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rops humilis in removing
methylene blue dye from water: an effective
approach

Wassim El Malti, *a Saja Koteichb and Akram Hijazib

Removing dyes, particularly methylene blue, from wastewater is crucial due to their detrimental effects on

environmental and human health. Adsorption, recognized as a simple and efficient technique, is frequently

employed to eliminate various dyes from water. Although activated carbon is a favored adsorbent for

wastewater treatment, its high cost often restricts its use. As a result, there is increasing interest in

utilizing inexpensive, natural materials, and waste products as alternative adsorbents. Sawdust from the

European fan palm tree, specifically Chamaerops humilis, a widely available and cost-effective by-

product, has demonstrated effective dye removal from wastewater. This study explored the impact of

various factors such as time, agitation, adsorbent quantity, dye concentration, pH, and temperature on

the adsorption of methylene blue using Chamaerops humilis sawdust. Optimal dye adsorption conditions

were identified at a temperature of 25 °C, a pH of 8, an adsorbent dosage of 100 mg, a contact time of

120 min, and a dye concentration of 20 mg L−1, achieving a removal efficiency of 93.5%. Moreover, the

Langmuir isotherm model described the adsorption dynamics more accurately, suggesting a maximum

sorption capacity of 22.7 mg g−1 for the sawdust. Additionally, adsorption kinetics aligned better with the

pseudo-second-order model than the pseudo-first-order model, underscoring the efficacy of this

method in treating dye-polluted water.
Introduction

Water is essential for all forms of life, not just humans. Our
planet holds about 1380 million cubic kilometers of water,
consisting of salty and fresh water. The vast majority, 97.2%, is
found in oceans and seas, leaving only 2.8% as freshwater.
However, accessible freshwater for human use is just a fraction,
about 0.07% of the total, including sources like groundwater,
rivers, and lakes. Surprisingly, about 2.15% of this freshwater is
locked up in ice.1

With industrial growth, more pollutants enter our environ-
ment, contaminating the water with dyes, heavy metals, and
other harmful substances. Dyes, in particular, are used exten-
sively across various industries, including textiles, plastics, and
paper, leading to signicant environmental concerns. Even
small amounts of dyes, less than 1 part per million in some
cases, can be easily seen in water and are not desired due to
their impact on the appearance and quality of water bodies.2

Methylene blue (MB), a common synthetic dye, is especially
notorious for its persistence in aquatic environments and
potential toxicity to aquatic life, affecting exposed species'
rsity of the Middle East, Kuwait. E-mail:

e (PRASE), Doctoral School of Science and

4206
reproductive and respiratory systems.3 Even low concentrations
can have detrimental effects, highlighting the urgency for
effective removal methods.4 Dye pollution is characterized by its
large volume, intense color, high organic content, and difficulty
in breaking down, posing risks to aquatic health and hindering
the photosynthesis of waterborne microorganisms.3

Several treatment methods, such as adsorption, coagulation,
ion exchange, membrane ltration, chemical degradation, and
biodegradation, have been explored to combat dye pollution in
water.5 However, many conventional techniques face high costs
and operational complexities.6,7 Chemical degradationmethods
oen involve using hazardous reagents and produce secondary
pollution.7–9 Biodegradation, while environmentally friendly,
typically requires long treatment times and specic conditions
that can be difficult to maintain.10–12 In contrast, adsorption
offers several advantages, including high efficiency, cost-
effectiveness, ease of operation, and the ability to handle
a wide range of dye concentrations and types.6,13–15 These attri-
butes make adsorption a superior method for treating dye-
contaminated water compared to physical, chemical, and bio-
logical methods.11 Still, the high cost and regeneration issues of
activated carbon, a common adsorbent, limit its widespread
use.16 Recently, research has shied towards exploring afford-
able, unconventional adsorbents like clays, agricultural wastes,
and industrial by-products.17–19 Many studies have examined the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Chamaerops humilis structure.
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removal of dyes from wastewater using a range of
adsorbents.20–24

