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To cope with environmental hazards caused by synthetic dyes, herein, we report an inexpensive biosorbent
based on Populus ciliata leaf powder for the adsorption of methylene blue (MB) from aqueous solutions.
Using FTIR, BET, EDX, and SEM, chemical, structural, and morphological characteristics of the biosorbent
were examined. The batch adsorption experiments were performed to investigate the influence of
contact time, pH, adsorbent dose, nature of water samples, and dye concentration for MB adsorption. At
optimum conditions, maximum adsorption of 87.7% and adsorption capacity value of 21.21 mg g*1 was
achieved at pH 7 for MB concentration of 10 mg L™%. Langmuir and Freundlich isotherm models were
applied to the equilibrium adsorption data, and the data were perfectly fitted to Langmuir isotherm

model. Pseudo-first-order and pseudo-second-order (PSO) kinetic models were evaluated and it was
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Accepted 20th October 2025 found that the PSO was best fitted to the experimental data. MB was successfully adsorbed from

environmental samples using the suggested biosorbent. This research can provide a viable approach to

DOI: 10.1039/d5ra06607g mitigating the health risks associated with dye pollution, thereby contributing to the reduction of
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1. Introduction

In light of the accelerated pace of industrialization, a wide range
of contaminants including both organic and inorganic persis-
tent toxic substances are being released into the natural envi-
ronment at unprecedented levels." Industrial runoff containing
various pollutants such as dyes, pesticides, personal care, and
pharmaceutical waste products is often discharged into fresh-
water sources without adequate treatment, posing serious risks
to both aquatic ecosystems and human health.” Synthetic dyes
are extensively used in a variety of industries, including paper,
textiles, food, cosmetics, leather, plastics, and pharmaceuti-
cals.® These industries frequently release substantial quantities
of synthetic dyes into their effluents. Globally, approximately
700 000 tonnes of synthetic dyes are produced annually, of
which more than 15% is directly discharged into aquatic
environments.*
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Methylene blue (MB) is one of the most prevalent synthetic
dyes widely used as an indicator, a textile coloring agent, and in
various other industrial applications.’ Its extensive use makes it
one of the most frequently detected dyes in aquatic environ-
ments. If not properly managed, MB can degrade the visual
quality of water bodies and reduce their suitability for multiple
uses. Contaminated water containing MB is harmful, xenobi-
otic, and potentially carcinogenic, underscoring the need for
effective treatment of dye-containing effluents to mitigate their
environmental impact.®

Dyes possess complex molecular structures that contribute
to their physicochemical, optical, and thermal stability. These
properties make them highly resistant to degradation by
chemicals, heat, oxidizing agents, and microbial enzymes.
Consequently, their release into the environment poses serious
ecotoxicological threats. The primary techniques for dyes
removal from wastewater fall into three categories: physical,
chemical, and biological methods. However, highly soluble dyes
are difficult to remove using simple physical methods, while
chemical coagulation and flocculation, as well as biological
processes, often prove ineffective in continuous operations.” To
address these challenges, advanced techniques such as ozone
treatment, ion exchange, membrane separation, electro-
chemical degradation, precipitation, and adsorption are widely
employed. Among these, adsorption is regarded as one of the
most cost-effective and selective treatment methods for water
remediation.® Commercial activated carbon is the most
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commonly used adsorbent due to its high porosity and large
surface area; however, its high-cost limits its large-scale appli-
cations compared to naturally occurring biosorbents. Addi-
tionally, utilization of biosorbents offers an economical and
environment friendly alternative for dye removal, making it an
increasingly popular choice in wastewater treatment.’

