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industries, poses significant environmental and health risks due to its persistence and
toxicity in aquatic ecosystems. Traditional treatment methods for dye-laden wastewater,

687TCICBFBTAFC including coagulation—flocculation, oxidation, and chemical precipitation, often result in
Received: 2025-03-26 high operational costs and sludge generation, prompting the need for more sustainable
alternatives. This study investigates the use of Mahogany Fruit Shell (MFS), an

Published: 2025-07-26 underutilized lignocellulosic waste, as a low-cost and eco-friendly biosorbent for MB
removal from aqueous solutions. The MFS material was prepared through washing,

DOl drying, crushing, and sieving, followed by extensive characterization using Scanning

Electron Microscopy (SEM) and Fourier Transform Infrared Spectroscopy (FTIR).
Batch adsorption experiments were conducted to assess the influence of various
parameters pH, contact time, initial dye concentration, adsorbent dosage, agitation speed,
and temperature on dye removal efficiency.

https://dx.doi.org

/10.5281/zenodo.16

e Leck) The adsorption process exhibited strong dependence on pH and contact time,

with optimal performance at pH 9 and an equilibrium time of 420 minutes. Isotherm
analysis showed that the Langmuir model best fit the equilibrium data, indicating
monolayer adsorption, while kinetic studies aligned with the pseudo-second-order
model, suggesting chemisorption. Thermodynamic parameters confirmed the process
was spontaneous and endothermic. Intraparticle diffusion analysis revealed that multiple
mechanisms governed the adsorption process. Compared to conventional and alternative
biosorbents, MFS demonstrated competitive adsorption capacity, underscoring its
o potential as a sustainable, cost-effective solution for dye removal in wastewater

treatment. This study highlights the promising valorization of agricultural waste for
environmental remediation applications.
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1.0 INTRODUCTION

Among the earliest and most widely used basic dyes is Methylene Blue (MB), first
synthesized by Heinrich Caro in 1878. MB is typically available as a dark green powder or
crystalline solid that turns blue when dissolved in water (Garg et al., 2004). Colorants, the
substances used to impart color to materials, are broadly categorized into dyes and pigments. The
key distinction lies in their solubility: dyes are soluble in the application medium, enabling them
to bond chemically or physically to the substrate, whereas pigments are insoluble and require a
binder for application (Sharma et al., 2015). Dyes are defined as colored organic substances
capable of imparting a permanent hue to textiles and other materials, resistant to degradation by
light, washing, and other environmental factors (Christie, 2007).

Historically, most synthetic dyes were derived from coal tar derivatives, a byproduct of
the distillation of coal (Sharma et al., 2015). Today, textile industries are among the most polluting
sectors, primarily due to the large volumes of wastewater generated during dyeing and finishing
processes. The discharge of colored effluents is not only aesthetically displeasing but also
environmentally detrimental, as color is often perceived as a direct indicator of water pollution
(Robinson et al., 2001).

Dye-containing wastewater arises both during the production of dyes and their subsequent
application in industries such as textiles, paper, pulp, tanning, electroplating, food processing, and
distillation. Over 100,000 commercially available dyes exist globally, with an annual production
volume of approximately 700,000 tons (Forgacs et al., 2004). It is estimated that about 2% of dyes
are lost during manufacturing, and up to 10% are discharged during dyeing operations,
contributing significantly to environmental contamination (Robinson et al., 2001).

These colored effluents pose ecotoxicological threats due to their potential
bioaccumulation in aquatic organisms, which can propagate through the food chain and ultimately
affect human health (Saratale et al., 2011). Specifically, Methylene Blue can cause serious health
issues: it may lead to eye burns and possible permanent damage upon contact, respiratory distress
upon inhalation, and symptoms such as nausea, vomiting, excessive sweating, and
methemoglobinemia upon ingestion (Oz et al., 2007). In clinical settings, however, MB has shown
therapeutic applications, notably in overcoming ifosfamide-induced neurotoxicity during
chemotherapy due to its synergistic pharmacological properties (Pelgrims et al., 2000).
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The removal of dyes from wastewater presents significant environmental and

technological challenges. Synthetic dyes are specifically engineered to be chemically and
photochemically stable, making them highly resistant to degradation by light, heat, microbial
activity, and oxidizing agents (Robinson et al., 2001). Commercial dye formulations are often
complex mixtures comprising a variety of poorly characterized compounds, frequently lacking
comprehensive structural or compositional information (Forgacs et al., 2004). Moreover, dye-
containing wastewater is not a simple aqueous solution of dyes but typically includes a wide range
of ancillary substances such as suspended solids, salts, surfactants, acids, alkalis, and residual

process chemicals, all of which further complicate the treatment process (Ali, 2010).