Chamaerops humilis, commonly known as the European fan
palm, is widely distributed across the Mediterranean region,
marking its abundance in diverse environments from coastal
areas to mountainous landscapes.25 Sawdust from Chamaerops
humilis (SCH), an abundant and low-cost by-product of the palm
industry, has emerged as a promising solution for environ-
mental cleanup, particularly in removing heavy metals and dyes
from water. Its porous structure and natural composition make
it an effective adsorbent, capable of binding with and capturing
a wide range of pollutants.26 Studies have shown that when
treated and used in water treatment processes, SCH can
signicantly reduce concentrations of harmful substances,
including heavy metals and synthetic dyes, from contaminated
water. This makes it a sustainable option for wastewater treat-
ment and adds value to what is otherwise considered waste
material, contributing to a circular economy and reducing
reliance on more expensive or non-renewable resources for
water purication.27,28

This study aimed to assess the effectiveness of valorized SCH
in adsorbing MB. We analyzed the chemical and physical
characteristics of the adsorbent through various techniques. We
conducted batch experiments to evaluate its adsorption capa-
bilities, varying parameters such as particle size, agitation,
adsorbent mass, pH, temperature, and contact time. We further
examined the kinetics of the adsorption process and developed
Langmuir and Freundlich isotherms under optimal conditions
to explore its dynamics. The study was concluded with tests on
selectivity and reusability of the adsorbent.
Materials and methods
Reagents

All reagents were sourced from commercial suppliers and used
as received without additional purication. The used MB is
a basic dye (C.I. 52015), presenting as a solid with a maximum
absorption wavelength (l max) of 663 nm and a molar absorp-
tivity (3) of 170.1 dm3 g−1 cm−1. The chemical structure of MB is
depicted in Fig. 1. The study also utilized hydrochloric acid
(BDH Chemicals, 36.5–38%), sodium hydroxide (Sigma-Aldrich,
>97%), andmethylene orange (MO), C.I.13025, with amolecular
mass of 327.34 g mol−1 and a lmax of 464 nm.
Adsorbent preparation

Chamaerops humilis plants were harvested from a region in
Lebanon, specically selecting the petiole part of the plant for
processing into SCH (Fig. 2). Approximately 0.5 kg of this
Fig. 1 Structure of MB.

© 2024 The Author(s). Published by the Royal Society of Chemistry
sawdust was thoroughly washed multiple times with distilled
water to eliminate dust and other impurities. Subsequently, the
SCH was oven-dried for 24 hours at 50 °C to achieve complete
dryness.
Techniques and machines

Following the preparation of the SCH, 0.5 kg of the latter was
washed multiple times with distilled water, and the total dis-
solved solids (TDS) in the wash water were monitored to remove
the residual salts and investigate the cleanliness of the sawdust.

The moisture content was calculated according to eqn (1)
below.

Moisture content ¼ initial mass� final mass

initial mass
� 100 (1)

Initial and nal masses correspond to the SCH sample
before and aer drying.

The pH was measured by dispersing 0.5 g of SCH in 50 mL of
distilled water, followed by stirring the mixture for 2 h at room
temperature.

The pHpzc was determined by adjusting the pH of a 0.01 M
NaCl solution to between 2 and 7 using 0.5 M HCl or 0.5 M
NaOH. Subsequently, 0.5 g of SCH was added to 20 mL of this
pH-adjusted solution and stirred at room temperature for 24 h.
The nal pH was measured and plotted against the initial pH,
with the pHpzc identied where the initial pH (pHi) equals the
nal pH (pHf).

The sample's chemical composition was assessed using
energy-dispersive X-ray spectroscopy on a Philips X'pert Pro
MPD diffractometer. The Fourier Transform Infrared Spectros-
copy (FTIR) analysis was performed using the JASCO FTIR-6300
spectrometer, covering a range from 400 to 4000 cm−1. The BET
analysis was conducted on a Micromeritics ASAP 2010; the N2

adsorption isotherm was obtained by measuring the amount of
RSC Adv., 2024, 14, 24196–24206 | 24197
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N2 gas adsorbed on the surface of SCH at 77 K, while desorption
isotherms were obtained by measuring the amount of gas
removed from the surface of SCH as the pressure was gradually
reduced. The adsorption was evaluated by ultraviolet-visible
spectroscopy (UV-vis; U-2900, dual-beam spectrometer, 200 V,
664 nm wavelength).
Adsorbate preparation

