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Abstract

This study investigates the potential of jackfruit peel, an agricultural waste, as a sustainable and low-cost
adsorbent for removing methylene blue (MB) dye from wastewater. Adsorption parameters, including adsorbent
dosage (0.15-0.45 g), initial dye concentration (5-300 mg/L), pH (3-9), temperature (30-55 °C), and contact
time (3—-90 minutes), were systematically optimized. The highest adsorption capacity (36.48 mg/g) was achieved
within 5 minutes, indicating rapid kinetics and strong dye affinity. The process was most effective at pH 9,
consistent with the pH,,. value of 4.92, which enhances electrostatic attraction between the negatively charged
adsorbent surface and the cationic dye. Isotherm fitting revealed multilayer adsorption on a heterogeneous
surface, as described by the Freundlich and Temkin models. Surface characterization showed an irregular
morphology and a BET surface area of 4.006 m?/g. Thermodynamic analysis confirmed that the process is
spontaneous and endothermic. The substantial annual availability of jackfruit peel, along with its sustainable
processing and high adsorption efficiency, makes it an excellent eco-friendly adsorbent for wastewater treatment.
This abundant by-product offers a cost-effective alternative to traditional adsorbents and demonstrates its
practical utility in removing pollutants like methylene blue dye. Additionally, its chemical-free preparation
process ensures that jackfruit peel is safe, scalable, and environmentally friendly, making it a viable solution for
both community-level and industrial-scale applications.
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1. Introduction

Environmental issues arising from the dyeing
industry have become a global concern due to the
discharge of wastewater containing dyes and
chemicals into natural water sources, which negatively
impacts ecosystems and human health. The dyes used
in the dyeing process are often complex chemical
substances that are not easily biodegradable in nature.
When released untreated, these dyes can cause long-
term degradation of water quality, reduce light
penetration in aquatic environments, and disrupt
photosynthesis in aquatic plants, ultimately harming
aquatic life and biodiversity. Moreover, the toxic and
carcinogenic nature of many dyes poses serious risks
to both aquatic organisms and humans through
bioaccumulation and biomagnification in the food
chain. Therefore, the development of efficient and
environmentally friendly wastewater treatment
methods is crucial to mitigate these adverse effects.
[1-3]

Methylene blue (MB), a common cationic dye,
contains aromatic amines known to be potentially
carcinogenic. Prolonged exposure to MB can cause
severe health issues, including increased heart rate,
vomiting, shock, tissue damage, and other systemic
complications. Its widespread use in textile, paper, and
pharmaceutical industries make it a prevalent pollutant
in industrial effluents. Consequently, effective

removal of MB from wastewater is essential to protect
environmental and public health on a global scale. [4]

Various chemical and physical treatment methods
have been developed for dye removal, including
membrane composite filtration, [5] photocatalysis, [6]
coagulation-flocculation, [7] and adsorption. [8]
Among these, adsorption has emerged as a particularly
effective technique due to its simplicity, versatility,
and cost-effectiveness. [9] Adsorption processes do
not require complex infrastructure, are easy to operate
and maintain, generate minimal sludge compared to
chemical treatments, and can be applied to a wide
range of contaminants. Moreover, adsorption enables
the recovery and regeneration of adsorbents, making it
a sustainable and environmentally friendly approach
to wastewater treatment. [10]

In recent years, considerable attention has been
given to natural and low-cost adsorbent materials
derived from agricultural byproducts and waste
materials, which provide an eco-friendly alternative to
conventional synthetic adsorbents. Examples include
bagasse from sugarcane [11], coconut shells [12], corn
cobs [13] and fruit peels [14]. These materials are
abundant, renewable, biodegradable, and often require
minimal processing, thereby reducing both economic
and environmental costs associated with adsorbent
production and disposal. [15]

Jackfruit (Artocarpus heterophyllus) is cultivated
across all regions of Thailand and prefers a hot, humid
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climate. According to the Department of Agricultural
Extension national production totaled 69,560 tons per
year, with an average price of 13.10 baht/kg, yielding
a market value of 911.24 million baht. Approximately
60% of this yield is jackfruit peel, generating around
41,736 tons of agricultural waste annually. [16]

