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Abstract:

This study assessed the potential of Moringa oleifera seeds as novel adsorbents for the removal of cadmium (Cd) (II)
ions from synthetic wastewater. The seeds were chemically modified using calcium acetate and sodium hydroxide.
Scanning electron microscopy (SEM), Brunauer-Emmett-Teller (BET) analysis, thermogravimetric analysis (TGA),
and Fourier-transform infrared spectroscopy (FTIR) were employed to characterise the bioadsorbents prepared
from the Moringa oleifera seeds. The modified bioadsorbent (MOx) exhibited a BET surface area of 171.012 m?/g, a
microporous pore size of 0.103 cm?®/g, and a diameter of 2.138 nm. Results demonstrated that the removal efficiency
of the biosorbents for Cd (II) ions was 51.1% for unmodified seeds (MO) and 57.6% for modified seeds (MOx) at
a contact time of 90 minutes. At equilibrium, the maximal sorption capacities for MO and MOx were 4.50 and
4.89 mg/g, respectively. The strong coefficient of correlation (R?) of 0.9938 for the chemically modified seeds and
0.9603 for the unmodified seeds supported the applicability of the Freundlich model, indicating a robust sorption
interaction with the Cd?>" ions. Pseudo-second-order sorption kinetics were found to be appropriate for Cd (IT)

sorption onto modified seeds under highly heterogeneous conditions.
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1. Introduction

Water contamination is a critical global concern, as access
to clean water is essential for human survival and socio-
economic growth. However, urbanisation, industrialisation,
and agricultural activities contribute significantly to
environmental pollution, particularly in water bodies,
affecting both ecosystems and human populations [1].

Among the various pollutants, heavy metals are of
particular concern due to their non-biodegradable nature,
ability to bioaccumulate in living organisms, and potential
to enter the food chain. They are often ingested through
contaminated food and water, posing significant risks to public
health [2, 3]. In addition to their concentration and persistence,
these metals are hazardous and mobile in the environment,
endangering public health and ecosystems [4, 5].

Cadmium (Cd), for instance, is a hazardous metal with
no known biological function, and its accumulation in the
human body can lead to severe renal damage. Consequently,
Cd has been classified as a priority pollutant by the
European Economic Community and the UK Department
of Environment [6].
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According to the US Environmental Protection Agency,
cadmium is classified as a category Bl carcinogen. As
recommended by the World Health Organisation, the
authorised limit for cadmium in drinking water is 0.005 mg/1,
similar to that in China. Therefore, effective Cd removal
methods for aquatic environments must be developed [7].

Industrial effluents can be treated to remove heavy
metals using various techniques, such as ion exchange,
chemical precipitation, electrocoagulation, and reverse
osmosis. However, most of these methods have drawbacks,
including high costs, technological requirements for
setup and maintenance, and the production of hazardous
byproducts [8]. Due to its simplicity in design, affordability,
high efficiency, and ease of use, adsorption is a promising
option [9]. While the adsorption method may effectively and
economically remove harmful compounds from wastewater,
it also offers additional benefits, including reusability and
an environmentally-friendly approach [10-12].

Large-scale use of activated carbon (AC), the most
widely used heavy metal adsorbent, is limited by its high cost
and challenging regeneration. Recent research has shifted
focus towards developing low-cost adsorbents derived
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from agricultural waste, including materials such as fruits,
bagasse, rice husks, straws, coconut husks, coffee grounds,
vegetable peels, sludges, and steel slag. These materials
demonstrate the potential of agricultural and industrial waste
products for treating heavy metal-contaminated wastewater.
Indeed, such low-cost adsorbents have already shown the
capacity to remove Cd (II) ions with at least 90% or higher
efficiencies than activated carbon.

Thrift stores and agricultural operations generate large
amounts of waste that impact air, water, and soil [13].
Industrial waste can include dust, other refuse, and waste
residue discharged during industrial processes, while
agricultural waste originates from livestock breeding,
agricultural production, processing, and rural household
activities [14]. If not effectively treated, these wastes can
cause serious environmental problems [9]. Generally, the
treatment methods are expensive, complex, and prone to
cross-contamination. Transforming these wastes into valuable
resources could significantly reduce pollution [15, 16].

Agro-industrial products like Moringa oleifera seeds
contain water, lignin, lipids, proteins, simple sugars,
hemicellulose, and pectin. Due to the high content of
carboxyl and hydroxyl groups, these materials are helpful to
adsorption processes. However, if not appropriately handled,
agro-industrial wastes may lead to excess organic carbon,
restricted adsorption capacity, and elevated chemical and
biological oxygen demand [17]. Therefore, agro-industrial
waste must be processed to eliminate soluble organic
components to enhance their adsorption capacity before its
use to remediate wastewater, especially in adsorption-based
treatment methods such as biofiltration [17]. Additionally,
the type of material used to support the bed affects both
treatment costs and the extent of contaminant removal [18].

Therefore, this study aims to evaluate the adsorption
capabilities of chemically modified Moringa oleifera seeds
for Cd (II) ion removal from synthetic wastewater. By
transforming agricultural waste into valuable resources, this
research highlights the potential of sustainable solutions for
environmental pollution mitigation.

2. Materials and methods
2.1. Materials

Moringa oleifera seeds were sourced from the University
of Lagos Lagoon Front. Analytical-grade reagents, including
calcium acetate and sodium hydroxide, were procured from
Sigma-Aldrich. Cadmium nitrate tetrahydrate was used to
prepare a 40 mg/1 stock solution, from which experimental
concentrations were derived.
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2.2. Preparing and characterisation of the bioadsorbents
2.2.1. Preparation of the biosorbents

Moringa oleifera seeds were separated from pods,
cleaned with water, and dried at 25°C. The seeds were then
blended into a fine powder.

