PROGRESS

IN COLOR, COLORANTS AND COATINGS

Progress in Color Colorants Coating 18 (2025), 53-71

available online @ www.pccc.icre.ac.ir

Minstry of Scence, Research and Technology
Institute for Color
Science & Technology

The Potential of Gundelia Seeds Waste as an Emerging Sustainable Adsorbent
for Methylene Blue-Polluted Water Treatment

N. Albayati!, M. Mohammed?, H. Ahmed?, M. Kadhom™
1. Department of Chemical Engineering, College of Engineering, University of Baghdad, P.O. Box: 10071, Baghdad,

Irag.

2 Department of Environmental Science, College of Energy and Environmental Science, Alkarkh University of Science,

P.O. Box: 10081, Baghdad, Iraq

ARTICLE INFO

ABSTRACT

Article history:

Received: 09 Mar 2024

Final Revised: 05 June 2024
Accepted: 08 June 2024
Available online: 20 July 2024

Keywords:

Gundelia

Biomass adsorbents
Dye removal
Methylene blue
Wastewater treatment
Sustainability

particularly in Irag, holds promise as a sustainable adsorbent for the

treatment of dye-polluted water. This study explores the potential of
Gundelia seeds (GS) waste as a biobased adsorbent for removing methylene blue
dye from synthesized wastewater. Utilizing various analytical techniques,
including scanning electron microscopy (SEM), Fourier transform infrared
(FTIR) spectroscopy, and X-ray diffraction analysis (XRD), we assessed GS as
an active adsorbent with performance comparable to fabricated and expensive
composites. Key parameters such as pH (3-11), pH at the point of zero charge,
temperature (298-328 K), dose (0.02-0.1 g), dye concentration (10-50 ppm), and
contact time (10-40 min) were systematically investigated. The point of zero
charge was determined to be at pH 8, with the highest removal efficiency
observed at pH 11. A contact time of 30 minutes yielded a removal rate of
approximately 90 %, with an adsorption capacity of 11.07 mg/g. The highest
adsorption capacity, 30.57 mg/g, was attained under conditions of 50 ppm dye
concentration, 0.02 g dose, and a 40-minute contact time. The study examined
three isotherm models, namely Langmuir, Freundlich, and Temkin; all
demonstrating a high fit, with Langmuir exhibiting preferability. On the other
hand, five kinetic models were explored; the Pseudo second-order model
provided the most accurate description of the adsorption process. Prog. Color
Colorants Coat. 18 (2025), 53-71© Institute for Color Science and Technology.

G undelia, a genus of flowering plants native to the Mediterranean region,

1. Introduction

environmental consequences. Employing advanced
hydrological and water allocation models in a bifurcated

Approximately 2.2 billion individuals globally lack
access to potable water, with an additional 800 million
facing inadequate drinking water provisions due to water
scarcity and excessive utilization [1]. The prevalence of
water scarcity is noticeably escalating in Southeast Asia,
primarily attributed to climate change [2]. The expected
effects on water supplies in the Middle East and North
Africa (MENA) region include population growth,
economic  expansion, climate fluctuations, and
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simulation process reveals a forecasted total water
demand of 393 km?® annually by 2050, accompanied by
an associated water deficit of 199 km? yearly under
standard climate change scenarios. The surge in demand
by 50 %, coupled with a 12 % reduction in supply,
contributes to this discernible escalation. Nine General
Circulation Models (GCMs) indicate an anticipated
water shortfall for 2050 in the range of 85-283 km?®/yr.
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The study attributes 78 % of water scarcity to evolving
socioeconomic conditions, while climate change is
accountable for the remaining 22 % [3].

Dyes are broadly categorized into cationic, anionic,
and nonionic types. Cationic dyes involve basic dyes,
while the anionics include acid, reactive, and direct. The
nonionic dyes comprise diffused dyes [4]. Methylene
blue (MB) stands out as an intricately structured,
positively charged stain, posing challenges in removal
processes [5]. It has versatile applications across various
industries, including garment manufacturing, as well as
the chemical, pharmaceutical, and biological sectors.
Methyl orange (MO) shares a chemical structure with
MB, exhibiting similar molecular mass, and is
extensively employed across various industries [6].
Methyl red, akin to methyl orange, is an azo dye
characterized by substantial molecular  weight,
presenting difficulties in elimination. Removing other
acidic and basic dyes is also imperative in the treatment
process [7].