The selection of an adsorbent is tricky, as synthetic alterna-
tives such as silica gel have excellent adsorption capacity;
however, they are restricted by economics and regenerative
concerns. The emphasis has turned to natural resources and
waste products as affordable alternatives. Natural organic
waste such as peelings of fruits,"* sawdust,*” and nutshells*® has
been identified as an excellent adsorbent for different pollut-
ants.' Plant-based materials high in lignin, cellulose, and other
fibers function as active adsorption sites, with cellulose being
the most common.” These components are easily accessible
and typically demand no preliminary treatment, lowering costs
and removing any requirement for rejuvenation.'®

The leaf powder extracted from Populus ciliata (PC),
commonly referred to as Himalayan poplar tree, has enormous
prospects as a renewable and affordable biosorbent for the
elimination of synthetic dyes like MB from water-based solu-
tions. This efficiency is due to the plant's rich phytochemical
content, which comprises tannins, flavonoids, cellulose, and
several other polyphenolic chemicals that provide a range of
functional groups on the surface of the adsorbent material,
including hydroxyl (-OH), carboxyl (-COOH), and phenolic
groups.'” Various physical and chemical interactions including
electrostatic attraction, hydrogen bonding, and m-m interac-
tions, enable robust affinities between the adsorbent and
cationic MB dye. PC leaf powder, a renewable and accessible
biomass can provide an ecologically conscious and cost-
effective substitute to traditional biosorbents, promoting
ecological wastewater management solutions.®

A literature survey revealed that considering the plentiful
supply and low cost, PC leaves have not been exploited as a bi-
osorbent for adsorbing toxic dyes from wastewater. Populus cil-
iata proliferates in Pakistan's northern areas. Thus, the primary
objectives of these laboratory-based batch adsorption investiga-
tions conducted with wastewater are: (a) to select and evaluate PC
leaf biomass as a biosorbent for the adsorption of MB in aqueous
solutions; (b) to establish the fundamentally critical process
variables and their optimal levels affecting dye adsorption
kinetics and equilibrium adsorption characteristics; and (c) to
determine the strength, regeneration capacity, and adsorption
performance of the biosorbent. The viability of PC leaf powder as
an effective, economical, and sustainable source for MB dye
adsorption from water sources was validated by adsorption
results supported by a number of parameters, including
temperature, time, pH, ionic strength, biosorbent amount opti-
mization, dye concentration, and biosorbent reusability.

2. Materials and methods
2.1. Materials

In this work, the biosorbent used was Populus ciliata leaf
powder, while the adsorbate was MB, obtained from Sigma
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(BDH, England). HCI (37%), ethanol, NaOH (99%), deionized
water, NaCl (99%), KCI (99%), and CaCl, (98%), were obtained
from Merck, Germany. All materials were employed without
additional purification.

2.2. Equipment

A scanning electron microscope (JEOL, JSM-IT-100, Japan) was
used to study the surface structure of the biosorbent before and
after MB adsorption. Elemental analysis was performed using
EDX at 20.00 kV electron acceleration voltage before and after
MB adsorption onto the PC biosorbent. The FTIR spectropho-
tometer (Cary-630 Agilent Technologies USA) was used to
analyze the functional groups present on the surface of the bi-
osorbent (PC). The adsorbent's FTIR spectra were recorded in
the 400-4000 cm " range. The specific surface area and pore
volume of the biosorbent was determined using Autosorb iQ
Station 2 (Anton Paar, United States). A digital orbital shaker (a
product of PCSIR, Pakistan) was set at 200 rpm and operated at
room temperature to ensure proper mixing of biosorbent and
dye. The UV-visible spectrophotometer (Shimadzu, UV-3000,
with a 1 cm path length) was used to measure absorbance of
dye solutions.

2.3. Preparation of PC adsorbent

To synthesize Populus ciliata (Himalayan poplar) leaf powder,
fresh leaves of PC plants from the Swabi village area in Paki-
stan's KPK province were collected. To remove dust and other
pollutants, the PC leaves were carefully cleaned and repeatedly
rinsed with water. The materials were shaded-dried for 96 h
before being ground into fine powder.