To remove lignin, 25 g of powder was treated with 1
M nitric acid or 1 M sodium hydroxide solutions, heated
at 100°C for 30 minutes, and neutralised to pH 5-7. The
samples were further treated with 150 ml of 2.5 M sodium
hypochlorite at 60°C for 30 minutes to remove low-
molecular-weight carbohydrates. Finally, the samples were
dried in a convection oven at 60°C for 5-7 hours [18].

2.2.2. Physico-chemical characterisation of the dry
biosorbents

The powdered samples were subjected to chemical
modification through consecutive treatments with 1 M
NaOH and Ca(CH3COO),. Initially, 15 g of Moringa
seed powder was stirred at 1000 rpm for two hours in 100
ml of 1 M NaOH. The samples were then washed with
water until the supernatant reached a neutral pH (pH 7)
and subsequently dried at 45°C for four hours [15]. The
elemental compositions of both the modified and unmodified
adsorbents were analysed using a BRUKER EDX two-
dimensional VANTEC-500 detector. Fourier transform
infrared spectroscopy (FT-IR) was performed using a
Spectrum 200 spectrometer within the 4000-500 cm™ range to
identify the principal functional groups of the bioadsorbents,
both before and after metal absorption. The morphology of
the bioadsorbents was examined using a PSEM eXpress
scanning electron microscope (SEM) operating at 20 kV.
The specific surface area, pore volume, and pore diameter
were assessed using the Brunauer-Emmett-Teller (BET)
method. An N, gas adsorption analysis was conducted on
both modified and unmodified Moringa oleifera seeds using
a Quantachrome Nova station [17].

2.3. Adsorption experiments

The adsorption process was evaluated by varying the
initial concentration of metal ions in solution, contact time,
and the temperature of the batch sorption process [18]. For
the sorption experiment, a specific amount of adsorbent was
agitated in each aqueous solution using a rotary shaker within
250 ml conical flasks. At a designated temperature, 0.5 g of
the modified Moringa oleifera seed powder was added to
100 ml of the aqueous solution and stirred at 200 rpm for
a predetermined duration. Following centrifugation at 5000
rpm for 10 minutes, the concentrations of the metal ions were
determined using atomic absorption spectroscopy (AAS).
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2.3.1. Effect of dosage on sorption

The following criteria were used to assess the effect of
adsorbent dosage on sorption: adsorbent dosage ranging
from 0.1 to 1.0 g of modified biosorbents (MOx) in 100 ml
of solution; metal ion concentration of 2 ppm; pH of 7.85 for
all sorption studies; and a shaking duration of 1.5 hours [18].

2.3.2. Effect of pH on sorption

The effect of pH on sorption was examined under the
following conditions: adsorbent dosage of 0.5 g of MOx in
100 ml of solution; Cd** concentration of 2 ppm; pH levels
of 2,4, 6, 8, and 10; and a shaking duration of 1.5 hours at
27.5°C.

2.3.3. Effect of Cd (Il) lon concentration on sorption

The effect of Cd** ion concentration on sorption was
studied using 0.5 g of biosorbent in 100 ml of metal ion
solution, with metal ion concentrations ranging from 2 to
10 ppm. The pH was maintained at 7.85, and the shaking
duration was 1.5 hours at 27.5°C.

2.3.4. Effect of contact time on sorption

The rate of sorption was determined using the following
parameters: a shaking duration of 150 minutes, 0.5 g of
biosorbents (MO/MOx) per 100 ml of solution, an initial
metal ion concentration of 2 ppm, and a pH of 7.85 at
27.5°C.

2.3.5. Effect of temperature on sorption

Thermodynamic data for sorption were obtained using
the following parameters: an adsorbent dose of 0.5 g (MO/
MOx) in 100 ml of solution, a metal ion concentration of 2
ppm Cd?*, a pH of 7.85, and a shaking duration of 1.5 hours.
Sorption tests were conducted at temperatures of 10, 20, 30,
40, and 50°C [19, 20].

Q= Q. (1 —e™f) (1
where the pseudo-first-order rate constant (min') is denoted
by k,, the sorption amount at time 7 is Q, (mg/g), and the
sorption amount at equilibrium is Q, (mg/g).

_ kpQe2t 2

Q= Gt + D @
where O, (mg/g) is the sorption amount at equilibrium, £,
(g/(mgemin)) is the pseudo-second-order rate constant, and
O, (mg/g) is the sorption amount at time .

We utilised Egs. (3) and (4) to ascertain the MO ’s ions
sorption capacity and ion adsorption efficiency (1), in that
order [19, 20]. Each experiment was performed three times,
and the average was used to determine the final sorption
capacity.
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The ions concentration at the adsorption equilibrium and
initial concentration are denoted by C, (mg/l) and C, (mg/1),
respectively; the volume of the ions solution used in the
experiment is indicated by V (I); and the dry weight of the
biosorbent added to the ions solution is indicated by m (mg).
The MO _ ion sorption capacity is denoted by O (mg/g).

The isothermal adsorption of ions onto MO/MOx was
characterised using the Langmuir (Eq. 5) and Freundlich
(Eq. 6) models [21, 22]

. _ QmKLCe
Langmuir Q = A+ K0 5)
Freundlich O =K,C n (6)

where O~ (mg/g) is the maximal adsorption capacity
under ideal conditions; K, (I/mg) denotes the Freundlich
constant; n is a measure of heterogeneity. K, (I/mg) denotes
the Langmuir constant. C, (mg/l) is a measure of the Cd**
ion concentration at adsorption equilibrium. At adsorption
equilibrium, the adsorption capacity is indicated by Q,
(mg/g). Fig. 1 describes the schematic of the bioadsorption
process of M.oleifera.
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Fig. 1. Schematic of the bioadsorption process of Moringa
Oleifera seeds [23].