Various techniques are employed for the remediation
of water contaminated with dyes, including filtration,
coagulation, electrochemical removal, photocatalysis,
ultrasonic and  biological breakdown, chemical
oxidation, and adsorption [8, 9]. Among those,
adsorption is a process wherein certain chemicals or ions
adhere to the surfaces of a solid substance (adsorbent)
and offers several advantages. It is featured for its ease
of use, high efficiency, and the absence of hazardous
byproducts. Diverse materials have been utilized as
adsorbents for different compounds in previous studies
[10, 11]. Notably, the cost-effectiveness of adsorption,
ranging from $5 to $200 per cubic meter of treated
water, is one of the most effective factors when
compared to alternative water purification methods,
which cost around $10 to $450 per cubic meter [12, 13].
Furthermore, it is user-friendly, efficient, renewable, and
environmentally benign. After a thorough evaluation of
the benefits and drawbacks associated with various
approaches, research teams often designate adsorption as
the optimal choice [14].

Biomass waste, particularly agricultural residue, has
recently garnered significant attention as a promising
agent for stain removal. The proliferation of the food
industry, directly correlated with the expanding global
population, is a substantial contributor to this waste
stream. The appeal of biowaste lies in its economic
viability, extensive availability (generated wherever
human  habitation  occurs), and demonstrated
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effectiveness, rendering it a valuable resource for
adsorbent fabrication. The utilization of this resource in
the  adsorption  process  encompasses  on-site
consumption, adsorbent production, operation, and/or
regeneration [15]. Various agricultural byproducts,
including peels, leaves, seeds, and more, can be
transformed into nanomaterials through thermal
treatment [16]. Some of these materials have been
employed directly, without undergoing additional
processing, while others have been utilized in modified
forms.

Many researchers, including us, have delved into the
investigation of biowaste. However, a limited focus has
been on exploring natural plants as bio-based adsorbents
for wastewater treatment. The natural cycle of drying
and decomposition following the growing season offers
an opportunity to utilize the remnants of these plants as
effective adsorbents. Found in diverse habitats, these
plants often follow a seasonal cycle. While there exists a
broad spectrum of research on plants from various
botanical families, some have undergone extensive
examination, while others have been relatively
overlooked. Depending on their efficacy, these
commonly growing plants have the potential to serve as
cost-free repositories for a variety of adsorbents.

Gundelia is known for its traditional medical
applications; recently, Dalar et al. [17] studied the
Gundelia rosea seeds’ biopharmaceutical potential and
bioactive compounds. The outcomes affirm the common
use of Gundelia rosea and indicate its ability as a novel
candidate for biopharmaceutical agents addressing
general health concerns. The cypselas of Gundelia are
rich in fatty acids, comprising approximately 7% oleic
acid and 12.5 % linoleic acid. This composition renders
the oil derived from these cypselas comparable to oils
from well-known sources such as soybean, corn,
sunflower, and sesame [18]. The utilization of Gundelia
seeds in removing heavy metals was reported, where
Shandi et al. [19] explored the potential of using
Gundelia tournefortii as a low-cost biosorbent to
terminate Cu (1) ions from synthetic aqueous solutions.
Batch-mode tests examined pH, biosorbent dosage,
temperature, contact time, and initial Cu (1)
concentration. The Langmuir equation best-described
biosorption, with 38.76 mg/g adsorption capacity; the
Kinetic study showed that the pseudo-second-order
model described adsorption kinetics. Thermodynamic
measurements indicated spontaneous and exothermic
biosorption. Similarly, Rahimpour et al. [20] removed
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Pb(I1) from wastewater using Gundelia tournefortii. The
Langmuir isotherm accurately described biosorption,
demonstrating a single-layer maximum adsorption
capacity of 144.93 mg/g at 20 °C. Also, the pseudo-
second-order was suitable to describe the kinetics. The
sorption process was spontaneous, practicable, random,
exothermic, and physical, according to thermodynamic
analysis. However, Mokhtaryan et al. initiated a
Gundelia  tournefortii  seed-activated carbon that
efficiently removed acetaminophen from synthetic
solutions. The optimal conditions for maximum removal
(98.3 %) were 30 minutes, 20 mg/L Ca (1), pH 4.0, 0.25
g/L adsorbent, and 25 °C [21]. In the same context,
Pezeshkvar et al. [22] fabricated a hew nanocomposite

based on NiO-MWCNT-sodiumdodecyl sulfate

synergized with Gundelia tournefortii extract and used it
as a catalyst.