Jackfruit peel, an abundant agricultural byproduct,
has attracted attention for its potential as a natural
adsorbent in environmental remediation. Its
availability and inherent surface properties make it a
promising candidate for removing pollutants such as
synthetic dyes from wastewater. Utilizing such
biomass not only addresses agricultural waste
management but also aligns with circular economy
principles by transforming waste into value-added
materials. In addition, the preparation process of
jackfruit peel as an adsorbent is simple, non-complex,
and does not involve the use of chemicals, making it
environmentally friendly. This allows for practical
application by farmers and community enterprises in
treating dye-contaminated wastewater from traditional
textile production. Furthermore, it can also be scaled
up for use in industrial settings, as the raw material is
abundantly available and the production cost is
relatively low. Integrating these natural adsorbents
into wastewater treatment systems presents a
sustainable strategy to mitigate dye pollution and
reduce dependence on non-biodegradable synthetic
materials. [17] Previous studies have shown that oven
dried jackfruit peel can adsorb dyes, but with limited
capacity (1.98-4.361 mg/g) [18] compared to
activated carbon derived from jackfruit peel, which
achieves significantly higher values (10.43—
400.06 mg/g). [19] However, the preparation of
activated carbon requires chemical treatment and high
energy input. This highlights the need for simpler,
low-cost, and eco-friendly alternatives with improved
adsorption performance. /

This study investigates the potential of jackfruit
peel (Artocarpus heterophyllus), an abundant and
underutilized agricultural by-product, as a low-cost,
biodegradable, and eco-friendly adsorbent for the
removal of methylene blue (MB) dye from aqueous
solutions. Given the increasing environmental
concerns over dye pollution in industrial effluents,
especially from textile operations, the development of
sustainable adsorbents derived from biomass offers a
promising alternative to conventional treatment
methods. Jackfruit peel is locally available, renewable,
and typically discarded as waste, yet it holds
significant potential for value-added applications.

From a sustainability perspective, the use of
jackfruit peel aligns with the principles of circular
economy by transforming organic waste into a
functional material for environmental remediation. Its
preparation requires minimal energy and chemical
input, resulting in a low carbon footprint. Moreover,
the material is safe, biodegradable, and compatible
with decentralized or small-scale treatment systems—
making it especially suitable for rural or resource-

limited communities. The valorization of such
biomass not only reduces environmental burdens from
agricultural waste disposal but also decreases reliance
on synthetic, non-renewable adsorbents. The research
systematically explores the influence of key
operational parameters—including adsorbent dosage,
initial dye concentration, pH, and temperature—on
dye removal efficiency. Adsorption isotherms and
thermodynamic analyses (AG°, AH®, AS®) are also
conducted to evaluate the mechanism and spontaneity
of the adsorption process. Surface morphology,
examined through Scanning Electron Microscopy
(SEM), provides insights into the porous structure and
functional sites of the jackfruit peel. By integrating
performance  evaluation  with  sustainability
considerations, this study aims to highlight jackfruit
peel as a viable and environmentally responsible
solution for wastewater treatment. The findings
contribute to the advancement of green technologies
and promote the utilization of renewable resources in
addressing water pollution challenges, particularly in
the dyeing and textile industries. [20]

2. Materials and Methods

The Jackfruit peel (Artocarpus heterophyllus) was
sourced from Narathiwat Province. Methylene blue
(MB) dye was procured from Sigma-Aldrich,
Bangalore, India. The molecular structure of
methylene blue as well as its physicochemical
characteristics are shown in Figure 1 and Table 1,
respectively. The optical density of the dye solution
was measured using a UV-vis spectrophotometer
(Shimadzu 1800), the absorbance of MB solutions at
the maximum wavelength (Amax) of 665 nm. [21],[22]
Reagents used in the experiments were of analytical
grade.
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Figure 1 Methylene blue molecular structure

Table 1 Methylene blue physicochemical properties

Parameters Value
Molecular formula Ci6HisCIN3S
Molecular weight 319.85 g.mol"!
Dye family Basic
Maximum wavelength (Amax) 664-665 nm
Solubility nghly soluble

in water
. ~1.25 g/cm?
Density (solid form)
Positive
Charge (cationic dye)
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2.1 Preparation of materials