3. Results and discussion
3.1. Characterisation of the bio-adsorbents

The modified bioadsorbent (MOx) exhibited a BET
surface area of 171.012 m?/g. The pores in MOx were
characterised by a volume of 0.103 cm?®/g and a diameter of
2.138 nm. According to the International Union of Pure and
Applied Chemistry (IUPAC), MOx is classified as having
microporous pore sizes [20]. Micropores are defined as
having diameters of less than 2 nm, mesopores range from
2 to 50 nm, and macropores exceed 50 nm [24].
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An adsorbent’s specific surface area, total pore
volume, and pore width are critical factors influencing its
interaction with the adsorbate and its adsorption efficiency.
The surface area of MOx was significantly greater than
that of the unmodified adsorbents. This enhanced surface
area contributed to improved cadmium ion adsorption,
as adsorption is a surface-dependent phenomenon
[24]. Consequently, MOx is expected to outperform
unmodified bioadsorbents in metal ion adsorption [25-
28]. This improvement can be attributed to the removal of
hemicellulose, lignin, and other residues through chemical
alkali treatment, which increases the quantity of cellulose
exposed on the fibre surface.

The application of NaOH and calcium acetate alters
the transformation of cellulose types within the fibres,
enhancing the capacity of microfibrils to rearrange and
improving the fibres’ load capacity. This treatment reduces
the helix angle of the fibres, further increasing their load
capability. Additionally, alkali treatment removes certain
amounts of lignin, wax, and oils from the fibre surface,
exposing short-length crystals. By removing hemicelluloses,
the rigidity and density of the fibrils decrease, allowing for
easier formation of fibril structures. The inherent toughness
of natural cellulose has drawn significant attention from
researchers [5-28].

Alkali treatment increases the cellulose proportion
by dissolving lignin and hemicellulose. Calcium acetate
treatment further enhances the matrix-fibre interfacial
bond by modifying surface polarity and increasing fibre
roughness.

Table 1. Surface characteristics of the biosorbents before
and after activation [26].

BET surface  Pore volume  Average pore
. References
Biosorbents 404 (m*/g) (cm’/g) Diameter (nm)
MO 90.25 0.078 0.198
MO, 171.012 0.103 2.138
Bagasse 0.487 1.422 572 [26]

Usingenergy dispersive X-ray (EDX), thermogravimetric
analysis (TGA), and scanning electron microscopy (SEM),
the modified and unmodified Moringa oleifera seed particles
were analysed.

Figure 2 illustrates the SEM micrographs of unmodified
(MO) and modified (MOx) biosorbents. The SEM
micrograph of MO (Fig. 2A) at 8000x magnification and
20 kV revealed spherical particles with a size of 10 pum,
resulting in a rough surface and porous structure. As the
magnification increased from 8000 to 10000x, the pore size
decreased from 10 to 100 pm, with Fig. 2B displaying the
optimal porosity.
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In contrast, the SEM micrograph of MOx at 8000x
magnification (Fig. 2C) and 15 kV revealed irregular
particles of 10 pm with a broad dispersion of 10.2 um.
At 9000x magnification, the particles exhibited improved
clustering, attributable to the treatment, which generated a
greater specific surface area, enhancing Cd (I1I) adsorption
efficiency [26].

Mag
2MM 8,000x

Fig. 2. Scanning electron microscopy micrographs of unmodified
adsorbent (MO) (A and B) and the chemically treated adsorbent
with 10 ppm modifiers (MOx) (C and D, respectively).

Figure 3 presents the elemental composition of the
unmodified and modified Moringa oleifera seeds. Silicon
(Si) exhibited the highest peak for MO, followed by oxygen
(O), with sodium (Na) showing the lowest peak. In the case
of MOXx, silicon maintained the highest peak, followed by
oxygen, while calcium (Ca) displayed the lowest peak.

Investigations of Moringa oleifera seeds revealed that
they contain significant levels of sodium (Na), potassium
(K), calcium (Ca), and magnesium (Mg), which are essential
minerals for the seeds [27].
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Fig. 3. Dispersive X-ray spectra of (A) MO and (B) MO..
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TGA analysis indicates that the
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The thermogram of the unmodified adsorbent (MO),
shown in Fig. 4A, reveals an initial weight loss of 2.5%
between 70 and 100°C, attributed to the loss of water.
Between 220 and 430°C, an additional weight loss of 62%
occurs, corresponding to the hydrolysis of hemicellulose
and the release of organic and/or aqueous components such

as pectin and proteins. This indicates a reduction in the
volatile matter present in Moringa seeds.

A third stage of weight loss, observed between 430
and 590°C, is due to the decomposition of major seed
constituents, including fatty acids. For example, oleic acid
has a boiling point of 360°C. At temperatures above 590°C,
the breakdown of cellulose and lignin into CO,, H,O, and
ash resulted in a residual weight of 8% [16, 25].

The thermogram for the modified adsorbent (MOx),
shown in Fig. 4B, follows a similar progression to that of
MO. However, due to the presence of ash and possibly

inorganic oxides, a reduced residue of approximately 3%
was observed beyond 590°C.
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decomposition
process occurs in multiple stages, as shown in Fig. 3. The

thermogravimetric curve confirms the heterogeneity of the
sample, given that the intermediates formed are a mixture of
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3.2. Adsorption isotherms of Cd (Il) ions using Moringa
oleifera

Figure 5 illustrates the effect of varying the initial Cd(II)
ion concentration from 2 to 10 mg/I at a specific adsorbent
dosage of 0.5 g, a temperature of 27.5£1°C, and a pH of
7.85. The removal efficiency of Cd(II) ions by MOx peaked
at 10 mg/l, with values of 51.1% for MO and 57.6% for
MOx. This result can be attributed to the ample active sites
on the sorbent, which facilitate the adsorption of metal

ions at low concentrations due to the favourable ratio of
initial metal ion concentration to available binding sites.

These findings are consistent with previous studies showing
Ce/qe (g/)

2

Ce (mg/l)
4 6 8 10 g

Fig. 5. Langmuir isotherm for the sorption of Cd (Il) for MO/
MOx.
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that metal ion adsorption increases with rising adsorbate
concentrations [26-32].