In this study, the waste of Gundelia Seeds, also
called tumble thistle and locally known as Sissi, was
utilized as an adsorbent for the removal of MB from
simulated wastewater using a batch method. Diverse
operational  configurations and  characterization
techniques were employed to identify the optimal
conditions and assess the performance of the plant.
Remarkably, the plant exhibited outstanding
performance compared to its baseline application,
achieving a removal efficiency of over 90% across all
investigated parameters. This success has motivated our
research group to undertake a comprehensive
exploration of this plant in our upcoming project.

2. Experimental
2.1. Chemicals

Gundelia seeds were sourced from the local market in
Baghdad, with the aim of collecting their waste for
adsorption applications after eating the seeds. The MB
dye possessed a molecular weight of 319.86 g/mol and
a chemical formula of CisHigCIN3S xH.O; it was
procured from R&M Chemicals, India. Distilled water
was employed to prepare dye-aqueous solutions
throughout the experimental procedures. Sodium
hydroxide (NaOH) and hydrochloric acid (HCI, 37 %)
were also bought from R&M Chemicals. The dye
solution underwent centrifugation using a PLC-03-
GEMMY centrifuge system from Taiwan to achieve
effective separation between the adsorbate and
adsorbent. Detection of the dye was performed
employing a UV-Vis-T80-PG Ultraviolet-Visible (UV-

Vis) spectrophotometer manufactured by Oasis
Scientific Inc., UK.

2.2. Adsorbate solution

The initial solution was fit by dissolving MB dye
powder in a concentration of 1 g in 1 L of deionized
(DI) water within a volumetric flask, yielding a stock
solution of 1000 ppm concentration. Subsequent
concentrations of dye adsorbates were attained by
diluting the original solution with DI water. To achieve
the aimed pH levels, alkaline and acidic solutions were
generated using diluted aqueous solutions of sodium
NaOH and HCI with a concentration of 0.1 M. The pH
adjustments were carried out utilizing a calibrated pH
meter sourced from Mettler Toledo in Hamilton, New
Zealand.

2.3. Adsorbent preparation

After collecting the plant's waste, it underwent through
a DI water rinse to eliminate potential saliva (from
eating), dust, and contaminants. Following this, an
acidic pH water solution was employed to thoroughly
clean the collected inflorescence, eliminating any
potential biological impurities and germs. The plant
then underwent immersion and multiple rinses with
deionized water to restore its natural state.
Subsequently, the plant was subjected to a temperature
of 60 °C in an oven for 12 hours. The waste was
pulverized using a mill to reduce the waste’s size, and
the resulting material was filtered through a 250 pum
mesh. A secondary drying process was carried out in
the oven at a temperature of 60 °C for 12 h. The final
product was carefully stored in an airtight container to
prevent moisture ingress. Figure 1 illustrates the
various stages of the preparation process.

2.4. Characterization of prepared powder

A Bruker company FTIR spectrometer, model IFS
125HR, was utilized to capture spectra between 4000-
400 cml. The morphology of the particles was
examined by scanning electron microscopy (SEM)
with an accelerating voltage of 15 kV. This
examination technique was conducted using an Inspect
S50 microscope from the FEI Company in the Czech
Republic. Our samples were also characterized using
the X-ray diffraction (XRD) technique via Panalytical
X pert, 2012 (The Analytical X-ray Company,
Netherlands).
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Figure 1: Stages of the preparation process for the plant’s waste powder.

2.5. Batch set up

The batch equilibrium study incorporated various
factors, namely initial dye concentration (applied from
10 to 50 mg/L), solution pH (adjusted between 3 and
11), GS dosage (ranging from 0.02 to 0.1 g), and
temperature (set between 25 and 55 °C). A Karl Kolb
shaker from Germany consistently oscillated all
samples at 350 rpm. pH adjustments were made
applying either 0.1 M NaOH or HCI. The point of zero
charge was also studied, where conditions of 30 min
time, DI water, 0.06 g dose, and 350 rpm mixing rate
were applied. Data were collected at different intervals
until  reaching equilibrium, and a UV-Visible
spectrophotometer was employed to calculate the MB
concentration. MB’s wavelength was set at 668 nm at
all conditions [23]. For normal operation, the
temperature and pH were room temperature (RT) and
7, respectively.

The removal rate and adsorption capacity (ge) of
MB were estimated using the formulas outlined by
Kalash et al. (Egs. 1 and 2) [24].

R% = =L x 100% )
V (Co— Cp)

g = LG @

Here:

Co: Initial MB concentration (mg/L).
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Cs: Final MB concentration (mg/L).
V: Volume of the MB solution (liters).
m: Mass of the GS (grams).