MB stock solution was prepared at a concentration of 1 g L−1 by
dissolving the dye in distilled water. Desired adsorbate
concentrations were then achieved by diluting this stock solu-
tion accordingly.
Adsorption tests

Batch mode experimental conditions were assessed using
25 mL Erlenmeyer asks, wherein a solution of MB (20 mg L−1)
was introduced along with 0.025 g of SCH adsorbent. The
mixture was agitated at room temperature at medium speed for
a predetermined period. Post adsorption, the MB concentration
in the solution was analyzed using UV-vis spectroscopy. The
study explored the inuence of various parameters, including
particle size, agitation, adsorbent dose, contact time, pH, and
temperature, on the adsorption efficiency. The pH of the
adsorptive solutions was adjusted as necessary using HCl and
NaOH solutions. The ndings from these experiments were
utilized to determine the optimal conditions for maximizing
MB removal from the aqueous solutions. The percentage of dye
removal and the quantity of dye adsorbed were calculated using
eqn (2) and eqn (3), respectively.

Absorption% ¼ C0 � Ce

C0

� 100 (2)

Qe ¼ ðC0 � CeÞ � V

m
(3)

C0 and Ce (mg L−1) represent the initial dye concentration
and equilibrium concentration, respectively. V is the volume of
the solution (L), and m is the adsorbent mass (g).
Fig. 3 TDS variation vs. number of washings with distilled water.
Adsorption isotherm models

Langmuir. Assuming a uniform adsorbent surface with
a monolayer formation, the adsorption is presumed to follow
the same mechanism without any interaction among the
adsorbed molecules. The Langmuir isotherm can be repre-
sented by the linear eqn (4):20,29,30

Ce

Qe

¼ 1

Qm � KL

þ Ce

Qm

(4)

Ce represents the MB concentration at equilibrium (mg L−1),
Qe is the adsorption capacity at equilibrium (mg g−1), Qm is the
maximum adsorption capacity for a monolayer (mg g−1), and KL

is the Langmuir constant associated with adsorption energy (L
g−1).
24198 | RSC Adv., 2024, 14, 24196–24206
Subsequently, the separation factor constant (RL) derived
from the Langmuir model is calculated using eqn (5):20,29,30

RL ¼ 1

1þ KLC0

(5)

C0 is the initial concentration of MB (mg L−1).
Freundlich. This model assumes adsorption forms multi-

layers on a heterogeneous surface. The Freundlich linear eqn (6)
is given by:20,29,31

log Qe ¼ log KF þ 1

nF
log Ce (6)

Qe is the equilibrium adsorption capacity (mg g−1), Ce is the
equilibrium MB concentration (mg L−1), KF is the Freundlich
constant related to adsorption capacity, and nF is the Freundlich
exponent indicating adsorption intensity.

Reusability tests

These tests were conducted on dried samples of SCH, which had
previously been loaded with MB under optimal conditions.
Each sample was placed in a 150 mL Erlenmeyer ask con-
taining 100 mL of 90% ethanol and stirred at 25 °C for 2 h. Aer
desorption, the MB-laden solution was analyzed using UV-vis
spectroscopy. This adsorption and desorption cycle was
repeated four times, resulting in ve uses for each adsorbent.

All the experiments in this study were performed in tripli-
cate, exhibiting a standard deviation of 1.5% and a reproduc-
ibility of 0.4%.

Results and discussion
Enhancing the adsorbent performance: the impact of washing
frequency

Fig. 3 illustrates the TDS values in the wash water as the sawdust
underwent successive washes. We observed a decline in water
TDS from 200 to 11 ppm, indicating a reduction in residual
salts. The TDS stabilized at 11 ppm aer the eighth wash,
suggesting no further washing was necessary as the sawdust
© 2024 The Author(s). Published by the Royal Society of Chemistry
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had become sufficiently clean. Notably, a TDS level of 11 ppm is
considered suitable and acceptable for adsorption.32,33
Physico-chemical properties of the adsorbent