The jackfruit peel was cut into small pieces,
approximately 1 x 1 cm? in size, washed thoroughly,
and then dried in a hot air oven at 50°C for 24 hours.
The dried pieces were ground into a fine powder and
sifted through a 0.25 mesh sieve. The powder was then
dried again at 60°C for 24 hours, resulting in light
brown jackfruit peel powder, which was stored in a
moisture-absorbing  container. The preparation
process of the jackfruit peel adsorbent is shown in
Figure 2.

Figure 2 The preparation process of the jackfruit
peel adsorbent.

2.2 Characterization techniques

The surface morphology of the prepared jackfruit
peel adsorbent was examined using a scanning
electron microscope (SEM, Quanta 400), revealing a
porous and heterogeneous structure. To further
investigate its textural properties, the specific surface
area was determined by the Brunauer—Emmett—Teller
(BET) method [23], using a high-pressure volumetric
analyzer (Quantachrome Instruments, version 5.21).
The BET surface area was calculated from a five-point
nitrogen adsorption isotherm, with data collected up to
a relative pressure (P/Po) of 0.3. Ultra-high-purity
nitrogen (N2) was used as the adsorbate during the
analysis.

2.3 Adsorption experiments

The adsorption performance of the prepared jack
fruit peel was evaluated using methylene blue (MB) as
a model dye. A UV—Visible spectrophotometer was
employed to measure the absorbance of MB solutions
at the maximum wavelength (Amax) of 665 nm. The
initial and residual concentrations of MB were
determined to calculate the adsorption efficiency.

The experiments were conducted under varying
operational conditions to determine the optimal
parameters for effective dye removal. The
experimental steps are shown in Figure 3.

The studied parameters included adsorbent dosage,
initial dye concentration, pH of the dye solution, and
temperature. The contact time was maintained at a
constant 90 minutes for all experiments.

The study of the amount of jackfruit peel adsorbent
was conducted using different amounts of jackfruit
peel: 0.15, 0.30, and 0.45 grams, with a methylene
blue dye concentration of 10 mg/L and a volume of
100 mL. The mixture was then shaken at 320 rpm, and
samples of the methylene blue dye were collected at 3,

5, 10, 30, 60, and 90 minutes until adsorption
equilibrium was reached. The samples were then
centrifuged at 3000 rpm for 5 minutes, and the
absorbance was measured wusing a UV-Vis
spectrophotometer at the maximum wavelength (Amax)
of methylene blue, which is 665 nm.
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Figure 3 Adsorption experimental process

The study of the effect of MB concentration on
adsorption, that was conducted by varying the dye
concentrations to different levels: 5, 10, 50, 100, 150,
and 300 mg/L. A 0.15 g sample of jackfruit peel was
placed in a 250 mL conical flask, and methylene blue
dye at the different concentrations was added. The
mixture was then shaken at 320 rpm, and samples of
the methylene blue dye were collected at 3, 5, 10, 30,
60 and 90 minutes until adsorption equilibrium was
reached. The samples were then centrifuged at 3000
rpm for 3 minutes. The absorbance of the dye was
measured, and the amount of methylene blue
remaining in the solution was analyzed using a
spectrophotometer.

The effect of pH on methylene blue (MB) dye
adsorption was investigated at pH levels of 3, 5, and 9.
A 0.15 g sample of jackfruit peel was added to a 250
mL conical flask containing 100 mL of methylene blue
dye solution at a concentration of 150 mg/L, adjusted
to the specified pH levels. The mixtures were then
shaken at 320 rpm, and samples were collected at 3, 5,
10, 30, 60, and 90 minutes to monitor adsorption
equilibrium. Following the adsorption process, the
samples were centrifuged at 3000 rpm for 3 minutes.
The absorbance of the dye was measured, and the
amount of methylene blue remaining in the solution
was determined using a UV-Vis spectrophotometer.