2.6. Studying the kinetics

Examining the kinetics of adsorption provides insights
into the chemical pathways and the interactions
between powder and dye. The kinetic behavior was
conducted by changing the contact time from 10 to 40
min. At the same time, other conditions of neutral pH,
350 rpm, RT, 30 ppm dye concentration, and 0.06 g
GS/ 25 mL solution were applied. The Kinetics were
investigated using five models, namely: pseudo-zero-
order, pseudo-first-order, pseudo-second-order,
Elovich, and intraparticle diffusion. The equations and
parameter definitions of the used models are clarified
in our previous publication [24].

2.7. Studying the isotherm

At optimal conditions and various dye concentrations,
Langmuir, Freundlich, and Temkin isotherms were
employed to analyze the equilibrium adsorption of the
MB. The applied conditions in this test were 0.06 g/ 25
mL dose, 30 min contact time, 350 rpm mixing speed,
RT, natural pH, and varied MB concentration in the
range of 10-50 ppm. Again, the details of those used
models were listed in our previous work [24].
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3. Results and Discussions
3.1. GS characterization

3.1.1. SEM test

SEM test for the morphology was conducted to
examine the morphology of GS powder before and
after adsorption of the MB. Here, images of two scales,
200 and 50 um, were captured for the plain, 30 ppm
dye-solution exposed, and 50 ppm dye-solution
exposed GS. Before capturing the images, the samples
exposed to the dye were collected, dried at 60 °C, and
stored until examination. The images show that the GS
powder is shaped like silks, which comes from its
original skin nature. From the images of plain GS
(Figures 2 a and b), it can be noted that the diameter of
10-15 um. However, after adsorption, a slight increase
in the diameter is observed, where the diameter ranges
from 10-20 pm. This might be attributed to the dye
uptake within the structure. Also, when the GS was

[
200 pm
Inspect S50

Figure 2: SEM images for dlfferent scales for the plain GS (a) and (b) after exposmg to 30 ppm dye solutlon (c) and (d),
and after exposing to 50 ppm dye solution (e) and (f).

exposed to high dye concentration, an accumulation
occurred.

3.1.2. FTIR

The adsorbent surface underwent FTIR analysis to
ascertain the specific functional groups. FTIR spectra,
depicted in Figure 3, were examined within a
wavelength range of 400 to 4000 cm®, unveiling
numerous peaks associated with the adsorbent material.
Here, these samples were examined, namely: the plain,
exposed to 30 ppm dye-solution, and exposed to 50 ppm
dye-solution. By comparing the three spectra, three
notable peaks appear in the dye-adsorbed samples at
1100, 1365, and 1600 cm, which get higher intensity as
the concentration increases. The presence of these peaks
can be attributed to the formation of modes resulting
from hydrogen bonds of the Nne=HO type, stretching
vibrations of the C=S* heterocycle, and vibrations of the
unsaturated Che=N*(CHs), bond [25].

| wD [spot]| det
1249 mm| 7.0 |ETD

Prog. Color Colorants Coat. 18 (2025), 53-71 57



N. Albayati et al.

HV mag O WD spot| det | pressure

mag O
10.00 kV| 500 x |29.0 mm| 8.0 |ETD|3.75e-2 Pa| 00

ontinue.

-
~

/

; J

&8 % B 3N BIRBNY 8 $BINSBTE B8 ¢ g g

2 3 2 p: @R OONZ @ SEIBII8 I 8 5 8 o

85 & R Q% SSRGS £ LEFABSZ 8 3 E8 F
1 1 1 1 1 I 1
3500 3000 2500 2000 1500 1000 500

Wavenumber cm-1

Figure 3: FTIR spectra of the plain, 30 ppm dye-solution adsorbent, and 50 ppm dye-solution adsorbent GS.

3.1.3. XRD

XRD emerges as a highly efficient technique for
material characterization, particularly in the assessment

Cu-Ka X-ray radiation (wavelength: 1.54 A) at 40 kV
and 44 mA. The acquisition of XRD data was carried
out over a 20 diffraction range from 20° to 80°. The

of phase composition and crystal structure. In Figure 4,
the XRD pattern is presented for the plain, 30 ppm dye-
solution adsorbent, and 50 ppm dye-solution adsorbent
GS. To achieve this, the adsorbent sample underwent
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appearance of peaks at 20 = 22.5° and 73° in the XRD
spectra mostly signaled the presence of the amorphous
structure, although the peak at 73° was sharp.
Variations in diffraction peak intensity are attributed to
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the amorphous structure and differing degrees of
hydration within the adsorbent. According to the
figure, the structure was not affected after adsorption.

