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ABSTRACT: This study investigates the adsorption potential of methylene blue (MB) dye using a novel bio-composite
prepared by intercalating carbon nanotubes (CNTs) with Moringa oleifera leaf powder (MOLP). Adsorption capacity
optimization was performed under varying experimental conditions, including pH (4-9), initial MB concentration (0.05-1
ppm), adsorbent dosage, temperature (20-50°C), and contact time (0—60 minutes). The biosorbent's surface properties and
functional groups were characterized through Scanning Electron Microscopy (SEM) and Fourier Transform Infrared (FT-IR)
spectroscopy, revealing the synergistic role of CNT intercalation in enhancing adsorption efficiency. SEM analysis confirmed
a heterogeneous, porous morphology of MOLP, ideal for dye entrapment. FT-IR spectra indicated the presence of carboxylic,
carbonyl, and phenolic groups, which significantly contributed to the binding of MB dye molecules through hydrogen bonding
and electrostatic interactions. The results demonstrate that functionalized MOLP exhibits superior adsorption performance
compared to pristine MOLP, owing to the remarkable surface area and tunable chemistry of CNTs. This study highlights the
potential of CNT-MOLP as a cost-effective, sustainable adsorbent for wastewater treatment, offering an efficient alternative to
conventional methods for dye removal.
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1. INTRODUCTION especially quinone and azo compounds, are non-
biodegradable and persistent in the environment, leading to

Dyes are widely used in many industries, including textile,  severe ecological and health concerns. Globally, the annual

paper, plastic, leather, and rubber manufacturing, due to their
ability to impart vibrant colors to products. However, most of
these dyes are synthetic and pose significant environmental
challenges when discharged into wastewater without proper
treatment. The synthetic dyes used in these industries,
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production of organic dye compounds exceeds 700,000 tons,
primarily due to their widespread applications in cosmetics,
food, pharmaceuticals, textiles, and leather industries [1-3].
The untreated discharge of these dyes into water bodies
creates significant environmental burdens as they resist
degradation by natural, chemical, or photolytic processes,
thereby accumulating in the ecosystem.

The harmful effects of synthetic dyes are not limited to
environmental contamination; they also have toxicological
impacts on flora, fauna, and humans. Many dyes and their
degradation intermediates are known to be carcinogenic,
teratogenic, and mutagenic [4]. Among these dyes,
methylene blue (MB) is extensively used in the textile
industry. It is vital to remove MB and similar dyes from
industrial effluents to mitigate their harmful effects on the
environment. Conventional water treatment methods, while
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effective, are often prohibitively expensive and inaccessible
for small-scale industries [5]. Consequently, there is a
growing interest in developing low-cost, sustainable
alternatives for wastewater treatment.

Among the various methods available for wastewater
treatment, adsorption stands out as an effective, economical,
and environmentally friendly approach. Adsorption is
superior to other treatment methods, such as precipitation,
coagulation, chemical oxidation, osmosis, and ion exchange,
due to its simplicity, cost-effectiveness, and high efficiency.
Biomaterials, or biosorbents, have emerged as promising
alternatives for adsorption-based wastewater treatment.
Biosorption involves the use of natural materials, often
derived from agricultural waste, to remove pollutants. This
method offers advantages such as cost efficiency, high
adsorption capacity, waste minimization, and the potential for
biosorbent regeneration [6—7]. A biosorbent is considered
cost-effective if it is abundant in nature, readily available, and
requires minimal processing before use. Hence, natural
biosorbents are becoming increasingly popular as sustainable
alternatives to conventional chemical and non-biodegradable
adsorbents.

Activated carbon has long been recognized as one of the
most effective adsorbents for wastewater treatment due to its
high capacity to adsorb organic compounds. Its large surface
area and the presence of oxygen-containing functional groups
make it particularly effective in removing dyes, heavy metals,
and other organic pollutants from aqueous solutions [8-9].
Several studies have demonstrated that carbon-rich materials
can serve as efficient adsorbents for various pollutants.
Activated carbon, specifically, has been observed to
effectively remove micropollutants and metal ions from
wastewater [10-12]. Despite its effectiveness, the relatively
high cost of activated carbon limits its use, particularly in
small-scale industries.