The adsorption of Cd (II) ions was examined using the
Langmuir and Freundlich isotherm models, as shown in
Figs. 5 and 6. Adsorption isotherms describe the interaction
between adsorbate molecules and the adsorbent surface,
providing insights into the distribution of adsorbate
molecules between the liquid and solid phases [33-36]. The
applicability of these isotherm equations was evaluated
through correlation coefficients (R?).

4

Mn qe (mg/g)

In Ce (mg/)

0 0.5 1 L5 2 2.5 i’
Fig. 6. Freundlich isotherm for the sorption of Cd (ll) ions
by MO/MOx.

The Langmuir isotherm assumes a uniform adsorbent
surface, with no interactions between adsorbate molecules
and a monolayer adsorption mechanism. Equilibrium data
for Cd (I) ion concentrations ranging from 2 to 10 mg/l
at 27.5£1°C were analysed using the linear form of the
Langmuir equation (Equation (5)). The plot of Ce/ge versus
Ce for the removal of Cd (II) ions using MO/MOX is shown
in Fig. 5.

The Langmuir model provided a good fit for the
adsorption data, with R? values of 0.7986 for MO and
0.9879 for MOx (Table 2). The monolayer adsorption of
Cd (II) ions onto MOx was indicated by these results, with
maximal sorption capacities (g,) of 4.50 mg/g for MO and
4.89 mg/g for MOx. According to Table 2, the maximal
sorption capacities (¢,) for MO and MOx were 4.50 and
4.89 mg/g, respectively. Thus, Table 2 illustrates that the
adsorption capacity and removal efficiency of MO/MOx
strongly correlate with the size of the metal ions.

The Freundlich equation-derived adsorption capacities
(K/) for Cd (II) were 0.3 and 1.03 mg/g, respectively.
For favourable adsorption of Cd (II) ions onto MO/
MOx, the Freundlich constant “n” values were 1.16 and
1.83, respectively, meeting the requirement of 0<n<I10.
The Freundlich-type adsorption isotherm indicates the
heterogeneity of MOx’s surface, demonstrating that MOXx’s
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surface comprises tiny, heterogeneous pores conducive to
the physical process of adsorption (Fig. 6).

A dimensionless constant separation factor describes
the affinity between the sorbate and sorbent. Figs. 5 and 6
demonstrate the favourable adsorption of the Cd (II)
ion processes using MOx. Previous research utilising
sesame husk as an adsorbent to remove Cu (II) ions from
aqueous solution and Jatropha seed husk for lead removal
corroborates these findings [37, 38].

In an aqueous solution, the state of metal ions is
determined by two factors: the pH of the mixture and the
ratio of the material’s remaining functional groups to the
concentration of metal ions. The concentration was adjusted
while maintaining a constant pH of 7.85, the ideal level for
metal ion sorption.

Metal ion sorption is significantly influenced by the
structural features of the MOx backbone. The metal ion
absorption of cadmium was more excellent for MOx than
for MO, as demonstrated in Figs. 5 and 6; this is attributed to
the increased number of pores created by the improvement
and modification of the functional groups, which tend to
attract cadmium ions more effectively than MO. Generally,
the metal ions’ electronegativity and hydration values affect
the amount of metal ions absorbed by the ion exchanger
[39-43].

The model’s applicability, which implies a strong
interaction for the Sorption of Cd** onto the MO/MOx, was
supported by the high Freundlich coefficient of correlation
(R?) for MO (0.9603) and MOx (0.9938). Due to a batch
factor, the computed values aligned closely with the
experimental values, indicating that the Freundlich model
provided a satisfactory fit for the equilibrium data. This
suggests that the MO/MOxX sorption process considered
the heterogeneity of the sorption sites on the adsorbents’
surfaces. The isotherm fits indicate that there was more to
the sorption onto the adsorbents than just a physical process.

Table 2. Isotherm constants of two isotherm models for the
sorption of Cd**.

Isotherm model Constants cdr
q,,,, (mg/g) 4.50%(4.89)
1 (%) 51.1%(55.0)
Langmuir
K, (Umg) 0.086*(0.280)
R? 0.7986*(0.9879)
K, [mg/g(I/mg)""] 0.33%(1.03)
Freundlich n 1.16%(1.83)
R? 0.9938*(0.9603)

*(MO) Values are in parenthesis.
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Fig. 7. Langmuir kinetics of sorption for MO/MOx.
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Fig. 8. Second-order kinetics of Cd** sorption for MO/MOx.

Table 3. Kinetic parameters of the kinetic models for the
sorption of Cd?.

Kinetic model Parameter Cd*
q,, c™& 2.10%(2.98)
I it seils q,, cale(mg/g) 6.23*%(7.45)
TS G K, x10% (hr') 6.74%(6.25)
R? 0.9396*(0.9252)
q,, cale(mg/g) 3.22%(5.27)
zrsg:rdo S K, (hr)) 0.11%(0.26)
R? 0.9288%(0.9239)

*(MO) values in parentheses.

3.3. Sorption kinetics of Cd** by Moringa oleifera seeds
(MO/MOx)

The kinetic performance of an adsorbent is as crucial as
its adsorption capacity in determining its feasibility for pilot-
scale applications. Kinetic analysis provides insights into
the solute absorption rate and the residence time required
to complete the adsorption reaction. This information is
essential for determining the size and operational efficiency
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of adsorption systems. The adsorption kinetics play a pivotal
role in the performance of flow-through systems, whether
fixed-bed or otherwise.

Plots of the pseudo-first-order and pseudo-second-order
equations for Cd** ions are displayed in Figs. 7 and 8.
During the sorption period, linear relationships were
observed between log(?) and ¢, as well as ¢ versus ¢, with
high correlation coefficients (R>>0.9) for both models, as
shown in Table 3. This indicates a strong agreement between
the experimental data and the theoretical predictions of the
models. The sorption kinetics onto MO and MOx can be
explained using a pseudo-second-order Langmuir model.