3.2. Adsorption operation factors

In the experimental section, the impact of physical
factors, including pH, the pH of point zero charge
(PZC), dye concentration, adsorbent dose, and solution
temperature, on the rate of removal and adsorption
capacity were investigated. The selection of operation

conditions was primarily investigated as illustrated in
the supplementary information, where the relationships
of time and dye concentration were investigated by
changing the adsorbent dose. The removal rate and
adsorption capacity relationships after adding 0.02 g of
the GS are illustrated in Figures S1 (a) and (b),
respectively. Similarly, after filling 0.04, 0.06, 0.08,
and 0.1 g, these relationships are graphed in Figures
S2, S3, S4, and S5, respectively. However, the detailed
findings of each factor are listed below.
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Figure 4: XRD test for (a) plain GS, (B) dye-adsorbed GS of 30 ppm, and (c) dye-adsorbed GS of 50 ppm.
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Figure 5: Effect of pH on the removal rate and adsorption capacity.

3.2.1. pH effect

An investigation was conducted to elucidate the
influence of pH on the termination of dye as it is a
pivotal determinant affecting both adsorbate and
adsorbent. The studied pH, ranging from 3 to 11, was
meticulously examined for its consequential effects.
Variations in pH can exert influence on dye adsorption
by modulating the surface charge of the adsorbent and
the dissociation of dyes in the solution. Consequently,
this investigation of pH aimed to discern its impact on
the adsorbed dye, excluding the involvement of an
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adsorbent. Diverse solutions were prepared with
varying pH levels. The solutions, containing a dye
concentration of 30 mg/L, were agitated at 350 rpm
and room temperature for 30 min, employing 0.06 g
adsorbent/ 25 ml solution. The variation in pH values
unveiled discernible changes in dye removal rates and
adsorption capacities. This phenomenon might be
attributed to the discernible influence of pH on the
chemical structure of the dye, thereby affecting its
color intensity [26].

Figure 5 delineates the impact of solution pH on the
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removal rate and adsorption capacity at pH values of 3,
5, 7, 9, and 11. Notably, at a pH of 3, the minimum
removal occurred, indicating the adverse effects of an
acidic milieu. This trend aligns with the prevailing
positive charge on the adsorbent surface at low pH
levels, leading to electrostatic repulsion between the
cationic dye and positively charged ions in the solution
[27].

The optimum removal rate and adsorption capacity
were observed at a pH of 7, succeeded by stability at
larger pH values. This stability is attributable to the
potential loss of hydrogen ions by MB molecules,
inducing  deprotonation. Consequently, the dye
molecule acquires a negative charge, diminishing its
affinity for negatively charged surfaces. Anionic dye
molecules, in turn, undergo surface repulsion,
precluding both adsorption and possible absorption [28,
29]. Optimal dye removal conditions are achieved near
neutral pH levels, countering repulsive forces and
minimizing interactions between dye molecules and
surfaces. Remarkably, the adsorption process displayed
rapid Kinetics; here, around 85% of equilibrium
capacity was attained at pH = 7. Additionally, the
adsorption capacity followed the same behavior, where
it reached 10.62 mg/g.

3.2.2. pH at the point of zero charge
The point of zero charge (PZC) is the pH at which a

material's surface has no net electrical charge. It is a
crucial factor in studying colloidal systems, affecting
processes like adsorption and ion exchange [30]. For
acidic PZC, when pH is below the PZC, the surface is
positively charged; when above, it becomes negatively
charged. In contrast, alkaline PZC denotes the pH
where the surface is negatively charged. In acidic
conditions, the surface tends to become positively
charged, impacting adsorption and ion exchange. In
alkaline conditions, the surface may acquire a negative
charge at higher pH values, influencing these processes
[31]. Figure 6 shows the PZC by plotting the pHs¢-pH;
with pHi. From the figure, the PZC is observed at an
initial pH of 8. This value is slightly alkaline, where
below this pH, the material’s surface charge tends to be
positive, and vice versa.

3.2.3. Dose effect

To scrutinize the effect of the adsorbent on the
adsorption process, varying quantities of GS (ranging
from 0.02 to 0.1 g) were employed in a sample volume
of 25 mL. The experiments were performed at room
temperature at a mixing rate of 350 rpm, maintaining a
dye concentration of 30 ppm. Figure 7 elucidates the
discernible influence of removal rates and adsorption
capacity at 30 min of contact time. The highest dosage
yielded a removal rate of 92.32 %, whereas the lowest
dosage achieved a removal rate of 72.2 %.

pr'pHi

Figure 6: The relationship of pHs-pHiwith pHi for the determination of PZC.