Carbon nanotubes (CNTs), discovered by lijima in 1991,
have emerged as promising alternatives to activated carbon
for adsorption applications. CNTs are cylindrical
nanostructures with a large surface area, unique hollow
geometry, and exceptional physicochemical properties,
making them highly effective as adsorbents for a wide range
of pollutants [13]. They have been extensively studied for
their ability to preconcentrate and immobilize contaminants
from both gaseous and aqueous phases [14, 15]. The
structural diversity, high selectivity, and stability of CNTs
further enhance their potential as advanced adsorbents [16-
18]. CNTs are classified into two types: single-walled carbon
nanotubes (SWCNTs) and multi-walled carbon nanotubes
(MWCNTs). While both types exhibit excellent adsorption
capabilities, MWOCNTs are often considered more
advantageous due to their greater mechanical strength and
higher surface area.

The use of CNTs for dye adsorption has gained
significant attention due to their remarkable thermal,
mechanical, and electrical properties. The high surface area,
pore volume, and unique pore structure of CNTs contribute
to their exceptional adsorption capacity. Adsorption on CNTs
primarily occurs on the outer surface due to their closed ends,

enabling effective chemical interactions with dye molecules
[20-24]. However, one of the major limitations of CNTs is
their poor solubility in aqueous and organic media, attributed
to their stable structure and sp? bonding. The strong van der
Waals forces between CNTs cause them to aggregate, making
their dispersion challenging [25-28].

To overcome these limitations, functionalization of
CNTs has been widely explored. Functionalization involves
modifying the surface of CNTs to introduce functional groups
that improve their dispersion, solubility, and interaction with
adsorbates [29]. This process significantly enhances the
adsorption capacity of CNTs by reducing van der Waals
forces and increasing hydrophilicity. Functionalized CNTs
have demonstrated remarkable potential as nanomaterials for
water decontamination. Functional groups can be introduced
through covalent or non-covalent bonding, either on the
sidewalls or at the tips of CNTs [30]. These modifications
improve the interaction between CNTs and adsorbates,
facilitating efficient adsorption processes [31].

The adsorption mechanism of dyes on CNTs depends on
the chemical nature of the dye molecules, particularly
whether they are cationic or anionic. Various interactions,
including hydrogen bonding, hydrophobic interactions, and
electrostatic interactions, may occur simultaneously or
individually during the adsorption process. For cationic dyes
like methylene blue, CNTs provide a highly effective
adsorption platform due to their negatively charged surface
functional groups, which enhance electrostatic attraction [32-
35]. Functionalized CNTs, therefore, offer a significant
advantage in wastewater treatment applications, particularly
for the removal of synthetic dyes.

In recent years, research has focused on combining
CNTs with other natural materials to develop composite
adsorbents with enhanced performance. Moringa oleifera leaf
powder (MOLP) is one such natural material that has shown
promise as a biosorbent for wastewater treatment. MOLP is
abundant, inexpensive, and biodegradable, making it an ideal
candidate for sustainable wastewater treatment applications.
The incorporation of CNTs into MOLP can synergistically
enhance its adsorption capacity, creating a composite
material that leverages the advantages of both components.
CNT-functionalized MOLP composites exhibit improved
surface area, pore structure, and functional group availability,
resulting in higher adsorption efficiencies for dyes like
methylene blue [32-34].

This study aims to investigate the adsorption potential
of'a CNT-functionalized MOLP composite for the removal of
methylene blue from aqueous solutions. By optimizing
critical parameters such as pH, initial dye concentration,
adsorbent dosage, temperature, and contact time, this
research seeks to develop an efficient, low-cost, and
environmentally friendly solution for dye-laden industrial
effluents. Additionally, the study explores the synergistic
effects of CNTs and MOLP, focusing on their structural,
morphological, and functional characteristics. The findings
of this study are expected to contribute to the development of
sustainable and scalable adsorption technologies for
wastewater treatment, addressing the pressing need for eco-
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friendly solutions in industrial applications. The integration
of CNTs with natural biosorbents like MOLP represents a
promising approach to wastewater treatment. Functionalized
CNTs offer superior adsorption capabilities, while MOLP
provides a cost-effective and sustainable base material. The
composite adsorbent developed in this study has the potential
to address the challenges associated with synthetic dye
removal, providing a viable alternative to conventional
methods and paving the way for greener and more efficient
wastewater management practices.