The increasing application of adsorption techniques in wastewater treatment is largely due
to their proven effectiveness in removing a wide array of pollutants, including synthetic dyes.
Adsorption not only ensures the production of high-quality treated water, but is also widely
recognized for its economic viability and operational simplicity (Crini & Badot, 2008). A critical
factor influencing the success of this method is the selection of a suitable adsorbent. The
development and optimization of diverse adsorbents have significantly enhanced adsorption as a

practical approach to both environmental remediation and cost-effective treatment strategies.

A wide variety of adsorbents, including sand, fly ash, clay, zeolites, polymers, carbon
nanotubes, activated carbon, and biomass-derived materials, have been evaluated for their
adsorption capabilities. For example, sand, a naturally abundant material, has been shown to
effectively adsorb methylene blue (MB) dye (Fig. 1). Bukallah et al. (2007) reported that under
optimized conditions, up to 92% of MB dye was removed from aqueous solution using sand at

ambient temperature.
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Fig. 5.1 Structure Of Methylene Blue Dye
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In an advanced approach, mesoporous carbon materials were synthesized using acid- and
alkali-treated zeolite X as a template and furfuryl alcohol as the carbon precursor via vapor
deposition polymerization. These modified carbons exhibited outstanding adsorption capacities
for MB dye. At 293 K, the carbon prepared using acid-treated zeolite X achieved a maximum
adsorption capacity of 262.87 mg/g, while the one synthesized using alkali-treated zeolite X
showed a remarkably higher capacity of 436.55 mg/g (Chen et al., 2011). These results underscore
the effectiveness of template-assisted carbon synthesis in producing high-performance adsorbents

for dye removal.

Conventional treatment processes, such as coagulation—flocculation, oxidation, chemical
precipitation, filtration, and electrochemical techniques, are often less effective in decolorizing
synthetic dyes, and typically result in the generation of large quantities of sludge that require
secondary treatment or disposal (Robinson et al., 2001). Moreover, these processes often demand
high energy inputs and the use of potentially hazardous chemicals, raising environmental and
economic concerns. As a response to these limitations, recent research has shifted focus toward
the development of low-cost, sustainable adsorbents derived from agricultural wastes, natural
materials, and industrial by-products. These alternatives offer promising potential for large-scale

implementation in dye removal applications (Demirbas, 2009).

In the present study, we introduce mahogany (Swietenia mahagoni) fruit shell, a novel,
underutilized lignocellulosic waste, as a sustainable adsorbent for the removal of Methylene Blue
(MB) from aqueous solutions. While mahogany bark has been traditionally employed in herbal
medicine for treating conditions such as malaria, diabetes, hypertension, fever, and gastrointestinal
disorders (Rivai et al., 2021), its fruit shell remains an unused biomass. Phytochemicals such as
saponins found in mahogany are known to exhibit bioactive properties, including

immunomodulation, cholesterol-lowering, and anti-inflammatory effects (Igbinosa et al., 2009).

The objective of the study was to evaluate the efficacy of mahogany fruit shell as an
adsorbent, batch adsorption experiments were conducted under varying conditions of pH, contact
time, agitation speed, and initial dye concentration. Adsorption equilibrium was analyzed using
established isotherm models such as Langmuir and Freundlich, while the kinetics were evaluated
using pseudo-first-order and pseudo-second-order models. The results demonstrated that
mahogany fruit shell is an economical, effective, and eco-friendly biosorbent for the removal of

Methylene Blue from wastewater.
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2.0 MATERIAL AND METHODS

Batch adsorption techniques have been widely employed to evaluate the efficacy of various
adsorbents in the removal of methylene blue (MB) from aqueous solutions. For instance, gypsum
has demonstrated a maximum monolayer adsorption capacity of 36 mg/g, indicating moderate
effectiveness in dye removal (Wang et al., 2010). Peat, a naturally occurring organic material, has
also been reported as an efficient adsorbent, achieving over 90% removal efficiency across various
temperatures and concentrations, with equilibrium attained within 4.5 hours (Aksu & Tezer,
2005).