Table 1 shows that the adsorbent derived from Chamaerops
humilis sawdust exhibited notable characteristics essential for
its application in water purication processes. The moisture
content stood at 9.80%, reecting a good-quality adsorbent.21,34

The pH value of the adsorbent was slightly acidic at 6.5, with the
point of zero charge (pHzpc) being close at 6.0, suggesting
a balanced surface charge distribution under neutral condi-
tions. The chemical analysis revealed a composition rich in
carbon, highlighting its potential for adsorption, and a rich
composition in oxygen, indicating various oxygen-containing
functional groups. The surface properties of SCH, including
specic surface area, total pore volume, and average pore size
were measured using N2 adsorption–desorption isotherms
(Table 1). The results revealed that the SCH has a porous
structure, with a relatively small BET surface area of 12.50 m2

g−1 and an average pore diameter of 2.500 nm. According to the
International Union of Pure and Applied Chemistry (IUPAC)
classication on pore dimensions, adsorbent pores are catego-
rized as micropores (d < 2 nm), mesopores (d = 2–50 nm), and
macropores (d > 50 nm). Therefore, with an average pore
diameter of 2.500 nm, the majority of the SCH pores fall into the
mesoporous range.

The FTIR analysis (Fig. 4) conrmed the presence of many
functional groups, with broad bands observed for O–H
stretching (3220–3450 cm−1), indicative of the high presence of
Table 1 Physico-chemical properties of SCH

Moisture content (%) 9.8
pH 6.5
pHzpc 6.0
Chemical composition (wt%) C 58.48

H 5.580
N 1.420
O 34.36

Total surface area (m2 g−1) 12.5
Total pore volume (cm3 g−1) 0.725
Average pore size (nm) 2.5

Fig. 4 FTIR analysis of SCH.

© 2024 The Author(s). Published by the Royal Society of Chemistry
carboxyls, phenols, and alcohols groups; one absorption peak at
about 1557.00 cm−1, characteristic of the C]O stretching of the
carbonyl groups; the C–H stretching vibrations at 2942.30 cm−1,
and C–O stretching at 1048.20 cm−1, can be attributed to the
alcohol, phenol, and ether groups. These properties collectively
underscore the adsorbent's potential for effectively interacting
and removing MB from water.
Adsorption tests

Several variables can inuence the efficiency of MB adsorption
using SCH. Extensive investigation has been conducted to
explore the effect of these variables on the adsorption process.
For optimal adsorption results, it's crucial to ne-tune these
conditions during laboratory experiments.

Effect of particle size. To demonstrate how particle size
inuences the adsorption of MB on SCH, an investigation was
conducted using two particle size ranges: 0.16–0.40 mm and
0.41–1.0 mm. The conditions were constant: temperature at 25 °
C, MB concentration at 20 mg L−1, adsorbent dosage at 25 mg,
and contact time at 120 min. Fig. 5 shows that smaller adsor-
bent particles achieved higher adsorption efficiency, with
around 72% adsorption for the 0.16–0.4.0 mm range, compared
to 50% for the 0.4–1.0 mm range. This difference is likely due to
smaller particles providing a larger surface area, enhancing the
adsorbate's access to the adsorbent's pores. Since sorption is
primarily a surface-based process, a smaller particle size means
a larger available surface area, leading to increased sorption at
equilibrium.35

Effect of agitation. Agitation helps distribute dye molecules
throughout the solution and affects the formation of the
external boundary lm.36 In our study, we compared adsorption
under stationary conditions and with agitation while main-
taining other variables constant at a temperature of 25 °C, MB
concentration of 20 mg L−1, adsorbent dose of 25 mg, and
a contact time of 120 min. Fig. 6 illustrates that the adsorption
efficiency was 44% higher with agitation compared to the
stationary condition. This increase can be attributed to the
enhanced adsorbate–adsorbent interaction.

Effect of adsorbent mass. The amount of adsorbent used, or
the adsorbent dose, is crucial in adsorption experiments as it
impacts how much dye can be removed from a solution. In our
Fig. 5 Effect of SCH particle size on the MB adsorption (%).