3. Result and discussion

3.1. Characterization

3.1.1. FTIR analysis. The FTIR spectra (Fig. 1) of the bi-
osorbent (PC) presented multiple distinct and strong peaks at
460, 570, 1032, 1450, 1531, 1602, 1729, 2914 cm *, and
3280 cm . The peak around 460 cm™ ' was assigned to C-H
bending vibrations. Polysaccharides like cellulose and hemi-
cellulose exhibit C-H stretching and C-O-C out-of-plane
stretching vibrations, resulting in the band at 570 cm™'. The
bands at 1032 cm ™' and 1602 cm ™" represent C-O and N-H
bending, respectively. The presence of these bands indicates
specific chemical groups in the biosorbent material. Moreover,
the bending and stretching vibrations of -CH, in cellulose, as
well as the —-C-O vibrations in hemicellulose and cellulose, can
be correlated with the peaks at 1032 cm™' and 1602 cm ™'
(strong band). The 1450 cm ™ peak corresponds to C-H bending
vibrations of aliphatic groups (-CH, and -CH3) and asymmet-
rical bending of methyl groups found in FTIR spectrum. This
band represents the bio polymer framework of the PC leaves.
Prominent peak at 1531 cm ™" represents N-H bending (amide
II band) and C=C stretching vibrations of aromatic rings,
indicating the possible existence of proteins, and other
aromatic chemicals. This implies that phenolic and nitroge-
nous components may have a role in possible adsorption

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 FTIR spectra of Populus ciliata leaf powder.
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interactions with contaminants. Another peak at 1729 cm ™’
(medium intensity) indicates C=0 stretching of carboxylic acid
with intramolecular hydrogen bonding. This peak is associated
with ionized non-coordinated and coordinated COO™ groups.
The peak around 2914 cm ™" was attributed to symmetric and
asymmetric C-H stretching of aliphatic acids. Broad peak
around 3280 cm ' was attributed to the presence of hydroxyl
radicals. The presence of functional groups such as -OH, -
COOH, and -C=0 is crucial for the adsorption process, as they
provide sites for interaction with dyes. FTIR analysis confirms
that powdered PC contains these functional groups. The
adsorbent's structural reliability was confirmed by the compa-
rable prominent peaks in the PC leaf powder FTIR spectrum
after the MB adsorption. However, a substantial decrease in
peak intensities after MB adsorption suggests that surface
functional groups-such as hydroxyl, carboxyl, carbonyl, and
amide moieties are actively involved in MB binding. The
lowering in peak intensities may occur due to various types of
electrostatic interactions including hydrogen bonding and m-m
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Fig. 2 SEM image of Populus ciliata leaf powder before adsorption (a), after adsorption of MB (b), EDX image of Populus ciliata leaf powder

before adsorption (c), after adsorption of MB (d).
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interactions with MB molecules, exhibiting successful surface
adsorption without significantly altering the biosorbent
surface.™?°

3.1.2. Scanning electron microscopy and energy dispersive
X-ray. Scanning electron microscopy was used to investigate the
morphological properties of the biosorbent. SEM analysis
(Fig. 2(a and b)) revealed a significant difference in the surface
of the PC biosorbent before and after MB dye adsorption. The
SEM image of PC leaf powder (Fig. 2a) presented a surface with
distinctive characteristics, characterized by its rough, porous,
and uneven texture. These surface features offered promising
sites for effective dye adsorption. The inherent roughness and
surface porosity establish PC leaf powder as a proficient bi-
osorbent for dye adsorption. Subsequent to the adsorption
process, the surface of PC leaf powder (Fig. 2b) demonstrated
surface transformation as it became covered with MB, resulting
in a smoother texture attributed to the entrapment of dye
molecules.

The compositional behavior of the biosorbent was investi-
gated using EDX spectroscopy to determine its elemental
composition. The biosorbent exhibited the highest percentage
of carbon and oxygen, as well as small amounts of nutrients as
evident in the EDX spectra (Fig. 2(c and d)). The presence of
more than 95% by weight of carbon and oxygen before and after
MB adsorption confirmed the abundance of organic functional
moieties in PC leaf powder. EDX spectra also indicated the
presence of multiple natural mineral components (around 5%)
on the adsorbent's surface before and after the adsorption of
MB, including N, Mg, Si, Al, Cu, K, and Ca. Slight fluctuations in
the weight percentages of carbon and oxygen before and after
MB adsorption may signify the adsorption of MB.*"**

3.1.3. BET analysis. The Brunauer-Emmett-Teller (BET)
study, which used the Langmuir adsorption model, revealed
satisfactory linearity within the specified relative pressure range
(0.05-0.3). Populus ciliata leaf powder possessed an estimated
specific surface area of 4.454 m* g *. The modest surface area
indicates the PC leaf powder's porous and textured composition
which combined with a number of surface functional groups (-
OH, -COOH, -NH) allows to achieve successful MB adsorption
via electrostatic attraction and hydrogen bonding instead of
focusing on just its surface area. Thus, despite having a rela-
tively modest BET surface area, PC leaf powder exhibits excel-
lent adsorption capability, indicating that chemical activity and
surface energies are more important than overall surface area in
the removal of MB.