Table 3 summarises the kinetic parameters for the
sorption of Cd** by MO and MOx, including initial
concentrations and other key parameters derived from linear
regression. These parameters are critical for predicting
the sorption rate and designing batch and flow-through
adsorption systems. When selecting optimal operating
conditions for large-scale batch operations, it is essential to
consider the kinetic characteristics of sorbate uptake [40-
45]. The kinetic parameters help forecast the sorption rate
and provide essential data for the design and modelling of
sorption systems.

3.4. Sorption thermodynamics of Cd* by the MO/MOx

The effect of temperature on the sorption of metal ions
onto the MO/MOx was investigated by evaluating three
thermodynamic factors: Gibbs free energy change (AG),
enthalpy change (AH), and entropy change (AS). The Gibbs
free energy change was calculated using the following
equation:

-RT=AGInK

where R is the gas constant (8.314 JK'mol'), T is the
absolute temperature (K), and K is an equilibrium constant
that may be obtained by calculating the Langmuir constant
K, (Lmol™). AG represents the change in Gibbs free energy
(KJ mol™).

By graphing AG against 7, one may determine the
enthalpy changes (AH) and entropy (AS) by calculating the
slope and intercept of the van’t Hoff equation, which is AG
= AH - TAS [41-45].

The thermodynamic feasibility of the sorption process
was assessed using the calculated parameters. Positive 4H
values indicated the endothermic nature of the sorption
process. Although specific AH values could not definitively
classify the sorption type, sorption enthalpy typically falls
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within the range of 20 to 420 kJ/mol. This range corresponds
to temperatures for chemical reactions and is commonly
interpreted as indicative of chemical sorption processes
[43-45].

Gibb’s free energy shift (AG°) adsorption must be
negative for significant sorption. The near feasibility and
non-spontaneity of the adsorption process at temperatures
below 323 K are shown by a positive Gibbs free energy
change (AG®) as illustrated in Table 4. Since the adsorbate has
a stronger affinity for the adsorbent at higher temperatures
and its mobility of molecules and ions in the solution rises
with temperature, a drop in the positive value of this should
generally be possible. On the other hand, positive AG®
values increase with temperature, indicating that a lower
temperature promotes adsorption [44-48].

Table 4. Thermodynamics parameters for the sorption of
Cd? MO/MOx.

Parameters MO MOx
(mg/g) 2.10 2.98
R? 0.9839 0.9745
K, (I/mg) 0.083 0.112
AG (kJ/mol) 6.378 5.593
AH (kJ/mol) 12.936 27.636
AS (J/mol.K) 20.952 70.424

MO/MOx: AH: Enthalpy, AS: Entropy, AG: Gibbs free energy.

Additionally, the value of AH® can provide insight into
the type of sorption mechanism. Chemisorption processes
typically occur within a temperature range of 80-200 kJ
mol™, while the heat generated during physical adsorption is
in the range of 2.1-20.9 kJ mol™', which is comparable to the
heat of condensation. As shown in Table 4, the adsorption of
heavy metal ions by MO/MOx appears to involve a physico-
chemical sorption mechanism rather than a purely physical
or chemical process [45-48].

A positive 48’ value indicates a significant affinity of the
adsorbent for the adsorbate species. Moreover, an elevated
AS?value suggests potential structural modifications in both
the adsorbent and adsorbate, as well as increased instability
at the solid-solution interface [46-48].

3.5. Effect of dosage and pH on sorption

The effect of solution pH on the removal of Cd (II) ions
is illustrated in Fig. 9. The pH of the aqueous medium had
a substantial impact on sorption capacity. The adsorption of
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Cd (II) ions increased by 92.95% as the pH was raised from
2 to 7.5, reaching an optimal sorption capacity at pH 7.5.
However, beyond this pH level, the removal efficiency of
cadmium ions decreased.

2 4 6 8

Fig. 9. Effect of pH on the sorption of Cd (ll) ions by
MO/MOx.

The medium’s pH influenced sorption capacity through
two primary mechanisms: the solubility of metals and the
overall charge of the functional groups on MO/MOx. The
optimal pH for maximum adsorption performance was
determined to be approximately 7.5, which aligns with the
natural pH of most freshwater aquatic systems [47-52].

Figure 10 illustrates the impact of MO/MOx dosage
on the adsorption capacity for Cd (II) ions from aqueous
solutions. Cadmium biosorption increased proportionally
with a rise in adsorbent concentration in the metal solution.
This improvement may be attributed to an increase in
available free binding sites due to the higher concentration
of MO/MOx or the enhanced exchange of functional groups,
which facilitated cadmium adsorption from the solution
[48-53].
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Fig. 10. Effect of dosage on the sorption of Cd (ll) ions by
MO/MOx.
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4. Conclusions

Bio-adsorbents derived from Moringa oleifera seeds, an
agro-industrial material, were evaluated for their capacity to
remove Cd (II) ions from synthetic water samples. The study
investigated the role of the starting material and its chemical
modification on the performance of the final adsorbent
product. The bioadsorbents were chemically treated with
NaOH and Ca(CH3COO), to enhance their adsorption
capacity. The results demonstrated that an increase in the
concentration of these chemical modifiers further improved
the adsorbents’ efficacy. The highest Cd (II) ion removal
efficiency, 57.6%, was achieved within 1.5 hours.

Although the adsorption process with these sorbents is
complex, the enhanced removal efficiency can be attributed
to the increased availability of binding sites resulting from
chemical treatments and the inherent composition and
structure of Moringa oleifera seeds. This study highlights
the potential to develop effective adsorbents for metal ion
removal using agro-industrial materials and innovative
green technologies.

The modified bioadsorbent derived from Moringa
oleifera seeds is an inexpensive and efficient material for
the removal of heavy metals from polluted effluents. The
research suggests that chemically modified agricultural and
industrial materials can be employed in processes where
adsorption serves as the primary method for pollution
remediation.