The effect of temperature on the adsorption of
methylene blue (MB) dye was studied at 30°C, 35°C,
and 55°C. A 0.15 g sample of jackfruit peel was placed
in a 250 mL conical flask, and 100 mL of 150 mg/L
methylene blue dye solution was added. The mixture
was then shaken at the respective temperatures at a
speed of 320 rpm. Samples were collected at 3, 5, 10,
30, 60, and 90 minutes until adsorption equilibrium
was reached. The samples were then centrifuged at
3000 rpm for 3 minutes. The absorbance of the dye
was measured, and the amount of methylene blue
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remaining in the solution was analyzed using a
spectrophotometer.

The supernatant from all samples was analyzed
using UV—Vis spectroscopy to determine absorbance
and assess the remaining dye concentration. Each
experiment was conducted in triplicate to ensure
accuracy and reproducibility. The percentage removal
of methylene blue (MB), which evaluates the
adsorption efficiency of the prepared jackfruit peel,
was calculated using Eq. (1). The equilibrium
adsorption capacity (mg/g), representing the amount
of pollutant adsorbed under specified conditions, was
calculated using Eq. (2). In these equations, V (L) and
W (g) represent the solution volume and adsorbent
mass, respectively. The equations and definitions of
the variables are presented below. [24]

Ci_ce

% removal = ( ) X 100 1)

i

0= () <V @

where:

Ci = initial concentration (mg/L)

C. = equilibrium concentration (mg/L)

ge = equilibrium adsorption capacity, (mg/g)

V = solution volume (L)

W= adsorbent mass (g)
2.4 The pH at point of zero charge

The pH at point of zero charge (pHp.) was
determined using the drift method. A 0.10 M HCl and
NaOH solution were employed to adjust the pH of a
0.01 M NaCl solution, covering a range from pH 2 to
10. One gram of jackfruit peel was added to each
solution and left for 24 hours at room temperature.
[25],[26]
2.5 Adsorption isotherm

Equilibrium data were used to evaluate the
applicability of different adsorption isotherm models,
including the Freundlich and Temkin isotherms, as
expressed in Eq. (3) and Eq. (4). The Freundlich
isotherm describes adsorption on heterogeneous
surfaces with a non-uniform distribution of heat of
adsorption and affinities. The Freundlich coefficients
K; and 1/n can be determined by linear regression
from a plot of logq. versus logC. based on the

linearized logarithmic form of the Freundlich
equation. [26]
1
logq, = log Ky + ElogCe 3)

where:

C. = equilibrium concentration (mg/L)

ge = equilibrium adsorption capacity, (mg/g)

Ky= Freundlich constant

Here, Krindicates the relative adsorption capacity
of the adsorbent in relation to bonding energy, while n
is the heterogeneity factor representing deviation from

linear adsorption behavior. The plot was constructed
at 293.15 K to obtain the Freundlich constants. [27]

The Temkin isotherm considers the effects of
adsorbate—adsorbate interactions on adsorption
process. This model postulates that the heat of
adsorption of all molecules in the layer decrease
linearly with increasing surface coverage due to these
interactions. The linear form of the Temkin equation
is given by Eq. (4). [28]

g =BImA+BInC, 4

= Temkin equilibrium binding constant (L/g)

= constant related to the heat of adsorption and
is expressed as B = RT/b, R is the universal
gas constant (8.314J.mol"-K). T is the
absolute temperature (K) and b is the Temkin
constant, typically expressed (J/mol).

The constants 4 and B can be obtained from the
slope and intercept of the linear plot of . versus InCe..
A higher value of A4 implies stronger adsorbent—
adsorbate binding affinity, whereas a positive B value
suggests that adsorption is exothermic and the surface
is energetically homogeneous within the studied
concentration range.

3. Results and Discussion
3.1 SEM and BET analysis

The surface morphology of the jackfruit peel
adsorbent was examined using scanning electron
microscopy (SEM) at various resolutions: 100 pm
with 200 x magnification (Figure 4(a)), 10 pm with
500x magnification (Figure 4(b)), and 1 pm with 500
x magnification (Figure 4(c)). SEM images revealed
a heterogeneous surface with irregular shapes, sizes,
and pore distributions. This non-uniform morphology
significantly enhances the adsorption capacity of
jackfruit peel by providing diverse surface features
that facilitate stronger interactions with dye
molecules. The varying pore sizes also allow for
multilayer adsorption, accommodating dye molecules
of different sizes.