Prog. Color Colorants Coat. 18 (2025), 53-71 61



N. Albayati et al.

100 30
- 27
80 1 r% B
r =]
21 E,
60 - 18 g
e I a
©
F15 ®©
2 7 a
5 40 L12 5
] - a
L g ‘6
| 7]
1 °
20 A Fe <
] —@— Adsorption Capacity I
J —&— Removal Rate r3
0 — i T T —— T —r— 0
0.00 0.02 0.04 0.06 0.08 0.10 0.12
Dose (g)

Figure 7: Impact of the GS’s dose on the removal rate and adsorption capacity.

This numerical enhancement can be attributed to an
augmented presence of vacant sites with uniform
density, facilitating enhanced accessibility and greater
exposed surface area [32]. On the other hand, a
reduction in the adsorption capacity was simultaneously
noticed as the removal rate increased, where the highest
adsorption capacity reached 27.1 mg/g at 0.02 g and the
lowest was obtained to be 6.92 mg/g at 0.1 g. Notably,
when adsorbents are utilized in substantial quantities,
interactions between them may occur, leading to reduced
capacity due to clumping and clustering, resulting in a
diminished overall surface area and a reduction in the
adsorbance [33].

3.2.4. Effect of dye’s initial concentration

The adsorption mechanism is notably impacted by the
initial dye concentration, as the sorbent material's
capacity is constant. In other words, the adsorption
process is contingent on the dye concentration. In this
study, a dye solution range of concentration from 10 to
50 mg/L was investigated while other operation
parameters were fixed. The fixed parameters were:
0.06 g GS, 25 mL dye-solution, 30 min contact time,
350 rpm mixing speed, RT, and neutral pH. Figure 8
illustrates that as the dye concentration increases, the
removal rate shows a modest decrease while almost a
linear enhancement in the adsorption capacity takes
place. In terms of numerical values, when a 10 ppm
aqueous solution was utilized, the removal rate was
94.92 % and the adsorption capacity was 3.95 mg/g.
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However, these values were 78.84 % and 16.43 mg/qg,
respectively, when a 50 ppm dye-aqueous solution was
studied. Previous research indicates that lower initial
dye concentrations yield higher removal rate results
due to an abundance of unoccupied binding sites,
facilitating efficient and swift adsorption [34].
Conversely, elevated dye quantities may lead to
competition among molecules for available sites,
causing saturation and diminished removal efficiency
[35]. The reverse scenario is observed when we talk
about the adsorption capacity but for the same
reasonable cause. The removal rate results appear to
reach near equilibrium at 40 ppm with almost no
change with 50 ppm, while the adsorption capacity
showed a continuous rise. In normal situations, the
capacity also reaches its maximum as initially empty
binding sites on the particles are available for dye
absorption, but over time, the adsorption rate slows as
these sites become increasingly occupied. In our case,
the adsorption capacity still increasing, which suggests
the abundancy of adsorption sites and its reliability for
the process [36].

3.2.5. Effect of temperature

The investigation into the impact of solution
temperature on the elimination rate involved testing
four distinct temperatures: 25, 35, 45, and 55 °C, while
other parameters are fixed. These parameters include a
dye concentration of 30 ppm, solution volume of
25 mL, mixing speed of 350 rpm, natural pH, contact
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time of 30 min, and adsorbent dose of 0.06 g. Figure 9
illustrates the influence of these temperatures on the
removal rate and adsorption capacity. The graphical
representation indicates a marginal decrease in the
examined parameters as the temperature rises. These
findings suggest that the process is neither endothermic

nor exothermic, where an identical behavior for the
removal rate and adsorption capacity. Commonly,
higher temperatures enhance the bonding forces
between the adsorbed substance and the adsorbent
material [37]. Yet, the bonding in our research showed
an independent function on temperature.
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Figure 8: The effect of dye’s initial concentration on the removal rate and adsorption capacity.
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Figure 9: Effect of Temperature on the removal rate and adsorption capacity.

3.3. Theoretical analysis

3.3.1. Isotherm study

Understanding the interaction between the adsorbent
and adsorbate during the adsorption process is crucial,
and a key aspect of this comprehension involves the

analysis of isotherms. Various types of adsorption
isotherms aid in identifying the phenomena and
providing an explanation for its considerations.
Nevertheless, specific models are commonly employed
due to their compatibility with the data. In our study,
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we opted for the most widely recognized isotherms,
namely Langmuir, Freundlich, and Temkin. Practical
measurements were compared with the expected model
results to determine the most suitable model. The
model  exhibiting the highest coefficient of
determination (R?) effectively elucidated the adsorption
mechanism [24].