2. EXPERIMENTAL DETAILS
2.1. Bio-Sorbents

Moringa oleifera is a drought-resistant tree belonging to the
family Moringaceae, native to the Indian subcontinent.
Known as the "tree of life" in many cultures, it is extensively
cultivated for its edible pods and leaves, which also have
medicinal benefits. For this study, Moringa leaf powder
(abbreviated as MOLP or ML) was sourced from Naveen
Kaya Healthcare Ltd., Ahmedabad. The dried powder was
crushed using a domestic grinder and sieved to obtain a fine,
uniform consistency. The powder was stored under controlled
conditions for further experimental use without undergoing
any physical or chemical modifications.

The structural characteristics of the Moringa leaf
powder were vital for its application as a biosorbent. Its
surface properties, including porosity and the presence of
functional groups, were leveraged for the adsorption of
methylene blue dye. Figure 1 illustrates (a) the raw and
powdered form of Moringa leaves and (b) the molecular
structure of methylene blue dye.

2.2. Intercalation with CNTs

Carbon nanotubes (CNTs), synthesized using the chemical
vapor deposition (CVD) method, were employed in this study.
The CNTs, with a size range of 10-12 nm, were
functionalized and intercalated with Moringa oleifera leaf
powder (MOLP) to enhance its adsorption capacity. This
intercalation process aimed to compare the adsorption
efficiency of plain MOLP versus CNT-functionalized MOLP.
To achieve intercalation, a fixed ratio of MOLP and CNTs
was thoroughly mixed wusing a mechanical grinder.
Subsequently, 25 mL of deionized water was added to the
mixture, which was then ultrasonicated for 2 hours.
Ultrasonication facilitated the uniform dispersion of CNTs
within the biosorbent matrix, reducing agglomeration and
enhancing the interaction between the CNTs and MOLP. The
functionalized composite biosorbent was stored and used for
further adsorption studies.

2.3. Methylene Blue Dye Preparation

Methylene blue (C.1. name: basic blue 9, class: thiazine, C.I.
number: 52015), a cationic dye with the chemical formula
C16HsN3Cl and a molecular weight of 319.9 g/mol, was
sourced from Sigma Aldrich. Methylene blue was selected
due to its high adsorption affinity on solid substrates and its
extensive use as a dye in industries such as pulp, paper, textile,
and wool manufacturing. A stock solution of methylene blue
dye was prepared in distilled water, and working solutions of
varying concentrations (in ppm) were prepared for
equilibrium studies. These solutions were stored in covered
containers to avoid photodegradation.

Fig. 1. (a) the raw and powdered form of Moringa leaves and (b) the molecular structure of methylene blue dye.
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2.4. Adsorption Studies

For equilibrium adsorption studies, different concentrations
of methylene blue dye solutions were prepared from the stock
solution. Simultaneously, varying doses of the biosorbent
(MOLP and CNT-functionalized MOLP) were prepared.
Adsorption studies were conducted at room temperature
under constant stirring to ensure uniform dye-biosorbent
interaction. The absorbance of the dye solutions before and
after the adsorption process was measured using a UV-VIS
Labmann spectrophotometer at the characteristic wavelength
of methylene blue. The equilibrium adsorption capacity (Qe)
of the biosorbents was calculated using the formula:

_ (Co-ce).v
- m

Qe @
Where, Cy is the Initial concentration of methylene blue dye
(mg/L), Ce is the Equilibrium concentration of methylene
blue dye (mg/L), V is the Volume of the solution (L), and m
is the Mass of the adsorbent (g). This equation quantifies the
amount of dye adsorbed per unit mass of the biosorbent,
providing a critical parameter for evaluating the adsorption
performance of the materials under investigation.

002]

1 Moringa MWCNT

g

100

uuuuu

Intensity

o % e
20 (degree)

(¢)

1I0 ' 2l0 ' 3l0 ' 4l0 5l0 '
20 (degree)