The surface area of jackfruit peel powder was
measured using the Multi-Point BET method, yielding
a value of 4.006 m?*/g. A larger surface area increases
the number of active sites and contact area, enhancing
adsorption efficiency. Despite its moderate surface
area, the results indicate that jackfruit peel powder has
sufficient surface availability for effective adsorption.
This finding is consistent with previous studies that
demonstrated strong adsorption performance despite
moderate surface areas [29]. The high correlation
coefficient (r = 0.993728) from the BET analysis
further confirms the accuracy and reliability of the
measurement.

The heterogeneous surface and moderate surface
area of jackfruit peel make it an effective adsorbent for
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dye removal, with diverse surface features and pore
sizes that enhance adsorption efficiency.

Figure 4 SEM images of the jackfruit peel adsorbent at
different magnifications: (a) 200x magnification with a
scale bar of 100 um, (b) 500x magnification with a scale
bar of 10 um, and (¢) 500% magnification with a scale
bar of I um.

Effect of adsorbent dosage on adsorption
efficiency as shown in Figure S, increasing the
adsorbent dosage from 0.15 g to 0.45 g significantly
improved the percentage adsorption of methylene blue
(MB) over time. After 90 minutes of contact, the
highest dye removal was achieved using 0.45 g of
jackfruit peel (92.70 %) followed by 0.30 g (80.80 %)
and 0.15 g (54.91%). This trend aligns with the
expectation that higher adsorbent dosages provide
more available surface area and active binding sites,
thereby enhancing adsorption efficiency.
Interestingly, despite the increase in percentage
adsorption with increasing adsorbent mass, the
adsorption capacity per unit mass (mg/g) exhibited an
inverse relationship, as shown in the lower plot of
Figure 6. The highest adsorption capacity values were
recorded at adsorbent dosages of 0.15 g (36.48 mg/g),
0.30 g (16.58 mg/g), and 0.45 g (10.13 mg/g),
respectively, about 5 minutes after the adsorption
process. The results progressively decreased with
increasing adsorbent dosage. This inverse trend may
be attributed to the overlapping or aggregation of

adsorption sites at higher dosages, which could reduce
the effective surface area available for dye binding.
Additionally, at higher adsorbent doses, the
equilibrium dye concentration may become too low
relative to the available surface area, thereby limiting
further uptake per gram of adsorbent. Furthermore, the
data show that equilibrium was nearly reached within
the first 5—10 minutes for all dosages, indicating rapid
dye uptake and a strong initial affinity between MB
molecules and jackfruit peel. This rapid equilibrium
phase, followed by a plateau, suggests that external
mass transfer resistance was minimal, and the later
stages of adsorption may be controlled by intraparticle
diffusion or surface binding equilibrium. Overall,
these findings highlight the importance of optimizing
adsorbent dosage to achieve a balance between
removal efficiency and adsorption capacity,
particularly in practical applications where cost-
effectiveness and adsorbent reusability are key
considerations.
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Figure 5 The % removal of MB over time (5-90

minutes) using three different adsorbent dosages of
jackfruit peel: 0.15 g, 0.30 g, and 0.45 g.
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Figure 6 Adsorption capacity (mg/g) as a function of
contact time (5-90 minutes) for different jackfruit
peel dosages (0.15, 0.30, and 0.45 g).