2.1 Preparation of Materials and Dye Solution

In this study, untreated Mahogany Fruit Shell (MFS) was utilized as a low-cost and
environmentally friendly adsorbent for dye removal. The MFS material was collected from the campus of
Shivaji University. The fruit exhibits a dehiscent characteristic, where the mature shell bursts to release
seeds, leaving the shell as a residual waste product with no significant conventional value. These discarded
shells were gathered and processed for use as adsorbent material.

The shells were first air-dried to remove surface moisture and then thoroughly washed with tap
water to eliminate adhering dirt and impurities. Subsequently, the shells were oven-dried at 383 K, cut into
smaller pieces, and washed again to remove soluble coloring matter that could potentially interfere with
adsorption studies. After this, the cleaned and dried material was crushed, further washed to remove any
residual coloration, oven-dried again at 383 K for 24 hours, and then sieved using a BSS 25 mesh to obtain
uniform particle sizes suitable for adsorption experiments. This methodology follows standard practices in
the preparation of lignocellulosic biomass for adsorptive applications (Demirbas, 2008; Babel &
Kurniawan, 2003).

The dye used in the study was Methylene Blue (MB), a widely used cationic dye in textile and
paper industries, with the molecular formula CisHisCINsS and a maximum absorption wavelength of 670
nm (Banat et al., 1996). A stock solution was prepared by dissolving 1 g of MB in 1 dm3 of deionized
water. Working solutions of desired concentrations were then prepared through appropriate dilutions of the
stock solution. All reagents used in the study were of analytical grade and were procured from S.D. Fine
Chem Ltd., India.

2.2 Characterization of Adsorbent

The characterization of MFS was carried out using multiple analytical techniques to evaluate its
structural, elemental, and surface properties. Scanning Electron Microscopy (SEM) (JEOL JSM-6360) was
employed to analyze the surface morphology of the adsorbent before and after the adsorption of MB. SEM
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images revealed that the surface of MFS was initially rough and irregular. After dye adsorption, the surface

appeared smoother, indicating the probable formation of an adsorbed dye layer, which is consistent with
physical or chemical interaction between the adsorbent and adsorbate (Foo & Hameed, 2010).
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Fig.5.2 FTIR spectrum of MSF

Fourier Transform Infrared Spectroscopy (FTIR) analysis was conducted using a Perkin Elmer
Spectrum 100 instrument to identify the functional groups present on the surface of the adsorbent, both
before and after dye uptake. The spectrum before adsorption (Fig. 5.2) exhibited a broad peak at around
3400 cm ™ indicating O—H stretching vibrations, and a peak at 2923 cm™* corresponding to C—H stretching.
Peaks observed at 1733, 1626, 1434, 1372, 1250, 1049, and 896 cm™ were attributed to C=0O stretching
(carbonyl), N-H bending (amide), —CH. vibrations (from cellulose), symmetric N=0O stretching, C-O
stretching, C—H bending, and =C—H bending, respectively. These functional groups suggest the presence
of cellulose, hemicellulose, and lignin components in MFS, which are known to facilitate dye binding (El
Haddad et al., 2013).

Quantitative elemental composition was determined using a C, H, N, S elemental analyzer (Quanta
3D FEI), which confirmed that carbon was the most abundant element in the adsorbent, consistent with the
lignocellulosic nature of MFS. Other physical properties including ash content, moisture content, and bulk

density were measured and are presented in Table 5.1.
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Batch adsorption experiments were employed to investigate the removal of methylene blue