RSC Adv., 2024, 14, 24196–24206 | 24199
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Fig. 6 Effect of agitation on the MB adsorption (%).

Fig. 8 Effect of the initial pH on the MB adsorption (%).
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tests, we investigated adsorbent doses ranging from 25 to
200 mg at 25 °C for 120 min. The MB concentration was
adjusted to 20 mg L−1. According to the data in Fig. 7,
increasing the sawdust dose from 25 mg to 150 mg gradually
improved the dye adsorption from 60% to a peak of 91%. This
improvement is likely due to the larger surface area and more
active sites available for adsorption at higher doses. Even
though the dye removal slightly increased to 92% and 94% at
175 mg and 200 mg, we identied 100 mg as the optimal dose.
This is because using a signicantly larger dose may lead to
wastage and depletion of adsorbent resources, particularly
when scaling up for practical applications.

Effect of pH. The pH level is crucial in dye adsorption onto
adsorbents, impacting the surface binding sites' behavior. In
this study, we examined how varying pH levels from 2 to 10
affect MB adsorption onto SCH, keeping other conditions like
temperature at 25 °C, MB concentration at 20mg L−1, SCHmass
at 100 mg, and contact time at 120 min constant.

The results, depicted in Fig. 8, show the correlation between
the pH and MB adsorption on sawdust, where an increase in pH
from 2 to 10 leads to an increase in adsorption percentage from
45% to 93%. Specically, there's a sharp increase in adsorption
Fig. 7 Effect of SCH mass on the MB adsorption (%).

24200 | RSC Adv., 2024, 14, 24196–24206
from 45% to 90% as the pH rises from 2 to 6, followed by a more
gradual increase to 93% as the pH goes from 6 to 10. At pH
values below 6, the sawdust surface is positively charged,
causing repulsive interactions with MB cations and a high
concentration of H+ ions in the solution, which competes with
MB for adsorption sites, reducing the removal rate. As the pH
increases, the sawdust surface turns negatively charged,
enhancing its interaction with the MB molecules.

Based on these observations, we determined that the optimal
pH for our experiments is 8 to avoid conditions that are too
basic and not representative of urban wastewater
characteristics.

Effect of temperature. Temperature signicantly inuences
the adsorption process, with thermodynamic factors like heat of
adsorption and activation energy—both temperature-depen-
dent—playing key roles in adsorption dynamics.37 We examined
how varying temperatures (25 to 45 °C) affect adsorption,
maintaining conditions such as MB concentration at 20 mg L−1,
SCH mass at 100 mg, pH at 8, and a 120 min contact time. Our
ndings reveal that the adsorption efficiency decreases from
94% to 90% as temperature increases from 25 °C to 45 °C
(Fig. 9), indicative of an exothermic process. This decrease in
efficiency at higher temperatures could be due to enhanced
diffusion rates of the dye across the porous adsorbent's
boundary layers, making more active sites accessible for sorp-
tion. This observation aligns with other studies where
decreased adsorption efficiency with rising temperature was
noted, attributed to diminished adsorbent activity.38 Conse-
quently, we determined that the optimal temperature for
maximal MB adsorption using SCH is 25 °C, highlighting that
lower temperatures are preferable for the investigated adsorp-
tion process.

Effect of contact time. The equilibrium time is an essential
parameter in analyzing the adsorption process. We investigated
how varying contact times, from 10 to 150 min, impacted the
efficiency of MB removal. This relationship is depicted in
Fig. 10, showing an increase in adsorption percentage from
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Effect of temperature on the MB adsorption (%).

Fig. 10 Effect of contact time on the MB adsorption (%).

Table 2 Pseudo-first-order and pseudo-second-ordermodels for the
adsorption of MB onto SCH

Kinetic models Adsorbent (SCH)

Qe.exp (mg g−1) 4.65

Pseudo-rst order
Qe.cal (mg g−1) 2.35
K1 0.04
R2 0.952
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75.0% to 92.7% as the contact time extended from 15 to
120 min, with the peak removal efficiency of 92.7% occurring at
105 min.

