to describe the adsorption process. The thermodynamic
studies revealed that AG® was found to be negative, while the
AH° value was positive (AH® = +106.4 k] mol '), indicating that
the adsorption process was spontaneous, endothermic, and
chemisorptive in nature, respectively. The MS-AC sample dis-
played excellent selectivity toward MB in mixed-dye systems
and remarkable reusability, maintaining over 90% of its origi-
nal removal efficiency after four adsorption-desorption cycles
using ethanol as the regenerating agent. Moreover, when
applied to real wastewater samples, the adsorbent achieved a
high MB removal efficiency of 96.7%, demonstrating its prac-
tical applicability. Overall, the results underscore the potential
of abundantly available biomass-derived activated carbons as
efficient, selective, and economically viable adsorbents for the
removal of organic pollutants from wastewater systems.
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