60 70

80

Absorbance
e o o
& -} &
~ - [}
1 1 1

3. RESULTS AND DISCUSSION
3.1. Characterizations and properties of the materials

The surface morphology of Moringa oleifera leaf powder
(MOLP) was analyzed using Scanning Electron Microscopy
(SEM), revealing a heterogeneous and porous structure. The
SEM images (Figure 2(a)) showed that MOLP possesses a
rough surface with varying pore sizes distributed across its
surface. This honeycomb-like structure, characterized by
numerous micropores and cavities, provides an extensive
surface area, making it highly effective for adsorption
processes. The rough and porous morphology plays a critical
role in enhancing the dye adsorption capacity of MOLP. The
pores act as adsorption sites, allowing methylene blue
molecules to bind efficiently to the surface of the biosorbent.
Such morphological features make MOLP an excellent
candidate for dye removal applications. The SEM image of
Multi-Walled Carbon Nanotubes (MWCNTs) (Figure 2(b))
depicted the characteristic tubular and layered structures of
CNTs, which were later intercalated with MOLP. The
combination of MOLP and CNTs provides an augmented
surface morphology with improved adsorption capabilities
due to the synergistic effects of the two materials.
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Fig. 2. SEM images of (a) pristine moringa leaves powder, (b) MWCNTs, (c) XRD pattern of moringa leaf powder and inset
(c) show the XRD pattern of MWCNT, (d) FTIR spectra of pristine moringa leaf and CNT intercalated moringa leaf.
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XRD analysis was conducted to investigate the crystalline
structure of MOLP and CNTs. The XRD pattern of MOLP
exhibited four distinct diffraction peaks at 20 values of
15.22°, 21.81°, 22.92°, and 22.94° (Figure 2(c)). These
peaks indicate that MOLP is a combination of both
crystalline and amorphous phases. The broad peaks are
characteristic of the amorphous components such as proteins
and lipids, while the sharper peaks are associated with the
crystalline cellulose and hemicellulose components of the
leaf powder. The small crystallite size of the cellulose
contributes to the limited sharpness of the crystalline peaks.
The bioorganic substances in MOLP, including proteins,
carbohydrates, and minerals, may also contribute to the
unassigned peaks observed in the spectrum. This
combination of amorphous and crystalline features enhances
the adsorption properties of MOLP, as the amorphous
regions provide flexibility while the crystalline regions
contribute to structural integrity. The XRD spectrum of
MWCNTs exhibited intense peaks at 26° and 44° (Figure 2(c)
(inset)), corresponding to the reflections of hexagonal
graphite. The peak at 26° is attributed to the graphite
structure of the CNTs, indicating the high degree of
crystallinity in the MWCNTs. The presence of these
characteristic peaks confirms the successful synthesis of
MWCNTs, which contribute additional adsorption sites and
structural robustness when intercalated with MOLP.

Fourier Transform Infrared (FT-IR) spectroscopy was
employed to identify functional groups in both pristine
MOLP and CNT-functionalized MOLP. The FT-IR spectrum
of MOLP (Figure 2(d)) exhibited distinct absorption bands,
including a peak at 1062 cm™ corresponding to C-OH
stretching, 1577 cm™ due to symmetrical C=C stretching,
and 1650 cm™ attributed to C=0 stretching vibrations. The
peaks at 2913 cm™ and 3742 cm™ are associated with C-H
and O-H stretching, respectively [31]. In the FT-IR spectrum
of raw CNTs, the O-H stretching band appeared at 3433 cm™!,
while peaks at 2922 cm™ and 2832 cm™ corresponded to
asymmetric C-H stretching [32]. A pronounced dip at 1746
cm! indicated C=C stretching. When comparing the spectra
of pristine MOLP and CNT-functionalized MOLP, it was
observed that the number of peaks remained largely
unchanged, although slight shifts in their positions occurred.
The dip at 1367 cm™, attributed to C-C stretching, was more
pronounced in functionalized CNTs compared to raw CNTs
[33]. This enhancement suggests successful interaction
between MOLP and CNTs, improving the functional
properties of the biosorbent. The FT-IR results confirm the
retention of key functional groups in MOLP and CNTs,
which are critical for effective adsorption of methylene blue
dye. The synergistic combination of MOLP and CNTs
enhances both the structural and chemical properties of the
biosorbent, making it highly effective for dye removal
applications.

3.2. Adsorption properties

Adsorption and photocatalysis are the most commonly

applied methods for reducing the amount of pollutants that
enter water bodies. Among these, adsorption offers several
advantages, including simplicity, cost-effectiveness, and the
potential for high removal efficiency. However, one of the
primary challenges in adsorption studies is the proper
demonstration and interpretation of experimental data
obtained from sorption processes. For many decades,
researchers have relied on adsorption isotherms and kinetics
to describe the adsorption process comprehensively.
Commonly used models include the Langmuir and
Freundlich isotherms for adsorption equilibrium studies, as
well as the pseudo-first-order (PFO) and pseudo-second-
order (PSO) kinetic models for understanding adsorption
kinetics [36]. These models help elucidate the mechanisms
and dynamics governing the adsorption process, thereby
offering valuable insights into optimizing the performance
of adsorbents.