For effective metal ion extraction from polluted water,
strict protocols must be followed, governed by multiple
factors and trends. The findings of this study demonstrated
the effectiveness of MO/MOx in removing Cd (II) ions from
aqueous solutions. Adsorption performance was shown to
depend on parameters such as adsorbent dosage, pH, and
the concentrations of both the adsorbent and adsorbate.
Equilibrium was reached in approximately 1.5 hours, with
an optimal pH of 7.5 for Cd (II) removal.

The experimental results were well represented by
Freundlich and Langmuir adsorption models, with the data
fitting the Freundlich isotherm model particularly well. This
analysis confirms that Moringa oleifera is an effective agent
for the removal of heavy metals from aqueous solutions,
achieving the overall objectives of the study.

SEPTEMBER 2025 ¢ VOLUME 67 NUMBER 3 JRIGUELS Journ:

CRediT author statement

Olu Lawrence Ekebafe: Supervision, Conceptualisation,
Methodology; Kelechi Daniel Obodo: Writing, Reviewing,
Editing; Jehoshaphat Izunobi: Software, Validation,
Reviewing, Editing.

COMPETING INTERESTS

The authors declare that there is no conflict of interest
regarding the publication of this article.

REFERENCES

[11Y. Li, Q. Zhou, B. Ren, et al. (2020), “Trends and health risks
of dissolved heavy metal pollution in global river and lake water from
1970 to 20177, Rev. Environ. Contam. Toxicol., 251, pp.1-24, DOLI:
10.1007/398_2019_27.

[2] E. Shanthini, V. Sangeetha, M. Jagadeeswari, et al. (2022),
“IoT based smart city garbage bin for waste management”, 2022 4"
International Conference on Smart Systems and Inventive Technology
(ICSSIT), pp.105-110, DOT: 10.1109/ICSSIT53264.2022.9716343.

[3] S.S. Sonone, S.V. Jadhav, M.S. Sankhla (2020), “Water
contamination by heavy metals and their toxic effect on aquaculture and
human health through food chain”, Lett. Appl. NanoBioScience, 10(2),
pp-2148-2166, DOI: 10.33263/LIANBS102.21482166.

[4] M.J. Ahmed, B.H. Hameed, E.H. Hummadi (2021), “Insight
into the chemically modified crop straw adsorbents for the enhanced
removal of water contaminants: A review”, Journal of Molecular
Liquids, 330, DOI: 10.1016/j.molliq.2021.115616.

[5] S. Kumar, S. Prasad, K.K. Yadav, et al. (2019), “Hazardous
heavy metals contamination of vegetables and food chain: Role of
sustainable remediation approaches - A review”, Environmental
Research, 179, DOI: 10.1016/j.envres.2019.108792.

[6] S. Pap, N. Boskovic, J. Radonic, at el. (2016), “Kinetic and
equilibrium studies of Cd** adsorption onto low-cost adsorbent
prepared from plum kernels”, 5 International Conference “Ecology
of Urban Areas”, pp.143-150, DOI: 10.13140/RG.2.2.18846.38729.

[7] T.A. Saleh, M. Mustageem, M. Khaled (2022), “Water

treatment technologies in removing heavy metal ions from
wastewater: A review”, Environmental Nanotechnology, Monitoring

& Management, 17, DOI: 10.1016/j.enmm.2021.100617.

[8] N. Najid, S. Kouzbour, A.R. Garcia, et al. (2021),
“Comparison analysis of different technologies for the removal of
boron from seawater: A review”, Journal of Environmental Chemical
Engineering, 9(2), DOI: 10.1016/j.jece.2021.105133.

[9]1 1. Anastopoulos, A. Bhatnagar, B.H. Hameed, et al. (2017), “A
review on waste-derived adsorbents from sugar industry for pollutant
removal in water and wastewater”, Journal of Molecular Liquids, 240,
pp-179-188, DOI: 10.1016/j.molliq.2017.05.063.

nee,
Technology and Engineering



| PHYSICAL SCIENCES | CHEMISTRY; LIFE SCIENCES | BIOTECHNOLOGY: ENVIRONMENTAL SCIENCES | ENVIRONMENTAL SCIENCE

[10] WM.R. Goémez, V.G. Cucaita, J.G. Carriazo (2024),
“Synthesis of iron oxide microparticles with fern leaf morphology:
Assessment of the RY-145 azo-dye adsorption”, Surfaces and
Interfaces, 44, DOI: 10.1016/j.surfin.2023.103661.

[11]S. Das, S.R. Paul, A. Debnath (2023), “Fabrication of biochar
from jarul (Lagerstroemia speciosa) seed hull for ultrasound aided
sequestration of ofloxacin from water: Phytotoxic assessments and
cost analysis”, Journal of Molecular Liquids, 387, DOIL: 10.1016/].
molliq.2023.122610.

[12] A. Deb, S. Das, A. Debnath (2023), “Fabrication and
characterization of organometallic nanocomposite for efficient
abatement of dye laden wastewater: CCD optimization, adsorption
mechanism, co-existing ions, and cost analysis”, Chemical Physics
Letters, 830, DOI: 10.1016/j.cplett.2023.140820.

[13] Q. Song, J. Li, X. Zeng (2015), “Minimizing the increasing
solid waste through zero waste strategy”, Journal of Cleaner
Production, 104, pp.199-210, DOI: 10.1016/].jclepro.2014.08.027.

[14] I. Anastopoulos, G.Z. Kyzas (2014), “Agricultural peels for
dye adsorption: A review of recent literature”, Journal of Molecular
Liquids, 200, pp.381-389, DOI: 10.1016/j.molliq.2014.11.006

[15] Y. Li, L. Wang, X. Hu, et al. (2018), “Carbon dioxide
absorption from biogas by amino acid salt promoted potassium
carbonate solutions in a hollow fiber membrane contactor: A numerical
study”, Energy & Fuels, 32(3), pp.3637-3646, DOIL: 10.1021/acs.
energyfuels.7b03616.