The t-plot was used to separate microporous and exterior
surface regions of PC leaf powder (Fig. 3). The study produced
a high correlation coefficient (r = 0.9957), suggesting that the
data was linear and reliable. The micropore volume (0.006 cm®
g7 ') and area (12.711 m® g ') indicate a moderate quantity of
micropores inside the adsorbent structure. The adsorbent's
exterior surface area (9.449 m* g ') indicates that it is mostly
microporous, with little or no involvement from mesopores or
macropores. External surface area may be calculated by
extrapolating the t-plot line when the surface area is nearly
completely attributable to micropores, indicating high nitrogen
adsorption at small relative pressures.

41902 | RSC Adv, 2025, 15, 41899-41910

View Article Online

Paper

250

200

Adj R?=0.95
150 4

P/P°/W
(9/9)

100

50

T T

T T T
0.10 0.15 0.20 0.25 0.30

PIP°

T
0.05

Fig. 3 t-Plot for pore volume investigations.

The N, adsorption-desorption examination of PC leaf
powder indicated a total pore volume of 1.676 x 10> cm® g~ *
for pores smaller than 2.6 nm at a relative pressure (P/P,) of
0.30167. The predominance of pores in this region suggests the
existence of microporous structures, which give a substantial
amount of adsorption sites for adsorbate (MB). The tiny pore
width promotes surface-solute associations through enabling
MB to make intimate contact with the adsorbent's interior
surface. This microporous structure contributes considerably to
the excellent adsorption capacity and quick diffusion of MB
molecules into the pore network, proving PC leaf powder's
applicability as an effective adsorbent for MB adsorption.>***

3.2. Effect of various parameters on MB adsorption

3.2.1. Effect of biosorbent dosage on MB adsorption. The
impact of biosorbent dose on the MB adsorption was investi-
gated by varying biosorbent doses ranging from 10 mg to
100 mg (Fig. 4(a)). The results revealed that the percentage
adsorption of the MB dye increased with an increase in bi-
osorbent dosage, reaching maximum at biosorbent dose of
60 mg. Beyond a biosorbent dosage of 60 mg, there was a slight
decrease in MB adsorption. The increase in adsorbent dosage
up to 60 mg provides sufficient active sites for the adsorption of
dye onto PC leaf powder. However, when the biosorbent dosage
increased from 60 mg to 100 mg, a slight decrease in MB
adsorption was observed, which may be due to solution opacity
and less trapping of active species due to agglomeration of bi-
osorbents particles.”® Thus, the optimal dosage for the adsorp-
tion of MB was taken as 60 mg for further experiments.

3.2.2. Effect of MB concentration on MB adsorption. To
investigate the effect of initial MB concentration on the
adsorption process, MB concentration was tested for different
solutions (10 mg L™ to 100 mg L") (Fig. 4(b)). It was noted that
with increasing dye concentration, a decrease in MB adsorption
was observed. When the dye concentration was increased from
10 to 100 mg L', the percent adsorption efficiency decreased
from 87.7% to 57%. This decrease is understandable as a fixed

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Effect of biosorbent dose on MB adsorption (a), effect of MB concentration on MB adsorption (b), ionic strength effect on MB adsorption

(c), effect of contact time on MB adsorption (d).

amount of biosorbent provides a specific number of active sites
for adsorbate particles while additional sites are required for
adsorption with increasing dye concentration. Hence,
10 mg L' was chosen as optimum MB concentration for MB
adsorption investigations.>®