3.2.1. Effect of Biosorbent Dosage

Biosorbent dosage is a critical parameter that significantly
influences the adsorption capacity for a given initial
concentration of dye solution. It provides insights into the
efficiency and utilization of the adsorbent material. In the
case of Moringa oleifera leaf powder (MOLP), it was
observed that an increase in the amount of biosorbent
resulted in an enhanced dye removal capacity. This
phenomenon can be attributed to the increase in surface area
and the availability of more adsorption sites as the
biosorbent dosage increases. However, the adsorption
capacity per unit mass of biosorbent decreases with
increasing dosage due to the inverse proportionality between
mass and adsorption capacity [37].

As depicted in Figure 3 (a-c), the adsorption capacity
was found to be maximum at a biosorbent dosage of 0.001 g.
Beyond this point, as the dosage of MOLP increased to 0.03
g, the adsorption capacity (qe) dropped to 0.12 mg/g. This
trend can be explained by the saturation of dye molecules on
the adsorbent surface at higher dosages. Additionally, at
elevated dosages, the number of available MB dye
molecules in solution was insufficient to occupy all the
adsorption sites, resulting in a reduction in adsorption
capacity per unit mass of biosorbent [38]. After achieving
the optimum adsorption at a particular dosage, the
adsorption process slowed down, reaching a plateau. This
behavior is consistent with the principle that, at higher
dosages, the aggregation of biosorbent particles may also
hinder the effective diffusion of dye molecules, further
reducing adsorption efficiency [39].

3.2.2. Effect of Contact Time

Contact time is another pivotal factor in determining the
efficiency of the adsorption process, particularly for the
removal of dye molecules such as methylene blue (MB). The
relationship between contact time and adsorption efficiency
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was investigated for different biosorbent dosages over a
duration of 60 minutes. The results revealed a rapid
adsorption phase during the initial 2 minutes, followed by a
slower and more gradual phase that eventually reached
equilibrium, as shown in Figure 3(d).

During the initial phase, the uptake of dye was fast due
to the abundance of available adsorption sites on the
biosorbent surface. However, as time progressed, the rate of
adsorption slowed down and became almost constant. This
is likely due to the aggregation of dye molecules on the
biosorbent surface, which hindered their deeper diffusion
into the adsorbent matrix [40]. At equilibrium, the
adsorption sites became saturated, and the system attained a
steady state. The adsorption capacity and removal
percentage of MB dye were recorded at different time
intervals, as summarized in Table 1. It was observed that the
amount of MB adsorbed per gram of biosorbent and the
removal percentage increased with time, eventually reaching
a maximum at 60 minutes. This trend underscores the
importance of optimizing contact time to achieve maximum
dye removal efficiency.

Table 1. Adsorption capacity and removal percentage of MB
dye with time.

Time Amount of MB Removal
(min) adsorbed per gram Percentage (%)
(mg/g)

5 0.1977 65.9

10 0.2043 68.1

30 0.213 73.2

40 0.2484 82.8

60 0.2787 92.9
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The data indicate that rapid adsorption occurs in the
initial phase, which is followed by a slower approach to
equilibrium. The equilibrium adsorption capacity reflects the
maximum amount of dye that can be effectively adsorbed
under the given conditions [41]. These findings highlight the
significance of contact time as a critical operational
parameter in adsorption studies.

1.6

1% (0.007 g) ©
T % 0.039)

Vo (0.02 g)

Absorbance
=) =) — —
2 % = i
" 1 1 1 1

S
a
1

0.2

T T T T T v T i T 4
450 500 550 600 650 700 750
Wavelength (nm)

o
=
| -

[~
7
1

T T T T T T v T L T ) L)
0 10 20 30 40 50 60
Time (min)

Fig. 3. (a) Absorbance with time for different doses of MOLP. (b) Absorbance vs wavelength graph for different doses of
MOLP. (c) Adsorption capacity vs different doses of MOLP. (d) Removal percentage of MB dye with contact time.
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Fig. 4. (a) Absorbance vs wavelength for different pH, (b) Removal percent vs pH for MOLP (c) Removal % of MB dye vs
concentration of MB (d) Variation of adsorption capacity of MOLP with temperature.