2.3 Batch Adsorption Experiments

(MB) dye from aqueous solutions using Mahogany Fruit Shell (MFS) as the adsorbent. The initial
concentration of MB was systematically varied from 100 to 700 mg/dm3, while maintaining a
fixed adsorbent dosage of 450 mg/dm3 for isotherm studies. Each experiment was conducted in
250 mL Erlenmeyer flasks containing 100 mL of dye solution. The suspensions were agitated at
180 rpm using an orbital shaker for a contact time of 420 minutes to ensure equilibrium was
reached. The experiments were performed at a constant temperature of 299 + 2 K and at an initial
pH of 9, which is favorable for cationic dye adsorption due to the increased number of negatively
charged surface sites on the adsorbent (Crini & Badot, 2008; Rafatullah et al., 2010). For the
evaluation of thermodynamic parameters, the adsorption studies were also conducted at varying
temperatures ranging from 303 K to 323 K. The equilibrium adsorption capacity of MFS was
calculated based on the difference between the initial and final concentrations of MB in solution,

following standard adsorption protocols (Ho & McKay, 1999).
3.0 RESULT

3.1 Analysis of Adsorbent

Fourier Transform Infrared Spectroscopy (FTIR) analysis was employed to identify the functional
groups involved in the adsorption process. The FTIR spectra of Mahogany Fruit Shell (MFS) before
adsorption (Fig. 5.3(A)), Methylene Blue (MB) dye (Fig. 5.3(B)), and MB-adsorbed MFS (Fig. 5.3(C))
clearly demonstrate the successful interaction between MB and MFS. Spectral bands were primarily
observed in the region of 2000400 cm™, and noticeable shifts and peak merging were evident upon

adsorption, indicating chemical interactions.

In Fig. 5.3(C), a peak at 1736 cm™ corresponds to C=O stretching, slightly shifted from 1733 cm™!
in the original MFS spectrum, suggesting involvement of carbonyl groups. The peak at 1626 cm™ (N-H
bending in MFS) and the 1601 cm™ band (C=C stretching in MB) appeared merged in the MB-loaded MFS
spectrum as a broad band at 1620-1602 cm™. Similarly, the peak at 1508 cm™ (C=N stretching in MB)
was shifted from 1488 cm™, and the peak at 1383 cm™ resulted from overlapping of MB and MFS bands
originally at 1372 and 1396 cm™, respectively. A shift from 1356 cm™ to 1330 cm™ was also observed,
indicating C—H bending in MB. Moreover, the C-O stretching peak at 1250 cm™ in MFS was slightly
shifted to 1248 cm™ after adsorption. Additional merged peaks at 1051 cm™ were attributed to C=S
stretching and a strong C—O peak from MFS. The aromatic C=C bending at 886 cm™ in MB was slightly

shifted to 889 cm™ after adsorption, confirming dye interaction with the adsorbent.
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Fig.5.3 FTIR spectrum of (A) MSF, (B) MB and (C) MB adsorbed on MSF

These spectral shifts and band merging confirm the successful adsorption of MB onto MFS and
are consistent with findings reported in similar FTIR-based adsorption studies (Ali et al., 2012; Hameed et
al., 2009; Senthil Kumar et al., 2010). Scanning Electron Microseopy (SEM) images further corroborate
the adsorption behavior. As shown in Fig. 5.4(A) and Fig. 5.4(B), the MFS surface was initially rough and
porous; post-adsorption, it appeared to have a smoother texture with a visible surface coating, likely
resulting from dye deposition. Similar morphological changes upon adsorption have been previously
reported (Bello et al., 2017; Crini & Lichtfouse, 2019).

Z8kU X1, 8808 18rpm BBBZ SUK-PHY

Fig.5.4 (A) SEM image before adsorption of MB
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Z8ky X1, 868 18rmm BEBZ SUK-PHY

Fig.5.4 (B) SEM image after adsorption of MB
3.2 Effect of pH

pH is a critical parameter in adsorption studies due to its significant impact on the surface charge
of the adsorbent and the ionization of the adsorbate. In the present study, the effect of pH on MB adsorption
was investigated by varying pH from 1 to 11, using an initial dye concentration of 100 mg/dm3 and 450 mg
of MFS at a constant temperature of 299 + 2 K, with agitation at 180 rpm for 420 minutes.
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Fig.5.5 Effect of pH on removal, % and amount of MB adsorbed, mg/g
MB=100mg/dm? Time=420min, T=299+2K,MSF=450mg,agitationspeed=180rpm
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The results (Fig. 5.5) show that adsorption increased with pH, reaching a maximum at pH 9, where

the removal efficiency was 99.05%, and the adsorption capacity reached 11.01 mg/g. At pH 6, the dye
removal was 98.24% with a slightly lower adsorption capacity of 10.91 mg/g. Therefore, pH 9.0 was
selected for subsequent experiments. The enhanced adsorption at alkaline pH is attributed to electrostatic
attraction between negatively charged MFS surface and the cationic MB dye. At lower pH, competition
between excess H ions and MB cations for adsorption sites results in reduced dye uptake (Hameed, 2009;