3.2.3. Effect of ionic strength on MB adsorption. Dye
effluents contain a mixture of ions that can interact and
potentially affect the adsorption process of adsorbates on
adsorbent surfaces. Significant amounts of salts are generally
found in industrial and real-world water samples, and these
salts may compete with target dyes for the active sites on
adsorbent surfaces. Consequently, it is valuable to investigate
the effect of ionic strength on the adsorption of MB using PC
leaf powder (Fig. 4(c)). For this purpose, two common ionic
species, NaCl and CacCl,, were used to investigate the effect of
ionic strength on MB adsorption. The presence of NaCl and
CaCl, in solution affected the overall MB adsorption on bi-
osorbents surface. It was observed that the percentage adsorp-
tion efficiency of MB decreased as the salt concentration
increased. Since CaCl, produced more ions compared to NacCl,
it was noted that more profonde effect was observed in case of

© 2025 The Author(s). Published by the Royal Society of Chemistry

CaCl,.” This decrease in MB adsorption efficiency could be
attributed to the competition between dye ions and competing
ions such as Na“, Ca®*, and Cl~ ions for available sorption
sites.*”

3.2.4. Effect of contact time on MB adsorption. Contact
time is crucial for the sorption process as it significantly affects
adsorption process and determines the equilibrium time.
During the initial stages, there was a rapid increase in the
amount of MB adsorbed onto the biosorbent due to the abun-
dance of available porous active sites on the biosorbent's
surface (Fig. 4(d)). It was noted that MB adsorption was rapid
initially, as maximum MB molecules were available for
adsorption. Further, equilibrium between adsorbate and bi-
osorbent was achieved in 45 minutes, following equilibrium, no
appreciable change in MB adsorption was observed. Conse-
quently, a contact time of 45 min was identified as the optimal
duration for the adsorption of 10 mg per L MB using 60 mg dose
of PC leaf powder as the biosorbent.”®

3.2.5. Point of zero charge calculation and effect of pH on
MB adsorption. Point of zero charge (PZC) relates to the pH at
which surface of adsorbent behaves neutral. PZC of PC leaf

RSC Adv, 2025, 15, 41899-41910 | 41903
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powder was around 5.36 (Fig. 5(a)). Above this pH, the surface of
the biosorbent is negatively charged, while below this pH, the
biosorbent's surface acts as positively charged.

pH investigations for MB adsorption using PC leaf powder
were performed at different pH values from 2-10 (Fig. 5(b)). MB
is a cationic dye which behaves as positive in acidic conditions
and negative in basic conditions. It was observed that
maximum adsorption of MB using the biosorbent was achieved
at neutral pH due to maximum interaction of MB with bi-
osorbent. In acidic conditions, as elaborated by the PZC, the
biosorbent shows positive character and MB also shows positive
character; hence, interactions are minimum. Similarly, in basic
conditions, both MB and the biosorbent show negative char-
acter, resulting in least interactions.>*?*%

3.2.6. Effect of different water resources on MB adsorption.
To investigate the performance of the biosorbent for practical
use in real water samples, its adsorption efficiency was also
evaluated using water collected from different sources, such as

41904 | RSC Adv, 2025, 15, 41899-41910

distilled water (DI) water, tap water, river water, and filtered
river water. The findings indicate that the percentage of dye
adsorbed in various water samples was 87.7% in distilled water,
82.5% in tap water, 70% in river water, and 77% in filtered river
(Fig. 5(c)). Least MB adsorption among various sources in river
water was due to higher content of impurities and ionic species
present in river water.*> This demonstrates that the prepared
biosorbent is practically effective in treating wastewater, and
the biosorbent performed exceptionally well in real water
samples. It can be concluded that this biosorbent can be used to
effectively adsorb contaminants from real world water
samples.*

3.2.7. Effect of temperature on MB adsorption. The
adsorption mechanism is considerably temperature dependent,
since the binding capability of a conventional adsorbent for an
individual pollutant varies with the temperature of the reaction
medium. A sequence of investigations was performed to study
the influence of temperature on the adsorption of MB on PC leaf

© 2025 The Author(s). Published by the Royal Society of Chemistry
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powder. The medium temperature was varied from 20-45 °C
while maintaining the remaining variables constant (MB:
10 mg L', biosorbent dosage: 60 mg, pH of solution: 7, and
sorption contact time: 45 min). As indicated in Fig. 5(d), the MB
adsorption performance decreases as the solution temperature
increases. However, when the solution temperature increases
from 20 to 45 °C, % of dye adsorption decreases from 87.7% to
70%. This situation was attributed to the fact that when the
temperature increases the physical links among the MB parti-
cles and the sorbent's vacant sites decrease, resulting in
a decrease in the MB adsorption percentage. It was also
discovered that MB adsorption onto PC leaves follows
exothermic process, as evidenced by the projected trajectory in
decreasing the percentage of adsorption efficiency as tempera-
ture increased.®?