The effect of initial methylene blue (MB)
concentration on both percentage removal and adsorption
capacity of jackfruit peel (0.15 g) was examined across
various contact times. As shown in Figure 7, increasing
the dye concentration from 5 to 150 mg/L enhanced
removal efficiency at all time intervals, reaching over 90%
at 150 mg/L after 90 minutes. However, removal
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efficiency declined at 300 mg/L, likely due to saturation of
the adsorbent active sites. As shown in Figure 8, a clear
trend is observed: at all concentrations, the adsorption
capacity increased rapidly within the first few minutes and
gradually plateaued as equilibrium was approached. At
higher initial dye concentrations (100300 mg/L), the
adsorption capacity reached significantly higher values,
with g exceeding 40 mg/g for both the 150 mg/L and 300
mg/L solutions. This can be attributed to the greater
concentration gradient, which enhances the driving force
for mass transfer, allowing more dye molecules to interact
with the available binding sites on the adsorbent. In
contrast, at lower concentrations (5—10 mg/L), the q; values
remained below 5 mg/g due to the limited number of dye
molecules in the solution. The sharp rise in q; during the
first 2-3 minutes suggests that adsorption occurs rapidly at
the initial stage, likely due to the abundance of active sites
and strong dye—adsorbent affinity. The subsequent plateau
phase indicates that the surface becomes saturated or that
equilibrium is reached, and further adsorption is limited by
the decreased availability of binding sites or a reduced
concentration gradient.

_ ® Smin
3BT = 10min
= 80 + =B 30min
= E 60min
= 60 + ¥ 90min
=
>
)
E40 +
W
e
=20 i
0
5 10 50 100 150 300

MB concentration (mg/L)

Figure 7 The % removal of MB over time
(5-90 minutes) using at different concentrations(5,
10, 50, 100, 150, and 300 mg/L).

—p— S PP
e 10p pm
50ppm
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. | SOPPM
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Adsorption capacity

n

10 30 60 20
Time (minutes)
Figure 8 The adsorption capacity (mg/g) of jackfruit
peel (0.15 g) as a function of contact time for

MB at various initial concentrations
(5-300 mg/L).

The effect of pH on methylene blue (MB)
adsorption is shown in Figure 9. The percentage
removal of MB increased with both time and pH. At
time intervals, adsorption was highest at pH 9 and
lowest at pH 3. For example, after 90 minutes, MB
removal at pH 9 exceeded 79.6%, while removal at pH

5 and pH 3 was about 71.1% and 55.5%, respectively.
These results suggest that alkaline conditions favor the
adsorption of MB onto the jackfruit peel adsorbent.
Figure 10 shows the corresponding adsorption
capacity (qe) over time. The q. values were
consistently highest at pH 9 across all contact times,
reaching nearly 3.5 mg/g at 90 minutes, compared to
approximately 2.5 mg/g at pH 5 and 1.8 mg/g at pH 3.
The rapid increase in qc during the first 5-10 minutes
indicates fast initial adsorption, particularly under
alkaline conditions. The enhanced adsorption at higher
pH can be attributed to reduced electrostatic repulsion.
Methylene blue (MB) is a cationic dye, and under
alkaline conditions (pH>7), the surface of the
adsorbent becomes more negatively charged, thereby
promoting electrostatic attraction between the dye
molecules and the jackfruit peel. This observation is
consistent with previous research that utilized jackfruit
leaf as an adsorbent for malachite green, another
cationic dye, which demonstrated similar adsorption
behavior under alkaline conditions. [27] [30]

In contrast, at low pH, protonation of the adsorbent
surface occurs, which suppresses MB adsorption due
to electrostatic repulsion.

100

mpH3
mpHS
pH

9 - B b
==
-

60 +
40 1 i
20
[

5 10 30 60 90

Time (minutes)

80 +

% Removal of MB

Figure 9. Effect of solution pH on the percentage
removal of methylene blue (MB) by jackfruit peel.

4

[

Adsorption capacity

5 10 30 60 90

Time (minutes)
Figure 10 Effect of solution pH on the adsorption
capacity of jackfruit peel.