The adsorption of methylene blue dye onto Moringa oleifera
leaf powder was systematically investigated, with particular
attention to the effects of biosorbent dosage and contact time.
The results demonstrated that an optimal biosorbent dosage
and adequate contact time are essential for achieving
maximum dye removal efficiency. The study also
highlighted the challenges associated with high biosorbent
dosages, where reduced adsorption capacity per unit mass
and particle aggregation can hinder the process. Similarly,
the importance of optimizing contact time was emphasized,
as prolonged durations lead to equilibrium saturation. The
use of adsorption isotherms and kinetic models provided a
deeper understanding of the mechanisms governing the
adsorption process.

3.2.3. Effect of pH

pH plays a crucial role in determining the efficiency of the
adsorption process due to its impact on the acid-base
properties of functional groups present on the biosorbent

surface. The pH was adjusted using 1M NaOH and 1M HCI,
as it significantly influences the electrostatic interactions
between the ionized dye molecules and the biosorbent
surface. The adsorption of methylene blue (MB) dye was
found to be lower at lower pH levels, primarily because the
increased concentration of H* ions competes with the
cationic dye molecules for binding sites on the adsorbent.
However, as the pH increased, the number of negatively
charged adsorption sites on the biosorbent surface also
increased, thereby enhancing the adsorption of cationic MB
dye (Figure 4).

At a pH of 4, the removal percentage of MB dye was
observed to be 25%, which increased significantly to 80% as
the pH was raised to 10. This trend can be attributed to the
enhanced availability of negatively charged sites at higher
pH, which facilitates stronger electrostatic interactions with
the cationic dye molecules. This observation aligns with
previous studies that reported improved adsorption of
cationic dyes under alkaline conditions [42, 43].
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3.2.4. Effect of Initial Dye Concentration

The initial concentration of the dye is another critical
parameter influencing the adsorption process. As shown in
Figure 4(d), the removal efficiency of MB dye was initially
high (approximately 90%) when the dye concentration was
0.1 ppm. However, as the concentration increased to 0.5 ppm,
the removal percentage decreased to 50%. This decline can
be attributed to the saturation of available adsorption sites on
the biosorbent surface at higher dye concentrations, resulting
in increased competition among dye molecules for the
limited binding sites.

At lower dye concentrations, the number of vacant
adsorption sites on the biosorbent surface is significantly
higher than the number of dye molecules, leading to efficient
adsorption. However, as the concentration of dye increases,
the ratio of dye molecules to available binding sites also
increases, resulting in a decrease in the overall removal
efficiency. This behavior has been widely reported in the
literature [44, 45]. Table 2 shows the % removal of dye at
different temperature.

Table 2. Percentage Removal of Dye at Different
Temperatures.

Temperature (°C) Amount of MB adsorbed per gm

20 94.5
30 27.1
35 29.8
40 19.0
50 19.3

3.2.5. Effect of Temperature

Temperature has a profound impact on the adsorption
process, as it influences both the structural properties of the
biosorbent and the diffusion rate of dye molecules. The
adsorption capacity of the biosorbent decreased with
increasing temperature, as shown in Figure 4(d) and Table 2.
At 20°C, the removal efficiency of MB dye was 94.5%,
which decreased to 19.3% at 50°C. Two primary factors
contribute to this trend. First, an increase in temperature
reduces the viscosity of the dye solution, which facilitates
faster diffusion of dye molecules onto the adsorbent surface.
However, it also leads to an increase in desorption rates,
which reduces the net adsorption capacity [46]. Second,
higher temperatures can deactivate the functional groups on
the biosorbent surface or destroy active sites, thereby
reducing the overall adsorption efficiency [43].

3.2.6. Effect of Functionalization

While carbon nanotubes (CNTs) are known for their high
adsorption potential, their practical application in water
treatment is often limited due to their poor solubility in

aqueous media. This issue arises from their stable sp?
bonding and strong van der Waals forces, which cause CNTs
to aggregate, making them difficult to disperse uniformly
[47]. To address this, the current study utilized an
ultrasonicator to intercalate Moringa leaves powder (MOLP)
with CNTs and evaluated their efficiency as adsorbents.