3.3. Kinetic study

An understanding of the kinetics of biosorption processes is
necessary for the development of decontamination techniques
on an industrial scale. To investigate the kinetics of the
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biosorption process, information from the adsorption data
dependent on contact time was utilized. Pseudo-first-order (eqn
(1)) and pseudo-second-order (eqn (2)) models were applied to
investigate kinetics and to describe the adsorption process. The
linear form of the pseudo-first-order (PFO) is given as:

In(g. — ¢,) = Ing. — Kt 1)

where ¢, and g, are the MB adsorption amounts at time ¢ and at
equilibrium, respectively, and K; is the rate constant of the PFO
adsorption. The adsorption capacity at equilibrium (g.) was
calculated using the intercept of a linear plot of In(g. — ¢,) vs. t.
The R® values indicate that the PFO equation could not accu-
rately represent the entire adsorption process.

The linear pseudo-second order (PSO) is given as (eqn (2)):

g = I/quez + 1/get (2)

where ¢, and ¢, are the adsorption amounts at time ¢ and at
equilibrium, while K, is the PSO rate constant. The slope of the
t/q; versus t plot helps to measure the value of g., and the
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Fig. 6 Pseudo 1st order kinetics (a), pseudo 2nd order kinetics (b), Langmuir adsorption model (c), Freundlich adsorption model (d).
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intercept can be employed for the calculation of (K3). The plot of
t/q; versus t yields a straight line. The model's correlation coef-
ficient (R”) indicates a better fit to adsorption data, and it is
0.9998 (Fig. 6(a and b)).*

3.4. Adsorption isotherms

The solid-liquid phase interaction during equilibrium in the
adsorption process is mainly determined by the adsorption
isotherm. The equation parameters and fundamental thermo-
dynamic concept of isotherm models provide valuable infor-
mation about the adsorption mechanism, surface
characteristics, and affinity in terms of the biosorbent. The two
isotherm equations, Langmuir and Freundlich isotherms were
used to determine the equilibrium data (Fig. 6(c and d)).

Measurements of absorbance were made both before and
after adsorption of MB solutions at A,,,,x = 668 nm to assess the
equilibrium adsorption isotherms of the dye on powdered PC
leaves. The equilibrium concentrations (C.) and the amount of
dye adsorbed (g.) by the biosorbent were determined using the
absorbance values.

The Langmuir isotherm describes a monolayer adsorption
process on the surface of an adsorbent with a fixed number of
sites for adsorbate in aqueous solutions. The linearized equa-
tion of Langmuir model can be given as (eqn (3)):

l/ge = Ugm + 1gmki 1/Ce (3)

where, g. (mg g™ ') is the quantity of dye adsorbed per unit
adsorbent's mass at equilibrium time, C. (mg L") is the dye
concentration at equilibrium in the solution, g (1 mg™") are
the Langmuir constants associated with the maximum mono-
layer adsorption capacity.

The linearized version of Freundlich model can be given as

(eqn (4)):
Lng.=InK;+ 1/nln C, (4)

where K; (1 g™ ") is the Freundlich constant, showing the capacity
of adsorption and 7 is the Freundlich exponent that shows the
intensity of adsorption.

The findings show that biosorbent (PC) adsorbed MB favor-
ably, with high correlation coefficient values (R*> = 0.9715) for
Langmuir isotherm (Fig. 6(c)). It suggests that the equilibrium
data best fit the Langmuir isotherm, implying monolayer
sorption of MB on PC (adsorbent).