As shown in Figure 11, the effect of temperature
on adsorption indicates that the percentage removal of
MB increased with time and reached similarly high
levels (above 80%) at all temperatures tested (30°C,
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35°C, and 55°C) by 30 minutes. However, noticeable
differences were observed during the early stage (e.g.,
5 minutes), where the removal efficiency at 35°C was
highest (~79%), followed by 55°C (~67%) and 30°C
(~46%). This suggests that a moderate temperature
(35°C) may accelerate the initial adsorption rate more
effectively than lower or higher temperatures. In
Figure 12, adsorption capacity trends (mg/g) confirm
these observations. The q; values increased sharply
within the first 2-3 minutes for all temperatures and
gradually approached equilibrium. At 2 minutes, 35°C
resulted in the highest adsorption capacity (~2.7
mg/g), compared to ~2.2 mg/g at 55°C and ~1.5 mg/g
at 30°C. However, by 6 minutes, all curves converged
with similar final capacities (~2.8-2.9 mg/g),
indicating that equilibrium was eventually reached
regardless of temperature. [29] The improved
performance at 35°C may be attributed to enhanced
molecular mobility and reduced solution viscosity,
which promote faster diffusion of dye molecules
toward active sites. In contrast, higher temperatures
(e.g., 55°C) may lead to slight desorption or
deformation of surface functional groups, reducing net
adsorption in the early stage. Lower temperatures
(30°C) may slow down diffusion and adsorption
kinetics. The thermodynamic parameters offer
valuable insight into the adsorption behavior of
methylene blue (MB) onto jackfruit peel. The positive
enthalpy change (AH® = +1.13 kJ/mol) confirms an
endothermic process, with higher temperatures
enhancing dye uptake. The positive entropy change
(AS°=+17.11 J/mol-K) indicates increased molecular
disorder at the solid-liquid interface, likely due to the
release of water molecules or rearrangement of dye
structures. Negative Gibbs free energy values (AG®)
across all temperatures confirm that the process is
spontaneous and thermodynamically favorable. In
comparison to activated carbon, which typically
requires intensive chemical and thermal treatments,
jackfruit peel presents a greener, low-energy
alternative. These findings underscore its viability for
low-cost, sustainable dye removal in both community-
scale and industrial wastewater treatment applications.
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Figure 11 Effect of temperature on the percentage

removal of methylene blue (MB) by jackfruit peel.
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Figure 12 Effect of temperature on the adsorption
capacity of jackfruit peel.

When compared with other low-cost adsorbents,
the adsorption capacity of jackfruit peel (36.48 mg/g)
surpasses that of Ruzi grass (14.01 mg/g) [31], spent
tea leaves (12.7 mg/g) [32], and dried bamboo shoot
shells (29.24 mg/g). [33] These findings highlight
jackfruit peel's strong potential as a viable, low-cost,
and eco-friendly adsorbent for dye-contaminated
wastewater treatment, particularly in the textile
industry.

3.2 The pHyzc of the jackfruit peel adsorbent surface.

As shown in Figure 13, the pH at point of zero
charge (pHp.c) of the jackfruit peel adsorbent is 4.92.
At pH values below this point, the surface of the
adsorbent carries a positive charge, which repels the
cationic methylene blue (MB) dye, thereby reducing
adsorption. Conversely, at pH values above the pHyyc,
the surface becomes negatively charged, promoting
electrostatic attraction between the adsorbent and the
MB dye. This explains the enhanced adsorption
observed under alkaline conditions and aligns with
experimental results indicating higher adsorption
efficiency in basic environments. These findings are
consistent with previous reports on MB adsorption
using other types of adsorbents. [26][34-35]

-

Final pH
N Wk S % e o

—&— pH of absorbent

InitialpH

pH 4.92

2 s 6 8 10
Initial pH
Figure 13 The point of zero charge (pzc) of the

jackfruit peel adsorbent surface was evaluated
by the pH drift method.

3.3 Adsorption Isotherm Analysis
The adsorption behavior of the system was further
evaluated using the Freundlich isotherm model, which
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assumes a heterogeneous surface with a non-uniform
distribution of adsorption heat and affinities over the
surface. The linearized form of the Freundlich
isotherm is expressed as Eq. (3). The plot as shown in
Figure 14, a linear regression was performed by
plotting logq. against logCe., yielding a well fitted
straight line. From the slope and intercept of the linear
plot, the values of the Freundlich constants were
determined Ky= 26.29, n = 5.17. The value of n > 1
suggests that the adsorption process is favorable under
the studied conditions. [36] Furthermore, the relatively
high value of K indicates that the adsorbent possesses
a significant capacity for solute uptake.