As shown in Figure 5, the adsorption capacity of
pristine MOLP was compared with that of functionalized
CNTs. It was observed that the addition of 1% CNT
improved the adsorption efficiency significantly,
outperforming pristine MOLP. However, further increasing
the CNT concentration to 3% and 5% led to a decline in
removal efficiency. This reduction may be attributed to the
blockage of adsorption sites due to excessive CNT loading,
which limits the availability of active sites for dye adsorption.
The adsorption process for both pristine MOLP and 1%
CNT-functionalized MOLP was monitored over a 60
minutes period. Rapid adsorption was observed within the
initial 10 minutes for the 1% CNT sample, followed by a
steady-state equilibrium phase. This suggests that while the
rate of adsorption is high initially, it eventually stabilizes as
the adsorption sites become saturated [47].

Additionally, Figure 6 highlights the effect of
temperature on the adsorption efficiency of CNT-
functionalized MOLP. At lower temperatures (20°C), 1%
CNT exhibited the highest adsorption capacity compared to
3% and 5% CNT, as well as pristine MOLP. However, with
increasing temperature, the adsorption efficiency declined,
which can be attributed to desorption and the possible
deactivation of functional groups on the biosorbent surface.
This finding aligns with previous reports that functionalized
CNTs improve adsorption efficiency at moderate
temperatures but may suffer from reduced performance at
higher temperatures [46, 47].

The adsorption of methylene blue dye using MOLP and
functionalized CNTs was systematically studied to
understand the effects of various operational parameters,
including pH, initial dye concentration, temperature, and
functionalization. It was found that pH plays a critical role
in modulating the adsorption process by influencing the
electrostatic interactions between dye molecules and the
adsorbent surface. Similarly, the initial dye concentration
determines the availability of binding sites, with higher
concentrations leading to reduced adsorption efficiency.
Temperature, on the other hand, affects both the diffusion of
dye molecules and the stability of biosorbent functional
groups, with higher temperatures resulting in decreased
adsorption efficiency.

Functionalization of MOLP with CNTs emerged as a
promising strategy to enhance adsorption performance. The
study revealed that 1% CNT-functionalized MOLP exhibited
superior adsorption capacity compared to pristine MOLP,
highlighting the potential of functionalized adsorbents for
water treatment applications. However, the efficiency
declined with excessive CNT loading, emphasizing the need
for optimal functionalization to achieve maximum
performance. The findings of this study contribute to the
growing body of knowledge on the use of biosorbents and
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functionalized materials for environmental remediation.
Future work should focus on scaling up the process for real-
world applications and exploring the potential of other
functionalization techniques to further enhance adsorption
efficiency.

4. CONCLUSION

This research emphasizes the potential of CNT-intercalated
Moringa oleifera leaf powder (MOLP) as an effective and
sustainable adsorbent for the removal of methylene blue
(MB) dye from aqueous solutions. By systematically
optimizing critical parameters, including pH, initial dye
concentration, adsorbent dosage, temperature, and contact
time, the study has established an efficient protocol for
maximizing adsorption capacity. The synergistic role of
CNTs in enhancing the adsorption efficiency of MOLP was
demonstrated through detailed morphological and
spectroscopic analyses. SEM analysis revealed a highly
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porous structure in CNT-functionalized MOLP, which
facilitates enhanced dye entrapment compared to pristine
MOLP. The presence of functional groups, such as
carboxylic, carbonyl, and phenolic groups, was confirmed
through FT-IR spectroscopy, and these groups play a pivotal
role in forming hydrogen bonds and electrostatic interactions
with MB dye molecules. The incorporation of CNTs further
improved the material’s adsorption capabilities due to their
high surface area, superior pore structure, and ability to be
functionalized for improved dispersion and solubility. This
study demonstrates that CNT-functionalized MOLP is a
viable alternative to expensive commercial adsorbents like
activated carbon. The results highlight its potential
application in industries where dye-laden effluents pose
severe environmental risks. Additionally, the biosorbent’s
biodegradable and cost-effective nature makes it an
attractive solution for small-scale industries that cannot
afford conventional wastewater treatment methods. Future
work may explore the reusability of the bio-composite and
its efficiency for removing other pollutants, thereby
broadening its applicability in environmental remediation.
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Fig. 5. (a) Absorbance vs. wavelength graph for pristine MOLP and functionalized CNT; (b) Comparison of absorbance
between 1% CNT and pristine MOLP over time; (c) Comparison of dye removal percentage for 1% CNT and pristine MOLP
over time; (d) Absorbance vs. wavelength spectra for pristine MOLP and functionalized CNT.
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