Because of its wide availability from local sources and high
biosorption intensity for MB, PC leaf powder is a valuable low-
cost biosorbent for the economical treatment of MB-
contaminated water.>**

3.5. Thermodynamic investigations

To achieve economical and sustainable results, it is important
to comprehend the energy characteristics of adsorption (AG®°,
AHP, AS°), as well as the adsorbent's capacity to renew itself.*®
This study evaluated various thermodynamic parameters of MB
adsorption on PC leaf powder at different applied temperatures
(298 K) (Fig. 7). The distribution coefficient of adsorption (Kg)
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Fig.7 Thermodynamic parameters for MB adsorption using Populous
ciliata leaf powder.

was calculated using eqn (5), which connects the concentration
of solutes in the aqueous phase (C,q) to the equilibrium
concentration (C.) in mg L™

Cuq
C

Kd:

(5)

Applying the Van't Hoff eqn (6), these coefficients help to
determine thermodynamic variables including changes in
enthalpy (AH*) and entropy shift (AS¥).
—AH° 1 n

R T

AS°

Ln Ky = 2 (6)

The amount of free energy change (AG°), enthalpy change
(AH°), and entropy change (AS°) during the adsorption of MB
on powdered PC leaves were determined using the following
eqn (7) and (8).

AG° = —RTIn K, (7)
AG = AH® — TAS’ (8)

The thermodynamic study of MB sorption onto PC leaf
powder shows that the entire procedure is both spontaneous
and exothermic, as shown in Table 1. The negative values for AG
° and AH° support these findings. Adsorption reduces
randomness at the solid-liquid junction, as indicated by
a negative shift in AS°. These findings are consistent with prior
investigations on plant based biosorbents.*”** These observa-
tions are supported by the adsorption behavior predicted by the
pseudo-second-order model, which reveals a complex interac-
tion of adsorption forces at the interface between MB and PC
leaf powder.*>*°

3.6. Reusability of biosorbent

The stability of PC leaf powder is critical to its practical and
long-term use as a biosorbent for adsorption of targets from

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Calculated thermodynamic parameters; AG®, AH® and AS°®
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Temperature Caq Ce AG° AH° AS°
Sr. no. (K) (mg L™ (mgL ™ Ka (kJ mol ™) (k] mol ™) (kJ mol ' K1) Adj R
1 293 10 3.6 2.77 —2.481914
2 298 10 3.4 2.94 —2.671837
3 303 10 3.7 2.70 —2.502142 7.6 -17 0.93
4 308 10 3.9 2.56 —2.407088
5 313 10 4.2 2.38 —2.25644
6 318 10 4.7 2.12 1.986633
100 100
Populus Ciliata
80 + leaves powder
S = Silica gel
~ N .
S 604 < Animal charcoal
) < 80
s o
3 =
g B
i o
T 40 %
g ©
m
20 =
60 -
0-
1 2 3 4 5 6

Reusability cycle

Fig. 8 Reusability of biosorbent for MB adsorption.

aqueous solutions. The stability of PC leaf powder was investi-
gated by recycling the biosorbent for MB adsorption six times,
with the results given in Fig. 8. Each of the cycle of MB
adsorption was investigated for 45 min using 60 mg biosorbent
and 10 mg MB at pH 7. After every adsorption cycle, the PC leaf
powder (biosorbent) was collected by centrifugation, rinsed
with deionized water, and dried for reuse. After six cycles, the
MB adsorption efficiency dropped marginally from 87.7% to
80%. Recycling the biosorbent for MB adsorption many times
indicated that the surfaces of the biosorbent were largely intact
and resilient, with a minor drop in adsorption efficiency.
Furthermore, MB was not permanently incorporated on the
surface of PC leaf powder, therefore the biosorbent was readily
removed from the pollutant using centrifugation. A modest
drop in efficiency with the subsequent use of biosorbent was
assumed to be related to the blocking some of the active sites
prevalent on the surfaces of the biosorbent 2.

3.7. Comparison of adsorption efficiency of Populus ciliata
leaf powder with the commercially employed adsorbents

The purpose of this study was to evaluate the effectiveness of PC
leaf powder-based biosorbent relative to widely employed
adsorbents like animal charcoal and silica gel. For this purpose,
100 mL of 10 mg per L MB solution at pH 7 was taken in three

© 2025 The Author(s). Published by the Royal Society of Chemistry

Fig. 9 Comparison of % adsorption of PC leaves with silica gel and
animal charcoal for adsorption of MB.