Cengiz & Cavas, 2008).
3.3 Effect of Contact Time

The influence of contact time on MB adsorption was examined over a range of 0 to 600 minutes
using 100 mg/dm3 MB solution at pH 9, 450 mg MFS, and a constant agitation speed of 180 rpm. The
results (Fig. 5.6) demonstrate rapid dye removal in the initial stages, followed by a slower adsorption rate

as equilibrium approached, with saturation reached after approximately 420 minutes.
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Fig.5.6 Effect of shaking period on removal, % and amount adsorbed, mg/g of MB
MB=100mg/dm? pH=9,T=299+2K,MFS=450mg,agitationspeed=180rpm
This behavior is attributed to the abundant availability of active sites during the initial phase, which
become increasingly occupied over time. As the number of unoccupied sites diminishes, intraparticle
diffusion and repulsive interactions between adsorbed and free dye molecules slow the adsorption process
(Ho & McKay, 1999). After equilibrium was reached, further increases in contact time did not significantly

affect adsorption performance. Similar kinetic behavior has been reported in adsorption studies involving
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other biomass materials, such as hazelnut shells (Bulut & Aydin, 2006).
3.4 Effect of Initial Methylene Blue (MB) Concentration

The impact of initial MB concentration on the adsorption process was evaluated by varying the dye
concentration from 100 to 700 mg/dm? while maintaining other experimental parameters constant. The
results (Fig. 5.7, Table 5.4) indicate that the adsorption capacity of MFS, expressed as equilibrium uptake
Qe, increased from 11.01 mg/g to 50.73 mg/g with increasing initial MB concentration. This enhancement
in ge can be attributed to the higher driving force provided by the elevated concentration gradient, which
helps to overcome the mass transfer resistance between the aqueous phase and the solid surface (Crini &
Badot, 2008).

However, the percentage removal of MB exhibited a decreasing trend, dropping from 99.05% at
100 mg/dm?3 to 65.23% at 700 mg/dms3. This inverse relationship occurs because, at higher concentrations,
the available adsorption sites become saturated, leading to reduced removal efficiency. Similar trends have

been observed with other adsorbents, such as meranti sawdust (Hameed et al., 2007).
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Fig.5.7 Effect of initial concentration of MB on amount adsorbed, mg/g and removal,% of MB
Time=420min,pH=9,T=299+2K,MFS=450mg,agitationspeed=180rpm

3.5 Effect of Adsorbent Dosage

To investigate the influence of adsorbent dosage, the MFS amount was varied from 50 to 450 mg
in a 100 mg/dm3 MB solution at a constant temperature of 299 + 2 K. As illustrated in Fig. 5.8 and Table
5.5, the percentage of MB removal increased substantially with increasing adsorbent dosage. A minimal
removal efficiency of 4.33% was observed at 50 mg of MFS, whereas a maximum removal of 99.05% was

achieved with 450 mg.
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This enhancement can be explained by the increase in the number of available active binding sites

as more adsorbent is introduced into the system. However, the adsorption capacity per unit mass of
adsorbent decreased with increasing dosage. This decline is likely due to aggregation of particles at higher
dosages, which leads to a decrease in effective surface area and fewer accessible active sites per gram of
adsorbent (Kannan & Sundaram, 2001; Bhattacharyya & Sharma, 2004). This phenomenon has also been
documented in earlier studies (Ozer, 2006; Cengiz & Cavas, 2008).
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Fig. 5.8 Effect of adsorbent dosage on removal (%) and amount adsorbed (mg/g) of MB
MB=100mg/dm?3, Time=420min,pH=9,T=299+2K ,agitationspeed=180rpm
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Fig. 5.9 Effect of agitating speed on removal (%) and amount adsorbed (mg/g) of MB
MB=100mg/dm?3 Time=420min,T=299+2K,MFS=450mg,pH=9
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Agitation speed plays a significant role in batch adsorption by influencing the thickness of the

3.6 Effect of Agitation Speed

boundary layer around the adsorbent and promoting mass transfer of solutes from the bulk solution to the
adsorbent surface. In this study, agitation speed was varied from 50 to 240 rpm, keeping other parameters

constant.