The Langmuir isotherm presents the maximum
adsorption capacity achievable by a monolayer of
adsorbent. It suggests the creation of a uniform
monolayer with a finite adsorption capacity. Once the
adsorption sites are occupied by adsorbate molecules,
any additional uptake of molecules on these sites is
hindered. The following equation mathematically
represents the Langmuir model (Eg. 3):

_ 9maxx K x Ce
1= 7% @)
LXCe

In the provided context, q signifies the adsorption
capacity, qmax denotes the highest dye adsorbed on GS's
surface (measured in milligrams per gram), K. is a
constant associated with adsorption-free energy (in
liters per milligram), and Ce represents the equilibrium
concentration of the dye (in milligrams per liter). Ki's
value is inversely proportional to adsorption free
energy, indicating that a decrease in K. corresponds to
an increased tendency of the adsorbate to bind to the
adsorbent. The Langmuir model can be linearly
expressed through equation 4, and by plotting C./q
against Ce, the slope and intercept of the graph can be
used to estimate qmax and K, respectively [38].

e 1 , C ()

q Amax X KL, Amax

The Freundlich model is effective in explaining
heterogeneous adsorption processes involving multiple
layers. With an enhancement in the concentration of
the MB, there is a concurrent increase in the amount of
adsorption. Equation 5 represents the mathematical
expression for the isotherms.

&)
q= Kf X Cen (5)

Ks and n are constants linked to the adsorbate and
adsorbent at a particular temperature.

Determination of these constants involves plotting
the natural logarithms of g and Ce, resulting in a linear
relationship described by equation 5. In this equation,
the slope represents the value of Ky, while the intercept
corresponds to 1/n. As per the equation, an increase in
the values of these constants implies an enhancement
in adsorption capacity [39].

The Temkin isotherm, the final model discussed,
relies on the analysis of adsorption heat and is sensitive
to the extent of adsorbate molecule coverage. As the
amount of adsorbate molecules in the adsorption layer
increases, the adsorption heat decreases linearly.
Additionally, it is assumed that the adsorption binding
energy remains constant across the adsorbent surfaces,
enabling the achievement of maximum uptake energy.
Equation 6 offers an estimation of the adsorption
capacity.

RT
e = E InKC, (6)

The equation signifies the connection between the
mass of adsorbate and adsorbent, denoted as g. (mg/g).
Ky is the equilibrium binding constant associated with
the maximum uptake (L/g). Ce represents the MB’s
concentration at equilibrium (mg/L), and bt is the
constant in the Temkin model related to adsorption
heat (kJ/mol). To facilitate estimations, the above
equation can be linearly expressed, as demonstrated in
equation 7 [40].

q. = BInK; + BInC, @)
Where B = X
bt

In Figures 10a, b, and c, the adsorption data of MB
dye on GS are presented based on the Langmuir,
Freundlich, and Temkin isotherms, respectively.
Notably, the Langmuir model exhibits the highest R? in
the figure, assuming that the adsorption process is
dominated by a single layer and physical bonding. All
statistical information was illustrated in Table S1.

Table 1: The isotherm models parameters’ values.

Omax KL 2
mg/g (L/mg)

16.8067 0.601 0.996 5.8487 2.2815

K n
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Figure 10: The isotherm models of adsorption, (a) Langmuir, (b) Freundlich, and (c) Temkin.
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However, the other two models, Freundlich and
Temkin, showed also relatively high R? values of
0.9674 and 0.9731, respectively, which make them
unignorable. Thereby, more than one scenario could be
applicable. In the Freundlich model, the binding is
chemical and the adsorption is in the multilayer form.
Moreover, the value of n is 2.2815, signifying a
substantial level of adsorption on GS surfaces. Put
differently, effective adsorption is observed when the
value of 1/n falls within the range of 0.1 to 1. In our
study, the calculated 1/n value is 0.438, indicating that
44 % of the active adsorption sites possess identical
energy levels [41]. The observed adsorption is
attributed to the robust electrostatic charge of GSs and
their distinctive structure [42].

The Temkin model posits that adsorption is a multi-
layer process, disregarding significantly elevated or
diminished amounts of the adsorbate in the liquid
phase. It was confirmed that the differential heat of
adsorption decreases linearly as the coverage increases
and the interaction of the adsorbent-adsorbate is weak
[43]. Table 1 shows a summary of the model’s
parameter values, while Table S1 shows a statistical
analysis of the three models.