During the adsorption process, we observed three distinct
phases. Initially, the removal of MB was rapid due to the
abundance of free active sites on the SCH, allowing a signicant
amount of MB to bind quickly, which was attributed to the
sample surface area and availability of active sites. Following
this rapid phase, the adsorption rate decreases as the number of
available active sites diminishes. Finally, the process stabilizes,
reaching an equilibrium where no further MB is removed from
the water, indicating the saturation phase. This slowdown is
primarily due to the diminishing number of available active
sites on the adsorbent as they become occupied over time.20
Pseudo-second order
Qe.cal (mg g−1) 4.80
K2 0.05
R2 0.999
Adsorption kinetics

In this study, we applied both pseudo-rst-order and pseudo-
second-order kinetic models to pinpoint the most accurate
© 2024 The Author(s). Published by the Royal Society of Chemistry
description of the adsorption of MB onto SCH (eqn (7) and
(8)).39–41 The rate constants for these models, K1 and K2, along
with the calculated adsorption capacities (Qe), were derived
from the plots of ln(Qe − Qt) versus time for the pseudo-rst-
order model, and t/Qt versus time for the pseudo-second-order
model.

ln(Qe − Qt) = lnQe − K1t (7)

t

Qt

¼ 1

K2Qe
2
þ t

Qe

(8)

Table 2 presents the values of K1 and K2, the correlation
coefficients (R2), and the calculated adsorption capacities (Qe).
Fig. 11a and b visually represent the kinetic plots for the
pseudo-rst and second-order models, respectively.

The pseudo-rst-order model yielded an adsorption capacity
(Qe.cal) of 2.35 mg g−1 for SCH, signicantly differing from the
experimental data (Qe.exp). This discrepancy suggests that the
pseudo-rst-order model does not adequately capture the
adsorption kinetics for our system. Conversely, the pseudo-
second-order model's Qe.cal value of 4.80 mg g−1 aligns more
closely with the experimental value of 4.65 mg g−1. Further-
more, the pseudo-second-order model's correlation coefficient
(R2 = 0.999) is substantially higher than that of the pseudo-rst-
order model (R2 = 0.952), strongly indicating the pseudo-
second-order model as the more accurate representation of
the kinetics of MB adsorption onto SCH, which underscores the
signicance of chemisorption. This provides valuable insights
into the nature of the adsorption process, suggesting that the
interactions are not simply physical but involve chemical
bonding between the MB molecules and the active sites on the
SCH surface, leading to a more efficient adsorption system.42 In
addition, the better t of the pseudo-second-order model
suggests that the adsorption capacity is closely related to the
number of active sites available on the adsorbent.43 As the
model assumes that the adsorption rate is proportional to the
square of the number of unoccupied sites, it implies that the
adsorption process becomes slower as these sites become
occupied, characteristic of chemisorption processes where the
active sites play a crucial role.44
RSC Adv., 2024, 14, 24196–24206 | 24201
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Fig. 11 (a) Pseudo-first-order model; (b) pseudo-second-order models of the adsorption of MB onto SCH.
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Adsorption isotherm models

We conducted adsorption isothermal studies to understand
how MB interacts with SCH in water and determine the
maximum adsorption capacity (Qe). For this purpose, we
applied both the Langmuir and Freundlich isotherm models.

The summary of our isotherm analysis is shown in Fig. 12
and detailed in Table 3. The sawdust was compatible with the
Langmuir and Freundlich models for removing MB, as indi-
cated by the plots' strong correlation coefficients and linearity.

The dimensionless separation factor or equilibrium param-
eter, RL, is a crucial Langmuir model feature that predicts
adsorption viability. An RL value greater than 1 indicates unfa-
vorable adsorption, zero suggests irreversible adsorption, one
denotes linear adsorption, and values between zero and one
Fig. 12 (a) Adsorption capacity (Qe) vs. several initial concentrations of M
of MB onto SCH.

24202 | RSC Adv., 2024, 14, 24196–24206
reect favorable adsorption.29 As displayed in Table 3, our
ndings reveal that the RL values are within the 0 to 1 range,
suggesting that the MB adsorption onto SCH is favorable.