As shown in Fig. 5.9 and Table 5.6, both the amount adsorbed and the percentage removal of MB
increased with agitation speed. At 50 rpm, only 50.75% of MB was removed, whereas removal efficiency
reached 99.05% at 180 rpm. Beyond this point, further increases in agitation speed had negligible impact
on adsorption performance, indicating that equilibrium was achieved. Therefore, 180 rpm was selected as
the optimum agitation speed for further experiments. These observations are in agreement with previous

findings on agitation effects in dye adsorption studies (Sivakumar & Palanisamy, 2009; Tan et al., 2008).
4.0 DISCUSSIONS

4.1 Adsorption Isotherm

Adsorption isotherms are critical for understanding the interaction between adsorbate and
adsorbent at equilibrium under constant temperature. They express the relationship between the amount of
solute adsorbed per unit mass of adsorbent (ge) and the equilibrium concentration of the solute in the
solution (Ce). These models help determine the adsorption capacity and provide insights into the

mechanism of adsorption (Foo & Hameed, 2010).
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Fig. 5.10 Adsorption isotherm for adsorption of MB on MSF
Time=420min, T=299+2K,MFS=450mg,pH=9,agitationspeed=180rpm
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In the present study, the equilibrium adsorption data for methylene blue (MB) dye onto MFS were
evaluated by plotting g. against Ce (Fig. 5.10, Table 5.7). The equilibrium adsorption capacity increased
with increasing dye concentration, indicating enhanced interaction between MB molecules and the
adsorbent surface. Among the various adsorption isotherm models reported in the literature, the Langmuir
and Freundlich models are the most widely applied and were used in this study to analyze the adsorption
behavior (Crini & Badot, 2008; Tan et al., 2008).

4.2 Langmuir Isotherm

The Langmuir isotherm assumes monolayer adsorption onto a surface with a finite number of
identical sites, where each site can hold only one molecule and there is no interaction between adsorbed
molecules. It is widely employed to describe adsorption processes involving chemisorption or

homogeneous surface energies (Langmuir, 1918).
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Fig. 5.11 Langmuir isotherm for adsorption of MB on MSF
Time=420min, T=299+2K,MFS=450mg,pH=9,agitation speed=180rpm
For the Langmuir analysis, the initial MB concentration was varied from 100 to 700 mg/dm? under constant
experimental conditions. A plot of Ce/qe versus Ce (Fig. 5.11, Table 5.8) yielded a linear relationship, with

the slope corresponding to 1/qm and the intercept equal to /K gm, where:
e (m: Maximum monolayer adsorption capacity (mg/g),
e Ky Langmuir equilibrium constant (dm3/mg),

e Ce: Equilibrium concentration (mg/dm3),
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A key parameter in Langmuir theory is the dimensionless separation factor (R.), calculated using the

e {e: Amount adsorbed at equilibrium (mg/g).

expression:
RL=1/[1+K.Cq]

where Cy is the initial dye concentration. The R values ranged from 0.039 to 0.913, indicating favorable
adsorption (0 R. <1) (Weber & Chakravorti, 1974). The high correlation coefficient (R?) obtained suggests
an excellent fit of the data to the Langmuir model, confirming that MB adsorption onto MFS proceeds via

monolayer coverage.
4.3 Freundlich Isotherm

The Freundlich isotherm is an empirical model that assumes multilayer adsorption on a
heterogeneous surface with a non-uniform distribution of heat of adsorption over the surface. This model
is particularly suitable when the adsorption sites are diverse and energetically heterogeneous (Freundlich,
1906). A plot of log ge Vs. log Ce (Fig. 5.12, Table 5.10) produced a linear graph, from which the Freundlich

constants KFK_FKF and 1/n1/n1/n were obtained from the intercept and slope, respectively:
e Kg Freundlich constant related to adsorption capacity,

e 1/n: Empirical parameter indicating adsorption intensity or surface heterogeneity.
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Fig. 5.12 Freundlich adsorption isotherm for adsorption of MB on MSF
Time=420min, T=299+2K,MFS=450mg,pH=9,agitationspeed=180rpm
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The values are listed in Table 5.11. A value of 1/n <1 indicates favorable adsorption and suggests

that the adsorption process is physisorption in nature. However, comparison of correlation coefficients from
both isotherm models revealed that the Langmuir model provided a better fit than the Freundlich model,

suggesting a predominantly monolayer adsorption mechanism on a homogeneous surface.