200 mL beakers. Their absorbance values were noted using
a UV/vis spectrophotometer. In these solutions, 60 mg adsor-
bent doses of animal charcoal, silica gel, and PC leaf powder
were added and then shaken on a digital orbital shaker for the
ideal amount of time to achieve MB equilibrium on the adsor-
bent. The dye solutions were filtered and examined for absor-
bance measurement once adsorption equilibrium was reached.
It was noted that PC leaf powder exhibited slightly better dye
adsorption capacity compared to silica gel and animal charcoal.
Animal charcoal and silica gel adsorbed 80.57% and 83.59% of
the MB, respectively, while PC leaf powder adsorbed 87.70% of
the dye (Fig. 9). Slight variation in adsorption performance of
PC leaf powder, animal charcoal, and silica gel may be attrib-
uted to nature and availability of active sites persisting on the
surface of these adsorbents. These results support the
successful application of PC leaf powder for MB adsorption
from aqueous samples.

3.8. Comparison of the Populus ciliata leaf powder's
adsorption properties to the previously reported adsorbents

To confirm the viability of synthesized PC leaf powder for MB
adsorption, the adsorption capacity of the synthesized bi-
osorbent was compared with other biosorbents like almond
shells, cellulose-based adsorbents, and peanut husk. As

RSC Adv, 2025, 15, 41899-41910 | 41907
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indicated by Table 2, PC leaf powder showed comparable
adsorption capacity with the previously reported biosorbents.
Additionally, the comparative study for MB adsorption revealed
that PC leaf powder had the greatest partition coefficient and
rate constant among all adsorbents (Table 2). Elevated partition
value demonstrates the excellent affinity of the PC surface
functional groups for MB molecules, demonstrating effective
dye separation from the liquid phase to the solid layer. The
increased rate constant also indicates quick adsorption equi-
librium due to plentiful active binding sites, substantial surface
reactivity, and an abundance of oxygen- and nitrogen-
containing functional structures that facilitate electrostatic
and m-7 interactions. These parameters indicate that PC leaf
powder has quicker adsorption kinetics and higher dye-binding
effectiveness than other plant-based adsorbents.** From the
robust performance of PC leaf powder, it was anticipated that it
holds significant implications for environmental applications,
providing a sustainable solution for mitigating the detrimental
effects of dye pollution in wastewater.

4. Conclusion

The study demonstrates the potential of Populus ciliata (PC) leaf
powder as a highly efficient biosorbent for the adsorption of
a cationic dye (MB) from aqueous solutions. The remarkable
adsorption capabilities of this natural material hold promise for
addressing the pressing issue of dye pollution in various
contexts. In essence, the study employed a cost-effective and
environment friendly approach to produce the PC leaf powder
as biosorbent. To ascertain its suitability, the biosorbent
underwent comprehensive characterization techniques such as
FTIR, BET, SEM, and EDX, confirming the presence of crucial
features like morphological attributes, elemental composition,
and functional groups that are essential for effective dye
adsorption. Subsequently, a series of batch adsorption experi-
ments were conducted systematically by varying experimental
parameters including contact time, adsorbent dosage, pH, ionic
strength, and initial dye concentration.

The observed adsorption kinetics revealed a notable fit with
the pseudo-second-order model, supported by high R* values,
indicating the occurrence of chemisorption. Moreover, the
Langmuir model well described the adsorption behavior, indi-
cating a monolayer adsorption process on a homogeneous
surface. Additionally, the adsorbent performed exceptionally
well in various salinity conditions as well as in river and tap
water, allowing for direct commercial-level use without any kind
of treatment to adsorb tainting dyes from wastewater used in
industry.

The remarkable adsorption ability of PC leaf powder for
methylene blue implies that it might be used as a cost-effective,
environmentally acceptable biosorbent in wastewater treatment
processes. Future research might concentrate on improving
adsorption conditions and developing the technique for
commercial applications. Furthermore, manipulating the PC
leaf powder with chemical or thermal processes may improve its
adsorption effectiveness and recyclability. Investigating its

© 2025 The Author(s). Published by the Royal Society of Chemistry
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efficiency against more organic effluents and heavy metals may
widen its application for ecological remediation.
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