3.3.2. Kinetics study

Understanding adsorption kinetics is essential for
comprehending both the mechanism and rate of the
adsorption process. Various models, each based on

different assumptions, aim to elucidate the mechanism of
adsorption. For this specific purpose, we have selected
five commonly used models: the pseudo-zero-order,
pseudo-first-order, pseudo-second-order, Elovich, and
intraparticle diffusion models. To determine the most
appropriate model, we computed the R? for each model
to assess its alignment with the practical data. The R?
values for the pseudo-zero-order, pseudo-first-order,
pseudo-second-order, Elovich, and intraparticle diffusion
models were found to be 0.9703, 0.6283, 0.9998,
0.8883, and 0.9372, respectively. Based on the analysis,
it can be inferred that the models performed optimally in
the following order: pseudo-second-order, pseudo-zero-
order, intraparticle diffusion, Elovich, and pseudo-first-
order. The statistical analysis of the five models was
illustrated in Table S2, where the adjusted R? values
followed the same order of R% Consequently, we will
focus our examination on the model with the highest R?
value, namely the pseudo-second-order.

Our results perfectly align with the pseudo-second-
order model, assuming that the adsorption rate is not
influenced by concentration but is determined by
adsorption capacity. This model considers the potential
limitation of chemisorption rate on adsorption, possibly
due to surface group quantity. In fact, the pseudo-
second-order model accurately predicts the equilibrium
adsorption capacity, as demonstrated by Sahoo and
Prelot [44]. The relationships between the models'
calculations are depicted in Figure 11.

@)

Pseudo-zero-order

'0.5 ¥ T T T T T T
5 10 15 20 25 30 35 40 45

Time (min)

Figure 11: Kinetics models of the adsorption, (a) Pseudo zero order, (b) Pseudo first order, (c) Pseudo second order, (d)
Elovich, and (e) Intraparticle diffusion model.
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The adsorption mechanism of the GS employed for
methylene blue removal entails the movement of
methylene blue molecules from the aqueous solution to
the surface of the adsorbent. Subsequently, these
molecules chemically bond with active sites on the
adsorbent, resulting in the formation of a monolayer
that adheres to the Langmuir isotherm. This
phenomenon is defined by the presence of adsorption
sites that have the same capacity and become fully
occupied once equilibrium is reached. The pseudo
second order Kinetics model states that the rate-limiting
step is the chemisorption process.

In the end, we suggested the comparison of our
results with similar biowaste adsorbents, where the GS
shows a remarkable adsorption capacity and is set as a
powerful adsorbent as illustrated in Table 2. It is good to
mention two points, first is some compared wastes might
be advanced treated, while the GS was simply used. The
second is the GS performance is even higher than some
other biochar materials, but we didn’t include them to
keep the constancy. Here, it can be stated that plain GS
shows a very high performance, in addition to being
simple, sustainable, abundant, and cheap.

Table 2: A comparison of adsorption capacities of different adsorbents for MB dye.

Gundelia seeds waste
Wheat shells
Orange peels
Catton waste

Jute processing waste
Banana peel
Cereal chaff
Wheat shells

Raw beech sawdust

Spent coffee grounds

Neem saw dust

Beer brewery waste
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30.57
4.23
18.6
240

22.47
20.8
20.3

16.56
9.78
18.7
3.62
4.92

This work
[45]
[46]
[47]
[48]
[46]
[49]
[50]
[51]
[52]
(53]
[54]
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4. Conclusion

In conclusion, this study highlights the promising
potential of GS waste as an environmentally friendly
and effective adsorbent for the removal of MB dye
from contaminated water. Through meticulous
experimentation and analysis, we have elucidated
various factors influencing the adsorption process,
including pH, dose, initial dye concentration, and
temperature. Our investigation into the effect of pH
revealed that near-neutral conditions (pH=7) vyield
optimal removal rates and adsorption capacities. The
point of zero charge (PZC) of GS was determined to be
at pH=8, providing valuable insight into its surface
charge characteristics. Moreover, the dose of GS
significantly influenced both the removal rate and
adsorption capacity, with higher doses yielding
increased removal rates but reduced adsorption
capacities due to clustering effects. Furthermore, we
observed that the initial dye concentration has a notable
impact on the adsorption process; lower concentrations
resulted in higher removal rates, while higher
concentrations led to increased adsorption capacities.
The effect of temperature on the adsorption process
was found to be marginal, indicating that the process is
neither endothermic nor exothermic. Theoretical
analyses using Langmuir, Freundlich, and Temkin
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