Regarding the Freundlich model, the heterogeneity factor ‘n’
helps classify the adsorption process: 1 points to linear
adsorption, less than 1 to chemical adsorption, and greater than
1 to physical adsorption (physisorption).29,45 For our study, ‘n’
values were approximately 3 for the MB adsorption onto
sawdust, indicating a physical adsorption process.

Comparing the two models, the Langmuir isotherm
provided higher correlation coefficients for the MB sorption,
suggesting that the Langmuir model more accurately describes
the sorption of MB onto SCH in our study.29

By comparing themaximum adsorption capacity of SCHwith
other materials (natural, synthetic, or treated) reported in the
B; (b) and (c) Langmuir and Freundlich isotherm plots for the adsorption

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Langmuir and Freundlich isotherm models data

Adsorption isotherm models Parameters Adsorbent (SCH)

Langmuir Qm (mg g−1) 22.27
KL 0.022
RL 0.680
R2 0.990

Freundlich KF 4.620
n 3.000
R2 0.904

Fig. 13 MB and MO adsorption (%) onto SCH.
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literature (Table 4), it is evident that SCH is an effective adsor-
bent for removing MB from water under mild conditions. This
effectiveness is particularly notable given that SCH is a natural
and abundant material that is used without any specic
treatment.
Fig. 14 Plots of adsorption capacity versus no. of uses of SCH at
optimal conditions.
Selectivity tests

In wastewater, dyes are never present in isolation; they coexist
with other dyes. A study was conducted to evaluate the selec-
tivity of SCH in removing cationic MB and anionic dye methyl
orange (MO). For this purpose, an aqueous solution containing
both dyes at equal concentrations (20 ppm) was prepared at
room temperature and a pH of 8. The extent of dye removal was
measured using UV-vis spectroscopy. The results, depicted in
Fig. 13, indicate that the adsorption efficiency for MB (90%)
surpasses that of MO. This disparity can be attributed to the
strong interactions between the positively charged MB and the
sawdust. Conversely, the MO molecules, being anionic, repel
electrostatically against the sawdust, leading to suboptimal
adsorption efficiency.
Reusability tests

The employment of adsorption for wastewater treatment pres-
ents a considerable benet over conventional methods due to
the potential for adsorbent regeneration. Although SCH
Table 4 Comparison between the maximum adsorption capacities of S

Adsorbent Q

Banana peels46 20
Orange peels46 18
Neem leaf47 8
Fly ash48 13
Eggshell49 0
Wheat shells50 16
Durian skin51 7
Haloxylon recurvum plant stems52 22
Ficcus palmata53 6
Modied (treated) y ash54 28
Activated carbon from grape wood wastes55 5
Citrullus colocynthis peels 4
Tumeric/polyvinyl alcohol/carboxymethyl cellulose56 6
Reused SiO2 desiccant + treated sand57 22
Cedrus atlantica sawdust58 7
SCH (this study) 22

© 2024 The Author(s). Published by the Royal Society of Chemistry
adsorbent is a low-cost material readily available in large
quantities, particularly in the Mediterranean region, its regen-
eration was evaluated by exposing it to ethanol as an eluent for
up to ve reuse cycles at optimal conditions. As shown in
Fig. 14, the SCH adsorbent maintain substantial usability for up
to three cycles. However, a notable decline in adsorption
capacity was observed from the fourth cycle onward, with
CH and various materials from the literature

m (mg g−1) Conditions Year

.80 30 °C, pH 6–7 2002

.60 30 °C, pH 6–7 2002

.760 27 °C, pH 5–8 2005

.42 30 °C, pH 10 2005

.8000 25 °C, pH 7 2006

.56 30 °C, pH 4.5–9 2006

.230 130 °C, pH 9 2015

.93 25 °C, pH 8 2017

.890 45 °C, pH 7 2019

.65 25 °C, pH 7 2021

.880 25 °C, pH 11 2021

.480 19 °C, pH 8 2021

.270 25 °C, pH 6 2022

.80 25 °C, pH 7 2023

.840 25–60 °C, pH 10 2023

.70 25 °C, pH 7 2024

RSC Adv., 2024, 14, 24196–24206 | 24203
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a reduction of approximately 50% of its initial maximum
capacity. This may be attributed to the partial depletion of
adsorption sites aer reuse or incomplete desorption of meth-
ylene blue.