[16] D. Castro, N.M.R. Laverde, M.B. Aldas, et al. (2021),
“Chemical
bioadsorbents for enhanced removal of Zn (II) ions from aqueous
solutions”, Materials, 14(9), DOIL: 10.3390/ma14092134.

modification ~ of  agro-industrial ~ waste-based

[17]N.R. Azeez, S.S. Salih, M. Kadhom, et al. (2024), “Enhanced
termination of zinc and cadmium ions from wastewater employing
plain and chitosan-modified mxenes: Synthesis, characterization, and
adsorption performance”, Green Chemical Engineering, S, pp.339-
347, DOI: 10.1016/j.gce.2023.08.003.

[18] N.V. Farinella, G.D. Matos, E.L. Lehmann, et al. (2008),
“Grape bagasse as an alternative natural adsorbent of cadmium and
lead for effluent treatment”, J. Hazard. Mater., 154, pp.1007-1012,
DOI: 10.1016/j.jhazmat.2007.11.005.

[19] F.E. Okieimen, F.I. Orhorhoro (1986),
cadmium and copper ions with chemically modified cellulosic
materials”, Int. J. Environ. Anal. Chem., 24(4), pp.319-325, DOL:
10.1080/03067318608076481.

“Binding

[20] Z. Wang, G. Liu, H. Zheng, et al. (2015), “Investigating the
mechanisms of biochar’s removal of lead from solution”, Bioresour:
Technol., 177, pp.308-317, DOI: 10.1016/j.biortech.2014.11.077.

[21] X.X. Wang, T. Yang, L.R. Xiao (2012), “Study on the
adsorption performance of rice straw biomass charcoal to heavy metal
Cd2*, Acta Sci. Circumstantiae, 41, pp.2691-2699 (in Chinese).

Vietnam Journal of Science,

Technology and Engineering

[22] W.T. Tan, H. Zhou, S.F. Tang, et al. (2022), “Enhancing
Cd(II) adsorption on rice straw biochar by modification of iron
and manganese oxides”, Environ. Pollut., 300, DOI: 10.1016/.
envpol.2022.118899 118899.

[23] R. Gao, L. Xiang, H. Hu, et al. (2019), “High-efficiency
removal capacities and quantitative sorption mechanisms of Pb
by oxidized rape straw biochars”, Sci. Total Environ., 699(5),
DOI:10.1016/j.scitotenv.2019.134262.

[24]S. Salih,M. Shihab, H.N. Mohammed, et al. (2014), “Chitosan-
vermiculite composite adsorbent: Preparation, characterization, and
competitive adsorption of Cu(Il) and Cd(Il) ions”, Journal of Water
Process Engineering, 59, DOI: 10.1016/j.jwpe.2024.105044.

[25] D.H. Everett (1972), “Manual of symbols and terminology
for physicochemical quantities and units, appendix II: Definitions,
terminology and symbols in colloid and surface chemistry”, Pure
and Applied Chemistry, 31(4), pp.577-638, DOI: 10.1351/

pac197231040577.

[26] M. Kadhom, S. Salih (2023), “Enhancement of phenol
recovery from wastewater by nanofluid utilizing liquid-liquid
extraction method in a membrane-based contactor”, Chemical
Engineering Research and Design, 196(7), pp.404-412, DOI:
10.1016/j.cherd.2023.06.064.

[27] S.S. Salih, M. Kadhom, M.A. Shihab, et al. (2022),
“Competitive adsorption of Pb(II) and phenol onto modified chitosan/
vermiculite adsorbents”, J. Polym. Environ., 30, pp.4238-4251, DOI:
10.1007/510924-022-02515-0.

[28] S.S. Salih, T.K. Ghosh (2018), “Preparation and
characterization of chitosan-coated diatomaceous earth for hexavalent
chromium removal”, Environ. Process., 5, pp.23-39, DOI: 10.1007/

s40710-017-0280-5.

[29] M. Bilal, I. Ihsanullah, M. Younas, et al. (2021), “Recent
advances in applications of low-cost adsorbents for the removal
of heavy metals from water: A critical review”, Separation and
Purification Technology, 278, DOI: 10.1016/j.seppur.2021.119510.

[30] D. Simén, C. Palet, A. Costas, et al. (2022), “Agro-industrial
waste as potential heavy metal adsorbents and subsequent safe disposal
of spent adsorbents”, Water, 14(20), DOI: 10.3390/w14203298.

[31] A. Satya, A. Harimawan, G.S. Haryani, et al. (2020), “Batch
study of cadmium biosorption by carbon dioxide enriched Aphanothece
sp. dried biomass”, Water, 12(1), DOI: 10.3390/w12010264.

[32] A. Moubarik, N. Grimi (2015), “Valorization of olive stone
and sugar cane bagasse by-products as biosorbents for the removal of
cadmium from aqueous solution”, Food Research International, 73,
pp-169-175, DOI: 10.1016/j.foodres.2014.07.050.

[33] A.A. Annongu, K.R. Olayinka, A. Toye, et al. (2014), “Geo-
Assessment of chemical composition and nutritional evaluation of
moringa oleifera seeds in nutrition of broilers”, Journal of Agricultural
Science, 6(4), DOI: 10.5539/jas.v6n4p119.

SEPTEMBER 2025 « VOLUME 67 NUMBER 3



PHYSICAL SCIENCES | CHEMISTRY; LIFE SCIENCES | BIOTECHNOLOGY: ENVIRONMENTAL SCIENCES | ENVIRONMENTAL SCIENCE m

[34] N. Azouaou, Z. Sadaoui, A. Djaafri, et al. (2010),
“Adsorption of cadmium from aqueous solution onto untreated
coffee grounds: Equilibrium, kinetics and thermodynamics”, Journal
of Hazardous Materials, 184(1-3), pp.126-134, DOI: 10.1016/].
jhazmat.2010.08.014.