4.4 Adsorption Kinetics

Adsorption kinetics provide insight into the rate and mechanism of adsorbate uptake by the
adsorbent. In this study, kinetic experiments were conducted under constant pH, agitation speed, and
temperature, while monitoring the adsorption of methylene blue (MB) onto MFS at various time intervals

ranging from 0 to 420 minutes.

To elucidate the adsorption mechanism, pseudo-first-order and pseudo-second-order kinetic models were

applied. The pseudo-first-order kinetic model is expressed by the Lagergren equation:

k1
log{g. — @} =log q- — mt

where ge and g are the adsorption capacities at equilibrium and at time t, respectively, and ki is the rate
constant (Lagergren, 1898). A linear plot of log (qe - gy Vs. t (Fig. 5.13, Table 5.12) was obtained. However,
the model showed poor correlation (R? = 0.932), indicating limited applicability in describing the

experimental data.
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Fig. 5.13 Pseudo-first order plot for adsorption of MB on MSF
MB=100mg/dm? T=299+2K,MFS=450mg,pH=9,agitationspeed=180rpm
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The pseudo-second-order kinetic model assumes chemi-sorption as the rate-limiting step and is represented

by:

t 1 t

2
* R G

where ko is the rate constant of pseudo-second-order adsorption. A plot of t/g: Vs. t (Fig. 5.14, Table 5.13)

yielded a higher correlation coefficient and better alignment with experimental values (Table 5.14),

suggesting that the adsorption of MB onto MFS follows the pseudo-second-order model more accurately

(Ho & McKay, 1999).

50

40

30 4

20 ..

10 *

0 100 200 300 400 500

t min

Fig. 5.14 Pseudo-second order plot for adsorption of MB on MSF
MB=100mg/dm?3 T=299+2K,MFS=450mg,pH=9,agitationspeed=180rpm
4.5 Intraparticle Diffusion Study

To further examine the adsorption mechanism, the intraparticle diffusion model proposed by
Weber and Morris (1963) was employed. This model evaluates whether intraparticle diffusion is the rate-

limiting step during adsorption, using the equation:
@ = kigt'? + C

where kiq is the intraparticle diffusion rate constant and C is the intercept related to the boundary layer
effect.
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The plot of q: Vs. t¥2 (Fig. 5.15, Table 5.15) did not pass through the origin, indicating that
intraparticle diffusion was not the sole rate-controlling step. Instead, adsorption involved multiple steps,
including initial external surface adsorption followed by gradual intraparticle diffusion. The absence of a
distinct multi-linear region in the plot suggests that both mechanisms—surface adsorption and intraparticle
diffusion—were simultaneously active throughout the process (Weber & Morris, 1963).

14

12 v

10 M

qt

112
t

Fig. 5.15 Intraparticle diffusion plot for adsorption of MB on MSF
MB=100mg/dm?3,T=299+2K,MFS=450mg,pH=9,agitationspeed=180rpm

4.6 Adsorption Thermodynamics

Thermodynamic parameters provide valuable information about the nature and feasibility of the
adsorption process. Experiments were conducted at temperatures ranging from 303 K to 323 K, in 5 K
intervals, while keeping all other variables constant. The adsorption capacity increased from 53.05 to 61.85

mg/g with temperature, indicating an endothermic adsorption process (Fig. 5.16, Table 5.17).

Thermodynamic parameters including the standard Gibbs free energy change (AGe), standard

enthalpy change (AHe), and standard entropy change (ASe) were calculated using the van’t Hoff equation:

—AH"® n AS®
RT R

K, =

where K¢ is the equilibrium constant, R is the universal gas constant, and T is the temperature in Kelvin. A
linear plot of In K¢ Vs. /T (Fig. 5.17, Table 5.18) allowed the determination of AHe and ASe from the

slope and intercept, respectively.
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Fig. 5.16 Effect of temperature on amount adsorbed of MB on MSF
MB=700mg/dm3, Time=420min,MFS=450mg,pH=9,agitationspeed=180rpm
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Fig. 5.17 VVan't Hoff plots for adsorption of MB on MSF
MB=700mg/dm?, Time=420min,MFS=450mg,pH=9,agitationspeed=180rpm