Conclusions

In this study, valorized sawdust from Chamaerops humilis, a low-
cost precursor, has been examined and proven to be an efficient
adsorbent for removing methylene blue from aqueous solu-
tions. Given that SCH is relatively inexpensive, freely accessible,
and abundant, it is a viable low-cost alternative for dye removal
from aqueous solutions. This study investigated the impact of
various parameters on adsorption efficiency, revealing that
increasing the initial pH, adsorbent dose, and contact time
enhanced the MB adsorption efficiency, whereas an increase in
temperature reduced it. Agitation was shown to be crucial to
improving the adsorption process. Furthermore, the pseudo-
second-order model was found to more accurately describe
the kinetic behavior of MB adsorption compared to the pseudo-
rst-order model. The values of the determined parameters (n
and RL) using isothermal models indicated that the adsorption
process was desirable and predominantly physical. Addition-
ally, the correlation coefficient (R2) obtained using the Lang-
muir isotherm model showed a better t than the Freundlich
isotherm model.

Similarly to most of the adsorption studies for wastewater
treatment, the efforts exerted in this research study remain
conned to the lab-scale. However, for practical industrial-scale
applications, effluent treatment should be conducted in
a continuous mode.

Data availability

All data generated or analyzed during this study are included in
this article.

Author contributions

Conceptualization, formal analysis, methodology, and supervi-
sion: WEM, AH; investigation and validation: SK and WEM;
funding acquisition and project administration: AH; writing
and editing: WEM.

Conflicts of interest

There are no conicts to declare.

References

1 V. Renaudin, Le dessalement de l’eau de mer et des eaux
saumâtres, https://culturesciences.chimie.ens.fr/
thematiques/chimie-physique/thermodynamique-chimique/
le-dessalement-de-l-eau-de-mer-et-des-eaux, accessed 15
April 2024.

2 R. Al-Tohamy, S. S. Ali, F. Li, K. M. Okasha,
Y. A.-G. Mahmoud, T. Elsamahy, H. Jiao, Y. Fu and J. Sun,
24204 | RSC Adv., 2024, 14, 24196–24206
A critical review on the treatment of dye-containing
wastewater: Ecotoxicological and health concerns of textile
dyes and possible remediation approaches for
environmental safety, Ecotoxicol. Environ. Saf., 2022, 231,
113160.

3 P. O. Oladoye, T. O. Ajiboye, E. O. Omotola and O. J. Oyewola,
Methylene blue dye: Toxicity and potential elimination
technology from wastewater, Results Eng., 2022, 16, 100678.

4 R. Pourbaba, A. Abdulkhani, A. Rashidi and A. Ashori, Lignin
nanoparticles as a highly efficient adsorbent for the removal
of methylene blue from aqueous media, Sci. Rep., 2024, 14,
9039.

5 M. Shabir, M. Yasin, M. Hussain, I. Shaq, P. Akhter,
A.-S. Nizami, B.-H. Jeon and Y.-K. Park, A review on recent
advances in the treatment of dye-polluted wastewater, J.
Ind. Eng. Chem., 2022, 112, 1–19.

6 G. Crini, Non-conventional low-cost adsorbents for dye
removal: A review, Bioresour. Technol., 2006, 97, 1061–1085.

7 V. K. Gupta, I. Ali, T. A. Saleh, A. Nayak and S. Agarwal,
Chemical treatment technologies for wastewater
recycling—an overview, RSC Adv., 2012, 2, 6380–6388.

8 I. Sirés and E. Brillas, Remediation of water pollution caused
by pharmaceutical residues based on electrochemical
separation and degradation technologies: A review,
Environ. Int., 2012, 40, 212–229.

9 U. G. Akpan and B. H. Hameed, Parameters affecting the
photocatalytic degradation of dyes using TiO2-based
photocatalysts: A review, J. Hazard. Mater., 2009, 170, 520–
529.

10 H. Ali, Biodegradation of Synthetic Dyes—A Review, Water,
Air, Soil Pollut., 2010, 213, 251–273.
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