[35] H.N. Bhatti, B. Mumtaz, M. A. Hanif, et al. (2007), “Removal
of Zn (1) ions from aqueous solution using Moringa oleifera Lam.
(horseradish tree) biomass”, Process Biochemistry, 42(4), pp.547-
553, DOI: 10.1016/j.procbio.2006.10.009.

[36] 1. Bhatti, K. Qureshi, R.A. Kazi, et al. (2008), “Preparation
and characterisation of chemically activated almond shells by
optimization of adsorption parameters for removal of chromium VI
from aqueous solutions”, International Journal of Chemical and
Molecular Engineering, 1(10), pp.105-110.

[37] S. Yao, S. Sun, S. Wang, et al. (2016), “Adsorptive removal
of lead ion from aqueous solution by activated carbon/iron oxide
magnetic composite”, Indian Journal of Chemical Technology, 23,
pp-146-152.

[38] Z.Y. Yao, J.H. Qi, L.H. Wang (2010), “Equilibrium, kinetic
and thermodynamic studies on the biosorption of Cu(Il) onto chestnut
shell”, Journal of Hazardous Materials, 174(1), pp.137-143, DOI:
10.1016/j.jhazmat.2009.09.027.

[39] D. Ouyang, Y. Zhuo, L. Hu, et al. (2019), “Research on the
adsorption behavior of heavy metal ions by porous material prepared
with silicate tailings”, Minerals, 9(5), DOI: 10.3390/min9050291.

[40] M.M. Rao, D.K. Ramana, K. Seshaiah, et al. (2009),
“Removal of some metal ions by activated carbon prepared from
Phaseolus aureus hulls”, Journal of Hazardous Materials, 166(2),
pp-1006-1013, DOI: 10.1016/j.jhazmat.2008.12.002.

[41] V.U. Nwagbara, W.A. Iyama (2021), “Adsorption potentials
of binary metal aqueous solution by Moringa oleifera seeds biomass”,
Applied Journal of Environmental Engineering Science, 7(4), pp.431-
453, DOI: 10.48422/IMIST.PRSM/ajees-v7i4.29598.

[42] M. Mohammad, Z. Yaakob, S.R.S. Abdullah (2013), “Carbon
derived from jatropha seed hull as a potential green adsorbent for
cadmium (II) removal from wastewater”, Journal of Material, 6(10),
pp.4462-4478, DOI: 10.3390/ma6104462.

[43] H.A.E. Araby, AM.M.A. Ibrahim, A.H. Mangood, et al.
(2017), “Sesame husk as adsorbent for Copper(Il) ions removal
from aqueous solution”, Journal of Geoscience and Environment
Protection, 5(7), pp.109-152, DOI: 10.4236/gep.2017.57011.

SEPTEMBER 2025 ¢ VOLUME 67 NUMBER 3 JRIGUELS Journal of Science,

[44] V. Boonamnuayvitaya, C. Chaiya, W. Tanthapanichakoon,
et al. (2004), “Removal of heavy metals by adsorbent prepared from
pyrolyzed coffee residues and clay”, Separation and Purification
Technology, 35(1), pp.11-22, DOI: 10.1016/S1383-5866(03)00110-2.

[45] VK. Gupta (1998), “Equilibrium uptake, sorption dynamics,
process development, and column operations for the removal of
copper and nickel from aqueous solution and wastewater using
activated slag, a low-cost adsorbent”, Industrial & Engineering
Chemistry Research, 37(1), pp.192-202, DOI: 10.1021/ie9703898.

[46] G. Blazquez, M.A.M. Lara, G. Tenorio, et al. (2011), “Batch
biosorption of lead (II) from aqueous solutions by olive tree pruning
waste: Equilibrium, kinetics and thermodynamic study”, Chemical
Engineering Journal, 168(1), pp.170-177, DOIL: 10.1016/j.

cej.2010.12.059.

[47] AXK. Meena, C. Rajagopal, G.K. Mishra, et al. (2010),
“Removal of heavy metal ions from aqueous solutions using
chemically (Na2S) treated granular activated carbon as an adsorbent”,
Journal of Scientific & Industrial Research, 69(6), pp.449-453.

[48] N. Unlii, M. Ersoz (2006), “Adsorption characteristics of
heavy metal ions onto a low cost biopolymeric sorbent from aqueous
solutions”, Journal of Hazardous Materials, 136(2), pp.272-280,
DOI:10.1016/j.jhazmat.2005.12.013.

[49] V.K. Gupta, A. Rastogi (2009), “Biosorption of hexavalent
chromium by raw and acid-treated green alga Oedogonium hatei from
aqueous solutions”, Journal of Hazardous Materials, 163(1), pp.396-
402, DOI: 10.1016/j.jhazmat.2008.06.104.

[50] Y.S. Ho, C.T. Huang, H.W. Huang (2002), “Equilibrium
sorption isotherm for metal
Biochemistry, 37(12), pp.1421-1430,
9592(02)00036-5.

ions on tree
DOI:

fern”, Process
10.1016/S0032-

[51] G.M. Kay (1988), “Fluidized bed adsorption of pollutants
on to activated carbon”, The Chemical Engineering Journal, 39(2),
pp-87-96, DOI: 10.1016/0300-9467(88)80099-6 .

[52] G. Aditya, A. Hossain (2018), “Valorization of aquaculture
waste in removal of cadmium from aqueous solution: Optimization
by kinetics and ANN analysis”, Applied Water Science, 8(2), DOI:
10.1007/513201-018-0712-z.

[53] A. Hossain, S.R.A. Bhattacharyya, G. Aditya (2015),
“Biosorption of cadmium from aqueous solution by shell dust of the
freshwater snail Lymnaea luteola”, Environmental Technology &
Innovation, 4, pp.82-91, DOI: 10.1016/j.eti.2015.05.001.

Technology and Engineering