The thermodynamic parameters listed in Table 5.19 show that the negative values of AGe confirm
the spontaneity and feasibility of the adsorption process. The positive AHe value confirms its endothermic
nature, and the positive ASe value suggests increased randomness at the solid—solution interface, possibly
due to structural rearrangements or increased mobility of dye molecules during adsorption (Saha et al.,

2010; Kannan & Sundaram, 2001).
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The adsorption capacity of MFS was compared with that of other adsorbents reported in the

4.7 Comparison of Adsorption Capacity of MFS with Other Adsorbents

literature (Table 5.20). The comparison revealed that MFS demonstrates a competitive adsorption
performance for MB removal, with advantages in terms of cost-effectiveness and environmental
sustainability, making it a promising material for large-scale wastewater treatment applications (Crini &
Badot, 2008; Tan et al., 2008).

5.0 CONCLUSIONS

The present study demonstrates the potential of mahogany fruit shell (MFS), a low-cost
and environmentally sustainable lignocellulosic waste, as an effective biosorbent for the removal
of methylene blue (MB) from aqueous solutions. Through comprehensive experimental
investigations, including characterization, adsorption isotherm analysis, kinetic modeling, and
thermodynamic evaluation, the efficacy and underlying mechanisms of MB adsorption onto MFS

were elucidated in detail.

Characterization studies using Scanning Electron Microscopy (SEM) and Fourier
Transform Infrared Spectroscopy (FTIR) confirmed that the surface morphology and functional
groups of MFS played significant roles in facilitating the adsorption process. SEM images
revealed a rough and porous surface prior to adsorption, which became smoother following MB
uptake, indicating successful dye deposition. FTIR spectra showed significant shifts and peak
merging after adsorption, suggesting the involvement of hydroxyl, carboxyl, and other functional

groups in chemical interaction with MB molecules.

Batch adsorption experiments indicated that the adsorption capacity and efficiency of MFS
were influenced by several key operational parameters, including solution pH, contact time, initial
dye concentration, adsorbent dosage, agitation speed, and temperature. Optimal adsorption was
observed at pH 9, with equilibrium achieved around 420 minutes. Maximum adsorption capacity
was found to increase with rising initial dye concentration, though the percentage removal
efficiency decreased at higher concentrations due to saturation of active sites. Increased adsorbent
dosage and agitation speed enhanced dye removal, while higher temperatures favored adsorption,

indicating the endothermic nature of the process.

Adsorption isotherm analysis showed that the equilibrium data fitted better to the

Langmuir model than the Freundlich model, suggesting monolayer adsorption on a homogeneous
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surface. The maximum monolayer adsorption capacity (q_max) calculated from the Langmuir
model confirms the high uptake potential of MFS compared to many other low-cost adsorbents

reported in the literature.

Kinetic studies revealed that the adsorption of MB onto MFS followed a pseudo-second-
order model more closely than the pseudo-first-order model, indicating that chemisorption might
be the rate-limiting step involving valence forces through sharing or exchange of electrons
between adsorbent and adsorbate. Intraparticle diffusion analysis suggested that dye uptake
occurred via a multi-step process involving both surface adsorption and gradual pore diffusion,

with no single mechanism solely responsible for the adsorption process.

Thermodynamic parameters further supported the spontaneous and endothermic nature of
the adsorption. The negative Gibbs free energy change (AG®) values confirmed the feasibility of
the process, while the positive enthalpy change (AH®) indicated heat absorption during dye
adsorption. The positive entropy change (AS®) reflected increased disorder at the solid-liquid
interface, possibly due to desolvation and structural changes occurring on the adsorbent surface.

In summary, this study confirms that MFS is a highly promising biosorbent for the removal
of MB from wastewater. Its high adsorption efficiency, coupled with advantages such as low cost,
abundance, renewability, and ease of processing, make it an attractive alternative to conventional
adsorbents. Furthermore, the valorization of this otherwise discarded biomass contributes to waste
minimization and promotes sustainable environmental practices. Future research could focus on
the regeneration and reuse potential of MFS, column studies for continuous-flow treatment, and

scale-up for industrial applications.
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