R?=0.955

log q. (mg/g)

logC, (mg/L)

Figure 14 Plot of logq. versus logC. Freundlich
adsorption isotherm

The adsorption data were further analyzed using
the Temkin isotherm model to account for adsorbent—
adsorbate interactions and the gradual decline in the heat
of adsorption with increasing surface coverage. The
linearized form of the Temkin isotherm provided a good
fit to the experimental data, as evidenced by the strong
correlation observed in the plot of . versus InCe, as shown
in Figure 15. The Temkin constant A, which reflects the
equilibrium binding constant, was relatively high (9.20
L/g), suggesting a strong affinity between the adsorbate
and the adsorbent, particularly at lower concentrations.
This indicates that the adsorption sites were readily
accessible and energetically favorable during the initial
stages of adsorption. Moreover, the positive value of
constant B (9.70 J.mol"), which is associated with the heat
of adsorption, supports the assumption that the adsorption
process involves chemisorption mechanisms in which the
heat of adsorption decreases linearly rather than abruptly.
This linear decline is characteristic of a relatively
homogeneous adsorbent surface and uniform binding
energies across available sites. Although the Temkin
model accurately described the adsorption behavior over
most of the tested concentration range, a slight deviation
was observed at the highest concentration. This deviation
may indicate the onset of surface saturation or structural
rearrangement of the adsorbent at higher loading levels,
which could affect the accessibility of binding sites or alter
adsorbate—adsorbent interactions.

901 -
R*=0.969

30
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Q. (mg/g)
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InC. (mg/L)
Figure 15 Plot of gc versus InC, Temkin isotherm
adsorption isotherm

3.4 Thermodynamic Results

Thermodynamic parameters were calculated based on
the Van’t Hoff plot [37] using the linear relationship
between log(qe/Ce) and 1/T. The enthalpy change (AH®)
was determined to be +1.13 kJ/mol, confirming that the
adsorption process is endothermic. The positive entropy
change (AS° = +17.11J/mol-K) indicates increased
randomness at the solid-liquid interface. Gibbs free energy
values (AG°®) at all tested temperatures were negative,
suggesting the adsorption of MB onto jackfruit peel is
spontaneous under the experimental conditions. These
thermodynamic results support the feasibility of using
jackfruit peel as a sustainable adsorbent.

4. Conclusion

Jackfruit peel is an effective and sustainable adsorbent
for the removal of methylene blue (MB) dye from
wastewater. Increasing the adsorbent dose enhances dye
removal efficiency; however, the adsorption capacity per
unit mass decreases at higher dosages due to site overlap
and reduced dye concentration. Equilibrium is rapidly
reached within 5-10 minutes, indicating strong initial
affinity between the dye and adsorbent, with minimal mass
transfer resistance. The adsorption process is pH-
dependent, with optimal removal under alkaline
conditions. Temperature affects the initial adsorption rate,
with the highest uptake observed at 35°C, while
equilibrium adsorption capacity remains stable across the
tested temperature range. Surface characterization via
SEM imaging revealed a heterogeneous surface, with
irregular shapes, sizes, and pore distributions. These
features align with the results from BET analysis, which
showed a surface area of 4.006 m?g. The surface area
supports  effective adsorption, particularly through
multilayer adsorption, as described by the Freundlich and
Temkin isotherms. The Freundlich model suggests
multilayer adsorption on sites with varying affinities, while
the Temkin model indicates a decrease in adsorption
energy as surface coverage increases.

The pHp,c of jackfruit peel favors the adsorption of
cationic dyes, further enhancing its performance.
Thermodynamic analysis confirmed that the
adsorption process is spontaneous (AG° < 0) and
endothermic (AH® = +1.13 kJ/mol), with increased
disorder at the solid-liquid interface (AS°® = +17.11
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J/mol-K). Temperature adjustments show improved
adsorption performance at 35°C, which aligns with the
positive AH® value, indicating that higher temperatures
enhance the adsorption process. However, equilibrium
adsorption remains relatively constant across the tested
temperatures. These findings confirm jackfruit peel as a
viable, low-cost, and environmentally friendly adsorbent
for dye-contaminated wastewater treatment, particularly in
the textile industry.
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